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Chapter 1

Getting Started with Ch Mechanism Toolkit

Note: The source code for all examples described in this document are available in
CHHOME/toolkit/demos/mechanism. CHHOME is the directory where Ch is installed. It is rec-
ommended that you try these examples while reading this document.

1.1 Introduction

Mechanism design is an intriguing subject, through which one can gain some experience and physical appre-
ciation of mechanical design. Using this Ch Mechanism Toolkit, one can use its high-level building blocks
to conveniently build their own software programs to solve complicated practical engineering analysis and
design problems. It can also be used to develop software for Web-based design and analysis of complicated
mechanisms.

This Mechanism Toolkit is developed in Ch. Ch is an interpreter which provides a superset of C. Ch is
object-based with classes in C++. Unlike other mathematical software packages, Ch conforms to the open
C/C++ standards. Programming features such as complex numbers, pass-by-reference, and computational
arrays are very useful for engineering applications. These features are simple and easy to comprehend by
users who have only a first course in computer programming. Ch is the simplest possible solution for 2D/3D
graphical plotting and numerical computing in the domain of C/C++. Therefore, Ch is ideal for development
of mechanism toolkit which uses graphical plotting and numerical computing features extensively.

Ch is a very high-level language environment. Ch programs are created not by writing large programs
starting from scratch. Instead, they are combined by relatively small components. These components are
small and concentrate on simple tasks so that they are easy to build, understand, describe and maintain. In
this documentation, we will describe how the mechanism toolkit can be used as building blocks for analysis
and design of closed-loop planar mechanisms including four-bar, five-bar, and six-bar liankges as well as
cam mechanism. Although the presentation is focused on these commonly used planar mechanisms, the
ideas presented, however, are applicable to other complicated planar mechanisms as well. A user can either
write a computer program to solve problems in analysis and design of mechanisms, or use a web browser to
solve the problem interactively through the internet.

1.2 Features
Ch Mechanism Toolkit has the following salient features.

1. Variety of Mechanisms
Contain classes for design and analysis of four-bar, five-bar, six-bar linkages including fourbar/crank-
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slider, Watt six-bar, Stephenson six-bar, and cam-follower mechanism. Follow the examples of the
source code for these mechanisms, users can develop their own software for analysis and design of
other mechanisms.

. Kinematic Analysis

Perform position, velocity, acceleration analysis for joint angles and coupler points.

. Synthesis

Perform synthsis of mechanisms.

. Dynamic Analysis

Perform dynamic analysis based on equations of motion.

. Animation

Perform animation of mechanisms either in a local machine or through the internet. Easily build
animation for other mechanisms.

. Web-Based

Design and analysis of commonly used mechanisms such as fourbar, fivebar, sixbar, and cam mech-
anisms can be performed through the internet using a Web brower, without any programming. The
user can develop other web-based applications easily using this mechanism toolkit.

. Plotting Utilities

Provide many plotting functions to allow output visually displayed or exported as external files with a
variety of different file formats including postscript file, PNG, LaTeX, etc. They can readily be copied
and pasted in other applications such as Word.

. C/C++ Compatible

Different from other software packages, programs written in Ch Mechansim Toolkit can work with
existing C/C++ programs and libraries seamlessly.

. Object-Oriented

Implemented as classes for commonly used mechanisms, Ch Mechanism Toolkit is object-oriented.

Embeddable
With Embedded Ch, Ch programs using Mechanism Toolkit can be embedded in other C/C++ appli-
cation programs.

Getting Started

To help users to get familiar with Ch Mechanism Toolkit, a sample program will be used to illustrate basic
features and applications of Ch Mechanism Toolkit. In this example, a four-bar linkage is shown in Fig-
ure[L.1l Link lengths of the linkage are given as r; = 12¢m, 79 = 4cm, r3 = 10em, r4 = Tem. The phase
angle for the ground link is 1 = 0, the coupler point P is defined by the distance r, = 5cm and constant
angle 5 = 20°. This is a crank-rocker four-bar linkage. A branch of coupler curves for the coupler point
will be plotted and animation of the linkage will be created.

A Ch program for solving this problem is shown in Program[Il The first line of program

#include <fourbar.h>
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Figure 1.1: The four-bar linkage.

/+* File: animationCR.ch =*/
#include <fourbar.h>

int main() {
/* specify a crank-rocker four-bar linkage x/
double rl = 0.12, r2 = 0.04, r3 = 0.10, r4= 0.07;
double thetal = 0;
double rp = 0.05, beta = 20+xM_PI/180;
int branchnum = 1;
CPlot plot;
CFourbar fourbar;

fourbar.setLinks (rl, r2, r3, r4, thetal);
fourbar.setCouplerPoint (rp, beta);
fourbar.plotCouplerCurve (&plot,branchnum) ;
fourbar.animation (branchnum) ;

Program 1: A sample program for plotting a coupler curve and animation of a crank-rocker four-bar linkage.
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Figure 1.2: A coupler curve for a crank-rocker four-bar linkage.

includes the header file fourbar.h which defines the class CFourbar, macros, and prototypes of member
functions. Like a C/C++ program, a Ch program will start to execute at the main() function after the program
is parsed. The next three lines

double rl = 0.12, r2 = 0.04, r3 = 0.10, r4= 0.07;
double thetal = 0;
double rp = 0.05, beta = 20+xM_PI/180;

define the four-linkage and coupler point. Note that the link lengths are specified in meters. The macro M_P I
for 7 is defined in the header file math.h which is included in the header file fourbar.h. For a crank-rocker
four-bar linkage, there are two circuits or branches. The branch number is selected in the program by integer
variable branchnum. Line

CPlot plot;

defines a class CPlot for creating and manipulating two and three dimensional plots. The class CPlot is
defined in chplot.h which is included in fourbar.h header file. Line

CFourbar fourbar;
constructs an object of four-bar linkage. Lines

fourbar.setLinks (rl, r2, r3, r4, thetal);
fourbar.setCouplerPoint (rp, beta);

specify the demensions of the four-bar linkage. The member function setLinks () has five arguments.
The first four arguments specify the link lengths and the fifth one is the phase angle for link 1. The member
function setCouplerPoint () specifies a coupler point with two arguments, the first one for distance
and the second one for the phase angle as shown in Figure [[.1l Line

fourbar.plotCouplerCurve (&plot,branchnum) ;

computes and plots the coupler curve for the branch specified in the second argument. Member function
plotCouplerCurve() has two arguments. The first argument is a pointer to an existing object of the class
CPlot. The second argument is the branch number of the linkage. The coupler curve is displayed in Fig-
ure [[.2] when Program [I]is executed. Line
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Figure 1.3: The animation for a crank-rocker four-bar linkage.

fourbar.animation (branchnum) ;

creates an animation of the four-bar linkage for the branch specified in its argument. The animation is shown
in Figure[I.3lwhen ProgramTis executed. The animation is performed by the QuickAnimation ™™ program
ganimate for quick animation. The menu bar in the qanimate window, as shown in Figure contains
two menus, File and Options, and a series of buttons which manipulate the mechanism. The File
menu allows one to quit the program and the Opt i ons menu allows one to change various display settings.
The Next and Prev buttons control the mechanism’s position, and the A11 button displays all mechanism
positions at once. The Fast and S1ow buttons change the speed of animation. The Go and St op buttons
start and stop animation, respectively. The mechanism can move in either direction by pressing the Prev
button for one direction and the Next button for the opposite direction. When the Go button is pressed, the
mechanism will move in the direction previously assigned by the Prev or Next button.

1.4 Solving Complex Equations

Complex numbers are used for analysis and design of planar linkages in Ch Mechanism Toolkit. Many
analysis and design problems for planar linkages need to solve a complex equation. A complex equation
can be expressed in a general polar form of

R1€'1 + Roe'®? = 24 (1.1

where z3 can be expressed in either Cartesian coordinates x3 + iys as complex (x3, y3), or polar
coordinates R3e'?3 as polar (R3, phi3). Many analysis and design problems for planar mechanisms
can be formulated in this form or other forms presented in this section. Because a complex equation can
be partitioned into real and imaginary parts, two unknowns out of four parameters R1, ¢1, R, and ¢2 can
be solved in this equation. Details of derivation for solving complex equations described in this section are
given in Ch Reference Guide available at CHHOME/docs/chref.pdf.
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/* File: complexsolveRR.ch
solve for phil and phi2 in
polar(rl, phil) + polar(r2, phi2) = z3
with rl = 3, r2 = 4, z3 = 1+i2.
*/
#include <stdio.h>
#include <numeric.h>

int main () {
double rl, r2;
double complex z3;
double phil, phi2, phil_2, phi2_2;

rl = 3;

r2 = 4;

z3 = complex(l, 2);

complexsolveRR(rl, r2, z3, phil, phi2, phil_2, phi2_2);

printf ("phil = %7.4f (radian), phi2 = %7.4f (radian)\n", phil, phi2);
printf ("phil = %7.4f (radian), phi2 = %7.4f (radian)\n", phil_2, phi2_2);
return 0;

Program 2: Solve for ¢; and ¢5 in the complex equation (LI).

1.4.1 Solving for Two Angles Using complexsolveRR()

Given Ry, Ro, and z3 in the complex equation (LI, the function complexsolveRR () in Ch can be
conveniently used to solve for two sets of solutions for two angles ¢ and ¢5. The function prototype for
the function complexsolveRR () is as follows:

int complexsolveRR (double rl, double r2, double complex z3,
double &phil, double &phi2, double &phil_2, double &phi2_2);

where r1, r2, =z3 are for ri,79,23 in in equation (L.I), respectively. The variables phil and phi2
contain the first set of solutions for ¢; and ¢o; whereas the variables phi1_2 and phi2_2 contain the
second set of solutions for ¢; and ¢o, respectively.

For example, two unknowns ¢ and ¢ in equation

3" +4e'? =142
can be solved by Program 2| The output from Program [2]is given below.

phil
phil

-0.6133 (radian), phi2 = 1.9426 (radian)
2.8276 (radian), phi?2 0.2717 (radian)

1.4.2 Solving for One Displacement and One Angle Using complexsolvePR()

Given ¢ and R, and z3 in the complex equation (L)), the function complexsolvePR () in Ch can be
conveniently used to solve for two sets of solutions for the displacement r; and angle ¢2. The function
prototype for the function complexsolvePR () is as follows:

int complexsolvePR (double phil, double r2, double complex z3,
double &rl, double &phi2, double &rl_2, double &phi2_2);
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/* File: complexsolvePR.ch
solve for rl and phi2 in
polar(rl, phil) + polar(r2, phi2) = z3
with phil = 3, r2 = 4, z3 = 1+i2.
*/
#include <stdio.h>
#include <numeric.h>

int main () {
double phil, r2;
double complex z3;
double rl, phi2, rl_2 , phi2_2;

3;

z3 = complex(l, 2);

complexsolvePR (phil, r2, z3, rl, phi2, rl_2, phi2_2);

printf("rl = %7.4f (m), phi2 = %7.4f (radian)\n", rl, phi2);
printf("rl = %7.4f (m), phi2 = %7.4f (radian)\n", rl_2, phi2_2);
return 0;

Program 3: Solve for 1 and ¢ in the complex equation (I.1J).

where phil, r2, z3 are for ¢1,r9, 23 in in equation (I.I)), respectively. The variables r1 and phi2
contain the first set of solutions for 7; and ¢o; whereas the variables r1_2 and phi2_2 contain the second
set of solutions for r; and ¢9, respectively.

For example, two unknowns r; and ¢ in equation

rie +4e'%? =1+ 42
can be solved by Program 3| The output from Program [3is given below.

rl = -4.0991 (m), phi2 = 2.4411 (radian)
rl = 2.6835 (m), phi2 0.4173 (radian)

1.4.3 Solving for Two Displacements Using complexsolvePP()

Given ¢ and ¢o, and z3 in the complex equation (L)), the function complexsolvePP () in Ch can be
conveniently used to solve for the displacements r; and angle r2. The function prototype for the function
complexsolvePP () is as follows:

int complexsolvePP (double phil, double phi2, double complex z3,
double &rl, double &r2);

where phil, phi2, =z3 are for ¢1, ¢9, 23 in in equation (L)), respectively. The variables r1 and r2
contain the solutions for r; and r9. This function can also be used to solve for angular velocities and
accelerations.

For example, two unknowns 71 and 729 in equation

rleis + 7‘2€i4 =1+412
can be solved by Program 4] The output from Program [lis given below.
rl = 0.6542 (m), r2 = -2.5207 (m)
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/* File: complexsolvePP.ch
solve for rl and r2 in
polar(rl, phil) + polar(r2, phi2) = z3
with phil = 3, phi2 = 4, z3 = 1+i2.
*/
#include <stdio.h>
#include <numeric.h>

int main () {
double phil, phi2;
double complex z3;
double rl, r2;

phil = 3;

phi2 = 4;

z3 = complex(l, 2);

complexsolvePP (phil, phi2, z3, rl, r2);

printf("rl = £7.4f (m), r2 = %$7.4f (m)\n", rl, r2);
return 0;

Program 4: Solve for 7y and r5 in the complex equation (L.I).

1.4.4 Solving for One Displacement and One Angle Using complexsolveRP()

Some mechanism design and analysis problems can be formulated using a complex equation in the form of
polar form of
0 __

(a+ir)e z (1.2)

where z can be expressed in either Cartesian coordinates x + ¢y as complex (x, V), or polar coordinates
Re'? as polar (R, phi).

Given a and z in the complex equation (I.2)), the function complexsolveRP () in Ch can be conve-
niently used to solve for two sets of solutions for the displacement r and angle 6. The function prototype for
the function complexsolveRP () is as follows:

int complexsolveRP (double a, double complex z,
double &r, double &theta, double &r_2, double &theta_2);

where a, z are for a, z in in equation (I.2), respectively. The variables r and theta contain the first set
of solutions for r and 6; whereas the variables r_2 and theta_2 contain the second set of solutions for r
and 6, respectively.

For example, two unknowns r and 6 in equation

(3+ir)e® =543
can be solved by Program [5l The output from Program [3is given below.

rl
rl

-4.0991 (m), phiz
2.6835 (m), phi2

2.4411 (radian)
0.4173 (radian)
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/* File: complexsolveRP.ch
solve for r and theta in
(a+i r)e” (i theta) = z
with a = 3 and z = 5+i3.
*/
#include <stdio.h>
#include <numeric.h>

int main () {
double a;
double complex z;
double r, theta, r_2, theta_2;

a = 3;

z = complex (5, 3);

complexsolveRP (a, z, r, theta, r_2, theta_2);

printf("r = $7.4f (m), theta = %7.4f (radian)\n", r, theta);
printf("r = $7.4f (m), theta = %7.4f (radian)\n", r_2, theta_2);
return 0;

Program 5: Solve for r and 6 in the complex equation (1.2).

1.4.5 Solving for Two Angles Using complexsolveRRz()

Some mechanism design and analysis problems can be formulated using a complex equation in the form of
polar form of ' '
216" 4 29e'%2 = 24 (1.3)

where 21, 29, and 23 are complex numbers. Two sets of solutions for angles ¢; and ¢5 in equation (1.3)
can be solved by the function complexsolveRRz () in Ch. The function prototype for the function
complexsolveRRz () is as follows:

int complexsolveRRz (double complex zl, double complex z2,
double complex z3, double &phil, double &phiZz,
double &phil_2, double &phi2_2);

where z1, z2, z3 are for z1, 29, 23 in in equation (L3)), respectively. The variables phil and phi2
contain the first set of solutions for ¢; and ¢-; whereas the variables phi1_2 and phi2_2 contain the
second set of solutions for ¢; and ¢o, respectively.

For example, two unknowns ¢ and ¢4 in equation

3¢/ 4 4e'2 =1 42
can be solved by Program[6l The output from Program [6]is given below.

phil
phil

2.8276 (radian), phi2 = 0.2717 (radian)
-0.6133 (radian), phiZ2 1.9426 (radian)
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/* solve for phil and phi2 in
z1l e” (1 phil) + z2 e” (i phi2) = z3
with z1 = 3, z2 = 4, z3 = 1+i2.
*/
#include <stdio.h>
#include <numeric.h>

int main () |
double complex zl, z2, z3;
double phil, phi2, phil_2, phi2_2;

z1l = complex (3, 0);

z2 = complex (4, 0);

z3 = complex(l, 2);

complexsolveRRz (z1, z2, z3, phil, phi2, phil_2, phi2_2);

printf ("phil = %7.4f (radian), phi2 = %7.4f (radian)\n", phil, phi2);
printf ("phil = %7.4f (radian), phi2 = %7.4f (radian)\n", phil_2, phi2_2);
return 0;

Program 6: Solve for ¢; and ¢ in the complex equation (L.3).

10



Chapter 2

Fourbar Linkage

The four-bar linkage, as shown in Figure 2.1} is the simplest closed-loop linkage. This section will describe
how to perform kinematic and dynamic analysis of four-bar linkages using the Ch Mechanism Toolkit.

2.1 Position Analysis

For the four-bar linkage shown in Figure 2.1l the displacement analysis can be formulated by the following
loop-closure equation
ro+r3=r1+ry. 2.1)

Using complex numbers, equation becomes

roe'%? 4 rge® = pe?t 4 pyet (2.2)

where link lengths r1, 72, 3, and r4 and angular position 6; for the ground link are constants. Angle 6 for
the input link is an independent variable; angles 63 and 6, for the coupler and output links, respectively, are
dependent variables. Equation (2.2)) can be rearranged as

r3e'® — ryett = pet — pyet2. (2.3)

Let Ry = r3,¢1 = 03, Ry = —74,¢0 = 04,2 = (x3,y3) = 1191 — rye?2, equation becomes the
following general complex equation ‘ '
R1€" + Rye'?? = 2. 2.4)

Given link lengths of a four-bar linkage and angles ¢; and 65, the angular positions 3 and 6, can be solved
using function complexsolveRR () described in section [I.4l In general, there are two sets of solutions
for 63 and 6, for a given 6o, which correspond to two different circuits or two geometric inversions of a
circuit of the four-bar linkage [2]. A Non-Grashof linkage has one circuit with two geometric inversions. A
Grashof Crank-Rocker or Crank-Crank linkage has two circuits, each having only one geometric inversion.
However, a Grashof Rocker-Crank or Rocker-Rocker linkage has two circuits, each with two geometric
inversions.

Once the joint angle for #3 is obtained, the position of coupler point P shown in Figure 2.1] can be
obtained. The position vector P for coupler point P can be expressed in vector form using complex numbers
as:

P = e 4 1 el0a+h) (2.5)

A complex number z = (x,y) = re* in Ch can be constructed either by complex (x,y) or
polar (r,theta). Equation (2.3) can be translated into a Ch programming statement

11
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Y

Figure 2.1: The four-bar linkage.

P = polar(r2,theta2) + polar (rp,theta3+beta).

Using class CFourbar, a four-bar linkage analysis problem can be solved conveniently, which can be
illustrated by the following analysis problem.

Problem 1: Link lengths of a four-bar linkage, as shown in Figure 2.1l are given as follows:
ry = 12em, ro = 4em, r3 = 12em, r4 = Tem. The phase angle for the ground link is 61 = 10°,
the coupler point P is defined by the distance 7, = 5¢m and constant angle 5 = 20°. Find the
angular positions 63 and 64 and the position for coupler point P when the input angle 65 is 70°.
Display the current position of the fourbar mechanism.

The four-bar linkage given in Problem 1 is a crank-rocker. There are two distinct circuits for each input
link position. The class CFourbar can be used to solve the analysis and design problems related to the four-
bar linkage as shown in Program[7l Two sets of solutions for angles 65 and 4 as well as the position vector
for coupler point P are calculated by the member functions angularPos () and couplerPointPos (),
respectively. Arrays in Ch are fully ISO C compatible, they are pointers. For consistency with text de-
scription, we use arrays with index starting with 1, instead of 0, in the mechanism toolkit. The output of
Program [7]is shown below:

theta3 = 0.459, theta4d = 1.527, P = complex( 4.822, 7.374) cm
theta3 -0.777, thetad -1.845, P complex( 5.917, 1.684) cm

Member function displayPosition () is called to graphically display the current position of the
fourbar linkage. It is prototyped as follows,

int CFourbar::displayPosition (double theta2, double theta3,
double thetai,
/*[int outputtype [, char xfilename]]=*/);

12
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/* File: programl.ch =/
#include <math.h>
#include <fourbar.h>

int main() {
CFourbar fourbar;
double rl = 0.12, r2 = 0.04, r3 =0.12, r4 = 0.07,
thetal = 10xM_PI/180;
double rp = 0.05, beta = 20«M_PI/180;
double theta_1[1:4], theta_2[1:4];
double complex pl, p2; // two solution of coupler point P
double theta2 = 70«M_PI/180;

theta_1[1] = thetal;
theta_1[2] = theta2; // theta2
theta_2[1] = thetal;
theta_2[2] = theta2; // theta2

fourbar.uscUnit (false);

fourbar.setLinks (rl, r2, r3, r4, thetal);
fourbar.setCouplerPoint (rp, beta);

fourbar.angularPos (theta_1, theta_2, FOURBAR_LINK2);
fourbar.couplerPointPos (theta2, pl, p2);
fourbar.displayPosition(theta2, theta_1[3], theta_1T[41);
fourbar.displayPosition(theta2, theta_2[3], theta_2[41]);

/x*x* the first set of solutions **xx*/

printf ("theta3 = %6.3f, theta4 = %6.3f, P = %6.3f cm\n",
theta_113], theta_1[4], plx100);

/*x*x the second set of solutions xxxx/

printf ("theta3 = %6.3f, theta4 = %6.3f, P = %6.3f cm\n",
theta_2[3], theta_2[4], p2%100);

Program 7: Program for computing 3, 64 and position of the coupler point P of a four-bar linkage using
class CFourbar.
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Figure 2.2: Current positions of the fourbar linkage.

where thet a2, theta3,and thet a4 are the current angular positions. It utilizes the QuickAnimation ™

program ganimate to display the fourbar mechanism. QuickAnimation™ will be discussed in further
detail in Chapter[/l Two optional arguments may be inputted into member function displayPosition ()
after argument theta4. The value of the first optional argument may be either macro

QANIMATE OUTPUTTYPE DISPLAY, QANIMATE OUTPUTTYPE_FILE, and

QANIMATE_ OUTPUTTYPE_STREAM. Macro QANIMATE OUTPUTTYPE DISPLAY displays the fourbar
figure on the computer terminal, whereas macro QANIMATE_OUTPUTTYPE_STREAM sends the
ganimate data to the standard output stream. With macro QANIMATE OUTPUTTYPE FILE, the
ganimate data can be saved to a file with file name specified by the second optional input argument. The
default output value is QANIMATE _OUTPUTTYPE DISPLAY. Figure shows the current position for
both kinematic inversions of the fourbar linkage described in Problem 1. Note that fourbar linkage analysis
can be performed in either SI of US Customary units with class CFourbazr. Member function uscUnit ()
is called prior to any of the other member functions to specify whether US Customary units are desired. The
function prototype for member function uscUnit () is as follows,

void CFourbar::uscUnit (bool unit);

where the value of argument unit is either false or true. If unit is t rue, then the input and output values
are assumed to be in US Customary units. In this case, the length, time, force, and mass shall be specified in
foot, second, pound, and slug (Ib — sec?/ ft), respectively. If the value of unit is false, then the default
SI units are assumed. In this case, the length, time, force, and mass shall be specified in meter, second,
Newton, and kilogram, respectively. For example, the lengths, r; to r4 for the linkage in Program [7] are
specified in meter.

Problem 2: Link lengths of a four-bar linkage, as shown in Figure are given as follows:
ry = 4.72in, ro = 1.57in, rg = 4.72in, r4 = 2.76in. The phase angle for the ground link
is 01 = 10°, the coupler point P is defined by the distance r, = 1.97in and constant angle
B = 20°. Find the angular positions 63 and 64 and the position for coupler point P when the
input angle 65 is 70°.
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/* File: program2.ch */
#include <math.h>
#include <fourbar.h>

int main() {

CFourbar fourbar;

double rl = 4.72/12.0, r2 = 1.57/12.0, r3 = 4.72/12.0, r4 = 2.76/12.0,
thetal = 10xM_PI/180;

double rp = 1.97/12.0, beta = 20«M_PI/180;

double theta_1[1:4], theta_2[1:4];

double complex pl, p2; // two solution of coupler point P

double theta2 = 70«M_PI/180;

theta_1[1] = thetal;
theta_1[2] = theta2; // theta2
theta_2[1] = thetal;
theta_2[2] = theta2; // theta2

fourbar.uscUnit (true);

fourbar.setLinks (rl, r2, r3, r4, thetal);
fourbar.setCouplerPoint (rp, beta);
fourbar.angularPos (theta_1, theta_2, FOURBAR_LINK2);
fourbar.couplerPointPos (theta2, pl, p2);

/**xx the first set of solutions xxxx/

printf ("theta3 = %6.3f, theta4 = %6.3f, P = %6.3f in\n",
theta_1[3], theta_1[4], plx12.0);

/**xx the second set of solutions x*x*x*/

printf ("theta3 = %6.3f, theta4 = %6.3f, P = %6.3f in\n",
theta_2[3], theta_2[4], p2x12.0);

Program 8: Program for computing 63, 64 and position of the coupler point P of a four-bar linkage using
US Customary units.

As another example, consider Problem 2 above, which requires the use of US Customary units for anal-
ysis. Problem 2 is similar to Problem 1, except that the link lengths are specified in inches rather than
centimeters. The solution to this problem is Program 8] In this program, the link lengths are converted from
inches to the desired unit of feet by multiplying a coefficient of % In contrast to Program [7] the argument
of member function uscUnit () is t rue to indicate that US Customary units are desired for the results of
the fourbar analysis. The output of Program [§]is as follows:

theta3 = 0.462, theta4d = 1.529, P = complex( 1.894, 2.903) in
theta3 -0.778, theta4 -1.845, P complex( 2.329, 0.656) in

Alternatively, fuunction complexsolveRR () can be used to solve the analysis and design problems
related to the four-bar linkage as shown in Program [7l Problem 1 can be solved by using Program 9l Two
sets of solutions for angles f3 and 64 as well as the position vector for coupler point P are calculated by
Program [9] The numerical output from Programs [7] and 9] are the same. Note that since Program 9l does not
use class CFourbar to solve Problem 1, the link dimensions may be specified in centimeters rather than
meters. However, the value for the coupler point position is in centimeters as well.

According to the IEEE 754 standard for binary floating-point arithmetic, any invalid solution in Ch
is symbolically represented as NaN. This can be very useful for analysis of mechanisms. For example,
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/+ File: fourbarTheta3Theta4P.ch =/
#include <numeric.h>

int main() {
double r[l:4], thetall:4], rp, beta;
double complex z, P;
double x1, x2, x3, x4;

/* specification of the four-bar linkage x/

r(l] = 12; r[2] = 4; r[3] = 12; r[4] = 7; rp = 5; beta = 20«M_PI/180;
theta[l] = 10«xM_PI/180; thetal[2]=70«M_PI/180;

z = polar(r[l], theta[l]) - polar(r[2], thetal2]); /* z = rl-r2 =/
complexsolveRR(r[3], -r(4], =z, x1, x2, x3, x4);

/x*x* the first set of solutions **x*/

theta[3] = x1; thetal[4] = x2;

P = polar(r[2], theta[2]) + polar(rp, theta[3]+beta); /x P=r2+rp =/

printf ("theta3 = %6.3f, theta4 = %$6.3f, P = %6.3f \n", theta[3], thetal4], P);
/**xx the second set of solutions x*x*x*/

theta[3] = x3; thetald] = x4;

P = polar(r[2], theta[2]) + polar(rp, theta[3]+beta); /x P=r2+rp x/

printf ("thetal3 = %6.3f, theta4 = %$6.3f, P = %$6.3f \n", thetal[3], thetal4], P);

Program 9: Program for computing 03, 64 and position of the coupler point P of a four-bar linkage.

if the link dimensions for the four-bar linkage in Problem 1 are changed to vy = 12cm,ro = 12cm,r3 =
4em, 4 = 7cm. The linkage then becomes a double-rocker. There are two circuits, each with two geometric
inversions, for this linkage. The input ranges for two separate circuits are 24.36° < Ay < 64.56° and
315.44° < 65 < 355.64°. When the input angle 65 is set to 70°, there exist no solutions for 3 and 6, . This
can be gracefully handled in a Ch program. If the following programming statement

r[l] = 12; r([2] = 4; r[3] = 12; r[4] = 7;
in Program Qlis changed to
r(l] = 12; r[(2] = 12; r[3] = 4; r[4] = 7;

the output from the program becomes
theta3 = NaN, theta4 = NaN, P = complex(NaN,NaN)
theta3 = NaN, theta4 = NaN, P = complex(NaN, NaN)
For motion analysis of a crank-rocker mechanism using Program the output range of the rocker is
within 0 ~ 27. For this mechanism, the output may be as shown on the top part in Figure There is a

jump when 6y is 7, because 4 = 7 and 4 = —m are the same point for the crank-rocker mechanism. If the
unwrap() function is used, a smooth curve for output angle 6, can be obtained as shown on the lower part
in Figure

Function unwrap() with the prototype of

int unwrap (array double &y, array double &x,
/* [double cutoff] =*/);

in the header file numeric.h unwraps the radian phase of each element of input array x by changing
its absolute jump greater than 7 to its 27 complement. The input array x can be of a vector or a two-
dimensional array. If it is a two-dimensional array, the function unwraps it through every row of the array.
Array argument y is the same dimension and size as x. It contains the unwrapped data. Optional argument
cutoff specifies the jump value. If the user does not specify this input, cutoff has a value of 7 by default.
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/* File: unwrap.ch x/
#include <numeric.h>
#include <chplot.h>

int main () {
double r[1l:4],thetal,theta3l;
int 1i;
double complex z,p,rb;
double x1,x2,x3,x4;
array double theta2[36],thetad4[36],thetadl[36];
CPlot subplot, =xplot;

/* four-bar linkagex/

r[1]=5; r[(2]=1.5; r[3]=3.5; r[4]1=4;

thetal=30+«M_PI/180;

linspace (theta2,0,2+«M_PI);

for (i=0;i<36;1i++) {
z=polar(r[l],thetal)-polar(r[2],theta2[i]);
complexsolveRR(r[3],-r[4],z,x1,x2,x3,x4);
thetad[i] = x2;

}

unwrap (thetadl, thetad);

subplot.subplot (2,1);

plot = subplot.getSubplot (0,0);

plot->data2D (theta2, thetad);

plot->title ("Wrapped");

plot->label (PLOT_AXIS_X, "Crank input: radians");

plot->label (PLOT_AXIS_Y, "Rocker output: radians");

plot = subplot.getSubplot (1,0);

plot->data2D (theta2, thetadl);

plot->title ("Unwrapped");

plot->label (PLOT_AXIS_X, "Crank input: radians");
plot->label (PLOT_AXIS_Y, "Rocker output: radians");
subplot.plotting();

Program 10: A program using unwrap().
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Figure 2.3: Comparison of results with and without using unwrap() function.

Function unwrap returns 0 on success and -1 on failure. The details about this function can be found in the
Ch Reference Guide.

A four-bar linkage may take form of a crank-rocker, double-crank (drag-link), double-rocker, or triple-
rocker [2]]. Given the link dimensions and ground link, the type of the four-bar linkage can be determined
by Grashof criteria. The number of circuits and number of geometric inversions as well as the input and
output ranges for a given four-bar linkage can be determined. All these information can be determined by
member functions grashof () and getJointLimits () in the fourbar class. The function prototype
for member function grashof () is as follow:

int CFourbar::grashof (string_t &name)

where name of string type indicates the grashof type. The function returns a number that corresponds to
the distinct grashof type for the given link dimensions. If the fourbar links cannot form a valid linkage,
the return value is -1. Otherwise, it return a macro number which distinct the grashof type. The function
prototype for getJointLimits () is:

int CFourbar::getJointlLimits (double inputmin([2], inputmax[2],
double outputmin[2], outputmax[2]);

where inputmin and inputmax are the minimum and maximum values for the ranges of motion for
input link 2, and

outputmin and outputmax are the minimum and maximum values for the ranges of motion for output
link 4. How these functions in the linkage toolbox is used for mechanism design can be demonstrated by
the following mechanism design problem.

Problem 3: The link lengths of a four-bar linkage, as shown in Figure 2.1 are given as follows:
ry = 12em,re = 4em,rs = 12e¢m,ry = 7em. The phase angle for link 1 is 6; = 10°, the
coupler point P is defined by distance r, = 5cm and constant angle 3 = 20°, Determine the
type, and input and output ranges of the four-bar linkage. Plot the coupler curve for coupler
point P = (zp,y,) when input link 2 is rotated from 62,,y, t0 0214z
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/* File: program3.ch */
#include <fourbar.h>

int main() {
CFourbar fourbar;
double rl1 = 0.12, r2 = 0.04, r3 = 0.10,
r4= 0.07;//crank-rocker
double thetal = 10«M_PI/180;
double rp = 0.05, beta = 20+xM_PI/180;
string_t fourbartype;

fourbar.uscUnit (false);
fourbar.setLinks (rl, r2, r3, r4, thetal);
fourbar.setCouplerPoint (rp, beta);
fourbar.setNumPoints (50) ;

fourbar.grashof (fourbartype) ;

printf ("Linkage type: %s\n", fourbartype);
fourbar.printJointLimits () ;

int branchnum = 1;

CPlot plotl, plot2;

fourbar.plotCouplerCurve (&plotl, branchnum) ;

branchnum++;

plot2.outputType (PLOT_OUTPUTTYPE_FILE, "postscript eps", "couplerCurve.eps");
fourbar.plotCouplerCurve (&plot2, branchnum) ;

Program 11: Program couplerCurve () for generating coupler curves of a four-bar linkage.

You can solve this problem by Program The output of Program [11lis shown in Figure Note that
member function grashof () internally calls getJointLimits () to determine the input/output ranges
of the fourbar, so that member function printJointLimits () can display these values. Coupler curve
plots may also be saved to a file. For Program [Tl the coupler curve plot for the second branch of the fourbar
mechanism is saved into an encapsulted postscript file by the following statement.

plot2.outputType (PLOT_OUTPUTTYPE_FILE, "postscript eps",
"couplerCurve.eps");

Function outputType () is a member of class CP1ot. The first argument is a macro specifying that the
output plot should be saved to a file, with file type specified by the second input argument. The third input
argument is the file name. Note that member function CPlot : : outputType () should be called prior
to member function CFourbar: :plotCouplerCurve () as well as similar plotting functions for class
CFourbar and other mechanism classes.

2.2 Transmission Angle Analysis

The transmission angle for the fourbar mechanism is shown in Figure 2.1] as the angle ~. It is defined as
the acute angle between the velocity difference vector Vz4 (velocity of point B relative to point A) and the
absolute velocity vector V,,,; of the output link (link 4). Since vector V4 will always be perpendicular to
link 3 and V,,,; will always be perpendicular to link 4 at the 3-4 connection point (point B), the transmission
angle ~ can be determined by using the following formula.
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Linkage type: Crank-Rocker
Input Characteristics: Input 360 degree rotation
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Figure 2.4: The output of Program [I11
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The CFourbar class contains three member functions for transmission angle analysis: transAngle (),
transAngles () and plotTransAngles (). Member function transAngle () can be used to cal-
culate the transmission angle of a fourbar linkage given the angular position of either link 2, 3, or 4. Its
function prototype is shown below.

void CFourbar::transAngle (double &gammal, &gamma2, double theta,
int theta_id);

Output arguments gammal and gamma?2 stores the two possible solutions of the transmission angle. Argu-
ment theta is the angular position value of the link specified by theta_id.

The other two member functions, transAngles () and plotTransAngles (), can be used for
analysis of the transmission angle over the entire range of motion of the fourbar mechanism. The function
prototypes for t ransAngles () and plotTransAngles () are as follows.

void CFourbar::transAngles (int branchnum, double theta2[:],
double gammal:]);
void CFourbar::plotTransAngles (class CPlot xpl, int branchnum);

For member function transAngle (), branchnum indicates the branch of the fourbar, and theta?2
and gamma are arrays for storing values of f, and ~, respectively. The values of theta?2 contains equally
incremented values ranging from 0 ,,ip, t0 02 1qz. The corresponding transmission angle values are stored
in array gamma. Note that the array size of theta2 and gamma must be the same.

Since the transmission angle + is dependent on the input angle, 5, it is convenient to be able to generate
a plot of the transmission angle for the entire range of motion of the input link. Although the two sets of data
values for f, and y obtained by calling member function t ransAngle () can be used for plotting, member
function plotTransAngles () can be easily called to accomplish the same goal. Its first argument p1
is an object of class CP 1ot used for plotting.

Problem 4: Link lengths of a four-bar linkage, as shown in Figure 2.1l are given as follows:
r1 = 12cm, 19 = 4em, 13 = 12c¢m, r4 = Tem. The phase angle for the ground link is
01 = 10°. Generate a plot of the transmission angle for the valid range of motion for the
fourbar linkage.

The simplest solution to Problem 4 is use class CFourbar to first specify the fourbar linkage parame-
ters, and then call member function plot TransAngles () to generate the desired plot. Figure 2.5 shows
the two possible transmission angle plots for the fourbar linkage described in the above problem state-
ment. The source code for generating these two plots is listed as Program Note that member function
setNumPoints () is used to specify the number of data points to generate for the plots.

2.3 Velocity Analysis

The velocity analysis for a closed-loop linkage can be carried out from its loop-closure equation. For
example, taking the derivative of the loop-closure equation (2.3]), we get the following velocity relation

warse'® — wyryet®t = —woree'?? 2.7
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/* File: transAngle.ch =*/
#include <fourbar.h>

int main () {
CFourbar fourbar;
double rl = 0.12, r2 = 0.04, r3 = 0.12, r4 = 0.07, thetal = 10xM_PI/180;
int numpoints = 50;
CPlot plota, plotb;

fourbar.setLinks (rl, r2, r3, r4, thetal);
fourbar.setNumPoints (numpoints) ;
fourbar.plotTransAngles (&plota, 1);
fourbar.plotTransAngles (&plotb, 2);

Program 12: Program for plotting the transmission angle for the valid range of motion of the fourbar mech-
anism.
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Figure 2.5: Transmission angle plots.
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for the four-bar linkage shown in Figure 2.1l Given values of r, 73, 74, 02, 03, 64 and w2, we can readily use
the function complexsolvePP () to compute angular velocities w3 and w, for coupler and output links,
respectively. We can also derive analytical solutions for w3 and w,. Multiplying equation (2.7) with e~%4,
equation becomes

W37‘3€i(93_94) —wyry = —wgrgei(92_94) (2.8)
The imaginary part of equation (2.8)) gives
w3rs sin(93 — 94) = —WaTry sin(92 — 94) (2.9)

Then
warg sin(94 — 92)

w3 = (2.10)

T3 sin(94 — 93)
Computation of the angular velocity ws can be programmed in Ch as function files or they can use a
single line of code. For example, w3 can be calculated in foubar class using a member function named
angularVel ().

Similarly, the following analytical expression for w4 can be derived by multiplying equation (2.7)) with

6_203,

. war9 sin(03 — 92)

2.11
T4 sin(93 — 94) ( )
wy also can be calculated in Ch using the fourbar class member function angularvel ().
The derivative of equation (2.3) gives the following analytical expression for the velocity of coupler
point P. 4 '
V, = iwaree® + iwgr,el®3+h) (2.12)

which can be translated into a Ch code fragment as

double r2, r3, theta2, theta3, rp, beta, omega2, omegal3;
double complex I=complex(0,1), Vp;
Vp = IxomegaZ*polar(r2, theta22) + Ixpolar (omega3*rp, theta3+beta);

2.4 Acceleration Analysis

For a closed-loop planar linkage, the acceleration relation can be obtained by taking the second derivative of
the loop-closure equation. For example, by taking the second derivative of the loop-closure equation 2.3),
we get the following acceleration relation for the four-bar linkage shown in Figure 2.1l

03 03

ioi3rae’’ — wgrgel — Gayreet + wimew‘* = jqaree® + w%rgew? (2.13)

where ao, a3, and a4 are angular accelerations for input, coupler, and output links, respectively, Similar to
the derivation for w3, the following analytical formulas for a3 and a4, respectively, can be derived:

q. - —recesin(dy—6y)+ rawj cos(0s — 02) + raw§ cos(fs — 03) — rawj (2.14)
3 r3sin(fy — 63) '

o = 292 sin(03 — 02) — raw3 cos(fs — ) + rawi cos(0s — 0) — 73w (2.15)
4 rasin(6z3 — 04) ‘

A fourbar class member function angularAccel () has been written for calculating a3 and ay. It is
included in the Ch Mechanism Toolkit.
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Figure 2.6: The four-bar linkage with offset gravity centers for moving links.

Figure 2.7: Free body diagrams for the moving links of the four-bar linkage.

2.5 Dynamics

The purpose of acceleration analysis is for inertia-force analysis. Given position, velocity, acceleration, and
inertia properties such as mass and mass moment of inertia for each moving link of a four-bar linkage, we are
able to perform force analysis for the linkage. Various formulations are available for dynamics. The matrix
method has been used in the formulation of the Ch Mechanism Toolkit [2]. To simplify the programming
burden, we have implemented computational arrays in the Ch programming language. Computational arrays
can be treated as single objects.

For the four-bar linkage shown in Figure dynamic formulations can be derived to calculate the
required input torque 7 and joint reaction forces. Three free-body diagrams for links 2, 3, and 4 are given
in Figure 2.7 Three static equilibrium equations, in terms of forces in X and Y directions and moment about
the center of gravity of the link, can be written for each link.
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For link 2, we get

F12x + F32x + Fgg:c =0 (216)
—mag + Fioy + F30y + Fy,y = 0 (2.17)
T, + (—I'g2) X Fig9 + (1'2 — rgz) X F39 + Tg2 = 0 (2.18)

where rg, = 1y, ¢i(02+02) i the position vector from joint Ag to the center of gravity of link 2. F15 and Fgs
are the joint forces acting on link 2 from the ground and link 3, respectively. Fy, and Ty, are the inertia
force and inertia moment, respectively, of link 2. my is the mass of link 2. T is the driving torque.

For link 3, we get

Fo3p + Fyge + Fg3x =0 (2.19)
—m3g + Fagy + Fyzy + Fyyy = 0 (2.20)
(—I'gg) X Fog + (1'3 - I'gg) X Fys + Tg3 =0 (2.21)

where ry, = 74, ¢!(%3103) is the position vector from joint A to the center of gravity of link 3. Fa3 and Fy3

are the joint forces acting on link 3 from links 2 and 4, respectively. F|, and T, are the inertia force and
inertia moment, respectively, of link 3. mg is the mass of link 3.
For link 4, we get

Fyyp + Flye + Fpe = 0 (2.22)
—mag + F3qy + Fray + Fyyy = 0 (2.23)
(—rgy) X Fra+ (rg —rg,) xFau + Ty, + T, = 0 (2.24)

where ry, =1y, e'(92+94) i5 the position vector from joint By to the center of gravity of link 4. F14 and Fay
are the joint forces acting on link 4 from the ground and link 3, respectively. Fy, and Ty, are the inertia
force and inertia moment, respectively, of link 4. my4 is the mass of link 4. 7T} is the torque of external load.

Equations (2.18)), 2.21), and (2.24)) can be expressed explicitly as

T, — Tgo COS(92 + (52)F12y + Tgq Sin(@g + 52)F12x

+[ra cos by — 14, cos(Oa + 02)| Fzoy — [rasinby — rg, sin(by + 62)] Fyop + Ty, = 0 (2.25)
—71g, €OS(03 + 63) Fa3y + g, sin(fs + 93) Fosy

+([r3 cos B — 14, cos(03 + 03)| Fuzy — [r3sinbls — rg, sin(fs + 03)] Fase + Ty, = 0 (2.26)
—71g, €08(04 + 04) Fray + 7g, sin(04 + 04) Fraz

+[rycos by — rg, cos(04 + 64)|Fay — [rasin@y — rg, sin(0y + 64)|Faae + Ty, + T, = 0 (2.27)

Note that Fj;, = —F};, and F}j, = —F};,, equations (2.16H2.24)) can be rewritten as nine linear equations in
terms of nine unknowns Fia;, Fiay, F23z, F23y, F34z, F34y, Flaz, F1ay, and T (8 joint reaction forces plus
one input torque). They can be expressed in a symbolic form

Ax=bDb (2.28)
where x = (Flog, Fiay, Fo3z, Fosy, F3az, F3ay, Flaz, F14y,T8)T is a vector consisting of the unknown

forces and input torque, b = (Fy, ., Fyoy — m2g, Tyys Fysa, oy — M39, Tyss Fyazy Foay — mag, Tyy +T1)7
is a vector that contains external load plus inertia forces and inertia torques, and A is a 9x9 square matrix

25



CHAPTER 2. FOURBAR LINKAGE
2.5. DYNAMICS

-1 0 1 0
0 -1 0 1
—rgasin(fa + 02) rgacos(fa + 62) 7Tgasin(fa + d2) —rasinfy 1o cos by — 4o cos(fa + d2)
0 0 -1 0
A= 0 0 0 —1
0 0 —Tg3sin(fs + d3) 743 cos (03 + d3)
0 0 0 0
0 0 0 0
I 0 0 0 0
0 0 0 0 0 ]
0 0 0 0 0
0 0 0 0 -1
1 0 0 0 0
0 1 0 0 0
rg3sin(fs + d3) — r3sinfs  rzcos bz — g3 cos(fs + d3) 0 0 0
—1 0 -1 0 0
0 -1 0 -1 0
rasin@y — rgasin(@y + 04) rgacos(0s+ 04) —racosOy —rgasin(fs +04) 7Tgacos(@s+04) 0
(2.29)

formed using the angular position of each link and link parameters. What distinguish the above-derived
equations (2.16)-(2.24) from those in Erdman and Sandor [2] are that the center of gravity of each link is
not at the center line between two joints and the gravitation force for each link is included in formulations
explicitly. Because equation (2.28) has 9 unknowns, it should be solved numerically. This can be easily
implemented in Ch by only a single line of code shown below,

X = inverse (A) *B

A fourbar class member function force () has been written for the Ch Mechanism Toolkit. Function
force () can calculate the joint forces and required input torque to achieve the desired motion of the four-
bar linkage. The first three input arguments of the function force () are arrays, theta [1] for joint angle
0;, omega [1] for angular velocity w;, alpha[i] for angular acceleration «;, t1 is the external load
T;. The output X from the function force () contains the joint forces and required input torque, which
is passed to the calling function as an argument of assumed-shape computational array. How to use this
function in the toolkit can be demonstrated by the following mechanism design problem given in [2].

Problem 5: Link parameters and inertia properties of a four-bar linkage, as shown in Figure 2.6]
are given in the chart below.

Length Weight I, C.G.

Link 7 (in) (Ib) (Ibf ft sec?) rg (in) 4
1 12 — — — —
2 4 0.8 0.0010 2 0
3 12 2.4 0.0099 6 0
4 7 1.4 0.0032 35 0

The phase angle for link 1 is §; = 0. There is no external load. At one point the input
angular position #3 = 150°, angular velocity we = 5 rad/sec ccw and angular acceleration
ay =5 rad/ sec? cw, find the joint reaction forces and required input torque at this moment.
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/* File: programé4.ch x/
#include <math.h>
#include <fourbar.h>

int main() {
CFourbar fourbar;
double rl = 12/12.0, r2
double rp = 5/12.0,

double theta_1[1:47],
array double X[9];

beta
theta_2[1:47,

= 4/12.0,
= 20xM_PI/180;

r3 =12/12.0, r4 =

omegall:4],

CHAPTER 2. FOURBAR LINKAGE

7/12.0, thetal = 0;

alphall:41];

double g=32.2;

double rg2 = 2/12.0, rg3 = 6/12.0, rgd = 3.5/12.0;
double delta2 = 0.0, delta3 = 0, deltad = 0.0;

double m2 = 0.8/g, m3 2.4/g, md = 1.4/qg;

double ig2 = 0.0010, ig3 = 0.0099, ig4 = 0.0032, tl1=0;
/* initialization of link parameters and

inertia properties x/

theta_1[1] = 0; theta_1[2]=150+«M_PI/180;

theta_2[1] = 0; theta_2[2]=150xM_PI/180;

omegal[2] = 5; alphal2] = -5;

fourbar.uscUnit (true);

fourbar.setLinks (rl, r2, r3, r4, thetal);
fourbar.setCouplerPoint (rp, beta);
fourbar.setGravityCenter (rg2, rg3, rg4, delta2, delta3, deltad);
fourbar.setInertia(ig2, ig3, ig4);

fourbar.setMass (m2, m3, m4);

// find theta3, theta4

fourbar.angularPos (theta_1, theta_2, FOURBAR_LINK2);

// find omega3,

// find alpha3, alpha4d

fourbar.angularAccel (theta_1,

// find forces, torque

fourbar. forceTorque (theta_1,
printf ("first solution X

// find omega3,

// find alpha3, alphaid

fourbar.angularAccel (theta_2,

// find forces, torque

fourbar. forceTorque (theta_2,
printf ("second solution X =

omegai4,
fourbar.angularVel (theta_1,

omega4,
fourbar.angularVel (theta_2,

first set
omega,

omega,

omega,
%.4f \n",

X) ;

second set
omega,

omega,

omega,

$.4f \n", X);

alpha,

alpha,

alpha,

alpha,

FOURBAR_LINK2) ;

FOURBAR_LINK2) ;

tl, X);

FOURBAR_LINK2) ;

FOURBAR_LINK2) ;

tl, X);

Program 13: Program force () for computing joint reaction forces and required input torque.
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You can solve this problem by Program[I3l Note that the various lengths, masses, and moments of inertia
are represented in feet, slugs, and [b— ft—sec?, respectively. The output of Program[[3]is given as follows:

first solution X = 1.7993 2.3553 1.6993 1.5895 1.1643 -0.7428 -1.0273 2.1624 -0.8659

second solution X = -0.6161 2.4778 -0.7161 1.7120 -1.1555 -0.4193 1.2368 1.7218 -0.4987

Problem 6: Link parameters and inertia properties of a four-bar linkage are given in the chart

below.
Length  Mass I, C.G.
Link r (cm) (kg) (kg m?) rg(cm) 6
1 30.48 — — — —
2 10.16  0.3628 0.001356  5.08 0
3 30.48 1.0883 0.013445 1524 O
4 17.78  0.6348 0.004293 8.89 0
The phase angle for link 1 is 1 = 0. There is no external load. At one point the input

angular position 6 = 150°, angular velocity wy = 5 rad/sec ccw and angular acceleration
ag = b rad/ sec? cw, find the joint reaction forces and required input torque at this moment.

Program [14] is the equivalent of Program except that SI units are used rather than US Customary
units. The output of Program [I4]is shown below. Note that this output is the SI equivalent to the output for
Program [131

first solution X = 8.0075 10.4824 7.5624 7.0739 5.1815 -3.3056 —-4.5716 9.6234 -1.1746

second solution X = -2.7421 11.0279 -3.1873 7.6194 -5.1427 -1.8663 5.5045 7.6627 -0.6765

2.6 Kinematics and Dynamics with Constant Angular Velocity for Link 2

Analysis of the fourbar mechanism described in the previous sections were performed for only one specific
position. Assuming constant angular velocity for the input link, link 2, this section will discuss analysis
of the fourbar linkage over the entire range of motion of this link. With constant angular velocity, the
relationships between the angular position, velocity, and acceleration for link 2 is as follows,

Oy = wot + O2.min
w2 = Wy
Qg = 0

where 05 i, is the minimum angular position value of the link, and wy is a constant value. Note that the
total time for one rotation of the input link, 62 = 02 ;i t0 02 = 02 13,4, can be determined by the following
equation,

92,ma:c - 92,min

wo

tma:(: -
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/* File: program5.ch x/
#include <math.h>
#include <fourbar.h>

int main () {

CFourbar fourbar;

double rl = 0.3048, r2 = 0.1016, r3 = 0.3048, r4 = 0.1778,
thetal = 0;

double rp = 0.1270, beta = 20«M_PI/180;

double theta_1[1:4], theta_2[1:4], omegall:4], alphall:4];

array double X[9];

double g = 9.81;

double rg2 = 0.0508, rg3 = 0.1524, rg4 = 0.0889;

double delta2 = 0.0, delta3 = 0, deltad4d = 0.0;

double m2 = 0.3628, m3 = 1.0883, m4 = 0.6348;

double ig2 = 0.001356, i1ig3 = 0.013445, ig4 = 0.004293, tl1l=0;

/* initialization of link parameters and
inertia properties x/

theta_1[1] = 0; theta_1[2]=150+«M_PI/180;

theta_2[1] = 0; theta_2[2]=150xM_PI/180;

omegal[2] = 5; alpha([2] = -5;

fourbar.uscUnit (false);

fourbar.setLinks (rl, r2, r3, r4, thetal);
fourbar.setCouplerPoint (rp, beta);

fourbar.setGravityCenter (rg2, rg3, rg4, delta2, delta3, deltad);
fourbar.setInertia(ig2, ig3, 1ig4);

fourbar.setMass (m2, m3, m4);

// find theta3, theta4

fourbar.angularPos (theta_1, theta_2, FOURBAR_LINK2);

// find omega3, omega4, first set

fourbar.angularVel (theta_1, omega, FOURBAR_LINK2);

// find alpha3, alphai4

fourbar.angularAccel (theta_1, omega, alpha, FOURBAR_LINK2);
// find forces, torque

fourbar.forceTorque (theta_1, omega, alpha, tl, X);

printf ("first solution X = %.4f \n", X);

// find omega3, omega4, second set

fourbar.angularVel (theta_2, omega, FOURBAR_LINK2);

// find alpha3, alphaid

fourbar.angularAccel (theta_2, omega, alpha, FOURBAR_LINK2) ;
// find forces, torque

fourbar. forceTorque (theta_2, omega, alpha, tl, X);

printf ("second solution X = %.4f \n", X);

Program 14: Program force () for computing joint reaction forces and required input torque in SI units.
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/* File: constangvel.ch x/
#include <math.h>

#include <stdio.h>
#include <fourbar.h>

int main () {
double r[1:4], thetal;
double omega2;
int numpoints = 50;
CFourbar fourbar;
CPlot plota, plotb, plotc;

/* default specification of the four-bar linkage */

r[l] = 12; x[2] = 4; r[3] = 12; r[4] = T7;
thetal = 10xM_PI/180;
omega2 = 5; /x rad/sec x/

fourbar.setLinks (r[1], r[2], r[3], r[4], thetal);
fourbar.setAngularVel (omega?2) ;
fourbar.setNumPoints (numpoints) ;
fourbar.plotAngularPoss (&plota, 1);
fourbar.plotAngularVels (&plotb, 1);
fourbar.plotAngularAccels (&plotc, 1);

return 0;

Program 15: Program for plotting 3, 4, ws, w4, a3, and oy with respect to time.

where 62 ;4. 1 the maximum angular position value for link 2.

Using the above relationships, member functions plotAngularPos (),plotAngularVvel (),and
plotAngularAccel () of class CFourbar were developed for time-based kinematic analysis of links
3 and 4 of a fourbar mechanism . Given a constant value for ws, these member functions can be used to
plot the angular positions, velocities, and accelerations of links 3 and 4 with respect to time. The function
prototypes for these member functions are as follows.

void CFourbar::plotAngularPoss (class CPlot xpl, int branchnum);
void CFourbar::plotAngularVels (class CPlot xpl, int branchnum);
void CFourbar: :plotAngularAccels(class CPlot =*pl, int branchnum);

Argument p1 is an object of class CPlotused for plotting, and branchnum s the branch number of the
fourbar linkage to analyze.

Problem 7: Link lengths of a four-bar linkage, as shown in Figure 2.1] are given as follows:
r1 = 12cm, 19 = 4em, 3 = 12c¢m, r4 = Tem. The phase angle for the ground link is
61 = 10°, and the constant angular velocity of the input link is wy = 5rad/sec. Plot the
angular positions, velocities, and accelerations of links 3 and 4 with respect to time for the 1st
branch.

The solution to Problem 7 is Program T3l After specifying the required parameters for the fourbar class,
member functions plotAngularPoss (), plotAngularVels (), and plotAngularAccels ()
are called to generate the desired plots. The outputs of Program [13]are Figures 2.8]-2.10
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Angular Position Plots
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Figure 2.8: Angular position plot.
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Figure 2.9: Angular velocity plot.
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Angular Acceleration Plots
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Figure 2.10: Angular acceleration plot.

In addition to member functions plotAngularPoss (),plotAngularVels (),and
plotAngularAccels (), memeber functions angularPoss (),angularVels (), and
angularAccels () are also available for kinematic analysis of the fourbar linkage with constant an-
gular velocity for link 2. Instead of generating plots of the angular position, velocity, and acceleration
of links 3 and 4 as with the plotting functions described above, these other functions generates the data
used for plotting and store them into arrays for later use. For, example the generated data can be saved
to a data file or used to generate plots similar to plotAngularPoss (), plotAngularVels (), and
plotAngularAccels (). These functions have the following function prototypes.

int CFourbar::angularPoss (int branchnum, double time[:],
double theta3[:], double thetadl[:]);
int CFourbar::angularVels (int branchnum, double timel[:],
double omega3[:], double omegad[:]);
int CFourbar::angularAccels (int branchnum, double timel[:],
double alpha3[:], double alphad[:]);

Argument branchnum is an integer value specifying the branch of the fourbar. Array time is a set of
time values equally incremented from time ¢ = 0 to ¢t = t,,442, Where t,,4, is the total time required
for one complete motion of the fourbar. Arrays theta3, theta4, omega3, omega4, alpha3, and
alpha4 contains corresponding values for the angular positions, velocities, and accelerations of links 3
and 4, respectively. Note that the array arguments for the above member functions should all have the same
size.

For dynamic analysis of the fourbar linkage with a constant wy value, member functions forceTorques ()
and plotForceTorques () are available. Member function forceTorques () determines the joint
forces and input torque for the entire valid range of motion of the fourbar mechanism, whereas
plotForceTorques () generates a graphical representation of these values. Their function prototypes
are as follows.

int CFourbar::forceTorques (int branchnum, double tl, array double timel[:],
fl2x[:], fl2y[:]1, £23x[:], f23yI[:],
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/*************************************************************
* File: forceTorques.ch

* This example plots the Jjoint forces and output torque curves.
**************************************************************/
#include <math.h>

#include <fourbar.h>

int main ()

{
CFourbar fourbar;
double rl = 0.12, r2 = 0.04, r3 = 0.10, r4= 0.07;
double thetal = 10;
double rg2 = 0.0508, rg3 = 0.1524, rg4 = 0.0889;
double delta2 = 0.0, delta3 = 0, deltad = 0.0;
double m2 = 0.3628, m3 = 1.0833, m4 = 0.6348;
double ig2 = 0.001356, i1ig3 = 0.013445, igd4 = 0.004293, tl1l=0;
int numpoint = 50;
double omega2 = 5; /x constant omegal2 x/
CPlot plot;

/* initialization of link parameters and
inertia properties */

fourbar.uscUnit (true);

fourbar.setLinks (rl, r2, r3, r4, thetal);
fourbar.setGravityCenter (rg2, rg3, rg4, delta2, delta3, delta4d);
fourbar.setInertia(ig2, ig3, ig4);

fourbar.setMass (m2, m3, m4);

fourbar.setNumPoints (numpoint) ;

fourbar.setAngularVel (omegaZ2) ;

fourbar.plotForceTorques (&plot,1,tl); //first branch

Program 16: Program for plotting joint forces and output torque with respect to time.

£f34x[:], £34y[:], fl4x[:], fldy[:], ts[:]);
int CFourbar::plotForceTorques (class CPlot xpl, int branchnum,
double tl);

For these functions, t 1 is the load torque, t ime is an array to record time, and £12x, £12y, £23x%, £23y,
f£34x, £34y, f14x, f14y, and ts are arrays for the joint forces and input torque.

Problem 8: Link lengths of a four-bar linkage, as shown in Figure 2.1] are given as follows:
ry = 12em, ro = 4em, r3 = 10cm, r4 = 7em. The phase angle for the ground link is 6; = 0,
the constant angular velocity of the input link is wy = 5rad/sec, and load torque ¢; = 0.
Using the inertia properties provided in the prevous problems for dynamic analysis, plot the
joint forces and input torque for the valid range of motion of the fourbar mechanism for the 1st
branch.

Program [16] is the solution to the above problem statement. After indicating the link parameters and

inertia properties, member function plotForceTorques () is called to generate the desired plot. The
plot of the joint forces and input torque is listed as Figure 2.111
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Figure 2.11: Joint forces and input torque plot.

2.7 Three-Position Synthesis

Recall the loop-closure equation for the fourbar linkage rewritten below.

r; +ry

re?t 4yttt =

ro +1r3
T‘2€i€2 + 7"36293 (2.31)

(2.30)

Previously, equation (2.31)) was used to derive equations for calculating the angular positions, velocities, and
accelerations of the remaining links given the dynamic properties of one link. Similarly, the loop-closure
equation provides a basis for the synthesis of fourbar mechanisms given three sets of input/output angles.
Assuming 67 = 0, equation (2.37)) is rewritten as equations (2.32) and (2.33). The next step is to eliminate
03 in the equations, which can be done by first isolating the terms containing 3 on the right-hand side.

71+ 14 COS 04
74 8in 04
71 + 14 cO8 04 — 19 COS O

r48in 04 — ro sin Oy

79 €08 fo + 13 Ccos O3 (2.32)
79 €08 fo + 13 cos O3 (2.33)
r3 cos O3 (2.34)
r3 sin 03 (2.35)

Squaring and adding equations (2.34) and (2.33) together will then cancel out the 63 term, which results in

equation (2.37),
2 2 .2 .2
BTN + N cos By — % cosly = —cosfy — 04 (2.36)
2T2T4 T4 9
kicosOy + kocosOy + ks = —coslly— 04 2.37)
where

1
T4
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ke = —
T2
2_,2_ .2 .2
ky = Ts Ty
27"27’4
Equation 2.371is called Freudenstein’s equation.
—e

o —

-

e

Figure 2.12: Freudenstein analysis.

The three unknowns in equation (2.37)), k1, ko, and k3, can be solved for three-point function generation.
Thus, for three prescribed positions as shown in Figure Freudenstein’s equation becomes,

kicos 1 + kacospy + ks = —cospp — Y (2.38)
kicos g + kocospo + ks = —cospy — Yo (2.39)
kicos¢s + kocosgps +ks = —cosos— Y3 (2.40)

which can be simplified into Ax = b or equation (2.41).

cos(¢1) cos(vp) 1 k1 —cos(¢1 — 1)
cos(¢2) cos(ihy) 1 ko = —cos(pgy — 19) (2.41)
cos(¢s) cos(vs) 1 ks —cos(¢g — 13)

Once the values for ki, ko, and k3 are obtained from equation (2.41] link dimensions 75, r3, and r4 can be
solved in terms of input link length r; with equations (2.42) - . Typically, the length 7; is chosen to be
1.

1

_n 2.42
T4 " (2.42)

S — 2.43
T2 " (2.43)
rs = \/2kgrars + 13+ 13 413 (2.44)

Class CFourbar also contains member function synthesis () to calculate the various link lenths
using Freudenstein’s equation. The function prototype for synthesis () is shown below.

int CFourbar::synthesis(double r[1:4], double phi[:], double psil[:]);
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Argument r is a 4-element array to store the values of the link lengths. Note that element r [1] shall be
a given value, and elements r [2], r[3], and r [4] shall contain the outputs of the function. Arguments
phi and psi are used to specify the sets of input and output angles, respectively.

Problem 9: Given r; = 1m, ¢ = [105°,157°,209°], and ¢ = [66.27°,102.42°,119.67°],
calculate the link lengths r9, r3, and r4. Also display the fourbar linkage at the three specified
positions.

Problem 9 can be solved by using member function synthesis () described above and another mem-
ber function displayPositions (), which is similar to member function displayPosition () de-
scribed in Section 211 Its function prototype is as follows,

int CFourbar::displayPositions (double theta2[:], double theta3[:],
double thetad[:],
/*[int outputtype [, char xfilename]]=*/);

It is similar to member function displayPosition (), except that multiple positions may be displayed
in one figure. Arguments theta?2, theta3, and theta4 shall have the same number of elements, and
the arrays’ argument size shall specify the number of positions to display.

The solution to Problem 9 is Program After specifying the length of the ground link r; and the
three sets of input/output angles, member function synthesis () is called to determine link dimensions
ro, 13, and r4. Next, the three 05 values are calculated by using member function getAngle (). It has the
following function prototype,

int CFourbar::getAngle (double theta[l:], int theta_id);

where theta are the angular position values and theta_id indicates the unknown link angle. Mem-
ber function setLinks () is then called to define the fourbar linkage in order to use member function
displayPositions () to display the fourbar mechanism in the three specified positions. The output of
Program [17]is shown in Figure

2.8 Animation

The concepts discussed in Section [2.1] concerning position analysis of a fourbar linkage can be applied to
simulate the motion of a fourbar mechanism. By applying the Grashof criteria or calling member function
grashof (), the type of fourbar as well as the number of geometric inversions can be determined. Fur-
thermore, the range of the input link, link 2, can also be calculated by hand or by using member function
getJointLimits (), which is invoked internally when calling member function grashof (). With the
range of the input link known, the angular positions of the other links can be determined by applying the
equations developed in Section for any instance of link 2. Thus, a for-loop can be utilized to obtain the
positions of links 3 and 4 for the entire range of the input link.

Utilizing the above observations, member function animation () was designed to simulate the motion
of a fourbar linkage. Its function prototype is as follows,

int CFourbar::animation (int branchnum, ...);

where branchnum indicates the branch number of the fourbar to simulate. For typical fourbar linkages,
branchnum can be either 1 or 2 for the first and second geometric inversions, respectively. However, for
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/* File: synthesis_pos.ch x/
#include <stdio.h>
#include <fourbar.h>

int main ()

{
double r[l1:4];
double psi[1:3], phi[1:3];
double theta[l:4], theta3[1:3];
CFourbar fourbar;

/+ specify input/output relation for a four-bar linkage */

r[l] = 1;

psi[1]1=66.27+«M_PI/180; psi[2]=102.42«M_PI/180; psi[3]=119.67+M _PI/180;
phi[1]=105+M_PI/180; phi[2]=157+M_PI/180; phi[3]=209«M_PI/180;
fourbar.synthesis (r,phi, psi);

/* display link lengths */
printf("r2 = $.3f, r3 = %.3f, rd = $.3f\n", r[2], r[3], rld]l);

/+ obtain theta3 in three positions and display these positions =*/
thetal[l] = 0;

fourbar.setLinks (r[1], r[2], r[3], r[4], theta[l]);
theta[2]=phi[l]; thetal[4] = psill];

fourbar.getAngle (theta, FOURBAR_LINK3) ;

theta3[1l] = thetal[3];

theta[2] = phi[2]; thetal[4] = psi[2];

fourbar.getAngle (theta, FOURBAR_LINK3); theta3[2] = thetal3];
theta[2] = phi[3]; thetal[4] = psi[3];

fourbar.getAngle (theta, FOURBAR_LINK3); theta3[3] = thetal[3];
fourbar.displayPositions (phi, theta3, psi);

return 0;

Program 17: Program for fourbar synthesis and displaying positions.
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r2 = 0.555, r3 = 1.441, r4 = 0.725

| Hext || Prev | BiL | Go | Bras 1 Fesbh i Blow

Hon-Grashof Triple-Rocker {inwards/inuward}

3

= =)

Figure 2.13: The output of Program

a rocker-rocker mechanism, branchnum can have a maximum value of 4 for the four possible branches of
the rocker-rocker mechanism.

Additionally, member function animation () supports the option to store the data used for the gen-
erating the fourbar animation into a file. This file can be used by the Quick Animation program to simulate
the movement of the fourbar linkage at another time. The format for saving data to a file is shown below.

fourbar.animation (branchnum, QANIMATE_OUTPUTTYPE_FILE, "data.gnm");

Macro QANIMATE_OUTPUTTYPE _FILE specifies that the data to be generated by the animation ()
function is to be stored into file "data.gnm", where . gnm is the file extension for the Quick Animation
program. A more in depth discussion of Quick Animation will be given in Chapter [71

In order to simulate movement of the fourbar linkage, the number of frames to generate needs to be spec-
ified. This can be done by member function setNumPoints (), which is also used to specify the number
of data points to plot the coupler and force/torque curves with member functions plotCouplerCurve ()
and plotForceTorques (). As an example, consider the crank-rocker mechanism described in Prob-
lem 3. Program[I8]can be used to simulate the motion for each branch of this linkage. Figure 2.14]represents
the output of Program [I8] which consists of two frames from the two geometric inversions of the fourbar
linkage in Problem 3. The third argument of member function setCouplerPoint () is an optional argu-
ment to indicate whether or not the coupler curve should be traced in the animation. This argument may be
either macro TRACE_ON or TRACE_OFF. For the case of Program[I8] tracing of the coupler curve in the an-
imation is desired. by default, the tracing is turned off. Note that if the fourbar is a Grashof Rocker-Rocker,
there would exist a total of four branches, since a Rocker-Rocker mechanism has four possible input ranges.
If this is true, then the following code fragment would simulate the motion of the third and fourth branch
of the fourbar linkage. However, if a third or fourth branch is specified, and the fourbar is not a Grashof
Rocker-Rocker, then an error would occur.

fourbar.animation (3);
fourbar.animation (4);
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/* File: program3_ani.ch =/
#include <fourbar.h>

int main() {
CFourbar fourbar;
double rl = 0.12, r2 = 0.04,
rd= 0.07; //crank-rocker
double thetal = 10«M_PI/180;
double rp = 0.05, beta =

string_t fourbartype;

fourbar.uscUnit (false);

r3

0.10,

20«M_PI/180;

CHAPTER 2. FOURBAR LINKAGE

fourbar.setLinks (rl, r2, r3, r4, thetal);
fourbar.setCouplerPoint (rp, beta, TRACE_ON) ;
fourbar.setNumPoints (50) ;
fourbar.animation (1) ;
fourbar.animation (2);
}
Program 18: Program for simulating the motion of a fourbar linkage.
(=i [=I[=i[x]
| Hexnt || Prev || ALL || o |§ Srep (1 Fash 1 Blow | Hext || Prev || All || Go |§ Brop 11 Fasi Slos

Crank=-Rocker

=

Crank-Rocker

Figure 2.14: The animation from Program
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2.9 Web-Based Fourbar Linkage Analysis

Fourbar linkage analysis can also be done through the World Wide Web. Web pages have been specifically
designed to perform the same types of analysis discussed in previous sections. The main web page for
mechanism design and analysis through the internet is shown as Figures This web page contain links
to other web pages that include descriptions and examples of special fourbar linkages as well as links to web
pages to perform fourbar linkage analysis and synthesis.

2.9.1 Position Analysis

As an example of using the fourbar linkage analysis web pages, recall the problem statement of Problem 1
in Section 2.1l Given all the necessary link lenghts, 71 to 74, and angles 6 and 6o, the problem asked
for the values of 63 and 4. This problem can easily be solved with the Interactive Four-Bar Linkage
Position Analysis” web page and corresponding Ch script, which can be directed by the ”Position Analysis”
link under the “Four-Bar Linkage Analysis” section shown in Figure The web page designed for
calculating #3 and 04 as well as the vector representing the coupler point position is shown in Figure
The derivation of the analytical solution of 63 and 6,4 are provided in the first section of the page. The second
section allows the user to input data required for performing the position analysis. In this section, the user
can input the link lengths, 6, and coupler point parameters r, and 3. Note that angles 61 and /3 can be
specified in either degrees or radians with the Degree Mode/Radian Mode tab. Furthermore, given any
known angle (62, 63, 84), this web page can be used to calculate the value of the two remaining angles. For
this example, r1 = 12c¢m, ro = 4em, r3 = 12em, rq4 = Tem, 7, = Scm, 01 = 10°, 62 = 70°, and 8 = 20°.
After all the parameters have been entered, the user can click on the "Run” button to execute the Ch script
for calculating 63 and 6,4 as well as the coupler point position. Output of the analysis are displayed directly
on the web page, which is shown Figure Note that the "Reset” button resets all the inputted values to
their default values.

2.9.2 Coupler Curve Plotting

Plotting the coupler curve can be done by the internet web page shown in Figure All the user need
to do is input the values for the link lengths, 61, and coupler point parameters, 7, and 5. Once all the
values have been entered, the user can click on the ”Run” button to plot the coupler curve for the specified
fourbar linkage. For example, using the parameters specified in Problem 2, the coupler curve plot for the
first geometric inversion is shown as Figure

2.9.3 Animation

Figure shows the web page that allows users to simulate the motion of a fourbar mechanism via the
internet. Like all the other web pages previously mentioned, the user can click on the "Run” button after
inputting on the required parameters to generate the animation. Note that the number frames and branch
number may be indicated in their specified locations. Using the fourbar specifications of Problem 2, a frame
of the animation obtained from the web page is shown in Figure
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/3 Four-Bar Linkage Analysis and Synthesis - Microsoft Internet Explorer | =] |

File Edit View Favorites Tools  Help |

GiBack » = - (3 at | Qlsearch [GelFavorites EfMedia &4 | EN- &b EE - (e |Links »

Four-Bar Linkage Analysis and Synthesis

Four-Bar Linkage Analysis

+ Position Analysis

s Coupler Curve Plotting

s Animation

s Transmission Angles
s Transmission Angle Plotting
s Velocity Analysis
s Acceleration Analysis

+ Force Analysis

+ Kinematic Analysis with Constant Angular Velocity for Link 2
s Dynamic Analysis with Constant Angular Velocity for Link 2

Four-Bar Linkage Synthesis
s Synthesis with Three Positions
Special Fourbar Linkages with Animation

Grashof Linkages
Non-Grashof Linkages
Singular Configurations

Straight Line Linkages
Duick Return Linkages
Symmetrical Linkages

&

[&

&l‘l

l_ l_ l_ | mternet

Figure 2.15: Main web page for fourbar linkage analysis and synthesis.
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2 Interactive Four-Bar, Linkage Position Analysis - Microsoft Internet Explorer [Z”E|g|
File Edit ‘iew Favorites Tools  Help :,'
eBack M > \ﬂ @ _;\J /.._\JSearch :'/'1'\'/ Favorites @Media {‘} - .,7 b _]

-~

Interactive Four-Bar Linkage Position Analysis

-
Posttion analysis beging with formulating the loop-closure equation for the fourbar mechanism shown below.
r2+ri=ri+rd (1)
Incorporating complex numbers,
rz¥exp({i*thetaz)+r3i*exp(i*thetald)=rl*expi(i*thetal)+rd*exp (i*thetad) (2

Mote link lengths r1,02,13, and rd along with thetal are constants. Let thetaZ be the independent variable, and theta3 and thetad be the
dependent variables. Rearanging the equation, we have

ri*exp(i*thetald)-rd4*exp(i*thetad)=ril*expi*thetal)-rZ2*exp(i*thetal) . (3

Let BE1=r3, phil=thetaZ, E2=-r4, plid=thetad, and 7=(x3 v3=r 1 *exp(i*thetal)-r2*expii*theta?). We now have a general complex
equation

Figure 2.16: Web page for fourbar linkage position analysis.
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WEB-BASED FOURBAR LINKAGE ANALYSIS
Ri*exp(i*phil) +R2 *exp(i*phiZ)=z. (4]
Angular positions theta® and thetad can now be solved for given parameters r1.r2.r3 14 thetal, and theta2. From equation (4) we obtain
zos(phil) = (x3-R2cos (phiz) ) /R (5]
sin(phil)=(y3-R2Zsin(phiz))/R1. 3
Substituting these results into the trig identity sin™2{phi Utcos"2iphi =1 and simplifiing we obtan
v3*sin (phi2) +x3 ooz (phi2) = (x3%2+y3°2+R2*2-R1%2) /2*R2 . 7
From this equation we can obtain formulas for plul and phi2
phizZ=atan? (¥3,x3)% acos|(x3"2+y3*2+R2*2-R1%2)/2*R2*=aqrt (x3°2+¥3°2) ) s
phil=atan2 (sin(phil) ,cos (phill)
=atanZ { (yv3-FZsin(phiz)) /R1, (x3-RZcos(phiZ))/R1). (3]
Sumilar ecuations can be dertved assuming either theta3 or thetad 15 known with the other two angles as parameters.
Please enter link lengths, thetal and one other known angle to find the other two angles.
Unit Type:
Link lengths (m or f£): rl: |U-5U |1‘2: |U-15 |1‘3: |U-4U |1‘4: |U-45 |1]1: |U-1 5 |
Angles: | Degree Mode V|ﬂ19t31; |1D |]Jetﬂ; |36.59 |
Zelect and mput the known angle (thetaZ, theta3, or thetad):
[theta? v |value: [45 |
&] Done ® Internet

Figure 2.16: Web page for fourbar linkage position analysis (Contd.).

Fourbar Position Analysis - Microsoft Internet Explorer

File Edit Wiew Favorites Tools  Help

@Back M > | \ﬂ \ELI _l\J /..-\JSearch ‘?;I_'\'.:/Favorites @Media {‘} J- & L

Fourbar Position Analvsis Results:

Fourbar Parameters: ¢l = 0.120, rZ = 0.040, r3 = 0.12Z0, r4 = 0.070;
thetal = 0.175 radians (10.00 degrees):
rp = 0.050, beta = 0.349 radians (20.00 degrees):
thetaZ = 1.222 radians (70.00 degrees)
Circuit 1: [positions)
thetad = 0.459 radians (26.31 degrees)
thetad = 1.527 radians (57.48 degrees)
Coupler Point: Px = 0.045, Py = 0.074

Circuitc 2: [positions)
thetad = -0.777 radians (-44.52 degrees)
thetat = -1.845 radians (-105.70 degrees)

Coupler Point: Px = 0.059, Py = 0.017

&] Done D Internet

Figure 2.17: Output of fourbar linkage position analysis.
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2 Interactive Four-Bar Coupler Curve Plottting - Microsoft Internet Explorer, |Z||E|

File Edit Wiew Favorites Tools  Help f

eBack . O - u @ ;j )_J Search ‘i‘\':(Fa\-'orites @Media -e} - :‘\_,'_ B - _J

Interactive Four-Bar Coupler Curve Plotting

s g X
Pleaze enter link lengths, thetal and the branch mumber to generate a plot of the coupler curve.
Uit Type:
Link lengths (m or ft): r1: |D-59 |1‘2: |U-15 |1‘3: |U-4D |1‘4: |U-45 |1‘p: |U-15 |
Angles:| Degree Made ¥ | thetal: |10 |beta: [3853 |
Branch Mumber:
&] Done D Internet

Figure 2.18: Web page for coupler curve plotting.
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a http:/ /softintegration.com/ cgi-bin,/chcgi/toolkit /mechanism;fourbar ffourbarCouplerCurye.ch - Microsoft Inkte
File Edit View Favorites Tools Help
GBack ~ = - () o | Q5earch [ElFavorites GfiMedia ¢4 | BN S - o5
Coupler curwue
&=
e
8.2
.13
=
pat
.}
o
8.1
@.83
) 1 1 1 1
-6.85 ] @.85 8.1 8,15 8.2 a.25
P Cft)
a
[&] pone l_’_ |_|° Internet -

Figure 2.19: Coupler curve plot.
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2} Interactive Four-Bar Linkage Animation, - Microsoft Internet Explorer, |Z||E|rz|
File Edit ‘iew Favorites Tools  Help ' ;'
L} = _,-'\ ; § " . _\‘
@ Back. ~ e - \ﬂ @ __lj s ! Search ‘?/'\'( Favarites @ Media Q} == E - _J

Interactive Four-Bar Linkage Animation

The four-bar inkage below can be atwmated on your screen

Uit Type:

Link lengths (m or ft): r1: |U-12 |1‘l: |U-U4 |1‘3: |U-1U |1‘4: |U-U? |1]1: |U-U5 |
Angles: thetal: |0 | beta: |20 || Degree Mode v|

Mumber of pomnts:

Eranch Mumber:

@j Done  Internet

Figure 2.20: Web page for fourbar animation.
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& http://softintegration.com /cgi-bin,/chcgi/toolkit /mechanism/fourbar fourbar_ani.ch - Micrasoft Internet Exp 18l =|

File Wiew GoTo Favorites Help |

EBak + = - (D at | Qisearch [GelFavorites FliMedia 4 | Eh- & v R |Links »
Mest I Prew I All | Go | Stop | East I il
Crank-Rocker

< C

|@ Ready ’_ l_ l_ |° Unknawn Zone v

Figure 2.21: Fourbar animation.
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Chapter 3

Crank-Slider Mechanism

For a crank-slider mechanism shown in Figure[3.1] the displacement R; for the slider has constant angle and
variable length. the crank R», has constant length and variable angle as does R3, often called the connecting
rod. The offset R, for slider has constant length and angle. It is the variation in the length of R; that causes
the translational motion. The offset R4 can be positive or negative. In most applications, the offset is zero.
The angle 6, is related to 6; as 6, = 61 + 90°.

Often an intermediate type of motion between the pure rotation of the crank and the pure translation of
the slider is desired. This can be obtained at P, the coupler point, which is offset from link 3 by a constant
length and angle.

Figure 3.1: A crank-slider mechanism.

In order to have 360° rotation for the crank link, the length of link 3 shall be greater than link 2 and
the difference of the link lengths for links 3 and 2 shall be greater than the offset. That is r3 > 79 and
r3 — 19 > r4. If o is greater than r3, the limiting configuration shown in Figure [3.2] will be reached. The
value of 5 at this limiting configuratoin is

0., = [91 +sin™! (wﬂ 3.1)

2
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Figure 3.3: A limiting position for a crank-slider mechanism for r3 — ro < 74.

If r3 — r9 < 74, a limiting configuration shown in Figure will be reached. The value of 65 for this

limiting configuration will be
0, = [91 +sin~t (wﬂ (3.2)
T2

If ro + r3 = ry, no rotation is possible. If ro + r3 > ry, the links cannot form a valid crank-slider
mechanism.

3.1 Position Analysis

Since the vectors describing the four links of the crank-slider mechanism form a complete loop, the describ-
ing equation is known as the loop equation. The loop equation is the foundation for the analysis of the four
bar linkage and its variations. The loop equation is

Ry + R3s =Ry + Ry (3.3)

A general vector R can be represented in complex polar with two parameters, a length r and an angle 6.
Thus each vector can be represented as ‘
R=re" (3.4)

In complex polar form the loop equation becomes

ree'?? 4 rget = e 4 et (3.5)
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The first step in describing the motion of the crank slider is deriving the two unknown parameters as func-
tions of the known parameters. At this point 61, 05, 84, r2, r3 and 74 are known. The unknown parameters
are r1 and 63. Rearranging equation (3.3) so that the terms containing the unknown parameters are on the

left and the terms containing only known parameters are on the right gives

01 02 04

reft — rget® = pyei?? — et

Converting the right side into Cartesian form where

a = 19 cos by —rycosly
and

b=1r9sinfy —rysinfy

gives
re% — pget® = g 4 b

Multiplying by e~ gives

11— rgelB00) — o714 4 ip)

and equating the imaginary parts of both sides eliminates r; and produces
—rgsin(f3 — 01) = asin(—61) + bcos(—0;)

Solving for #3 yields two solutions below.

By =0, + gin-L (asin@l — bcos@l)

T3

6, = 0, 4 —sin! (asin@l — bcos@1>

T3

Equating the real parts of equation (3.9) gives
ricosf; —rgcosfs =a

and solving for r; gives

a + r3 cos 03
"m=—/——
cos 01

The slider position is determined by
Ry + Ry

101

rie’t + T46i91+900

The x and y components of the slider position are the real and imaginary parts of equation(3.17).

(3.6)

3.7

(3.8)

(3.9)

(3.10)

(3.11)

(3.12)

(3.13)

(3.14)

(3.15)

(3.16)
(3.17)

The joint angle #3 and slider position r; can be determined by using member functions angularPos ()
and sliderPos () of class CCrankS1lider, respectively. The following problem illustrates how class

CCrankSlider can be used to calculate these two values.

Problem 1: For the crank-slider mechanism shown in Figure 3.1} if ro = 1lem, r3 = 5em,ry =
0.5¢m, and 67 = 10°, find the displacement r; of the slider and the joint angle 3 when 6y =

45°. Display the current position of the crank-slider mechanism.
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#include <math.h>
#include <crankslider.h>
int main ()
{
CCrankSlider crankslider;
double r2 = 0.01, r3 = 0.05, r4 = 0.005, thetal = 10xM_PI/180;
double theta2 = 45xM_PI/180;
double first_theta3, sec_theta3;
double complex sl, s2; //two solution for slider position

crankslider.uscUnit (false);

crankslider.setLinks (r2, r3, r4, thetal);
crankslider.angularPos (theta2, first_theta3, sec_thetal);
crankslider.sliderPos (theta2, sl, s2);
crankslider.displayPosition (theta2, first_thetal);
crankslider.displayPosition (theta2, sec_theta3);

/x+*x* the first set of solutions **xx%/

printf ("theta3 = %6.3f, S = %6.3f cm\n", first_theta3, s1x100);
/*x*x the second set of solutions xxxx/

printf ("thetal3 = %$6.3f, S = %$6.3f cm\n", sec_theta3, s2x100);

return 0;

Program 19: Program for computing 1 and 63 of a crank-slider mechanism.

The solution to Problem 1 is Program[I9] Since the parameters for the crank-slider mechanism are spec-
ified in SI units (centimeters), the input argument for member function CCrankSlider: :uscUnit ()
is set to false to indicate the usage of SI units. However, if the crank-slider parameters were specified in
feet or inches (US Customary units), then the input value of member function uscUnit () would be set
to true. By default, input parameters are assumed to be in SI standards, and member function uscUnit ()
does not need to be called unless US Customary standards are desired. Note that the link lenghts for the
crank-slider mechanism in Program is converted from centimeter to meter, since meter is the true unit
for length in SI terms. After the crank-slider parameters have been set, member functions angularPos ()
and sliderPos () are called to calculate angular position, 3, and slider position, respectively. Member
function displayPosition () is called to generate images of the current position of the crank-slider
mechanism for both geometric inversions. These images are shown in Figure The output of Program[19]
is shown below.

theta3 = 0.160, S = complex( 5.643, 1.503) cm
theta3 -2.952, S complex (-4.204,-0.233) cm

The position vector for the slider is represented as a complex number with its real part for the x-component
and its imaginary part for the y-component.

Problem 2: For the crank-slider mechanism shown in Figure 3,11 if 7o = 0.3937in,r3 =
1.9685¢n,r4 = 0.1969in, and 6; = 10°, find the displacement r; of the slider and the joint
angle 03 when 0, = 45°.

Now, if the parameters for the crank-slider mechanism defined in Problem 1 were converted to US
Customary standard units, as shown in Problem 2, Program can be used to perform the crank-slider
analysis. Note that the input value for member function uscUnit () is true for this program since US
Customary units are desired. The output for Program 20]is as follows.

51



CHAPTER 3. CRANK-SLIDER MECHANISM

3.1. POSITION ANALYSIS

Wl ganimate =1k A hd ganimate
| Hext || Prev | #11 Stop 1 Fasto ) Bles | | Hext || Prev | #i1 | Go | Stap 0 Fast 1 Blows
Crank-5lider Crank-5lider

= =1} )

Figure 3.4: Current positions of the crank-slider mechanism.

#include <math.h>
#include <crankslider.h>
int main ()
{
CCrankSlider crankslider;
double r2 = 0.3937/12.0, r3 = 1.9685/12.0, r4 = 0.1969/12.0,
thetal = 10xM_PI/180;
double theta2 = 45«M_PI/180;
double first_theta3, sec_theta3;
double complex sl, s2; //two solution for slider position

crankslider.uscUnit (true);

crankslider.setLinks (r2, r3, r4, thetal);
crankslider.angularPos (theta2, first_theta3, sec_thetal);
crankslider.sliderPos (theta2, sl, s2);

/x*x* the first set of solutions **xx*/
printf ("theta3 = %6.3f, S = %6.3f in\n", first_theta3, sl=*12);
/**xx the second set of solutions x*x*=*/

printf ("theta3 = %6.3f, S = %6.3f in\n", sec_theta3, s2x12);

return 0;

Program 20: Program for computing 7; and 03 of a crank-slider mechanism in US Customary standard.
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Figure 3.5: Transmission angle for a crank-slider mechanism.

theta3
theta3

0.160, s
-2.952, s

complex( 2.222, 0.592) in
complex (-1.655,-0.092) in

3.2 Transmission Angles

The transmission angle, -, is a measure of how effectively force is transmitted to the output link. When ~y
is 90° all of the force is transmitted to the output link and when + is 0 no force is transmitted to the output
link. In the crank-slider there are two transmission angles; one where the slider is the output link and one
where the crank is the output link as shown in Figure

If the slider is the output, the transmission angle +; can be obtained by

71 =90 — (63 — 1) (3.18)
71 =90° + 01 — 03 (3.19)
If the crank is the output, the transmission angle o can be obtained by
Y2 = (02 — 01) + (03 — 01) (3.20)
Y2 = b2 + 03 — 20, (3.21)

The transmission angles can be computed by the member function t ransAngle (), whose prototype is as
follow:

void CCrankSlider::transAngle (double &gammal, &gamma2, double theta2);

where the first two arguments are the first and second solution to the transmission angle and argument
theta? is the angular position of link 2.

3.3 Velocity Analysis

The angular and translational velocities are the rates at which the positions of the links change with respect
to time.
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Figure 3.6: Velocities for a crank-slider mechanism.

Beginning with the complex loop equation (3.3)), the velocities can be derived by first taking the derivative
with respect to time.

%(rgew? + 7’36i93) = %(rlewl + r4ei94) (3.22)
79€"2 + 091902 4 736" + 03736 = 71 + i0171€" + 74e™t + 1047460 (3.23)
For the crank-slider the parameters ro, 73, 74, 1 and 8, are constant, thus
o =13 =74=0and ) = s =0
By definition
92 Euug,ég =wsgand 7 = 1
Thus upon substitution into equation (3.23)), we obtain
Vi = 016 = jworee™®? + jwgrse’?® (3.24)

This is the vector describing the velocity of link 1, the slider. In order to find the scalar values w3 and v
first multiply both sides by e ™' to produce

i(02—01)

V] = twaTge + ’iW3T3€i(€3_91) (3.25)

Equating the imaginary parts of both sides in equation (3.23) and solving for w3 gives

_ —wargcos(fy — 1)
ws = r3 cos(f3 — 61) (3.26)

The x component of velocity of the slider is the real part of equation (3.24]).
vy = Wo Sin Ay + w3 sin O3 (3.27)
The y component of velocity of the slider is the imaginary part of equation (3.24]).

Uy = Wy €os Oy + w3 cos 03 (3.28)
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Figure 3.7: Accelerations for a crank-slider mechanism.

The absolute magnitude of V; is the real part of equation (3.25).
|U1| = WyToy Sin(@g — 91) + w3rs3 Sin(93 — 91) (3.29)

The angular and linear velocities can also be computed by member functions angularVvel () and
sliderVel (), respectively.

3.4 Acceleration Analysis

The accelerations of the links is the rate at which their velocities change with respect with time.

The accelerations are derived by taking the derivative with respect to time of the velocity vector V7, equation
(3.24).

d , d , .
— Vi = —01€ = = (iwgree'®? + iwge'® (3.30)
dt dt dt ( )

’L')leie1 + iﬁlvlewl = id)QT‘ngz + iWQf‘gei02 + i292LU2T26i02 + i@3T3€i63 + ’iW3’f’3€i03 + i2w3T3€i63 (3.31)

By definition

01 = a1, wy = a9, w3 = azand 2 = —

Substituting these and the previously defined values gives

Ay = a1 = iagree®? — w%rgew + iagrse’®® — wg,rgew3 (3.32)
Multiplying equation (3.32) by e~ yields
al = iagrgei(ez_el) — w%rgei(ez_gl) + iagrgei(GS_Gl) — wgrgei(%_gl) (3.33)

Equating the imaginary parts of equation (3.33) and solving for a3 gives

B w3rysin(fy — 01) + wirzsin(f3 — 61) — agrg cos(fy — 01)

as (3.34)

r3cos(fs — 61)
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Figure 3.8: Coupler Point of a crank-slider mechanism.

The real part of equation (3.32) gives the x component of the slider acceleration.

Ay = Qoo sinfy — w%rg cos By + azr3 sin b3 — w§7‘3 cos 03 (3.35)
The imaginary part of equation (3.32)) gives the y component of the slider acceleration.

ay = Qa1 COS fg — w%rg sin Ay + «a3rg cos O3 — w§r3 sin 03 (3.36)
The real part of equation (3.33)) gives the absolute magnitude of the slider acceleration.

la1| = aprysin(fy — 6) — wiry cos(fy — 01) + azrzsin(fs — 61) — w§r3 cos(f3 — 61) (3.37)

Similar to velocity analysis, the angular and linear accelerations are computed by member functions
angularAccel () and sliderAccel (),respectively.

3.5 Position, Velocity and Acceleration of Coupler Point

The motion of the coupler point is related to that of link 3. Its angle with respect to ground is that of link 3
plus a constant 3.

05 =05 + 8 (3.38)
The vector P represents the location of the coupler point.
P = Ry + R5 = r9¢"? + r5e'%FF) (3.39)
The x coordinate of P is
Pz = 19 08 By + 15 cos(f3 + ) (3.40)
and the y coordinate is
py = r28in 6y + r5sin(f3 + B) (3.41)
The time derivative of P gives the velocity vector V,.
d , .
Vo = EP = iworae™® + iwzrse!Path) (3.42)
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The x coordinate of the coupler velocity is
Up, = warg sin By + wsrs sin(f3 + ) (3.43)

and the y coordinate is
Vp, = warz cos By + w3rs cos (63 + ) (3.44)

The time derivative of V), gives the acceleration vector A,.

A, = %V}, = iapree® — wirye'® + irs 03P — (2pgei03+h) (3.45)
The x coordinate of the coupler acceleration is
ap, = agrasinfy — w%rg cos Oy + asrssin(fs + ) — w§r5 cos(fs + 1) (3.46)
and the y coordinate is
Qp, = Qa7 COS g — w%rg sin 0y + asrs cos(0s + ) — w32,7*5 sin(fs + 5) (3.47)

The position, velocity, and acceleration of a coupler point can be computed by the following member func-
tions: couplerPointPos (), couplerPointVel (), couplerPointAccel (), respectively. For
example, the following problem may be solved with Program

Problem 3: For a crank-slider mechanism with properties vy = 1lecm, r3 = 5cm, ry = 0.5cm,
01 = 10°, 7, = 2.5¢m, and 3 = 207, find the position, velocity, and acceleration of the coupler
point, P, when 0y = 45°, wy = brad/sec, and as = 0.

The output of Program 21lis as follows:

Circuit 1:

Coupler Position: complex (2.669,2.257) cm

Coupler Velocity: complex(-2.266,1.929) cm/s

Coupler Acceleration: complex (-23.424,-13.111) cm/s"2
Circuit 2:

Coupler Position: complex(2.574,2.370) cm

Coupler Velocity: complex(-4.898,5.065) cm/s

Coupler Acceleration: complex(-0.142,-0.241) cm/s"2

3.6 Dynamic Force Analysis

Dynamic force analysis can be performed based on D’Alembert’s Principle — the sum of the inertial or body
forces and torques and the external forces and torques together produce equilibrium. This is analogous to
the criteria for static equilibrium as

>F=0and) M =0

except that now the inertial or dynamic forces must be included in the sum.

The summations can be expressed as
> F+(—mag) =0 (3.48)

and
Y M+ (—Iay) =0 (3.49)
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#include <math.h>
#include <crankslider.h>

int main () |
CCrankSlider crankslider;

double r2 = 0.01, r3 = 0.05, r4d = 0.005,
double rp = 0.025, beta = 20«M_PI/180;
double theta2 = 45xM_PI/180;

double complex P[1l:2], Vp[l:2], Ap[l:2];
double omega2 = 5; /* rad/sec «/
double alpha2 = 0; /* rad/secxsec «/
double first_theta3, sec_theta3;

double first_omega3, sec_omega3;

double first_alpha3, sec_alpha3;
crankslider.setLinks (r2, r3, r4, thetal);
crankslider.setCouplerPoint (rp, beta);
crankslider.angularPos (theta2, first_theta3,

crankslider. P[1],
first_omega3

sec_omega3

couplerPointPos (theta2,

crankslider.angularVel (theta2z,

Vp[l] = crankslider.couplerPointVel (theta2,
omegaz,
Vp[2] = crankslider.couplerPointVel (theta?2,
omegaz,

first_alpha3

thetal

crankslider.angularVel (theta2,

crankslider.angularAccel (theta2,

CHAPTER 3. CRANK-SLIDER MECHANISM

10«M_PI/180;

sec_thetal);

P[2]);

first_theta3, omegal);
sec_theta3, omega2);
first_theta3,
first_omega3l);
sec_theta3,

sec_omegal) ;

omegaz,

first_theta3, first_omega3, alphal2);
sec_alpha3 = crankslider.angularAccel (theta2, omegaZ2,
sec_theta3, sec_omega3, alpha?2);
Ap[l] = crankslider.couplerPointAccel (theta2, first_theta3, omegaZz,
first_omega3, alpha2?,
first_alpha3l);
Ap[2] = crankslider.couplerPointAccel (theta2, sec_theta3, omega2,
sec_omega3, alphaz,
sec_alpha3l);
printf ("Circuit 1:\n");
printf (" Coupler Position: %.3f cm\n", P[1]x100);
printf (" Coupler Velocity: %.3f cm/s\n", Vp[1]%100);
printf (" Coupler Acceleration: %$.3f cm/s"2\n", Ap[l]1%x100);
printf ("Circuit 2:\n");
printf (" Coupler Position: %.3f cm\n", P[2]x100);
printf (" Coupler Velocity: %.3f cm/s\n", Vp[2]%100);
printf (" Coupler Acceleration: %.3f cm/s”2\n", Ap[2])*100;

return 0;

Program 21: Program for computing the coupler point properties of a crank-slider mechanism.
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Fl,zy

Figure 3.9: The free body diagram for link 2 of a crank-slider mechanism.

In dynamic analysis, we assume that the position, velocity and acceleration of each moving body in the sys-
tem are already known. The free body diagram for link 2 with all forces acting on it is shown in Figure

The real part of the complex acceleration vector at the mass center, A, is the x component of accelera-
tion and the imaginary part is the y component.
Acceleration at the mass center can be obtained by

A d? d? i0s
g2 = @(RQQ) = @(7’926 ) (350)
Agp = iagrggew? — W%T926i92 (3.51)

Based on the Newton’s second law, we can obtain the dynamic equation

Fg2w = TTLQRG(AQQ) (352)
Fg2y = mglm(Agg) (353)
ng = [2a2 (3.54)

where m is the mass of the body and I is the mass moment of inertia about the mass center. The above
equation can be expanded as
Z F, = FLQI + 1“_‘3’2z + Fg2z =0 (3.55)

Y Fy=Fig, +Fsa, + Fp, =—mag=0 (3.56)
Z Mg = F17217’gg sin 92 — F172y7’92 COS 92 — F3721 (7’2 — 7’92) sin 92
+Fs2 (ra —rga)costy + Tip — T2 =0 (3.57)

The free body diagram for link 3 with all forces acting on it is shown in Figure[3.10l Acceleration at the
center of the mass for link 3 is

2 d2 ) )
Ags = 5 (Ra + Rys) = —5(rae™ + 1gae’ @) (3.58)
Ay = iag’f’2€i92 — w%rgewz + ia3r936i(93+¢>) — wgrggei(eﬁ‘z’) (3.59)
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Fz‘sy

Figure 3.10: The free body diagram for link 3 of a crank-slider mechanism.

The equations of motion

Fggz = nge(Agg) (3.60)
Fg3y = mglm(Agg) (361)
Tys = I3as (3.62)
The alternative equations of motion
Z F, = F273x + F4’3w + Fg3x =0 (3.63)
ZFy = Fg’gy + F473y + Fg3y —msg =20 (3.64)

Z My = Fy3 rg3sin(f3 + ¢) — Fy3 T3 cos(f3 + ¢) — Fy 3 [r3sinf3 — rg3sin(fs + ¢)]
+F374y [13 o8 63 — rgg cos(f3 + ¢)] — Tyz =0 (3.65)

The free body diagram for link 4 with all forces acting on it is shown in Figure 3.111
The acceleration at the center of the mass for the slider of link 4 is

2

Ay =4 = iagree’®? — wzrgewz + iasrge’® — w%rgew?’ (3.66)

The equations of motion

Fyy + Fycosf; = myRe(Ags) (3.67)
Fys, + Fisin 61 = malm(Ags) (3.68)
Ty =0 (3.69)
The alternative equations of motion
ZFx =F34, +F14, + Fgq, + Ficosf =0 (3.70)
ZFy = F3’4y —|—F174y —m4g—|—Fg4y + Fjsinf; =0 (3.71)
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Figure 3.11: The free body diagram for link 4 of a crank-slider mechanism.
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Figure 3.12: The reaction forces on slider.
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There is no moment acting on link 4 as its motion is completely translational. The third equation necessary
to describe the forces acting on link 4 comes from the fact that F 4 and F} 1,4, are components of a force
Fy 4, that always acts normal to the ground as shown in Figure

Fy 4, cosfy = Fi g, (3.72)
—F174n sin 91 = F174y (3.73)
Fy 4, costy = F174y sin 64 (3.74)
F174x cos By + F174y sinf; =0 (3.75)
Let F39 = —F5 3 and F 3 = —F3 4, we can get the following system of equations.
Fya, —Fio, +Fo3,
Foa, —mag = —Fio +I23
—Ty = —[(ro —rg2)sinbs]Fos, +[(ro —rg2)cosba] o3
—(rg2sinp)F1 2+ (rg2cosbh) —T;
Fgs, = —Fa3 +F3a,
Fo3, —m3g = —Fp3 +F34,
—Tys = —[rgzsin(0s + @)|Fos, + [rg3cos(0s + @)|Fos,

Fyq, + Fycosty
Fya, —mag + Fysint,
0

—[rgsinfz — rg3sin(fs + ¢)|F3 4,
+[r3 cos B3 — 143 cos(f3 + ¢)]F3,4y
—F34, — Fi4,

—F34,— Fra,

cos01F1 4, +sint1Fi g,

For the convenience of equation writing, let

a = —rgsinf, f = rgzcos(b3+ ¢)

b = rgcosb g = —(r3sinfz —rgzsin(fs + ¢))
¢ = —(rg—rg)sinfy h = rzcosls —rg3cos(fs + @)

d = (rg—rg)cosfy i = cosb

e = —rgsin(@s+¢) j = sinb;

the system of equations in a matrix form can be obtained as follows.

I Fya, 1 [-1t 0 1 0 0 0 0 0 07/ e,
Fgo, —mag 0o -1 0 1 0 0 0 0 0 Fipa,

—Ty2 a b ¢ d 0 0 0 0 -1 Fy3,

Fys, 0o 0 -1 0 1 0 0 0 0 12Xy

Fggy — ma3g = 0 0 0 -1 0 1 0 0 0 F374x

—Ty3 0 0 e f g h 0 0 0 F3a,

Fyu_ + Fjcost, 0o 0 0 0 -1 0 -1 0 0 Fia,

Fya, —mag + Fisinf, 0O 0 0 O 0 -1 0 -1 0 Fig,

i 0 /I Lo o 0o 0 0 0 ¢ 43 0| T,
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The matrix equation is of the form
b =Cx (3.76)

where b and C are known and x ontains the unknown values to be solved. The solution is of the form
x=C"'B (3.77)

which can be conveniently solved by function inverse () in Ch. Member function forceTorque ()
with prototype

void CCrankSlider::forceTorque (double theta2, theta3, omega2, omega3l,
alpha2, alpha3, F1l, double complex as,
array double x[9]);

can be used to perform the above analysis, where the first six arguments correspond to the angular properties
of link 2 and 3, F1 is the load force, as is the acceleration of the slider, and x is an array that contains the
joint forces and output torque.

Problem 4: Link parameters and inertia properties of a crank-slider mechanism are given in the

chart below.
Length  Mass I, C.G.
Link r(cm) (kg) (kg—m?) 7,(m) §
1 2.54 — — —

2 5.08 0.3626 0.0014 0.0508 O
3 1.27  1.0877 0.0134 0.1524 0
4 — 0.6345 — — 0
The phase angle for link 1 is #; = 10°. There is no external load. At one point the input
angular position #y = 45°, angular velocity wy, = 5 rad/sec ccw and angular acceleration
ag = —b rad/ sec? cw, find the joint reaction forces and required input torque at this moment.

The solution to Problem 4 is listed as Program It utilizes the crank-slider class and various mem-
ber functions to calculate the joint reaction forces and required input torque for the crank-slider mecha-
nism defined in the above problem statement when 6y = 45°. After the specifying the required param-
eters for the crank-slider, member functions angularPos (), angularVel (), angularAccel (),
and sliderAccel () are called to determine the values needed for member function forceTorque (),
which calculates the joint forces and required input torque. The output of Program 22]is as follows.

first solution X = 8.4397 -16.7026 8.1792 -20.6504 6.8925 -30.5133 -6.4904 36.8086 -0.3923

second solution X = 6.8260 -16.3604 6.5655 -20.3082 6.5401 -29.9487 -6.3832 36.2008 -0.3572

3.7 Animation

Similar to the fourbar mechanism discussed in the previous chapter, motion of the crank-slider mechanism
can also be simulated with the animation () function of class CCrankSlider. The prototype for
member function animation () is as follows.

int CCrankSlider::animation(int branchnum, ...);
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#include <crankslider.h>

int main () |
CCrankSlider cranksli
double r2 0.0254,
array double X[9];
double rg2 0.0508,
double m2 0.3626,
double ig2 0.0014,
double theta2 = 45xM_
double omega2 = 5; /
double alpha2 =-5; /
double first_theta3,
double first_omega3,
double first_alpha3,
double complex first_

r

m

/+ initialization of

inertia properties =/
crankslider.setLinks (
crankslider.setGravit
crankslider.setInerti
crankslider.setMass (m

crankslider.angularPo
first_omega3 cranks
sec_omega3

crankslider.angularVel (theta2z,
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der;

3 =0.0508, r4 = 0.0127, thetal = 10+«M_PI/180;
rg3 = 0.1524;

3 =1.0877, m4d = 0.6345;

ig3 = 0.0134, F1=0;

PI/180;

* rad/sec «/

* rad/secxsec x/

sec_theta3;
sec_omegal;
sec_alpha3;
as, sec_as;

link parameters and

r2, r3, r4,
yCenter (rg2,
a(ig2, ig3);
2, m3, m4);

thetal);
rg3);

s (theta2, first_theta3,
lider.angularvVel (theta2,

sec_thetal);
first_theta3,
sec_theta3,

omegaZz) ;
omega?l) ;

first_alpha3 = crankslider.angularAccel (theta2, omega2, first_theta3, first_omega3,
alpha2);
sec_alpha3 = crankslider.angularAccel (theta2, omega2, sec_theta3, sec_omega3,
alpha2);
first_as = crankslider.sliderAccel (theta2, first_theta3, omega2, first_omega3l,
alpha2, first_alpha3l);
sec_as = crankslider.sliderAccel (theta2, sec_theta3, omega2, sec_omega3, alpha2,

crankslider.force (theta?2,

fir

printf ("first solution X

crankslider.force (theta?2,

F1,

printf ("second solution X

sec_alpha3);

first_theta3, omega2, first_omega3, alpha2,
st_alpha3, Fl, first_as, X);
= %.4f \n", X);
sec_theta3, omega2, sec_omega3, alpha2, sec_alpha3,
sec_as, X);
= %.4f \n", X);

Program 22: Program for computing the joint reaction forces and required input torque of a crank-slider

mechanism.
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#include <stdio.h>
#include <crankslider.h>

int main () {
/+ default specification of the four-bar linkage */
double r2 = 0.1, r3 = 0.5, r4= 0.05;//cranker-rocker
double thetal = 10«M_PI/180;
double rp = 0.25, beta = 30«M_PI/180;
int numpoints = 50;
CCrankSlider crankslider;

crankslider.setLinks (r2, r3, r4, thetal);
crankslider.setCouplerPoint (rp, beta, TRACE_ON) ;
crankslider.setNumPoints (numpoints);
crankslider.animation (1) ;
crankslider.animation (2);

Program 23: Program for simulating the motion of a crank-slider mechanism.

= [=I[B][x] [=I[B][x]
| Hext | | Prev | | ALl | | Go | ioBnep D1 Fasy 11 Bles | | Next | | Prev | | All | | Go | PoBrep D Fasn i Bles
Crank=-51ider Crank-5lider

It has the same features and functionality as that of function animation () of class CFourbar. Argument
branchnum indicates which geometric inversion of the crank-slider to animate. The animation data can
also be saved into a file similar to the method discussed in Section For example, the following problem
will illustrate how to animate a crank-slider linkage with the given parameters.

Problem 5: For the crank-slider mechanism shown in Figure 3.1l given 7o = lem,ry =
5ecm,ry = 0.5em, 01 = 10°, 7, = 2.5cm, and = 30, simulate the motion of this mechanism.
Do this for both geometric inversions.

The solution to the above problem is Program After setting the parameters for the crank-slider
mechanism with member functions setLinks (), setCouplerPoint (), and setNumPoints (),
member function animation () is called twice to simulate the motion of the crank-slider mechanism.

Each function call corresponds to each geometric inversion. Frames from each animation are displayed in
Figure
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3.8 Web-Based Crank-Slider Linkage Analysis

The main web page for the analysis and synthesis of a crank-slider mechanism is shown in Figure
It contain links to web pages for analysis of the slider, coupler point, and angular properties. Furthermore,
there are web pages to calculate the transmission angle of a crank-slider and animate it as well. For example,
the web page shown in Figure[3.14]can be used to calculate the angular position of a crank-slider mechanism.
This page also contains the derivation for calculating 3, so that the user may understand the steps taken by
the web-based solver.

As an example, recall the crank-slider mechanism defined in the previous problems, where 7o = lcm,
r3 = dcm, r4 = 0.5cm, 01 = 10°, r, = 2.5cm, and B = 30°. Given 6, = 45°, the angular position of link
3, 63, can be solved by using the web page shown in Figure 3.14] which can be accessed by clicking on the
link after the derivation for 3. After inputting the appropriate data, the output is shown in Figure

Furthermore, analysis of the slider component can also be performed on the crank-slider mechanism
mentioned above. Figure shows the slider position analysis web page, which again includes the deriva-
tion for determining r;. Note that the input parameters are the same as that of the page for solving for 6.
After executing the script, the output is shown in Figure

For analysis of the coupler point, the web pages shown in Figures - can be used. Similar to
the other web pages, these pages also contain derivations for calculation the coupler point position, velocity,
and acceleration. Entering the crank-slider parameters given by prior problem statements into Figure
results in the output shown in Figure Now, for wy = 5rad/sec, the velocity of the coupler point can
be calculated by web the page of Figure [3.20/ with the output shown in Figure[3.21l Similarly, if .o = 0, the
coupler point acceleration can be determined by Figure [3.221 The output is shown as Figure

Simulating the motion of the crank-slider mechanism may also be accomplished through web-based
analysis. Figure [3.24]is the HTML document for inputting data to animate the crank-slider linkage. Asides
from the link lengths and required angles, the user may also specify the number of animation frames to
generate, and the geometric inversion of the crank-slider mechanism. Using parameters specified in problem
statements of previous sections, Figure is a snapshot of animation for the first geometric inversion of
the crank-slider mechanism.
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Figure 3.13: Main page for web-based crank-slider analysis.
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/3 Analysis of Crank-Slider Angular Position, theta3 - Microsoft Internet Explorer (=]

File Edit Y“iew Favorites Tools Help |

Back + = - (D) ﬁ| Qusearch [(GFavortes EPMedia (% | BN & B - o5 |Links »
Analysis of Crank-Slider Angular Position, theta3 L.

The angular position, theta3, can be solved by using a loop equation.
E2+ER3=R1+ER4

A general vector r can be represented in complex polar with two parameters; a length r and an angle theta. Thus each vector can be
represented as

E = r*exp(i*theta)
In complex polar form the loop equation becomes
r2*exp(i*theta?) - r3*exp(i*theta3) = r1*exp(i*thetal) + rd *expi*thetad)
Rearranging the equation to solve for r1 and thetas gives

r1*exp(i*thetal) - r23%exp(i*thetal) = r2%exp(i*thetaZ) - rd*exp(i*thetad)

Converting the right side into Cartesian form where

Figure 3.14: Slider-crank angular position analysis.
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a=r2*cos(theta2) - r4*cos(thetad)

and
b=r2*anithetad) - rd*smnithetad)

gives
r1¥exp(i*thetal) - r3%exp(i*thetas) = a +1*b

Mlultiplying by expi-1*thetal) gives
r1 - r3%exp[itheta3-thetal)] = exp(-1*thetal)™®(a + 1*b)
and equating the magmary parts of both sides elimmates r1 and produces
-r3%sinitheta3-thetal) = a*sm{-thetal) + b*cos{-thetal)
Solwing for theta3 yields two solutions
theta® = thetal + [sin{(a*sinithetal)-b*cosithetal))r3} 171

theta3 = thetal + PI - [sin{{a*sin{thetal)-b*costhetal))ir3} 171

Please enter the data to caloulate the angular position of link 3.

Unit Type: |5| 'l
Link lengths (m or ft): 12: |U-1U r3: |U-2U r4d: |U p: |U-25
Angles: thetal: |45 theta2: |45 heta: |3? |Degree Mode = |

Output option:

1. & Display angular position
2. O Display crank-slhider position -- Branch Mumber: I1 'l

M Feset |

FoSiBe]

|&] pore l_ l_ l_ | mternet

N KO

Figure 3.14: Slider-crank angular position analysis (Contd.).
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2} Slider-Crank Angular Position Analysis - Microsoft Internet Explorer,

File Edit Wiew Favorites Tools  Help

o
eBack © d \ﬂ \g _;ﬁ /I__\J Search ‘in"( Favarites wMedia {?} [_'\'v .,; _J

4

Slider-Crank Angular Position Analyvsis Results:

Slider-Crank Parameters: rZ = 0.010, r3

= 0.050, r4 = 0.005;
thetal = 0.175 radians (10.00 degrees):
thetaz = 0.785 radians (45.00 degrees):

rp = 0.025, beta = 0.524 radians (30.00 degrees)
lat Solution:

thetad = 0.160 radians (9.16 degrees)
Znd Solution:
thetald = -2.952 radians (-169.16 degrees)

@ Dane

) Internet

Figure 3.15: Output of angular position analysis.
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3 Crank-Slider Slider Position Analysis - Microsoft Internet Explorer _ IDIEI

File Edit ‘“iew Favorites Tools Help |

Back ~ = - ) ) | iQhsearch [Favortes PMedia (% | BN & B - e |Links =
Crank-Slider Slider Position Analysis

The position can be solved by using a loop equation.

E2+ER3=FR1+ER4

A general wector ¢ can be represented in complex polar with two parameters; a length r and an angle theta. T huz each vector can be
represented as

E = r*exp(i*theta)
In complex polar form the loop equation becomes
r2*exp(i*theta?) - r3%exp(i*thetal) = r1*exp(i*thetal) + rd*exp(i*thetad)
Rearranging the equation to solve for r1 and theta3 gives

ri1*exp(i*thetal) - r3*expii*thetal) = r2*exp(i*theta?) - rd*exp(i*thetad)

Converting the right side into Cartesian form where

Figure 3.16: Slider position analysis.
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a=r2*cosithetad) - rd*cosithetad)

and
b=r2*anithetad) - rd*sinithetad)

gives
r1¥exp(i*thetal) - r3%exp(i*thetas) = a +1%b

Mlultiplying by expi-1*thetal) gives

r1 - r3%eup(iftheta3-thetal)] = exp{-1*theta1)*(a + 1*b)
and ecuating the imaginary parts of both sides elminates r1 and produces

-ra3*sinftheta-thetal) = a*sin{-thetal) + b*cos(-thetal)
Solwing for theta3 yields two solutions

theta3 = thetal + [sin{{a*sinthetal)-b*cos(thetal)}ir3} -1
theta3 =thetal + PI - [sin{{a*sinithetal)-b*cosithetal))r3} 11
Equating the real parts of the equation gives
r1*cosithetal) - r3%cos(theta®) = a

and solving for r1 gives

rl=[a+tE3*cos(theta?) ) cos(thetal)

The shder position 15 defined as
E1+ER4
r1*exp(i*thetal) + rd*exp(*thetal + 200

The x and v components of the sider are the real and imagimary parts of the equation.

Please enter the data to find the position of the shder.

Unit Type: |5| 'I
Link lengths (m or ft): r2: ID-1 r3: IU-2 rd: ID p: IU-25
Angles: thetal: |45 theta2: |45 heta: |3? IDegree Mode = |

o)

|&] pore I_ ,_ ,_ |4 nternet

&l‘l

Figure 3.16: Slider position analysis (Contd.).
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<A Slider-Crank Slider Position Analysis - Microsoft Internet Explorer

File Edit Wew Favorites Tools Help

eBaCk T \ﬂ @ ;j /:\J Search ‘51‘\'( Favorites @Media €} [_\v :‘_\'_ _J

Slider-Crank Slider Position Analysis Results:

Flider—Crank Parsmeters: rZz = 0.010, r3 = 0.050, r4 = 0.005;
thetal = 0.175 radians (10.00 degrees):
thetaZ = 0.785 radians (45.00 degrees):

rp = 0.025, beta = 0.524 radians (30.00 degrees)
1=t Solution:

Ps x = 0.055, Ps_y = 0.015
Znd Solution:
Ps_x = -0.042Z, Ps_y = -0.00z

@ Dane

) Internet

Figure 3.17: Output of slider position analysis.
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a Crank-slider Coupler Point Position Analysis - Microsoft Internet Explorer _ ||:||5|

File Edit View Favarites Tools Help |

GBack + = - () at | Qhsearch [GFavorites G Media £4 | EN- S E - R |Links >

Crank-Slider Coupler Point Position Analysis

The motion of the coupler point iz related to that of link 3. Its angle with respect to ground is that of link 3 plus a constant B.
thetad = theta3 + beta
The wector P represents the location of the coupler point.

P =E2 + E5 = r2%eup(*thetad) + r2%exp[i*ithetas + beta)]

The x coordinate of P 15 =
px = r2%cos(thetal) + r5*cos(thetad + beta)
and the ¥ coordinate is

py = r2*sin(theta?) + r5*sin(theta3 + beta)

Please enter the data to find the coupler point posiion.

Unit Type: |5| 'I
Link lengths (m or ft): r2: ID.1D r3: IU-EU rd: IU p: IU-25
Angles: thetal: |45 theta2: |45 heta: |3? IDegree Mode = |

M Reset |

|&] pore I_ l_ l_ |4 nternet

&l‘l

Figure 3.18: Coupler point position analysis.

74



CHAPTER 3. CRANK-SLIDER MECHANISM

3.8. WEB-BASED CRANK-SLIDER LINKAGE ANALYSIS

< Slider-Crank Coupler Point Position Analysis - Microsoft Internet Explorer

File Edit Wiew Favorites Tools  Help

eBaCk T \ﬂ @ ;j /:\J Search ‘51:( Favorites @Media 6} [_\v :‘L _J

Slider-Crank Coupler Point Position Analysis Results:

Slider-Crank Parameters: ri

= 0.010, r3 = 0.050, r4 = 0.005;
thetal = 0.175 radians (10.00 degrees):
thetaZ = 0.755 radians (45.00 degrees):

rp = 0.025, beta = 0.524 radians (30.00 degrees)
1=t Solution:

Px = 0.024, Py = 0.026
Znd Solution:

Px = 0.023, Py = 0.027

@ Done

0 Internet

Figure 3.19: Output of coupler point position analysis.
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a Crank-Slider Coupler Point ¥elocity Analysis - Microsoft Internet Explorer - ||:||5|

File Edit ‘iew Favorites Tools Help |

Back ~ = - £ ) | iQhsearch [ Favortes EhMedia £4 | B S B - e |Links »

Crank-Slider Coupler Point Velocity Analysis

The time denvative of P gives the velocity vector V.
Vo = AP = 1*omega? 2 ¥eupitthetal) + Fomega3*ra¥enptheta + beta)
The x coordinate of the coupler velority is
vpx = omegal*r2*sin(theta?) + omega3™r5*sin(thetas + beta)
and the v coordinate of the coupler velority 15

vpy = omegal*r2*cos(theta?) + omega3™*r5*cositheta? + beta) b

Please enter the data to find the coupler point velocity.

Unit Type: |5| 'I

Link lengths (m or ft): r2: |D.1D r3: IU-EU rd: IU p: IU-25
Angles: thetal: |45 theta2: |45 heta: |3? IDegree Maode = |
omegal: |3? |Degrees,ﬂ'secj

ml Feset |

|&] pore I_ ,_ ,_ |4 nternet

&l‘l

Figure 3.20: Coupler point velocity analysis.
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File  Edit  View

Favarites

<A Slider-Crank Coupler Point Velocity Analysis - Microsoft Internet Explorer, :||E|

@Bad‘ T \ﬂ \g ;ﬁ /'._\’ Search ;1‘\‘( Favarites @Media .E‘} [_\Y :"_ _J

Tools  Help

Slider-Crank

1=t Solution:
Vpx
Znd Solution:
Vpx

Parasmeters: rZz = 0.010, r3 = 0.050, r4 = 0.005;

Slider-Crank Coupler Point Velocity Analysis Results:

-0.0z0,

-0.051,

thetal = 0.175 radians (10.00 degrees):
thetaz = 0.785 radians (45.00 degrees):
rp = 0.025, beta = 0.524 radians (30.00 degrees):
omegaZ = 5.000 rad/sec (286.45 deg/sec)

Vpy = 0.022

Wpy = 0.045

@ Dane

) Internet

Figure 3.21: Output of coupler point velocity analysis.
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3 Crank-slider Coupler Point Acceleration Analysis - Microsoft Internet Explorer - ||:||5|

File Edit View Favarikes Tools Help |

P Back - = - @ ot | @Search [Ze] Favorites @Media @ | %v =] % - @ |Links »

Crank-Slider Coupler Point Acceleration Analysis

The time denvative of Vi gives the acceleration vector Ap.

Ap = ddt{Vp) = *alpha2*r2*exp(i*theta?) - omegal 2% 2 *exp(i*thetal)
+1*alpha3*rS¥exp[i*(theta? = beta)] - omega3™2¥r5*exp[i*(theta3 + beta)]

The % coordinate of the coupler acceleration is

apx = alpha2*2%sintheta?) - omega2"2*r2%cos(theta?)
+ alpha®*r5*sntheta3 + beta) - omega3”2*r5*cos(theta + beta)

and the v coordinate 15

apy = alphaZ*r2*cos(thetal) - omega2™2¥r2*sin(theta?)
+ alpha=*r5*cosithetad + beta) - omega3™2¥*r5*sin(thetas + beta)

Please enter the data to caloulate the coupler point acceleration.

Unit Type: |5| 'I

Link lengths (m or £y r2: [010 p3:[020 4 [0 p: [0.25

Angles: thetal: [45 theta2: |70 beta: |37 [ Degree Maode 7|
Angular velocity: omega2: [5 | Degrees/sec 7|

Angular Acceleration: alpha2: |'5 |DBQFEBS.-"SBC*SECj

|&] pore I_ ,_ ,_ |4 nternet

&l‘l

Figure 3.22: Coupler point acceleration analysis.
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2} Slider-Crank Coupler Point Acceleration Analysis - Microsoft Internet Explorer %]
File Edit ‘iew Favorites Tools  Help ap

eBack < \_/I \ﬂ @ _;j /_\J Search ‘é‘:(Favorites @Media Q} <] ~ .:.,; _J

Slider-Crank Couplear Point Acceleration Analyvsis Results:

Flider—Crank Parsmeters: rZz = 0.010, r3 = 0.050, r4 = 0.005;
thetal = 0.175 radians (10.00 degreesz):
thetaz = 0.755 radians (45.00 degrees):
rp = 0.025, beta = 0.524 radians (30.00 degrees):

omwegai = 5.000 rad/sec (286.45 deg/sec):
alphaz = 0.000 rad/sec™Z (0.00 deg/sec™2)
1=t Solution:
Apx = -0.241, Apy = -0.142
Znd Solution:
Apx = -0.131, ipy = -0.234
@Done

0 Internet

Figure 3.23: Output of coupler point acceleration analysis.
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) Interactive Slider-Crank Linkage Animation, - Microsoft Internet Explorer |Z||E|rg|

File Edit ‘iew Favorites Tools Help ’

eBack < @ & u Iﬁ _;j /_\J Search \E'S:C’Favorites @Media e} < - L:\,_, E < _J

=

Interactive Slider-Crank Linkage Animation

The slider-crank linkage below can be aninated on your screen,

Uit Type: | =l v
Link lengths:12: [0.01  [13: (005 |rd: (0005 |1 [0.025
Angles: thetal: |1U |heta: |3U || Degree Mode V|

Mumber of points:
Branch Number:

@_bl Done

0 Internet

Figure 3.24: Slider-crank animation web page.
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& http://softintegration.com /cqi-bin/chcgi/toolkit /mechanism;/crankslider/Slider_ani.ch - Microsoft Internet 18l =|
File Wiew GoTo Favorites Help |
EBak + = - (D at | Qisearch [GelFavorites FliMedia 4 | EhN- & B - R |Links »

Mest I Prew | All | Go | Stop | East I il
Crank-Slider

|@ Ready ’_ l_ l_ |° Unknawn Zone v

Figure 3.25: Slider-crank animation output.
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Chapter 4

Geared Five-Bar Linkage

A geared fivebar mechanism is defined as a fivebar linkage attached to a pair of gears similar to the one
shown in figlL.Il There exists two different geometric inversions for the linkage. The origin of the Cartesian
axes are located at point A for both inversions. Similar to the fourbar and slidercrank mechanisms, analysis
of the geared fivebar will produce a set of equations to determine the kinematic properties of each link as
well as the coupler point.

Figure 4.1: Both Inversions of the Geared Fivebar Linkage

4.1 Position Analysis

Angular position analysis of the geared fivebar linkage begin by first writing its vector equation and
then converting this equation to its polar form (4.2). The value for 65 can be written as a function of 65 to
eliminate a variable in the vector equation. Since the gears rotate in opposite directions, the angular velocity
and acceleration of link 5 are the negative values for link 2. Using the Af; + ¢ relation will account for
the negative value. The unknown terms of equation (4.2)) are isolated to one side of the equation to produce

equation (4.3).

ry+ry4+r5 = ro-+r3 “4.1)
- i1 Ty oifa trs et (A02+0) Ty cif2 T oi0s (4.2)
r3e® —pyet®t = et — pyet 4 T56i()‘92+¢) (4.3)
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With all the unknown quantities on the left-hand side, the polar equation can now be solved using the
complexsolveRR () function. Two sets of values for 3 and 8, are found by complexsolveRR ()
where the inputs are r3, —ry, and ¢ = z = 1 et — poeif2 4 T‘5€i()‘92+¢). Furthermore, the angu-
lar positions can be determined by the member function angularPos () of the geared fivebar class,
CGearedFivebar. Asanexample, the following problem can be solved by using class CGearedFivebar.

Problem 1: A geared fivebar linkage has the following dimensions and relations: 1 = 7cm, ro =
Semyry = Tem,ry = 6cm, s = 6em, 01 = 0, 6 = 50°, A = —4/3, ¢ = 35°. Determine the
angular positions 03 and 6.

The solution to this problem is written in Ch code and is referred to as Program The answers are as
follow:

l1st Circuit:

theta3 = -0.191 radians (-10.96 degrees)
thetad4d = -1.227 radians (-70.32 degrees)
2nd Circuit:

theta3 = -1.140 radians (-65.30 degrees)
theta4d = -0.104 radians (-5.94 degrees)

4.2 Velocity Analysis

The angular velocities of the links are derived from the differential of equation (4.3). The derivative of
this equation (#.4)) is then multiplied by one of the unknown angle’s exponential inverse, e =%, in order to
isolate the two unknown w’s and .6). The first one was multiplied by e %1 while the second one was
multiplied by e~%%. The i term factors out of these equations. The imaginary parts are separated to calculate
the angular velocities (4.7]and [4.8)). The angular velocities are then solved (4.9]and [4.10). The value of 05 is
used instead of M@y + ¢ because the value can be passed along with the theta array. This reduces one less
element that needs passing (¢). These calculations are carried out by member function angularvel (),
whose prototype is as follow:

void CGearedFivebar::angularVel (double thetal[l:5], omegal[l:5]);

The first argument is an array of double type containing the angular positions of each link, and argument
omega is an array storing the anguler velocity values. The calculated result of w3 and wy is written into
omega [3] and omega [ 4], respectively.

irswse’® —irgwge® = —irgwee®? + irswore'®s 4.4)
irgwgei(GS_G“) — T4y = —irngei(ere“) + ir5w2/\ei(95_94) 4.5)
irgwsg — irqwae @03 = _jrouei02=0s) 4 ir5w2/\ei(95_63) 4.6)

rswssin(fs — 0y) = —rowysin(fy — O4) + rywadsin(f; — 64) 4.7
rawgsin(@y — 03) = rowssin(fy — 6y) + rswosin(fs — 6y) (4.8)

w2 Sin(92 — 94) + rywo A Sin(95 — 94)
ws = T3 sin(93 — 94) (4'9)

rowsg sin(fy — 03) + rswo A sin(fs — 63)
_ 4.1
wa T4 Sill(94 — 93) ( 0)
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#include <fivebar.h>

int main ()

{

double r[1:5],
theta_1[1:5], theta_2[1:5],
phi, lambda;

CGearedFivebar gearedbar;

/* Setup geared fivebar linkage. =/
r(l] = 0.07; «<r[2] = 0.05; «r[3] = 0.07; «r[4] = 0.06; «r[5] = 0.06;
phi = 35xM_PI/180; lambda = -4.0/3.0;

theta_1[1]
theta_1[2]

/* Perform
gearedbar.
gearedbar.
gearedbar.
gearedbar.
gearedbar.

= 0; theta_2[1] = 0;
50+ (M_PI/180); theta_2[2] = 50« (M_PI/180);

geared fivebar linkage analysis. */

uscUnit (false);

setLinks(r[1], r[2], r[3], r[4], r[5], theta_1[1]);
setLambda (lambda) ;

setPhi (phi);

angularPos (theta_1, theta_2);

/+ May run into problem with thetad4 being in opposite quadrant. =/

theta_1[4]

+= M_PI; theta_2[4] += M_PI;

if (theta_1[4] < -M_PI)
theta_1[4] += 2+«M_PI;
if (theta_1[4] > M_PI)
theta_1[4] —-= 2+«M_PI;
if (theta_2[4] < -M_PI)
theta_2[4] += 2+«M_PI;
if (theta_2[4] > M_PI)
theta_2[4] -= 2+«M_PI;

/+ Display the results. */
printf("lst Circuit:\n");

printf ("\ttheta3 =
printf ("\tthetad

’

%$.3f radians (%.2f degrees)\n", theta_1[3], theta_1[3]1*(180/M_PI));
%.3f radians (%.2f degrees)\n", theta_1[4], theta_1[4]*(180/M_PI))

printf ("2nd Circuit:\n");

printf ("\ttheta3 =

.3f radians (%.2f degrees)\n", theta_2[3], theta_2[3]1*(180/M_PI));

printf ("\tthetad4d = %.3f radians (%.2f degrees)\n", theta_2[4], theta_2[4]*(180/M_PI));

return 0;

Program 24: Program for computing 3 and 64 using class CGearedFivebar.
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4.3 Acceleration Analysis

The angular accelerations are found by differentiating the angular velocity equation (4.4). This new equation
(4.11) is multiplied by the same inverse angle values as the velocity equations had to isolate the two angular
accelerations into two separate equations #.12) and @.13). The first one was multiplied by e~%%* and the
second by e~ This time the real parts are separated to find the angular accelerations and (4.13).
The angular accelerations are then solved (4.16) and (4.17). Calculations are carried out by the member
function, angularAccel (), whose prototype is shown below.

void CGearedFivebar::angularAccel (double theta[l:5], omegall:5],
alphal[l:5]);

Arguments theta and omega are arrays containing previously calculated or given values of the angular
positions and velocities of the geared fivebar. alpha contains the angular acceleration values of the various
linkages and outputs of member function angularAccel () are written to alpha[3] and alpha[4]
for values, a3 and ay, respectively.

irgase® — rgwgew?’ —irqouet + rawy 2eifs — rowsy 26192 _ irone™ 4 irsase’®
— rwaAZeis (4.11)
irgagei(gf’_e“) rnge’(‘% 0a) _ irgoy + 7‘4(»2 = —irgagei(QQ —04) 4 7"2@1%6"(92 —f4)
+ ir5a2)\ei(95_94) — 7y w2/\2€i(95_94) (4.12)
r3ag — rgwg, — irgoue’%170) 4 gy wj 20100=03) = _jpoqgei®2-08) 4y wy 2¢i(02=0s)
+ irsaghe’ 05 703) — i 2)2610503) (413)
—r3azsin(f3 — 04) — r3wi cos(f3 — 04) + rawi = roagsin(fy — 04) + row? cos(fy — O4)
— 7‘5012)\ Sin(95 — 94)
— 7“5&)%)\ cos(f5 — by) 4.14)
—r3w§ + rqaysin(fy — 63) + mwi cos(0y —03) = roagsin(fy — 03) + rgwg cos(fy — 63)

— 7‘5012)\ Sin(95 — 93)
- 7‘5@05)\ cos(05 — 63) (4.15)

—roag sin(fy — 04) — row3 cos(fz — 04) — r3w3 cos(f3 — 04)

a3 = rgsin(f3 — 64)
r4wz + ryag A Sin(95 — 94) + 7'5"‘}2/\2 005(95 — 94) (4.16)
r3sin(f3 — 64) .
roagsin(fy — 03) + row3 cos(f2 — 03) + rawj
a4 = .
rysin(fy — 63)
o N . N 242 _
N ryw? cos(fy — 03) — rsasAsin(fs — 03) — rswi A2 cos(6s5 — 03) @.17)

T4 Sin(94 — 93)

4.4 Coupler Point Analysis

The vector equation of the coupler point can be written in its polar form, and direct substitution of the
angles that were solved in the earlier calculations will give the position of the coupler position. Likewise,
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the derivatives of this equation will give the coupler velocity and acceleration at the prescribed instant and
will be solved for by substituting angular velocities and angular accelerations previously calculated. The
calculations can be performed by member functions couplerPointPos (), couplerPointVel (),
and couplerPointAccel ().

= 1, (4.18)

_ 7'392 +Tpei(93+ﬁ) (4.19)
= irgwae™®? + Z'prgei(‘)s-l-ﬁ) (4.20)
= irgane’® — rowle®? 4 irpa3€i(93+ﬁ ) —r pwgei(eﬁﬁ) (4.21)

Consider the following problem:

Problem 2: Given a geared fivebar with parameters: r; = 7cm,ro = dem,ry = Tem,ry =
6cm, s = 6cm,ry = bem, 01 = 0, 02 = 50°, we = brad/sec, ag =0, B = 45°, X\ = —4/3,
and ¢ = 35, find the coupler point position, velocity, and acceleration.

The above problem may be solved by Program [25]and the results are listed below.

Circuit 1:
P = complex (0.082,0.046)
Vp = complex(-0.189,0.147)
Ap = complex(-0.807,-0.960)
Circuit 2:
P = complex(0.067,0.003)
Vp = complex(-0.191,0.161)
Ap = complex(-0.805,-0.959)

4.5 Animation

Simulating the motion of the geared fivebar linkage can be performed with member function animation ()
of class CGearedFiverbar. It is prototyped as follows,

void CGearedFiverbar::animation (int branchnum, ...);

where branchnum corresponds to the branch number of the fivebar to animate. Similar to the other
animation () member functions of classes CFourbar and CS1iderCrank, this function also allows
the user to save data generated for the animation into a file. For example, Program [26] can be used to ani-
mation a geared fivebar linkage with parameters: vy = 7m, ro = 5m, r3 = 10m, ry = 10m, r5 = 2m,
61 = 10°, ¢ = 35°, A = —2.5, r, = 5m, and = 45°. Figure 4.2] contain snapshots, or instances, of the
animation for the two possible geometric inversions of the linkage.

4.6 Web-Based Geared Fivebar Linkage Analysis

As with the fourbar and slider-crank mechanisms, there are also interactive web pages for analysis of the
geared fivebar linkage. Figure shows the main web page for fivebar linkage analysis. It contains two
links: one for performing both the angular and coupler point analysis, as discussed in previous sections, and
one for simulating the motion of a geared fivebar mechanism.
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#include <fivebar.h>

int main() {
CGearedFivebar
double rl = 0.

gearedfivebar;
07, r2 = 0.05, r3 = 0.07, r4 = 0.06, r5 = 0.06,

thetal = 0;

double rp = 0.
double phi = 3
double lambda

double theta_1
double omega_l1
double alpha_1
double theta2

double complex

theta_1
theta_1
theta_2
theta_2

1]

gearedfivebar.
gearedfivebar.
gearedfivebar.
gearedfivebar.
gearedfivebar.

05, beta = 20«M_PI/180;
5xM_PI/180;

= -4.0/3.0;

[1:5], theta_2[1:5];
[1:5], omega_2[1:5];
[1:5], alpha_2[1:5];

= 50xM_PI/180;

P[1:2], Vp[l:2], Ap[l:2];

/* rad/sec «/
/* rad/sec*sec */
/* rad/sec «*/
/* rad/sec*sec */

1] = thetal;
2] = theta2; // theta2
thetal;
2] = theta2; // theta2

uscUnit (false);

setLinks(rl, r2, r3, r4, r5, thetal);
setCouplerPoint (COUPLER_LINK3, rp, beta);
setLambda (lambda) ;

setPhi (phi) ;

gearedfivebar.angularPos (theta_1, theta_2);

gearedfivebar.couplerPointPos (COUPLER_LINK3, theta2, P[1l],

gearedfivebar.angularVel (theta_1, omega_1l);
gearedfivebar.angularVel (theta_2, omega_2);
Vp[1l]

gearedfivebar.angularAccel (theta_1, omega_1l, alpha_1);
gearedfivebar.angularAccel (theta_2, omega_2, alpha_2);

= gearedfivebar.couplerPointVel (COUPLER_LINK3, theta_l1,
Vp[2] = gearedfivebar.couplerPointVel (COUPLER_LINK3, theta_2,

P[2]);

omega_l);
omega_2);

Ap[l] = gearedfivebar.couplerPointAccel (COUPLER_LINK3, theta_1l, omega_l,
alpha_1);

Ap[2] = gearedfivebar.couplerPointAccel (COUPLER_LINK3, theta_2, omega_2,
alpha_2);

printf ("Circuit 1:\n");

printf (" P = %.3f\n", P[1]);
printf (" Vp = %.3f\n", Vp[l]);
printf(" Ap = %.3f\n", Ap[l]);

(
(
(
(
printf ("Circuit 2:\n");
(
(
(

printf (" P = %.3f\n", PI[2]);
printf (" Vp = %$.3f\n", Vp[2]);
printf (" Ap = %.3f\n", Ap[2]);

return 0;

Program 25: Program for computing the position, velocity, and acceleration of the coupler point of a geared

fivebar linkage.
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#include <fivebar.h>

int main ()
{
double r[1:5],
theta_1[1:5], theta_2[1:5],
rp, beta, phi, lambda;
CGearedFivebar gearedbar;

/* Setup geared fivebar linkage. */

r(l] = 7; r(2] = 5; r[(3] = 10; r[(4] = 10; r[(5] = 2;
rp = 5; Dbeta = 45+« (M_PI/180);

phi = 35«M_PI/180; lambda = -2.5;

theta_1[1] = 10+ (M_PI/180); theta_2[1] = 10x(M_PI/180);
theta_1[2] 50« (M_PI/180); theta_2[2] = 50x(M_PI/180);

/+ Perform geared fivebar linkage analysis. x/
gearedbar.setlLinks(r[1], r[2], r[3], r[4], r[5], theta_1[1]);
gearedbar.setCouplerPoint (COUPLER_LINK3, rp, beta);
gearedbar.setLambda (lambda) ;

gearedbar.setPhi (phi) ;

gearedbar.setNumPoints (50) ;

gearedbar.animation (1) ;

gearedbar.animation (2);

return 0;

Program 26: Program for animating the geared fivebar linkage.

v

| Hext | | Prewv | | All | | Go | CoBhep 0 Fash D1 Bles | | Hext | | Prev | | All | | Go | CoBrep D Fash D1 Blow
Geared Fivebar Gieared Fivebar

= = -

Figure 4.2: The animation from Program 26
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3 FIvebar Linkage Analysis - Microsoft Internet Explorer 5 |EI|£|
File Edit View Favorites Tools Help |
P Back » = - @ . at | Qhsearch [ Favorites @Media 8 | By S - = (B |Links i

Fivebar Linkage Analysis E

e | http:/isoftintegration.com/cgi-binfchegiftoolkit/mechanism/fivebar... E]@|EJ

File WYiew GoTo Favorites Help -".".*'
= T - . =3 o >3 ¥
@ Back () \ﬂ @ -;'!J / ) Search §/6 Favorites Links
Mext | Prew | All | Go Fast ‘

Geared Fivebar

@ Ready & Unknown Zone
Geared fivebar Linkage

s Geared Fivebar Linkage Analysis
s Geared Fivebar Linkage Animation

|.g"| Dorie l_ l_ l_ |O Internet

sE

Figure 4.3: Main page for web-based geared fivebar linkage analysis.
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Figure i4.4]is the web page for calculating the angular and coupler point positions, velocities, and accel-
erations. Input values can be entered for the link lengths, coupler point parameters, base and input angles, 6
and 6, as well as the angular velocity and acceleration of input link 2. Furthermore, the angle parameters,
A and ¢, may also be specified. Using the parameters for the geared fivebar linkage defined in Problem 2,
Figure shows the output of performing the web-based analysis for the angular and coupler point proper-
ties.

For animating the geared fivebar mechanism, the web page shown in Figure can be used. Using
the same parameters as in Section a snapshot, or instant, of the fivebar linkage animation is shown in
Figure
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2 Interactive Five-Bar Geared|Linkage Kinematic Analysis - Microsoft Internet Explorer E”sz|

File Edit Wiew Favorites Tools  Help 5
GBack - \ﬂ \ELI _;\J /..-\JSearch ‘»:1‘\'/ Favorites @Media {‘}: <]~ “‘.f - _]
Interactive Five-Bar Geared Linkage Kinematic Analysis

Given the link lengths, thetal, theta?, omega2, alphaZ, lambda, phi, and the coupler point vector, the mnterface below allows the user to
find the angular positions, veloctties, and accelerations of each link, along with the instantaneous posttion, velocity, and acceleration of the
coupler point P

Uit Type:

Link lengths (m or f£): rl: |? |1‘2: |5 |1‘3: |1U |1‘4: |1 0 5|2 |
Mode for all angles (beta thetal theta2 phi). | Degree Mode |+

Coupler Vector: ip: |5 |hetﬂ: 45 |

EBaze and mput angles:

thetal: |U |t119tz12: |5U |

Angular velocity and acceleration of link2:

omegal: |5 || Degreesfsec Vl alpha2: |D || Degreesfsecsec ¥

Link5 angle parameters: lambda: |-1.3333 |1111i: |35 |

.

@ Done B Internet

Figure 4.4: Web-based geared fivebar linkage analysis.
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kage Analysis - Microsoft Internet Explorer

File Edit Wiew Favorites Tools  Help

QBack M = | \ﬂ \ELI ;\J /..-\: Search ‘blf\i’Favorites @Media @? - ‘;

Fivebar-Linkage Analvsis Results:

Fivebar Parameters: rl1 = 0.070, rZ = 0.050, r3 = 0.070, r4 = 0.060, r5 = 0.060;
thetal = 0.000 radians (0.000 degrees):
thetaz = 0.873 radians (50.000 degrees):
rp = 0.050, beta = 0.785 radians (45.00 degrees):
omwegaZ = 5.000 rad/sec (286.48 degrees/s):
alphaz = 0.000 rad/sec™Z (0.00 degrees/s"Z):
lawbda = -1.333, phi = 0.611 radians (35.00 degrees):

Circuic 1:

Circuit 2:
thetal
thetad
thetad
omegad
omegad
alphal
alphad

thetad = -0.191 radians (-10.96 degrees),
thetad = 1.914 radians (109.658 degrees),
thetab = -0.553 radians (-31.66 degrees):
omegas -0.270 rad/sec (-15.46 deg/sec),
omegad 0.243 rad/sec (13.95 degisec),
alphal -0.047 rad/sec*z (-2.71 deg/sec’z),
alphad 0.089 rad/sec™Z (5.12 deg/sec*z),

Coupler Point Position:
Coupler Point Velocity:
Coupler Point Acceleration:

= -1.140 radians

3.038 radians |
-0.553 radians
0.012 radi/sec |
-0.003 rad/sec

-0.034 radfsec”2

0.064 rad/sec™z

Coupler Point Position:
Coupler Point Velocity:
Coupler Point Loceleration:

Px = 0.074, Py = 0.066
Vpx = -0.184, Vpy = 0.150
Apx = -0.805, Apy = -0.962
[—65.30 degrees),
174.07 degrees),
[-3l.66 degrees);
1.11 deg/sec),
(—-0.17 deg/sec),
[-1.96 deg/fzec*2),
(3.70 degi=sec™2),
Px = 0.072, Py = 0.021
Wpx = -0.191, Wpy = 0.162
Apx = -0.504, Apy = -0.959

@I] Done

O Internet

Figure 4.5: Output of web-based analysis.
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2} Interactive Five-Bar Geared Linkage Animation - Microsoft Internet Explorer |Z E rz|
File Edit ‘Wiew Favorites Tools  Help ,'
@ Back ~ J \ﬂ |EL| _h /.._\J search :‘i‘( Favarites @ Media Q‘} - L____,_; E < _J

~
Interactive Five-Bar Geared Linkage Animation
Given the link lengths, thetal, thetaZ, cmega2, alpha2, lambda, phi, and the coupler point wvector, the interface below allows the
user to obtain an antmation of the fivebar geared linkage.
Unit Type:
Link lengths (m or f): v1: |7" |1'2: |5 r3: 10 |1'4: |1D |1'5: |2 |
Mode for all angles (beta,thetal phi): | Degree Mode Vl
Coupler Vector: 1p: |5 |heta: 45 |
Base angle:
thetal:
Link5 angle parameters: laabda: [-2.5 |11hi: |35 |
Numnber of points:
Eranch MNumber:
v
@_bl Done ® Internet

Figure 4.6: Web-based geared fivebar linkage animation.
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3 http:/ /softintegration.com/ cgi-bin,/chcgi/toolkit /mechanism/fivebarfivebar_ani.ch - Microsoft Internekt E - |EI|5|
File Wiew GoTo Favorites Help |
GBack ~ = - (3 at | Qhsearch [ElFavorites fiMeda ¢4 | By & - =% |Links »

MNext I Prew | All | Gao | Stop | Fast I Sl |
Geared Fivebar
[&] ready ’_ l_ l_ |4 Unknown zane -

Figure 4.7: Output of web-based animation.
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Chapter 5

Multi-Loop Six-Bar Linkages

5.1 Fourbar/Slider-Crank Linkage

A fourbar-slider linkage is assembled from a fourbar linkage and a slider-crank mechanism, where the
output link of the fourbar linkage is also the input link of the slider linkage. For the fourbar-slider shown
in Figure 5.1 a coupler is attached to the output link of the slider. Although the analysis of this mechanism
is more complex than analyzing a simple fourbar linkage, the concepts applied to both are essentially the
same.

Figure 5.1: Barslider Linkage

5.1.1 Position Analysis

As with any linkage mechanism, position analysis of the fourbar-slider is performed by applying geometry,
complex arithmetic, and vector analysis. Utilizing these three mathematical concepts allows the angular
positions 63, 04, 05, and 0g as well as the slider position, 77, to be determined. First, the vector equation for
the fourbar section is written and reduced.

r r+ry = ro-+rs 5.1
r1e et = ppe?2 4 pgei®s (5.2)
r3et® — e = pe — pyet® (5.3)
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The latest equation (3.3)) has all the unknown quantities on the left-hand side, which can now be solved using
the function complexsolveRR (). Two sets of values for #3 and 8, are found by complexsolveRR ()
where the inputs are 73, —r4, and c¢3 = z = 711 — rye?®. Using each set of #'s separately, the angle 65
can be found by subtracting the angle v from 64. A second set of vector equations is derived from the slider
section of the linkage.

05 = bs—2 (5.4)

s +Trs = T (53)

reei® 4 peeils — g g (5.6)
re —r6e% = r5eit (.7

Again the latest equation (5.7) has the unknown terms on the left-hand side. Two sets of two values of 7
and 0g can then be determined. The value of r7 is found by adding the horizontal component of 1 to 5. The
angular positions and slider position can also be calculated by the fourbar-slider class, CFourbarSlider,
member functions angularPos () and sliderPos (), respectively.

r; = Tz +7Ts (5.8)
r7 = ricosfi + 1y (5.9
As an example, the following problem can be solved with the Ch code labeled as Program

Problem 1: The parameters of a fourbar-slider mechanism are r; = 12cm,re = 4em,ry =
12e¢m,ry = Tem,rs = 6em,rg = 9cem, 01 = 10°, 65 = 70°, and ¢» = 30°, determine the
angular positions of the rest of the links. Also determine the horizontal distance between the
origin, Ay, and the slider labeled as 77 in Figure

The solutions are as follow:

Circuit 1:
thetal3 = 0.459

thetad = 1.527
theta5 = 1.003
theta6 = -0.597
r7 = 2.249

Circuit 2:
thetal3 = 0.459
thetad = 1.527
theta5 = 1.003

theta6 = -2.545

r7 = 0.760
Circuit 3:

theta3 = -0.777

theta4d = -1.845

thetab = -2.368
theta6 = 0.484

r7 = 1.549
Circuit 4:

theta3 = -0.777

theta4d = -1.845

thetab = -2.368
theta6 = 2.657
r7 = -0.044
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#include<stdio.h>
#include<sixbar.h>

int main ()

{

double r[l:6], theta[l:4][1:
double r7[1:4];

double psi;

int 1i;

CFourbarSlider fslider;

6];

CHAPTER 5. MULTI-LOOP SIX-BAR LINKAGES

/+ Default specification of the fourbar-slider linkage. %/
r(l] = 0.12; «=r[2] = 0.04; r(3] = 0.12;
r[{4] = 0.07; «r[5] = 0.06; «=r[6] = 0.09;
for(i = 1; 1 <= 4; i++)
{
theta[i][1] = M_DEG2RAD(10.0);
theta[i] [2] = M_DEG2RAD (70.0);
}
psi = M_DEG2RAD (30.0);
/+ Perform fourbar-slider linkage analysis. x/
fslider.uscUnit (false);
fslider.setLinks (r, theta[l][1l], psi);
fslider.angularPos (theta[l], theta[2], theta[3], thetal4]);
7011 = fslider.sliderPos (thetal[l])
7[2] = fslider.sliderPos (theta[2]);
7[3] = fslider.sliderPos (theta[3]);
[4] = fslider.sliderPos (thetal4]);
/+ Display the results */
printf ("Circuit 1: \n
printf (" theta3 = % 3f\n" thetal[l][3]);
printf (" thetad4 = %$.3f\n", thetall][4]);
printf (" thetab = %.3f\n", thetall][5]);
printf (" theta6 = %.3f\n", theta[l][6]);
printf (" r7 = %.3f\n", r7[1])
printf ("Circuit 2:\n"
printf (" thetal3 = %. 3f\n" thetal[2][3]);
printf (" thetad4 = %.3f\n", thetal2][4]);
printf (" thetab = %.3f\n", thetal2][5]);
printf (" theta6 = %.3f\n", theta[2][6]);
printf (" r7 = %.3f\n", r7(2])
printf ("Circuit 3:\n"
printf (" thetal3 = %. 3f\n" theta[3][3]);
printf (" thetad4 = %.3f\n", thetal3][4]);
printf (" thetab = %.3f\n", thetal[3][5]);
printf (" theta6 = %.3f\n", theta[3][6]);
printf (" r7 = %.3f\n", r7([3])
printf ("Circuit 4:\n")
printf (" theta3 = %.3f\n", theta[4][3]);
printf (" thetad4 = %.3f\n", thetal4][4]);
printf (" thetab5 = %.3f\n", theta[4][5]);
printf (" theta6 = %.3f\n", theta[4][6]);
printf (" r7 = %.3f\n", r7([4])

return 0;

Program 27: Program for computing 63,

04, 05, 66, and r7 using class CFourbarSlider.
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5.1.2 Velocity Analysis

The first step in performing the velocity analysis of the fourbar-slider is to take the derivatives of the position
vector equations of the two linkages. Taking the derivative of equations (5.3) and (5.7) gives the vector
velocity equations (3.10) and (3.11)).

03 04

irqwse'® — irqwye’ = —iT2w26i92 (5.10)

Fs — irewee’’® = irswse®s (5.11)
To find the values for w3, wy, wg, and 77, the velocity equations (3.10) and (5.11) must be multiplied by
an e~ term in order to isolate a particular wj term. Note that ws = w4 and 7s = 77. Multiplying
equation (3.10) by e~%% and e~ will generate equations (5.12)) and (5.13). After factoring out the i term,
the imaginary parts of equations (5.12) and (5.13)) are separated in order to calculate the angular velocities
(5.14) and (5.13). Rearranging these last two equations will give the values of w3 and wy and (3.17).
The terms wg and 77 are found by isolating the imaginary and real parts of equation (5.11). The imaginary
parts are given in equation [5.18]and solves for wg in equation (5.20)), and the real terms are given in equation
and solves for 77 in equation (3.21)). Note that 77 is independent of ws.

’iT‘gWgei(63_94) —irawy = —irngei(ez_e“) (5.12)
1r3wsg — ir4w4ei(94_93) = —iTgcugei(GQ_GS) (5.13)
r3ws sin(93 — 94) = —ToWw? sin(92 — 94) (5.14)
T4y sin(94 — 93) = ToWw2 sin(92 — 93) (5.15)
s _ raws sin(fy — 62) (5.16)

r3 sin(94 — 93)

ToW2 Sin(93 — 92)
= 17
Wi T4 Sin(93 — 94) (5 )

rewg coslg = —rswa cos by (5.18)

77+ rewgsinfg = —rgwysinby (5.19)
r5W4 COS Oy

wg = ———— 2 (5.20)
r6 cos(6g)

77 = — (rews sinbs + r5wy sin bs) (5.21)

The values of the w3, w,4, and wg are solved by member functions angularVel (), while the value of 7
is solved by member function slidervel (). Thus given the link lengths and angular positions, which
can be calculated by CFourbarSlider: :angularPos (), and initial angular velocity, ws, the angular
velocity of the rest of the links and the velocity of the slider can easily be determined.
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5.1.3 Acceleration Analysis

The first step of acceleration analysis is to take the derivative of equations and (3.11). Similar to
the velocity equations, these derivatives (5.22)) and (5.23) are then multiplied by an e~*% term in order to
isolate a particular «; term. Note that a5 = oy and #s = #7. Multiplying equation (5.22)) by e~ and
e~ will generate equations (3.24) and (5.23)). The real parts of equations (5.24) and are separated
in order to calculate the angular accelerations (3.26) and (5.27). Rearranging these last two equations will
give the values of a3 and ay (3.28) and (5.29). The terms «g and 77 are found by isolating the imaginary
and real parts of equation (5.23). The imaginary parts are given in equation (5.30) and solves for ag in
equation (3.32), and the real terms are given in equation (3.31) and solves for 77 in equation (5.33]). Note
that 77 is independent of 3, but is dependent on ws. All the angular acceleration and slider acceleration
derivations have been written to member functions angularAccel () and sliderAccel (). Soinstead
of personally calculating the numerous angular acceleration properties of the fourbar slider (a3, a4, as, a,
7*7), class CFourbarS1lider’s member functions can be utilized to quickly determine the desired values.

(i3 — w2)r3e™® — (iay — w?)rye® = (w3 — iag)ree'® (5.22)

s — (o — w%)rﬁewﬁ = (ias — wg)r5ew5 (5.23)

1rq0y — 7’4&)3 — irgagei(GS_G“) + 7‘3&)%6“93_94) = irgagei(ez_e“) — rgwgei(ez_g“) (5.24)
ir40z4ei(94_93) — r4wiei(94_€3) —irgas + r3w§ = z'rgozgei(@z_e:”) — mw%ei(@?—"f‘) (5.25)
ryassin(fs — 0;) = —roagsin(fy — 0) — rows cos(fa — 04) — r3w3 cos(f3 — O4) + rawi (5.26)
raoysin(@y — 03) = roagsin(fy — 03) + rgwg cos(fs — 63) + rgwg — 7‘4%% cos(fy — 63) (5.27)

S —rows cos(fa — 04) — roan sin(fy — 0,) — r3w? cos(f3 — 04) + ryw? (5.28)
3 T3 Sin(93 — 94) '

o = T2 sin(fy — 03) + row? cos(fz — 03) + r3w? — rqw? cos(4 — 03) (5.29)
4 T4 Sin(94 - 93) ’

rﬁwg sinfg — rgagcosbg = rsaycosls — r5wz sin O (5.30)
77+ Tﬁwg cosbg + rgagsinfls = —ryassinfs — 7“5&)3 cos 0y (5.31)
7‘5w§ sin 05 — rsas cos 05 + 7"6&}% sin g

ag = (5.32)
r¢ Cos Og

7 = —Trsassinfs — 7‘5w§ cos f5 — rgag sin g — rﬁwg cos B¢ (5.33)

(c) Coupler Position, Velocity, and Acceleration: The vector equation of the coupler point can be writ-
ten in its polar form, and direct substitution of the angles that were solved in the earlier calculations will
give the position of the coupler position. Likewise, the derivatives of this equation will give the coupler
velocity and acceleration at the prescribed instant and will be solved for by substituting angular veloc-
ities and angular accelerations previously calculated. The calculations are performed by member func-
tions couplerPointPos (), couplerPointVel (), and couplerPointAccel (). Note again
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that there are four possible coupler positions from two possible positions each of the fourbar linkage and the
slidercrank linkage, and there are four possible angular velocities and accelerations for the system.

P = ri+r5+r, (5.34)
P = re" 4r5e + rpei(eﬁﬁ) (5.35)
P = irswse'® + irpwﬁeiw”ﬁ ) (5.36)
P = ir5a5ei€5 — r5w§ei95 + irpaﬁei(96+ﬁ) — rpwgei(eﬁﬁ) (5.37)
Problem 2: A fourbar-slider has the following parameters: 1 = 12cm,ry = 4cm,ry =

12e¢m,ry = Tem,rs = 6em, 16 = 9em, 1, = Sem, 6 = 102, 0y = 70°, wy = 10rad/sec,
ag = 0, 8 = 45°, and ¢ = 30°. Calculate the coupler point position, velocity, and acceleration.

The solution to the above problem is Program and the results are given below.

Circuit 1: Coupler Point Acceleration
P = complex (0.200,0.081)
Vp = complex(-0.210,0.049)
Ap = complex(-2.741,-0.089)

Circuit 2: Coupler Point Acceleration
P = complex(0.141,0.022)
Vp = complex(-0.132,0.127)
Ap = complex(-2.299,0.352)

Circuit 3: Coupler Point Acceleration
P = complex(0.090,0.027)
Vp = complex(-0.096,0.207)
Ap = complex(2.736,-0.825)

Circuit 4: Coupler Point Acceleration
P = complex(0.027,-0.036)
Vp = complex(-0.201,0.102)
Ap complex (3.766,0.204)
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#include<stdio.h>
#include<sixbar.h>

int main ()
{

double r[l:6], thetall:4][1l:6];

double omegal[l:4][1:6], alpha[l:4][1:6]
double rp, beta;

double psi;

double complex P[1:4], Vp[l:4], Ap[l:4]

int 1i;
CFourbarSlider fslider;

/* Default specification of the fourbar-slider linkage.
0.12;
0.09;

r[l]
r[4]
for (i

{

r[2]
r[5]
i <= 4;

r[3]
r[6]

0.12;
0.07;
1;

0.04;
0.06;
i++)

thetali
thetali
omega [1
alphali

1]
2]
2]
2]

= M_DEG2RAD (10.0);
M_DEG2RAD (70.0) ;
10.0;

0;

Il
Il
11l
Il

}
psi
rp

M_DEG2RAD (30.0) ;
0.05; Dbeta M_DEG2RAD (45.0) ;

/+ Perform fourbar-slider linkage analysis.

fslider.
fslider.
fslider.
fslider.
fslider.
fslider.

uscUnit (false);

setLinks (r, thetal[l][l], psi);

setCouplerPoint (COUPLER_LINKG6,

angularPos (theta[l], thetal2],

couplerPointPos (COUPLER_LINKG6,

angularVel (theta[l], omegalll]);
fslider.angularVel (theta[2], omegal[2]);
fslider.angularVel (theta[3], omegal[3]);
fslider.angularVel (theta[4], omegal4]);
Vp (1]
vp (2]
Vp [3]
Vp (4]
fslider.
fslider.
fslider.
fslider.
Ap[l] =

2]
31
4]

angularAccel (thetall],
angularAccel (thetal2],
angularAccel (thetal[3],
angularAccel (thetal4],
fslider
fslider.
fslider.
fslider.

omegall]
omega [2]
omega[3]
omegal4]

Ap| (
Ap | couplerPointAccel (
Ap| (

theta[3],
thetal[l][2],

fslider.couplerPointVel (COUPLER_LINKG6,
= fslider.couplerPointVel (COUPLER_LINKG,
fslider.couplerPointVel (COUPLER_LINKG6,
fslider.couplerPointVel (COUPLER_LINKG6,

.couplerPointAccel (COUPLER_LINKG6,
couplerPointAccel (COUPLER_LINKG6,
COUPLER_LINKOG,
couplerPointAccel (COUPLER_LINKG,
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rp, beta);

thetal4d]);
P);

’

thetall],

[ omega
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[

[

(11
omegal[2]);

[31);

[41)

’

thetal[3],
a1,

omega

1
2
3
omega [ 4

’

theta

, alpha(l]);

, alphal2]);

, alphal3]);

, alphal4]);
theta

theta
theta
theta

11,
21,
31,
41,

omega
omega
omega
omega

11,
21,
31,

[
[
[
[ 41,

Program 28: Program for computing the point position, velocity, and acceleration of the coupler point of a

fourbar-slider mechanism.
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/+ Display the results. */

printf ("Circuit 1: Coupler Point Acceleration\n");
printf (" P = %.3f\n", P[1]);

printf (" Vp = %.3f\n", Vp[l]);

printf (" Ap = %.3f\n\n", Ap[l]);

printf ("Circuit 2: Coupler Point Acceleration\n");

o°

printf (" P = %.3f\n", P[2]);

printf(" Vp = %.3f\n", Vp[2]);

printf (" Ap = %.3f\n\n", Ap[2]);

printf ("Circuit 3: Coupler Point Acceleration\n");
printf (" P = %.3f\n", P[3]);

printf (" Vp = %.3f\n", Vp[3]);

printf (" Ap = %.3f\n\n", Ap[3]);

printf ("Circuit 4: Coupler Point Acceleration\n");

printf (" P = %.3f\n", P[4]);
printf (" Vp = %$.3f\n", Vpl[4]);
printf (" Ap = %.3f\n\n", Ap[4]);

return 0;

Program 28: Program for computing the point position, velocity, and acceleration of the coupler point of a
fourbar-slider mechanism (Contd.).

5.1.4 Animation

Animation of the fourbar-slider mechanism, or any other type of linkage, typically provides a better un-
derstanding of its operation. Simulating the movement of a fourbar-slider will help determine whether its
parameters meet the desired design requirements. Analysis of the following problem problem will provide
a better understanding of how animation can be handled by class CFourbarSlider.

Problem 2: Given the dimensions of a barslider linkage, trace the path of the coupler point
P throughout the allowable input range of link 2. The dimensions of the system are r; = 12cm,
ro = 4em, r3 = 12cm, r4 = Tem, 15 = 6cm, rg = 9cm, 1 = Sem, 01 = 10deg, f = 45deg,
and 1) = 30 deg. (See Figure 5.1l for one of the layouts.)

The first step in creating an animation of the define the linkage parameters and set values to the fourbar-slider
class. This is done with member functions setLinks (),setCouplerPoint (),and setNumPoints ().
Notice that setCouplerPoint () has two macros as arguments. The first macro, COUPLER_LINK®6
specifies that the coupler is attached to link 6. The other macro argument, TRACE_ON, is a special macro for
animation purposes. It specifies that the coupler point attached to link 6 should be traced, which is what the
above problem requires. Member function setNumPoints () is also specifically for the animation feature
of class CFourbarSlider. The argument numpoints specify the number of frames that the animation
should include. Thus, after setting all the required parameters, the fourbar-slider can be animated with mem-
ber function animation (), whose only argument describes the branch number of the mechanism to be
animated.

Notice that the range of motion of input link 2 is determined internally by function animation ().
However, if it was desired to calculate the input range of motion, class CFourbar member functions
grashof () and getJointLimits () can be used. grashof () is used to determine the type of
linkage, while get JointLimits () can compute the input/output ranges of the fourbar section of the
mechanism. Also keep in mind that if the fourbar section was a Grashof Rocker-Rocker, then there would
exist a total of eight branches for the fourbar-slider since there would be four possible input ranges.
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E EEIEE ==

| Hext || Prev || All || Go | Step (1 Fast |1 Blow | | Hext || Prev || All || Go | Srep i1 Fest |1 Bles |

Fourbar-Slider Fourbar-5lider

= [=I[Bx]f | [=I[Ei[x]
| Hext || Prev || ALL || Go | Step L Fash 0 Blow | | Hext || Prev || All || Go | Seep L0 Fash 0 Bles
Fourbar=51lider Fourbar-5lider
=l

5.1.5 Web-Based Fourbar-Slider Linkage Analysis

Figure shows the internet web page for the analysis and animation of fourbar-slider mechanisms. The
web page shown in Figure can be used for performing analysis on the various links, slider, and coupler
point of the fourbar-slider linkage. Using the parameters specified in Problem 2, the values for the slider,
coupler point, and angular properties for the previously defined fourbar-slider mechanism are shown in
Figure [5.4]

For simulating the motion of the fourbar-slider mechanism, Figure [5.3] can be used. Figure [5.6is a
snapshot for the first geometric inversion of the fourbar-slider linkage defined in the previous problems.
Note that if the fourbar section of the fourbar-slider mechanism is classified as a Grashof Rocker-Rocker
mechanism, there would be a total of 8 geometric inversions.
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#include<sixbar.h>

int main ()
{
double r[l:6], thetal[l:4][1l:6];
double rp, beta;
double omega2, alpha?2;
double complex P[1:4];
double psi;
int numpoints = 50;
int 1i;
CFourbarSlider fslider;

/* Default specification of the fourbar-slider linkage. */

r[l] = 0.12; «r[2] = 0.04; r[3] = 0.12;
r(4] = 0.07; «=r[5] = 0.06; r(6] = 0.09;
for(i = 1; 1 <= 4; i++4)

{
theta[i] [1] = M_DEG2RAD(10.0);
}
psi = M_DEG2RAD (30.0);
rp = 0.05; beta = M_DEG2RAD (45.0) ;
omega2 = 5.0; // rad/sec
alpha2 0.0; // rad/sec”2

/* Perform fourbar-slider linkage analysis. */
fslider.uscUnit (false);

fslider.setLinks (r, theta[l][1l], psi);
fslider.setCouplerPoint (COUPLER_LINK6, rp, beta, TRACE_ON);
fslider.setNumPoints (numpoints) ;

fslider.animation (1) ;

fslider.animation (2);

fslider.animation (3);

fslider.animation (4)

’

return 0;

Program 29: Program using animation to trace the coupler curve attached to link 6 of the fourbar-slider
mechanism.
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a Fourbar-Slider Linkage Analysis - Microsoft Internet Explorer _ ||:||1|

File Edit View Favorites Tools  Help |

P Back + = - @ at | @Search [Fe] Favorites @Media @ | %v =] % - @ |Links »

Fourbar-Slider Linkage Analysis

e | http:#softintegration.com/cgi-bin/chegiftoo lkit/mechanism/sixbar/... |Z||E|rz|

File View GoTo Favorites  Help :;f
T ., = A » >
@ Back - = \ﬂ \ELI ._lj >~ Search . Favorites Links
Next | Pres | Al | Go |

Fourbar-Slider

&] Ready # Unknown Zone
Fourbar-Shder Linkage

+ Fourbar-Slider Linkage Analysis
+ Fourbar-Slider Linkage Animation

[& l_ l_ l_ | mternet

a B

Figure 5.2: Main web page for fourbar-slider linkage analysis.
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) Interactive Fourbar-Slider Linkage Kinematic Analysis - Microsoft Internet Explorer E|[E|PZ|
File Edit View Favorites Tools  Help :,'
G Back - </ \ﬂ @ _;\J /.._\J Search ‘{:/ Favorites @ Media {‘} <] - .,7 - _]

.Y
~ T, - - - - - - 3 - Ty - 3 - T 3
Interactive Fourbar-Slider Linkage Kinematic Analysis
B
Yol
T, ]
y % 4
3 Iu ﬂ
5} r
AT, ¥/ e,
% [, B[7 & \ - L D
1 - = <E
q:“’z& 5 I L
A g : X
r7
Given the link lengths, thetal, thetal, omega2, alpha2, psi, and the coupler point wector, the interface below allows the user to find 17, the
linear velocity and acceleration of the slider, and the instantaneous position, velocity, and acceleration of the coupler point P.
Uit Type:
Link lengths (m or ft):
1‘1:|12 |1‘2:|4 |1‘3:|12 |1‘4:|? |1'5:|5 |16:|9 |
Mode for all angles (beta,thetal theta2 psi): | Degree Mode v
Coupler Vector:
p: |5 |hetﬂ: 45 |
Base and input angles:
thetal: |1U |tll€'t2‘|2: |?U |
Angular velocity and acceleration of linke2:
omegal: |1D ||Degrees,ﬂ'sec ~ | alpha2: |D ||Degrees,-"sec*sec v
Included angle between links 4.5:
psi
v
&] Done 0 Internet

Figure 5.3: Web page for fourbar-slider linkage analysis.
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ourbar-5Slider Linkage Analysis - Microsoft Internet Explorer

File Edit ‘Wiew Favorites Tools  Help lﬂ'

- 5 —
GBack - & \ﬂ \ELI | ! Search 5 f:) Favorites @Medla @f ==

Fourbar-Slider Linkage Analy.

Fourbar-5lider Parameters: rl = 0.120, r2 = 0.040, r3 = 0.120,
r4 = 0.070, r5 = 0.060, r6 = 0.090;
rp = 0.050, keta = 0.785 radians (45.00 degrees):

thetal = 0.175 radians (10.00 degrees),
thetaz = 1.222 radians (70.00 degrees):
omegaZ = 10.000 rad/sec (572.96 deg/sec):
alphaZ = 0.000 rad/sec*2 (0.00 deg/sec’Z);:
psi = 0.524 radians (30.00 degrees);

1=t Circuit Solutions:

Vpx = -0
Apx = -2

Z2nd Cireuit Solutions:

theta3 = 0.459 radians (26.31 degrees),
thetad = 1.527 radians (587.48 degrees),
theta5 = 1.003 radians (57.45 degrees),
thetasd = -0.597 radians (-34.20 degrees);
omwegal = -1.143 rad/sec (-65.49 deg/sec),
omegad = 4.506 rad/sec (255.15 deg/sec),
owmegas = 4.506 rads/sec (255.15 deg/sec),
omegat = -1.952 rad/sec (-111.87 degisec):
alphai = 23.492 rad/sec™Z (1346.01 deg/sec™Z),
alphad4 = 38.545 rad/sec™Z (2Z05.45 deg/sec™2),
alphat = 38.545 rad/sec™2 (2205.48 deg/sec”z),
alphat = -5.495 rad/sec™Z (-314.83 deg/sec”2);
Slider: position = 0.225,;

velocity = -0.327,

acceleration = -3.167;

Coupler Point: Px = 0.200, Py = 0.081,
.210, Vpy = 0.049,
.741, Apy = -0.089

theta3 = 0.459 radians (26.31 degrees),
thetad = 1.527 radians (57.48 degrees),
thetaS = 1.003 radians (57.48 degrees),
thetat = -2.545 radians (-145.80 degrees):
omegal = -1.143 rad/sec (-65.49 deg/sec),
owegad = 4.506 rad/sec (255.15 deg/sec),
owegas = 4.506 rad/sec (255.15 deg/sec),
omegat = 1.952 rad/sec (111.87 deg/sec):
alphai = 23.492 rad/sec™Z (1346.01 deg/sec”z),
alphad = 35.545 rad/sec™Z (2205.458 deg/sec”2),
alphas = 38.545 rad/sec™Z (2Z05.45 deg/sec™2),
alphat = 5.495 rad/sec™2 (314.583 deg/sec*Z):
Slider: position = 0.076,
wvelocity = -0.129,
acceleration = -2.043;
Coupler Point: Px = 0.141, Py = 0,022,
Vpx = -0.132, Vpy = 0.127,
Apx = -2.299, Apy = 0.352

Figure 5.4: Output of web-based fourbar-slider linkage analysis.
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Jrd Circuit Solutions:

theta3 = -0.777 radians (-44.52 degrees).,
thetat = -1.845 radians (-105.70 degrees),
thetad = -2.366 radians (-135.70 degrees),
chetat = 0.482 radians (27.75 degrees) !

omegad = -0.286 radfsec (-16.36 deg/sec),
omegad = -5.934 radfsec (-340.01 deg/sec),
omegas = -5.934 rad/sec (-340.01 deg/sec),
owegas = -3.199 rads/sec (-183.30 deg/sed):

alphad = 61.343 radisec’Z (3514.69 deg/sect2),
alphat = 46.290 rad/sec”? (2652.22 degl/sec™Z),
alphas = 46.290 rad/sec*2 (2652.22 deg/sec*Z),
alphat = 11.811 radfsec®2 (676.72 degioec™2);
Slider: position = 0.155,
wvelocity = -0.115,
acceleration = 2.142;
Coupler Point: Px = 0.090, Py = 0.027,
Vpx = -0.039¢, Vpy = 0,207,
Apx = 2.736, Apy = -0.8Z3

4eh Circuit Solutions:

thetal = -0.777 radians (-44.52 degrees)
theta4 = -1.545 radians (-105.70 degrees),
thetas = -2.368 radians (-135.70 degrees),
thetat = Z.657 radisn=s (15Z.25 degrees):

owegal = -0.286 raddsec (-16.36 deg/sec),
omegat = -5.934 radssec (-340.01 deglseq),
omegas = -5.934 rad/sec (-340.01 dey/sec),

omegat = 3.199 rad/sec (183.30 deg/sec):

alphal = 61.343 rad/sec*2 (3514.69 deg/sect2),
alphat = 46.290 radlsec*Z (265Z2.22 deglsectZ),
alphas = 46.290 radisec’Z (2652.22 deg/sec*2),

alphat = -11.811 rad/esec™2 (-676.72 deg/sec™2);
Slider: position = -0.004,
welocity = -0.383,

acceleration = 4.762;
Coupler Point: Px = 0.027, Py = -0.036,
Vpx = —-0.201, Vpy = 0.102,
ipx = 3.766, Lpy = 0.204

ﬂj [Done & Internet

Figure 5.4: Output of web-based fourbar-slider linkage analysis (Contd.).
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) Interactive Fourbar-Slider Linkage Animation - Microsoft Internet Explorer

File Edit ‘iew Favaorites Tools Help

eBack s \_) \ﬂ @ h /.._\J Search ‘gl_j'\':(Favorites @Media e} <] - .,_’; i - _I

Interactive Fourbar-Slider Linkage Animation

Given the link lengths, thetal, theta2, omega2, alpha2, psi, and the coupler point vector, the interface below allows the user to
find £7, the lnear velocity and acceleration of the slider, and the metantanecus posiion, velocity, and acceleration of the coupler
point P

Ui Type:

Link lengths (& or m):

1012 [p2:004 (a2 e [007 [4s:[008 [pec 003 |

Mode for all angles (betathetal theta2 psi):

Coupler Vector 1p: [0.05 | beta: |45 |
Base angle:
thetal:
Tnchuded angle between links 4,5
psi:
Nurmber of potnts:
Branch Nurmber.
& ooe ® et

Figure 5.5: Web page for fourbar-slider linkage animation.
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& http://softintegration.com/cgi-bin/chcgi/toolkit /mechanism/sixbar /fourbarslider_ani.ch - Micro ] 3]
File Wiew GoTo Favorites Help |
‘= Back = = - @ at | @Search [#] Favorites @Media ® | %v = - @ |Links >
Mext I Prev | All | Go | Stop | Fast I Slavy |
Fourbar-Slider
[&] ready l_l_l_le Unknagwn Zone -

Figure 5.6: Snapshot of fourbar-slider animation for branch 1.

5.2 Watt Six-bar (I) Linkage

A Watt (I) sixbar linkage is assembled from two fourbar mechanisms. All four links 73, rfl, rs, and rg of
the second fourbar linkage are movable. For the Watt (I) sixbar in Figure 3.7} note that there are two coupler

points attached to the mechanism at links 5 and 6.

P
FS’ ’/.\51 ’
Y
Bs 5 -
®@s B 5
! }
I/“3 r%
Q T Bg y‘a y_\E)JJ 9\6
e 2 04
3
> 4
n T,
” B, "
CE
D e, )
L - X

Figure 5.7: Watt (I) Sixbar Linkage
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5.2.1 Position Analysis

By applying geometry, complex arithmetic and vector analysis similar to the previous sections, equations
for calculating all unknown angles of the mechanism can be found. Analyzing the Watt (I) linkage shows
that two loop closure equations may be utilized to perform the desired task. The first loop equation shown
below can be used to solve for A3 and 8. The vector equation is rewritten so that the two unknown
angles are on the left-hand side of the equation (5.40).

ri+ry = ra+r3 (5.38)
r1e% £ et = e 4 pgeif (5.39)
’r’3ei93 — 7‘4€i94 = Tlewl - T2€i€2 (5.40)

From equation (5.40), the two sets of 63 and 6,4 can now be solved with function complexsolveRR (),
where the inputs are r3, —r4, and z = 7 et — ot By obtaining solutions for 83 and 6, the second loop
equation can be analyzed to determine values for 65 and fg. Rewritting equation and again
isolating all the terms with unknown values on the left-hand side, complexsolveRR () can be used to
solve for 05 and 6.

ri + rZ +rg = r9+ rg +ry (5.41)
re® e 4 opgei® = rpel® 4 rlets 4 pget?s (5.42)
7‘56i95 — r66i96 = rlewl — T26i92 — 7‘§ei9'/3 + rZewZ (5.43)
where
0, = 63+ 3 (5.44)
0] = 04— 54 (5.45)

Note that there are four sets of solutions for #5 and 6g. The reason is that there are two geometric inversions
for each fourbar linkage assembly. Calculating the angular position of the various links of the Watt (I)
Sixbar linkage can also be done by using member fuction angularPos () of class CWattSixbarI.Its
prototype is as follow:

void CWattSixbarI::angularPos (double theta_1[1:], theta_2[1:],
theta_3[1:], theta_4[1:1);

where each of the four arguments is an array of double type used to store the four different angular position
solutions of the Watt (I) sixbar linkage.

5.2.2 Velocity Analysis

The angular velocity values of each link can be determined by first obtaining the derivatives of equations

(5.40) and (5.43). The results of differentiating equations (5.40) and (5.43)) are equations (5.46) and (5.47),

respectively.

03 04

irgwse’’d — irywye = —irgwoe .
i ) 162 5.46

05 06

—irgwee® = —irgwye'®?

. N . sl . yaldi
1r5wse’ — zréwgel% + erw4eZO4 (5.47)

In order to solve for ws, wy, ws, and wg, the above equations must be multiplied by the term e~ (for
j = 3,4,5,6). By separately multiplying equation (5.46) with e~%% and e~%*, equations (5.48) and (5.49)
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are generated. Notice that the imaginary 4 term has also been factored out of equations (5.46) and (5.47).
By only considering the imaginary part of equations (3.48)) and (5.49), w3 and w4 can then be calculated.
Rearranging equations (5.30) and (5.31) to determine the analytical solution of w3 and w4 will result in

equations (5.32)) and (3.33).

Tgmgei(93_€4) —raws = —Tgwgei(€2_94) (5.48)
r3ws — r4w4ei(94_93) = —T2W2€i(92_93) (5.49)
rswssin(fs — 0y) = —rowssin(fs — 04) (5.50)
—rqwysin(0y — 03) = —rowgsin(fy — b3) (5.51)

rows sin(fy — O4)
= - 52
3 r3 Sin(93 — 94) (5 > )

N ToWw?9 sin(92 — 93)
wa= T4 sin(94 — 93) (5'53)

After determining w3 and wy, the above process can be repeated on equation to find ws and wg.
Equation (5.47) is separatedly multiplied by e~%5 and =% in order to determine the two desired w’s
and (3.33). The terms ws and wg can now be found by isolating the imaginary parts of equations (5.34)
and (3.53)) to result in equations (3.56)) and (5.57)), respectively, and then rearranging these two equations to
obtain equations and (5.39). Similar to the calculating the angular positions, solutions to w3, wy, ws,
and wg can be determined by member function angularvVel () of the Watt (I) Sixbar class. The prototype
for function angularVel () is

void CWattSixbarI::angularVel (double theta[l:], omegal[l:]);

where theta is an array that contains the angular position values of each link, and omega stores the
angular velocity values. Note that each call of function angularVel () only produces one set of solution
for angular velocity. Thus, angularVel () needs to be called four times, each time using a different set
of theta solutions, to obtain the four possible angular velocity solutions.

7’5w5ei(95_96) —rewg = —rgwgei(GQ_eﬁ) — réwgei(%_%) + TZw4ei(9Z_96) (5.54)
r5Ws — T6W6ei(€6_05) = —rgwgeiw?_ef’) — ré(,ugei(%_95) + T‘ZW4€i(92_95) (5.55)
rswssin(fs — 0g) = —rowasin(fe — Og) — riw3sin(0y — Og) + riwssin(0) — ) (5.56)
—rewesin(fg — 05) = —rowssin(fy — O5) — rhwssin(0y — 05) + rjwysin(0) — 05)  (5.57)

rows sin(fa — 0g) + rhws sin(04 — Og) — rjws sin(6] — O¢)

6
Trs Sin(95 — 96) (558)

Wy = —

b = rows sin(fz — O5) + rhws sin(0y — 65) — rfwy sin(6) — 05) (5.59)
6 Te6 sin(96 — 95) '

5.2.3 Acceleration Analysis

The values for the angular accelerations of the links are found by differentiating the angular velocity equa-
tions (5.46) and (5.47). The results are equations (5.60) and (5.61). Similar to the velocity equations, these
are then multiplied by an e~ term to isolate a particular avj term.

03

(g — w3)rse — (iay — waA)rge®t = (—icg 4 w3)ree? (5.60)
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(ias — w)rse® — (iag — wd)ree® = (—iag + wd)ree® — (i — wd)rhe'®s
+ (iovg — wd)rllei (5.61)

Multiplying equation by e~ and e~ will generate equations (5.62) and (5.63), which can then
be used to find for az and ay. By only considering the real parts of these equations, the desired angular
acceleration values are isolated, and equations (3.64) and (3.63) can be evaluated and solve for a3 and ay,
respectively (5.66) and (5.67). Note that the imaginary 7 term is replaced by ¢*("/2), an equivalent term, in
the subsequent equations.

03— 94—‘,—7‘(‘/2) i(92—94+7(/2)

7‘30436 ( 7‘4@46 (7|'/2) = —Troqse + row} 61(92 94) + s w 61(93 94)

— 4w (5.62)
ryase’ i(m/2) _ r4a4ei(94—93+7f/2) — _r2a26i(92—94+ﬂ/2) + row? 2i(02—64) + T‘gwg

— rawie’?i=%) (5.63)

—rzagsin(fs —04) = roagsin(fy —0y) + rgwg cos(fa — 04) + rgwg cos(fs — by)
— r4wj (5.64)
rpasin(@y — 03) = roagsin(fy — 03) 4 rows cos(fy — 03) + raw?
— 7‘4wz sin(fy — 03) (5.65)

T2 sin(fy — 04) + w3 cos(fa — 04) + r3w3 cos(f3 — O4)

a4 = T3 sin(93 — 94)
2
T4W4
r3 sin(93 — 94) (566)
o = 2o sin(fy — 03) + w3 cos(fy — 03) + raw?
T T4 sin(94 — 93)
2 .
| Tawj sin(fy — 63) (5.67)

T4 sin(94 — 93)

With a similar process, angular accelerations o5 and g can be solved from equation (5.61) by first
multiplying it by e %% and e~ to result in equations (5.68)) and (3.69). Again, the imaginary 7 terms have
been replaced by e*(7/2),

r5asel 05 =0FT/2) _ poneel™2) = el O2 06t T/2) oy 261(02=06) _ rgage"(gl —06+7/2)

+ r4ws 2¢1(05=06) 4 rjage’ W0 —Ostm/2) _ rZw2e’(9 0s)

+ rswe’5706) _ pgu2 (5.68)
rese 1D _ papei@0tT/2) ) oi(02—054m/2) | 20002=05) _ 1 o (05 —0s4m/2)

+ rhwie0305) 4 oy, @01 —06m/2) _ 01,2 0000 —06)

+ r5w52, — r6w2e’(96 0) (5.69)

Considering only the real parts of the previous two equations, as and o can be isolated and determined

(.72) and 5.73).
2

—rsassin(@s —0) = roaosin(@y — Og) + rowi cos(fy — O) + rhaz sin(@é 0s) + rhws cos(05 — Og)
— ragsin(0] — 0g) — rijwi cos(0) — Os) + 5w cos(f5 — Og) — rews  (5.70)

reagsin(fs — 05) = roansin(fy — 05) + rows cos(fy — O5) + rhag sin(0f — 95) + 7’3w3 cos (6% — 6)
— rlaysin(@)] — 0) — rjw] cos(0] — 0) + rswi — rewi cos(fg — 05)  (5.71)
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| T20n sin(fy — 0g) + mow3 cos(fz — O¢) + rhag sin(0 — g) + rhw3 cos(6; — Og)

4 = r5sin(fs — 6g)
rioysin(0] — 0g) + rjw? cos(0] — 0g) — rsw? cos(f5 — ) + Tew? (5.72)
Ts Sln(95 — 96) '
N roag sin(fg — 05) + row3 cos(fa — 05) + rhas sin(0; — 05) + rhw? cos(0y — 05)
6 pumny
—rlaysin(0] — ) — rjw? cos(0] — 0g) + r5w? — rewd cos(f — 05) (5.73)

re sin(fg — 65)

Note that the angular acceleration calculations can also be performed by member function angularAccel ()
with prototype

void CWattSixbarI::angularAccel (double thetall:], omegall:], alphall:]);

Arguments theta and omega are double arrays used to store the angular position and velocity values,
respectively. The last argument a1pha is used to store the angular acceleration values calculated by member
function angularAccel (). Similarto angularVel (), this function also has to be called four times in
order to acquire the four different set of angular acceleration solutions.

To help illustrate the benerfit of using class CWatt SixbarI, consider the problem below.

Problem 1: A Watt (I) sixbar linkage has parameterS' r = 8cm ro = 4dem,ry = 10cm, ry =
Tem,rs = Tem,rg = 8cm, 61 = 102, 03 = 25°, r4 = 4em, v = 9em, B3 = 30°, B4 = 50°,
wo = 10°/sec, and ay = 0. Find the angular accelerations a3, oy, o, ag.

Now, in order to find a3, a4, a5, and ag, the angular position and velocity of the various angles have
to be known. Calculating all these values is time consuming if the previously derived equations are used
instead of class CWattSixbarI. However, using the class specifically written for analysis of a Watt (I)
sixbar linkage, the above probelm can easily be solved. Program [30] utilizes the member functions of class
CWattSixbarT to calculate the desired values and the solution is shown below.

Solution #1:

alpha5 = 0.008 rad/sec”2 (0.47 deg/sec”2),
alpha6 = 0.117 rad/sec”2 (6.69 deg/sec”2);
Solution #2:

alphab5 = 0.128 rad/sec”2 (7.32 deg/sec”2),
alpha6 = 0.019 rad/sec”2 (1.10 deg/sec”2);
Solution #3:

alphab5 = 0.069 rad/sec”2 (3.95 deg/sec”2),
alpha6 = 0.026 rad/sec”2 (1.48 deg/sec”2);
Solution #4:

alphab5 = 0.016 rad/sec”2 (0.93 deg/sec”2),
alphat 0.059 rad/sec”2 (3.40 deg/sec”2);

5.2.4 Coupler Position, Velocity, and Acceleration

The position of the two coupler points in Figure can be derived directly from vector analysis. The posi-
tion of the coupler point, P, is simply the vector sum of ro, r4, and r; shown in equation (5.74). Likewise,
the position of P, is written as equation (3.73)). Writing these two equations in their polar form (5.76) and
reveal that the position of either point can be determined given the required link lengths and angles.
The first and second derivatives of equations (3.76) and (3.77) will produce the equation for the coupler
point velocities and (3.79) and coupler point accelerations and (3.81)), respectively. Similar
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#include<stdio.h>
#include<sixbar.h>

int main ()
{

double r[l:6];

double rP3, beta3,
rPP4, betai;
theta[l:4]1[1:06],
double thetal = M_DEG2RAD(10),
double omegaZ? M_DEG2RAD (10),
CWattSixbarI wattI;
int 1i;

double
theta2
alpha?2

/* Define Watt */
ril] 0.08;
r[3] 0.10;
r[5] 0.07;
rP3 0.04; Dbeta3

rPP4 0.09; Dbetad
for (i 1; i <= 4;

{

(I)
r[2]
r[4]

r[(6]

Sixbar linkage.
0.04;
0.07;

0.08;
M_DEG2RAD (30) ;
M_DEG2RAD (50) ;
)

i++
thetal[i] [1]
thetal[i] [2]
omegali] [2]

thetal;
theta2z;
omega2;

/+ Perform analysis. =/
wattI.setLinks (r, thetal,
wattI.angularPos (thetall],
wattI.angularVel (thetall],
wattI.angularVel (thetal2],
wattI.angularVel (thetal3],
wattI.angularVel (thetal4],
wattI.angularAccel (thetall],
wattI.angularAccel (thetal2],
wattI.angularAccel (thetal[3],
wattI.angularAccel (thetal4],

rP3, beta3,
thetal2],
omegal[l]
omegal[2]
omega[3]
omegal4]);
omegalll,
omegal2],

1

1

’
’

’

)
)
)
)

omega [3
omega [ 4

’

’

*/
it+)

/+ Display results.
for (i 1; i <= 4;

{

printf ("Solution #%d:\n", 1i);

printf ("\t alphab %.3f rad/sec”2
alphali] [5], M_RAD2DEG (alpha

printf ("\t alphat %.3f rad/sec”2
alpha[i][6],

return 0;

omegal[l:4][1l:6],

rPP4,
thetal3],

(
[
(
[

CHAPTER 5. MULTI-LOOP SIX-BAR LINKAGES

alphall:4]1[1:6];
M_DEG2RAD (25) ;
0;

betald);
thetal4d]);

’

alphall
alphal2
alphal3
alphal4

1)
1)
1)
1)

’

’

%$.2f deg/sec”2),\n",
i1[51));
%.2f deg/sec”2);\n",

M_RAD2DEG (alphafi][6]));

Program 30: Program for computing s, a4, a5, and ag using class CWattSixbarI.
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to the coupler point positions, the velocities and accelerations of the two coupler points can be determined
given the required angular velocity and acceleration values. Coupler point position, velocity, and accelera-
tion can also be calculated by using member functions couplerPointPos (),couplerPointVel (),
and couplerPointAccel (), respectively.

P, = ro+r+ryg (5.74)
P, = ri+rj+rg (5.75)
P; = roe® 4 pheils+Bs) o pLoi(05+55) (5.76)
Py = reft 4 pfeil01=B1) 4 ol oi(06—0s) (5.77)
P, = irqwee™ + irhwse’ U0s+Ps) 4 irgw5ei(65+ﬁs) (5.78)
P, = irfwy et (0a=04) + irgwe ¢(06—0e) (5.79)
f’1 _ z'rgozgewz _ mw%ewg + irt agei(03+63) _ Tgwgei(63+53)

+ irga5ei(95+ﬁs) 7‘5w e 05+0s) (5.80)
Py = irllaue 80—l 2e00=B1) o gl 706 —06)

— rlu? 2 ,i(06—P6) (5.81)

Problem 2: Consider a Watt (I) sixbar linkage with parameters given in Problem 1. If two
coupler points are attached to links 5 and 6 (see Figure[5.7) with properties 5 = 6¢m, 85 = 30°,
r¢{ = 4cem, and B = 45°, find the coupler point position, velocity, and acceleration at this
moment in time.

The solution to the above problem is listed as Program 31l Since there are two coupler points for the
specified linkage, the member functions used to calculate the coupler point properties must be called for
each point. The results is shown below.

Solution #1:
Pl = complex(0.090,0.101), P2 = complex(0.173,0.058)
Vpl = complex(-0.001,-0.005), Vp2 = complex(0.003,-0.003)
Apl = complex(-0.004,0.001), Ap2 = complex(-0.005,0.007)
Solution #2:
Pl = complex(0.108,0.024), P2 = complex(0.133,0.036)
Vpl = complex (-0.008,0.003), Vp2 = complex(0.003,0.002)
Apl = complex(0.005,0.001), Ap2 = complex(-0.000,0.006)
Solution #3:
Pl = complex(0.133,-0.009), P2 = complex(0.083,-0.087)
Vpl = complex(-0.013,-0.003), Vp2 = complex(-0.024,0.001)
Apl = complex(0.001,0.003), Ap2 = complex(0.001,0.007)
Solution #4:
Pl = complex(0.029,-0.028), P2 = complex(0.057,-0.032)
Vpl = complex(-0.004,0.023), Vp2 = complex(-0.016,0.007)
Apl complex (-0.001,-0.001), Ap2 = complex(-0.001,0.005)

5.2.5 Animation

The Watt (I) sixbar linkage shown in Figure [3.7] can be animated with member function animation ().
Using the parameters given in the problem statements above, Program [32]can be used to simulate the motion
of the Watt (I) sixbar. After specifying the parameters for the sixbar, member function animation () is
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#include<stdio.h>
#include<sixbar.h>

int main ()
{
double
double

r(l:6];
rP3, beta3,
rPP4, betaid;
rP5, betah,
rPP6, betab;
thetal[l:4]([1:6],
complex P1[1:4],
Vpl([l:4], Vvp2[1l:4],
Apl[1l:4]1, Ap2[1l:4];
double thetal = M_DEG2RAD (10), thetaZ2
double omega?2 M_DEG2RAD (10), alpha2
CWattSixbarI wattI;
int 1i;

double

double
double

omegal[l:4][1l:6],
P2[1:4],

alphall:4][1:6];
1:
1:
M_DEG2RAD (25) ;

0;

/* Define Watt */
r[l] 0.08;
r[3] 0.10;
r[5] = 0.07;
rP3 0.04;
rPP4 0.09;
rP5 0.06; Dbetab
rPP6 0.04; Dbetab
for (i 1; 1 <= 4;

{

(1)
r[2]
r[4]

r[6]
beta3
betad

Sixbar linkage.
0.04;
0.07;
0.08;
M_DEG2RAD (30) ;
M_DEG2RAD (50) ;
M_DEG2RAD (30) ;
M_DEG2RAD (45) ;
)

= i++

thetal[i] [1]
theta[1][2]
omegali][2]

thetal;
theta2;
omega2z;

/+ Perform analysis. */
wattI.setLinks (r, thetal, rP3, beta3,
wattI.setCouplerPoint (COUPLER_LINKS5,
wattI.setCouplerPoint (COUPLER_LINKG,
wattI.angularPos (theta[l], thetal2],
wattI.couplerPointPos (COUPLER_LINKS5,
wattI.couplerPointPos (COUPLER_LINKG,
wattI.angularVel (thetal[l], omegalll]);
wattI.angularVel (thetal[2], omegal2]);
wattI.angularVel (thetal[3], omegal3]);
wattI.angularVel (thetal[4], omegal4]);

rPP4, betald);

rP5, betad);

rPP6, betab);
theta[3], thetald]);
theta2, P1l);
theta2, P2);

Vpl[1]
Vpl[2]
Vpl([3]
Vpl[4]
Vp2[1]
Vp2[2]
Vp2[3]
Vp2[4]

= wattI.
wattI.
wattI.
wattl
wattI.
wattI.
wattI.
wattI.

couplerPointVel (COUPLER_LINKS5,
couplerPointVel (COUPLER_LINKS5,
couplerPointVel (COUPLER_LINKS5,
.couplerPointVel (COUPLER_LINKS5,
couplerPointVel (COUPLER_LINKG,
couplerPointVel (COUPLER_LINKG6,
couplerPointVel (COUPLER_LINKG6,
couplerPointVel (COUPLER_LINKG,

thetal[l
thetal2
theta[3
thetal4
thetall
thetal2
thetal[3
thetal4

]
]
]
]
]
]
]
]

’

’

’

’

’

’

’

’

omegal[l
omega[2
omega[3
omega [ 4
omegal[l
omega[2
omega [3
omega [ 4

]
]
]
]
]
]
]
]

)
)
)
)
)
)
)
)

’
’

’

’

’

’

’

’

Program 31: Program for computing the positions, velocities, and accelerations of the two coupler points
specified in Figure 3,71
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’

wattI.angularAccel (theta[l], omegal[l], alphalll);
wattI.angularAccel (theta[2], omegal[2], alphal2]);
[ 1 1)
1)

’

wattI.angularAccel (theta[3], omega[3], alphal3
wattI.angularAccel (theta[4], omega[4], alphal4

’

Apl[l] = wattI.couplerPointAccel (COUPLER_LINKS5, theta[l], omegalll,
alpha([l]);

Apl[2] = wattI.couplerPointAccel (COUPLER_LINK5, theta[2], omegal[2],
alphal2]);

Apl[3] = wattI.couplerPointAccel (COUPLER_LINKS5, theta[3], omegal3],
alphal3]);

Apl[4] = wattI.couplerPointAccel (COUPLER_LINKS5, theta[4], omegal4],
alphal4]);

Ap2[1l] = wattI.couplerPointAccel (COUPLER_LINK6, theta[l], omegal[l],
alpha([l]);

Ap2[2] = wattI.couplerPointAccel (COUPLER_LINK6, theta[2], omegal2],
alphal2]);

Ap2[3] = wattI.couplerPointAccel (COUPLER_LINK6, theta[3], omegal3],
alpha(3]);

Ap2[4] = wattI.couplerPointAccel (COUPLER_LINK6, theta[4], omegal[4],
alpha(4]);

/* Display results. =/
for(i = 1; i <= 4; i++)
{
printf ("Solution #%d:\n", 1i);

printf (" Pl = %.3f, P2 = %.3f\n", P1[1i], P2[i]);
printf (" Vpl = $.3f, Vp2 = %.3f\n", Vpl[i], Vp2[il]);
printf (" Apl = $.3f, Ap2 = %.3f\n", Apl[i], Ap2[il]);

return 0;

Program 31: Program for computing the positions, velocities, and accelerations of the two coupler points
specified in Figure [3.7] (Contd.).
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called multiple times to produce animations of the defined sixbar for the four possible geometric inversions.
Tracing is also set for motion of the coupler point of link 6, but not for link 5. Figure [5.8]contains snapshots
of the animations for each geometric inversion.

5.2.6 'Web-Based Analysis

All the analysis methods discussed in the previous sections for the Watt (I) sixbar linkage can be performed
with a couple of interactive web pages. Figure shows the main web page for web-based analysis of the
Watt (I) sixbar linkage. The web page shown in Figure can be used to calculate the angular properties
of links 3-6 of the Watt (I) sixbar. Also, the position, velocity, and acceleration values can be determined
for the coupler point(s) associated with link(s) 5 and/or 6. For example, consider the Watt (I) sixbar linkage
defined in previous problems. By entering the given values for the link lengths, 6, 53 and /34, coupler point
properties, and angular properties of the input link, link 2, the output of running the web-based analysis is
shown in Figure

Simulating the motion of the Watt (I) sixbar mechanism can also be done using the internet. Figure [5.12]
shows the web page designed for animating the Watt (I) sixbar. Again, using the parameters specified by
previous problem statements, Figure [5.13]is a snapshot of the animation for the first geometric inversion of
the Watt (I) sixbar linkage.
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#include<stdio.h>
#include<sixbar.h>

int main ()
{
double r[l:6];
double rP3, beta3,
rPP4, betad,
rP5, betah,
rPP6, betab;
double theta[l:4][1:6];

double thetal = M_DEG2RAD(10),
double complex P1[1:4], P2[1:4];

CWattSixbarI wattI;
int 1i;

/+ Define Watt (I) Sixbar linkage.

r[l] = 0.08; «r[2] = 0.04;
r[(3] = 0.10; «r[4] = 0.07;
r[5] = 0.07; r(e] = 0.08;

rP3 = 0.04; Dbeta3 = M_DEG2RAD (30);

rPP4 = 0.09; betad = M_DEG2RAD (50);

rP5 = 0.06; betab5 = M_DEG2RAD (30);

rPP6 = 0.04; beta6 = M_DEG2RAD (45);
)

for(i = 1; i <= 4; i++

{
theta[i][1] = thetal;
theta[i][2] = theta2;

/+ Perform analysis. =/

wattI.setLinks (r, thetal, rP3,
wattI.setCouplerPoint (COUPLER_LINKS5,
wattI.setCouplerPoint (COUPLER_LINKG6,

wattI.animation (1) ;
wattI.animation (2);
wattI.animation (3);
wattI.animation (4)

’

return 0;
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M_DEG2RAD (25) ;

rPP4, betald);
rP5, betab5, TRACE_OFF);
rPP6, beta6, TRACE_ON);

Program 32: Program for animating the Watt (I) sixbar linkage.
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b d 0 - %
| Hext || Prev || All || Go |§ Srop L1 Fash ] Blow | | Hext || Prev || A1l || Go |§ Srap 0 Fash | Slew

Hatt {I} Sixbar

Hatt (I} Sisbar

v

| Next || Prev | | All || Go |§ Srap i

Fagh i

Bhoss |

| Next || Prev || ALl || Go |§ Srop i Fasyn | Blow

Hatt (I} Sixbar

=

- =

Figure 5.8: Output of Program 32|
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3 Watt (I} Sinbar Linkage Analysis - Microsoft Internet Explorer & II:IlzI
File Edit “iew Favorites Tools Help |
s Back ~ = - @ . at | @ search  [G]Favorites @Media @ | By S E T |Links LS
=
Watt (I) Sixbar Linkage Analysis
2 | http:fsoftintegration.com/cgi-bin/chegiftoo lkit!mechanism/sixbar/f... E]E]E'
File  Wiew GoTo Favorites Help ‘;.‘F
@ Back - J \ﬂ @ h ):,' Search i'_:?\ Farvorites > Liriks o
Mext I Prew l All ‘ Go ] Fast ] Sl
Watt [I] Sixbar
& Ready & Unknown Zone
Watt (T Smbar Linkage
« Watt () Sixhar Linkage Analysis
« Watt (I} Sixbar Linkage Animation
= O]
|
@ ’_’_|_|’ Internet 4

Figure 5.9: Main web page for Watt (I) sixbar analysis.
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< Interactive Watt | Six-Bar Linkage Kinematic Analysis - Microsoft Internet Explorer

File Edit View Favorites Tools  Help

eBack M > | \ﬂ @ _;j /.__\J Search ‘5;1'\'( Favorites @Media {‘} 2 - L__,’_ o - _]

Interactive Watt I Six-Bar Linkage Kinematic Analysis

]

HaR S A

Given the link lengths, thetal, theta2, beta3, betad, omega2, alpha?, and the coupler point vectors, the interface below allows the user to
find the possible nput and cutput ranges of the mechanism, along with the instantaneous position, velocity, and acceleration of the coupler
point P.

Uit Type:

Link lengths {m or )

1‘1:|3 |1‘l:|4 |1‘3:|1U |1‘P3:|4 |
14 |? |1‘PP4: |9 |1'5: |? |16: |8 |

Ilode for all angles (thetal,thetaZ betas betad,betad, betad):

Coupler Vector:

1Ps5: |4 |heta5: |35 |

rPP6: |5 |heta6: |3U |

Base and input angles:

thetal: |1U |thetal: |25 |beta3: 30 |beta4: |5U |

Angular velocity and acceleration of linke2:
omegal: |1D || Deqgrees/sec ¥

alphal: |D || Degrees/sec*sec v|

[E4l

&] Done 0 Internet

Figure 5.10: Web page for Watt (I) sixbar kinematic analysis.
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File Edit View Favorites Tools  Help

GBack M > | \ﬂ \Ehl ;\J /..-\: Search

i
Watt I Sixbar Linkage Analy
Sixkbar Paraweters: rl1 = 0.080, rZ2 = 0.040, r3 = 0.100, rP3, = 0.040,
r4 = 0.070, rPP4 = 0,090, 5 = 0.070, e = 0.080;
rP5 = 0.060, kbetaS = 0.524 radians (30.00 degrees):
rPPE = 0.040, betat = 0.785 radians (45.00 degrees);
thetal = 0.175 radians (10.00 degrees),
thetaz = 0.436 radians (25.00 degrees).,
omegaZ = 0.175 rad/sec (10.00 deg/sec):
alphaz = 0.000 rad/sec*Z (0.00 deg/sec™Z):
1zt Circuit Solutions:
theta3 = 0.554 radians (31.73 degrees),
thetad = 0.918 radians (52.60 degrees),
thetalS = 0.421 radians (24.11 degrees),
thetad = 2.240 radians (128.32 degrees),
omegal = -0.091 rad/sec (-5.20 deg/sec),
omegad = -0.033 rad/sec (-1.88 deg/sec),
omegas = -0.149 rad/sec (-5.52 deg/sec),
omegat = -0.066 rad/sec (-3.77 deg/sec),
alphai = -0.041 rad/sec™Z (-2.35 degifsec*Z),
alphad = 0.046 rad/sec”Z (2.63 deg/sec™2),
alphas = -0.004 rad/sec™Z (-0.25 deg/sec*Z),
alphaé = 0.033 rad/sec*2 [(1.88 degi/sec™Z),

Coupler Point: P1 x = 0.080, Pl ¥ = 0.101,

Pz x = 0.173, Pz _y = 0.058,
Ypl x = -0.001, ¥pl y = -0.005,
Ypz_x = 0.003, VpZz_y = -0.003,
ipl % = -0.004, ipl y = 0.005
Ap2_x = -0,002, Apz_y = 0.004

Znd Circuit Zolutions:

theta3 = 0.554 radians (31.73 degrees),
thetad = 0.918 radians (52.60 degrees),
thetaS = -1.006 radians (-57.62 degrees),
thetas = -2.824 radians (-161.83 degrees),
omegal = -0.091 rad/sec (-5.20 deg/sec),
omegad = -0.033 rad/sec (-1.88 deg/sec),
omegas = -0.057 rad/sec (-3.27 deg/sec),
omegag = -0.140 rad/sec (-5.02 deg/sec),
alphai = -0.041 rad/sec™Z (-2.35 deg/sec*Z),
alphad4 = 0.046 rad/sec*Z (Z.63 deg/sec™Z),
alphas = 0.036 rad/sec™Z (2.07 deg/sec™2),
alphaé = -0.001 rad/sec™Z (-0.06 deg/sec*Z),
Coupler Point: P1_x = 0.108, P1_y = 0.024,
Pz x = 0.133, P2_y = 0.038,
Vpl x = -0.008, Vpl y = 0.003,
Vpz x = 0.003, Vpz_y = 0.00%,
ipl x = -0.001, ipl ¥ = 0.005
Ap2z_x = 0.000, ip2z_y = 0.004

Figure 5.11: Output of web-based Watt (I) sixbar kinematic analysis.
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Jrd Circuit Zolutions:
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@j Done

4th Circuit Solutions:

theta3 = -0.695 radians (-39.83 degrees),
theta4 = -1.059 radians (-60.70 degrees),
theta5 = -0.8458 radians (-45.59 degrees),
thetad = 0.356 radians (20.39 degrees),
omwegal = -0.195 rad/sec (-11.20 deg/sec),
owegad = -0.253 rad/sec (-14.52 deg/=zec),
omegas = -0.134 rad/sec (-7.68 deg/sec),
owegat = -0.184 rad/sec (-10.55 deg/sec),
alphai = -0.172 rad/sec™Z (-9.86 deg/sec*2),
alphad4 = -0.259 rad/sec™2 (-14.84 deg/sec*Z),
alphas = -0.035 rad/sec™2 (-2.01 degi/sec*2),
alphat = -0.315 rad/sec™Z (-15.23 deg/sec™Z),
Coupler Point: P1_x = 0.133, P1_y = -0.009,
Pz x = 0.083, Pz vy = -0.087,
Vpl x = -0.013, Vpl vy = -0.003,
Vpz x = -0.024, VpZ_y = 0.001,
apl x = -0.009, ipl y = -0.000
Ap2z_x = -0.026, ip2z_y = 0.003

theta3 = -0.695 radians (-39.83 degrees),
thetad = -1.059 radians (-60.70 degrees),
thetal = -2.979 radians (-170.70 degrees),
thetad = 2.100 radians (120.3Z degrees),
omegal = -0.195 rad/sec (-11.20 deg/sec),
omwegad = -0.253 rad/sec (-14.52 deg/sec),
omwegas = -0.194 rad/sec (-11.14 deg/sec),
omegag = -0.144 rad/sec (-8.27 deg/sec),
alphai = -0.172 rad/sec™Z (-9.86 deg/sec*2),
alphad4 = -0.259 rad/sec™Z (-14.54 deg/sec™Z),
alphas = -0.377 rad/sec™Z (-21.62 deg/sec™Z),
alphat = -0.094 rad/=sec”2 (-5.39 degizec*2),
Coupler Point: P1_x = 0.02%, P1_y = -0.028,
Pz_x = 0.057, Pz_y = -0.032,
Vpl_x = -0.004, Vpl y = 0.023,
Vp2z x = -0.016, VpZ_y = 0.007,
ipl x = 0.003, Apl ¥ = 0.0Z0
Ap2_x = -0.016, Apz_y = 0.012

0 Inkernet

Figure 5.11: Output of web-based Watt (I) sixbar kinematic analysis (Contd.).
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) Interactive Watt | Six-Bar, Linkage Animation - Microsoft Internet Explorer

File Edit ‘Wiew Favaorites Tools Help ,'

eBack - \_) \ﬂ @ h /:\J Search \;1'\'{Favorites eMedia e} [_\’- .,____\._'_ - _J

1>

Interactive Watt I Six-Bar Linkage Animation

Given the link lengths, thetal, beta3, betad, and the coupler point vectors, the interface below allows the user to obtain an
ammation of the Watt T Swhar inkage.

Uit Type:

Link lengths {m or ft):

rl: |B |1‘2: |4 |1‘3: |1D |1‘P3: 4 |
14: |? |1‘PP4: |9 15: |? |16: |3 |

Mode for all angles (thetal beta3 betad betad betaf):

Coupler Vector{s):

1P5: |4 betaS: |36

1PP6: |5 |heta6: |3U |

Trace: |[F1 ¥

Base and mput angles:
thetal: |1U |hete13: |3U |heta:l: |5U |

Murnber of points:
Eranch Mumber:

@ Done B Internet

3]

Figure 5.12: Web page for Watt (I) sixbar linkage animation.
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&5 http://softintegration.com/cgi-bin /chogi/toolkit /mechanism/sixbar /wattl_ani.ch - Microsoft Inte =] 3]
File Wiew GoTo Favorites Help |
GBack ~ = - () at | Qhsearch [GelFavorites FliMedia ¢4 | Eh- & v % |Links »

Mest I Prew | All | Go | Stop | East I il |
Watt [I] Sixbar
|E:| Ready ’_ l_ l_ |° Unknawn Zone v

Figure 5.13: Snapshot of Watt (I) sixbar animation for branch 1.

5.3 Watt Six-bar (II) Linkage

A Watt (II) sixbar linkage is from two fourbar mechanisms where the output link of the first fourbar is also
the input link of the second fourbar linkage. For the Watt (II) linkage in Figure [5.14] note that there is also

a coupler point located on the floating link of the second fourbar linkage.

Figure 5.14: Watt (II) Sixbar Linkage

5.3.1 Position Analysis

Derivation of the angular positions of the links begin by applying geometry, complex arithmetic and vector
analysis. Thus, the values 03, 84, 0, 07, and 0 can be found. First, the vector equation for the fourbar
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section is written and reduced.

ri+ry = ra+r3 (5.82)
r1e rgeift = pyeif2 4 ogeifs (5.83)
r3ei —ryeift = peif _ el (5.84)

The latest equation has all the unknown quantities on the left-hand side, which can now be solved using the
function complexsolveRR (). Two sets of values for 03 and 64 are found by complexsolveRR ()
where the inputs are 73, —r4, and c3 = z = 7191 — rye?2. Using each set of #’s separately, the angle g
can be found by subtracting the angle v from 64. A similar set of vector equations is derived for the second
fourbar section.

Og = 04— (5.85)

rs+rg = rg+ry (5.86)
rse’® +rge’® = rgel 4 rpet? (5.87)
R e e (5.88)

Again, the latest equation has all the unknown quantities on the left-hand side, which can now be solved us-
ing the function complexsolveRR (). Two sets of values for 87 and 6g are found by complexsolveRR ()
where the inputs are 77, —rg, and ¢c8 = z = rsei® — rget% . Note that angular positions can also be deter-
mined by angularPos (), which is a member function of the Watt (II) sixbar class, CWattSixbarII.
This class is similar to the class CWatt SixbarT, but it specifically handles analysis for a Watt (II) sixbar.

With the given dimensions of the two fourbar linkages, it can be found that four different Watt (II) sixbar
linkages can be assembled from them. This is possible because each fourbar linkage has two geometric
inversions, and the output ranges of the first fourbar linkage intersect with the input ranges of the second
with consideration to the included angle ).

5.3.2 Velocity Analysis

The values of the rotational velocities of the linkage can be found by taking the derivative of position vector
equations of the two fourbar linkages. Taking the derivative of equations (5.84) and (5.88)) gives the vector
velocity equations and (3.90).

03 04

irswse’® — irgw e = —irgwqe'?? (5.89)

67 0s

irswre®” — irgwge®® = —irgwge'® (5.90)

To find the values for ws, w4, wy, and wg, the equations must be multiplied by an e~ term in order to
isolate a particular w; term. Note that wg = w4. Multiplying equation by e~ and e~ will
generate equations (5.91)) and (5.92). After factoring out the ¢ term, the imaginary parts of equations [5.91]
and are separated in order to calculate the angular velocities and (3.94). Rearranging these last
two equations will give the values of w3 and wy (3.93) and (3.96). The terms w; and wg are found in the
same manner as ws and wy. The difference is that the “3” and “4” subscripts are replaced by those of “7”
and “8,” respectively. The equations derived from equation are equations (3.97) through (3.102)).
The angular velocity values for ws, wy, wy, and wg are calculated in member function angularvel ().
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Member function angularVel () can also be used to calculate the angular velocity values for ws, wy, wy,
and wg given the link lengths, their angular positions and angular velocity of the input link.

irgwgei(GS_G“) —irqwy = —iTgwgei(92_94) (5.91)
iryws — ir4(,u4ei(04_93) = —irngei(OQ —03) (5.92)
r3ws sin(93 — 94) = —ToWw? sin(92 — 94) (5.93)
T4W4q Sin(94 — 93) = Tow2 Sin(92 — 93) (594)

ToW?2 Sin(94 — 92)
= — 5.95
ws r3 Sin(94 — 93) ( )

. 1% sin(93 — 92)
Wi T4 sin(93 — 94) (596)

ir7w7ei(97_98) —irgwg = —’iTGWGei(96_98) (5.97)
rrwr — ir8w8ei(es_97) = —iTGWGei(06_07) (5.98)
r7wr sin(97 — 98) = —TgWs sin(96 — 98) (5.99)
rswgsin(fs — 07) = rewesin(fg — 67) (5.100)

or _ T6Ws sin(fs — 6g) (5.101)

r7sin(fs — 67)

reWe sin(97 — 96)
= 102
s rgsin(f; — 6s) (5.102)

5.3.3 Acceleration Analysis

The acceleration relationships of the Watt (II) sixbar linkage can be found by performing the derivatives of
equations and (3.90). Similar to the velocity equations, these derivatives (3.103) and (3.104) are then
multiplied by an e~%% term in order to isolate a particular o ; term. Note that cig = a4. Multiplying equation
(3.103) by e~"+ and e~ will generate equations and (3.106). The real parts of equations
and (5.106) are separated in order to calculate the angular accelerations (5.107) and (5.108]). Rearranging
these last two equations will give the values of a3 and ay and (3.110). The values of a7 and ag are
found in the same manner by performing similar steps on equation (3.104) to get equations (5.111)) through
(3.116). Similar to the w; values, the angular acceleration values can be determined by member function
angularAccel ().

(i3 — w2)r3e® — (iay — w?)rse® = (w3 — iay)ryet (5.103)
(iag — w?)mei‘% — (lag — wg)rgews = (wg — 1'046)7*66216‘3 (5.104)
Ira0y — mwi — irgagei(93_94) + rgwgei(93_64) = z'rgage"(‘gz —01) _ r2w§e"(92 —04) (5.105)
ir4a4ei(94_93) — T4wiei(94_93) —irsas + r3w§ = irgagei(€2_93) — rgwgei(erg?’) (5.106)
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ryagsin(fs — 0y) = —roagsin(fy —0y) — rgwg cos(fs — 0y4) — rgwg cos(f3 — 6y)
+ ryw; (5.107)
raoysin(fy — 03) = roagsin(fy — 03) + r2w§ cos(fy — 03) + rgwg, — 7’4&)3 cos (64 — 65)(5.108)

as = —rows cos(fy — 04) — raan sin(fy — 04) — r3w3 cos(B3 — 04) + 4w} (5.109)
3 r3sin(f3 — 64) ‘

w202 sin(fy — 03) 4 row3 cos(fy — 03) + r3ws — rawj cos(by — 03) (5.110)
4 rysin(6y — 603) ‘

irgag — r8w§ — ir70z7ei(07_98) + r7w$ei(97_98) = irﬁaﬁei(GG_es) — rﬁwgei(e‘i_gs) (5.111)

irgagei(es_‘%) — rgwgei(es_gﬂ —irrar + mw% = irﬁaﬁei(66_97) — rﬁwgei(96_97) (5.112)
rrarsin(fy —0s) = —reagsin(fg — Og) — r6w(25 cos(fg — Og) — 7’7&)3 cos (67 — 63)

+ rgws (5.113)

rgagsin(fs — 07) = reagsin(fg — 07) + T‘ng cos(fg — 67) + 7‘7w$ — rgwg cos(fs — 67)(5.114)

o = —rgwg cos(Bs — Bs) — e sin(fs — 0) — rrws cos(f7 — bs) + rswyi (5.115)
7 r7sin(67 — 6s) ‘

o = 6% sin(fs — 67) + rewg cos(fs — 07) + r7ws — r5wg cos(fs — Or) (5.116)
8 rgsin(fg — 67) .

Problem 1: A Watt (II) sixbar mechanism has the following parameters: r; = 12cm,re =
dem,rg = 12em, 4 = Tem, 5 = Tem, rg = bem, r7 = 8cm, rg = 6¢em, 1 = 10°, 65 = 70°,
05 = —10°, ¢ = 30°, wy = 10°/sec, and ag = 0. Determine the angular accelerations of the
various links for the sixbar linkage.

In order to calculate the angular acceleration values for the Watt (II) sixbar specified in the problem,
each link’s angular position and velocity has to be determined. This can be accomplished by utilizing mem-
ber functions angularPos () and angularVel () of class CWattSixbarII.Then member function
angularAccel () would be used to calculate ag, vy, g, 7, and ag. The solutions to the above problem
are listed below. Program 33 was used to determine these values.

Circuit 1: Angular Accelerations

alpha[3]= 0.007
alpha[4]= 0.012
alphal[6]= 0.012
alpha[7]= 0.001
alpha([8]= 0.010

Circuit 2: Angular Accelerations

alpha([3]= 0.007
alpha[4]= 0.012
alpha[6]= 0.012
alpha[7]= 0.009
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alpha[8]=-0.000

Circuit 3: Angular Accelerations

alpha[3]= 0.019
alpha[4]= 0.014
alpha[6]= 0.014
alpha[7]= 0.009
alpha[8]=-0.003

Circuit 4: Angular Accelerations

alpha[3]= 0.019
alpha[4]= 0.014
alpha[6]= 0.014
alpha[7]= 0.001
alpha([8]= 0.013

5.3.4 Coupler Point Position, Velocity, and Acceleration

The position of the coupler point can be determined by first writing its vector equation (5.117)), which is
then converted to polar form (3.118). Direct substitution of the link lengths and angles previously derived
will give the position of the coupler point. The equations for the coupler point velocity and acceleration
and (5.120), respectively, are simply the first and second derivatives of equation (3.118). Exact
numbers can be determined by substituting known and calculated values into the respective equations. In-
stead of direct calculation, the properties of the coupler point can be found by using member functions
couplerPointPos (),couplerPointVel (),and couplerPointAccel ().

P = ri+rg+r, (5.117)
P = 11 +rge® 4@t (5.118)
P = iTGWG€i€6 + irp(,u7ei(97+ﬁ) (5.119)
P = ir6a6ei€6 — rﬁwgewﬁ + irpa7ei(97+ﬁ) — rpwgei(eﬁﬁ) (5.120)

For a better understanding of how class CWattSixbarII can be used to determine the coupler point
position, velocity, and acceleration, refer to the following problem.

Problem 2: For the Watt (II) sixbar in figure[5. 14 with parameters: | = 12c¢m, ro = 4em, r3 =
12em,ry = Tem,rs = Tem,rg = Sem, ry = 8cm, rg = 6ecm, 1), = Sem, 01 = 10°, O = 70°,
05 = —10°, we = 10°/sec, ag = 0, f = 45°, and ¢ = 30°, determine the position, velocity,
and acceleration of the coupler point.

The solutions for this problem is show below. Program [34] was used to find these values.

P[1] = complex(0.184,0.095)
Vp[l] = complex(-0.004,0.002)
Ap[l] = complex(-0.001,0.000)
P[2] = complex(0.174,0.023)
Vp[2] = complex (-0.002,0.003)

Ap[2] complex (-0.000,0.000)
P[3] = complex(0.082,0.036)
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#include <sixbar.h>

int main() {
CWattSixbarII wattbar;
double r[1:8], theta[l:8],theta_2[1:8],theta_3[1:8],theta_4[1:8];
double omegal[l:8],omega_2[1:8],omega_3[1:8],omega_4[1:8];
double alpha[l:8],alpha_2[1:8],alpha_3[1:8],alpha_4[1:8];
double thetal, thetab;
double psi;
int 1i;

/* default specification of the four-bar linkage */
r(l] = 0.12; r[2] 0.04; r[3] = 0.12; r[4] = 0.07;
r[5] = 0.07; r[6] = 0.05; r[7] 0.08; r[8] = 0.06;
thetal = 10xM_PI/180;

thetab = -10«M_PI/180;

theta[2]=70«M_PI/180;

omega[2]=10+xM_PI/180; /x rad/sec =/

alphal2]1=0; /* rad/sec*xsec «/

psi = 30«M_PI/180;

theta_2[2] = theta_3[2] = theta_4[2] = thetal[2];
omega_2[2] = omega_3[2] = omega_4[2] = omegal2];
alpha_2[2] = alpha_3[2] = alpha_4[2] = alphal2];

wattbar.setLinks (r, thetal, thetab, psi);
wattbar.angularPos (theta, theta_2,theta_3,theta_4);
wattbar.angularVel (theta, omega);
wattbar.angularAccel (theta, omega, alpha);
printf ("\n Circuit 1: Angular Accelerations\n\n");
for (i=3; i<=8; i++) {
1if(1!=5)
printf ("alpha[%d]=%6.3f\n", i, alphalil);
}
wattbar.angularVel (theta_2, omega_2);
wattbar.angularAccel (theta_2, omega_2, alpha_2);
printf ("\n Circuit 2: Angular Accelerations\n\n");
for (1i=3; 1<=8; 1i++) {
if (1!=5)
printf ("alpha[%d]=%6.3f\n", i, alpha_2[i]);
}
wattbar.angularVel (theta_3, omega_3);
wattbar.angularAccel (theta_3, omega_3, alpha_3);
printf ("\n Circuit 3: Angular Accelerations\n\n");
for (i=3; 1i<=8; i++) {
1if(1!=5)
printf ("alpha[%d]=%6.3f\n", i, alpha_3[i]);
}
wattbar.angularVel (theta_4, omega_4);
wattbar.angularAccel (theta_4, omega_4, alpha_4);
printf ("\n Circuit 4: Angular Accelerations\n\n");
for (1i=3; 1<=8; 1i++) {
1if(1!=5)
printf ("alpha[$d]=%6.3f\n", i, alpha_4[i]);

Program 33: Program for computing the individual link’s angular acceleration for the Watt (II) sixbar.
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Vp[3] = complex (-0.000,0.004)
Ap[3] = complex(0.000,-0.000)
P[4] = complex(0.128,0.006)

Vp[4] = complex (-0.003,0.003)
Ap[4] = complex(0.001,-0.000)
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#include <sixbar.h>

int main () {
CWattSixbarII wattbar;

. MULTI-LOOP SIX-BAR LINKAGES

double r[1:8];

double thetal = 10«M_PI/180;

double theta5 = -10+xM_PI/180;

double rp = 0.5, beta = 45x«M_PI/180;

double psi = 30+«M_PI/180;

double theta_1[1:8], theta_2[1:8], theta_3[1:8], theta_4[1:8];
double omega_1[1:8], omega_2[1:8], omega_3[1:8], omega_4[1:8];
double alpha_1[1:8], alpha_2[1:8], alpha_3[1:8], alpha_4[1:8];
double theta2 = 70«xM_PI/180;

double complex p[l:4], vp[l:4], ap[l:4];

int 1i;

r[l] = 0.12, r[2] = 0.04, r[3] = 0.12, r[4] = 0.07;

r[5] = 0.07, «zr[6] = 0.05, r[7] = 0.08, r[8] = 0.06;

omega_1[2] = 10«M_PI/180; /* rad/sec =/

alpha_1[2] = 0; /% rad/secxsec */

theta_1[1] = thetal;

theta_1[2] = theta2; // theta2

omega_2[2] = omega_3[2] = omega_4[2] = omega_1[2];

alpha_2[2] = alpha_3[2] = alpha_4[2] = alpha_11[2];
wattbar.setLinks (r, thetal, thetab, psi);

wattbar.setCouplerPoint (COUPLER_LINK7, rp, beta);
wattbar.angularPos (theta_1, theta_2, theta_3, theta_4);
wattbar.couplerPointPos (COUPLER_LINK7, theta_1[2], p);

/* first solution =/

wattbar.angularVel (theta_1, omega_1l);

wattbar.angularAccel (theta_1, omega_l, alpha_1);

vp[l] = wattbar.couplerPointVel (COUPLER_LINK7, theta_1l, omega_l);
apl[l] = wattbar.couplerPointAccel (COUPLER_LINK7, theta_1l, omega_l, alpha_1l);
/* second solution =*/

wattbar.angularVel (theta_2, omega_2);

wattbar.angularAccel (theta_2, omega_2, alpha_2);

vp[2] = wattbar.couplerPointVel (COUPLER_LINK7, theta_2, omega_2);
apl[2] = wattbar.couplerPointAccel (COUPLER_LINK7, theta_2, omega_2, alpha_2);
/* third solution =/

wattbar.angularVel (theta_3, omega_3);

wattbar.angularAccel (theta_3, omega_3, alpha_3);

vp[3] = wattbar.couplerPointVel (COUPLER_LINK7, theta_3, omega_3);
ap[3] = wattbar.couplerPointAccel (COUPLER_LINK7, theta_3, omega_3, alpha_3);
/+ fouth solution =/

wattbar.angularVel (theta_4, omega_4);

wattbar.angularAccel (theta_4, omega_4, alpha_4);

vp[4] = wattbar.couplerPointVel (COUPLER_LINK7, theta_4, omega_4);
apl[4] = wattbar.couplerPointAccel (COUPLER_LINK7, theta_4, omega_4, alpha_4);

Program 34: Program for computing the coupler point properties using class CWattSixbarII.
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/* print solutions x/

for (i=1; i<=4; i++) {
printf ("P[%d] = %$.3f\n", i, plil);
printf ("Vp[%d] = %.3f\n", i, vpl[il]);
printf ("Ap[%d] = %.3f\n", i, aplil);

}

return 0;

Program 34: Program for computing the coupler point properties using class CWattSixbarII (Contd.).

5.3.5 Input/Output Ranges

Often times, it is desirable to know the input/output ranges of a mechanism. A mechanism’s range of motion
is usually part of the criteria of a design. To determine the possible input/output ranges of the Watt (II) sixbar,
each fourbar portion of the linkage must be considered. The output range of the first fourbar linkage must
intersect the input range of the second fourbar linkage with respect to the included angle ). These ranges
are found by applying Grashof’s Criteria of fourbar-linkage rotability. This is done by applying the member
functions grashof () and getJointLimits () of class CFourbar. These functions will determine
the fourbar linkage type and its consequent input and output ranges. Class CFourbar member function
getJointLimits () will also calculate the input and output ranges of each geometric inversion should
more than one linkage inversion exist.

The possible output range of the first fourbar linkage and the input range of the second linkage is then
compared to find the intersection range. The comparison may run into a little trouble if negative angle values
are compared to positive angle values. For comparison purposes only, all negative range values were made
positive by adding 27 (1 revolution) to prevent any comparison error.

After finding the intersection ranges, the input ranges of the first fourbar linkage and the output ranges
of the second fourbar linkage that corresponds to these intersection ranges can be found. The vector equa-
tions (5.82) and (3.86)) can be solved to find these values. This is accomplished by inputting the necessary
conditions into the function complexsolveRR (). This Watt (II) sixbar linkage has four different pos-
sible input/output ranges. Each input/output range corresponds to one of the possible geometric-inversion
combinations of the two fourbar linkages. The input and output ranges of the Watt (II) sixbar linkage can
also be determined by member function get TORanges () . Its function prototype is as follows,

int CWattSixbarII::getIORanges (double in[1:][:], end[1l:][:]);

where in and end are two-dimensional arrays containing the range of motion for the input and output links
of a Watt (IT) sixbar linkage. As shown in Figure [5.14] the input and output links refer to links 2 and 8,
respectively. Note that if the first fourbar portion is a Grashof Rocker-Rocker, there will exist eight possible
input/output ranges.

Problem 3: Determine all the possible input/output ranges of the Watt (II) sixbar defined in
Problem 1.

If the input/output ranges of a Watt (IT) sixbar is desired, such as in Problem 3, a Ch program like Program[33]
can be used to find these values. After specifying the parameters for the sixbar linkage with memeber
function setLinks (), member function get ITORanges () is called to determine the input/output ranges
of the linkage. For the Watt (II) sixbar defined in Problem 1, there are four possible input/output ranges,
since there are four possible geometric inversions . Thus, variables input and output are defined as
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#include <sixbar.h>

int main ()
{
double r[1:8], thetal[l:8], psi, beta, rp;
double input[1:4]1[2], output[l:4]1[2];
int i, Jj, num_range;
CWattSixbarII wattbar;

/* specifications of the first four-bar linkage x/
r{l] = 0.12; r[2] = 0.04; r([3] = 0.12; r[4] = 0.07;
theta[l] = 10xM_PI/180;

/+ specifications of the second four-bar linkage x/
r[(5] = 0.07; r[6] = 0.05; r[7] = 0.08; r[8] = 0.06;
theta[5] = -10+M_PI/180;

/* adjoining angle x/
psi = 30«M_PI/180;

/% input values =/
theta[2] = 70«M_PI/180;

/* setup Watt (II) sixbar linkage. =*/
wattbar.setLinks (r, thetall], thetal[5], psi);
wattbar.getIORanges (r, theta, psi, input, output);

return 0;

Program 35: Program for determining the input/output ranges of the Watt (II) sixbar defined in Problem 1.

4 x 2 arrays, where the first index refers to the four possible inversions, and the second index corresponds to
the lower and upper range limits for the input/output links. For example, the input/output range for the first
geometric inversion is in[1][0] < 62 < in[1][1] and out[1][0] < O3 < out[1][1]. The results of this program
is shown below.

.591 <= theta2 <=
.593 <= theta2 <=
.724 <= theta2 <=
.718 <= theta2 <=

.911, 0.746 <= theta8 <= 1.808
.911, -2.640 <= theta8 <= -2.873
.040, 2.485 <= theta8 <= 2.430
.040, -2.402 <= theta8 <= -1.405

DN OO
o Oy W W

5.3.6 Animation

Like the other classes for multiloop linkage analysis, class CWattSixbarII has member function
animation () to simulate the motion of a Watt (II) sixbar mechanism. Its function prototype is the same
as those that have already been discussed, which is shown below.

int CWattSixbarII::animation(int branchnum, ...);

Again, argument branchnum specifies the branch number of the Watt (I) sixbar linkage to animate. Pro-
gram [36]is an example program that simulates the motion of the Watt (II) sixbar defined in previous prob-
lem statements. Snapshots of animation for the various branches are shown in Figure 5.151 Note that for
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#include <sixbar.h>

int main() {
/* default specification of the four-bar linkage */
double r[1:8];
r(l] = 0.12; r(2] = 0.04; r(3] = 0.12; r(4] = 0.07;
r[(5] = 0.07; r(6] = 0.05; r[(7] = 0.08; r[(8] = 0.06;
double thetal = 10«M_PI/180, thetab = -10«M_PI/180;
double psi = 30«M_PI/180;
double rp = 0.05, beta = 45xM_PI/180;
double omega2 = 10+«M_PI/180; /* rad/sec =/
double alpha2 = 0; /* rad/secxsec «/
int numpoints = 50;
CWattSixbarII WattSixbar;
WattSixbar.setLinks (r, thetal, thetab, psi);
WattSixbar.setCouplerPoint (COUPLER_LINK7, rp, beta, TRACE_ON);
WattSixbar.setNumPoints (numpoints) ;
WattSixbar.animation (1) ;
WattSixbar.animation (2);
WattSixbar.animation (3);
WattSixbar.animation (4);

Program 36: Program for animating the Watt (II) sixbar linkage.

Program the first argument of member function setCouplerPoint () indicates the position of the
coupler link, which is link 7 in this case.

5.3.7 Web-Based Analysis

Figure shows the main web page for web-based analysis of the Watt (II) sixbar mechanism. The web
pages for analyzing and animating the Watt (IT) sixbar are shown in Figures [5.17] and [5.18] respectively.
Based on the Watt (II) sixbar defined in the problem statement of Problem 2, the result of executing the
analysis of Figure [5.17] is shown in Figure The output of the Watt (II) linkage analysis web page
contains values for the angular positions, velocities, and accelerations of all the links as well as values for
the coupler point position, velocity, and acceleration. Note that the coupler link is assumed to be link 7,
which corresponds to the Watt (II) sixbar figure shown on the web page.

For the animation web page shown in Figure [3.18] Figure shows the output of running the web
page to simulate the motion of Watt (II) sixbar linkage. The output is a snapshot of animation for the first
geometric inversion of the defined mechanism.
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Figure 5.15: Output of Program
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a ¥ratt {II) Sisbar Linkage Analysis - Microsoft Internet Explorer - |EI|5|
File Edit ‘iew Favorites Tools Help |
¢Back -~ = - E) Zat | iQhsearch [(GFavorites lfMedia ¢4 | By & W |Links »

=
- - -
Watt (II) Sixbar Linkage Analysis
. | http://softintegration.com/cgi-binfchegiftoolkit/mechanism/sixbar/. .. |:||§|[z|
File “iew GoTo Favorites Help :'?f
T = i » >3
@ Back - () \ﬂ @ ;j P ! Search “;'J:( Favorites Links
Mext | Prew | All | Go |
Wattll Sixbar
@ Ready #® Unknown Zone
“Watt (II) Swbar Linkage
+ Watt (IT) Sixbar Linkage Analysis
+ Watt (IT) Sixbar Linkage Animation
]
=
|&] pore l_l_l_ |4 Internet Y

Figure 5.16: Main web page for the Watt (II) sixbar.
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) Interactive Watt | Six-Bar Linkage Kinematic Analysis - Microsoft Internet Explorer E”E|g|
File Edit View Favorites Tools  Help i
G Back - </ \ﬂ @ _;\J /.._\J Search ‘{‘\'/ Favorites @ Media {‘} <]~ .,7 - _]

~
. . Vi —~ * . * ; et
Interactive Watt Il Six-Bar Linkage Kinematic Analysis
Given the link lengths, thetal, theta2, thetad, omega2, alpha?, pst, and the coupler point vector, the interface below allows the user to find
the possible input and output ranges of the mechanism, along with the mstantaneous position, velocity, and acceleration of the coupler point
b
Usit Type:
Link lengths {m or )
rl: |12 r2: |4 13: |12 r4: |7
5|7 r6: |5 r7: |8 18: |6
Mode for all angles (beta,thetal theta? theta5,psi): | Degree Mode
Coupler Vector: 1p: |5 |heta: 45 |
Base and input angles:
thetal: |1U |t11e-t212: |?U |theta5: -10 |
Angular velocity and acceleration of linke2:
omegal: |1D ||Degrees,ﬂ'sec ~ | alpha2: |D ||Degrees,-"sec*sec v
Included angle between links 4,5
psi
hd
&] Done B Internet

Figure 5.17: Web page for Watt (II) sixbar kinematic analysis.
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) Interactive Watt Il Six-Bar Linkage Animation - Microsoft Internet Explorer,

File Edit ‘Wiew Favaorites Toaols Help
@ Back - J \ﬂ @ h /.._\J Search ‘:'i'( Favorites @ Media {‘3 <] - L__’; i - _I
Ay
Interactive Watt Il Six-Bar Linkage Animation
Given the link lengths, thetal, theta2, thetad, omega2, alpha2, psi, and the coupler point wector, the interface below allows the
user to obtan an anmation of the Watt I Swbar hinkage.
Uit Type:
Link lengths (m or ft):
012 s fona |01z g oo7
5. |0.07 16: |0.05 7 0.08 18: |0.06
Meode for all angles (betathetal thetad, psi):
Coupler Vector: 1p: |U-U5 |hetﬂ: 45 |
Base and mput angles:
thetal: |1U |tllEt€|5: |‘1 0 |
Tncluded angle between links 4,5:
psi
MNurnber of points:
Branch MNumber:
v
@ Done  Internet

Figure 5.18: Web page for Watt (II) sixbar linkage animation.
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Watt Il Sixbar, Linkage Analysis - Microsoft Internet Explorer,

File Edit View Favorites Tools  Help

"D Back - ] x| = ‘\J ) search
o’ 7

~rd i i £ -
A Favarites @Medla 6- =

|/
d

Watt IT Sixbar Linkage Analysis:

Sixbar Parameters: rl = 0.120, rZ = 0.040, r3 = 0.120, r4 = 0.070,
r5 = 0.070, ré = 0.050, r7? = 0.080, r8 = 0.060;
rp = 0.050, beta 0.785 radians (45.00 degrees):
thetal = 0.175 radians (10.00 degrees),

thetaz = 1.22Z2 radians (70.00 degrees).,

thetaS = —-0.175 radians (-10.00 degrees);

omegaZ = 0.175 rad/sec (10.00 deg/sec):

alphaZ = 0.000 rad/sec*2 (0.00 deg/sec™Z):

psi = 0.524 radians (30.00 degrees);

oo

1=t Circuit Solutions:
theta3 = 0.459 radians (26.31 degrees),
thetad = 1.527 radians (87.48 degrees),
thetat = 1.003 radians (57.45 degrees),

theta? = -0.094 radians (-5.41 degrees),
thetad = 0.894 radians (51.21 degrees):
omegad = -0.020 rad/sec (-1.14 deg/sec),
omegad = 0.073 rad/sec (4.51 deg/sec),
omegag = 0.079 rad/sec (4.51 deg/sec),
omega? = 0.006 rad/sec (0.37 deg/sec),
omegad = 0.070 rad/sec (4.00 deg/sec):
alphai = 0.007 radssec”Z (0.41 deg/sec™2),
alphad4 = 0.012 rad/sec*2 [(0.67 deg/sec™Z),
alphaé = 0.012 rad/sec*2 (0.67 degi/sec™Z),
alpha? = 0.001 rad/sec*2 (0.07 degi/sec™Z),

alphad = 0.010 radfsec”Z (0.558 deg/sec™2):
Coupler Point: Px = 0.134, Py = 0.095,
Vpx = -0.004, Vpy = 0.002,
Apx = -0.001, Apy = 0.000

Znd Cirecuit Solutions:
theta3 = 0.459 radians (26.31 degrees),
thetad = 1.527 radians (57.48 degrees),
thetasd = 1.003 radians (57.48 degrees),

theta? = -1.729 radians (-99.08 degrees),
thetad = -2.718 radians (-155.71 degrees);
omegal = -0.020 rad/sec (-1.14 deg/sec),

omegad = 0.079 rad/sec (4.51 deg/sec),
omegaé = 0.079 rad/sec (4.51 deg/sec),
omega? = 0.032 rad/sec (1.85 deg/sec),
omegad = -0.031 rad/sec (-1.79 deg/sec):
alphai = 0.007 rad/sec*2 (0.41 deg/sec™Z),
alphad4 = 0.012 rad/sec*Z (0.67 deg/sec™Z),
alphaf = 0.012 rads/sec™Z (0.67 deg/sec™Z),
alpha? = 0.009 rad/sec”Z (0.51 deg/sec™2),

alphad = -0.000 rad/sec™Z (-0.00 deg/sec*Z):
Coupler Point: Px = 0.174, Py = 0.023,
Vpx = -0.00Z, Vpy = 0.003,
Apx = -0.000, ipy = 0.000

Figure 5.19: Output of web-based Watt (II) sixbar kinematic analysis.
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drd Circuit Solutions:
thetad = -0.777 radians (-44.52 degrees),
thetad = -1.845 radians (-105.70 degrees),
thetasd = -2.368 radians (-135.70 degrees),
theta? = 0.800 radians (45.85 degrees),
thetad = 2.526 radians (144.74 degrees):
omegal = -0.005 rad/sec (-0.29 deg/sec),
omegad = -0.104 rad/sec (-5.93 deg/sec),
omegaté = -0.104 rad/sec (-5.93 deg/sec),
omega? = -0.064 rad/sec (-3.69 deg/sec),
omegad = -0.002 rad/sec (-0.13 deg/sec):
alphai = 0.019 rad/sec*2 (1.07 degi/sec™Z),
alphad4 = 0.014 rad/sec*Z (0.51 deg/sec™Z),
alphat = 0.014 rads/sec™Z (0.51 deg/sec™2),
alpha? = 0.009 rad/sec*2 (0.54 deg/sec™Z),
alphad = -0.003 rad/sec™Z (-0.18 deg/sec*Z):
Coupler Point: Px = 0.082, Py = 0.036,
Vpx = -0.000, Vpy = 0.004,
Apx = 0.000, Apy = -0.000
4th Circuit ZJolutions:
theta3 = -0.777 radians (-44.52 degrees),
thetad4 = -1.845 radians (-105.70 degrees),
thetat = -2.368 radians (-135.70 degrees),
theta? = -0.372 radians (-21.32 degrees),
thetad = -2.0958 radians (-120.21 degrees):
omegad = -0.005 rad/sec (-0.29 deg/sec),
omegad = -0.104 rad/sec (-5.93 deg/sec),
omegag = -0.104 rad/sec (-5.93 deg/sec),
omega? = -0.017 rad/sec (-1.00 deg/sec),
omegad = -0.080 rad/sec (-4.56 deg/sec):
alphai = 0.019 rad/sec”Z (1.07 deg/sec™2),
alphad4 = 0.014 rad/sec*2 (0.851 degi/sec™Z),
alphaé = 0.014 rad/sec*2 (0.851 degi/sec™Z),
alpha? = 0.001 rad/sec*Z (0.04 deg/sec™Z),
alphad = 0.013 rads/sec™Z (0.75 deg/sec™Z):
Coupler Point: Px = 0.125, Py = 0.0068,
Vpx = -0.003, Vpy = 0.003,
Apx = 0.001, Apy = -0.000
v
&] Done D Internet
Figure 5.19: Output of web-based Watt (II) sixbar kinematic analysis (Contd.).
xbar /wattII_ani.ch - Microsoft In — |I:||5|
File Wiew GoTo Favorites Help
‘= Back = = - @ at | @Search [#] Favorites @Media ® | %v = - @ |Links >
Mext I Prev | All | Go | Stop | Fast I Slavy |
Wattll Sixbar
|E:| Ready l_l_l_lc Unknawn Zone v

Figure 5.20: Snapshot of Watt (II) sixbar animation for branch 1.
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5.4 Stephenson Six-bar (I) Linkage

A Stephenson (I) mechanism composed of a fourbar linkage and a restricted moving fivebar linkage is shown
in Figure The rigid-body input and output links of fourbar linkage are also the moving links of the
fivebar linkage, thus the inputs and outputs of the two linkages are related.

X

Figure 5.21: Stephenson (I) Sixbar Linkage

5.4.1 Position Analysis

By applying geometry, complex arithmetic and vector analysis, the angular positions 63, 8,4, 05, and ¢ can
be found. From vector analysis, we find that there are two sets of loop equations that will solve the system.
Each of these sets of loop equations will generate the same answers. Both sets of loop equations will be
derived in the discussion. The next step is to write and reduce the vector equations (5.121)-(5.123) of the
fourbar linkage.

ri+ry = ro+rsg (5.121)
rie frge® = rpe® 4 pge™® (5.122)
r3e® —rge® = e — ryet® (5.123)

The last equation has all the unknown quantities on the left-hand side, which can now be solved using the
function complexsolveRR (). Two sets of values for 63 and 6, are found by complexsolveRR ()
where the inputs are r3, —r4, and c¢3 = z = r1€'1 — roe?®. The angles 65, 6%, 6/}, and 0] can be found by
subtracting the various unknown angles 3, 5’, and 5" from the 's.
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5 = Bat By (5.124)
Bl = B (5.125)
0, = 6+ ) (5.126)
0, = 04— 5, (5.127)
05 = 0y+ 3 (5.128)
0] = 0, —p] (5.129)

Now, we proceed to a second loop equation to find the values of 05 and 6. We have a choice of which fivebar
linkage to use in this vector equation. The two possible equations are given in equations (3.130) and (5.131).
The derivations of these two different equations to solve for the angles of links 5 and 6 are very similar, so
we will proceed deriving the first one in its entirety (positions, velocities, and accelerations) for now and
briefly go over the second later. Let’s start by translating equation (5.130Q) into its polar form (5.132)). After
doing this, we identify the unknown terms and isolate them to one side of the equation (3.133). With
the two unknowns on the left-hand side of the equation, the polar equation can be solved by the function
complexsolveRR (). The inputs for complexsolveRR () are: 15, g, and ¢§ = rlewl — 7’%6“’4’l +
rflewil. There are two sets of values for 65 and g solved for each of the two 64’s which totals four sets of
values. The values of 05 and g, along with 63 and 6,4 are solved by the member function angularPos ()
of the Stephenson (I) sixbar class, CStevSixbarI. This function incorporates the process mentioned
above.

rh+r5+rs = r1+71) (5.130)

ry+r5+rs = r3+ry (5.131)

réewé + 7"56"95 + 7‘66"96 = rlewl + rﬁlei‘% (5.132)
r5e® 4+ rget® = e — rhel® 4 et (5.133)

5.4.2 Velocity Analysis

The values of the angular velocities of the floating links 5 and 6 can be found through equations (5.123)) and
(5.133). Taking the derivative of equations (3.123) and (3.133) gives the vector velocity equations (3.134)
and (5.133). Note that w), = wy and w) = wy.

irswse’® — irgwget® = —irgwqe'®? (5.134)

ir5w5ei95 + irﬁwﬁei‘% = —’iT‘éLUQGiGIQ + 7:7'20&)467;6‘1 (5.135)
To find the values for ws, wy, ws, and wg, the equations must be multiplied by an e~ term in order
to isolate a particular w; term. Multiplying equation (5.134) by e~1 and e~ separately will generate
equations and (3.137). These equations have the exponential product term eliminated from the w3
and wy terms. The imaginary ¢ term can be factored out of the equation also. After factoring out the ¢
term, the imaginary parts of equations and are separated in order to calculate the angular
velocities (3.138)) and (3.139). Rearranging these last two equations will give the values of w3 and wy
and (3.141). Knowing these values, we can then find ws and wg. Again, we want to eliminate the exponential
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term to isolate the w’s, so equation (3.133)) is multiplied by e %% and e~%5 separately to generate equations
and (3.143). The terms ws and wg are found by isolating the imaginary parts of equations
and (3.143). Since all terms in equations (3.142) and (3.143)) have a common imaginary term, this term can
be factored out from both sides resulting in equations without the ¢ term in the product. The imaginary parts
are given in equations (3.144) and (5.143)). Using these last two equations, we can isolate and solve for ws

and wg (3.146) and G.147).

irgwgei(93_94) —irawy = —irngei(ez_e“) (5.136)
irqws — irgwae’P170) = irow,et(®2703) (5.137)
r3ws Sin(93 — 94) = —ToWw2 Sin(92 — 94) (5138)
T4y sin(94 — 93) = ToWw2 sin(92 — 93) (5.139)

ToW?2 sin(94 — 92)
= — .14
ws r3 sin(94 — 93) (5 0)

o ToW2 Sin(93 — 92)
we = T4 sin(93 — 94) (5'141)

z'r5(,u5ei(95_96) + irgwg = —iréc@ei(%_eﬁ) + irﬁlw4ei(9£¥_€6) (5.142)
irsws + irﬁwﬁei(96_95) = —iréwgei(gé —0s) 4 irflw4ei(9£l_95) (5.143)
rswssin(fs — 0g) = —rhwasin(0h — Og) + riwssin(0) — Og) (5.144)
rewgsin(fg — 05) = —rhwosin(0h — 05) + rywssin(0) — 05) (5.145)

~—

—rhwy sin(0y — Og) + rjws sin(0) — Og)

_ 5.146

W5 r5sin(f5 — 6g) ( )
—rhwy sin(0y — 05) + rjws sin(0) — 05)

_ 147

“6 r¢ sin(fg — 65) © )

The values for ws, wy, ws, and wg are solved by member function angularvel (). Note that ws and wg
are independent of ws for this particular loop equation (5.130). However, this will not be the case if the
second loop equation (3.131)) was used instead.

5.4.3 Acceleration Analysis

The angular accelerations of the floating links are found by differentiating the angular velocity equations
(3134) and (3.133). Similar to the velocity equations, these derivatives (3.148)) and are then multi-
plied by an e~*% term in order to isolate a particular a; term. Note that oy = v and o = as. Multiplying
equation (5.148) by e~ and e~ will generate equations and (3.157). The real parts of equa-
tions (5.150) and (5.151)) are separated in order to calculate the angular accelerations (5.152)) and (5.133).
Rearranging these last two equations will give the values of a3 and oy and (3.133). To find the
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angular accelerations of links 5 and 6, we multiply equation [5.149] by e~/ and ¢~ separately (5.156)) and
(3137). The terms as and o are then found by isolating the real parts of equations (3.136) and (5.137).
The real parts are given in equations (5.158) and (5.159). These last two equations are rearranged to solve
for a5 and ag and (3.161). The values for as, a4, a5, and ag are solved by member function
angularAccel (). Similar to the angular velocities, note that a5 and ag are independent of a3 for this
loop equation.

(iaz — w3)r3e®® — (iay — wrse®™ = (w3 — iag)rye'® (5.148)

(ias — w)rse® + (iog — wdrge® = —(iag — wd)rhe® + (ig — w)rhe®s  (5.149)

ir4Qy — TAws — irgase@=01) 4 pg w3 20i03=02) = jpoqei(f2—04) _ r2w2el(€2 1) (5.150)

irgoyet®a03) _ ) w2e’(04 03) _ irsag + rgwg = irgage’®2=03) _ w2e’(62 03) (5.151)
rgagsin(fs —0y) = —roagsin(fy —0y) — rgwg cos(fs — 0y) — rgwg, cos(f3 — 6y)

+ rws (5.152)

raoysin(fy — 03) = roagsin(fy — 03) + r2w§ cos(fy — 03) + rgwg, — 7’4%% cos(f4 — 63)(5.153)

o = —row3 cos(fg — 04) — roan sin(fy — 0,) — r3w? cos(f3 — 0,) + ryw? (5.154)
3 r3 Sin(93 — 94) '

o = T2 sin(fy — 03) + row3 cos(f2 — 03) + rswd — raw? cos(fy — O3) (5.155)
4 rysin(6y — 603) .

(ir5a5 - T5W52,)€i(05_66) + irgag — 7’60.)% = —(iréa2 — Téw%)ei(eé_eﬁ)
+ (iryoy — rhw?)el(%a=06) (5.156)
rso — 7‘5w§ + (irgag — rﬁwg)ei(€6_95) = —(irhog — rhwd)e i(03=05)
+ (iryoy — rhw?)el(0a=05) (5.157)
—rsassin(fs — 0g) — 5w cos(fs — Og) — rews = rhagsin(fy — Og) + rhw? cos(6y — b)
— rhaysin(0y — 6)
— rhw? cos(0) — ) (5.158)
—rswi — reagsin(fg — 05) — rews cos(f — 05) = rhagsin(fy — 05) + rhws cos(0y — O5)
— rhaysin(0) — 05)
— rhw? cos(0) — 05) (5.159)
o - —rhag sin(@h — 0g) — rhw3 cos(0h — ) + iy sin(f) — )
> Trs Sin(95 — 96)
n rhw3 cos(0 — ) - r5w? cos(f5 — ) — rewd (5.160)
r5sin(f; — 6g)
- —rhag sin(@h — 05) — rhw3 cos(0h — 05) + rhaysin(f) — 05)
6 = Te sin(@G — 95)
rhw3 cos(0y — 05) — rsw? — rew? cos(fg — 05) (5.161)

resin(fg — 65)
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If we had chosen equation (3.131)) as our second loop equation, the derivations for the link properties of
links 5 and 6 would differ from those derived from equation by having extra terms relating to link
3. These extra terms exist because link 3 is a moving link whereas link 1 in equation (3.130)) is stationary.
The velocity and acceleration terms for link 1 are equal to zero, so they drop out of the derivation. Also
similar to the first loop equation, the terms w7 and o in the second loop equation are equal to w; and
«aj, respectively. Equations and (3.163) are the position derivations of the second loop equation,
equations (5.164) through (3.17Q) are the velocity derivations, and equations (3.171)) through (5.177) are the
acceleration derivations. The answers calculated by using the second loop equation would the same as those
calculated using equation (3.130).

N 4
rh €03 4 rge® 4 rgel® = rget® 4 et (5.162)
N 4
7’56“95 + 7‘66“96 = 7’56262 + 7’36293 + r’ ! o104 (5.163)
. . . . . N . . o
irswse'® + irgwee’® = —zré’wzew? + irswse’ + ZT’ZW4€Z€4 (5.164)
. (0= — . . (0! — . 1 (02 — . (0" —
irswse’#06) 4 irew = —zrgwgeZ(OQ 06) 4 jrqwset@3=06) 4 zrgw4e’(94 %) (5.165)
. 1 . (ol _
irsws + irgwge’ U06=05)  — —zré’wzel(e %) 4 ir3wse’ U0s—05) 4 ZT‘ZW4€Z(94 %) (5.166)

rswssin(fs — 0g) = —rhwesin(0) — 0g) + r3ws sin(f3 — 0g) + riwssin(0) — ) (5.167)
rewgsin(fg — 05) = —rhwesin(0y — 05) + r3wssin(f3 — O5) + riwysin(@) — 05)  (5.168)

o = —rywasin(fy — bs) + raws sin(f3 — ) + rjwa sin(6y — ) (5.169)
5 r5sin(f5 — 6g) ‘

oo = rawzsin(93 —0s) + rawssin(6s — 05) + rjwsin(@y — 05) (5.170)
6 r¢ sin(fg — 65) .

(ias — w2)rse® + (iag — wdrge® = —(iog — w2z + (iag — w3)rze’
+ (g — wd)rll e (5.171)
(irsos — rsw?)el®=9) 4 irgag — rewd = —(irfoy — riwd)e! % =%) 4 (irgag — rywd)ei(?3—%)
+ (irf o — rlwd)elli=0) (5.172)
irsos — 7‘5(4.)% + (z’rGaG — r6w§)ei(96—95) — (27’2 o — Té’w%) (05 —05) + (iT3a3 _ rgwg’)ei(eg—es)
+ (irfay — 1fw?)e0i=05) (5.173)
—rsazsin(fs — 0g) — rsw? cos(05 — 0g) — rewiz = rhagsin(0y — 0g) + riws cos(9 — 0g)

— rgagsin(fz — Og) — raws 2 cos (63 — 0)

— riaysin(0] — 6)

— rw? cos(6] — 65) (5.174)
—rswi — reagsin(fg — 05) — rewa cos(fg — 05) = rhagsin(fy — 05) + rhws 005(02 —05)

— rgagsin(fz — 05) — raws 2 cos (63 — 65)
— riaysin(0] — 65)
— w3 cos(6] — 05) (5.175)
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a5

a6

—rlagsin(0) — 0g) — rhw3 cos(0y — 0g) + r3asz sin(fs — 0g) + raw3 cos(f3 — )

75 sin(05 — Og)
riaysin(0] — 0g) + rjw? cos(0] — 0g) — rsw? cos(f5 — O) — rew?

17
r5sin(f; — 6g) (5.176)

—rlagsin(0) — 05) — rhw3 cos(0y — 05) + rsaszsin(fs — 05) + rsw3 cos(f3 — 05)

¢ sin(0g — 05)
oy sin(] — 05) + riwi cos(0) — 05) — rsws — rewa cos(fg — 05)

177
resin(fg — 65) -177)

Problem 1: Consider a Stephenson (I) sixbar linkage with the following parameters: r; =
12¢cm,ry = 4em,rhy = 6em,rs = 12em,ry = Tem,ry = 10em,rs = 1lem,rg = 9em,
61 = 10°, 2 = 70°, we = 10°/sec, ag = 0, 85 = 15°, and Bj = 30°. Determine the angular
acceleration of the various links of the sixbar.

The solution to the above problem is Program[37l This program utilizes class CStevSixbarT to solve
the problem. The results are listed below. Note that the units for the angular accelerations are rad/sec?.

Solution
alpha3 =
alphab

Solution
alpha3 =
alphab

Solution
alpha3 =
alphab

Solution
alpha3 =
alphab =

Set #1:
0.007, alpha4 = 0.012,
0.010, alpha6 = 0.015

Set #2:
0.007, alpha4 = 0.012,
0.014, alpha6t = 0.009

Set #3:
0.019, alpha4 = 0.014,
0.023, alpha6 = 0.028

Set #4:
0.019, alpha4d4 = 0.014,
0.025, alpha6 = 0.020
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#include<sixbar.h>

int main ()
{
double r[l:6];
double thetal[l:4][1:6], omega[l:4][1:6], alpha[l:4][1:6];
double thetal, theta2, omega2, alpha2;
double rp2, rp4, betaP2, betaP4, rp, delta;
CStevSixbarI stevbar;
int 1i;

/+ Specifications for the Stephenson I sixbar linkage. x/
r[(l] = 0.12; «r[2] = 0.04; «r[3] = 0.12; «r[4] = 0.07; «r[5] = 0.11; «r[6] = 0.09;
rp2 = 0.06; rp4 = 0.10;

thetal = 10«xM_PI/180; theta2 = 70xM_PI/180;
betaP2 = 15«M_PI/180; betaP4 = 30«M_PI/180;
rp = 0.05; delta = 30«M_PI/180;
omega?2 = 10+M_PI/180; /* rad/sec =*/
alpha2 = 0; /+ rad/sec”2 %/
for(i = 1; 1 <= 4; i++)
{
theta[i] [1] = thetal; thetal[i][2] = theta2;

omegali] [2] omegal2; alphali][2] alpha2;

/+ Perform analysis. =/
stevbar.setLinks (r, rp2, rp4, betaP2, betaP4, thetal);
stevbar.angularPos (theta[l], theta[2], theta[3], thetal[4]);
stevbar.angularVel (theta[l], omegall]);
stevbar.angularVel (theta[2], omegal[2]);
[ 1)
)

’

stevbar.angularVel (theta[3], omegal[3
stevbar.angularVel (theta[4], omegal[4]);
stevbar.angularAccel (theta[l], omegal[l], alphall]
stevbar.angularAccel (thetal[2], omega[2], alphal2]
stevbar.angularAccel (theta[3], omegal[3], alphal[3]
stevbar.angularAccel (theta[4], omegal[4], alphal4]

’

’

)
) r
)
)
/* Display the results. */
for(i = 1; i <= 4; i++)
{
printf ("Solution Set #%d:\n", i)
printf ("\talpha3 = %.3f, alpha4
printf ("\talphab5 = %.3f, alpha6 =

o~

o° o

.3f,\n", alphali][3], alphal[i][4]);
.3f\n\n", alpha[i][5], alphal[i][6]);

|
o o

return 0;

Program 37: Program for computing a3, ay, a5, and ag using class CStevSixbarI.
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5.4.4 Coupler Point Position, Velocity, and Acceleration

The vector equation for the coupler point, P, in Figure [5.21]is shown as equation (5.178]). Rewriting this
equation into polar form results in equation (3.179). Thus, given the required link lengths and 6’s, the
coupler point position can easily be determined. Likewise, one can find the coupler point velocity and
acceleration by taking the derivatives of equation and substituting the required values. The equations
for the coupler point velocity and acceleration are listed as equations (5.180) and (5.181), respectively.
Member functions couplerPointPos (), couplerPointVel (), and couplerPointAccel ()
utilizes equations (5.179)-(5.181)) to determine the coupler point properties. Thus, one can use these member
functions to determine the coupler point position, velocity, and accelerartion instead of the derived equations.

= rh+r5+r1, (5.178)

P = 1Pt 4 pget? g ei6t0) (5.179)

P = iréwgei(eﬁﬁé) +irswse'® + 'L.TPW6€7:(96+6) (5.180)
P = iréagei(92+ﬁé) — réw%ei(eﬁﬁé) + ir5a5ei€5 — 7’5w§ei95

+ irpaget @) — g 2ei%+9) (5.181)

As an example, consider the following problem.

Problem 2: Given r, = 5cm and 6 = 30°, determine the coupler point position, velocity, and
acceleration of the Stephenson (I) sixbar shown in Figure 5.21]

The above problem can easily be solved if class CStevSixbarT is utilized. It contains the necessary
member functions to calculate all the coupler point properties. Additionally, all the intermediate steps, such
as calculating the links’ angular positions, can be handled by this class. Below are the solutions for this
problem, which was calculated by Program [38]

Solution Set #1:

P = complex(0.122,0.086)

Vp = complex(-0.007,0.006)
Ap = complex(-0.001,-0.001)
Solution Set #2:

P = complex(0.136,0.144)

Vp = complex(-0.009,0.002)
Ap = complex(-0.002,-0.000)
Solution Set #3:

P = complex(0.003,-0.019)
Vp = complex(-0.010,0.004)
Ap = complex(0.001,-0.002)
Solution Set #4:

P = complex(0.096,-0.031)
Vp = complex(-0.007,0.008)
Ap = complex(0.001,0.001)

5.4.5 Animation

Member function animation () of class CStevSixbarI with function prototype

int CStevSixbarI::animation (int branchnum, ...);
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#include<sixbar.h>

int main ()

{
double r[l:6];

double thetal[l:4][1:6], omega[l:4][1:6], alpha[l:4][1:6];
double thetal, theta2, omega2, alpha2;
double rp2, rp4;
double betaP2, betaP4, rp, delta;
double complex P[1:4], Vp[l:4], Ap[l:4];
CStevSixbarI stevbar;
int 1i;
/+ Specifications for the Stephenson I sixbar linkage. x/
r(l] = 0.12; «=r[2] = 0.04; r(3] = 0.12; r(4] = 0.07;
r[5] = 0.11; «r[6] = 0.09;
rp2 = 0.06; rp4 = 0.10;
thetal = 10«xM_PI/180; theta2 = 70xM_PI/180;
betaP2 = 15«M_PI/180; betaP4 = 30«M_PI/180;
rp = 0.05; delta = 30«M_PI/180;
omega2 = 10«M_PI/180; /* rad/sec */
alpha2 = 0; /+ rad/sec”2 %/
for(i = 1; 1 <= 4; i++)
{
theta[i] [1] = thetal; thetal[i][2] = theta2;
omegal[i] [2] = omega2; alphal[i]l[2] = alpha2;
}
/* Perform analysis. =/
stevbar.setLinks (r, rp2, rp4, betaP2, betaP4, thetal);
stevbar.setCouplerPoint (COUPLER_LINK6, rp, delta);
stevbar.angularPos (theta[l], theta[2], theta[3], thetal[4]);
stevbar.angularVel (theta[l], omegal[l]);
stevbar.angularVel (theta[2], omegal2]);
stevbar.angularVel (theta[3], omegal[3]);
stevbar.angularVel (theta[4], omegal[4]);
stevbar.angularAccel (thetal[l], omegall], alphall]);
stevbar.angularAccel (thetal[2], omegal[2], alphal2]);
stevbar.angularAccel (theta[3], omegal[3], alphal3]);
stevbar.angularAccel (thetal[4], omegal4], alphal4]);

Program 38: Program for computing the position, velocity, and acceleration of the coupler point using class

CStevSixbarlI.
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/* Determine coupler point properties. x/
stevbar.couplerPointPos (COUPLER_LINK6, thetaz2, P);
for(i = 1; 1 <= 4; i++)
{
Vp[i]
Ap[i]

stevbar.couplerPointVel (COUPLER_LINK6, theta[i], omegalil]);
stevbar.couplerPointAccel (COUPLER_LINK6, thetal[i], omegalil],
alphalil);

}

/+ Display the results. */

for(i = 1; 1 <= 4; i++)

{
printf ("Solution Set #%d:\n", i);
printf("\t P = %.3f\n", P[i]);
printf ("\t Vp $.3f\n", Vpl[i]
printf ("\t Ap = %$.3f\n", Ap[i]

}

)
)

7
7
return 0;

Program 38: Program for computing the position, velocity, and acceleration of the coupler point using class
CStevSixbarI (Contd.).

can be used to simulate the motion of a Stephenson (I) sixbar linkage. For the Stephenson (I) sixbar mech-
anism defined in earlier problem statements, with the coupler link being link 6, Program [39| can be used to
simulate its motion. Snapshots of animation for the four possible geometric inversions are shown in Fig-
ure 3.221 Note that if the fourbar portion of the sixbar linkage was a Grashof Rocker-Rocker, the possible
number of geometric inversions would be 8, not 4.

5.4.6 Web-Based Analysis

Analysis of the Stephenson (I) sixbar linkage can also be performed through the world wide web. Figure[3.23]
is the main web page for analyzing the Stephenson (I) sixbar. Figure shows the internet web page used
for kinematic analysis of the sixbar mechanism discussed in this section. Figure shows the result of
using the web page of Figure to analyze the Stephenson (I) sixbar linkage defined in the problems
above.

For animating the Stephenson (I) sixbar linkage, the web page shown in Figure[3.26]can be used. Similar
to the other web pages for simulating the motion of linkage mechanisms, this page requires of the input of
parameters to define the Stephenson (I) sixbar. The number of animation frames to generate as well as the
branch number may also be specified. Again, using the parameters defined in previous examples, Figure[5.27]
shows an instant of animation for one branch of the Stephenson (I) sixbar mechanism.

153



CHAPTER 5. MULTI-LOOP SIX-BAR LINKAGES
5.5. STEPHENSON SIX-BAR (11I) LINKAGE

#include <sixbar.h>

int main() {
/* default specification of the StevesonI linkage x/
double r[l:6];
r(l] = 0.12; r(2] = 0.04; r(3] = 0.12;
r(4] = 0.07; r[(5] = 0.11; r(6] = 0.09;
double thetal = 10«M_PI/180;
double rp2 = 0.06, rp4 = 0.10;
double betaP2 = 15«M_PI/180, betaP4 = 30«M_PI/180;
double rp = 0.05, delta = 30«M_PI/180;
double omega2=10+«M_PI/180; /x rad/sec =/
double alpha2=0; /* rad/secxsec */
int numpoints =50;
CStevSixbarI StevSixbar;

StevSixbar.setLinks (r, rp2, rp4, betaP2, betaP4, thetal);
StevSixbar.setCouplerPoint (COUPLER_LINK6, rp, delta, TRACE_ON);
StevSixbar.setNumPoints (numpoints) ;

StevSixbar.animation (1) ;

StevSixbar.animation (2);
StevSixbar.animation (3);
StevSixbar.animation (4)

’

Program 39: Program for animating the Stephenson (I) sixbar linkage.

5.5 Stephenson Six-bar (III) Linkage

A Stephenson (III) mechanism is composed of a normal fourbar linkage and a restricted moving fourbar as
shown in Figure Similar to a Watt (II) sixbar, the output link of the first fourbar linkage, 4, becomes
the input link of the second fourbar linkage. The limited motion of the fourth link results in the restrictive
motion of the second fourbar.
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Figure 5.22: Output of Program
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a Stephenson {I} Sixbar Linkage Analysis - Microsoft Internet Explorer - |EI|5|
Fil=  Edit ‘iew Favorites Tools Help |
Back ~ = - B ot | Qhsearch [(GFavorites iMedia (4 | B S B - e |Links »

=
- - -
Stephenson (I) Sixbar Linkage Analysis
e | http://softintegration.com/cgi-binfchcgiftoolkit/mechanism/sixbar/... |:||§|[z|
File VYiew GoTo Favorites Help ?f
- o 53 3
@ Back - \J \ﬂ @ ;\J 7 ) Search WFavorites Links
Mext | Prew | All | Go |
Stephenson{Six-barl
@ Ready ® Unknown Zone
Stephenson (I) Stbar Linkage
+ Stephenson (T) Sixhar Linkage Analysis
» Stephenson (T) Sixbar Linkage Animation
= 0]
[ ]
|&] pore l_l_’_ | mternet v

Figure 5.23: Main web page for the Stephenson (I) sixbar.
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2 Interactive Stephenson I/ Six-Bar Linkage Kinematic Analysis - Microsoft Internet Explorer

File Edit Wiew Favorites Tools Help

eBack - 4 \ﬂ \Ehl _l\J /.._\JSearch ‘i'\'/ Favorites @Media {‘} <]~ .,'_7 - ]

EEX
4:

Interactive Stephenson I Six-Bar Linkage Kinematic
Analysis

Given the link lengths, thetal, theta?, betaP2, betaPd, omega?, alphaZ, the mterface below allows the user to find the mstantaneous
posttion, velocity, and acceleration of the links.

Uit Type:

Link lengths (m or ft):
rl: |12 12: |4 |1‘P2: 6 13|12
14 |7 1P4: |1U |1'5: 11 16: |9
Mode for all angles (betaP2 betaP4, thetal theta2):
Coupler Vector:
P |5 |[ll?1tf<'l: 20 |

Base, mput and ngid body angles:

thetal: |1D |the-tz12: |?D ||Jetﬂ]?2: |15 |hetﬂP4:

Angular velocity and acceleration of link2:

omegal: |1U ||Degrees,’sec ~

alphal: |D || Degrees/sec*sec v|

@ Done 8 Internet

Figure 5.24: Web page for Stephggson (I) sixbar kinematic analysis.
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nkage Analysis - Microsoft Internet Explorer,

CHAPTER 5. MULTI-LOOP SIX-BAR LINKAGES

thetal

thetas
thetat
omegad
omegad
omegas

alphad
alphad
alphakb

thetal

thetal
thetab
omegad
omegad
omegas

alphad

alphad

thetad =

omegas =

omegat = 0

= 0.
alphad = 0
alphaS = 0

alphag =
Coupler Point:

Coupler Point:

1=t Circuit Solutions:

0.459 radians
1.527 radians
-0.206 radians
0.855 radians
-0.020 rad/sec
0.079 rad/sec
0.052 rad/sec
-0.039 rad/sec
0.007 rad/sec”
0.012 rad/sec*
0.010 rad/secs”
0.015 rad/sec”
Px o.1
Vpx -0
Apx -0

Znd Circuit Solutions:
= 0.459
thetad =

radians
1.527 radians
0.738 radians
-0.324 radians
-0.020 rad/sec
0.079 rad/sec
-0.027 rad/sec
.064 rad/sec
007 rad/sec’
.012 rad/sec”
.014 rad/sec*
0.009 rad/sec”
Px o.1
Vpx = -0
Apx -0

File Edit Wiew Favorites Tools Help 1.
- . — n N
GBack - \ﬂ \Ehl _'\J 7 ! Search 5 '/ Favorites @Media @f ==
A

Stevenson I Sixbar Linkage Anal
Sixbar Parameters: rl = 0.120, r2 = 0.040, rp2 = 0.060, r3 = 0.120,

r4 = 0,070, rp4 = 0.100, r5 = 0.110, r6 = 0.0590;

thetal = 0.175 radians (10.00 degrees) .,

thetaz 1.222 radians (70.00 degrees);

betaP2 = 0.262 radians (15.00 degrees) .

betaP4 = 0.524 radians (30.00 degrees):

omegai = 0.175 rad/sec (10.00 deg/sec):

alphaz = 0.000 rad/sec”2 (0.00 deg/sec™2):

[26.31 degrees),
[87.48 degrees),
[-11.52 degrees),
[49.01 degrees):
(-1.14 deg/sec),
(4.51 deg/sec),
[2.95 deg/sec),
[-2.22 deg/sec):
(0.41 deg/sec™Z),
(0.67 deg/sec™Z),
2 (0.58 degfsec™2),
2 (0.85 deg/sec™2);
zz, Py = 0.088,
.007, Vpy = 0.006,
.00i, ipy = -0.001

Z
Z

[26.31 degrees),
[87.48 degrees),
(42 .29 degrees),
[-18.54 degrees);
(-1.14 deg/sec),
(4.51 deg/sec),
(-1.52 deg/sec),
[3.68 deg/sec):
Z (0.41 deg/sec™Z),
Z (0.67 deg/sec™Z),
2 (0.758 deg/sec™Z),
Z (0.51 degfsec™Z);
36, Py = 0.144,
.008, Vpy = 0.002,
.002, ipy = -0.000

Figure 5.25: Output of web-based Stephenson (I) sixbar kinematic analysis.
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Jrd Circuit Zolutions:

theta3 = -0.777 radians (-44.52 degrees),
thetad = -1.845 radians (-105.70 degrees),
thetas = -2.023 radians (-115.92 degrees),
thetas = -0.110 radians (-6.258 degrees);
omegal = -0.005 rad/sec (-0.29 deg/sec),
omegad = -0.104 rad/sec (-5.93 deg/sec),
omegas = 0.024 rad/sec (1.36 deg/sec),
omegaté = 0.085 rad/sec (4.90 deg/sec);
alphai = 0.019 rad/sec*2 (1.07 degi/sec™Z),
alphad4 = 0.014 rad/sec*2 (0.851 degi/sec™Z),
alphas = 0.023 radssec™Z (1.31 deg/sec™2),
alphat = 0.028 rad/sec*2 [(1.62 deg/sec™Z):
Coupler Point: Px = 0.003, Py = -0.019,
Vpx = -0.010, Vpy = 0.004,
Apx = 0.001, Apy = -0.002
4th Circuit ZJolutions:
theta3 = -0.777 radians (-44.52 degrees),
thetad = -1.845 radians (-105.70 degrees),
thetal = -0.391 radians (-22Z.43 degrees),
thetat = -2.305 radians (-132.06 degrees);
omegal = -0.005 rad/sec (-0.29 deg/sec),
omegad = -0.104 rad/sec (-5.93 deg/sec),
omegas = 0.067 rad/sec (3.85 deg/sec),
omegas = 0.006 rad/sec (0.32 deg/sec);
alphai = 0.019 rad/sec*2 (1.07 degi/sec™Z),
alphad4 = 0.014 rad/sec*2 (0.851 degi/sec™Z),
alphat = 0.025 rad/sec*Z (1.44 deg/sec™Z),
alphaf = 0.020 rad/sec™Z (1.13 deg/sec™2):
Coupler Point: Px = 0.096, Py = -0.031,
Vpx = -0.007, WVpy = 0.008,
Apx = 0.001, Apy = 0.001

@j Dane
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 Internet

Figure 5.25: Output of web-based Stephenson (I) sixbar kinematic analysis (Contd).
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<} Interactive Stephenson, I Six-Bar, Linkage Animation - Microsoft Internet Explorer, |Z||E|[z|
File Edit Wiew Fawvarites  Tools  Help ,'
0 Back = \_‘) |1L| \ELI : h /.__\J Search ‘:‘:‘\'( Favorites @ Media e‘} <] ~ L:-_'_ E @ ]
L
Interactive Stephenson I Six-Bar Linkage Animation
HafRE
Given the linl lengths, thetal, betaP2, betaPd, omegaZ, alpha?, the interface below allows the user to obtain an animation of the
Stephenson I Sizbar linkage.
Uit Type:
Link lengths {m or ft):
rl: |12 r2: |4 |1‘P2: B r3: |12
4: |7 rP4: |1U |1'5: 11 16: |9
Mode for all angles (betaP?2 betaP4 thetal delta)
Base, mput and nigid body angles:
thetal: |'|U |hetaP2: |15 |hetaP4:
Coupler point values:
e |5 |(lelta: 20 |
Mumber of points:
Branch Mumber:
v
&] Done 160 ® Internat

Fioctire 8 DA Weh naoe foar QStenhencon (1) civhar linlraoe animaficon
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& http://softintegration.com/cgi-bin/chcgi/toolkit /mechanism/sixbar /stevel_ani.ch - Microsolt In =181 =]

File Wiew GoTo Favorites Help |

‘= Back = = - @ at | @Search [#] Favorites @Media ® | %v = - @ |Links >
Mext I Prev | All | Go | Stop | Fast I Slavy |

Stephenson{Six-barl

[&] ready ’_ l_ l_ |4 Unknown zane -

Figure 5.27: Snapshot of a Stephenson (I) sixbar animation.

5.5.1 Position Analysis

In order to determine the angular position (03, 04, 0g, and 07) of the various links of a Stephenson (III)
sixbar, two loop closure equations (5.182] and [5.183)) are needed. Since the analysis of the fourbar linkage
has previously been described, consider that angular positions 63 and 64 are known values so that only the
second loop equation need to be analyzed to find a solution for 8¢ and 6.

ry+ry = To+7r3 (5.182)
ro+ri+rs = r1+r5+717 (5.183)

By rewriting and isolating the unknown values, equation (5.183)) becomes equation (5.183)). In this form,
the solutions for 65 and 67 can be determined by function complexsolveRR (). Note that there are four
possible solutions to the assembled linkage, two geometric inversions for each fourbar linkage. Also, the
angular positions of this sixbar linkage can be determined by member function angularPos () of class
CStevSixbarIII.

ryet® 4+ Téei(ﬁa-i-/o’a) Torgel®e = ppei et g e (5.184)
ree'? — g = el — ppei?? — réei(93+53) + r5e?s (5.185)

5.5.2 Velocity Analysis

The initial step of velocity analysis of the Stephenson (III) sixbar linkage is to differentiate equation
to determine wg as well as wy; (assume that w3 and w4 are known values). With the unknown terms already
on the left-hand side, equation (5.187) is multiplied by e %% and e~%7 so that equations (5.188) and
can be used to solve for wg and w7, respectively. The solutions for these values are shown below (3.192)
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and (5.193). Calculating the angular velocities, ws, w4, wg, and w7 can also be done with member function
angularvVel ().

iTGQ)ﬁeieG — ir7w7ei97 = —i?‘gu)g@wz — irgwgei(93+63) (5.186)
T6w7€i€6 — r7w7ei97 = —r2w26i92 — réwgei(€3+53) (5.187)
rﬁwﬁei(ef"_e?) —rrwy = _T2w2ei(62—97) rgw ¢i(3+P3—07) (5.188)
rewe — rrwre’ WB7=06)  — —7r2woe’ i(02~06) _ 7‘30.) 61(03+B3 ) (5.189)
rewe sin(fg — 07) = —rowssin(fy — O7) — rhwssin(fs + B3 — O7) (5.190)
—rrwrsin(f7 — ) = —rowssin(fe — Og) — riws sin(f3 + B3 — b) (5.191)

e Tws sin(f — 07) + rhws sin(f3 + B3 — 67) (5.192)
6 Te sin(96 — 97) '

L. T sin(fy — ) + riws sin(63 + B3 — O) (5.193)
7 r7sin(67 — 6g) ‘

5.5.3 Acceleration Analysis

Acceleration analysis of the Stephenson (III) sixbar can be simplified by assuming that o3 and «4 have
already been solved by evaluating the second derivative to the first loop closure equation. Thus, angular
accelerations, ag and a7, can be determined by considering the second derivative of the second loop closure
equation (3.183). Afer some rearrangement to place the two unknown terms on the left-hand side, this
becomes equation (5.194). Multiplying equation (5.194) by e~*% and e~ and then only considering the
real part of equations and (3.200) will allow for the isolation of g and a7, respectively. With the
two desired angular acceleration values isolated, solutions can be found for these two values using equations

(3.201)) and (5.202).

irgage’? — irrare®’ = —irgane®® 4 rowle!

+ rhws 20103 +Ps) 4 rewg 2eifs _ rrwy 2eil7 (5.194)

92 i(€3+63)

—iriase

i(96—97+7'r/2) 1(92—97+7r/2) 2ei(92—97)

+ 7"20&)2

_ 7é()é?’ei(93-l—ﬁ:a—i97-|—7r/2) + Téwgei(es-l—ﬁs—f)ﬂ

+ rewaet®=07) _ )2 (5.195)
i(62—066)

2 Z(93-|-ﬁ3 O6+m/2)

r60GE rroe /2 = _ryage

1(97 96—1—7'('/2) _

recge’ ™2 — rraqe = —roagelf2—ltm/2)

—+ roaoe

03+P3—05+7/2) + T‘ w3

+ rewg — rrw2e 7 =0) (5.196)

— riage’ i

reag cos(fg — 07 +m/2) = —roagcos(fy — 7 + 7/2) + row3 cos(fy — b7)
— rhag cos(Bs + B3 — O7 + 7/2) + rhw? cos(f3 + B3 — O7)
+ rﬁwg cos(fg — 67) — mw? (5.197)
—rrarcos(07 — O+ w/2) = —raagcos(fy — O+ w/2) + 7‘2&)% cos(fy — bg)
— rhag cos(Bs + B3 — B + 7/2) + rhw? cos(f3 + B3 — Og)
+ rﬁwg — mw% cos(f7 — bg) (5.198)

—reagsin(fg — 67) = roagcos(f — 07) + r2w§ cos(fy — 07) + rhaz sin(fs + B3 — 67)
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+ réw% cos(fs + B3 — 07) + Tﬁwg cos(0g — 07) — mw% (5.199)

rrazsin(fy — 0g) = roagsin(fy — ) + mw% cos(fy — 0g) + rhas sin(f3 + B3 — bg)
+ Téw% cos(fs + B3 — 0g) + r6w(25 — 7‘7&)3 cos(07 — 6g) (5.200)

_ raagsin(fy — 67) + row3 cos(fy — 07) + rhazsin(fs + B3 — 07)

ag = r¢ sin(6g — 07)
—riw3 cos(03 + B — 7) + rewg cos(fs — 07) — rw? (5.201)
re sin(fg — 67) ‘
o raq sin(6y — 05) + raws cos(02 — b) + rhazsin(fs + B3 — )
7 =

r7sin(67 — 6g)
N rhw? cos(03 + B3 — 0g) + rewd — r7w? cos(07 — b)

5.202
T7Sin(97 —-96) ( )
Similar to the position and velocity analysis, member function angularAccel () can be used to solve

for 93, 94, 967 and 97.

Problem 1: The Stephenson (III) sixbar shown in Figure [5.28 has parameters r; = 9cm, 1o =
4dem,rg = 10em, vy = 3em,ry = 6em, r5 = 8cm,rg = 9em, 17 = 12em, 61 = 0, 2 = 25°,
we = 10°/sec, ag = 0, 05 = 15°, and B3 = 20°. Compute the angular acceleration of links
3,4,6, and 7.

Although a3, a4, as, and a7 can be calculated with the equations previously derived, the process is tedious
and undesirable since intermediate terms, such as angular positions and velocities, must also be calcu-
lated. That is why class CStevSixbarIII is available to simply this task. Program 40| utilizes class
CStevSixbarIII to calculate the angular acceleration values of the Stephenson (III) sixbar linkage, and
the solutions are listed below.

Solution #1:
alpha3 = 0.027 rad/s"2, alpha4 = 0.047 rad/s"2,
alpha6 = -0.017 rad/s”2, alpha7 = 0.006 rad/s"2

Solution #2:
alpha3 = 0.027 rad/s"2, alphad

0.047 rad/s"2,

alpha6 = 0.018 rad/s"2, alpha7 = -0.004 rad/s"2
Solution #3:

alpha3 = -0.027 rad/s"2, alpha4 = -0.074 rad/s"2,
alpha6 = -0.014 rad/s"2, alpha7 = 0.012 rad/s"2
Solution #4:

alpha3 = -0.027 rad/s"2, alpha4 = -0.074 rad/s"2,

alpha6 = 0.026 rad/s"2, alpha7 = 0.001 rad/s"2
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#include<sixbar.h>

int main ()
{
double r[1:7];
double rP3, beta3;
double theta[l:4][1:7], omegall:4][1:7], alphal[l:4]1([1:7];
double thetal = 0, theta5 = M_DEG2RAD(15), theta2 = M_DEG2RAD (25);
double omega2 = M_DEG2RAD (10), alpha2 = 0;
CStevSixbarIII stevIII;
int 1i;

/+ Define Stephenson (III) Sixbar linkage. =/

r[(l] = 0.09; «r[2] = 0.04;
r(3] = 0.10; «=r[4] = 0.06;
r[(5] = 0.08; r(6] = 0.09;
r[(7] = 0.12;
rP3 = 0.03; beta3 = M_DEG2RAD (20);
for(i = 1; 1 <= 4; i++)
{
theta[i] [1] = thetal;

I
thetal[i] [2] = theta2;
theta[i] [5] = theta5;
omegali] [2] = omegaZl2;

/+ Perform analysis. =/
stevIII.setLinks(r, rP3, beta3, thetal, thetab);
stevIII.angularPos (theta[l], theta[2], theta[3], thetal4]);
stevIII.angularVel (theta[l], omegall]);
stevIII.angularVel (thetal[2], omegal2]);
[ )
)

stevIII.angularVel (theta[3], omegal[3]);
stevIII.angularVel (theta[4], omegal4]);
stevIII.angularAccel (thetal[l], omegal[l], alphall]);
stevIII.angularAccel (thetal[2], omegal[2], alphal2]);
stevIII.angularAccel (theta[3], omegal[3], alphal3])
stevIII.angularAccel (theta[4], omegal[4], alphal4])

’

’

/* Display results. =/
for(i = 1; i <= 4; i++)
{
printf ("Solution #%$d:\n", 1i);
printf ("\t alpha3 = %.3f rad/s"2, alphad
alpha[i] [3], alphali][4]);
printf ("\t alpha6 = %.3f rad/s"2, alpha7 = %.3f rad/s"2\n",
alpha[i] [6], alphali]l[7]);

%$.3f rad/s”2,\n",

return 0;

Program 40: Program for computing a3, avg, ag, and a7 using class CStevSixbarIIT.
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5.5.4 Coupler Point Position, Velocity, and Acceleration

Coupler point analysis begin by writing the vector equation of coupler point, P, and then converting it to
polar form (5.204). This is the equation for the coupler point position. The velocity and acceleration of
the coupler point can be determined by taking the derivatives of equation (3.204). Thus, equations
and are equations for the coupler point velocity and acceleration, respectively. The coupler point
position can be calculated by member function couplerPointPos () of class CStevSixbarIIT.
Similarly, this class also have member functions to determine the coupler point velocity and acceleration
(couplerPointVel () and couplerPointAccel (),respectively).

P = ro+ rg +r, (5.203)
P = rpe 4 pfe0sths) g eil06FH) (5.204)
Vv, = irowqe'®? + irhwse’ U0s+Ps) 4 irpei(66+5) (5.205)

A, = iroage’® — Towy 2e1%2 4 i saze’ U0s+Ps) _ réw%emﬁm)
+ irpas ¢i0e+8) _ Tp wzel(eﬁﬁ) (5.206)

The member functions that handles coupler point analysis of a Stephenson (III) sixbar linkage are uti-
lized to solve the following problem.

Problem 2: The Stephenson (III) sixbar shown in Figure [5.28 has parameters 1 = 9¢m, ro =
demyrg = 10em,ry = 3em,ry = 6em,rs = 8cm,rg = 9em, r7 = 12em, 01 = 0, 3 = 25°,
wy = 10°/sec, ag = 0, 05 = 15°, and B3 = 20°. The coupler point parameters are r, = 5cm
and 8 = 30°. Compute the coupler point position, velocity, and acceleration.

The Ch code that solves this problem is labeled as Program [41] and its results are shown below.

Solution #1:

P = complex(0.067,0.084)
Vp complex (0.001,0.006)
Ap = complex (-0.001,0.000)
Solution #2:

P = complex(0.087,-0.009)
Vp = complex(-0.004,0.003)
Ap = complex(-0.001,0.001)
Solution #3:

P = complex(0.051,0.051)
Vp = complex(-0.003,0.004)
Ap = complex(-0.001,-0.001)
Solution #4:

P = complex(0.098,-0.033)
Vp = complex(-0.006,0.002)
Ap complex (-0.001,0.000)

5.5.5 Animation

The CStevSixbarIII class contains member function animation () for the purpose of simulating the
motion of the Stephenson (III) sixbar linkage. The function prototype for animation () is as follows.

int CStevSixbarIII::animation(int branchnum, ...);
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#include<stdio.h>
#include<sixbar.h>

int main ()
{
double
double
double
double

r(l:7], rP3,
rp, beta;
theta[l:41[1:7],
thetal = 0, thetab
double omegaZ? M_DEG2RAD (10),
double complex P[1:4], Vp[l:4],
CStevSixbarIII stevIII;

int 1i;

beta3;

alpha?2
Ap[l:4]

/+ Define Stephenson
r(l] 0.09; «r[2]

r[3] 0.10; «r[4]

r(5] 0.08; r(6]
r[7] 0.12;

rP3 0.03;
rp 0.05;

for(i = 1;

{

(ITI)
0.04;
= 0.06;
0.09;

beta3
beta
i <= 4;

M_DEG2RAD (20) ;
M_DEG2RAD (30) ;
i++)

thetalil
thetali
thetali
omega [1

1]
2]
5]
2]

= thetal;
theta2z;
thetab;
omega2;

]
]
]
]

/+ Perform analysis. =/
stevIII.setLinks(r, rP3, beta3, thetal,
stevIII.setCouplerPoint (rp, beta);

stevIII.angularPos (theta[l], thetal[2]
stevIII.angularVel (theta[l], omegal[l]
stevIII.angularVel (theta[2], omegal[2]
stevIII.angularVel (theta[3], omegal3]
stevIII.angularVel (theta[4], omegal[4]);
stevIII.angularAccel (theta[l], omegall]
stevIII.angularAccel (thetal2], omegal2]
stevIII.angularAccel (theta[3], omegal3]
stevIII.angularAccel (theta[4], omegal4]

)7
)i
).
)

’

/+ Determine coupler point properties.
stevIII.couplerPointPos (theta2, P);
for(i = 1; i <= 4; i++)
{
Vp[i]
Ap[i]

omegal[l:4]1[1:7],
M_DEG2RAD (15

Sixbar linkage.

thetal[3],

= stevIII.couplerPointVel (thetali],
stevIII.couplerPointAccel (thetalil,

CHAPTER 5. MULTI-LOOP SIX-BAR LINKAGES

alphall:41[1:7];
theta2 M_DEG2RAD (25) ;

),
0;

’

*/

thetab);

thetal4d]);

’

, alphall]
, alphal2]
, alphal3]
, alphal4]

)
)i
).
)

’

’

*/

omegal[il);

omegal[i], alphalil);

Program 41: Program for calculating the coupler point position, velocity, and acceleration.
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/+ Display results. =/

for(i = 1; 1 <= 4; i++)

{
printf ("Solution #%$d:\n", 1i);
printf ("\t P = %.3f\n", P[i]);
printf ("\t Vp $.3f\n", Vp[il]
printf ("\t Ap = %.3f\n", Ap[i]

}

) .

)i

return 0;

Program 41: Program for calculating the coupler point position, velocity, and acceleration (Contd.).

The first argument, branchnum, corresponds to the branch number of the Stephenson (III) sixbar linkage.
That is, the value of branchnum specifies which geometric inversion to animate. Similar to the animation
functions of the other classes for mechanism analysis, additional arguments may be inputted into member
function animation () to store the generated animation data into a file for later use. For example, Pro-
gram 42| can be used to simulate the motion of the Stephenson (III) sixbar linkage that has been defined in
previous examples. Figure [5.29] contains snapshots of the four possible geometric inversions for this sixbar
linkage. Note that the number of frames of animation is specified by member function setNumPoints ()
in Program

5.5.6 Web-Based Analysis

Analysis of the Stephenson (III) sixbar linkage can also be performed interactively on the internet. Fig-
ure [5.30] shows the main web page for web-based analysis of the sixbar mechanism. Figure [5.31]is the web
page used for calculating the unknown instantaneous angular positions, velocities, and accelerations of the
Stephenson (III) sixbar linkages. Also, if a coupler is attached to the mechanism, this web page can calculate
the coupler point position, velocity, and acceleration as well. The user only needs to specify the link lengths,
angles 01, 65, and B3, and angular position, velocity, and acceleration of the input link, link 2. Using the
specifications of the Stephenson (III) sixbar linkage defined in the above problem statements, the result of
using the web-based kinematic analysis is shown in Figure [5.32] Note that for the purpose of this example,
the coupler vector was defined as 1, = 5cm and 8 = 30°.

For web-based animation of the Stephenson (III) sixbar linkage, Figure can be used. Similar to
animating the sixbar mechanism with class CStevSixbarIII in the previous section, the parameters of
the sixbar needs to be specified along with the number of animation frames to generate. Furthermore, the
specific branch number of the Stephenson (III) sixbar may also be indicated prior to execution. Again,
using the parameters of the linkage that has already been defined, a snapshot of the animation for the first
geometric inversion is shown in Figure [5.34]

167



CHAPTER 5. MULTI-LOOP SIX-BAR LINKAGES
5.5. STEPHENSON SIX-BAR (11I) LINKAGE

#include<stdio.h>
#include<sixbar.h>

#define NUMPOINTS 50

int main ()
{
double r[1:7];
double rP3, beta3,
rp, beta;
double thetal = 0, thetab5 = M_DEG2RAD (15);
CStevSixbarIII stevIII;
int 1i;

/+ Define Stephenson (III) Sixbar linkage. =/
r(l] = 0.09; «=r[2] = 0.04;

r[3] = 0.10; «r[4] = 0.06;

r[5] = 0.08; r[(6] = 0.09;

r(7] = 0.12;

rP3 = 0.03; Dbeta3 = M_DEG2RAD (20);

rp = 0.05; Dbeta = M_DEG2RAD (30);

/* Perform analysis. =/

stevIII.setLinks (r, rP3, beta3, thetal, thetab);
stevIII.setCouplerPoint (rp, beta, TRACE_ON);
stevIII.setNumPoints (NUMPOINTS) ;
stevIII.animation(1);

stevIII.animation(2);

stevIII.animation (3);

stevIII.animation (4)

’

return 0;

Program 42: Program for animating the Stephenson (III) sixbar linkage.
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v

b ganimate
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Pl Biow
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= | i

Figure 5.29: Output of Program
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a Stephenson {III} Sikbar Linkage Analysis - Microsoft Internet Explorer - |EI|5|
File Edit ‘iew Favorites Tools Help |
¢Back -~ = - E) Zat | iQhsearch [(GFavorites lfMedia ¢4 | EN- & B - e |Links »

=
- - -
Stephenson (III) Sixbar Linkage Analysis
e | http://softintegration.com/cgi-binfchegiftoolkit/mechanism/sixbar/. .. |:||E|[z|
File Wiew GoTo Favorites Help ?f
y o 53 E23
@ Back - () \ﬂ @ :‘J p ! Search WFavorites Links
Mext | Prew | All | Go | |
Stephenson [lll] Sixbar
@ Ready ® Unknown Zone
Stephenson (IIT) Sibar Linkage
s Stephenson {(I0T) Sixbhar Linkage Analysis
s Stephenson (I0T) Sixbhar Linkage Animation
= o]
=
] [ | | | mtemet /4

Figure 5.30: Main web page for the Stephenson (III) sixbar linkage.
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< Interactive Stephenson IIl Six-Bar Linkage Kinematic Analysis - Microsoft Internet Explorer

File Edit View Favorites Tools  Help f

eBack M > \ﬂ @ _h /.__\J search i‘\'( Favorites @Media Q‘} - L__f o - _]

-~
Interactive Stephenson III Six-Bar Linkage Kinematic
Analysis
P I3
7 &
[
s
~ i
Y . &
B 5 . /
o m
i
4
2 [o o
N 0,"
: o ey
= 1 r
1
8,

l I T l X
Given the link lengths, thetal, theta2, thetad, beta3, omega2, alpha2, the nterface below allows the user to find the mstantanecus position,
velocity, and acceleration of the links.
Uit Type:
Link lengths (m or ft):

1‘1:|9 |1‘l:|4 |1‘3:|1U |1‘P3:|3 |
1‘4:|5 |1'5:|3 |16:|9 |1".":|12 |
Wode for all angles (thetal, thetad, beta3, beta):
Coupler Vector:
p: |5 |beta: 30 |
Base, input and ngid body angles:
thetal: |1U |thetal: |?U |theta$: |15 |heta3:
Angular velocity and acceleration of linke2:
omegal: |1D ||Degrees,ﬂ'sec ~ | alpha2: |D ||Degrees,-"sec*sec v|
v
&] Done B Internet

Figure 5.31: Web page for Stephenson (III) sixbar kinematic analysis.
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Stevenson Il Sixbar Linkage Analysis - Microsoft Internet Explorer

File Edit View Favorites Tools  Help

D Back - ] x| & ‘\J ) search
<’ g

7. Favorites @ Media

1zt Circuit Solutions:

Z2nd Circuit Solutions:

-
~
evenson T Sixbar Linkage Analysis:

Sixbar Parameters: rl1 = 0.0%90, rZ2 = 0.040, r3 = 0.100, rP3 = 0.030,
r4 = 0.0860, 5 = 0.080, r6 = 0.090, r7 = 0.120;
thetal = 0.000 radians (0.00 degrees),
thetaZ = 0.436 radians (25.00 degrees):
theta’ = 0.262 radians (15.00 degrees):
heta3 = 0.349 radians (20.00 degrees):
omegaZ = 0.175 rad/sec (10.00 degdsec):
alphaz = 0.000 rad/sec™Z (0.00 deg/sec™Z2):

theta3 = 0.251 radians (14.37 degrees),
thetad = 0.769 radians (44.05 degrees),
thetas = 1.177 radians (67.41 degrees),
theta? = 2.211 radians (126.69 degrees):
omegad = -0.046 rad/sec (-2.64 deg/sec),
omegad = 0.043 rad/sec (2.45 deg/sec),
omegag = -0.055 rad/sec (-3.12 deg/sec),
omega? = -0.055 rad/sec (-3.16 deg/sec):
alpha3 = 0.027 rad/sec”Z (1.55 deg/sec™2),
alphad4 = 0.047 rad/sec*2 (2.72 degi/sec™Z),
alphat = -0.017 rad/sec™Z (-0.95 deg/sec*Z),
alpha? = 0.006 rad/sec*Z (0.33 deg/sec™Z):
Coupler Point: Px = 0.0687, Py = 0.084,

Vpx = 0.001, Vpy = 0.006,

Apx = -0.001, Apy = 0.000

theta3 = 0.251 radians (14.37 degrees),
thetad = 0.769 radians (44.05 degrees),
thetad = -1.423 radians (-81.51 degrees),
theta? = -2.457 radians (-140.738 degrees):
omegal = -0.046 rad/sec (-2.64 deg/sec),
omegad = 0.043 rad/sec (2.48 deg/sec),
omegag = -0.056 rad/sec (-3.18 deg/sec),
omega? = -0.055 rad/sec (-3.15 deg/sec):
alphai = 0.027 rads/sec™Z (1.55 deg/sec™2),
alphad4 = 0.047 rad/sec*2 (2.72 deg/sec™Z),
alphaé = 0.018 rad/sec*2 (1.03 degi/sec™Z),
alpha? = -0.004 rad/sec™Z (-0.25 deg/sec*Z):
Coupler Point: P2 = 0.087, Py = -0.009,
Vpx = -0.004, Vpy = 0.003,
Apx = -0.001, Apy = 0.001

Figure 5.32: Output of web-based Stephenson (III) sixbar kinematic analysis.
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Jrd Circuit Zolutions:

@j Dane

theta3 = -0.560 radians (-49.25 degrees),
thetad = -1.378 radians (-78.97 degrees),
thetat = 1.479 radians (54.76 degrees),
theta? = 2.507 radians (143.64 degrees);
omegal = -0.137 rad/sec (-7.54 deg/sec),
omegad = -0.226 rad/sec (-12.96 deg/sec),
omegag = -0.047 rad/sec (-2.70 deg/sec),
omega? = -0.031 rad/sec (-1.79 deg/sec):;
alphai = -0.027 rad/sec™Z (-1.54 deg/sec*2),
alphad4 = -0.074 rad/sec™Z (-4.25 deg/sec*),
alphat = -0.014 rad/sec™Z (-0.78 degifsec*),
alpha? = 0.012 rad/sec*2 (0.70 deg/sec™Z):
Coupler Point: Px = 0.051, Py = 0.051,

Vpx = -0.003, Vpy = 0.004,

Apx = -0.001, Apy = -0.001

4th Circuit ZJolutions:

theta3 = -0.560 radians (-49.25 degrees),
thetad = -1.378 radians (-75.97 degrees),
thetaé = -1.130 radians (-64.77 degrees),
theta? = -2.158 radians (-123.65 degrees);
omegal = -0.137 rad/sec (-7.54 deg/sec),
omwegad = -0.226 rad/sec (-12.96 deg/sec),
omegat = -0.022 rad/sec (-1.28 deg/sec),
omega? = -0.038 rad/sec (-2.19 deg/sec);
alphai = -0.027 rad/sec™Z (-1.54 deg/sec*2),
alphad4 = -0.074 rad/sec™Z (-4.25 deg/sec*),
alphat = 0.026 rad/sec*Z (1.52 deg/sec™Z),
alpha? = 0.001 rad/sec™Z (0.03 deg/sec™2):
Coupler Point: Px = 0.095, Py = -0.033,

Vpx = -0.006, Wpy = 0.002,

Apx = -0.001, Apy = 0.000
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 Internet

Figure 5.32: Output of web-based Stephenson (III) sixbar kinematic analysis (Contd.).
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STEPHENSON SIX-BAR (11I) LINKAGE

2 Interactive Stephenson |11 Six-Bar Linkage Animation - Microsoft Internet Explorer

File Edit Wiew Favorites Tools  Help

@Back @ J \ﬂ @ h /:\J Search ‘?';'\'{Favorites @Media E} [-\'- :'\; A _J

Interactive Stephenson III Six-Bar Linkage Animation

Given the linl lengths, thetal, thetad, and beta3, the interface below allowrs the user to obtain an animation of the Stephenson ITT
Shar linkage.

Uit Type:

Link lengths {m or ft):

11:(003  [p2:004 |3 (000 [yp3c 003 |
v4: (006 [yS: (008 e (009 e o1z |

Mode for all angles (thetal, thetad, beta3, beta):

Coupler Vector:
P |U-U5 |heta:

30 |

Base, input and rigid body angles:

thetal: |0 [thetas: [15 |beta3:
Number of points:
Branch Number.

|

@bl Done ® Internat

Figure 5.33: Web page for Stephenson (III) sixbar linkage animation.
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3 http:/ /softintegration.com/ cgi-bin;/chcgi/toolkit /mechanism/sixbar /stevelll_ani.ch - Microsoft Internet Expl

File Wiew GoTo Favorites Help

GBack ~ = - (D it | Qhsearch [lFavorites GliMeda ¢4 | By & - T

Mest I Prew | All | Ga | Stop | Fast I Sl |

Stephenson [Ill] Sixbar

[&] ready ’_ l_ l_ |4 Unknown zane -

Figure 5.34: Snapshot of a Stephenson (III) sixbar animation.
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Chapter 6

Cam Design

6.1 Introduction to Cam Design

Cams are some of the most commonly used mechanisms in automation and assembly systems. A cam
mechanism, consisting of a cam lobe and a follower, typically transforms rotational motion to oscillatory
motion, translational motion, or a combination of both. Cam synthesis is the process of designing a cam
which moves a follower in the desired manner.

Header file cam.h contains functions for design of a cam/follower system. The member functions of the
cam class allow for selection of cam and follower parameters, CNC manufacturing parameters, and output
options. The cam class can be used directly or accessed through the cam program using command line
arguments or through a web browser.

All of the parameters used in Ch programs and web interface described in this chapter, for both the
translating and oscillating follower cams, are outlined below. Figures [6.1]—[6.4]illustrate these parameters.

—

e -~ R = Cam Base Radius
T e = Follower Offset

Bl= Section Duration 1
| Bz= Section Duration 2
BS: Section Duration 3

Follower
Position

Reference
Radial

Figure 6.1: Translating flat-faced follower parameters
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R = Cam Base Radius
e = Follower Offset
re= Roller Radius

[31: Section Duration 1
B, = Section Duration 2
BB: Section Duration 3

A Follower
Position

Reference
Radial

Figure 6.2: Translating roller follower parameters

f = Follower Offset

m = Distance Between
Refgrence Cam and Follower
Radial R = Base Radius
{ = Follower Position
Blz Section Duration 1
[32: Section Duration 2

BB: Section Duration 3

m

Figure 6.3: Oscillating flat-faced follower parameters

177



6.1. INTRODUCTION TO CAM DESIGN CHAPTER 6. CAM DESIGN

m = Distance Between
Cam and Follower

A = Arm Length

r = Roller Radius

R = Base Radius

{ = Follower Position

Bf Section Duration 1

B,= Section Duration 2

[33= Section Duration 3

Reference
Radial

m

Figure 6.4: Oscillating roller follower parameters

e The following cam parameters are common to both the translating and oscillating follower
types.

Base Radius The base radius is the initial radius of the cam. The cam profile is built up from a disk
of this size.

Profile Points The number of points used to calculate the cam profile.
Cam Angular Velocity The angular velocity of the cam in rad/s. Positive clockwise.
Duration The duration is the angular size of the section.

Motion Type The shape of the displacement profile may be chosen to be either harmonic or cycloidal.
For sections with a Lift or Oscillation Angle of zero, the section is circular and this parameter
has no effect.

e The translating follower specific parameters are listed below.

Follower Offset The distance between the cam center and the follower line of motion. Positive to the
right for flat followers and positive to the left for roller followers.

Roller Radius For roller followers, the radius of the roller.

Lift Lift specifies the change in the follower output for the section. This is specified as a positive
number if the follower is to move away from the cam, or as a negative number if the cam is to
move towards the cam. A lift of zero is entered if the follower displacement is to remain constant
for the duration of the cam section. For the last section of the cam, the duration and change in
lift will be chosen automatically to form a continuous cam profile.

o The oscillating follower parameters are listed below.

Follower Offset For a flat-face follower, the follower offset is the distance from the follower face to
the follower pivot point.

Distance Between the Cam and Follower The distance between the cam and follower is measured
from the cam center to the follower pivot point.
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Follower Arm Length For roller followers, the length of the arm connecting the pivot point and the
roller center.

Roller Radius For roller followers, the radius of the roller.

Oscillation Angle Oscillation angle specifies the change in the follower output for the section. This
is specified as a positive number if the follower is to move away from the cam, or as a negative
number if the cam is to move towards the cam. A oscillation angle of zero is entered if the
follower displacement is to remain constant for the duration of the cam section. For the last
section of the cam, the duration and change in oscillation angle will be chosen automatically to
form a continuous cam profile.

e Parameters for generation of CNC code are listed below.

Cutter Radius As shown in Figure[6.3] the cutter radius is the radius of the mill bit used by the CNC
machine (in).

Cutter Length As shown in Figure the cutter length is the length of the mill bit used by the CNC
machine (in).

Cam Thickness This parameter is the thickness of the material used to manufacture the cam, and,
for CNC code generation, is also used as the depth to which the cam is cut (in).

Feedrate Feedrate is the rate at which the workpiece is moved during machining (in/min).

Spindle Speed The spindle speed is rotational speed of the cutter (rpm).

CNC Home Position Offset The CNC home position offset may be changed if the CNC home posi-
tion does not coincide with the desired location of the cam center. As shown in Figure the
home position offset is measured from the old home position to the new home position. It is
important that these parameters be chosen properly, incorrect selection can cause damage to the
tools and CNC machine.

R = Cutter Radius
L = Cutter Length

}
L
i
Figure 6.5: Cutter dimensions
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Z A New Home Position

Offset = (X, Y, 2)

Old Home Position

W R

Figure 6.6: Home position offset

6.2 Cam Design with Class CCam

As with the classes for analyzing and designing linkage mechanisms, class CCam can be used to aid in
the design of cam/follower systems. After specifying the parameters for the cam mechanism, various mem-
ber functions can be called to plot or obtain data for the cam profile, follower position, follower velocity,
follower acceleration, follower jerk, and transmission angle. Furthermore, CNC code can be produced to
manufacture the desired cam. Animation of the cam/follower system may also be generated with class
CCam.

The base radius and angular velocity of the cam can be specified by member function baseRadius() and
angularVel(), respectively. Their function prototypes are as follows.

void CCam: :baseRadius (double base_radius) ;
void CCam: :angularVel (double omega) ;

Member function followerType() is used to indicate the follower type and specify the parameter(s) associ-
ated with the given type. The follower may be a flat-face or roller type and translating or oscillating. The
function prototype for member function followerType() is shown below.

int CCam::followerType (int follower_type,
/* [double e],

[double e, double rf],

[double m, double f],

[double m, double A, double rf] =x/);
Argument follower_type may be either CAM_FOLLOWER_TRANS FLAT,
CAM_FOLLOWER_TRANS _ROLL, CAM_FOLLOWER_OSC_FLAT, or
CAM_FOLLOWER_OSC_ROLL for a translating flat-face follower, translating roller follower, oscillating
flat-face follower, and oscillating roller follower, respectively. For a translating follower, parameter e spec-
ifies the distance from the cam center to the line of follower motion. If the translating follower is a roller
type, then parameter r £ is used to indicate its radius as well. For an oscillating flat-face follower, parameter
m specifies the distance between the cam center and the follower pivot point, whereas parameter f is the
value of the follower face offset measured from the follower pivot point. If the follower is an oscillating
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roller type, then parameters m, A, and r f needs to be indicated, where A is the length of the arm connecting
the pivot point and roller center.

Another member function of class CCam is addSection(), which is called to add a cam section to a
previously declared instance of the cam class. It is prototyped as follows.

int CCam::addSection (double duration, double displacement,
int motion_type);

Argument duration is the angular duration of the cam section in degrees, and displacement is the
change in position of the cam follower. A positive value indicates that the added section is away from the cam
center, whereas a negative value means that it is towards the center. The displacement value is measured
in inches for translating followers and degrees for oscillating followers. The last argument, motion_type,
is used to describe the shape of the displacement profile for the cam section. The value of motion_type
may be either one of two macros: CAM_MOTION_HARMONIC or CAM_MOTION_CYCLOIDAL for
harmonic and cycloidal motion, respectively.

The member function that performs all the calculations for generating the cam data is makeCam(). This
function shall be called after all the desired cam parameters have been set and prior to any output function
calls. The function prototype for member function makeCam() is shown below.

int CCam::makeCam(int steps);

Argument steps indicates the number of steps to use in calculating cam results, such as the cam profile.
The cam results are stored internally within arrays which may be later accessed by the user or for plotting
purposes. Furthermore, if a file name was specified by member function CNCCode(), then calling make-
Cam() would generate and store CNC code for manufacturing the cam into a file specified by the given file
name. Other results that member function makeCam() calculates are the cam profile, follower position,
follower velocity, follower acceleration, jerk, and transmission angle. For example, consider the following
problem statement.

Problem 1: Using class CCam, generate a cam profile for a translating flat-face follower. The
cam should have a base radius of 2.25 inches, no follower offset, and an angular velocity of
1 rad/s. During the first 90° of cam rotation the follower should move outward 0.75 inches
with harmonic motion. During the next 90° the follower should move inward 0.75 inches
with harmonic motion. For the remainder of the cam rotation the follower should not change
position. 360 points should be used to calculate the results. Generate plots for the follower
position, follower velocity, follower acceleration, follower jerk, the transmission angle, and
the cam profile. Also generate an animation of the cam using 12 positions and produce CNC
code using the following parameters. The cutter has a radius of 0.25 inches and a length of
0.75 inches. The spindle speed should be set to 4000 RPM and the feedrate should be 15
inches/minute. The thickness of the cam is 0.375 inches. No home position offset is used.

Problem 1 defines a cam mechanism with a translating flat-face follower. Given a set of parameters,
the program requires various outputs, including plot of the cam profile, CNC code, and animation of the
cam/follower system. The solution for Problem 1 is listed as Program Member function uscUnit() is
called prior to any of the other member functions to indicate that the cam analysis needs to be performed with
US Customary units rather than SI units. Note that member functions cutter(), spindleSpeed(), feedrate(),
cutDepth(), and cutterOffset() are used to set the cutter parameters, spindle speed, feedrate, cut depth, and
cutter home position offset for CNC code generation, respectively. The cutter parameters include the radius
and length, in feet, of the cutter as well as the tool number of the cutter used. The function prototypes for
each of the above member functions are shown below.
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void CCam: :cutter (double cutter_radius, double cutter_length,
int tool_num);
void CCam: :spindleSpeed (double spindle_speed);
void CCam: :feedrate (double feedrate);
void CCam: :cutDepth (double cut_depth);
void CCam: :cutterOffset (double x_offset, double y_offset,
double z_offset);

Member functions plotCamProfile(), plotFollowerPos(), plotFollowerVel(), plotFollowerAccel(), and
plotTransAngle() are called to output the desired plots. Each plotting function requires a single argument,
which is a pointer to an object of class CPlot, or CPlot *. For simulating the motion of the cam mechanism,
member function animation() is used. Its functionality and syntax is similar to those of the classes for four-
bar and other linkage mechanisms. The difference is that its required input argument indicates the number
of frames to generate for the animation. Member function animation() may also have an additional second
and/or third input argument. The second optional argument is one of the following macros:

QANIMATE OUTPUTTYPE DISPLAY, QANIMATE OUTPUTTYPE FILE, or

QANIMATE _OUTPUTTYPE_STREAM for sending the animation to the monitor screen, saving the an-
imation data to a file, or streaming the animation to the standard output. If the second optional argument
is QANIMATE_OUTPUTTYPE _FILE, a string may be entered as the third optional argument to specify
the file name to store the animation data. The outputs of Problem 1 are listed as Figures where
Figure[6.14]is an instance of the cam animation. Figure[6.15]shows a cam manufactured from the CNC code
generated by Program

Problem 2: Using class CCam, generate a cam profile for a translating flat-face follower.
The cam should have a base radius of 5.72 cm, no follower offset, and an angular velocity of
1 rad/s. During the first 90° of cam rotation the follower should move outward 1.91 cm with
harmonic motion. During the next 90° the follower should move inward 1.91 cm with harmonic
motion. For the remainder of the cam rotation the follower should not change position. 360
points should be used to calculate the results. Generate plots for the follower position, follower
velocity, follower acceleration, follower jerk, the transmission angle, and the cam profile. Also
generate an animation of the cam using 12 positions and produce CNC code using the following
parameters. The cutter has a radius of 0.64 cm and a length of 1.91 cm. The spindle speed
should be set to 4000 RPM and the feedrate should be 38.10 cm/minute. The thickness of the
cam is 0.95 cm. No home position offset is used.

The above problem statement is similar to that of Problem 1. The difference is that parameters for
the cam mechanism is defined in SI units instead of US Customary units. The solution to Problem 2 is
Program [44] The program’s outputs are equivalent to the outputs of Program 43]in ST units.

Problem 3: Using class CCam, generate a cam profile for an oscillating roller follower. The
base radius of the cam should be four inches. The follower should have a radius of two inches,
should have an arm length of 12 inches and should be located 10 inches from the cam center.
400 points and an angular velocity of 1 rad/s should be used. During the first 120° of cam
rotation the follower should move out five degrees with cycloidal motion. During the next 120°
the follower should move back to its original position with cycloidal motion. The follower
will remain at rest for the remainder of the cam rotation. Plot the follower position, follower
velocity, follower acceleration, follower jerk, transmission angle and the cam profile. Animate
the cam/follower system.
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#include <cam.h>

int main () {
class CCam cam;
class CPlot plotc, plotp, plotv, plota, plotj, plott;
int steps = 360;
double x[steps+l], ylsteps+l];
int 1i;

cam.uscUnit (true);

cam.followerType (CAM_FOLLOWER_TRANS_FLAT, 0);
cam.baseRadius (2.25/12.0);

cam.angularVel (1) ;

cam.addSection (90, .75/12.0, CAM_MOTION_HARMONIC) ;
cam.addSection (90, -.75/12.0, CAM_MOTION_HARMONIC) ;
cam.addSection (CAM_DURATION_FILL, 0, CAM_MOTION_HARMONIC) ;
cam.CNCCode ("cam_code.nc") ;

cam.cutter(.25/12.0, .75/12.0, 1);
cam.spindleSpeed (4000) ;

cam. feedrate (15/12.0);

cam.cutDepth (.375/12.0);

cam.cutterOffset (0, 0, 0);

cam.makeCam(steps) ;

cam.plotFollowerPos (&plotp);

cam.plotFollowerVel (&plotv);

cam.plotFollowerAccel (&plota);
cam.plotFollowerJerk (&plotj);

cam.plotTransAngle (&plott);

cam.plotCamProfile (&plotc);

cam.animation (12);

Program 43: Ch program for Problem 1.

Position vs. Theta
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Figure 6.7: Translating follower position.
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Figure 6.8: Translating follower velocity.

Acceleration vs. Theta
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Figure 6.9: Translating follower acceleration.
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Jerk vs. Theta
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Figure 6.10: Translating follower jerk.
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Figure 6.11: Transmission angle of the cam.
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Cam Profile
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Figure 6.12: Cam profile.

Another example to consider is Problem 3. This problem statement is similar to Problem 1 since it re-
quires the same types of outputs. However, the cam being specified consists of an oscillating roller follower,
which means that the parameters to set up are slightly different. For example, member function follower-
Type() now requires a few additional parameters to clearly define the oscillating roller follower. Likewise,
cycloidal motion needs to be specified when calling the addSection() member function. The number of
steps for calculating the cam results is now 400 instead of 360 according to the previous problem statement.
The solution to Problem 3 is Program 43l The outputs for this program are Figures
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Figure 6.14: Animation of cam with translating follower.

Figure 6.15: Manufactured cam.
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#include <cam.h>

int main () {
class CCam cam;
class CPlot plotc, plotp, plotv, plota, plott;

int

steps = 360;

double x[steps+l], ylsteps+l];

int

cam.
cam.
.baseRadius (0.0572) ;

cam

cam.
cam.
cam.
cam.
cam.
cam.
cam.
cam.
cam.
cam.
cam.
.plotFollowerPos (&plotp);

cam

cam.
cam.
cam.
cam.
cam.

i;

uscUnit (false);
followerType (CAM_FOLLOWER_TRANS_FLAT, 0);

angularVel (1) ;

addSection (90, 0.0191, CAM_MOTION_HARMONIC) ;
addSection (90, -0.0191, CAM_MOTION_HARMONIC) ;
addSection (CAM_DURATION_FILL, 0, CAM_MOTION_HARMONIC) ;
CNCCode ("cam_code.nc_test");

cutter (0.0064, 0.0191, 0.0254);

spindleSpeed (4000) ;

feedrate (0.3810);

cutDepth (0.0095) ;

cutterOffset (0, 0, 0);

makeCam (steps) ;

plotFollowerVel (&plotv);
plotFollowerAccel (&plota);
plotTransAngle (&plott);
plotCamProfile (&plotc);
animation (12);

Program 44: Ch program for Problem 1 using SI units.
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#include <cam.h>

int main() {
class CCam cam;
class CPlot plotc, plotp, plotv, plota, plotj, plott;

cam.uscUnit (true);

cam.followerType (CAM_FOLLOWER_OSC_ROLL, 10/12.0, 12/12.0, 2/12.0);
cam.baseRadius (4/12.0);

cam.angularVel (1) ;

cam.addSection (120, 5, CAM_MOTION_CYCLOIDAL) ;
cam.addSection (120, -5, CAM_MOTION_CYCLOIDAL);
cam.addSection (CAM_DURATION_FILL, 0, CAM_MOTION_CYCLOIDAL);
cam.spindleSpeed (4000);

cam.makeCam (400) ;

cam.plotFollowerPos (&plotp);

cam.plotFollowerVel (&plotv);

cam.plotFollowerAccel (&plota);

cam.plotFollowerJerk (&plotj);

cam.plotTransAngle (&plott);

cam.plotCamProfile (&plotc);

cam.animation (12);

Program 45: Ch program for Problem 2.
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Figure 6.16: Oscillating follower position.
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Figure 6.17: Oscillating follower velocity.
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Figure 6.18: Oscillating follower acceleration.
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Figure 6.19: Oscillating follower jerk.
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Figure 6.20: Transmission angle of the cam.
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Cam Profile
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Figure 6.21: Cam profile.
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6.3 Web-Based Cam Design

User Interface

The web-based user interface provides a quick and easy means of generating a cam profile. The web inter-
face consists of a number of web pages, some of which are created dynamically, to guide the user through
the creation of the cam.

As shown in Figure the first of these pages allows the user to select the type of cam follower motion
that is desired. These choices are presented in a graphical format representing a flat face radially translat-
ing follower, which converts rotational motion to linear motion, and a flat faced oscillating follower, which
converts rotational motion to angular motion.

=] Netscape: CGI-Based Interactive Cam Mechanism Design 1

File Edit View Go Window Help ||
1 Bk fmer Pekd  Hme Semh Mebcae Pt Seurty  Cip

CGI-Based Interactive Cam Mechanism Design

A vom s 2 merhonismn for transforming ene motion type to snother. It has a rurved or grovved surface which mates with
follower and imparts motions to it. The motion of cam (usually rotetion) is ransformed into followsr oscillation, translation,

or & combination of both,
H» i
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Figure 6.23: Opening cam synthesis page

After one of these choices is selected, the user is next prompted to input the follower type and the number
of cam sections (a change in follower position or a dwell) that is desired, as shown in Figure [6.24] Alterna-
tively, the user may select a sample cam design with all parameters preselected.

Figures and show the subsequent page where the user can input the cam parameters, some of
which are dependent on the follower type, and the CNC cutter parameters. Note that Figures and
are the same Web page. All cam parameters must be set for the program to work properly. However, if
the user does not want the CNC code for manufacturing the designed cam as an output, no modifications to
the CNC parameters are needed, as they do not affect the calculations of the cam profile.

Following selection of the cam parameters, as shown in Figure the output options are chosen. The
output options include: plots of cam profile, follower position, follower velocity, and follower acceleration,
transmission angle, CNC code for manufacturing of the designed cam, and animation of the cam/follower
system.

When the cam parameters are submitted to the WWW server, they are sent to CGI programs
cgi_osc_results.chor cgi_trans_results.ch, depending on the follower type, and processed.
These CGI programs then execute a second CGI program named cgi.make_osc_cam.ch or
cgi_make_trans_cam.ch which in turn executes cam.ch on the server and sends it the processed
parameters. The cam program then performs the calculations for cam design and generates the data for the
desired output. Plots of the results, CNC code, and animations can be viewed, but only one of them can be
viewed for each submission to the cam program.
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Interactive Cam Mechanism Design

Cam with Translating Follower

In order to develop your desire cam profile, please follow the procedures carefully.

If you are not familar with cam design, please spend a couple of minutes to take a look at a sample
cam design, click here

Follower Type: | Flat Follower

Total number of sections (rises, falls, and dwells) |2
ﬁl Reset|
]

Figure 6.24: Translating cam page

Plots of the cam profile, follower position, follower velocity, follower acceleration, and transmission
angle are sent to the browser. These plots are also generated using the Ch CPlot class. The cam.ch
program passes the data to the CPlot class with an option set for generating an image as the standard output
stream. The Web browser then takes the data from this stream and displays it directly in the browser window.
The CNC code, if selected, is also displayed in the browser window, where it may be saved for later use.
Sample Cam Generation

In this section two sample cam design problems will be presented to illustrate the features and applica-
tions of Web-based cam design.

Problem 4: Repeat Problem 1 using the CGI-based cam design Web pages.

Problem 1 required the generation of plots for the follower position, follower velocity, and follower
acceleration, transmission angle, as well as a plot for the cam profile. It also asked for the output of the
CNC code and animation of the follower and cam. The Web pages used for entry of the parameters for this
problem are shown in Figures [6.23- in the previous sections. The outputs are identical to those for
Problem 1.

Problem 5: Using the cam design web pages, generate a cam profile for an oscillating roller
follower. The parameters for this cam/follower system is the same as those defined for the
system in Problem 3. Also plot the follower position, follower velocity, follower acceleration,
transmission angle and the cam profile as well as animate the cam/follower system.

The Web pages for entry of the oscillating follower parameters are similar to those for the translating
follower. The primary difference is that the oscillating follower has a few additional parameters. To produce
the desired output, the parameters must be submitted a total of six times, once for each plot and once for the
animation. The resulting plots of follower position, follower velocity, and follower acceleration are shown
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Figure 6.25: Base Radius and CNC Manufacturing Parameters

in Figures 16.28H6.30L The plot of the transmission angle is shown in Figure The plot in Figure [6.32)
shows the cam profile and the animation is shown in Figure [6.33]
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Figure 6.33: Animation of cam with Oscillating follower.
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Figure 6.27: Translating cam output options
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Figure 6.28: Oscillating follower position.
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Figure 6.29: Oscillating follower velocity.
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Figure 6.30: Oscillating follower acceleration.
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Figure 6.31: Transmission angle of the cam.
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Figure 6.32: Cam profile.
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Chapter 7

Quick Animation

qanimate

I et I I Frev I alh | Go | Sham Favt

Crank-Rocker

Figure 7.1: Quick Animation window showing a four-bar linkage

All animations of Ch Mechanism Toolkit are handled by QuickAnimation™. QuickAnimation™
can display and animate various planar mechanical systems based on specified x-y coordinate data. For
example, the QuickAnimation™ window shown in Figure displays a menu bar and a four-bar mecha-
nism. The mechanism is drawn in the largest area of the window with the name of the mechanism above it.
Links are drawn as lines, joints are drawn as open circles, and coupler points are drawn as filled circles. The
triangular area represents one solid link to which a coupler point is attached. The coupler curve is drawn
to indicate the motion of the coupler point. The details on how to use the QuickAnimation™ program of
ganimate for animation of planar mechanisms are described in this chapter.
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7.1 The User Interface for Quick Animation™

The menu bar in the Quick Animation window, as shown in Fig. contains two menus, File and
Options, and a series of buttons which manipulate the mechanism. The File menu allows one to quit
the program and the Opt ions menu allows one to change various display settings. The Next and Prev
buttons control the mechanism’s position, and the A1 1 button displays all mechanism positions at once. The
Fast and S1ow buttons change the speed of animation. The Go and St op buttons start and stop animation,
respectively. The mechanism can move in either direction by pressing the Prev button for one direction
and the Next button for the opposite direction. When the Go button is pressed, the mechanism will move
in the direction previously assigned by the Prev or Next button.

7.2 Input Data Format

The typical format for a Quick Animation data file is displayed in Figure It is specified with the
following typographical notation:

e Typewriter text specifies actual keywords.
e Emphasizedtext is specified by the user.
e Text between square brackets ‘[ ]’ are optional.

e The line character ‘|’ specifes an “OR” condition.

The character ‘#° on the first line delimits a comment. QuickAnimation will ignore anything on that line
following the ‘#’ character. The title of the mechanical system is specified by the title keyword fol-
lowed by the title string delimited by the double quotation character, ‘"’. Keyword fixture allows the
following lines to define the fixed objects. The primitives are commands used to define general and
mechanical components of the displayed or animated system. The animat e begins the inputting of of data
for animation. Each line following keyword animate represents one frame of the animation, as indicated
by the superscript on primitive. The option restart specifies that when the animation is finished, it
starts again from the beginning. The option reverse specifies that when the animation is finished, it starts
the animatin backwards from the last frame till the first frame. The primitives following the keyword
stopped will be displayed only when animation is stopped. A frame consists of a data set that can con-
tain multiple primitives. The continuation character ’ \’ can be used to span premitives in a data set over
multiple lines. An animation with n number of frames requres n number of data sets.

7.2.1 General Drawing Primitives

Figure shows the various drawing primitives available for Quick Animation. These primitives allow
for the drawing of an arc, line, segment, circle, polygon, and rectangle as well as the insertion of text into
a Quick Animation program. The syntax for drawing such primitives are displayed in Figure As an
example, consider the sytax for drawing a line. One may specify a line by typing 1ine followed by the
x- and y-coordinates of the starting and ending points of the line (i.e. 1ine 0 0 2 3 draws a line from
the origin to point (2,3) in the Cartesian coordinate system). Multiple lines may be linked together by
adding more coordinate points after the 1ine statement. Similarly, a circle may be drawn by specifying
its center point and radius according to the syntax in Figure The various options available for each
general drawing primitives are displayed in Figure and an example of color and font options is listed in
Figure
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# comment
title "title string"
fixture

primitives

[ restart |
1
2

animate
primitives
primitives

primitives”

reverse |
stopped primitives
stopped primitives

[ stopped primitives™ ]

]
]

N

Figure 7.2: Quick Animation data format.

Arc

hei ght
Line
(% Y,)
T e (XY
X y)
Segment
X, ¥,)
. y)

Text
(x y).st ring

Circle

radi us

Polygon

(X Y,)

Rectangle

hei ght

angl e

*y)

Figure 7.3: Graphical representation of general drawing primitives
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line z1y1 Z2y2 [--- ZnYn]

arc xy width height anglel angleZ
segment 1 Y1 T2 Y2

rectangle zy width height [ angle angle ]
pOlngl’l 1 Yr T2Y2 T3Y3 e Tn Yn

text ry string

circle xzy radius

dot zy
Figure 7.4: Syntax for general drawing primitives
line
segment
[ pen color ]
[ linewidth pixelwidth ]
[ linestyle solid |
dashed [ length pixellength 1 |
dotted [ gap pixelgap ] 1
[ capstyle butt | round | projecting ]
[ joinstyle miter | round | bevel ]
[ depth depth ]
arc
circle
polygon
rectangle ...
[ pen color ]
[ £fi11 color [ intensity percent ]
[ pattern number ] ]
[ linewidth pixelwidth ]
[ linestyle solid |
dashed [ length pixellength ] |
dotted [ gap pixelgap 1 ]
[ capstyle butt | round | projecting ]
[ joinstyle miter | round | bevel ]
[ depth depth ]
text .
[ pen color ]
[ depth depth ]
[ font fontname ]
dot
[ pen color ]
[ depth depth ]

Figure 7.5: Options for general drawing primitives
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color { red | blue | yellow | white | black | grey90 ... }
font { fixed | 6x13 | 6x13bold | lucidasanstypewriter-12 ...

Figure 7.6: Example color and font options

Colors and fonts are specified by the X Window System in Unix and Windows. In Linux, a listing
of color names can be found in the file rgb.txt located in the directory /usr/X11R6/1ib/X11. In
Solaris, the file is located in /usr/openwin/lib.

7.2.2 Mechanical Drawing Primitives

The mechanical drawing primitives were built into QuickAnimation for ease of creating typical mechan-
ical components, such as the springs and joints, of a mechanical system. The mechanical drawing primitives
in Quick Animation are derived from the general drawing primitives. For example, a link is a combination
of two circles connected by a line. All the available mechanical drawing primitives are shown in Fig.
These primitives are the primary tools used for creating animations of mechanical systems.

Joint Point .
Link (X ¥,)

Ground Pin Spring
- N
© of fset

)

(x5,

Slider Ground

,f":anme
st %)
< .

Figure 7.7: Graphical representation of mechanical drawing primitives

Point and Joint

The point primitive is basically circle with a filled-in center. It is usually used to emphasize a point on a
mechanical system. The general syntax for a point is

point z1y1 [T2Y2 ... Xpynl [tracel,
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where =11 ...2,Yn specify the coordinate(s) of the joint(s), t race is an optional parameter used to specify
whether the point is to be traced during animation. For example, to create a point at coordinate (1,3) with a
trace the following command would be required:

point 1 3 trace.

Primitive joint is very similar to point. It is syntatically the same as the point primitive, but
is comprised of a circle that is not filled-in. The joint represents a connection between two links or other
mechanical components.

Link

As previously mentioned, the 1ink primitive is a mechanical component formed by two circle primitives
and a line primitive. This primitive is normally used for generating animations of mechanical linkages such
as fourbar mechanisms. The general syntax for a 1ink is given by the following:

link 129 Zo2ys [... XpyYnl.

The coordinates of the endpoints of the first link is specified by (z1,y1) and (x2,y2). Addition links may
be attached to the last link by indicating the coordinates of the links’ other endpoints. A typical example of
creating two links adjoined at a common endpoint would be

link 1 1 1 4 4 4

In this example, the endpoints of the first link are at coordinates (1,1) and (1,4). The second link is then
attached to the first link at (1,4), and its other endpoint is located at (4,4). Note that the extra space between
the endpoint coordinates are ignored during execution of the Quick Animation program. They are present
in the example to help distinguish the endpoints.

Ground

The ground primitive represents a reference area of the animation. It is stationary and fixed to its location.

The syntax for ground is

ground x1 y1 T3 Y2 [offset pixeloffset]
[ticks forward | backward)]

For option of fset, pixeloffset specifies the distance that the ground should be placed away for the x-
and y-coordinates of the ground. Additionally, if the t i cks option is used, and its value is “forward”, then
the ground is specified as going from (z1,y1) to (x2,y2). Likewise, the opposite is true if the value of ticks
is "backward”. The default value for option t icks is “forward”. For example,

ground 0 0 10 0 offset 2

will produce a ”ground” section from x=0 to x=10 and two units below the line, y=0.

Ground Pin

In order to directly connect a mechanical system to ’ground”, the groundpin primitive is used to specify
the desired connection. The syntax for this primitive is given below as
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groundpin xy [angle angle]

Coordinate (X,y) is the center point of the ground pin, and the optional argument angle angle describes
the angular offset, in radians, relative to a horizontal position. In order to create a ground pin at the origin
with a 45° rotational offset, the following statement should be declared:

groundpin 0 0 angle 45

Slider

The s1lider primitive is generated from the rectangle drawing primitive. It represents a block member of
a mechanical system that is only capable of translation displacement. Similar to the ground pin, the slider
can have an angular displacement that would allow it to translate on a sloped surface. Its syntax is defined
as follow:

slider xy [angle angle]

As an example, consider a crank-slider mechanism that requires the slider to slide on a sloped surface,
located at (3,4) that is about 30° relative to the ground. The slider portion of the mechanism can be created
with the following statement:

slider 3 4 angle 30

Spring

The spring is a typical component of many mechanical systems. The availability of a spring primitive in
Quick Animation greatly increases the number of mechanical systems that can be modeled and animated.
Its syntax is given as

spring i Y1 %2 Yo,

where coordinates (z1,y1) and (z2,y2) specifies the endpoints of the spring. To create a spring from (1,1) to
(3,5), the following should be entered in the Quick Animation data file:

spring 1 1 3 5

7.3 Quick Animation Examples

The data file in Figure[Z.8lillusrates how general and mechanical primitives are specified in a quick animation
file. Figure show the display when this data file is processed by the program.

The sample code shown in Figure can be used to create an animation of a fourbar linkage similar
to the one in Figure A comment line in an animation file starts with #qanimate. Next, the title
of the animation is set, and the fixtures are specified as ground pins at points (A4, A,) and (D, D).
Line animate restart is used to begin the input of the animation. Each line beginning with (1ine
.. .) and ending after (polygon .. .) represents one snap shot, or one position, of the fourbar linkage
animation. The links are drawn with the 1ink keyword. Each coordinate pair represents a joint of the
mechanism. On each line, the coordinate pairs are arranged in order so that two adjacent joints form a link.
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# this is a comment
title "This is a Title"

fixture
#no fixture

animate

# low level primitives:
line 0 0 1 1.5 2 2 pen red \

line 3 3 4 4
line 5 5 12 5 linestyle dashed length 2 pen green linewidth 1
line 5 6 12 6 linestyle dashed length 5 pen green linewidth 1
line 5 7 12 7 linestyle dotted gap 1 pen red linewidth 2
line 5 8 12 8 linestyle dotted gap 5 pen red linewidth 2
arc 11 11 4 4 0 270 f1ill grey90 linewidth 5
arc 12 12 10 11 0 90 13 13 5 5 0 360 linewidth 2 pen blue
segment 14 14 15 15 16 16 17 17 pen red
#color of text cannot be changed in Windows for now
text 18 5 stringl pen rgb:ffff/ffff/0
text 18 7 "This is a string2" pen red
text 18 9 "This is a string3" \

font —-x-lucidatypewriter-medium—*—*—*—12—%—*—,—k—k—x—x%
circle 22 16 2 \

stopped line 14 17 17 20 text 17.2 20 "center of circle"
rectangle 15 18 1 1 pen red fill grey
rectangle 17 20 2 1 angle 30

# higher linkage primitives

joint 18 18

point 19 19

link 20 20 21 21

groundpin 22 22 25 25 angle 30

link 22 22 25 25

polygon 4 10 5 10 6 13 3.5 14 £fill green
spring 10 1 15 1

ground 17 1.0 19 2.0

# The traced trajectory shown on the upper left
point 0 20 trace

point 3 23 trace

point 6 25 trace

point 10 20 trace

Figure 7.8: A sample data file sample. lnm.
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v
| Hext || Prew | fE | Go | s Fast 1 Ginw
This is a Title
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Thiz iz a string?
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= =J

Figure 7.9: The quick animation display based on the sample data file sample.gnm.
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#fganimate animation file
title "Crank—-Rocker"

fixture
groundpin A; A, D, D,

animate restart

link A} Ay By B, CLC, D.D) \
point trace P} Py1 \
polygon fill grey B; B; C’; C’; P:g Py1

link A2 A7 B2B; C:C; D2D; \
point trace P? Py2 \
polygon fill grey Bg B; C’% C’; Pf Py2

link Ay Ay By By CpCp Dy Dy \
point trace Py P! \
polygon fill grey By B} Cy Cp Pp P}

Figure 7.10: Input data format for a four-bar linkage with a single coupler point
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The path of the coupler point, specified as point P in Figure is shown with a point trace. The
polygon keyword was used to create the coupler attachment.

y

Figure 7.11: General fourbar linkage

Before viewing a complete Ch program for creating a Quick Animation data file, consider the Ch code
listed as Figure This Ch code can be executed to create one frame of animation data. First, the
variables for the fourbar parameters are declared and initialized. Then printf() statements are used to write
the typical heading of an animation data file. Note that the links and coupler point vector are represented
as complex variables R and P, where R is an array of complex type. The positions of the links and coupler
point are calculated by the complexsolveRR() function and vector analysis. Additional calls to function
printf() completes writing to the animation data file. The resulting animation code of the program shown in
Figure can be used by the Quick Animation application to generate a single frame of animation, which
is shown as Figure
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/* Filename: fourbar_pos.ch x/
#include <stdio.h>

#include <math.h>

#include <complex.h>

#define deg2rad(a) ((a)+«M_PI/180.0)
#define rad2deg(a) ((a)*180.0/M_PI)

int main () {
double theta
rl =

1 deg2rad(20.0),
5.5,

r2 =1

r3 = 4

5

3

~

.5
.5
.5,
rd =5,
rp =
beta

’

deg2rad (25.0);

double complex z;

R[1] = polar(rl,thetal);

/+ The comment =/

printf("title Crank-Rocker\n");

printf ("fixture\n");

printf ("groundpin 0 0 %g %g\n",

printf ("animate restart\n");

theta2 = deg2rad(10.0);

R[2] = polar(r2,theta2);
R[3] = R[2] + polar(r3,theta3);

printf("link 0 0 Sf %f S%f Sf

real (R[2]), imag(R[2]),
real (R[3]), imag(R[3]),
real (R[1]), imag(R[1])

o

printf ("polygon fill grey90 %

real (R[2]), imag(R[2]),

real (R[3]), imag(R[3]),

real (P), imag(P));
printf ("\n");

double theta2,theta3,theta4, theta3_2, thetad_2;

double complex R[1:3]; // link vectors
double complex P; // coupler vector

printf ("#ganimate animation data\n");
/+ The title displayed on the animation x/

/+ The primitives following fixture =/

real (R[1]), imag(R[1]));
use animate restart.
use animate reverse x/

/+ For crank-rocker, crank-crank,
For rocker-rocker, rocker-crank,

z = polar(rl,thetal) - polar(r2,theta2);
complexsolveRR(r3,-r4,z,theta3, theta4, theta3_2, thetad_2);
P = R[2] + polar(rp,theta3+beta);

/* output coordinates for animation =/
$f £ \\\n",

printf ("point trace %f %f \\\n", real(P), imag(P));

// macros

// given data

sf $f £ \\\n",

Figure 7.12: List of program fourbar_pos.ch.
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=1olx]

File Mext Previous All Go  Stop Fast  Slow

Figure 7.13: Single animation frame of a fourbar linkage.

Figure [7.14] lists a sample Ch code used to create a Quick Animation data file. The animation can be
created by typing the following in the Ch command prompt:

fourbar_pos.ch | ganimate
or

fourbar_pos.ch > tmpl.gnm
ganimate tmpl.gnm

The result of fourbar_pos.ch is shown in Figure The data sets for creating the fourbar linkage

animation is typically generated by a for loop in Ch code. Figure [/.16] displays a snapshot of the Quick
Animation animation generated by the animation data file.
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* fourbar_anil.ch
*
Purpose:
— fourbar linkage analysis
- output animation coordinate data
Run this program in CH as follows:
* in Unix:
fourbar_anil.ch |
or
fourbar_anil.ch > tmpl.gnm
ganimate tmpl.gnm
in Windows:
fourbar_anil.ch |
or
fourbar_anil.ch > tmpl.gnm
ganimate tmpl.gnm
or
fourbar_anil.ch > tmpl.gnm
* tmpl.gnm

*
*
*
*

ganimate

ganimate

ERE . S T e S S N

#include <stdio.h>

#include <math.h>

#include <complex.h>

#define deg2rad(a) ((a)*M_PI/180.0)
#define rad2deg(a) ((a)x180.0/M_PI)

// macros

int main () {

double deg2rad(20.0),

’

// given data

~

.5
.5
.5,
rp = 3,

beta deg2rad(25.0);
theta2, theta3, theta4,
complex z;

complex R[1:3]; // link vectors
complex P; // coupler vector

al

=5

r2 =1
4

5

3

double
double
double
double

theta3_2, thetad_2;

R[1] = polar(rl,thetal);

/* The comment x/

printf ("#ganimate animation data\n");

/+ The title displayed on the animation x/
printf("title Crank-Rocker\n");

printf ("fixture\n");

/* The primitives following fixture x/
printf ("groundpin 0 0 %g %g\n", real(R[1]),
/+ For crank-rocker, crank-crank,
For rocker-rocker, rocker-crank,
printf ("animate restart\n");

for (theta2=0.0; theta2<=deg2rad(360.0);
polar(rl,thetal) - polar(r2,theta2);
complexsolveRR(r3,-r4,z,theta3, theta4,

7 =

R[2] = polar (r2,theta2);
R[3] = R[2] + polar(r3,thetal);
P = R[2] + polar(rp,theta3+beta);

/* output coordinates for animation =/
printf ("link 0 0 &f %f $f $f &£ $f£ \\\n",

real (R[2]), imag(R[2]),
real (R[3]), imag(R[3]),
real (R[1]), imag(R[1]) );

printf ("point trace %$f %f \\\n", real (P),
printf ("polygon fill grey90 %f $f %f Sf %
real (R[2]), imag(R[2]),
real (R[3]), imag(R[3]),
real (P), imag(P));
printf ("\n");
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imag(R[1]));
use animate restart.
use animate reverse x/

theta2+=deg2rad(10.0)) {

theta3_2,

imag (P));
$f \\\n",

thetad_2);
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#ganimate animation data

title Crank-Rocker

fixture

groundpin 0 0 5.16831 1.88111

animate restart

link 0 O 1.500000 0.000000 0.883211 4.457530 5.168309 1.881111 \

point trace -0.128556 2.519485 \

polygon fill grey90 1.500000 0.000000 0.883211 4.457530 -0.128556 2.519485 \

link 0 0 1.477212 0.260472 1.067510 4.741783 5.168309 1.881111 \
point trace -0.032922 2.852672 \
polygon fill grey90 1.477212 0.260472 1.067510 4.741783 -0.032922 2.852672 \

link 0 0 1.477211 -0.260473 0.726293 4.176431 5.168309 1.881111 \
point trace -0.226575 2.208759 \
polygon fill grey90 1.477211 -0.260473 0.726293 4.176431 -0.226575 2.208759 \

link 0 0 1.500000 -0.000001 0.883210 4.457529 5.168309 1.881111 \
point trace -0.128557 2.519484 \
polygon fill grey90 1.500000 -0.000001 0.883210 4.457529 -0.128557 2.519484 \

Figure 7.15: Sample of data generated by program fourbar_anil.ch.

B Crank-Rocker _ o] ]

File Mext Previous All Go  Stop Fast Slow

Figure 7.16: Quick Animation window showing a four-bar linkage.
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Two additional examples of creating Quick Animation animation files are given below. They generate
the same fourbar linkage animation as that of program fourbar_anil. ch, but with special handling of
the animation data. Program fourbar_ani2.ch outputs the animation coordinate data to two data files
fourbar_anil.gnm and fourbar_ani2.qgnm, one file for each kinematic inversion of the fourbar
linkage. These animation data files are then processed by program ganimate. Program fourbar_ani3.ch
will also produce two data files, but these data files are piped directly to the Quick Animation program to
automatically generate the fourbar linkage animations. No extra commands are required to implement an-
imation for the third sample program. Execution of the program will simply generate the desired animations.

Listing of program fourba_ ani2.ch

/**********************************************************************
+ fourbar_ani2.ch
* Purpose:
* — fourbar linkage analysis
* — output animation coordinate data to two data files and run animation
* Run this program in Ch as follows:
* fourbar_ani2.ch
**********************************************************************/
#include <stdio.h>
#include <math.h>
#include <complex.h>
#define deg2rad(a) ((a)*M_PI/180.0) // macros
#define rad2deg(a) ((a)*180.0/M_PTI)

int main () {

double thetal deg2rad(20.0), // given data

rp =
beta

int 1i;

double theta2,theta3,thetad4,theta3_2,thetad_2;

double complex z;

double complex R[1:3]; // link vectors

double complex P; // coupler vector

FILE *out([2];

deg2rad (25.0) ;

R[1] = polar(rl,thetal);

out [0] = fopen ("fourbar_anil.gnm","w"); // open fourbar_anil.gnm
if (lout[0]) {

perror ("fopen()");

exit (1);
}
out[1] = fopen("fourbar_ani2.gnm","w"); // open fourbar_ani2.gnm
if (lout[1l]) |

perror ("fopen()");

exit (1);

for (i=0; i<2; i++) {
/+ The first line of the animation file must start with #ganimate x/
fprintf (out[i], "#ganimate animation data\n");
/+ The title displayed on the animation x/
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fprintf (out[i], "title Crank—-Rocker\n");

fprintf (out[i], "fixture\n");

/* The primitives following fixture =/

fprintf (out[i], "groundpin 0 0 %g %g\n", real (R[1]), imag(R[1]));
/* For crank-rocker, crank-crank, use animate restart.

For rocker-rocker, rocker—-crank, use animate reverse =*/

fprintf (out[i], "animate restart\n");

(theta2=0.0; theta2<=deg2rad(360.0); theta2+=deg2rad(10.0)) {
R[2] = polar(r2,theta2);
z = polar(rl,thetal) - polar(r2,theta2);

complexsolveRR (r3,-r4,z,theta3,theta4, theta3_2, thetad_2);

/* first solution x/
R[3] = R[2] + polar(r3,thetald);
P = R[2] + polar(rp,theta3+beta);

/* output coordinates for animation =/

}

fprintf (out[0],"link 0 0 %f $f Sf £ $f $£ \\\n",
real (R[2]), imag(R[2
real (R[3]), imag(R[3
real (R[1]), imag(R[1 )

fprintf (out[0], "point trace $f \\\n", real(P), imag(P));

fprintf (out[0], "polygon fill grey90 %f $f $f %f %f£ %f \\\n",
real (R[2]), imag(R[2]),
real (R[3]), imag(R[3]),
real (P), imag(P));

fprintf (out[0], "\n");

’
’

)
)
)

]
]
]

/* second solution x/
R[3] = R[2] + polar(r3,theta3_2);
P = R[2] + polar(rp,theta3_2+beta);

/* output coordinates for animation =/

fprintf (out[1],"link 0 0 &%f &f &f %f $f %f£f \\\n",
real (R[2]), imag(R[2])
real (R[3]), imag(R[3])
real (R[1]), imag(R[1]) );

fprintf (out[1l], "point trace %f $f \\\n", real(P), imag(P));

fprintf (out[1], "polygon fill grey90 %f $f $f %f %$f %f£ \\\n",
real (R[2]), imag(R[2]),
real (R[3]), imag(R[31]),
real (P), imag(P));

fprintf (out[1],"\n");

14
14

fclose(out[0]);

fclose (out[1]);

ganimate fourbar_anil.gnm

remove ("fourbar_anil.gnm"); // remove the data file
ganimate fourbar_aniZ2.gnm

remove ("fourbar_ani2.qgqnm"); // remove the data file

Listing of program fourbar_ani3.ch

/**********************************************************************
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— output animation coordinate data to two pipes

*
*
* Purpose:
*
*
*

Run this program in Ch as follows:
* fourbar_ani3.ch

**********************************************************************/

#include <stdio.h>

#include <math.h>

#include <complex.h>

#define deg2rad(a) ((a)*M_PI/180.0)
#define rad2deg(a) ((a)*180.0/M_PI)

int main() {
double thetal = deg2rad(20.0),
rl =
r2 =
r3 =
r4 =
rp = 3,
beta = deg2rad(25.0);
int 1i;

.5,
.5,
.5,

’

w U1 PO

// macros

// given data

double theta2,theta3,theta4,theta3_2,thetad_2;

double complex z;

double complex R[1:3]; // link vectors

double complex P;
FILE *out([2];

R[1] = polar(rl,thetal);

out [0] = popen("ganimate","w");
if (lout[0]) {

perror ("popen()");

exit (1);
}
out [1] = popen("ganimate","w");
if (lout[l]) |

perror ("popen()");

exit (1) ;

for (i=0; 1i<2; i++) {
/% The comment =*/

// coupler vector

// open ganimate pipe

fprintf (out[i], "#ganimate animation data\n");

/+ The title displayed on the animation x/

fprintf (out[i],"title Crank—-Rocker\n");

fprintf (out[i], "fixture\n");

/* The primitives following fixture =/

fprintf (out[i], "groundpin 0 0 %$f %$f\n", real (R[1]), imag(R[1]));
/* For crank-rocker, crank-crank, use animate restart.

For rocker—-rocker, rocker—-crank, use animate reverse =/

fprintf (out[i], "animate restart\n");

for (theta2=0.0; theta2<=deg2rad(360.0); theta2+=deg2rad(10.0)) {
R[2] = polar(r2,theta2);

z = polar(rl,thetal) - polar(r2,theta2);
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complexsolveRR (r3,-r4,z,theta3,theta4, theta3_2, thetad4_2);

/+ first solution =*/
R[3] = R[2] + polar(r3,thetal);
P = R[2] + polar(rp,theta3+beta);

/* output coordinates for animation =/

fprintf (out[0],"link 0 0 &%f &f &f %f $f %f£f \\\n",
real (R[2]), imag(R[2]),
real (R[3]), imag(R[3]),
real (R[1]), imag(R[1]) );

fprintf (out[0], "point trace %f $f \\\n", real(P), imag(P));

fprintf (out[0], "polygon fill grey90 %f $f $f %f %f %f \\\n",
real (R[2]), imag(R[2]),
real (R[3]), imag(R[31]),
real (P), imag(P));

fprintf (out [0], "\n");

/+ second solution x/
R[3] = R[2] + polar(r3,theta3_2);
P = R[2] + polar(rp,theta3_2+beta);

/* output coordinates for animation =/
fprintf(out[1l],"link 0 0 %f $f $f £ S$f $£ \\\n",
real (R[2]), imag(R[2]),
real (R[3]), imag(R[3]),
real (R[1]), imag(R[1]) );
fprintf (out[1], "point trace %f %$f \\\n", real(P), imag(P));
fprintf (out[1], "polygon fill grey90 %f $f $f %f %f %f \\\n",
real (R[2]), imag(R[2]),
real (R[3]), imag(R[3]),
real (P), imag(P));
fprintf (out[1],"\n");

pclose (out[0]);
pclose(out[1]);
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Chapter 8

Implementations of Interactive Web Pages
for Mechanism Design and Analysis

Interactive web-based mechanism analysis for various linkages have been introduced in the previous chap-
ters. From those brief introductions, it can be seen that web-based analysis was a convenient tool for per-
forming kinematic and dynamic analysis of the mechanisms. Users only have to input specific values for
the mechanism they want to study and then click on the ”run” button to begin the mechanism analysis. This
saves the user valuable time since the computer is performing all the required calculations, and he/she does
not need to have any prior programming experiences.

This chapter will provide a more in depth discussion on how the interactive mechanism analysis web
pages are designed and implemented. At the end of the chapter, the user should have a clear understanding
of the functionality of interactive web-based analysis programs and be able to develop similar web pages.

8.1 Introduction to CGI Programming

The basis behind the concept of interactive web-based mechanism analysis is CGI programming. CGI,
or Common Gateway Interface, allows web servers to execute scripts and programs using data sent by a
client and then returns the results to the client. The web pages for mechanism analysis utilizes Ch scripts to
perform the desired analysis. CGI programming involves the interaction between two files: an HTML file
and a script/program file.

8.1.1 Writing HTML Files

HTML files allows for the creation of internet web pages that web servers utilize to prompt users to input
data required by CGI scripts. For example, consider the "fill-out form” web page shown in Figure Itis
a simple HTML document for sending data through a web page.

HTML is not a programming language, but a formatting language. Formatting is specified by rags in
HTML files. Tags can be easily distinguished from other text in HTML files because they are enclosed
within a pair of angle brackets, <. . .>. For example, <TITLE> and <BODY> are two HTML tags used in
Program [46l Furthermore, tags and other elements in HTML code are case insensitive. Thus, <TITLE> is
equivalent to <Title> or <Tit le>. Table[8.1]lists some of the common HTML tags along with a brief
description. Note that some format tags requires an ending statement, such as <BODY>. . .</BODY>.

All HTML documents should have a clearly defined head and body. The head of an HTML document
usually includes the title of the document. Note that the title does not appear inside the body of document,
but instead, displayed in the window’s title bar for the web browser. The head and title are delimited by
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L d Fill-Out Form Example #1 - Mozilla - %
File Edit View Go Bookmarks Tools Window Help

Fill-Out Form Example #1

This is a very simple fill-out form example.

A single text entry field goes here:

Naote that it has no default value.

To submit the query, press this button: _ Submit Query

That's it.
Things you may want to note:

® Characters like "&", "%", and "$" in the text typed into the text entry field are automatically escaped
(into hex form: a percent sign followed by a two-digit hex value corresponding to the ASCII value
of the character) when the query is constructed. For example, the string "&%%" becomes
"0626%25%:24".

¢ By default, an INPUT tag corresponds to a text entry field. The TYPE attribute lets you change this --
the "submit” type indicates a special pushbutton that causes the query to be submitted when it's
pushed. Other types are demonstrated in the other examples.

* Because this fill-out form contains only a single text entry field, the query can be submitted by
pressing return in the text entry field (as well as by pressing the "Submit Query” button).

Figure 8.1: Fill-out form example.
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<HEAD>

<TITLE>Fill-Out Form Example #1</TITLE>

</HEAD>

<BODY bgcolor="#FFFFFF" text="#000000" v1ink="#FF0000">
<H1>Fill-Out Form Example #1</H1>

This is a very simple fill-out form example. <P>

<FORM METHOD="POST" ACTION="/cgi-bin/chcgi/form.ch">

A single text entry field goes here: <INPUT NAME="entry"> <P>
Note that it has no default value. <P>

To submit the query, press this button: <INPUT TYPE="submit"
VALUE="Submit Query">. <P>

</FORM>
That’s it. <P>
Things you may want to note: <P>

<UL>

<LI> Characters like "&amp;", "%", and "$" in the text typed into the
text entry field are automatically escaped (into hex form: a
percent sign followed by a two-digit hex value corresponding to
the ASCII value of the character) when the query is constructed.
For example, the string "&amp; $$" becomes "%$26%25%24".

<LI> By default, an <CODE>INPUT</CODE> tag corresponds to a text entry
field. The <CODE>TYPE</CODE> attribute lets you change this —--
the "submit" type indicates a special pushbutton that causes the
query to be submitted when it’s pushed. Other types are
demonstrated in the other examples.

<LI> Because this fill-out form contains only a single text entry
field, the query can be submitted by pressing return in the text
entry field (as well as by pressing the "Submit Query" button).

</UL>

</BODY>

Program 46: HTML source code for Figure 811
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<HEAD>...</HEAD>and <TITLE>...</TITLE>, respectively. For example, the title of the HTML
document shown in Figure [8.1lis ”Fill-Out Form Example #1”.

The source code for the HTML document of Figure [8.1]is Program [46l As can be seen from this source
code, the body of an HTML document contains all the information displayed on the internet web page.
Notice that some attributes have been specified for the HTML document within the <BODY> tag. The
bgcolor= attribute sets the background color of the web page, whereas attribute t ext = defines the color
of the text to be displayed. The last attribute, v1ink=, specifies the color of a previously visited hyperlink.
In order to have a visible title displayed on the web page, the header tag <H1>. . .</H1> has been used.

Creating a form begins with the <FORM> tag. Within the <FORM> tag, there is typically two attributes
associated with it: method= and action=. For the example of Program the form method is set to
post, which means that the data are to be passed via the standard input method. The act ion= attribute is
used to indicate the program or script to process the data collected by the HTML form. Inside the form, data
entry fields are specified with the <INPUT> tag. Note that data entry fields may be distinguished by names
with the name= attribute, as in Program 46l Submission of data is accomplished through the <INPUT> tag
with t ype= attribute set to ”submit”.

Table 8.1: Description of HTML tags.

Description

Specify title of an HTML document.

Indicates the head section of an HTML document.
Indicates the body section of an HTML document.

Tags
<TITLE>...</TITLE>
<HEAD>...</HEAD>
<BODY>...</BODY>

<H[#]1>...</H[#]> Heading format; value of [#] can range from 1 to 6,
with <H1> being the highest setting.
<HR> Horizontal rule; inserts a horizontal line between

sections of text.

<CENTER>. . .</CENTER> | Horizontal centering.

<IMG> Insert an in-line image.
<PRE>...</PRE> Display text in preformatted form.
<p> Paragraph tag; inserts a blank line between sections

of text.

<UL>...<LI>...</UL> Unordered, or unnumbered, list.

<BR> Break tag; starts new line, but does not insert a blank
one.
<B>...</B> Bold text.

<I>...</I>
<U>...</U>

<FORM>. ..</FORM>
<INPUT>
<SELECT>...</SELECT>

Italics text.

Underline text.

Define a form field within an HTML document.
Define an input field.

Define a selection field.

8.1.2 Writing CGI Script Files

Processing data sent from an HTML document with the <FORM> tag requires a script file, which is located
on the server side. Once data are passed to the server through CGI, the necessary procedures are performed
and the result is returned to the client. As an example, Program [47/] is the Ch script associated with the
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#!/bin/ch
#include <cgi.h>

int main() {
int i, num;
chstrarray name, value;
class CResponse Response;
class CRequest Request;

Response.begin () ;
Response.title ("CGI FORM results");
printf ("<H1>CGI FORM test script reports:</H1>\n");

num = Request.getFormNameValue (name, value);

if (num == 0) {
printf ("No name/value has been submitted<P>\n");
exit (0);

}
else if (num < 0) {
printf ("Error: in Request.getFormNameValue () <P>\n");
exit (0);
}
printf ("The following %d name/value pairs are submitted<P>\n",num);
printf ("<UL>\n");
for (i=0; i < num; i++) |
printf ("<LI> <CODE>%s = ",name[i]);
if (valuel[i])
printf ("%s",value[i]);
printf ("</CODE>\n");
}
printf ("</UL>\n");
Response.end () ;

Program 47: Example CGI program.

form filling example in the above section. It is used to process the data collected from the HTML document
shown in Figure [8.1l which is generated by Program

The first line of Program #!/bin/ch, indicates that this program is a Ch script file. Header file
cgi.h contains the definitions for classes CResponse and CRequest, which are convenient for CGI pro-
gramming. Class CRequest can be used to obtain data from HTML documents, whereas class CResponse
can be used to output data as an HTML document. Two generic data types chchar and chstrarray are also
type-defined in this header file. They are type-defined as follows.

typedef char chchar;
typedef charx* chstrarray;

Program declares two variables, name and value, of data type chstrarray to store the name and
value data passed by the form of Program Member function begin() of class CResponse indicates the
start of the output. The title of the dynamically generated HTML document may be added with member
function title(), which requires a string for its input argument. For the document generated by Program
the title is specified as "CGI FORM results". Lines of HTML codes are added with the C printf()
function. The names and values submitted in a fill-out form can be obtained by the CGI program by member
functions CResquest::getForm(), CResquest::getForms(), or CResquest::getFormNameValue(). For
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File Edit View Go PBookmarks Tools Window Help

CGI FORM test script reports:

The following 1 name/value pairs are submitted

#® entry = something

L =

Figure 8.2: Output of submitting form of Figure

the example of Program member function getFormNameValue() is used. The prototype for member
function getFormNameValue() is shown below.

int CRequest::getFormNameValue (chstrarray &names,
chstrarray &values);

The getFormNameValue() member function obtains all the name/value pairs from the HTML form doc-
ument and stores them into arguments names and values, which are treated as string arrays. After
obtaining the name/value pair(s) from the form-filling document, the rest of the code is used for checking
input errors and displaying the values that have been entered. Note that the primary function of HTML tag
<CODE> is to display codes extracted from programming files. Text are displayed as they are typed within
the tag. Figure [8.2] shows the dynamically generated HTML document after submitting the form shown in
Figure with the entered value “something”.

8.2 Web-Based Animation Example

Although the form-filling example in the above section provides a good introduction to CGI programming,
an in depth example is given in this section to show how to write a more effective CGI program. One such
example would be the fourbar animation web page discussed in Section The HTML document for
animating the fourbar linkage mechanism via the internet is shown in Figure Its source code is listed
as Program [48]

Program 48] concisely specifies the layout of Figure After the head and title of the HTML doc-
ument, a figure of the fourbar linkage is displayed with the <IMG> tag, where option src= indicates the
location of the image file on the web server. Next, the <FORM> tag allows for the user to input data required
for generating the fourbar animation. The initial <SELECT> tag allow users to specify the use of SI of
US Customary units. Text input areas are created for link lengths and ground angle 6;. Furthermore, input
areas have been allocated for the coupler point properties if the user decides to specify a coupler link. Note
that each <INPUT> tag is associated with a name describing the required parameter. This allows the CGI
script, fourbar_ani.ch, to easily identify the type of data being passed into it. For example, the CGI
script would be able to distinguish between link lengths 1 and ro. Along with the name= option for tag
<INPUT>, the options value= and size= specifies the default values and the field-width for each input,
respectively. Thus, the input for link length 74 has a default value of "5. 0" and field width size of 5.
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Following the link lengths area, ground angle ¢; and the phase angle for the coupler point 5 may be
specified. The <SELECT> tag allows the user to specify whether the angles are in degrees or radians. The
branch number selection of the fourbar linkage is also created in this manner.

The CGI script for processing the data collected from the HTML form created by Program (48] is listed
as Program Program |49 consists of the main() function and two other functions, errorHandler ()
and fourbar_ani (). In the main() function, an object of class CRequest, Request, is instantiated in
order to obtain the data submitted by the HTML form for animation of the fourbar mechanism. Member
function Request::getForm() is used to acquire the submitted data one value at a time. Member function
getForm() takes the name associated with the value to be acquired as an input value, and then the acquired
value becomes the member function’s return value. Note that the data values are read and stored as strings.
If, for some reason, the value submitted from the HTML form is invalid, function errorHandler () is
called to display an error message in HTML document form by using class CResponse.

If the values collected from the HTML form are all valid, then they are passed into function
fourbar_ani () to simulate the motion of the fourbar linkage via the world wide web. In function
fourbar_ani (), the data values passed in as strings are now converted to double precision floating-
point numbers, with the exceptions of arguments mode and branchnum. These two variables can be used
directly as strings. If the values for 61 and 3 were submitted in degrees, then they are converted to radians
in function fourbar_ani (). The next step to simulate the motion of the fourbar mechanism is to set the
parameters of object fourbar of class CFourbar. Once this is done, and the branch number of the fourbar
is determined from string branchnum, class CResponse can be used to stream the linkage animation to an
HTML document. Note that only a Rocker-Rocker mechanism may have a branch number greater than 2.
The statement

Response.setContentType ("application/x—gnm") ;

indicates that the output is a Quick Animation application. Recall that member function
CFourbar:::animation() has a variable argument list. Also recall that if the second argument of member
function animation() is QANIMATE OUTPUTTYPE FILE, then the data for generating the fourbar ani-
mation can be saved into a file whose name is specified by a third function argument. For Program the
second argument of member function animation() is QANIMATE _OUTPUTTYPE_STREAM, which indicates
that the animation data should be streamed directly to the HTML document.

An alternative CGI program for animating the fourbar linkage is Program[50} It is similar to Program [49]
except that this CGI program independently generates the animation data rather than use member function
CFourbar::animation(). However, Program [50] still incorporates the use of class CFourbar in order to
determine the joint limits and type of the fourbar. Vectors of double complex types are used to define the
various positions of the links and coupler point. In order to stream the animation to the web browser file
pointer animation is set to point to stdout. Program [50]is provided to show the reader how to create and
display animations on the internet with Quick Animation and CGI programming.

8.2.1 Configuration and Setup of Web Servers

In order to run the Quick Animation application from a Netscape Web server in a Unix operating system,
the following line has to be added to the Netscape WWW server configuration file mime.types located in
directory server_home_dir/https-80_or_http/config.

type=application/x—gnm exts=gnm

For the Apache Web server, the line
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<HEAD>

<TITLE>

Interactive Four-Bar Linkage Animation
</TITLE>

</HEAD>

<BODY bgcolor="#FFFFFEF">

<H1>

Interactive Four-Bar Linkage Animation
</H1>

<HR>
The four-bar linkage below can be animated on your screen.

<CENTER>
<IMG SRC="/chhtml/toolkit/mechanism/fig/fourbar/fourbar_trans.gif">
</CENTER>

<P>
<HR>

<FORM method="POST" action="/cgi-bin/chcgi/toolkit/mechanism/fourbar/fourbar_ani.ch">

<BR>

Unit Type:

<SELECT name="unit">

<OPTION value="SI">SI

<OPTION value="USC">US Customary
</SELECT>

<BR>

Link lengths (m or ft):

<B>rl:</B> <INPUT name="rl" value="0.12" size=5>
<B>r2:</B> <INPUT name="r2" value="0.04" size=5>
<B>r3:</B> <INPUT name="r3" value="0.10" size=5>
<B>r4:</B> <INPUT name="r4" value="0.07" size=5>
<B>rp:</B> <INPUT name="rp" value="0.05" size=5>
<BR>

Angles:

<B>thetal:</B> <INPUT name="th" value="0" size=6>
<B>beta:</B> <INPUT name="beta" value="20" size=6>
<SELECT name="mode">

<OPTION value="deg">Degree Mode

<OPTION value="rad">Radian Mode

</SELECT>

<BR>

Number of points: <INPUT name="n" value="30" size=3>
<BR><BR>

Program 48: Source code for web-based fourbar linkage animation.
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Branch Number:

<SELECT name="branchnum">
<OPTION value="1st">1
<OPTION value="2nd">2
<OPTION value="3rd">3
<OPTION value="4th">4
</SELECT>

<BR>

<p>

<INPUT TYPE=submit VALUE="Run">

<INPUT TYPE=reset VALUE="Reset">

</FORM>

<p>

<HR size=4>

<A HREF="http://www.softintegration.com" target="_top">

<img src="/chhtml/images/poweredbych.gif" alt="Powered by Ch"></A>

</FONT>
</BODY>

Program 48: Source code for web-based fourbar linkage animation (Contd.).

application/x—gnm gnm

may be added to file server_home_dir/conf/mime.types. Note that the Web server needs to restart
in order for the changes to be effective.
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#!/bin/ch

#include<stdio.h>
#include<string.h>
#include<cgi.h>
#include<fourbar.h>

volid errorHandler (char *reason)
{

class CResponse Response;

Response.begin () ;

Response.title ("Fourbar Animation");

fprintf stdout << ENDFILE

<H3>Fourbar Animation Failed</H3>

Your fourbar animation has not been generated

because: S$Sreason.<BR>

<A HREF="/chhtml/toolkit/mechanism/fourbar/fourbar_ani.html">Try again.</A>

<P><HR SIZE=4>
<hr>

<A HREF="http://www.softintegration.com" target="_top">
<img src="/chhtml/images/poweredbych.gif" alt="Powered by Ch"></A>

ENDFILE
Response.end () ;
exit (0);

void fourbar_ani (char *unit, char =*rril,

char *rr2, char =rr3,

char *mode, char* tthetal, char =xbbeta, char

char *branchnum)

class CResponse Response;
double r[l:4], rpp;
double beta;

double theta2_min[2], theta2_max[2],
thetad4_min([2], thetad4d_max[2];

double theta[l1:2][1:4];
double complex P11, P2;

int num_pts;

int theta_id = FOURBAR_LINK2;
int fourbartype;

FILE *animation;

CFourbar fourbar;

double complex R[1:4];

int 1i;

/+ Define the fourbar-linkage. =*/

r[l] = streval(rrl); r[2] = streval(rr2);
r[(3] = streval(rr3); r[4] = streval(rrd);
rpp = streval (rrp);

theta[l][1] = streval (tthetal);
beta = streval (bbeta);
num_pts = streval (n);

char +rr4,
*n,

Program 49: CGI program for web-based fourbar linkage animation.
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if (strcmp (mode, "deg") == 0)

{
theta[l][1] = M_DEG2RAD (thetal[l][1]);
beta = M_DEG2RAD (beta) ;

}
thetal[2] [1] = thetal[l][1l];

/* Perform position analysis of fourbar. =/
if (strcmp (unit, "USC") == 0)
fourbar.uscUnit (true);
fourbar.setLinks (r[1], r[2], r[3], r[4], theta[l][1l]);
fourbar.setCouplerPoint (rpp, beta, TRACE_ON);
fourbartype = fourbar.getJointLimits (theta2_min, theta2_max, thetad4_min, theta4_max);
fourbar.setNumPoints (num_pts);

/+ Determine branch number. =/

if (strcmp (branchnum, "1lst") == 0)
i=1;

else if (strcmp (branchnum, "2nd") == 0)
i = 2;

else if (strcmp (branchnum, "3rd") == 0)
i = 3;

else
i = 4;

/+ Determine whether branchnum > 2 is possible. x/
if ((fourbartype != FOURBAR_ROCKERROCKER) && (i > 2))
errorHandler ("This linkage only have two branches.");

/+ Display the results onto the browser. =/
Response.setContentType ("application/x-qgnm") ;
Response.begin () ;

fourbar.animation (i, QANIMATE_OUTPUTTYPE_STREAM) ;
Response.end() ;

int main ()

{
class CRequest Request;
chchar *rl, *xr2, *r3, =*r4;
chchar xthetal;
chchar xrp, x*beta;
chchar *mode, *n, *branchnum;
chchar »unit;

unit = Request.getForm("unit");
rl = Request.getForm("rl");
if(!lrl)
errorHandler ("You didn’t input a ’'rl’ value.");

else if (!isnum(rl))
errorHandler ("'rl’ is not a valid number.");
r2 = Request.getForm("r2");

if('r2)

errorHandler ("You didn’t input a ’'r2’ value.");
else if(!isnum(r2))

errorHandler ("'r2’ is not a valid number.");

Program 49: CGI program for web-based fourbar linkage animation (Contd.).
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8.2. WEB-BASED ANIMATION EXAMPLE

r3 = Request.getForm("r3");

1if(!'r3)

errorHandler ("You didn’t input a ’'r3’ value.");
else 1f(!isnum(r3))

errorHandler ("' r3’ is not a valid number.");
r4 = Request.getForm("r4");
if('r4d)

errorHandler ("You didn’t input a 'r4’ value.");
else 1f(!isnum(rd))

errorHandler ("'r4’ is not a valid number.");
rp = Request.getForm("rp");
if(!'rp)

errorHandler ("You didn’t input a ’'rp’ value.");
else if (!isnum(rp))

errorHandler ("' rp’ is not a valid number.");
thetal = Request.getForm("th");
if (!thetal)

errorHandler ("You didn’t input a ’'th’ value.");
else if (!isnum(thetal))

errorHandler ("'th’ is not a valid number.");
beta = Request.getForm("beta");
if (!beta)

errorHandler ("You didn’t input a ’'beta’ value.");
else 1f (!isnum(beta))

errorHandler ("'beta’ is not a valid number.");

mode = Request.getForm("mode");
n = Request.getForm("n");
if(!'n)

errorHandler ("You didn’t input a ’'n’ value.");
else 1f(!isnum(n))

errorHandler ("'n’ is not a valid number.");
branchnum = Request.getForm ("branchnum") ;

fourbar_ani (unit, rl, r2, r3, r4, rp, mode, thetal, beta, n, branchnum);

return 0;

Program 49: CGI program for web-based fourbar linkage animation (Contd.).
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#!/bin/ch

#include<stdio.h>
#include<string.h>
#include<cgi.h>
#include<fourbar.h>

#define deg2rad(a) (ax(M_PI/180))

voilid errorHandler (char *reason)

{

class CResponse Response;

Response.begin () ;
Response.title ("Fourbar Animation");

fprintf stdout << ENDFILE
<H3>Fourbar Animation Failed</H3>
Your fourbar animation has not been generated
because: S$reason.<BR>
<A HREF="/chhtml/toolkit/mechanism/fourbar/fourbar_ani.html">Try again.</A>
<P><HR SIZE=4>
<hr>
<A HREF="http://www.softintegration.com" target="_top">
<img src="/chhtml/images/poweredbych.gif" alt="Powered by Ch"></A>
ENDFILE
Response.end () ;
exit (0);

void fourbar_ani (char *unit, char =*rrl, char *rr2, char *rr3, char =*rr4,
char xrrp, char xmode, charx tthetal, char xbbeta, char =n,
char *branchnum)

class CResponse Response;

double r[l:4], rpp;

double beta;

double theta2;

double theta2_min[2], theta2_max[2],
thetad4_min([2], thetad4_max[2];

double min, max;

double thetal[l:2][1:47;

double incr;

int num_pts;

int fourbartype;

string_t grashof_name;

FILE xanimation;

double complex R[1:4];

double complex z;

double complex P;

int nl = 2, n2 = 4;

CFourbar fourbar;

int 1i;

Program 50: Alternative CGI program for web-based fourbar linkage animation.
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/+ Define the fourbar-linkage. =*/

r[(l] = streval(rrl); r[2] = streval(rr2);
r[(3] = streval(rr3); r[4] = streval(rrd);
rpp = streval (rrp);

theta[l][1] = streval (tthetal);
beta = streval (bbeta);
num_pts = streval (n);

if (strcmp (mode, "deg") == 0)

{
theta[l][1] = deg2rad(theta[l][1]);
beta = deg2rad (beta);

}

thetal[2][1] = theta[l][1];

/* Determine branch number. =/
if (strcmp (branchnum, "1lst") == 0)

i=1;

else if (strcmp (branchnum, "2nd") == 0)
i = 2;

else if (strcmp (branchnum, "3rd") == 0)
i = 3;

else
i=4;

/+ Simulate motion of fourbar. =*/
if (strcmp (unit, "USC") == 0)
fourbar.uscUnit (true);
fourbar.setLinks (r[1], r([2], r[3], r[4], thetal[l][1l]);
fourbartype = fourbar.getJointLimits (theta2_min, theta2_max, thetad4_min, theta4_max);
fourbar.grashof (grashof_name) ;

/+ Determine whether branchnum > 2 is possible. x/
if ((fourbartype != FOURBAR_ROCKERROCKER) && (i > 2))
errorHandler ("This linkage only have two branches.");

if(i < 3) {
min = theta2_min[0];
max theta2_max[0];

}

else {
min = theta2_min([1];
max theta2_max[1];

animation = stdout;

Response.setContentType ("application/x—gnm") ;

Response.begin () ;

R[1l] = polar(r([l], thetallll[l]);

fprintf (animation, "#ganimate animation data\n");

fprintf (animation, "title \"%s\"\n", grashof_name);

fprintf (animation, "fixture\n");

fprintf (animation, "groundpin 0 0 %f %f\n", real (R[1]), imag(RI[1]));

Program 50: Alternative CGI program for web-based fourbar linkage animation (Contd.).
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if ((fourbartype == FOURBAR_ROCKERROCKER)
| | (fourbartype == FOURBAR_ROCKERCRANK) )

fprintf (animation, "animate reverse \n");
}
else
{

fprintf (animation, "animate restart \n");

incr = abs((max-min) /num_pts) ;
for (theta2 = min; theta2 <= max; theta2+=incr) {

theta[l] [2] = theta2; theta[2][2] = theta2;
R[2] = polar(r[2], theta2);
z = R[1] - R[2];

complexsolve (nl, n2, r[3], -r[4], z, theta[l][3], thetall][4],
theta[2] [3], theta[2][4]);

if((i==1) || (1 == 3)) {
R[3] = R[2] + polar(r[3], thetall]I[3]);
P = R[2] + polar(rpp, theta[l][3]+beta);
}
else {
R[3] = R[2] + polar(r([3], thetal2][3]);
P = R[2] + polar(rpp, theta[2][3]+beta);

/* Animation coordinates. x/
fprintf (animation, "link 0 0 %f %f &f %f %f %f \\\n",
real (R[2]), imag(R[2]),
real (R[3]), imag(R[31]),
real (R[1]), imag(R[1]));
fprintf (animation, "point trace %f %f \\\n", real(P), imag(P));
fprintf (animation, "polygon fill grey90 %f %f %f $f %f %$f \\\n",
real (R[2]), imag(R[2]),
real (R[3]), imag(R[31]),
real (P), imag(P));
fprintf (animation, "\n");
}
Response.end() ;

int main ()

{
class CRequest Request;
chchar *rl, »xr2, *r3, =*r4;
chchar xthetal;
chchar xrp, =*beta;
chchar *mode, *n, *branchnum;
chchar *unit;

Program 50: Alternative CGI program for web-based fourbar linkage animation (Contd.).
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unit = Request.getForm("unit");
rl = Request.getForm("rl");
if('rl)

errorHandler ("You didn’t input a ’'rl’ value.");
else if (!isnum(rl))

errorHandler ("'rl’ is not a valid number.");
r2 = Request.getForm("r2");
if('r2)

errorHandler ("You didn’t input a ’'r2’ value.");
else if (!isnum(r2))

errorHandler ("' r2’ is not a wvalid number.");
r3 = Request.getForm("r3");
if(!'r3)

errorHandler ("You didn’t input a ’'r3’ value.");
else 1f(!isnum(r3))

errorHandler ("' r3’ is not a valid number.");
r4 = Request.getForm("r4");
if('r4d)

errorHandler ("You didn’t input a ’'r4’ value.");
else if(!isnum(rd))

errorHandler ("'r4’ is not a valid number.");
rp = Request.getForm("rp");
if('rp)

errorHandler ("You didn’t input a ’'rp’ value.");
else if (!isnum(rp))

errorHandler ("’ rp’ is not a valid number.");
thetal = Request.getForm("th");
if (!'thetal)

errorHandler ("You didn’t input a ’'th’ value.");
else 1f(!isnum(thetal))

errorHandler ("'th’ is not a valid number.");
beta = Request.getForm("beta");
if (!beta)

errorHandler ("You didn’t input a ’'beta’ value.");
else 1f (!isnum(beta))

errorHandler (""beta’ is not a valid number.");

mode = Request.getForm("mode");
n = Request.getForm("n");
if(!'n)

errorHandler ("You didn’t input a ’'n’ value.");
else 1f(!isnum(n))

errorHandler ("'n’ is not a valid number.");
branchnum = Request.getForm ("branchnum") ;

fourbar_ani (unit, rl, r2, r3, r4, rp, mode, thetal, beta, n, branchnum);

return 0;

Program 50: Alternative CGI program for web-based fourbar linkage animation (Contd.).
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Appendix A

Header File linkage.h

linkage.h

The header file linkage.h contains macros and definitions commonly used by all the mechanism classes. It
is included in each class header file.

Functions

Macros Description

M_DEG2RAD(a) Converts input value a from degrees to radians.
M_RAD2DEG(a) Converts input value a from radians to degrees.

Constants

Macros Descriptions

M_FT2M Multiplication factor for conversion from foot (ft) to
meter (m).

M_LB2N Multiplication factor for conversion from pound (1b) to
Newton (N).

M_SLUG2KG Multiplication factor for conversion from slug to
kilogram (kg).

M_LBFTSS2KGMM Multiplication factor for conversion from Ib — ft /s>
to kg — m?.

M_LBFT2NM Multiplication factor for conversion from (b — ft to
N —m.

TRACE_OFF Identifier for tracing of coupler curve option to be “off”
for animation.

TRACE_ON Identifier for tracing of coupler curve option to be “on”

for animation.
QANIMATE OUTPUTTYPE DISPLAY Output gqanimate to the screen.
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QANIMATE _OUTPUTTYPE FILE Save ganimate data to file.
QANIMATE_OUTPUTTYPE STREAM Output qanimate to the standard output stream.
COUPLER _LINK3 Coupler attached to link 3.
COUPLER_LINK4 Coupler attached to link 4.
COUPLER _LINKS Coupler attached to link 5.
COUPLER_LINK6 Coupler attached to link 6.
COUPLER _LINK?7 Coupler attached to link 7.
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Class CFourbar

CFourbar

The header file fourbar.h includes header file linkage.h. The header file fourbar.h also contains a decla-
ration of class CFourbar. The CFourbar class provides a means to analyze four-bar linkage within a Ch
language environment.

y

X
Public Data
None.
Public Member Functions
Functions Descriptions
angularAccel Given the angular acceleration of one link, calculate the angular acceleration of other
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CFourbar

links.
angularAccels Calculate angular acceleration values of links 3 and 4 with respect to time.
angularPos Given the angle of one link, caculate the angle of other links.
angularPoss Calculate angular poisition values for links 3 and 4 with respect to time.
angularVel Given the angular velocity of one link, calculate the angular velocity of other links.
angularVels Calculate angular velocity values for links 3 and 4 with respect to time.
animation Fourbar linkage animation.
couplerCurve Calculate the coordinates of the coupler curve.
couplerPointAccel  Calculate the acceleration of the coupler point.
couplerPointPos Calculate the position of the coupler point.
couplerPointVel Calculate the velocity of the coupler point.
forceTorque Caculate the joint force and output torque at a given point.
forceTorques Caculate the joint force and output torque in the valid range of motion.
getAngle Calculate the angle of a given link.
getJointLimits Calculate fourbar linkage input and output joint limits.
grashof Calculate joint limits and decide Grashof type.
plotAngularAccels Plot angular accelerations a3 and a4 vs time.
plotAngularPoss Plot angular positions 3 and 6, vs time.
plotAngularVels Plot angular velocities w3 and w4 vs time.
plotCouplerCurve  Plot the coupler curves.
plotForceTorques Plot the joint forces and input torque curves.
plotTransAngles Plot transmission angle vs 6s.
printJointLimits Print the joint limits of the input and output joints.
setCouplerPoint Set parameters for the coupler point.
setGravityCenter Set parameters for mass centers of links.
setInertia Set inerita parameters of links.
setAngularVel Set angular velocity of linkage 2.
setLinks Set lengths of links.
setMass Set masses of links.
setNumPoints Set number of points for animation and plot coupler curve.
synthesis Fourbar linkage position synthesis.
transAngle Given input link position, calculate the transmission angle.
transAngles Calculate transmission angle values for the valid range of motion.
uscUnit Specify the use of SI or US Customary units.
Constants

The following defined constants are used by the CFourbar class.

Macros Descriptions

FOURBAR_LINK1 Identifier for link 1.
FOURBAR LINK2 Identifier for link 2.
FOURBAR_LINK3 Identifier for link 3.
FOURBAR LINK4 Identifier for link 4.
FOURBAR_INVALID Not a valid linkage.

FOURBAR_CRANKROCKER

Identifier for Crank-Rocker.
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FOURBAR_CRANKCRANK
FOURBAR _ROCKERCRANK
FOURBAR _ROCKERROCKER
FOURBAR_INWARDINWARD
FOURBAR_INWARDOUTWARD
FOURBAR_OUTWARDINWARD
FOURBAR_OUTWARDOUTWARD

CFourbar::angularAccel

Identifier for Crank-Crank.

Identifier for Rocker-Crank.

Identifier for Rocker-Rocker.

Identifier for Inward-Inward limited.
Identifier for Inward-Outward limited.
Identifier for Outward-Inward limited.
Identifier for Outward-Outward limited.

See Also

CFourbar::angularAccel

Synopsis
#include <fourbar.h>
int angularAccel(double theta/1:4], double omega/1:4], double alpha[1:4], int alpha_id);

Purpose
Given the angular acceleration of one link, calculate the angular acceleration of other links.

Parameters

theta An array of double data type with angles of links.

omega An array of double data type with angular velocities of links.

alpha An array of double data type with angular accelerations of links.

alpha_id An integer number indicating the link number with a given angular acceleration.

Return Value
This function returns O on success and -1 on failure.

Description

Given the angular acceleration of one link, this function calculates the angular acceleration of the remaining
two moving links of the fourbar. theta is a one-dimensional array of size 4 which stores the angle of each
link. omega is a one-dimensional array of size 4 which stores the angular velocity of each link. alpha is a
one-dimensional array of size 4 which stores the angular acceleration of each link. The result of calculation
is stored in array alpha.

Example

A fourbar linkage has link lengths 1 = 12m,ry = 4m,r3 = 12m,r4 = 7m, and 1 = 0. Given the
angle 0, the angular velocity w» and the angular acceleration s, determine the Grashof type of the fourbar
linkage, and calculate the angular acceleration aig and a4 of link3 and link4 for each circuit of the linkage.

/*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k***‘k*‘k*'k*'k*****************************
* This example is for calculating the angular acceleration of
* 1ink3 and link4.

‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*****'k***************************/
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#include <math.h>
#include <stdio.h>
#include <fourbar.h>

int main () {
double r[1:4], theta[l:4],theta_2[1:4],omega[l:4],omega_2[1:4];
double alpha([l:4],alpha_2[1:4];

/* default specification of the four-bar linkage */
r(l] = 12; r([2] = 4; r[3] = 12; r[4] = 7;

theta[l] = 0xM_PI/180; theta[2]=150«M_PI/180;
omegal[2]=5; /*x rad/sec «/

alpha[2]=-5; /* rad/secxsec «/

int fourbartype;
CFourbar fourbar;
fourbartype = fourbar.grashof (NULL) ;

if (fourbartype== FOURBAR_INVALID) {
exit (1);

a2 E S
// print_alpha34( )
a2 E S
void print_alpha34 (double a3, a4)
{
printf ("\tDeg/secx*sec:\t alpha3=%6.3f, \t alpha4=%6.3f\t\n",a3+«180/M_PI,
a4+«180/M_PI);
printf ("\tRad/secxsec:\t alpha3=%6.4f, \t alpha4=%6.4f\t\n",a3,a4);

theta_2[2] = thetal2];

omega_2[2] omegal2];

alpha_2[2] alphal2];

/+find alpha3, alphaidx/

fourbar.angularPos (theta, theta_2, FOURBAR_LINK2);

if ((fourbartype==FOURBAR_ROCKERROCKER) | | (fourbartype==FOURBAR_ROCKERCRANK) ) {
fourbar.angularVel (theta, omega, FOURBAR_LINK2) ;
fourbar.angularAccel (theta, omega, alpha, FOURBAR_LINK2);
fourbar.angularVel (theta_2, omega_2, FOURBAR_LINK2);
fourbar.angularAccel (theta_2, omega_2, alpha_2, FOURBAR_LINK2);
printf ("\n Circuit 1: Angular Accelerations\n\n");
print_alpha34 (alphal3],alphal4]);
printf ("\n Circuit 2: Angular Accelerations\n\n");
print_alpha34 (alpha_2[3],alpha_2[41);

} else {
fourbar.angularVel (theta, omega, FOURBAR_LINK2) ;
fourbar.angularAccel (theta, omega, alpha, FOURBAR_LINK2);
fourbar.angularVel (theta_2, omega_2, FOURBAR_LINK2);
fourbar.angularAccel (theta_2, omega_2, alpha_2, FOURBAR_LINK2);
printf ("\n Circuit 1: Angular Accelerations\n\n");
print_alpha34 (alphal3],alphal4]);
printf ("\n Circuit 2: Angular Accelerations\n\n");
print_alpha34 (alpha_2[3],alpha_2[41);
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Output

Circuit 1: Angular Accelerations

Deg/sec*sec: alpha3=230.218, alpha4=-558.101
Rad/secxsec: alpha3=4.0181, alpha4=-9.7407

Circuit 2: Angular Accelerations

Deg/sec*sec: alpha3=-217.011, alpha4=571.309
Rad/secxsec: alpha3=-3.7875, alpha4=9.9712

CFourbar::angularAccels

Synopsis
#include <fourbar.h>
int angularAccels(int branchnum, double time/: ], double alpha3/[:], double alpha4]:]);

Purpose
Calculate a3 and a4 values for the valid range of motion.

Parameters

branchnum An integer used to indicate the branch of the fourbar.
time An array for time values.

alpha3 An array for o values.

alpha4 An array for a4 values.

Return Value
This function returns O on success and -1 on failure.

Description

This function calculates the values for a3 and a4 for the valid range of motion. branchnumis the branch
of the fourbar. time is an array to record time. alpha3 and alpha4 are arrays for storing the angular
position values for links 3 and 4.

Example
For a fourbar linkage with link lengths 1 = 12m,ro = 4m,r3 = 12m,ry = 7m, and angle 6; = 10°, plot
the angular acceleration curves for links 3 and 4.

/***************************************************************
* This example is for generating angular acceleration values

* for alpha3 and alpha4 within the valid range of motion.
****************************************************************/
#include <math.h>

#include <fourbar.h>
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int main() {
CFourbar fourbar;
double rl = 12, r2 = 4, r3 =12, r4 = 7, thetal = 10xM_PI/180;

double omegal2 = 5; // rad/sec

int i, numpoints = 50;

double t[numpoints], alpha3[numpoints], alpha4[numpoints];
CPlot plot;

fourbar.setLinks (rl, r2, r3, r4, thetal);
fourbar.setAngularVel (omega?2) ;
fourbar.angularAccels(l, t, alpha3, alphaid);
for(i = 0; i < numpoints; i++) {
alpha3[i] M_RAD2DEG (alpha3[i]);
alpha4d[i] M_RAD2DEG (alphad[i]);

}

plot.data2D(t, alphal);

plot.data2D(t, alphad);

plot.title ("Angular Accelerations Plots");
plot.label (PLOT_AXIS_X, "time (sec)");
plot.label (PLOT_AXIS_Y, "alpha (deg/sec”2)");
plot.legend("alpha3", 0);
plot.legend("alpha4d", 1);

plot.border (PLOT_BORDER_ALL, PLOT_ON) ;
plot.plotting();

Output
see output for CFourbar::plotAngularAccels() example.

CFourbar::angularPos

Synopsis
#include <fourbar.h>
int angularPos(double thera_I1[1:], double theta_2[1:], int theta_id);

Purpose
Given the angle of one link, calculate the angle of other links.

Parameters

theta_l A double array with dimension size of 4 for the first solution.

theta_2 A double array with dimension size of 4 for the second solution.

theta_id An integer number indicating the known link number with a position angle.

Return Value
This function returns O on success and -1 on failure.

Description

Given the angular position of one link of a fourbar linkage, this function computes the angular positions of
the remaining two moving links. theta_I is a one-dimensional array of size 4 which stores the first solution
of angular. theta_2 is a one-dimensional array of size 4 which stores the second solution of angular. theta_id
is an integer number indicating the link number of the known angular position.
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Example

A fourbar linkage has link lengths 1 = 12m,ro = 4m,rs = 12m,r4 = Tm, and 6; = 10. Given the angle
05, calculate the angular position #3 and 4 of link3 and link4, and the coupler point position for each circuit
of the linkage.

/***************************************************************
* This example is for calculating the theta3 and theta4 with
* given theta2.
~k***************************************************************/
#include <math.h>
#include <fourbar.h>
int main() {
CFourbar fourbar;
double rl = 12, r2 = 4, r3 =12, r4d = 7, thetal = 10«M_PI/180;
double rp = 5, beta = 20«M_PI/180;
double theta_1[1:4], theta_2[1:4];
double complex pl, p2; // tow solution of coupler point P
double theta2 = 70«M_PI/180;

theta_1[1] = thetal;
theta_1[2] = theta2; // theta2
theta_2[1] = thetal;
theta_2[2] = theta2; // theta2

fourbar.setLinks (rl, r2, r3, r4, thetal);
fourbar.setCouplerPoint (rp, beta);
fourbar.angularPos (theta_1, theta_2, FOURBAR_LINK2);
fourbar.couplerPointPos (theta2, pl, p2);

/x*x* the first set of solutions **xx*/
printf ("theta3 = %6.3f, thetad4 = %6.3f, P
/**xx the second set of solutions x*x*x*/

Il
o\
o)

.3f \n", theta_1[3], theta_1[4], pl);

printf ("theta3 = %6.3f, theta4 = %6.3f, P = %6.3f \n", theta_2[3], theta_2[4], p2);
}
Output
theta3 = 0.459, theta4d = 1.527, P = complex( 4.822, 7.374)
theta3 = -0.777, theta4 = -1.845, P = complex( 5.917, 1.684)

CFourbar::angularPoss

Synopsis

#include <fourbar.h>

int angularPoss(int branchnum, double time/: ], double theta3[: ], double theta4]:]);

Purpose
Calculate #3 and 64 values for the valid range of motion.

Parameters

branchnum An integer used to indicate the branch of the fourbar.
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time An array for time values.
theta3 An array for 65 values.
theta4 An array for 6, values.

Return Value
This function returns 0 on success and -1 on failure.

Description

This function calculates the values for f3 and 6,4 for the valid range of motion. branchnum is the branch
of the fourbar. time is an array to record time. theta3 and theta4 are arrays for storing the angular
position values for links 3 and 4.

Example
For a fourbar linkage with link lengths r; = 12m, ry = 4m,rs = 12m,ry = Tm, and angle 6; = 10°, plot
the angular position curves for links 3 and 4.

/***************************************************************
* This example is for generating angular position values

* for theta3 and theta4 within the valid range of motion.
****************************************************************/
#include <math.h>

#include <fourbar.h>

int main() {
CFourbar fourbar;
double rl = 12, r2 = 4, r3 =12, r4 = 7, thetal = 10xM_PI/180;
double omegal2 = 5; // rad/sec
int i, numpoints = 50;
double t[numpoints], theta3[numpoints], thetad[numpoints];
CPlot plot;

fourbar.setLinks (rl, r2, r3, r4, thetal);
fourbar.setAngularVel (omegaZ2) ;
fourbar.angularPoss (1, t, theta3, theta4);

for(i = 0; 1 < numpoints; 1i++) {
theta3[i] = M_RAD2DEG (theta3[i]);
thetad4[i] = M_RAD2DEG (thetad[i]);

}

plot.data2D (t, thetal);

plot.data2D (t, thetad);
plot.title("Angular Position Plots");
plot.label (PLOT_AXIS_X, "time (sec)");
plot.label (PLOT_AXIS_Y, "theta (deg)");
plot.legend("theta3", 0);
plot.legend("theta4", 1);

plot.border (PLOT_BORDER_ALL, PLOT_ON);
plot.plotting();

Output
see output for CFourbar::plotAngularPoss() example.

246



Chapter B: Fourbar Linkage <fourbar.h> CFourbar::angularVel

CFourbar::angular Vel

Synopsis
#include <fourbar.h>
int angularVel(double theta/1:4], double omegall:4], int omega_id);

Purpose
Given the angular velocity of one link, calculate the angular velocity of other links.

Parameters

theta A double array used for the input angle of links.

omega A doulbe array used for the angular velocities of links.

omega_id An integer number indicating the link number with a given angular velocity.

Return Value
This function returns O on success and -1 on failure.

Description

Given the angular velocity of one link, this function calculates the angular velocities of the remaining two
moving links of the fourbar. rtheta is an array for link positions. omega is an array for angular velocity of
links. omega_id is an integer number for identifier for known link angular velocity.

Example

A fourbar linkage has link lengths vy = 12m,ry = 4m,r3 = 12m,r4 = 7m, and 61 = 0. Given the angle
02 and the angular velocity w9, determine the Grashof type of the fourbar linkage, and calculate the angular
velocities ws and wy of link3 and link4 for each circuit of the linkage.

/***********************************************************************
* This example is for calculating the angular velocity of

* 1ink3 and 1link4.
‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k**************************‘k*‘k*‘k*************************/
#include <math.h>

#include <stdio.h>

#include <fourbar.h>

int main(int argc, charx argv[]) {
double r[1:4], theta[l:4],theta_2[1:4],omega[l:4],omega_2[1:4];
int fourbartype;
CFourbar fourbar;

/+ default specification of the four-bar linkage */
r(l] = 12; r([2] = 4; r[3] = 12; r[4] = T7;

theta[l] = 0xM_PI/180; theta[2]=150+xM_PI/180;
omegal[2]=5; /* rad/sec «/

fourbar.setLinks (r[1], r[2], r[3], r[4], thetal[l]);
/* grashof analysis =/

fourbartype = fourbar.grashof (NULL) ;

if (fourbartype == FOURBAR_INVALID) {
exit (1);
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}
theta_2[2]=theta[2]; /* second circuit x/
fourbar.angularPos (theta, theta_2, FOURBAR_LINK2);

a2 EE LTS EEE:

// print_omega34 ( )

a2 EE S

void print_omega34 (double w3, w4)

{
printf ("\tDeg/sec:\t omega3=%6.3f, \t omega4=%6.3f\t\n",w3x180/M_PI,

w4x180/M_PI) ;
printf ("\tRad/sec:\t omega3=%6.4f, \t omegad=%6.4f\t\n",w3,
wd) ;

}

/+find omega3, omegaidx/

omega_2[2] = omegal2];

if ((fourbartype == FOURBAR_ROCKERCRANK) | | (fourbartype == FOURBAR_ROCKERROCKER)) {
fourbar.angularVel (theta, omega, FOURBAR_LINK2);
fourbar.angularVel (theta_2, omega_2, FOURBAR_LINK2) ;
printf ("\n Circuit 1: Angular Velocities\n\n");
print_omega34 (omega[3],omegal4d]);
printf ("\n Circuit 2: Angular Velocities\n\n");
print_omega34 (omega_2[3],omega_2[4]);

} else {
fourbar.angularVel (theta, omega, FOURBAR_LINK2);
fourbar.angularVel (theta_2, omega_2, FOURBAR_LINK2);
printf ("\n Circuit 1: Angular Velocities\n\n");
print_omega34 (omega[3],omegal4d]);
printf ("\n Circuit 2: Angular Velocities\n\n");
print_omega34 (omega_2[3],omega_2[4]);

}
Output
Circuit 1: Angular Velocities

Deg/sec: omega3=41.706, omegad=127.465
Rad/sec: omega3=0.7279, omegad=2.2247

Circuit 2: Angular Velocities

Deg/sec: omega3=93.957, omegad= 8.197
Rad/sec: omega3=1.6399, omega4=0.1431

CFourbar::angularVels
Synopsis
#include <fourbar.h>

int angularVels(int branchnum, double time/: ], double omega3/:], double omega4/:]);

Purpose
Calculate w3 and w, values for the valid range of motion.

Parameters
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branchnum An integer used to indicate the branch of the fourbar.
time An array for time values.

omega3 An array for ws values.

omega4 An array for w, values.

Return Value
This function returns O on success and -1 on failure.

Description

This function calculates the values for w3 and wy for the valid range of motion. branchnum s the branch
of the fourbar. time is an array to record time. omega3 and omega4 are arrays for storing the angular
positions values for links 3 and 4.

Example
For a fourbar linkage with link lengths r; = 12m, ry = 4m,rs = 12m,ry = Tm, and angle 6; = 10°, plot
the angular velocity curves for links 3 and 4.

/***************************************************************
* This example is for generating angular velocity values

* for omega3 and omega4 within the valid range of motion.
****************************************************************/
#include <math.h>

#include <fourbar.h>

int main () {
CFourbar fourbar;
double rl = 12, r2 = 4, r3 =12, r4 = 7, thetal = 10xM_PI/180;
double omegal2 = 5; // rad/sec
int i, numpoints = 50;
double t[numpoints], omega3[numpoints], omega4[numpoints];
CPlot plot;

fourbar.setLinks (rl, r2, r3, r4, thetal);
fourbar.setAngularVel (omega?2) ;
fourbar.angularVels(l, t, omega3, omega4);

for(i = 0; i < numpoints; i++) {
omega3[i] = M_RAD2DEG (omega3[i]);
omega4 [i] = M_RAD2DEG (omegad[i]);

}

plot.data2D (t, omegal);

plot.data2D (t, omegad);
plot.title("Angular Velocity Plots");
plot.label (PLOT_AXIS_X, "time (sec)");
plot.label (PLOT_AXIS_Y, "omega (deg/rad)");
plot.legend("omega3", 0);

plot.legend ("omegad", 1);

plot.border (PLOT_BORDER_ALL, PLOT_ON);
plot.plotting();

Output
see output for CFourbar::plotAngularVels() example.
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CFourbar::animation

Synopsis
#include <fourbar.h>
int animation(int branchnum, ... /* [int outputtype, string_t datafilename] */);

Syntax

animation(branchnum)

animation(branchnum, outputtype)
animation(branchnum, outputtype, datafilename)

Purpose
An animation of a fourbar mechanism.

Parameters

branchnum an integer used to indicate which branch will be drawn. Each fourbar linkage has 2 branches
except the Rocker-Rocker, which has 4 branches.

outputtype an optional parameter to specify the output type of the animation.
datafilename an optional parameter to specify the output file name.

Return Value
This function returns 0 on success and -1 on failure.

Description

This function simulates the motion of a fourbar mechanism. branchnum is an integer number which indi-
cates the branch to be drawn. outputtype is an optional parameter used to specify how the animation should
be outputted. outputtype can be either of the following macros: QANIMATE_OUTPUTTYPE_DISPLAY,
QANIMATE_OUTPUTTYPE FILE, QANIMATE OUTPUTTYPE_STREAM.
QANIMATE_OUTPUTTYPE_DISPLAY outputs the animation onto the computer terminal.
QANIMATE_OUTPUTTYPE_FILE writes the animation data onto a file.
QANIMATE_OUTPUTTYPE_STREAM outputs the animation to the standard out. datafilename is an op-
tional parameter to specify the output file name.

Example 1
For a Crank-Rocker fourbar linkage with r; = 12m,re = 4m,r3 = 12m,r4 = Tm,andf; = 0, simulate
the motion of the fourbar linkage.

/+* Crank — Rocker =*/
#include <stdio.h>
#include <fourbar.h>

int main() {
/+ default specification of the four-bar linkage */
double rl = 12, r2 = 4, r3 = 10, r4= 7;//cranker-rocker
double thetal = 0«M_PI/180;
double rp = 5, beta = 20«M_PI/180;
int numpoints =50;
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CFourbar fourbar;

fourbar.setLinks (rl, r2, r3, r4, thetal);
fourbar.setCouplerPoint (rp, beta, TRACE_ON) ;
fourbar.setNumPoints (numpoints) ;
fourbar.animation (1) ;

Output
EEIES
| Hext || Prew || All || Go | Sgop L1 Fash 1 Slew
Crank-Rocker
C
rd
r2
] ]
Example 2

For a Crank-Crank fourbar linkage with vy = 4m,ro = 12m,r3 = 7m,r4 = 10m,andf; = 0, simulate
the motion of the fourbar linkage.

/+* Crank - Crank =*/
#include <stdio.h>
#include <fourbar.h>

int main() {
/* default specification of the four-bar linkage */
double rl = 4, r2 = 12, r3 = 7, r4 = 10; // crank-crank
double thetal = 0«M_PI/180;
double rp = 5, beta = 20«M_PI/180;
int numpoints =50;
CFourbar fourbar;

fourbar.setLinks (rl, r2, r3, r4, thetal);
fourbar.setCouplerPoint (rp, beta, TRACE_ON) ;

fourbar.setNumPoints (numpoints) ;
fourbar.animation (1) ;

Output
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[=I[=i[x]
| Hext || Prev || All || Go |§ Seop (0 Fash 0 Blow

Crank-Crank

Example 3

For a Rocker-Crank fourbar linkage with 1 = 12m,re = 7m,r3 = 10m,r4 = 4m, andf; = 0, simulate
the motion of the fourbar linkage.

/* Rocker — Crank =*/
#include <stdio.h>
#include <fourbar.h>

int main() {
/* default specification of the four-bar linkage */
double rl = 12, r2 = 7, r3 = 10, r4= 4; // rocker - crank
double thetal = 0«M_PI/180;
double rp = 5, beta = 20«M_PI/180;
int numpoints =50;
CFourbar fourbar;

fourbar.setLinks (rl, r2, r3, r4, thetal);
fourbar.setCouplerPoint (rp, beta, TRACE_ON) ;

fourbar.setNumPoints (numpoints) ;
fourbar.animation (1) ;

Output
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[=I[Bx]

Hext Prev A1l Go || Huop
| || || | [[Go |

Fagy,

e

Rocker-Crank

Example 4

CFourbar::animation

For a Rocker-Rocker fourbar linkage with ry = 12m,ro = Tm,r3 = 4m,r4 = 10m, andfy = 0, simulate

the motion of the fourbar linkage.

/* Rocker - Rocker =/
#include <stdio.h>
#include <fourbar.h>

int main() {

/+ default specification of the four-bar linkage */

double rl = 12, r2 =7, r3 = 4,

double thetal = 0«M_PI/180;

double rp = 5, beta = 20«M_PI/180;

int numpoints =50;
CFourbar fourbar;

fourbar.setLinks (rl, r2, r3, r4,
fourbar.setCouplerPoint (rp, beta,
fourbar.setNumPoints (numpoints) ;

fourbar.animation (1) ;

r4= 10;

thetal);
TRACE_ON) ;

fourbar.animation (2, QANIMATE_OUTPUTTYPE_FILE,

fourbar.animation (3);
fourbar.animation (4);

Output
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= SEx| [E FIEIH
| Hext || Prev || ALl || Go |§ Step 1 Fash [0 Skow | | Hext || Prewv || All || Go |§ Stop 10 Fash [ SBlows

Rocker-Rocker Rocker-Rocker

P
B
rZ rd
A i}
FER|E Sox
| Hext || Prev || ALl || Go |§ Step 1 Fash [0 Skow | | Hext || Prewv || All || Go |§ Stop 10 Fash [ SBlows
Rocker-Rocker Rocker-Rocker
A 1

Example 5

For an Inward-Outward fourbar linkage with ry = 4m,ro = 10m,r3 = 5m,r4 = 12m, andf; = 0, simu-
late the motion of the fourbar linkage.

/* Inward — Outward =*/
#include <stdio.h>
#include <fourbar.h>

int main() {
/+ default specification of the four-bar linkage */
double rl = 4, r2 = 10, r3 =5, r4 = 12; // inward /outward
double thetal = 0«M_PI/180;
double rp = 5, beta = 20«M_PI/180;
int numpoints = 50;
CFourbar fourbar;
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fourbar.setLinks (rl, r2, r3, r4, thetal);
fourbar.setCouplerPoint (rp, beta, TRACE_ON) ;
fourbar.setNumPoints (numpoints) ;
fourbar.animation (1) ;

Output
=1
| Hext || Prev || A1l || Go |§ Sop | Fast | Sl |
Hon-Grashof Triple-Rocker {inward/outward)
C
rd
2

Example 6

For an Inward-Inward fourbar linkage with 1 = 4m, ro = 5m,r3 = 12m, ry = 10m, andf, = 0, simulate
the motion of the fourbar linkage.

/+ Inward - Inward =*/
#include <stdio.h>
#include <fourbar.h>

int main() {
/* default specification of the four-bar linkage */
double rl = 4, r2 =5, r3 =12, r4 = 10; // inward /inward
double thetal = 0«M_PI/180;
double rp = 5, beta = 20«M_PI/180;
int numpoints =50;
CFourbar fourbar;

fourbar.setLinks (rl, r2, r3, r4, thetal);

fourbar.setCouplerPoint (rp, beta, TRACE_ON) ;
fourbar.setNumPoints (numpoints) ;
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fourbar.animation (1) ;

Output
[=/[B]X]
[ Hewt ][ Prev |[ ALl |[ Go | Step |1 #Fasr | Hiew
Hon-Grashof Triple-Rocker {inuard/inward}
Example 7

For an Outward-Inward fourbar linkage with ry = 4m,ry = 12m,r3 = 5m,r4 = 10m, andf, = 0, simu-
late the motion of the fourbar linkage.

/+ Outward - Inward =/
#include <stdio.h>
#include <fourbar.h>

int main() {
/* default specification of the four-bar linkage */
double rl = 4, r2 = 12, r3 =5, r4d = 10; // outward /inward
double thetal = 0«M_PI/180;
double rp = 5, beta = 20«M_PI/180;
int numpoints =50;
CFourbar fourbar;

fourbar.setLinks (rl, r2, r3, r4, thetal);
fourbar.setCouplerPoint (rp, beta, TRACE_ON) ;

fourbar.setNumPoints (numpoints) ;
fourbar.animation (1) ;

Output
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[=I[=i[]
| Hext || Prev || All || Go |§ Srop 1 Fast (1 Blos

Hon=Grazhof Triple-Rocker {outward/inward}

B

P

C

Example 8
For an Outward-Outward fourbar linkage with ry = 12m,re = 10m,r3 = 4m,r4 = 5m,andf; = 0,
simulate the motion of the fourbar linkage.

/* Outward — Outward =/
#include <stdio.h>
#include <fourbar.h>

int main() {
/+ default specification of the four-bar linkage */
double rl = 12, r2 = 10, r3 = 4, r4d = 5; // outward /outward
double thetal = 0«M_PI/180;
double rp = 5, beta = 20«M_PI/180;
int numpoints =50;
CFourbar fourbar;

fourbar.setLinks (rl, r2, r3, r4, thetal);
fourbar.setCouplerPoint (rp, beta, TRACE_ON) ;

fourbar.setNumPoints (numpoints) ;
fourbar.animation (1) ;

Output
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E [=I[B][x]
| Hext || Prev || ALl || Go |§ Srop 1 Fasy 1 Slew |

Hon=Grashof Triple=Rocker {outward/outward)

CFourbar::couplerCurve

Synopsis
#include <fourbar.h>
void couplerCurve(int branchnum, double curvex/:], double curvey/:|);

Purpose
Calculate the coordinates of the coupler curve.

Parameters

branchnum An integer number used for the branch which will be calculated.

curvex[:] A double array used for the x coordinate of coupler point with different input angles.
curvey[:] A double array used for the y coordinate of coupler point with different input angles.

Return Value
None.

Description
This function calculate the coupler point position by looping the input angle. curvex ,curvey is the solution
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of the coupler point positon.

Example
For different types of the fourbar linkages, given the length of each link, draw the coupler point position
curve.

/+ Crank - Crank =/
#include <fourbar.h>

int main() {
CFourbar fourbar;
double rl, r2, r3, r4;
double thetal = 0;
double rp = 5, beta = 20«M_PI/180;
class CPlot pl, =*spl;
int num_range;

double RetCurvex[50], RetCurvey[50];

fourbar.setCouplerPoint (rp, beta);
fourbar.setNumPoints (50) ;

pl.subplot (2,4);

// Crank - Rocker

rl = 12; r2 = 4; r3 = 10; rd4= 7;

spl = pl.getSubplot (0,0);

fourbar.setLinks (rl, r2, r3, r4, thetal);
fourbar.couplerCurve (1, RetCurvex, RetCurvey);
spl->label (PLOT_AXIS_X,"Px (ft)");

spl->label (PLOT_AXIS_Y,"Py (ft)");

spl->title ("Crank - Rocker");

spl->data2D (RetCurvex, RetCurvey);

// Crank - Crank

rl = 4; r2 = 12; r3 = 7; r4d = 10;

spl = pl.getSubplot(0,1);

fourbar.setLinks (rl, r2, r3, r4, thetal);
fourbar.couplerCurve (1, RetCurvex, RetCurvey);
spl->title("Crank - Crank");

spl->data2D (RetCurvex, RetCurvey);

//Inward - Inward

rl = 4; r2 =5; r3 = 12; r4d = 10;

spl = pl.getSubplot (0,2);

fourbar.setLinks (rl, r2, r3, r4, thetal);
fourbar.couplerCurve (1, RetCurvex, RetCurvey);
spl->title("Inward - Inward");

spl->data2D (RetCurvex, RetCurvey);

//Inward - Outward

rl = 4; r2 = 10; r3 = 5; rd4d = 12;

spl = pl.getSubplot (0,3);

fourbar.setLinks (rl, r2, r3, r4, thetal);
fourbar.couplerCurve (1, RetCurvex, RetCurvey);
spl->title ("Inward - Outward");

spl->data2D (RetCurvex, RetCurvey);

//Outward - Inward
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}

rl = 4; r2 = 12; r3 = 5; r4d = 10;

spl = pl.getSubplot (1,0);

fourbar.setLinks (rl, r2, r3, r4, thetal);
fourbar.couplerCurve (1, RetCurvex, RetCurvey);
spl->title ("Outward - Inward");

spl->data2D (RetCurvex, RetCurvey);

//Outward - Outward

rl = 12; r2 = 10; r3 = 4; r4 = 5;

spl = pl.getSubplot (1,1);

fourbar.setLinks (rl, r2, r3, r4, thetal);
fourbar.couplerCurve (1, RetCurvex, RetCurvey);
spl->title ("Outward - Inward");

spl->data2D (RetCurvex, RetCurvey);

//Rocker - Crank

rl = 12; r2 = 7; r3 = 10; rd= 4;

spl = pl.getSubplot(1,2);

fourbar.setLinks (rl, r2, r3, r4, thetal);
fourbar.couplerCurve (1, RetCurvex, RetCurvey);
spl->title ("Rocker - Crank");

spl->data2D (RetCurvex, RetCurvey);

//Rocker - Rocker

rl = 12; r2 = 7; r3 = 4; rd4= 10;

spl = pl.getSubplot (1,3);

fourbar.setLinks (rl, r2, r3, r4, thetal);
fourbar.couplerCurve (1, RetCurvex, RetCurvey);
spl->title ("Rocker - Rocker");

spl->data2D (RetCurvex, RetCurvey);

pl.sizeRatio(-1);
pl.border (PLOT_BORDER_ALL, PLOT_ON);
pl.plotting();

CFourbar::couplerPointAccel

Output
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CFourbar::couplerPointAccel

Synopsis

#include <fourbar.h>

double complex couplerPointAccel(double t:eta2, double theta3, double omega2, double omega3, dou-
ble alpha2, double alpha3);

Purpose
Calculate the acceleration of the coupler point.

Parameters

theta2 A double number used for the angle of link 2.

theta3 A double number used for the angle of link 3.

omega2 A double number used for the angular velocity of link 2.
omega3 A double number used for the angular velocity of link 3.
alpha2 A double number used for the angular acceleration of link 2.
alpha3 A double number used for the angular acceleration of link 3.

Return Value
This function returns the acceleration of the coupler.

Description
This function calculates the acceleration of the coupler point. theta2, theta3, omega2, omega3, alpha2, al-
pha3 are double numbers. The return value is a complex number.

Example

A fourbar linkage has link lengths 71 = 12m,ry = 4m,r3 = 12m,ry = Tm,r, = 5m, and angles 3 = 20,
61 = 10. Given the angle 65, the angular velocity w2 and the angular acceleration a2, determine the Grashof
type of the fourbar linkage, and calculate the acceleration of the coupler point for each circuit, respectively.

/*‘k*‘k*‘k*‘k*‘k******************************************************
* This example calculates the acceleration of coupler point.
****************************************************************/

#include <fourbar.h>

int main ()
{
CFourbar fourbar;
int fourbartype;
double rl = 12, r2 = 4, r3 =12, r4 = 7, thetal = 10xM_PI/180;
double rp = 5, beta = 20«M_PI/180;
double theta_1[1:4], theta_2[1:4];
double omegal[l:4], alphal[l:4], omega_2[1:4], alpha_2[1:4];
double theta2 = 70«M_PI/180;
double complex Ap[l:2];

omegal[2]=5; /* rad/sec «/
alpha[2]=-5; /* rad/secxsec «/

261



Chapter B: Fourbar Linkage <fourbar.h> CFourbar::couplerPointPos

theta_1[1] = thetal;
theta_1[2] = theta2; // theta2
theta_2[1] = thetal;
theta_2[2] = theta2; // theta2

fourbar.setLinks (rl, r2, r3, r4, thetal);
fourbar.setCouplerPoint (rp, beta);

fourbartype = fourbar.grashof (NULL) ;

if (fourbartype == FOURBAR_INVALID) {
exit (1);

}

omega_2[2] = omegal2];

alpha_2[2] = alphal2];

/+find alpha3, alphadx/
fourbar.angularPos (theta_1, theta_2, FOURBAR_LINK2);
if ((fourbartype == FOURBAR_ROCKERCRANK) || (fourbartype == FOURBAR_ROCKERROCKER)) {
fourbar.angularVel (theta_1, omega, FOURBAR_LINK2);
fourbar.angularAccel (theta_1, omega, alpha, FOURBAR_LINK2);
fourbar.angularVel (theta_2, omega_2, FOURBAR_LINK2);
fourbar.angularAccel (theta_2, omega_2, alpha_2, FOURBAR_LINK2);
Ap[l] = fourbar.couplerPointAccel (theta_1[2], theta_1[3],
omegal[2], omegal[3], alphal2], alphal3]);
printf ("Circuit 1: \n CouplerAccleration: $f \n", Ap[1l]);
Ap[2] = fourbar.couplerPointAccel (theta_2[2], theta_2[3],
omega_2[2], omega_2[3], alpha_2[2], alpha_2[3]1);
printf ("Circuit 2: \n CouplerAccleration: $f \n", Ap[2]);

} else {
fourbar.angularVel (theta_1, omega, FOURBAR_LINK2);
fourbar.angularAccel (theta_1, omega, alpha, FOURBAR_LINK2);
fourbar.angularVel (theta_2, omega_2, FOURBAR_LINK2) ;
fourbar.angularAccel (theta_2, omega_2, alpha_2, FOURBAR_LINK2);
Ap[l] = fourbar.couplerPointAccel (theta_1[2], theta_1[3],

omegal[2], omegal[3], alphal2], alphal3]);
printf ("Circuit 1: \n CouplerAccleration: $f \n", Ap[l]);
Ap[2] = fourbar.couplerPointAccel (theta_2[2], theta_2[3],
omega_2[2], omega_2[3], alpha_2[2], alpha_2[3]);
printf ("Circuit 2: \n CouplerAccleration: $f \n", Ap[2]);

}
Output

Circuit 1:

CouplerAccleration: complex(-39.835109,-79.731271)
Circuit 2:

CouplerAccleration: complex(16.618619,-30.354696)

CFourbar::couplerPointPos
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Synopsis
#include <fourbar.h>
void couplerPointPos(double t/eta2, double complex &p/, double complex &p2);

Purpose

Calculate the position of coupler point.

Parameters

theta2 A double number used for the input angle of link.

pl A double complex number for the first solution of coupler point.

p2 A double complex number for the second solution of coupler point. x.

Return Value
None.

Description

This function calculates the position of the coupler point. theta? is the input angle. p/,p2 are the two solu-
tions of coupler point position, respectively. Each is a complex number indicating the vector of the coupler
point.

Example

A fourbar linkage has link lengths 71 = 12m,ry = 4m,r3 = 12m,ry = Tm,r, = 5m, and angles 3 = 20,
and #; = 10. Given the angle 5, calculate the position of the coupler point for each circuit, respectively.

see CFourbar::angularPos() .

CFourbar::couplerPoint Vel

Synopsis
#include <fourbar.h>
double complex couplerPointVel(double t/eta2, double theta3, double omega2, double omega3);

Purpose
Calculate the velocity of the coupler point.

Parameters

theta2 A double number used for the angle of link 2.

theta3 A double number used for the angle of link 3.

omega2 A double number used for the angular velocity of link 2.
omega3 A double number used for the angular velocity of link 3.

Return Value
This function returns the vector of the coupler point’s velocity.

Description
This function calculates the vector of the coupler point’s velocity. theta? is the angle of link2, theta3 is the
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angle of link3. omega?2 is the angular velocity of link2, and omega3 is the angular velocity of link3. The
vector of coupler point’s velocity is returned.

Example

A fourbar linkage has link lengths 71 = 12m,ry = 4m,r3 = 12m,ry = Tm,r, = 5m, and angles 3 = 20,
and #; = 10. Given the angle 62 and the angular velocity w9, determine the Grashof type of the fourbar
linkage, and calculate the velocity of the coupler point for each circuit, respectively.

/*******************************************************************
* This example calculates the velocity of coupler point.
*******************************************************************/

#include <fourbar.h>

int main ()
{
CFourbar fourbar;
int fourbartype;
double rl = 12, r2 = 4, r3 =12, r4 = 7, thetal = 10xM_PI/180;
double rp = 5, beta = 20«M_PI/180;
double theta_1[1:4], theta_2[1:4];
double omega[l:4], alpha[l:4], omega_2[1:4], alpha_2[1:4];
double theta2 = 70«M_PI/180;
double complex Vp([l:2];

omegal[2]=5; /*x rad/sec «/
alphal[2]=-5; /* rad/sec*sec */

theta_1[1] = thetal;
theta_1[2] = theta2; // theta2
theta_2[1] = thetal;
theta_2[2] = theta2; // theta2

fourbar.setLinks (rl, r2, r3, r4, thetal);
fourbar.setCouplerPoint (rp, beta);

fourbartype = fourbar.grashof (NULL) ;

if (fourbartype == FOURBAR_INVALID) {
exit (1);

}

omega_2[2] = omegal2];

alpha_2[2] = alphal2];

/+find alpha3, alphadx/
fourbar.angularPos (theta_1, theta_2, FOURBAR_LINK2);
if ((fourbartype == FOURBAR_ROCKERCRANK) | | (fourbartype == FOURBAR_ROCKERROCKER)) {
fourbar.angularVel (theta_1, omega, FOURBAR_LINK2);
fourbar.angularVel (theta_2, omega_2, FOURBAR_LINK2);
Vpl[l] = fourbar.couplerPointVel (theta_1[2], theta_1[3], omegal2], omegal3]);
printf ("Circuit 1: \n CouplerVelocity: %f \n", Vp[l]);
Vp[2] = fourbar.couplerPointVel (theta_2[2], theta_2[3], omega_2[2], omega_2[3]);
printf ("Circuit 2: \n CouplerVelocity: %f \n", Vp[2]);
} else {
fourbar.angularVel (theta_1, omega, FOURBAR_LINK2);
fourbar.angularVel (theta_2, omega_2, FOURBAR_LINK2);
Vp[l] = fourbar.couplerPointVel (theta_1[2], theta_1[3], omegal[2], omegal3]);
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printf ("Circuit 1: \n CouplerVelocity: %f \n", Vp[l]);
Vp[2] = fourbar.couplerPointVel (theta_2[2], theta_2[3], omega_2[2], omega_2[3]);
printf ("Circuit 2: \n CouplerVelocity: %f \n", VpI[2]);

}
Output

Circuit 1:

CouplerVelocity: complex (-16.727763,4.866514)
Circuit 2:

CouplerVelocity: complex (-19.090173,6.190806)

CFourbar::displayPosition

Synopsis

#include <fourbar.h>

int displayPosition(double thera2, double theta3, double theta4, ... /* [int outputtype [, [char * filename]]
*1);

Syntax

displayPosition(theta?2, theta3, theta4)
displayPosition(theta2, theta3, theta4, outputtype)
displayPosition(theta2, theta3, theta4, outputtype, filename)

Purpose
Given 69, 63, and 64, display the current position of the fourbar linkage.

Parameters

theta2 0y angle.

theta3 03 angle.

theta4 0, angle.

outputtype an optional argument for the output type.
filename an optional argument for the output file name.

Return Value
This function returns O on success and -1 on failure.

Description

Given 0y, 65, and 6y, display the current position of the fourbar linkage. outputtype is an optional pa-
rameter used to specify how the output should be handled. It may be one of the following macros:
QANIMATE_OUTPUTTYPE DISPLAY, QANIMATE _OUTPUTTYPE FILE,
QANIMATE_OUTPUTTYPE_STREAM. QANIMATE_OUTPUTTYPE_DISPLAY outputs the figure to the
computer terminal. QANIMATE_OUTPUTTYPE _FILE writes the qanimate data onto a file.
QANIMATE_OUTPUTTYPE_STREAM outputs the qanimate data to the standard out stream. £ilename
is an optional parameter to specify the output file name.
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Example

A fourbar linkage has link lengths r; = 12m,ry = 4m,r3 = 12m,ry = 7m, 6; = 10 and coupler point
properties r, = 5, 3 = 20°. Given the angle 05, calculate the angular position 3 and 6, of link3 and link4,
display the fourbar linkage in its current position.

/***************************************************************
* This example displays the current position of the fourbar
* mechanism given theta2, theta3, and theta4.
****************************************************************/
#include <math.h>
#include <fourbar.h>
int main() {
CFourbar fourbar;
double rl = 12, r2 = 4, r3 =12, r4d = 7, thetal = 10«M_PI/180;
double rp = 5, beta = 20«M_PI/180;
double theta_1[1:4], theta_2[1:4];
double theta2 = 70«M_PI/180;

theta_1[1] = thetal;
theta_1[2] = theta2; // theta2
theta_2[1] = thetal;
theta_2[2] = theta2; // theta2

fourbar.setLinks (rl, r2, r3, r4, thetal);
fourbar.setCouplerPoint (rp, beta);
fourbar.angularPos (theta_1, theta_2, FOURBAR_LINK2);

fourbar.displayPosition(theta_1[2], theta_1[3], theta_1[41);
fourbar.displayPosition (theta_2[2], theta_2[3], theta_2[4]);

return 0;

| Next || Prev | 18 | Go | Stos 1 Fast ] Blow | | Next || Prev | f113 | Go | Srop i Fash i Bleu
Crank-Rocker Crank—Rocker
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CFourbar::displayPositions

Synopsis

#include <fourbar.h>

int displayPositions(double theta2/: |, double theta3[:], double theta4[:], ... /* [int outputtype [, [char *
filename]] */);

Syntax

displayPositions(theta2, theta3, thetad)
displayPositions(theta2, theta3, theta4, outputtype)
displayPositions(theta2, theta3, theta4, outputtype, filename)

Purpose
Given 635, 035, and s, display the respective positions of the fourbar linkage.

Parameters

theta2 0y angles.

theta3 03 angles.

theta4 04 angles.

outputtype an optional argument for the output type.
filename an optional argument for the output file name.

Return Value
This function returns O on success and -1 on failure.

Description

Given 655, 03s, and 64s, display the relative positions of the fourbar linkage. outputtype is an optional
parameter used to specify how the output should be handled. It may be one of the following macros:
QANIMATE_OUTPUTTYPE DISPLAY, QANIMATE _OUTPUTTYPE FILE,
QANIMATE_OUTPUTTYPE_STREAM. QANIMATE_OUTPUTTYPE_DISPLAY outputs the figure to the
computer terminal. QANIMATE_OUTPUTTYPE _FILE writes the qanimate data onto a file.
QANIMATE_OUTPUTTYPE_STREAM outputs the qanimate data to the standard out stream. £ilename
is an optional parameter to specify the output file name.

Example
see CFourbar::synthesis().

CFourbar::forceTorque

Synopsis
#include <fourbar.h>
void forceTorque(double theta/1:4], double omega[l:4], double alpha[l:4], double ¢/, array double

x[9)D);
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Purpose
Calculate the joint force and output torque at a given point.

Parameters

theta A double array used for angles of links.

omega A double array used for the angular velocities of links.
alpha A double array used for the angular accelerations of links.
t/ A double number used for load torque.

x A double array used for forces in four joints and output torque on link 2 as represented
x = (Fioz, Fioy, Fose, Fosy, Faag, Faay, Flag, Fiay, Ts)T

Return Value
None.

Description

This function calculates the joint force and ouput torque at a given load torque. theta is a one-dimensional
array of size 4 for the angles of links. omega is a one-dimensional array of size 4 for the angular velocities
of links. alpha is a one-dimensional array of size 4 for the angular acclerations of links. # is the load torque.
x contains the force and output torque.

Example

A fourbar linkage has link lengths 71 = 12in, 7y = 4in,r3 = 12in,r4 = Tin,r, = 5, and angles 3 = 20,
and 6; = 10. Given the angle 6>, angular velocity wo, and angular acceleration v, calculate the required
torque applied to the input link 2 in order to achieve the desired motion. Also calculate the joint forces
exerted on the ground from links 1 and 4.

/***************************************************************
* This example calcuates the joint force and output torque at

* a given point.
***************************************************************/
#include <math.h>

#include <fourbar.h>

int main() {
CFourbar fourbar;
double rl = 12/12.0, r2 = 4/12.0, r3 =12/12.0, r4 = 7/12.0, thetal = 0;
double rp = 5/12.0, beta = 20«M_PI/180;
double theta_1[1:4], theta_2[1:4], omega[l:4], alphall:4];
array double X[9];
double g=32.2;
double rg2 = 2/12.0, rg3 = 6/12.0, rg4 = 3.5/12.0;
double delta2 = 0.0, delta3 = 0, deltad4d = 0.0;
double m2 = 0.8/g, m3 = 2.4/g, md = 1.4/g;
double ig2 = 0.012/12, ig3 = 0.119/12, ig4 = 0.038/12, tl1=0;

/+ initialization of link parameters and
inertia properties =/

theta_1[1] = 0; theta_1[2]=150xM_PI/180;
theta_2[1] = 0; theta_2[2]=150%«M_PI/180;
omegal[2] = 5; alpha(2] = -5;
fourbar.uscUnit (true);
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fourbar.setLinks (rl, r2, r3, r4, thetal);
fourbar.setCouplerPoint (rp, beta);

fourbar.setGravityCenter (rg2, rg3, rg4, delta2, delta3, deltad);
fourbar.setInertia(ig2, ig3, 1ig4);

fourbar.setMass (m2, m3, m4);

// find theta3, theta4

fourbar.angularPos (theta_1, theta_2, FOURBAR_LINK2);

// find omega3, omegai

fourbar.angularVel (theta_1, omega, FOURBAR_LINK2);

// find alpha3, alphaid

fourbar.angularAccel (theta_1, omega, alpha, FOURBAR_LINK2) ;
// find forces, torque

fourbar. forceTorque (theta_1, omega, alpha, tl, X);

printf ("first solution X %$.4f \n", X);

// find omega3, omegaid

fourbar.angularVel (theta_2, omega, FOURBAR_LINK2) ;

// find alpha3, alpha4

fourbar.angularAccel (theta_2, omega, alpha, FOURBAR_LINK2);
// find forces, torque

fourbar. forceTorque (theta_2, omega, alpha, tl, X);

printf ("second solution X = %.4f \n", X);

}
Output

first solution X = 1.7993 2.3553 1.6993 1.5895 1.1643 -0.7428 -1.0273 2.1624 -0.8659

second solution X = -0.6161 2.4778 -0.7161 1.7120 -1.1555 -0.4193 1.2368 1.7218 -0.4987

CFourbar::forceTorques

Synopsis

#include <fourbar.h>

void forceTorques(int branchnum, double t/,array double fime/:], array double fI2x/:], array double
f12y[:], array double f23x/:], array double f23y/:], array double f34x/:], array double f34y/:], array
double f14x[:], array double fi4y/:], array double zs/:]);

Purpose
Calculate the joint force and output torque in the valid range of motion.

Parameters

branchnum An integer number used to indicate the branch to be calculated.
t/ A double number for the load torque.

time A double array to record time.

fl12x, f12y, f23x, 23y, f34x, 34y, fl4x, fI4y Double arrays for forces.

ts A double array for input torque.
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Return Value
None.

Description

This function calculates the joint force and output torque in the valid range of motion. branchnum is the
branch which will be plotted. ¢/ is the load torque. time is an array to record time. f12x, f12y, f23x, 23y,
[34x, 34y, fl4x, fl4y are arrays for forces. ts is a double array for input torque.

Example

A fourbar linkage has link lengths 1 = 12in, 7y = 4in,r3 = 12in,r4 = Tin,r, = 5in, and angles 3 = 20,
and #; = 10. Given the angle 62 and constant angular velocity we, using a loop to calculate the required
torques applied to the input link 2 in order to achieve the constant angular velocity for link 2. Also calculate
the joint forces exerted on the ground from links 1 and 4.

/*****************************************************************
* This example calculates the joint force and output torque

* 1in the wvalid range of motion.
*****************************************************************/
#include <math.h>

#include <fourbar.h>

int main ()
{
CFourbar fourbar;
double rl = 12/12.0, r2 = 4/12.0, r3 =12/12.0, r4 = 7/12.0, thetal = 0;
double rp = 5/12.0, beta = 20+«M_PI/180;
double g=32.2;
double rg2 = 2/12.0, rg3 = 6/12.0, rg4d = 3.5/12.0;
double delta2 = 0.0, delta3 = 0, deltad = 0.0;
double m2 = 0.8/g, m3 = 2.4/g, md = 1.4/9g;
double ig2 = 0.012/12, ig3 = 0.119/12, ig4 = 0.038/12, tl1=0;
int numpoint = 50;
double omega2 = 5; /x constant omegal2 x/
array double time[numpoint], ts[numpoint];
array double fl2x[numpoint], fl2y[numpoint];
array double f23x[numpoint], f23y[numpoint];
array double f34x[numpoint], £f34y[numpoint]
array double fl4x[numpoint], fl4y[numpoint]
int branchnum = 1;
int 1i;
class CPlot pl;

’

’

/* initialization of link parameters and

inertia properties */

fourbar.uscUnit (true);

fourbar.setLinks (rl, r2, r3, r4, thetal);
fourbar.setCouplerPoint (rp, beta);

fourbar.setGravityCenter (rg2, rg3, rg4, delta2, delta3, deltad);
fourbar.setInertia(ig2, ig3, ig4);

fourbar.setMass (m2, m3, m4);

fourbar.setNumPoints (numpoint) ;

fourbar.setAngularVel (omega?2) ;

fourbar. forceTorques (branchnum, tl, time, f12x,
fl2y, f23x, f23y, f34x, f£34y, fl4x, fldy, ts); // calculate the forces
// and torque
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plotxy(time, ts, NULL, "time t (seconds)", "input torque Ts (ft.lbf)", &pl);
pl.border (PLOT_BORDER_ALL, PLOT_ON) ;

pl.plotting();

plotxy(time, fl12x, NULL, "time t (seconds)", "Joint force (lbf)", &pl);
pl.data2D (time, fl2y);

pl.data2D(time, £23x

)

pl.data2D (time, £23y);

pl.data2D (time, £34x);
)
)
)

’

pl.data2D (time, £f34y
pl.data2D (time, fl4x
pl.data2D (time, fl4y
pl.legend("£f12x",0);
pl.legend("f12y",1
pl.legend("£23x",2
pl.legend("£23y", 3
pl.legend("£34x",4
pl.legend("£34y",5
pl.legend("£14x",6);

pl.legend ("£f14y",7);

pl.border (PLOT_BORDER_ALL, PLOT_ON) ;
pl.plotting();

’

’

’
’
’
’

’

Output

0.8

04

0.2 |y

0.2

input torque Ts (ft.Ibf)

-0.8 -

1 ! ! ! ! ! !
0 0.2 0.4 0.6 0.8 1 1.2 14

time t (seconds)
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Joint force (Ibf)
=
T

3 I I I I
0 0.2 0.4 0.6 0.8

time t (seconds)

i

12 1.4

CFourbar::getAngle

Synopsis
#include <fourbar.h>
int getAngle(double theta/l:] int theta_id);

Purpose
Given angles of two moving links, calculate the angle of the remaining moving link.

Parameters
theta A double array with dimension size of 4 for angular positions.
theta_id An integer number indicating the link number of the unknown position angle.

Return Value
This function returns 0 on success and -1 on failure.

Description

Given the angular positions of two links of a fourbar linkage, this function computes the angular position of
the remaining moving link. theta is a one-dimensional array of size 4 which stores the angular positions of
the links. theta_id is an integer number indicating the link number of the known angular position.

Example
see CFourbar::synthesis().

CFourbar::getJointLimits

Synopsis
#include <fourbar.h>
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int getJointLimits(double inputmin/2], double inputmax/2], double ouputmin/2], double outputmax(2]);

Purpose
Calculate the input and output joint limits of a fourbar linkage.

Parameters

inputmin A double array used for the minimum input angle.
inputmax A double array used for the maximum input angle.
outputmin A double array used for the minimum output angle.
outputmax A double array used for the maximum output angle.

Return Value

This function returns the type of linkage.

The return value are: FOURBAR_INVALID, FOURBAR_CRANKCRANK, FOURBAR ROCKERCRANK,
FOURBAR ROCKERROCKER, FOURBAR INWARDINWARD, FOURBAR INWARDOUTWARD,
FOURBAR_ OUTWARDINWARD, FOURBAR OUTWARDOUTWARD

Description
This function calculates fourbar linkage input and output joint limits. inputmin, inputmax, outputmin out-
putmax are arrays for the limit of the fourbar linkage. The function returns the type of linkage.

Example
For a fourbar linkage with link lengths 1 = 12m,ro = 4m,rs = 12m,r4 = 7m, and angle ¢; = 0,
determine the input limit and output limit for each circuit.

/******************************************************************
* This example calculates the input and output joint limits

«+ of fourbar linkage.
******************************************************************/
#include <math.h>

#include <fourbar.h>

int main() {
CFourbar fourbar;
double rl = 12, r2 = 4, r3 =12, r4d = 7, thetal = 0;
class CPlot pl;
int fourbartype;

double inputlimitmin([2], inputlimitmax([2],
outputlimitmin[2], outputlimitmax[2];

fourbar.setLinks (rl, r2, r3, r4, thetal);
fourbartype = fourbar.getJointLimits (inputlimitmin, inputlimitmax,

outputlimitmin, outputlimitmax);
printf ("input Range:\n");

(
printf (" Circuit: %8s %8s\n","1","2");
printf (" %8s %8s\n"," (deg)", "(deg)");
printf (" Lower limit: %7.2f %8.2f\n",
inputlimitmin[0]*180./M_PI, inputlimitmin[1]%180./M_PTI);
printf (" Upper limit: %7.2f %8.2f\n",
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inputlimitmax[0]*180./M_PI, inputlimitmax[1]%180./M_PI);

CFourbar::grashof

printf ("output Range:\n");
printf (" Circuit: %8s %8s\n","1","2");
printf (" %8s %8s\n", " (deg)", "(deg)");
printf (" Lower limit: %7.2f %8.2f\n",
outputlimitmin[0]*180./M_PI, outputlimitmin([1]*180./M_PI);
printf (" Upper limit: %7.2f $8.2f\n",

outputlimitmax[0]%180./M _PI, outputlimitmax[1]%180./M_PI);
}

Output

input Range:
Circuit: 1 2
(deg) (deg)
Lower limit: 0.00 0.00
Upper limit: 360.00 360.00
output Range:

Circuit: 1 2
(deg) (deg)

Lower limit: 67.98 -140.16

Upper limit: 140.16 -67.98

CFourbar::grashof

Synopsis
#include <fourbar.h>
int grashof(string_t &name);

Purpose
Determine the Grashof type of the fourbar linkage.

Parameters
name A string indicating the Grashof type of linkage.

Return Value
This function returns the Grashof type of the linkage.

The return values are: FOURBAR_INVALID, FOURBAR_CRANKROCKER, FOURBAR_CRANKCRANK,

FOURBAR _ROCKERCRANK, FOURBAR_ROCKERROCKER, FOURBAR INWARDINWARD,

FOURBAR_INWARDOUTWARD, FOURBAR_OUTWARDINWARD, FOURBAR_ OUTWARDOUTWARD

Description

This function determines the Grashof type of the linkage. name is a string indicating the Grashof type. The

fuction returns the type of linkage.

Example

For a fourbar linkage with link lengths ry = 12m,ro = 4m,r3 = 12m,r4 = 7m, and angle 6; = 10,

determine the Grashof type of the linkage.

/*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k**********************************
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* This example calculate joint limits and decide Grashof type of

* linkage.
*k**k******k******k******k******k*********‘k*‘k****‘k*‘k**********************/
#include <stdio.h>

#include <fourbar.h>

int main() {
double thetal, theta2;
double gammal, gammaZ2;
int fourbartype; /+ the type of linkage x/
string_t GrashofName;
CFourbar fourbar;

/+ default specification of the four-bar linkage */
double rl = 12, r2 = 4, r3 = 10, r4= 7;//cranker-rocker
thetal = 10xM_PI/180; theta2=45+xM_PI/180;

fourbar.setLinks (rl, r2, r3, r4, thetal);

/* Grashof Analysis «/

fourbartype = fourbar.grashof (GrashofName) ;

printf ("linkage type is %s \n", GrashofName) ;
}

Output

linkage type is Crank-Rocker

CFourbar::plotAngularAccels

Synopsis
#include <fourbar.h>
void plotAngularAccels(CPlot *plot, int branchnum);

Purpose
Plot angular accelerations a3 and a4 with respect to time.

Parameters
&plot A pointer to a CPlot class variable for formatting the plot of the branch to be drawn.
branchnum An integer used to indicate the branch to be drawn.

Return Value
None.

Description

This function plots angular accelerations a3 and «y with respect to time. &plot is a pointer to a CPlot class
variable for formatting the plot of the branch to be drawn. branchnum is an integer number used to indicate
the branch to be drawn.

Example
For a fourbar linkage with link lengths 1 = 12m, 19 = 4m,rs = 12m,r4 = Tm, angle §; = 10°, and
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constant angular velocity we = 5rad/s, plot the angular acceleration curves for links 3 and 4.

/***********************************************************************

* This example is for plotting angular accelerations alpha3 and

* alpha4 with respect to time.
~k**********************************************************************/
#include <math.h>

#include <stdio.h>

#include <fourbar.h>

int main () {
double r[1:4],
double omega2;
int numpoints = 50;
CFourbar fourbar;

CPlot plot;

thetal;

/+ default specification of the four-bar linkage */

r(l] = 12; r([2] = 4; r[3] = 12; r[4] = 7;

thetal = 10xM_PI/180;

omega2 = 5; /* rad/sec «/
fourbar.setLinks (r[1], r[2], r[3], r[4], thetal);
fourbar.setAngularVel (omega?2) ;
fourbar.setNumPoints (numpoints) ;
fourbar.plotAngularAccels (&plot, 1);

Output
Angular Acceleration Plots
2000
alpha3
alpha4 -----—-—-

1500 [/

1000 | \
~
<
iS5
@
4 N
E=J /
L7} 1
Z !
< /
< /
o i
® /

-500 - g
-1000 L L
0 0.2 0.4 0.6 0.8 1.2 14
time (sec)

CFourbar::plotAngularPoss

Synopsis
#include <fourbar.h>
void plotAngularPoss(CPlot *plot, int branchnum);
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Purpose
Plot angular positions #3 and 64 with respect to time.

Parameters
&plot A pointer to a CPlot class variable for formatting the plot of the branch to be drawn.
branchnum An integer used to indicate the branch to be drawn.

Return Value
None.

Description

This function plots angular positions 63 and 6, with respect to time. &plot is a pointer to a CPlot class
variable for formatting the plot of the branch to be drawn. branchnum is an integer number used to indicate
the branch to be drawn.

Example
For a fourbar linkage with link lengths vy = 12m, ry = 4m,rs = 12m,ry = Tm, and angle 6; = 10°, plot
the angular position curves for links 3 and 4.

/***************************************************************
* This example is for plotting angular positions theta3 and
* thetad4 with respect to time.
****************************************************************/
#include <math.h>
#include <fourbar.h>
int main() {
CFourbar fourbar;
double rl = 12, r2 = 4, r3 =12, r4 = 7, thetal = 10xM_PI/180;
double omegal2 = 5; // rad/sec
int numpoints = 50;
CPlot plot;

fourbar.setLinks (rl, r2, r3, r4, thetal);
fourbar.setAngularVel (omega?2) ;

fourbar.setNumPoints (numpoints) ;
fourbar.plotAngularPoss (&plot, 1);

Output
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Angular Position Plots
160

theta3
e - theta4 -------

140 |
120 |

100 |

theta (deg)

. \\\\ L
60

40

20 ! | ! ! !
0 0.2 0.4 0.6 0.8 1 1.2 1.4

time (sec)

CFourbar::plotAngularVels

Synopsis
#include <fourbar.h>
void plotAngularVels(CPlot *plot, int branchnum);

Purpose
Plot angular velocities w3 and w,4 with respect to time.

Parameters
&plot A pointer to a CPlot class variable for formatting the plot of the branch to be drawn.
branchnum An integer used to indicate the branch to be drawn.

Return Value
None.

Description

This function plots angular velocities w3 and w4 with respect to time. &plot is a pointer to a CPlot class
variable for formatting the plot of the branch to be drawn. branchnum is an integer number used to indicate
the branch to be drawn.

Example
For a fourbar linkage with link lengths 1 = 12m, 19 = 4m,rs = 12m,ry = Tm, angle §; = 10°, and
constant angular velocity wo = 5rad/s, plot the angular velocity curves for links 3 and 4.

/*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k‘k*‘k****‘k***********************
* This example is for plotting angular velocities omega3 and omega4

* with respect to time.
********‘k*************************‘k*‘k*‘k*‘k‘k*‘k*‘k****‘k********************/
#include <math.h>

#include <stdio.h>
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#include <fourbar.h>

int main() {
double r[1:4], thetal;
double omegaZz;
int numpoints = 50;
CFourbar fourbar;
CPlot plot;

/+ default specification of the four-bar linkage */
r(l] = 12; r([2] = 4; r[3] = 12; r[4] = 7;

thetal = 10xM_PI/180;

omega? 5; /* rad/sec */

fourbar.setLinks (r[1], r[2], r[3], r[4], thetal);
fourbar.setAngularVel (omega?2) ;
fourbar.setNumPoints (numpoints) ;
fourbar.plotAngularVels (&plot, 1);

Output
Angular Velocity Plots
200
omega3
77777 omega4 -------
150
100
50

o
&
> 0
(7}
=
©
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£
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0 0.2 0.4 0.6 0.8 1 1.2 14

time (sec)

CFourbar::plotCouplerCurve

Synopsis
#include <fourbar.h>
void plotCouplerCurve(CPlot *plot, int branchnum);

Purpose
Plot the coupler curve.

Parameters
&plot A pointer to a CPlot class variable for formatting the plot of the branch to be drawn.

branchnum An integer used to indicate the branch to be drawn.
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Return Value
None.

Description
This function plots the coupler curve. &plot is a pointer to a CPlot class variable for formatting the plot of
the branch to be drawn. branchnum is an integer number used to indicate the branch to be drawn.

Example
For a fourbar linkage with link lengths vy = 12m,ry = 4m,r3 = 10m,r4 = Tm,r, = 5, and angles
f1 = 0, and 8 = 20, plot the curve of the coupler point’s position.

/***********************************************************
* This example plot the coupler curve.
***********************************************************/
#include <math.h>

#include <fourbar.h>

int main() {
CFourbar fourbar;
double rl = 12, r2 = 4, r3 = 10, r4= 7;//cranker-rocker
double thetal = 0;
double rp = 5, beta = 20«M_PI/180;
class CPlot plot;

fourbar.setLinks (rl, r2, r3, r4, thetal);
fourbar.setCouplerPoint (rp, beta);

fourbar.setNumPoints (50) ;

fourbar.plotCouplerCurve (&plot, 1); //display a coupler curve

Output

Coupler curve

Py (m)

CFourbar::plotForceTorques
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Synopsis
#include <fourbar.h>
void plotForceTorques(CPlot *plot, int branchnum, double t]);

Purpose
Plot output torque curve.

Parameters
&plot A pointer to a class used for formatting plot of the branch to be drawn.
branchnum An integer number used for indicating the branch that will be plotted.

tl A double number for the load torque.

Return Value
None.

Description

This function plots the output torque curve. &plot is a pointer to a CPlot class for formatting the plot of the
branch to be plotted. branchnum is an integer for the branch that will be plotted. ¢/ is a double number for
the load torque. The first point and the last point are removed when plotting for all linkages except types
crank-rocker and crank-crank because of sigularities.

Example

A fourbar linkage has link lengths r; = 12in,ry = 4in,r3 = 10in,r4 = Tin, and angle §; = 10°. Given
constant angular velocity wy = 5rad/sec, load torque t; = 0 and inertia properties of the fourbar, plot the
joint forces and output torque versus time t.

See Program

Output

See Figure

CFourbar::plotTransAngles

Synopsis
#include <fourbar.h>
void plotTransAngles(CPlot *plot, int branchnum);

Purpose
Plot the transmission angle ~y with respect to 65.

Parameters
&plot A pointer to a CPlot class variable for formatting the plot of the branch to be drawn.
branchnum An integer used to indicate the branch to be drawn.

Return Value
None.
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Description

This function plots the transmission angle curve as a function of 5. &plot is a pointer to a CPlot class
variable for formatting the plot of the branch to be drawn. branchnum is an integer number used to indicate
the branch to be drawn.

Example
For a fourbar linkage with link lengths vy = 12m, ry = 4m,rs = 12m,ry = Tm, and angle 6; = 10°, plot
the transmission angle curve for the first branch.

/***************************************************************
* This example is for plotting the transmission angle vs

* theta?2.
****************************************************************/
#include <math.h>

#include <fourbar.h>

int main() {
CFourbar fourbar;
double rl = 12, r2 = 4, r3 = 12, r4
int numpoints = 50;
CPlot plot;

7, thetal = 10«M_PI/180;

fourbar.setLinks (rl, r2, r3, r4, thetal);
fourbar.setNumPoints (numpoints) ;
fourbar.plotTransAngles (&plot, 1);

Output

Transmission Angle Plot

120

gamma (rad)

30 Il Il Il Il Il Il Il
0 50 100 150 200 250 300 350 400

theta2 (rad)

CFourbar::printJointLimits
Synopsis

#include <fourbar.h>
void printJointLimits();
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Purpose
Prints the range of motion for the input and output joints.

Parameters None.

Return Value
None.

Description

This function prints the range of motion of the input and output links.

Example

For a fourbar linkage with link lengths 1 = 12m, 19 = 4m,r3 = 12m,r4 = 7m, and angle #; = 10, print
out the joint limits for the input and output joints.

/********************************************************************
* This example calculate joint limits and decide Grashof type of

« linkage.
********************************************************************/
#include <stdio.h>

#include <fourbar.h>

int main () {
double thetal, theta2;
double gammal, gammaZ2;
int fourbartype; /* the type of linkage x/
string_t GrashofName;
CFourbar fourbar;

/+ default specification of the four-bar linkage */
double rl = 12, r2 = 4, r3 = 10, r4= 7;//cranker-rocker
thetal = 10xM_PI/180; theta2=45+xM_PI/180;

fourbar.setLinks (rl, r2, r3, r4, thetal);

/* Grashof Analysis «/
fourbar.printJointLimits () ;

}
Output

Input Characteristics: Input 360 degree rotation
Output Range:

Circuit: 1 2
(deg) (deg)

Lower limit: 98.98 -149.15

Upper limit: 169.15 -78.98

CFourbar::setAngularVel
Synopsis

#include <fourbar.h>
void setAngularVel(double omega?);
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Purpose
Set the constant angular velocity of link 2.

Parameters
omega?2 A double number used for the constant input angular velocity of link 2.

Return Value
None.

Description

This function sets the constant angular velocity of link 2. It is used in conjunction with member functions
plotAngularPoss(), plotAngularVels(), plotAngularAccels(), plotForceTorques(), and forceTorques().
The relationships between 62, w2, and a5 are as follows,

O = wot + 02.min
W2 = W
Qy = 0

where 62 i, is the minimum angular position of the input link, and wy is a constant.

Example
see CFourbar::plotForceTorques().

CFourbar::setCouplerPoint

Synopsis
#include <fourbar.h>
void setCouplerPoint(double rp, beta, ... /* [int trace] */);

Syntax
setCouplerPoint(rp, beta)
setCouplerPoint(rp, beta, trace)

Purpose
Set parameters for the coupler point.

Parameters
rp A double number used for rp.
beta A double number for beta.

it trace An optional parameter of int type specifying either macro TRACE_OFF or TRACE_ON to indicate
whether the coupler curve should be traced during animation.

Return Value
None.
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Description
This function sets the parameters of the coupler point.

Example
see CFourbar::plotCouplerCurve(), CFourbar::animation().

CFourbar::setGravityCenter

Synopsis
#include <fourbar.h>
void setGravityCenter(double rg2, double rg3, double rg4, double delta2, double delta3, double delta4);

Purpose
Set parameters for the mass centers of links.

Parameters

rg2 A double number used for the distance from joint Ag to the center of gravity of link 2.
rg3 A double number used for the distance from joint A to the center of gravity of link 3.
rg4 A double number used for the distance from joint By to the center of gravity of link 4.
delta? A double used for the angle between vector rgs and link 2.

delta3 A double used for the angle between vector rg3 and link 3.

delta4 A double used for the angle between vector g4 and link 4.

Return Value
None.

Description
This function sets parameters for the mass centers of links.

Example
see CFourbar::plotForceTorques().

CFourbar::setlnertia

Synopsis

#include <fourbar.h>

void setInertia(double ig2, double ig3, double ig4);

Purpose
Set inertia parameters of the links.

Parameters

ig2 A double number used for the inertia of link 2.
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ig3 A double number used for the inertia of link 3.
ig4 A double number used for the inertia of link 4.

Return Value
None.

Description
This function sets inertia parameters of the links.

Example
see CFourbar::plotForceTorques().

CFourbar::setMass

CFourbar::setLinks

Synopsis
#include <fourbar.h>
int setLinks(double r/, double 72, double r3, double 74, double thetal);

Purpose
Set the lengths of links.

Parameters
rl,r2,r3,r4 A double number used for the length of links.
thetal A double number for the angle between link1 and horizontal.

Return Value
This function returns 0 on success and -1 on failure.

Description

This function sets the lengths of links and determines if the links can construct a fourbar mechanism. If not,

return -1.

Example
see CFourbar::plotCouplerCurve().

CFourbar::setMass

Synopsis

#include <fourbar.h>

void setMass(double m2, double m3, double m4);

Purpose
Set masses of the links.

Parameters

m2,m3,m4 double numbers used for the masses of links.
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Return Value
None.

Description
This function sets masses of links.

Example
see CFourbar::plotForceTorques().

CFourbar::synthesis

CFourbar::setNumPoints

Synopsis
#include <fourbar.h>
void setNumPoints(int numpoints);

Purpose

Set the number of points for animation and plotting coupler curves.
Parameters

numpoints An integer number used for the number of points.
Return Value

None.

Description
This function sets the number of points for animation and plotting coupler curves.

Example
see CFourbar::animation().

CFourbar::synthesis

Synopsis
#include <fourbar.h>
int synthesis(double r//:4], double phi/:], double psi/:]);

Purpose
Fourbar linkage position synthesis.

Parameters

r A double array used for the length of links.
phi A double array used for the input angles.

psi A double array used for the output angles.

Return Value
This function returns 0 on success and -1 on failure.
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Description
This function synthesizes fourbar linkage position. r is an array for the length of the links. phi is an array
for the input angles. psi is an array for the output angles.

Example
Given input angles 11 = 66.27,1o = 102.42,13 = 119.67 and output angles ¢1 = 105, ¢po = 157, ¢35 =
209, calculate the length of the links. Then display the fourbar at these three positions.

#include <stdio.h>
#include <fourbar.h>

int main ()

{

}

double r[1:4];

double psi[l1l:3], phi[1:3];
double theta[l:4], theta3[1:3];
CFourbar fourbar;

/+ specify input/output relation for a four-bar linkage */

r[l] = 1;

psi[l]=66.27+«M_PI/180; psi[2]=102.42xM_PI/180; psi[3]1=119.67«M_PI/180;
phi[1]=105+M_PI/180; phi[2]=157+M_PI/180; phi[3]=209+«M_PI/180;
fourbar.synthesis (r,phi, psi);

/* display link lengths */
printf("r2 = $.3f, r3 = %.3f, rd = £.3f\n", r[2], r[3], rld]l);

/+ obtain theta3 in three positions and display these positions =*/
thetal[l] = 0;

fourbar.setLinks (r[1], r([2], r[3], r[4], thetal[l]);
theta[2]=phi[l]; thetal[4] = psi[l];

fourbar.getAngle (theta, FOURBAR_LINK3) ;

theta3[1] = thetal3];

theta[2] = phi[2]; thetal[4] = psi[2];

fourbar.getAngle (theta, FOURBAR_LINK3); theta3[2] = thetal3];
theta[2] = phi[3]; thetal[4] = psi[3];

fourbar.getAngle (theta, FOURBAR_LINK3); theta3[3] = thetal[3];
fourbar.displayPositions (phi, theta3, psi);

return 0;

Output
Results: Interactive Four-Bar Linkage Position Synthesis
Link 1 = 1.000
Link 2 = 0.555
Link 3 = 1.441
Link 4 = 0.725
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CFourbar::transAngle

Synopsis
#include <fourbar.h>
void transAngle(double &gammal, double &gamma2, double theta, int given_theta);

Purpose
Given input link position, calculate the transmission angle.

Parameters

gammal A double number used for the first solution.

gamma?2 A double number used for the second solution.

theta A double number used for a given link position.

given_theta An integer number used as an identifier for a known link.

Return Value
None.

Description

This function calculates the transmission angle, given the position of the input link. gamml, gamm?2 are
used for the two solutions of the transmission angle for each circuit of the linkage, respectively. theta is the
given input link position. given_theta is an idetifier for the known angle theta.

Example

A fourbar linkage has link lengths 1 = bm,ro = 1.5m, 13 = 4m,r4 = 4.5m, and an angle #; = 10. Given
the angle 6, determine the Grashof type of the fourbar linkage and calculate the transmission angle for each
circuit, respectively.

/**************************************************************************
* This example calculate the transmission angle with given input
« link position.

***************************************************************************/
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#include <math.h>
#include <stdio.h>
#include <fourbar.h>

int main () {
double r[1:4], thetal, theta2;
double gammal, gammaZ2;
int fourbartype;
CFourbar fourbar;

/+ default specification of the four-bar linkage */
r(l] = 5; r[2] = 1.5; r[3] = 4; r[4] = 4.5;
thetal = 10xM_PI/180; theta2=45+*M_PI/180;

CFourbar::transAngles

printf ("Results: Interactive Four-Bar Linkage Transmission Angle Analysis\n\n");

fourbar.setLinks (xr[1], r[2], r[3], r[4], thetal);

/* Grashof Analysis */
fourbartype = fourbar.grashof (NULL) ;
if (fourbartype == FOURBAR_INVALID) exit (1);

fourbar.transAngle (gammal, gamma?2, theta2, FOURBAR_LINK2);

printf ("\n Circuit 1: Transmission Angle\n\n");

printf ("\tDegrees:\t gamma=%6.3f \n",gammal*«180/M_PI);
printf ("\tRadians:\t gamma=%6.4f \n",gammal) ;

printf ("\n Circuit 2: Transmission Angle\n\n");

printf ("\tDegrees:\t gamma=%6.3f \n",gamma2+«180/M_PI);
printf ("\tRadians:\t gamma=%6.4f \n",gamma?2) ;

Output

Results: Interactive Four-Bar Linkage Transmission Angle Analysis

Circuit 1: Transmission Angle

Degrees: gamma=53.750
Radians: gamma=0.9381

Circuit 2: Transmission Angle

Degrees: gamma=53.750
Radians: gamma=0.9381

CFourbar::transAngles
Synopsis
#include <fourbar.h>

void transAngles(int branchnum, double theta2/: ], double gammal:]);

Purpose
Calculate transmission angle values for the valid range of motion.

Parameters
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branchnum An integer used to indicate the branch of the fourbar.
theta? An array for 65 values.
gamma An array for y values.

Return Value
This function returns 0 on success and -1 on failure.

Description

This function calculates the values for « for the valid range of motion. branchnum is the branch of the
fourbar. theta?2 is an array for 05 values. theta3 are arrays for storing the calculated transmission angle
values.

Example
For a fourbar linkage with link lengths vy = 12m, ry = 4m,rs = 12m,ry = Tm, and angle 6; = 10°, plot
the transmission angle curve for the first branch.

/***************************************************************
* This example is for generating transmission angle values

* for the valid range of motion.
****************************************************************/
#include <math.h>

#include <fourbar.h>

int main() {
CFourbar fourbar;
double rl = 12, r2 = 4, r3 =12, r4 = 7, thetal = 10xM_PI/180;
int i, numpoints = 50;
double theta2[numpoints], gamma[numpoints];
CPlot plot;

fourbar.setLinks (rl, r2, r3, r4, thetal);
fourbar.transAngles (1, theta2, gamma);
for(i = 0; i < numpoints; i++) {
theta2[i] = M_RAD2DEG (theta2[i]);
gamma [1] = M_RAD2DEG (gamma[i]);
}
plot.data2D (theta2, gamma);
plot.title("Transmission Angle Plot");
plot.label (PLOT_AXIS_X, "theta2 (deg)");
plot.label (PLOT_AXIS_Y, "gamma (deg)");
plot.border (PLOT_BORDER_ALL, PLOT_ON) ;
plot.plotting();

Output
see output for CFourbar::plotTransAngles() example.

CFourbar::uscUnit

Synopsis
#include <fourbar.h>

291



crankslider.h CFourbar::uscUnit

void uscUnit(bool unit);

Purpose
Specify the use of SI or US Customary units in analysis.

Parameters

unit A boolean argument, where t rue indicates US Customary units are desired and false indicates SI
units.

Return Value
None.

Description

This function specifies the whether SI or US Customary units are used. If unit = true, then US Cus-
tomary units are used; otherwise, SI units are used. By default, SI units are assumed. This member function
shall be called prior any other member function calls.

Example
see CFourbar::forceTorque().
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Appendix C

Class CCrankSlider

CCrankSlider

The header file crankslider.h includes header file linkage.h. The header file crankslider.h also contains
a declaration of class CCrankSlider. The CCrankSlider class provides a means to analyze crank-slider
within a Ch language environment.

Public Data
None.

Public Member Functions

Functions Descriptions
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crankslider.h CCrankSlider::angularAccel
angularAccel Given the angular acceleration of link2, calculate the angular acceleration of link3.
angularPos Given the angle of link2, calculate the angle of link3.

angularVel Given the angular velocity of link2, calculate the angular velocity of link3.
animation Crank-slider animation.

couplerCurve Calculate the coordinates of the coupler curve.

couplerPointAccel  Calculate the acceleration of the coupler point.

couplerPointPos Calculate the position of the coupler point.

couplerPoint Vel Calculate the velocity of the coupler point.

displayPosition Display position of the crank-slider mechanism.

forceTorque Calculate the joint forces and input torque at a given point.

forceTorques Calculate the joint forces and input torque in the valid range of motion.
getJointLimits Calculate crank-slider linkage input and output joint limits.
plotCouplerCurve  Plot the coupler curves.

plotForceTorques Plot the joint forces and input torque curves.

setCouplerPoint Set parameters for the coupler point.

setGravityCenter Set parameters for mass centers of links.

setInertia Set inerita parameters of links.

setAngularVel Set constant angular velocity of linkage 2.

setLinks Set lengths of links.

setMass Set masses of links.

setNumPoints Set number of points for animation and plot coupler curve.

sliderAccel Given the angular acceleration of link2, calculate the acceleration of the slider.
sliderPos Given the angular position of link2, calculate the position of the slider.
sliderVel Given the angular velocity of link 2, calculate the velocity of the slider.
transAngle Given input link position, calculate the transmission angle.

uscUnit Specify the use of SI or US Customary units.

See Also

CCrankSlider::angularAccel

Synopsis

#include <crankslider.h>
double angularAccel(double theta2, double theta3, double omega2, double omega3, double alpha?);

Purpose

Given the angular acceleration of link2, calculate the angular acceleration of link 3.

Parameters

theta2, theta3 Double numbers indicating the angular position of link2 and link 3, respective.

omega2, omega3 Double numbers indicating the angular velocity of link2 and link3, respective.

alpha2 A double number indicating the angular acceleration of link2.

Return Value

This function returns the angular acceleration of link3.
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Description

Given the angular acceleration of one link, this function calculates the angular acceleration of link3 of the
crank-slider. theta2, theta3 are double numbers which store the angle of link2 and link3, respective. omega2,
omega3 are double numbers which store the angular velocity of link2 and link3, respective. alpha? is a dou-
ble number which stores the angular acceleration of link2. The returned value is the result of calculation.

Example

A crank-slider linkage has link lengths ro = 1m,r3 = 2m,ry = 0.5m, and angle §; = 10°. Given the
angle 05, the angular velocity wo and the angular acceleration o, calculate the angular acceleration «g of
link3 for one circuit.

#include <math.h>
#include <stdio.h>
#include <crankslider.h>

int main () {
double r2 =1, r3 =2, rd4d = 0.5, thetal = 10xM_PI/180;
double rp 2.5, beta = 20xM_PI/180;
double theta2 = 50%«M_PI/180;
double omega2 = 5; /* rad/sec «/
double alpha2 =-5; /x rad/sec*sec =/

CCrankSlider crankslider;

double first_theta3, sec_theta3;
double omega3;

double alpha3;

crankslider.setLinks (r2, r3, r4, thetal);
crankslider.angularPos (theta2, first_theta3, sec_theta3);

//first solution

omega3 = crankslider.angularVel (theta2, first_theta3, omegal2);

alpha3 = crankslider.angularAccel (theta2, omega2, first_theta3, omega3, alpha2);
printf ("First Solution:\n");

printf ("\tDeg/sec*sec:\t alpha3=%6.3f\n",alpha3*180/M_PI);

printf ("\tRad/secxsec:\t alpha3=%6.4f\n",alpha3);

//second solution

omega3 = crankslider.angularVel (theta2, sec_theta3, omega2);

alpha3 = crankslider.angularAccel (theta2, omega2, sec_theta3, omega3, alpha2);
printf ("Second Solution:\n");

printf ("\tDeg/secxsec:\t alpha3=%6.3f\n",alpha3x180/M_PI);

printf ("\tRad/secxsec:\t alpha3=%6.4f\n",alpha3);

Output

First Solution:

Deg/secxsec: alpha3=556.431
Rad/secxsec: alpha3=9.7115
Second Solution:

Deg/secxsec: alpha3=-556.431
Rad/secxsec: alpha3=-9.7115

295



crankslider.h CCrankSlider::angularVel

CCrankSlider::angularPos

Synopsis
#include <crankslider.h>
void angularPos(double theta2, double &first_solution, double &sec_solution);

Purpose
Given the angle of one link, calculate the angle of the other links.

Parameters

theta2 A double number used for the angular positon of link2.

first_solution A double number used for the first solution of theta3.

sec_solution A double number used for the second solution of theta3.

Return Value
This function returns O on success and -1 on failure.

Description

Given the angular position of link2, this function computes the angular positions of link3.

Example

A crank-slider linkage has link lengths ro = 1m,r3 = 2m,ry = 0.5m, and angle §; = 10°. Given the
angle 6, calculate the angular position 63 and 6, of link3 and link4, as well as, the coupler point position
for each circuit, respectively.

#include <math.h>
#include <crankslider.h>
int main ()

{

}

CCrankSlider crankslider;

double r2 =1, r3 =2, r4d = 0.5, thetal = 10«M_PI/180;
double rp = 2.5, beta = 20+«M_PI/180;

double theta2 = 70«M_PI/180;

double first_theta3, sec_theta3;

double complex pl, p2; //two solution of coupler point P

crankslider.setLinks (r2, r3, r4, thetal);
crankslider.setCouplerPoint (rp, beta);
crankslider.angularPos (theta2, first_theta3, sec_thetal);
crankslider.couplerPointPos (theta2, pl, p2);

/x*x* the first set of solutions **xx*/

printf ("thetal3 = %6.3f, P = %$6.3f \n", first_theta3, pl);
/*x*x the second set of solutions xxxx/

printf ("theta3 = %6.3f, P = %6.3f \n", sec_theta3, p2);

Output
theta3 = -0.010, P = complex( 2.707, 1.750)
theta3 = -2.783, P = complex( 1.551, 3.128)
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CCrankSlider::angular Vel

Synopsis
#include <crankslider.h>
double angularVel(double tieta2, double theta2, double omega?);

Purpose
Given the angular velocity of link2, calculate the angular velocity of link3.

Parameters

theta2, theta3 Double numbers used for the input angles of link2 and link3 respectively.

omega?2 A double number used for the angular velocity of link?2.

Return Value
This function returns the angular velocity of link3.

Description
Given the angular velocity of link2, this function calculates the angular velocities of link3. theta2, theta3
are double numbers for link positions. omegaZ is a double number for angular velocity of link?2.

Example

A crank-slider linkage has link lengths ro = 1m,r3 = 2m,ry = 0.5m, and angle §; = 10°. Given the
angle 05 and the angular velocity wo, determine the Grashof type of the crank-slider linkage and calculate
the angular velocities w3 and w4 of link3 and link4 for each circuit, respectively.

#include <math.h>
#include <stdio.h>
#include <crankslider.h>

int main ()
{

CCrankSlider crankslider;

double r2 =1, r3 =2, r4 = 0.5, thetal = 10xM_PI/180;
double theta2 = 45x%M_PI/180;

double omega2 = 5; /* rad/sec «/

double first_theta3, sec_theta3;

double omega3;

crankslider.setLinks (r2, r3, r4, thetal);
crankslider.angularPos (theta2, first_theta3, sec_thetal);

omega3 = crankslider.angularVel (theta2, first_theta3, omegal);
printf ("First Solution:\n");

printf ("\tDeg/sec:\t omega3=%6.3f\n", omega3*180/M_PI);

printf ("\tRad/sec:\t omega3=%6.3f\n", omega3);

omega3 = crankslider.angularVel (theta2, sec_theta3, omegaZ2);
printf ("Second Solution:\n");

printf ("\tDeg/sec:\t omega3=%6.3f\n", omega3*180/M_PI);
printf ("\tRad/sec:\t omega3=%6.3f\n", omega3l);
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Output

First Solution:

Deg/sec: omega3=-117.414
Rad/sec: omega3=-2.049
Second Solution:

Deg/sec: omega3=117.414
Rad/sec: omega3= 2.049

CCrankSlider::animation

Synopsis
#include <crankslider.h>
int animation(int branchnum, ... /* [int outputtype, string_t datafilename] */);

Syntax

animation(branchnum)

animation(branchnum, outputtype)
animation(branchnum, outputtype, datafilename)

Purpose
An animation of the crank-slider mechanism.

Parameters

branchnum an integer used for indicating which branch you want to draw. Each crank-slider has 2 branches.
outputtype an optional parameter to specify the output type of the animation.

datafilename an optional parameter to specify the file name of output.

Return Value
This function returns O on success and -1 on failure.

Description

This function simulates the motion of a crank-slider mechanism. branchnum is an integer which indicates
the branch you want to draw. outputtype is an optional parameter used to specify how the animation should
be outputted. outputtype can be either of the following macros: QANIMATE_OUTPUTTYPE_DISPLAY,
QANIMATE_OUTPUTTYPE_FILE, QANIMATE _OUTPUTTYPE_STREAM. Specifying macro
QANIMATE_OUTPUTTYPE_DISPLAY displays an animation on the screen. With macro,
QANIMATE_OUTPUTTYPE_FILE, the animation data can be written to a file. Macro
QANIMATE_OUTPUTTYPE_STREAM outputs the animation to the standard out. datafilename is an op-
tional parameter to specify the output file name if you want to output the data to a file.

Example
For a Crank-Rocker crank-slider linkage with link lengths 7o = 1m,r3 = 2m,ry = 0.5m,and angle
1 = 10° and coupler parameters: r, = 2.5m and 8 = 20°, simulate the motion of the crank-slider linkage.

/+*crankslider - Rocker =/
#include <stdio.h>
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#include <crankslider.h>

int main() {
/+ default specification of the four-bar linkage */
double r2 =1, r3 = 2, r4= 0.5;//cranker-rocker
double thetal = 10x«M_PI/180;
double rp = 2.5, beta = 20+«M_PI/180;
int numpoints 50;
CCrankSlider crankslider;

crankslider.setLinks (r2, r3, r4, thetal);
crankslider.setCouplerPoint (rp, beta, TRACE_ON) ;
crankslider.setNumPoints (numpoints);
crankslider.animation (1) ;

crankslider.animation (2);

Output
[
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CCrankSlider::couplerCurve

Synopsis
#include <crankslider.h>
void couplerCurve(int branchnum, double curvex/:], double curvey/:]);

Purpose

Calculate the coordinates of the coupler curve.

Parameters
branchnum An integer used to indicatel the branch to be calculated.

curvex[:] A double array used for the x coordinate of coupler point through different input angles.
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curvey[:] A double array used for the y coordinate of coupler point through different input angle.

Return Value
None.

Description
This function calculates the coupler point position by looping the input angle. curvex ,curvey are the coor-
dinate solutions of the coupler point positon.

Example
For a crank-slider with link lengths 7o = 1m, 73 = 2m,ry = 0.5m,r, = 2.5m and angles §; = 0, and
B = 20°, plot the position curve of the coupler point.

#include <stdio.h>
#include <crankslider.h>
#include <chplot.h>

int main() {
CCrankSlider crankslider;
double r2 = 1, r3 =2, r4d = 0.5; // crank-crank
double thetal = 0;
double rp = 2.5, beta = 20+«M_PI/180;
class CPlot pl;

double RetCurvex[50], RetCurvey[50];

crankslider.setLinks (r2, r3, r4, thetal);
crankslider.setCouplerPoint (rp, beta);
crankslider.setNumPoints (50) ;

// use coupler points plot curve
crankslider.couplerCurve (1, RetCurvex, RetCurvey);
plotxy (RetCurvex,RetCurvey, "Coupler curve ",

"Px (m)", "Py (m)", &pl);
pl.sizeRatio(-1);
pl.border (PLOT_BORDER_ALL, PLOT_ON) ;
pl.plotting();

}

Output
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Coupler curve
2.2

18 |
16
14
12

Py (m)

08
0.6 ! ! ! ! ! ! !

Px (m)

See Also

CCrankSlider::couplerPointAccel

Synopsis

#include <crankslider.h>

double complex couplerPointAccel(double t:eta2, double theta3, double omega2, double omega3, dou-
ble alpha2, double alpha3);

Purpose
Calculate the acceleration of the coupler point.

Parameters

theta2 A double number used for the angle of link 2.

theta3 A double number used for the angle of link 3.

omega2 A double number used for the angular velocity of link 2.
omega3 A double number used for the angular velocity of link 3.
alpha2 A double number used for the angular acceleration of link 2.
alpha3 A double number used for the angular acceleration of link 3.

Return Value
This function returns the acceleration of the coupler point.

Description
This function calculates the acceleration of the coupler point. theta2, theta3, omega2, omega3, alpha2, al-
pha3 are double numbers. The return value is a complex number.

Example
For a crank-slider linkage with link lengths o = 1m,r3 = 2m, 4 = 0.5m,r, = 2.5m, and angles 5 = 20°,
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CCrankSlider::couplerPointPos

and 6; = 10°. Given the angle 65, the angular velocity wy and the angular acceleration ag, calculate the

acceleration of the coupler point for each circuit, respectively.

#include <math.h>
#include <crankslider.h>

int main () {
CCrankSlider crankslider;
double r2 = 1, r3 = 2, r4d = 0.5, thetal =
double rp = 2.5, beta = 20«M_PI/180;
double theta2 = 70«M_PI/180;
double complex Ap[l:2];
double omega2 = 5; /* rad/sec «/
double alpha2 =-5; /x rad/secx*sec
double first_theta3, sec_theta3;
double first_omega3, sec_omega3;
double first_alpha3, sec_alpha3;

10«M_PI/180;

*/

crankslider.setLinks (r2, r3, r4, thetal);
crankslider.setCouplerPoint (rp, beta);
crankslider.angularPos (theta2, first_theta3, sec_thetal);
first_omega3 = crankslider.angularVel (theta2, first_theta3,
sec_omegald = crankslider.angularVel (theta2, sec_theta3, omega2);

first_alpha3 = crankslider.angularAccel (theta2, omega2, first_theta3,
alpha?2);

sec_alpha3 = crankslider.angularAccel (theta2, omega2, sec_theta3,
alpha?2);

Ap[l] = crankslider.couplerPointAccel (theta2, first_theta3, omegaZz,
alpha2, first_alpha3);

Ap[2] = crankslider.couplerPointAccel (theta2, sec_theta3, omega2,
sec_alpha3l);

printf ("Circuit 1: \n CouplerAccleration: %$f \n", ApI[l]);

printf ("Circuit 2: \n CouplerAccleration: %$f \n", Ap[2]);

}
Output

Circuit 1:
CouplerAccleration:

Circuit 2:
CouplerAccleration:

complex (-17.383000,1.825762)

complex (20.415886,-43.221212)

omega?l) ;

first_omega3,
sec_omegal,
first_omega3,

sec_omega3, alpha2z2,

CCranksSlider::couplerPointPos

Synopsis

#include <crankslider.h>

void couplerPointPos(double t/eta2, double complex &pl, double complex &p2);

Purpose
Calculate the position of the coupler point.

Parameters

theta2 A double number used for the input angle of link2.
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pl A double complex number for the first solution of the coupler point.
p2 A double complex number for the second solution of the coupler point. x.

Return Value
None.

Description
This function calculates the position of the coupler point. theta? is the input angle. pl,p2 are the two so-

lutions of the coupler point position, respectively. Each is a complex number indicating the vector of the
coupler point.

Example

see CCrankSlider::angularPos() .

CCrankSlider::couplerPoint Vel

Synopsis
#include <crankslider.h>
double complex couplerPointVel(double t/eta2, double theta3, double omega2, double omega3);

Purpose
Calculate the velocity of the coupler point.

Parameters

theta? A double number used for the angle of link 2.

theta3 A double number used for the angle of link 3.

omega?2 A double number used for the angular velocity of link 2.
omega3 A double number used for the angular velocity of link 3.

Return Value
This function returns the vector of the coupler velocity.

Description

This function calculates the vector of the coupler velocity. theta2 is the angle of link2, theta3 is the angle
of link3. omega? is the angular velocity of link2, omega3 is the angular velocity of link3. The vector ofthe
coupler point velocity is returned.

Example

For a crank-slider linkage with link lengths 7o = 1m, r3 = 2m, 4 = 0.5m, r, = 2.5m, and angles 3 = 20°,
and A, = 10°. Given the angle 65 and the angular velocity ws, calculate the velocity of the coupler point for
each circuit, respectively.
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#include <math.h>
#include <crankslider.h>

int main() {
CCrankSlider crankslider;
double r2 =1, r3 =2, r4d = 0.5, thetal = 10«M_PI/180;
double rp = 2.5, beta = 20«M_PI/180;
double theta2 = 70«M_PI/180;
double complex Vp[l:2];
double omega2 = 5; /* rad/sec «/
double first_theta3, sec_theta3;
double first_omega3, sec_omegal3;

crankslider.setLinks (r2, r3, r4, thetal);

crankslider.setCouplerPoint (rp, beta);

crankslider.angularPos (theta2, first_theta3, sec_thetal);

first_omega3 = crankslider.angularVel (theta2, first_theta3, omega2);

sec_omega3 = crankslider.angularVel (theta2, sec_theta3, omega2);

Vp[l] = crankslider.couplerPointVel (theta2, first_theta3, omega2, first_omegal);
Vp[2] = crankslider.couplerPointVel (theta2, sec_theta3, omega2, sec_omegal);
printf ("Circuit 1: \n CouplerVelocity: %f \n", VpI[l]);

printf ("Circuit 2: \n CouplerVelocity: %f \n", Vp[2]);

}

Output

Circuit 1:

CouplerVelocity: complex(-3.668337,-1.297038)
Circuit 2:

CouplerVelocity: complex (—-7.481037,3.246762)

CCrankSlider::displayPosition

Synopsis
#include <crankslider.h>
int displayPosition(double theta2, double thetas, ... /* [int outputtype [, [char * filename]] */);

Syntax

displayPosition(theta?2, theta3)
displayPosition(theta2, theta3, outputtype)
displayPosition(theta2, theta3, outputtype, filename)

Purpose
Given 65 and f3, display the current position of the crank-slider mechanism.

Parameters

theta2 0y angle.

theta3 03 angle.

outputtype an optional argument for the output type.

filename an optional argument for the output file name.
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Return Value
This function returns O on success and -1 on failure.

Description

Given 6 and 03, display the current position of the crank-slider mechanism. outputtype is an optional
parameter used to specify how the output should be handled. It may be one of the following macros:
QANIMATE_OUTPUTTYPE_DISPLAY, QANIMATE_OUTPUTTYPE_FILE,
QANIMATE_OUTPUTTYPE_STREAM. QANIMATE _OUTPUTTYPE _DISPLAY outputs the figure to the
computer terminal. QANIMATE_OUTPUTTYPE_FILE writes the qanimate data onto a file.
QANIMATE_OUTPUTTYPE_STREAM outputs the qanimate data to the standard out stream. filename
is an optional parameter to specify the output file name.

Example
A crank-slider mechanism has link lengths ro = 1m,r3 = 2m,ry = 0.5m, and #; = 10°. Given the an-
gle 0 = 45, calculate the angular position €5 and display the crank-slider mechanism in its current position.

#include <math.h>
#include <crankslider.h>
int main ()
{
CCrankSlider crankslider;
double r2 =1, r3 =2, r4d = 0.5, thetal = 10«M_PI/180;
double theta2 = 45xM_PI/180;
double theta3_1, theta3_2;
double complex rs_1, rs_2;

crankslider.setLinks (r2, r3, r4, thetal);
crankslider.angularPos (theta2, theta3_1, theta3_2);
crankslider.displayPosition (theta2, theta3_1);
crankslider.displayPosition (theta2, theta3_2);

return 0;

v
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CCrankSlider::forceTorque

Synopsis
#include <crankslider.h>
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void forceTorque(double theta2, double theta3, double omega2, double omega3, double alpha2, double
alpha3, double FI, double complex as, array double x/9]);

Purpose
Calculate the joint forces and input torque at a given point.

Parameters

theta2, theta3 Double numbers used for the angles of link2 and link3 respectively.

omega?2, omega3 Double numbers used for the angular velocities of link2 and link3 respectively.
alpha?2, alpha3 Double numbers used for the angular accelerations of link2 and link3 respectively.
Fl A double number used for the load force.

as A double number used for the acceleration of the slider.

x A double array used for forces and torque.

Return Value
None.

Description

This function calculates the joint forces and input torque for a given load torque. theta is a one-dimensional
array of size 4 for the angles of the links. omega is a one-dimensional array of size 4 for the angular veloci-
ties of the links. alpha is a one-dimensional array of size 4 for the angular acclerations of the links. Flis the
load force. x contains the joint forces and input torque.

Example

For a crank-slider linkage with link lengths 7o = 17,73 = 27,74 = 0.5”,7, = 5”, and angles 8 = 20°, and
0, = 10°. Given the angle 65, the angular velocity wo and the angular acceleration s, calculate the required
torque applied to the input link2 in order to achieve the constant angular velocity for link2. Also calculate
the joint forces exerted on the ground from links 1 and 4.

#include <math.h>
#include <crankslider.h>

int main () {
CCrankSlider crankslider;
double r2 = 1/12.0, r3 = 2/12.0, r4d = 0.5/12.0, thetal = 10xM_PI/180;
double rp = 2.5/12.0, beta = 20«M_PI/180;
array double X[9];
double g = 32.2;
double rg2 = 2/12.0, rg3 = 6/12.0;
double m2 = 0.8/g, m3 = 2.4/g, md4d = 1.4/g;
double ig2 = 0.012/12.0, ig3 = 0.119/12.0, F1=0;
double theta?2 45xM_PI/180;
double omega2 = 5; /* rad/sec «/
double alpha2 =-5; /x rad/sec*sec «*/
double first_theta3, sec_theta3;
double first_omega3, sec_omegal3;
double first_alpha3, sec_alpha3;
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double complex first_as, sec_as;

/* initialization of link parameters and
inertia properties */

crankslider.uscUnit (1);
crankslider.setLinks (r2, r3, r4, thetal);
crankslider.setCouplerPoint (rp, beta);
crankslider.setGravityCenter (rg2, rg3);
crankslider.setInertia(ig2, ig3);
crankslider.setMass (m2, m3, m4);

crankslider.angularPos (theta2, first_theta3, sec_theta3);

first_omega3 = crankslider.angularVel (theta2, first_theta3, omega2);
sec_omega3 = crankslider.angularVel (theta2, sec_theta3, omega2);
first_alpha3 = crankslider.angularAccel (theta2, omega2, first_theta3, first_omega3l,
alpha?2);
sec_alpha3 = crankslider.angularAccel (theta2, omega2, sec_theta3, sec_omega3,
alpha?2);
first_as = crankslider.sliderAccel (theta2, first_theta3, omega2, first_omega3,
alpha2, first_alpha3);
sec_as = crankslider.sliderAccel (theta2, sec_theta3, omega2, sec_omega3, alpha2,

sec_alpha3l);

crankslider.forceTorque (theta2, first_theta3, omegaz, first_omega3, alpha2,
first_alpha3, Fl, first_as, X);
printf ("first solution X = %.4f \n", X);

crankslider.forceTorque (theta2, sec_theta3, omega2, sec_omega3, alpha2, sec_alpha3,
Fl, sec_as, X);
printf ("second solution X = %.4f \n", X);

}
Output

first solution X = 1.8977 -3.7569 1.8391 -4.6443 1.5499 -6.8617 -1.4595 8.2770 -0.2894

second solution X = 1.5349 -3.6799 1.4763 -4.5674 1.4706 -6.7348 -1.4354 8.1403 -0.2634

CCranksSlider::forceTorques

Synopsis

#include <crankslider.h>

void forceTorques(int branchnum, double Fl,array double time/:], array double fi12x/:], array double
flI2y[:], array double f23x/:], array double f23y/:], array double f34x/:], array double f34y/:], array
double f14x/[:], array double fi14y[:], array double zs/:]);

Purpose
Calculate the joint forces and input torque in the valid range of motion.

Parameters

branchnum An integer number used for the branch that will be calculated.
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Fl A double number for the load force.

time A double array to record time.

f12x, fI2yble f23x, {23y, f34x, {34y, fl4x, fl4y Double arrays for forces.
ts A double array for input torque.

Return Value
None.

Description

This function calculates the joint forces and input torque in the valid range of motion. branchnum is the
branch which will be plotted. FI is the load force. time is an array to record time. fI12x, fI2y, f23x, 23y,
[34x, 34y, fl4x, fl4y are arrays for forces. ts is a double array for input torque.

Example

For a crank-slider linkage with link lengths 7o = 17,73 = 27,74 = 0.5”,7, = 2.5”, and angles 8 = 20°,
and 6; = 10°. Given the angle 62, use a loop to calculate the required torque applied to the input link2 in
order to achieve the constant angular velocity for link2. Also calculate the joint forces exerted on the ground
from links 1 and 4.

#include <math.h>
#include <crankslider.h>

int main ()
{

CCrankSlider crankslider;

double r2 = 1/12.0, r3 = 2/12.0, r4 = 0.5/12.0, thetal = 10xM_PI/180;
double rp = 2.5/12.0, beta = 20«M_PI/180;

double g = 32.2;

double rg2 = 2/12.0, rg3 = 6/12.0;

double m2 = 0.8/g, m3 = 2.4/g, md = 1.4/9;
double ig2 = 0.012/12.0, ig3 = 0.119/12.0, F1=0;
int numpoint = 50;

double omega2 = 5; /* constant omega2 x/

array double time[numpoint], ts[numpoint];
array double fl2x[numpoint], fl2y[numpoint];
array double f23x[numpoint], £f23y[numpoint];
array double £f34x[numpoint], f34y[numpoint];
array double fl4x[numpoint], fl4y[numpoint];
int branchnum = 2;

int 1i;

class CPlot pl;

/* initialization of link parameters and
inertia properties */

crankslider

crankslider.
crankslider.
crankslider.
crankslider.
crankslider.
crankslider.

crankslider

.uscUnit (1) ;

setLinks (r2, r3, r4, thetal);
setCouplerPoint (rp, beta);
setGravityCenter (rg2, rg3);
setInertia(ig2, ig3);

setMass (m2, m3, m4);
setNumPoints (numpoint) ;
.setAngularVel (omegal) ;
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crankslider.forceTorques (branchnum, Fl, time, fl12x, fl2y, £f23x, f23y,
f34x, f£34y, fl4x, fldy, ts); // calculate the forces and torque
plotxy(time, ts, NULL, "time t (seconds)", "input torque Ts (ft-1bf)", &pl);
pl.border (PLOT_BORDER_ALL, PLOT_ON) ;
pl.plotting();
plotxy(time, fl12x, NULL, "time t (seconds)", "Joint force (lbf)", &pl);
pl.data2D (time, fl2y);
pl.data2D(time, £23x

)

pl.data2D (time, £f23y);

pl.data2D (time, £34x);
)
)
)

’

pl.data2D (time, £f34y
pl.data2D (time, fl4x
pl.data2D (time, fldy
pl.legend("£f12x",0);
pl.legend("fl2y", 1)
pl.legend ("£23x",2);
pl.legend ("£23y", 3);
4)
5)

’

’

’

’

pl.legend("£34x",
pl.legend("£34y",
pl.legend("£f14x",6);

pl.border (PLOT_BORDER_ALL, PLOT_ON) ;
pl.plotting();

’

Output

0.4

03 |

02

01

input torque Ts (ft-Ibf)
o

01k

0.2 +

03P

0.4 I I I I
0 0.2 0.4 0.6 0.8 1 12 1.4

time t (seconds)

309



crankslider.h CCrankSlider::getJointLimits
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CCrankSlider::getJointLimits

Synopsis
#include <crankslider.h>
int getJointLimits(double &inputmin, double &inputmax);

Purpose
Calculate the crank-slider linkage input and output joint limits.

Parameters
inputmin A double number used for the minimum input angle.
inputmax A double number used for the maximum input angle.

Return Value
If the crank can fully rotate, return 1, otherwise return FOURBAR_INVALID.

Description

This function calculates the crank-slider linkage input limits. inputmin, inputmax are numbers for the limits
of the crank-slider linkage.

Example
For a crankslider linkage with link lengths o = 1m,r3 = 2m,r4 = 0.5m, and angle #; = 0, determine the
input limit and output limit for each circuit.

#include <math.h>
#include <crankslider.h>

int main () {
CCrankSlider crankslider;
double r2 = 1, r3 = 2, r4 = 0.5, thetal = 0;
double inputlimitmin, inputlimitmax;
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}

crankslider.setLinks (r2, r3, r4, thetal);
crankslider.getJointLimits (inputlimitmin, inputlimitmax);

printf ("input Range:\n");

printf (" Lower limit: %7.2f\n",
inputlimitminx180./M_PTI);
printf (" Upper limit: %7.2f\n",

inputlimitmaxx180./M_PT);

Output

input Range:

Lower limit: 0.00
Upper limit: 360.00

CCrankSlider::plotCouplerCurve

CCrankSlider::plotCouplerCurve

Synopsis

#include <crankslider.h>

void plotCouplerCurve(CPlot *plot, int branchnum);

Syntax

plotCouplerCurve(&plot, branchnum)

Purpose

Plot the coupler curve.

Parameters

&plot A pointer to a CPlot class variable used to format the plot of the branch to be drawn.

branchnum An integer used for indicating the branch which you want to draw.

Return Value

None.

Description

This function plots the coupler curve. &plot is a pointer to a CPlot class variable used to format the plot of
the branch to be drawn. branchnum is an integer number which indicates the branch you want to draw.

Example

For a crank-slider linkage with link lengths 7o = 1m,r3 = 2m,ry = 0.5m,r, = 2.5m, and angles ¢; = 0,
and 8 = 20°, plot the position curve of the coupler point.

#include <stdio.h>
#include <crankslider.h>
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int main() {
CCrankSlider Slidercrank;
double r2 = 1, r3 =2, rd4d = 0.5;
double thetal = 0;
double rp = 2.5, beta = 20+«M_PI/180;
class CPlot plot;

Slidercrank.setLinks (r2, r3, r4, thetal);
Slidercrank.setCouplerPoint (rp, beta);
Slidercrank.setNumPoints (50) ;

Slidercrank.plotCouplerCurve (&plot, 1); //display a coupler curve

Output

Coupler Curve
2.2

18
16
14
12 |

Py (m)

0.8
0.6 I I I I I I I

Px (m)

CCranksSlider::plotForceTorques

Synopsis
#include <crankslider.h>
void plotForceTorques(CPlot *plot, int branchnum, double FI);

Syntax
plotForceTorques(&plot, branchnum,FI)

Purpose
Plot the joint forces and input torque curves.

Parameters
&plot A CPlot class variable used to format the plot of the branch to be drawn.
branchnum An integer number used for idicating the branch which will be plotted.

Fl A double number for the load Force.
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Return Value
None.

Description
This function plots the joint forces and input torque curve. &plot is a CPlot class variable used to format the
plot of the branch to be drawn. branchnum is an integer for the branch which will be plotted.

Example

A crank-slider linkage has link length ro = 17,73 = 2” r4 = 0.5”, and angle #; = 0°. Plot the joint
forces and input torque versus time t, when the input link 65 is rotated counterclockwise with a constant
input angular velocity.

#include <math.h>
#include <crankslider.h>

int main ()
{
CCrankSlider crankslider;
double r2 = 1/12.0, r3 = 2/12.0, r4= 0.5/12.0;//cranker-rocker
double thetal = 0;
double g = 32.2;
double rg2 = 2/12.0, rg3 = 6/12.0;
double m2 = 0.8/g, m3 = 2.4/g, md = 1.4/g;
double ig2 = 0.012/12.0, ig3 = 0.119/12.0, F1=0;
int numpoint = 50;
double omega2 = 5; /* constant omegal2 x/
class CPlot plot;

/+ initialization of link parameters and
inertia properties =/

crankslider.uscUnit (1) ;
crankslider.setLinks (r2, r3, r4, thetal);
crankslider.setGravityCenter (rg2, rg3);
crankslider.setInertia(ig2, ig3);
crankslider.setMass (m2, m3, m4);
crankslider.setNumPoints (numpoint) ;
crankslider.setAngularVel (omegaZ2);
crankslider.plotForceTorques (&plot,1,F1); //first branch
}

Output
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CCrankSlider::setCouplerPoint

Synopsis
#include <crankslider.h>
void setCouplerPoint(double rp, beta, ... /* [int trace] */);

Syntax
setCouplerPoint(rp, beta)
setCouplerPoint(rp, beta, trace)

Purpose
Set parameters for the coupler point.

Parameters
rp A double number used for rp.
beta A double number for beta.

trace An optional parameter of int type specifying either macro TRACE_OFF or TRACE_ON to indicte
whether the coupler curve should be traced during animation.

Return Value
None.

Description
This function sets the parameters of the coupler point.

Example
see CCrankSlider::plotCouplerCurve().

CCranksSlider::setGravityCenter
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Synopsis
#include <crankslider.h>
void setGravityCenter(double g2, double rg3);

Purpose
Set the mass center parameters of the links.

Parameters
rg2 A double number used for the distance from joint Ag to the center of gravity of link 2.
rg3 A double number used for the distance from joint A to the center of gravity of link 3.

Return Value
None.

Description
This function sets parameters for mass centers of links.

Example
see CCrankSlider::plotForceTorques().

CCrankSlider::setInertia

Synopsis
#include <crankslider.h>
void setInertia(double ig2, double ig3);

Purpose
Set inertia parameters of the links.

Parameters
ig2 A double number used for the inertia of link 2.
ig3 A double number used for the inertia of link 3.

Return Value
None.

Description
This function sets inertia parameters of the links.

Example
see CCrankSlider::plotForceTorques().

CCrankSlider::setAngular Vel

Synopsis
#include <crankslider.h>
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void setAngularVel(double omega?);

Purpose
Set the constant angular velocity of link2.

Parameters
omega2 A double number used for the constant input angular velocity of link2.

Return Value
None.

Description
This function sets the constant angular velocity of link2. It is used in conjunction with member functions
forceTorques() and plotForceTorques().

Example
see CCrankSlider::plotForceTorques().

CCrankSlider::setLinks

Synopsis
#include <crankslider.h>
int setLinks(double 2, double 73, double r4, double thetal);

Purpose
Set the lengths of the links.

Parameters
r2,r3,r4 Double numbers used for the lengths of each link.
thetal A double number representing the angle between link1 and horizontal.

Return Value
This function returns 0 on success and -1 on failure.

Description
This function sets the lengths of links and detects if the lengths can construct a crank-slider mechanism. If
not, return -1.

Example
see CCrankSlider::plotCouplerCurve().

CCrankSlider::setMass

Synopsis
#include <crankslider.h>
void setMass(double m2, double m3, double m4);
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Purpose
Set the mass of each link.

Parameters
m2,m3,m4 Double numbers used for the mass of the links.

Return Value
None.

Description
This function sets the masses of links.

Example
see CCrankSlider::plotForceTorques().

CCrankSlider::setNumPoints

Synopsis
#include <crankslider.h>
void setNumPoints(int numpoints);

Purpose
Set the number of points for the animation and the coupler curve.

Parameters
numpoints An integer number used for the number of points.

Return Value
None.

Description
This function sets the number of points for the animation and the coupler curve plot.

Example
see CCrankSlider::animation().

CCrankSlider::sliderAccel

Synopsis

#include <crankslider.h>

double sliderAccel(double theta2, double theta3, double omega?2, double omega3, double alpha2, double
alpha3);

Purpose
Given the angular acceleration of link2, calculate the acceleration of the slider.

Parameters
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theta2, theta3 Double numbers indicating the angular position of link2 and link 3, respective.
omega2, omega3 Double numbers indicating the angular velocity of link2 and link3, respective.
alpha2, alpha3 Double numbers indicating the angular acceleration of link2 and link3, respective.

Return Value
This function returns the acceleration of the slider.

Description

Given the angular acceleration of one link, this function calculates the acceleration of slider. thera2, theta3
are double numbers which store the angle of link2 and link3, respective. omega2, omega3 are double num-
bers which store the angular velocity of link2 and link3, respective. alpha2, alpha3 are double numbers
which store the angular acceleration of link2. The returned value is the result of calculation.

Example

A crank-slider linkage has link lengths ro = 1m,rs = 2m,r4 = 0.5m, and angle §; = 10°. Given the
angle 0, the angular velocity wo and the angular acceleration «o, calculate the acceleration of the slider for
each circuit.

#include <math.h>
#include <crankslider.h>

int main () {
CCrankSlider crankslider;
double r2 =1, r3 =2, rd4d = 0.5, thetal = 10xM_PI/180;
double rp = 2.5, beta = 20«M_PI/180;
double theta2 = 70«M_PI/180;
double complex As[1l:2];
double omega2 = 5; /* rad/sec x/
double alpha2 =-5; /% rad/secxsec «/
double first_theta3, sec_theta3;
double first_omega3, sec_omegal3;
double first_alpha3, sec_alpha3;

crankslider.setLinks (r2, r3, r4, thetal);

crankslider.setCouplerPoint (rp, beta);

crankslider.angularPos (theta2, first_theta3, sec_thetal3);

first_omega3 = crankslider.angularVel (theta2, first_theta3, omega2);

sec_omega3 = crankslider.angularVel (theta2, sec_theta3, omegal2);

first_alpha3 = crankslider.angularAccel (theta2, omega2, first_theta3,
first_omega3, alpha2);

sec_alpha3 = crankslider.angularAccel (theta2, omega2, sec_theta3, sec_omega3,
alpha2);
As[1l] = crankslider.sliderAccel (theta2, first_theta3, omega2, first_omega3l,
alpha2, first_alpha3l);
As[2] = crankslider.sliderAccel (theta2, sec_theta3, omega2, sec_omegal,

alpha2, sec_alpha3l);

printf ("Circuit 1: \n SliderAccleration: %f \n", As[1l]);
printf ("Circuit 2: \n SliderAccleration: %f \n", As[2]);
}

Output
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Circuit 1:

SliderAcceleration: complex (-6.857122, -1.209097)
Circuit 2:

SliderAcceleration: complex (-9.234371, -1.628269)

CCrankSlider::sliderPos

Synopsis
#include <crankslider.h>
void sliderPos(double theta2, double complex &first_solution, double complex &sec_solution,);

Purpose
Given the angular velocity of link2, calculate the position of the slider.

Parameters
theta?2 Double numbers used for the input angle of link2.
first_solution Double complex number used to store the first solution of the slider position.

sec_solution Double complex number used to store the second solution of the slider position.

Return Value
No return value.

Description

Given the angular position of link2, this function calculates the position of the slider. theta2 is a double
number for the position of link 2. first_solution, sec_solution are double complex numbers for the two pos-
sible solutions to the position of the slider.

Example
A crank-slider linkage has link lengths ro = 1m,r3 = 2m,ry = 0.5m, and angle §; = 10°. Given the
angle 6o, determine the position of the slider for each circuit.

#include <math.h>
#include <crankslider.h>

int main() {
CCrankSlider crankslider;
double r2 =1, r3 =2, r4d = 0.5, thetal = 10«M_PI/180;
double rp = 2.5, beta = 20+«M_PI/180;
double theta2 = 70«M_PI/180;
double complex Ps[l:2];
double first_theta3, sec_theta3;

crankslider.setLinks (r2, r3, r4, thetal);
crankslider.setCouplerPoint (rp, beta);
crankslider.angularPos (theta2, first_theta3, sec_thetal);
crankslider.sliderPos (theta2, Ps[1l], Ps[2]);

printf ("Circuit 1: \n Slider Position: %f \n", Ps[1l]);
printf ("Circuit 2: \n Slider Position: %f \n", Ps[2]);

return 0;
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Output

Circuit 1:

Slider Position: complex(2.341929,0.920659)
Circuit 2:

Slider Position: complex (-1.530770,0.237797)

CCrankSlider::slider Vel

Synopsis
#include <crankslider.h>
double sliderVel(double t/eta2, double theta3, double omega2, double omega3);

Purpose
Given the angular velocity of link2, calculate the velocity of the slider.

Parameters
theta2, theta3 Double numbers used for the input angles of link2 and link3 respectively.
omega?2, omega3 Double numbers used for the angular velocity of link2 and link3 respectively.

Return Value
This function returns the velocity of the slider.

Description
Given the angular velocity of link2, this function calculates the velocity of the slider. theta2, theta3 are
double numbers for link positions. omega2, omega3 are double numbers for the angular velocities of links.

Example
A crank-slider linkage has link lengths ro = 1m,r3s = 2m,r4y = 0.5m, and angle §; = 10°. Given the
angle 6 and the angular velocity wo, determine the slider velocity for each circuit.

#include <math.h>
#include <crankslider.h>

int main() {
CCrankSlider crankslider;
double r2 =1, r3 =2, r4d = 0.5, thetal = 10«M_PI/180;
double rp = 2.5, beta = 20+«M_PI/180;
double theta2 = 70«M_PI/180;
double complex Vs[l:2];
double omega2 = 5; /* rad/sec «/
double first_theta3, sec_theta3;
double first_omega3, sec_omegal3;

crankslider.setLinks (r2, r3, r4, thetal);

crankslider.setCouplerPoint (rp, beta);

crankslider.angularPos (theta2, first_theta3, sec_thetal);

first_omega3 = crankslider.angularVel (theta2, first_theta3, omega2);
sec_omega3 = crankslider.angularVel (theta2, sec_theta3, omegal2);

Vs[1l] = crankslider.sliderVel (theta2, first_theta3, omega2, first_omegal);
Vs[2] = crankslider.sliderVel (theta2, sec_theta3, omega2, sec_omegal);
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printf ("Circuit 1: \n SliderVelocity: %f \n", Vs[1l]);
printf ("Circuit 2: \n SliderVelocity: $f \n", Vs[2]);
}

Output

Circuit 1:

SliderVelocity: complex(-4.722665, -0.832733)
Circuit 2:

SliderVelocity: complex(-3.806022, -0.671104)

CCrankSlider::transAngle

Synopsis
#include <crankslider.h>
void transAngle(double &gammal, double &gamma2, double theta?);

Purpose
Given the position of the input link, calculate the transmission angle.

Parameters

gammal A double number used for the first solution.
gamma?2 A double number used for the second solution.
theta2 A double number used for the angular positon of link2.

Return Value
None.

Description

Given the position of the input link, this function calculates the transmission angle.

Example

A crank-slider linkage has link lengths ro = 1m,rs = 2m,ry = 0.5m, and angle §; = 10°. Given the
angle 0, calculate the transmission angle for each circuit, respectively.

#include <math.h>
#include <stdio.h>
#include <crankslider.h>

int main () {
double r[1:4], thetal, theta2;
double gammal, gammaZ2;
CCrankSlider crankslider;

/+ default specification of the four-bar linkage =*/
r(2] = 1; r[3] = 2; r[4] = 0.5;
thetal = 10xM_PI/180; theta2=45+xM_PI/180;

printf ("Results: Interactive Four-Bar Linkage Transmission Angle Analysis\n\n");
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crankslider.setLinks (r[2], r[3], r[4], thetal);

crankslider.transAngle (gammal, gammaz2, theta2);

printf ("\n Circuit 1: Transmission Angle\n\n");

printf ("\tDegrees:\t gamma=%6.3f \n",gammal*180/M_PI);
printf ("\tRadians:\t gamma=%6.4f \n",gammal) ;

printf ("\n Circuit 2: Transmission Angle\n\n");

printf ("\tDegrees:\t gamma=%6.3f \n",gamma2+«180/M_PI) ;
printf ("\tRadians:\t gamma=%6.4f \n",gamma?2) ;

Output

Results: Interactive Four-Bar Linkage Transmission Angle Analysis

Circuit 1: Transmission Angle

Degrees: gamma=87.892
Radians: gamma=1.5340

Circuit 2: Transmission Angle

Degrees: gamma=-87.892
Radians: gamma=-1.5340

CCrankSlider::uscUnit

Synopsis
#include <crankslider.h>
void uscUnit(bool unit);

Purpose
Specify the use of SI or US Customary units in analysis.

Parameters

unit A boolean argument, where t rue indicates US Customary units are desired and false indicates SI
units.

Return Value
None.

Description

This function specifies the whether SI or US Customary units are used.If unit = true, then US Cus-
tomary units are used; otherwise, SI units are used. By default, SI units are assumed. This member function
shall be called prior any other member function calls.
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Class CGearedFivebar

CGearedFivebar

The header file fivebar.h includes header file linkage.h. The header file fivebar.h also contains a declaration
of class CGearedFivebar. The CGearedFivebar class provides a means to analyze geared fivebar linkage
within a Ch language environment.

Public Data
None.

Public Member Functions

Functions Descriptions

angularAccel Given the angular acceleration of one link, calculate the angular acceleration of other
links.

angularPos Given the angle of one link, caculate the angle of other links.

angularVel Given the angular velocity of one link, calculate the angular velocity of other links.

animation Fourbar linkage animation.

couplerCurve Calculate the coordinates of the coupler curve.

couplerPointAccel  Calculate the acceleration of the coupler point.

couplerPointPos Calculate the position of the coupler point.

couplerPoint Vel Calculate the velocity of the coupler point.
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displayPosition Display the geared fivebar positions.

plotCouplerCurve  Plot the coupler curves.

setCouplerPoint Set parameters for the coupler point.

setAngularVel Set constant angular velocity of linkage 2.

setLinks Set lengths of links.

setNumPoints Set number of points for animation and plot coupler curve.
uscUnit Specify the use of SI or US Customary units.

See Also

CGearedFivebar::angularAccel

Synopsis
#include <fivebar.h>
void angularAccel(double theta[1:5], double omega[1:5], double alpha[1:5]);

Purpose
Given the angular acceleration of the input link, calculate the angular accelerations of other links.

Parameters

theta An array of double data type with angles of links.

omega An array of double data type with angular velocities of links.
alpha An array of double data type with angular accelerations of links.

Return Value
None.

Description

Given the angular acceleration of the input link, this function calculates the angular acceleration of the re-
maining moving links of the geared fivebar. theta is a one-dimensional array of size 5 which stores the angle
of each link. omega is a one-dimensional array of size 5 which stores the angular velocity of each link.
alpha is a one-dimensional array of size 5 which stores the angular acceleration of each link. The result of
calculation is stored in array alpha.

Example
A geared fivebar linkage has parameters vy = 7m,ry = bm,rs = 10m,r4 = 10m,r5; = 2m, 6; = 10°,
A = —2.5, ¢ = 35°. Given the angle 09, the angular velocity wo and the angular acceleration g, calculate

the angular accelerations of the other links.

/*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*****************************************
* This example is for calculating the angular acceleration of «
* 1ink3 and link4. *

*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*********************************/

#include <fivebar.h>
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int main ()
{
double r[1:5],
theta_1[1:51,
omega_1[1:5],
alpha_1[1:5],

theta_2[1:5],
omega_2[1:5],
alpha_2[1:5],

phi, lambda;
double complex P[1:2], Vp[l:2], Ap[l:2];
CGearedFivebar gearedbar;
/* Setup geared fivebar linkage. */
r(l] = 7; r(2] = 5; r[(3] = 10; r[(4] = 10; r[(5] = 2;
phi = 35«M_PI/180; lambda = -2.5;
theta_1[1] = 10« (M_PI/180); theta 2[1] = 10x(M_PI/180);
theta_1[2] = 50« (M_PI/180); theta_2[2] = 50x(M_PI/180);
omega_1[2] = 5%x(M_PI/180); omega_2[2] = 5%x(M_PI/180);
alpha_1[2] = 0; alpha_2[2] = 0;
theta_1[5] = lambdaxtheta_1[2] + phi;
theta_2[5] = lambdaxtheta_2[2] + phi;

if (theta_1[5] < -M_PI)
{

theta_1[5] += 2«M_PI;
theta_2[5] += 2+«M_PI;
}
if (theta_1[5] > M_PI)
{
theta_1[5] —-= 2+M_PI;
theta_2[5] -= 2«M_PI;

*/
r[5],

/+ Perform geared fivebar linkage analysis.
gearedbar.setLinks (r[1], r[2], r[3], r[4],
gearedbar.setLambda (lambda) ;
gearedbar.setPhi (phi) ;
gearedbar.angularPos (theta_1,
gearedbar.angularVel (theta_1, omega_l);
gearedbar.angularVel (theta_2, omega_2);
gearedbar.angularAccel (theta_1, omega_l,
gearedbar.angularAccel (theta_2, omega_2,

theta_2);

alpha_1);
alpha_2);

/* print results on screen x/

printf ("lst Circuit:\n");

printf ("\talpha3 = %.3f rad/sec”2 (
alpha_1[3]*(180/M_PI));

printf ("\talphad4 = %.3f rad/sec”2
alpha_1[4]1%(180/M_PI));

printf ("2nd Circuit:\n");

printf ("\talpha3 = %.3f rad/sec”2 (
alpha_2[3]%(180/M_PI));

printf ("\talpha4 = %.3f rad/sec”2 (
alpha_2[4]1*(180/M_PI));

o\

.2f deg/sec”2)\n",

—
o°

.2f deg/sec”2)\n\n",

o°

.2f deg/sec”2)\n",

o°

.2f deg/sec”2)\n\n",

return 0;

}
Output

1st Circuit:
alpha3 = 0.003 rad/sec”2
alpha4 = -0.001 rad/sec”2

(0.20 deg/sec”2)
(-0.04 deg/sec”2)
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theta_1[11);

alpha_1[31,

alpha_1714],

alpha_2[31,

alpha_21[41,
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2nd Circuit:
alpha3 = 0.013 rad/sec”2 (0.72 deg/sec”2)
alpha4 = 0.020 rad/sec”2 (1.17 deg/sec”2)

CGearedFivebar::angularPos

Synopsis
#include <fivebar.h>
void angularPos(double theta_1[1:5], double theta_2[1:5]);

Purpose
Given the angle of the input link, calculate the angles of other links.

Parameters
theta_l A double array with of size 5 for the first solution.
theta_2 A double array of size 5 for the second solution.

Return Value
None.

Description

Given the angular position of one link of a fivebar linkage, this function computes the angular positions of
the remaining moving links. theta_I is a one-dimensional array of size 5 which stores the first solution of the
angular positions. theta_2 is a one-dimensional array of size 5 which stores the second solution of angular
positions.

Example
A geared fivebar linkage has parameters vy = Tm,ro = bm,rs = 10m,r4 = 10m,r5 = 2m, 6; = 10°,
A = —2.5, and ¢ = 35°. Given the angle 65, calculate the angular positions of the other links for each

respective circuit.

/*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k‘k*‘k*‘k****************
* This example is for calculating the angular position of =«
* 1ink3 and link4. *

***‘k******k*‘k*‘k*******‘k******k*‘k*‘k*‘k*‘k*‘k***********************/
#include <fivebar.h>

int main ()
{
double r[1:5],
theta_1[1:5], theta_2[1:5],
phi, lambda;
CGearedFivebar gearedbar;

/* Setup geared fivebar linkage. «/

r(l] = 7; r[2] = 5; r[(3] = 10; r(4] = 10; r[(5] = 2;
phi = 35«M_PI/180; lambda = -2.5;
theta_1[1] = 10+ (M_PI/180); theta_2[1] = 10x(M_PI/180);
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theta_1[2] = 50%x(M_PI/180); theta_2[2] = 50%x(M_PI/180);
theta_1[5] = lambdaxtheta_1[2] + phi;
theta_2[5] = lambdaxtheta_2[2] + phi;

if (theta_1[5] < -M_PI)
{
theta_1[5] += 2+«M_PI;
theta_2[5] += 2xM_PI;
}
if (theta_1[5] > M_PI)
{
theta_1[5] -= 2«M_PI;
theta_2[5] -= 2*«M_PI;

/+ Perform geared fivebar linkage analysis. x/
gearedbar.setLinks(r[1], r[2], rI[3], r[4], r[5], theta_1[1]);
gearedbar.setLambda (lambda) ;

gearedbar.setPhi (phi);

gearedbar.angularPos (theta_1, theta_2);

/* May run into problem with thetad4 being in opposite quadrant. =/
theta_1[4] += M_PI; theta_2[4] += M_PI;
if (theta_1[4] < -M_PI)
theta_1[4] += 2+«M_PI;
if(theta_1[4] > M_PI)
theta_1[4] —-= 2+«M_PI;
if (theta_2[4] < -M_PI)
theta_2[4] += 2+«M_PI;
if(theta_2[4] > M_PI)
theta_2[4] -= 2+«M_PI;

/* print results on screen x/

printf("lst Circuit:\n");

printf ("\ttheta3 = %.3f radians (
theta_1[3]%(180/M_PI));

printf ("\tthetad4 = %.3f radians (
theta_1[4]+*(180/M_PI));

printf ("\tthetab5 = %.3f radians (
theta_1[5]%(180/M_PI));

printf ("2nd Circuit:\n");

printf ("\ttheta3 = %.3f radians (
theta_2[3]%(180/M_PI));

printf ("\tthetad4d = %.3f radians (
theta_2[4]%(180/M_PI));

printf ("\tthetab5 = %.3f radians (
theta_2[5]%(180/M_PI));

o\

.2f degrees)\n", theta_1[3],

o°

.2f degrees)\n", theta_11[4],

o°

.2f degrees)\n\n", theta_1[5],

o°

.2f degrees)\n", theta_2[3],

o\

.2f degrees)\n", theta_2[4],

o°

.2f degrees)\n\n", theta_2[5],

return 0;

}
Output

1st Circuit:

theta3 = 0.374 radians (21.40 degrees)
thetad = -2.169 radians (-124.27 degrees)
thetab = -1.571 radians (-90.00 degrees)

2nd Circuit:
theta3 = -2.169 radians (-124.27 degrees)
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theta4d
thetab

0.374 radians (21.40 degrees)
-1.571 radians (-90.00 degrees)

CGearedFivebar::angular Vel

Synopsis
#include <fivebar.h>
void angularVel(double theta[1:5], double omega[1:5]);

Purpose
Given the angular velocity of one link, calculate the angular velocities of other links.

Parameters
theta A double array used for the input angle of links.
omega A double array used for the angular velocities of links.

Return Value
None.

Description

Given the angular velocity of one link, this function calculates the angular velocities of the remaining two
moving links of the fivebar. theta is an array for link positions. omega is an array for angular velocity of
links.

Example
A geared fivebar linkage has parameters vy = Tm,ro = bm,rs = 10m,r4 = 10m,r5 = 2m, 6; = 10°,
A = —2.5,and ¢ = 35°. Given the angle 62 and angular velocity wo, calculate the angular velocities ws, wy

of link3, and link4 for each circuit, respectively.

/*************************************************************
* This example is for calculating the angular velocity of =«
* 1ink3 and link4. *

*************************************************************/
#include <fivebar.h>

int main ()
{
double r[1:5],
theta_1[1:5], theta_2[1:5],
omega_1[1:5], omega_2[1:5],
phi, lambda;
CGearedFivebar gearedbar;

/* Setup geared fivebar linkage. */

r(l] = 7; r(2] = 5; r[(3] = 10; r[(4] = 10; r[(5] = 2;
phi = 35«M_PI/180; lambda = -2.5;

theta_1[1] = 10« (M_PI/180); theta 2[1] = 10x(M_PI/180);
theta_1[2] = 50« (M_PI/180); theta_2[2] = 50x(M_PI/180);

omega_1([2] 5% (M_PI/180); omega_2[2] = 5+« (M_PI/180);
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theta_1[5]
theta_2[5]

= lambdaxtheta_1[2] + phi;
= lambdaxtheta_2[2] + phi;

if (theta_1[5] < -M_PI)

{

theta_1[5] += 2xM_PI;
theta_2[5] += 2+«M_PI;

}

if (theta_1[5] > M_PI)

{

theta_1[5] -= 2xM_PI;
theta_2[5] -= 2xM_PI;

/+ Perform geared fivebar linkage analysis. x/
setLinks(r([1], r[2], r[3], r[4], r[5], theta_1[11);

gearedbar.
gearedbar.
gearedbar.
gearedbar.
gearedbar.
gearedbar.

setLambda (lambda) ;

setPhi (phi);

angularPos (theta_1, theta_2);
angularVel (theta_1, omega_1l);
angularVel (theta_2, omega_2);

/* print results on screen x/
printf ("lst Circuit:\n");

printf ("\tomega3 =

.3f rad/sec (%.2f deg/sec)\n",

printf ("\tomegad = %.3f rad/sec (%.2f deg/sec)\n",
printf ("2nd Circuit:\n");

printf ("\tomega3 =
printf ("\tomega4d

return 0;

}
Output

1st Circuit:

%$.3f rad/sec (%.2f deg/sec)\n",
%.3f rad/sec (%.2f deg/sec)\n",

omega3 = -0.051 rad/sec (-2.94 deg/sec)
omegad4 = 0.109 rad/sec (6.25 deg/sec)

2nd Circuit:

omega3 = -0.035 rad/sec (-2.01 deg/sec)
omega4 = 0.036 rad/sec (2.05 deg/sec)

CGearedFivebar::animation

omega_1[3],
omega_1[4],

omega_2[31,
omega_2[4],

omega_1[3]*(180/M_PI));
omega_1[4]*(180/M_PI));

omega_2[3]*(180/M_PI));
omega_2[4]*(180/M_PI));

CGearedFivebar::animation

Synopsis

#include <fivebar.h>
int animation(int branchnum, ... /* [intoutputtype, string_t datafilename] */);

Syntax

animation(branchnum)
animation(branchnum, outputtype)
animation(branchnum, outputtype, datafilename)

Purpose

An animation of a geared fivebar mechanism.
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Parameters

branchnum an integer used for indicating which branch you want to draw.
outputtype an optional parameter to specify the output type of the animation.
datafilename an optional parameter to specify the file name of output.

Return Value
This function returns O on success and -1 on failure.

Description

This function simulates the motion of a fivebar mechanism. branchnum is an integer number which indicates
the branch you want to draw. outputtype is an optional parameter used to specify how the animation should
be outputted. outputtype can be either of the following macros:

QANIMATE_OUTPUTTYPE _DISPLAY, QANIMATE OUTPUTTYPE FILE,
QANIMATE_OUTPUTTYPE_STREAM. QANIMATE_OUTPUTTYPE _DISPLAY creates an animation on
the screen. QANIMATE_OUTPUTTYPE _FILE writes the animation data onto a file, and
QANIMATE_OUTPUTTYPE_STREAM outputs the animation to the standard out. datafilename is an op-
tional parameter to specify the file name of output if you want to output the data to a file.

Example 1

For a geared fivebar linkage with parameters 1 = 7m, 1o = 5m,rg = 10m,r4 = 10m,r5 = 2m, 61 = 0,
A= —2.5, ¢ = 35% wy = Srad/sec, and as = 0, simulate the motion of the fivebar linkage. Also trace the
motion of the coupler point attached to link 3 with parameters r, = 5m and 3 = 45°.

/***************************************************
* This example is to simulate the motion of the =«
* geared fivebar linkage. *

***************************************************/
#include <fivebar.h>

int main ()
{
double r[1:5],
theta_1[1:5], theta_2[1:5],
rp, beta, phi, lambda;
double omega2, alpha?2;
CGearedFivebar gearedbar;

/* Setup geared fivebar linkage. «/

r[(l] = 7; r(2] = 5; r[(3] = 10; r[(4] = 10; r[(5] = 2;
rp = 5; beta = 45+« (M_PI/180);

phi = 35%M_PI/180; lambda = -2.5;

theta_1[1] = 10x(M_PI/180); theta_2[1] = 10x(M_PI/180);
theta_1[2] = 50« (M_PI/180); theta 2[2] = 50x(M_PI/180);
theta_1[5] = lambdaxtheta_1[2] + phi;

theta_2[5] = lambdaxtheta_2[2] + phi;

if (theta_1[5] < -M_PI)

{
theta_1[5] += 2*«M_PI;
theta_2[5] += 2xM_PI;
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if (theta_1[5] > M_PI)
{
theta_1[5] —-= 2%M_PI;
theta_2[5] -= 2xM_PI;
}

/+ Perform geared fivebar linkage analysis. x/
gearedbar.setLinks(r[1], r([2], r[3], r[4], r[5], theta_1[1]);
gearedbar.setCouplerPoint (COUPLER_LINK3, rp, beta, TRACE_ON);
gearedbar.setLambda (lambda) ;

gearedbar.setPhi (phi) ;

gearedbar.setNumPoints (50) ;

gearedbar.animation (1) ;

gearedbar.animation (2);

return 0;

}

Output
S T— EIEIE
[Hext | [ Prev |[ALL ] [Go ][ Stor [ ¥est [ 8ies | [ Hext |[ Prev |[ ALL | Stop i Fast i Bles |

1 d Fiveh i
eared Fivebar Geared Fivebar

CGearedFivebar::couplerCurve

Synopsis
#include <fivebar.h>
void couplerCurve(int couplerLink, int branchnum, double curvex/:], double curvey|:]);

Purpose
Calculate the coordinates of the coupler curve.

Parameters
couplerLink An int value specifying a macro to indicate which link the coupler is attached to.

branchnum An integer number used for the branch which will be calculated.
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curvex(:] A double array used for the x coordinate of the coupler point with different input angle.

curvey[:] A double array used for the y coordinate of the coupler point with different input angle.

Return Value
None.

Description

This function calculates the coupler point position while looping the input angle. curvex ,curvey is the solu-

tion of the coupler point positon.

Example

For a geared fivebar linkage, given the lengths of the links and the fact that the coupler is attached to link 3,

draw the position curve of the coupler point for each respective circuit.

/**************************************************************

* This example is for determining the coupler curve of the
* geared fivebar linkage.

*

*

**************************************************************/

#include <fivebar.h>

int main ()
{
double r[1:5],
thetal,
rp, beta, phi, lambda;
int numpoint = 100;
double RetCurvex_1[numpoint], RetCurvey_1[numpoint];
double RetCurvex_2[numpoint], RetCurvey_2[numpoint];
CGearedFivebar gearedbar;

/* Setup geared fivebar linkage. x/

r(l] = 7; r[2] = 5; r[(3] = 10; r(4] = 10; r[(5] = 2;
rp = 5; Dbeta = 45+« (M_PI/180);
phi = 35xM_PI/180; lambda = -2.5;

thetal = 10x (M_PI/180);

/+ Perform geared fivebar linkage analysis. x/
gearedbar.setLinks(r[1], r[2], r[3], r[4], r[5], thetal);
gearedbar.setCouplerPoint (COUPLER_LINK3, rp, beta);
gearedbar.setLambda (lambda) ;

gearedbar.setPhi (phi) ;

gearedbar.setNumPoints (numpoint) ;

gearedbar.couplerCurve (COUPLER_LINK3, 1, RetCurvex_1l, RetCurvey_1);
gearedbar.couplerCurve (COUPLER_LINK3, 2, RetCurvex_2, RetCurvey_2);

/* Plot coupler curve. x/
plotxy (RetCurvex_1, RetCurvey_1l, "Coupler Curve #1", "Px",
plotxy (RetCurvex_2, RetCurvey_2, "Coupler Curve #2", "Px",

return 0;

}

Output
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Coupler Curve #1 Coupler Curve #2

See Also
CGearedFivebar::couplerPointPos().

CGearedFivebar::couplerPointAccel

Synopsis
#include <fivebar.h>
double complex couplerPointAccel(int couplerLink, double theta[1:], double omega[l:], double al-

pha[l:]);

Purpose
Calculate the acceleration of the coupler point.

Parameters

couplerLink An int value specifying a macro to indicate which link the coupler is attached to.
theta An array of double type used to store the angular position values of the various links.
oemga An array of double type used to store the angular velocity values of the various links.
alpha An array of double type used to store the angular acceleration values of the various links.

Return Value
This function returns the acceleration of the coupler point.

Description
This function calculates the acceleration of the coupler point. The return value is a complex number.

Example

For a geared fivebar linkage with properties r1 = 7m, 7o = 5m,r3 = 10m,r4 = 10m,r5 = 2m,r, = 5m,
A= =25, ¢ = 35% 6 = 20° and 6; = 10°. Given the angle 05, the angular velocity wy and the angular
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acceleration «g, calculate the acceleration of the coupler point for each circuit given that the coupler is at-

tached to link 3.

CGearedFivebar::couplerPointPos

/******************************************************

* This example is for calculating the acceleration =«
* of the coupler point of a geared fivebar

* linkage.

*

*

******************************************************/

#include <fivebar.h>

int main () {

CGearedFivebar gearedfivebar;

double rl = 7, r2 =5, r3 =10, r4 = 10, r5 =2.0, thetal = 10xM_PI/180;

double rp = 5, beta = 20«M_PI/180;

double phi = 35x*M_PI/180;

double lambda = -2.5;

double theta_1[1:5], theta_2[1:5];

double omega_1[1:5], omega_2[1:5];

double alpha_1[1:5], alpha_2[1:5];

double theta2 = 70«xM_PI/180;

double complex Ap[l:2];

omega_1[2]=5; /+ rad/sec */

alpha_1[2]1=-5; /+x rad/secxsec */

omega_2[2]=5; /% rad/sec x/

alpha_2[2]1=-5; /+x rad/secxsec */

theta_1[1] = thetal;

theta_1[2] = theta2; // theta2

theta_2[1] = thetal;

theta_2[2] = theta2; // theta2

gearedfivebar.setLinks (rl, r2, r3, r4, r5, thetal);

gearedfivebar.setCouplerPoint (COUPLER_LINK3, rp, beta);

gearedfivebar.setLambda (lambda) ;

gearedfivebar.setPhi (phi);

gearedfivebar.angularPos (theta_1, theta_2);

gearedfivebar.angularVel (theta_1, omega_1l);

gearedfivebar.angularVel (theta_2, omega_2);

gearedfivebar.angularAccel (theta_1, omega_1l, alpha_1);

gearedfivebar.angularAccel (theta_2, omega_2, alpha_2);

Ap[l] = gearedfivebar.couplerPointAccel (COUPLER_LINK3, theta_1l, omega_l,
alpha_1);

Ap[2] = gearedfivebar.couplerPointAccel (COUPLER_LINK3, theta_2, omega_2,
alpha_2);

printf ("Circuit 1: \n Coupler Acceleration: %.2f \n", ApI[l]);

printf ("Circuit 2: \n Coupler Acceleration: %.2f \n", Ap[2]);

return 0;

}
Output

Circuit 1:
Coupler Acceler

Circuit 2:
Coupler Acceler

ation: complex(-160.66

ation: complex(267.71,

,2.98)

-185.63)
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CGearedFivebar::couplerPointPos

Synopsis
#include <fivebar.h>
void couplerPointPos(int couplerLink, double theta2, double complex &pl, double complex &p2);

Purpose
Calculate the position of the coupler point.

Parameters

couplerLink An int value specifying a macro to indicate which link the coupler is attached to.
theta2 A double number used for the input angle of link2.

pl A double complex number for the first solution of the coupler point.

p2 A double complex number for the second solution of the coupler point. x.

Return Value
None.

Description

This function calculates the position of the coupler point. theta?2 is the input angle. pl,p2 are the two so-
lutions of the coupler point position, respectively, which is a complex number indicating the vector of the
coupler point.

Example

A geared fivebar linkage has parameters r1 = 7m,ro = 5m,r3 = 10m,ry = 10m,r5 = 2m,r, = 5m,
A= —2.5,¢ = 35% 8 = 20° and 6; = 10°. Given the angle 6. Given that the coupler is attached to link
3, calculate the position of the coupler point for each circuit, respectively.

/*******************************************************
* This example is for calculating the coupler point =
* position of the geared fivebar linkage. *
*******************************************************/

#include <fivebar.h>

int main() {
CGearedFivebar gearedfivebar;
double rl = 7, r2 =5, r3 =10, r4 = 10, r5 =2.0, thetal = 10xM_PI/180;
double rp = 5, beta = 20«M_PI/180;
double phi = 35«M_PI/180;
double lambda = -2.5;
double theta_1[1:5], theta_2[1:5];
double theta2 = 70«M_PI/180;
double complex P[1:2];

theta_1[1] = thetal;
theta_1[2] = theta2; // theta2
theta_2[1] = thetal;
theta_2[2] = theta2; // theta2
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gearedfivebar.setLinks (rl, r2, r3, r4, r5, thetal);
gearedfivebar.setCouplerPoint (COUPLER_LINK3, rp, beta);
gearedfivebar.setLambda (lambda) ;
gearedfivebar.setPhi (phi);

gearedfivebar.angularPos (theta_1, theta_2);
gearedfivebar.couplerPointPos (COUPLER_LINK3, thetaz2, P[1], P[2]);

printf ("Circuit 1: \n Coupler Position: %.2f \n", P[1]);
printf ("Circuit 2: \n Coupler Position: %.2f \n", P[2]);

return 0;

}

Output

Circuit 1:

Coupler Position: complex(5.54,7.91)
Circuit 2:

Coupler Position: complex(0.41,-0.13)

CGearedFivebar::couplerPoint Vel

Synopsis

#include <fivebar.h>

double complex couplerPointVel(int couplerLink, double theta2, double theta3, double omega2, double
omega3l);

Purpose
Calculate the velocity of the coupler point.

Parameters

couplerLink An int value specifying a macro to indicate which link the coupler is attached to.
theta An array of double type used to store the angular position values of the links.

omega An array of double type used to store the angular velocity values of the links.

Return Value
This function returns the vector of the coupler velocity.

Description
This function calculates the vector of the coupler velocity. The vector of the coupler point velocity is re-
turned.

Example

A geared fivebar linkage has properties 71 = 7m,ry = dm,r3 = 10m,r4 = 10m,r5 = 2m,r, = 5m,
A= —-25,¢ = 35° B = 20, and §; = 10. Given the angle 62 and the angular velocity wy, calculate the
velocity of the coupler point for each circuit given that the coupler is attached to link 3.
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/**************************************************
* This example is for calculating the velocity =
* of the coupler point of a geared fivebar *
* linkage. *
**************************************************/

#include <fivebar.h>

int main() {
CGearedFivebar gearedfivebar;
double rl = 7, r2 =5, r3 =10, r4 = 10, r5 =2.0, thetal = 10xM_PI/180;
double rp = 5, beta = 20«M_PI/180;
double phi = 35xM_PI/180;
double lambda = -2.5;
double theta_1[1:5], theta_2[1:5];
double omega_1[1:5], omega_2[1:5];
double theta2 = 70«M_PI/180;
double complex Vp[l:2];

omega_1[2]=5; /+ rad/sec */
omega_2[2]=5; /+ rad/sec */

theta_1[1] = thetal;
theta_1[2] = theta2; // theta2
theta_2[1] = thetal;
theta_2[2] = theta2; // theta2

gearedfivebar.setlLinks (rl, r2, r3, r4, r5, thetal);
gearedfivebar.setCouplerPoint (COUPLER_LINK3, rp, beta);
gearedfivebar.setLambda (lambda) ;
gearedfivebar.setPhi (phi);

gearedfivebar.angularPos (theta_1, theta_2);
gearedfivebar.angularVel (theta_1, omega_1l);
gearedfivebar.angularVel (theta_2, omega_2);

Vp[l] = gearedfivebar.couplerPointVel (COUPLER_LINK3, theta_1l, omega_l);
Vp[2] = gearedfivebar.couplerPointVel (COUPLER_LINK3, theta_2, omega_2);
printf ("Circuit 1: \n Coupler Velocity: %.2f \n", Vp[l]);

printf ("Circuit 2: \n Coupler Velocity: %.2f \n", VpI[2]);

return 0;

}
Output

Circuit 1:

Coupler Velocity: complex(-30.75,17.21)
Circuit 2:

Coupler Velocity: complex(-14.56,6.14)

CGearedFivebar::displayPosition

Synopsis

#include <fivebar.h>

int displayPosition(double t/eta2, double theta3, double thetad, ... I* [int outputtype [, [char * filename]]
);
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Syntax

displayPosition(theta2, theta3, theta4)
displayPosition(theta2, theta3, theta4, outputtype)
displayPosition(theta2, theta3, theta4, outputtype, filename)

Purpose
Given 62, 63, and 8,4, display the current position of the geared fivebar linkage.

Parameters

theta2 0y angle.

theta3 03 angle.

theta4 04 angle.

outputtype an optional argument for the output type.
filename an optional argument for the output file name.

Return Value
This function returns 0 on success and -1 on failure.

Description

Given 65, 03, and 64, display the current position of the geared fivebar linkage. outputtype is an optional
parameter used to specify how the output should be handled. It may be one of the following macros:
QANIMATE_OUTPUTTYPE DISPLAY, QANIMATE OUTPUTTYPE FILE,
QANIMATE_OUTPUTTYPE_STREAM. QANIMATE_OUTPUTTYPE_DISPLAY outputs the figure to the
computer terminal. QANIMATE_OUTPUTTYPE _FILE writes the qanimate data onto a file.
QANIMATE_OUTPUTTYPE_STREAM outputs the qanimate data to the standard out stream. £ilename
is an optional parameter to specify the output file name.

Example

A geared-fivebar mechanism has link lengths 71 = Tm,r9 = bm,r3 = 10m,ry = 10m,r5 = 2m,
01 = 10°, ¢ = 10°, and A = —2.5. Given the angle 62, calculate the angular position 63 and 8,4 of link3 and
link4, display the geared fivebar linkage in its current position.

/*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k‘k*‘k*‘k****************
* This example is for displaying the current position of *
* the geared fivebar linkage. *

*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k‘k*‘k******************/
#include <fivebar.h>

int main ()
{
double r[1:5],
theta_1[1:5], theta_2[1:5],
phi, lambda;
CGearedFivebar gearedbar;

/* Setup geared fivebar linkage. */
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r[l]
phi
theta_1[1]
theta_1[2]
theta_1[5]
theta_2[5]
if (theta_1[5]
{

= 7;

theta_1[5]
theta_2[5]
}
if (theta_1[5]
{
theta_1[5]
theta_2[5]

r[2]
35«M_PI/180;

CGearedFivebar::plotCouplerCurve

5; rl3]
lambda
10+ (M_PI/180); theta_2[1]
50« (M_PI/180); theta_2[2]
lambdaxtheta_1[2] + phi;
lambdaxtheta_2[2] + phi;

< -M_PTI)

10;
-2.5;

r[4] 10; «r[5] 2;

= 10« (M_PI/180);
50« (M_PI/180);

+= 2+xM_PTI;
+= 2+M_PI;

> M_PTI)

-= 2xM_PI;
-= 2%«M_PI;

/+ Perform geared fivebar linkage analysis. x/
gearedbar.setLinks(r[1], r[2], rI[3], r[4], r[5], theta_1[1]);
gearedbar.setLambda (lambda) ;

gearedbar.setPhi (phi);

gearedbar.angularPos (theta_1, theta_2);
gearedbar.displayPosition(theta_1[2], theta_1[3], theta_1[4]);
gearedbar.displayPosition (theta_2[2], theta_2[3], theta_2[4]);

return 0;

21 [ 6o | Stop P Blaw

Geared-Fivebar

[ Hewt |[ Prev |! sttt [Go || Stop | Fasy || Slew [ Hewt |[ Prev | L Fan

Geared-Fivebar

= =)

CGearedFivebar::plotCouplerCurve

Synopsis
#include <fivebar.h>
void plotCouplerCurve(CPlot *plot, int couplerLink, int branchnum);
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Syntax
plotCouplerCurve(&plot, couplerLink, branchnum)

Purpose
Plot the coupler curve.

Parameters

&plot A pointer to a CPlot class variable for formatting the plot of hte branch to be drawn.
couplerLink An int value specifying a macro to indicate which link the coupler is attached to.
branchnum An integer used for indicating the branch which you want to draw.

Return Value
None.

Description

This function plots the coupler curve. &plot is a pointer to a CPlot class variable for formatting the plot
of the branch to be drawn. couplerLink is a macro specifying which link the coupler is attached to and
branchnum is an integer number which indicates the branch you want to draw.

Example

For a geared fivebar linkage with parameters 11 = 7m,ry = 5m,r3 = 10m,r4y = 10m,r5 = 2m,r, = d5m,
A= —2.5,¢=35%6; =0, and 8 = 20°, plot the position curve of the coupler point for each respective
circuit given that the coupler is attached to link 3.

/****************************************************
* This example is for plotting the coupler curve =
* of the geared fivebar linkage. *
****************************************************/

#include <fivebar.h>

int main() {
CGearedFivebar gearedfivebar;

double rl1 = 7, r2 =5, r3 =10, r4 = 10, r5 = 2;
double thetal = 10«M_PI/180;

double rp = 5, beta = 20«M_PI/180;

double phi = 35«M_PI/180;

double lambda = -2.5;

int numpoint =100;

CPlot plotl, plot2;

gearedfivebar.setlLinks (rl,r2, r3, r4, r5, thetal);

gearedfivebar.setCouplerPoint (COUPLER_LINK3, beta) ;

e,

gearedfivebar.setNumPoints (numpoint) ;

gearedfivebar.setLambda (lambda) ;

gearedfivebar.setPhi (phi);

gearedfivebar.plotCouplerCurve (&§plotl, COUPLER_LINK3, 1); //display a coupler curve
gearedfivebar.plotCouplerCurve (§plot2, COUPLER_LINK3, 2); //display a coupler curve }

return 0;
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Output

Coupl
Py (inches} oupler curve

10

Fx {inches?

CGearedFivebar::setCouplerPoint

Synopsis
#include <fivebar.h>
void setCouplerPoint(int couplerLink, double rp, beta, ... [int trace] */);

Syntax
setCouplerPoint(couplerLink, rp, beta)
setCouplerPoint(couplerLink, rp, beta, trace)

Purpose
Set parameters for the coupler point.

Parameters
couplerLink An int value specifying a macro to indicate which link the coupler is attached to.
rp A double number used for the link length connected to the coupler point.

beta A double number specifying the angular position of the coupler point relative to the link it is attached
to.

it trace An optional parameter of int type specifying either macro TRACE_OFF or TRACE_ON to indicate
whether the coupler curve should be traced during animation.

Return Value
None.
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Description
This function sets the parameters of the coupler point.

Example
see CGearedFivebar::couplerPointAccel().

CGearedFivebar::setAngular Vel

Synopsis
#include <fivebar.h>
void setAngularVel(double omega?);

Purpose
Set the constant angular velocity of link?2.

Parameters
omega2 A double number used for the constant input angular velocity of link2.

Return Value
None.

Description
This function sets the constant angular velocity of link?2.

Example
see CGearedFivebar::couplerPointAccel().

CGearedFivebar::setLinks

Synopsis
#include <fivebar.h>
int setLinks(double r/, double 72, double r3, double 74, double r5, double thetal);

Purpose
Set the lengths of the links.

Parameters
rl,r2,r3,r4, r5 Double numbers used for the lengths of links.
thetal A double number for the angle between link1 and the horizontal.

Return Value

Description
This function sets the lengths of links and angle 6;.

Example
see CGearedFivebar::plotCouplerCurve().
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CGearedFivebar::setNumPoints

Synopsis
#include <fivebar.h>
void setNumPoints(int numpoints);

Purpose
Set the number of points for the animation and the plot of the coupler curve.

Parameters
numpoints An integer number used for the number of points.

Return Value
None.

Description
This function sets the number of points for the animation and the plot of the coupler curve.

Example
see CGearedFivebar::animation().

CGearedFivebar::uscUnit

Synopsis
#include <fivebar.h>
void uscUnit(bool unit);

Purpose
Specify the use of SI or US Customary units in analysis.

Parameters

unit A boolean argument, where t rue indicates US Customary units are desired and false indicates SI
units.

Return Value
None.

Description

This function specifies the whether SI or US Customary units are used.If unit = true, then US Cus-
tomary units are used; otherwise, SI units are used. By default, SI units are assumed. This member function
shall be called prior any other member function calls.
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Appendix E

Class CFourbarSlider

CFourbarSlider

The header file sixbar.h includes header file linkage.h. The header file sixbar.h also contains a declaration
of class CFourbarSlider. The CFourbarSlider class provides a means to analyze a fourbar-slider linkage
within a Ch language environment.

B

N il

v y % it
3 .
5 8
A8 ¥/ :
CAS =2
‘:':)EQE = : r,
A gr 9, X )
r7

Public Data
None.

Public Member Functions

Functions Descriptions

angularAccel Given the angular accelartion of link 2, calculate the angular acceleration of other links.
angularPos Given the angle of link 2, calculate the angle of other links.

angularVel Given the angular velocity of link 2, calculate the angular velocity of other links.
animation Fourbar-slider linkage animation.

couplerPointAccel  Calculate the acceleration of the coupler point.

couplerPointPos Calculate the position of the coupler point.

couplerPoint Vel Calculate the velocity of the coupler point.

displayPosition Display position of the fourbar-slider.

setCouplerPoint Set parameters for the coupler point.
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setAngularVel Set constant angular velocity of linkage 2.
setLinks Set lengths of links.

setNumPoints Set number of points for animation.
sliderAccel Calculate the linear acceleration of the slider.
sliderPos Calculate the distance, 7.

sliderVel Calculate the linear velocity of the slider.
uscUnit Specify the use of SI or US Customary units.
See Also

CFourbarSlider::angularAccel

Synopsis
#include <sixbar.h>
void angularAccel(double theta/1:6], double omega[1:6], double alpha[1:6]);

Purpose
Given the angular acceleration of link 2, calculate the angular acceleration of other links.

Parameters

theta An array of double data type with angles of links.

omega An array of double data type with angular velocities of links.
alpha An array of double data type with angular accelerations of links.

Return Value
None.

Description

Given the angular acceleration of link 2, this function calculates the angular acceleration of the remaining
links of the fourbar-slider mechanism. theta is a one-dimensional array of size 6 which stores the angle
of each link. omega is a one-dimensional array of size 6 which stores the angular velocity of each link.
alpha is a one-dimensional array of size 6 which stores the angular acceleration of each link. The results of
calculation are stored in this array.

Example

A fourbar-slider linkage has link lengths r; = 12m,ry = 4dm,r3 = 12m,r4 = Tm,r5 = 6m,rg = 9m,
01 = 10°, ¢ = 30°. Given the angle 5, the angular velocity wy and the angular acceleration a2, calculate
the angular accelerations a3, oy, and o of links 3, 4, and 6 for each circuit of the linkage.

/*****************************************************************
* This example is for calculating the angular acceleration of «x
* 1ink3, 1link4, and linké6. *

*****************************************************************/

#include<stdio.h>
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#include<sixbar.h>

/*******************************

print_alpha ()

*******************************/

void print_alpha (double alp[l:6])

{

CFourbarSlider::angularAccel

printf (" deg/sec”2:\t alpha3 = %.3f,\t alpha4 = %.3f,\t alpha6 = %.3f\n",
M_RAD2DEG (alp[3]), M_RAD2DEG(alp[4]), M_RAD2DEG(alpl[6]));

printf (" rad/sec”2:\t alpha3 = %.3f,\t alpha4 = %.3f,\t alpha6 = %.3f\n",
alp(3], alpl4], alpl6]l);

printf ("\n");

int main ()

{

double r[l:6], thetal[l:4][1l:6];

double omega[l:4][1:6], alphall:4][1:6];
double psi;

int 1i;

CFourbarSlider fslider;

/+ Default specification of the fourbar-slider linkage.

r[l] = 12.0;
r[4] = 7.0;
for(i = 1;

{

r[2] = r(3] =
r[5] = 6.0; «r[6] =
i <= 4; i++)

4.0; 12.0;

9.0;

thetali
thetalil
omega [i
alphali

1] = M_DEG2RAD (10.0);
2] = M_DEG2RAD(70.0);
2] = M_DEG2RAD(10.0);
2] 0; // rad/sec”2

]
]
] // rad/sec
]

}
psi = M_DEG2RAD (30.0);

/+ Perform fourbar-slider linkage analysis. x/
fslider.setLinks (r, thetall][1l], psi);
fslider.angularPos (theta[l], thetal[2
fslider.angularVel (theta[l], omegal[ll]);

], thetal3],
1)

fslider.angularVel (theta[2], omegal[2]);
1)
)

fslider.angularVel (theta[3], omegal[3]);
fslider.angularVel (theta[4], omegal4]);
fslider.angularAccel (theta[l], omega[l], alphall]);
fslider.angularAccel (thetal[2], omegal[2], alphal2]);
fslider.angularAccel (theta[3], omegal[3], alphal3])
fslider.angularAccel (thetal4], ] 1)

’

omegal[4], alphal4]);
/+ Display the results. */

printf ("Circuit 1: Angular Accelerations\n");
print_alpha (alphalll]);

printf ("Circuit 2: Angular Accelerations\n");
print_alpha(alphal2]);

printf ("Circuit 3: Angular Accelerations\n");
print_alpha (alpha(3]);

printf ("Circuit 4: Angular Accelerations\n");
print_alpha (alphal4]);

return 0;
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Output

Circuit 1: Angular Accelerations
deg/sec”2: alpha3 = 0.410, alphad4 = 0.673, alpha6 = -0.096
rad/sec”2: alpha3 = 0.007, alpha4 = 0.012, alpha6 = -0.002

Circuit 2: Angular Accelerations

deg/sec”2: alpha3 = 0.410, alpha4 = 0.673, alpha6 = 0.096

rad/sec”2: alpha3 = 0.007, alpha4 = 0.012, alpha6 = 0.002
Circuit 3: Angular Accelerations

deg/sec”2: alpha3 = 1.071, alphad4 = 0.808, alpha6 = 0.206

rad/sec”2: alpha3 = 0.019, alpha4 = 0.014, alpha6 = 0.004
Circuit 4: Angular Accelerations

deg/sec”2: alpha3 = 1.071, alphad4 = 0.808, alpha6 = -0.206

rad/sec”2: alpha3 = 0.019, alpha4 = 0.014, alpha6 = -0.004

CFourbarSlider::angularPos

Synopsis
#include <sixbar.h>
void angularPos(double theta_1[1:6], double theta_2[1:6], double theta_3[1:6], double theta_4[1:6]);

Purpose
Given the angle of link 2, calculate the angles of the other links.

Parameters

theta_l A double array with dimension size of 6 for the first solution.
theta_2 A double array with dimension size of 6 for the second solution.
theta_3 A double array with dimension size of 6 for the third solution.
theta_4 A double array with dimension size of 6 for the fourth solution.

Return Value
None.

Description

Given the angular position of link 2 of a fourbar-slider linkage, this function computes the angular positions
of the remaining links. theta_I is a one-dimensional array of size 6 which stores the first solution of angular
position. theta_2 is a one-dimensional array of size 6 which stores the second solution of angular position.
theta_3 is a one-dimensional array of size 6 which stores the third solution of angular position. theta_4 is a
one-dimensional array of size 6 which stores the fourth solution of angular position.

Example
For a fourbar-slider linkage with link lengths vy = 12m,re = 4m,r3 = 12m,ry = Tm,r5 = 6m,rg = 9m,
0, = 10°, ¢p = 30°. Given the angle 05, calculate the angular positions 03, 64, and g of links 3, 4, and 6 for
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each circuit.

/*************************************************************
* This example is for calculating the angular position of =«
* 1ink3, 1link4, and linké6. *

*************************************************************/

#include<stdio.h>
#include<sixbar.h>

/*******************************
* print_theta()
*******************************/

void print_theta (double th[l:6])

{

printf (" degrees:\t theta3 = %.3f,\t thetad = %.3f,\t theta6 = %$.3f\n",
M_RAD2DEG (th[3]), M_RAD2DEG(th[4]), M_RAD2DEG(th[6]));
printf (" radians:\t theta3 = %.3f,\t theta4 = %.3f,\t theta6 = %.3f\n",

th[3], th[4], th[6]);
printf ("\n");

int main ()
{
double r[l:6], thetal[l:4][1l:6];
double complex P[1:4];
double psi;
int 1i;
CFourbarSlider fslider;

/+ Default specification of the fourbar-slider linkage. %/

r(l] = 12; r(2] = 4; r(3] = 12;
r[4] = 7; «rl[5] = 6; «r[6] = 9;
for(i = 1; 1 <= 4; i++)

{
thetal[i] [1] = M_DEG2RAD(10.0);
thetal[i] [2] M_DEG2RAD (70.0) ;

}
psi = M_DEG2RAD (30.0);

/+ Perform fourbar-slider linkage analysis. x/
fslider.setLinks (r, theta[l][1l], psi);
fslider.angularPos (theta[l], theta[2], theta[3], thetal[4]);

/* Display the results. */

printf ("Circuit 1: Angular Positions\n");
print_theta(thetall]);

printf ("Circuit 2: Angular Positions\n");
print_theta (thetal2]);

printf ("Circuit 3: Angular Positions\n");
print_theta (thetal[3]);

printf ("Circuit 4: Angular Positions\n");
print_theta (thetal4]);

return 0;
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Output

Circuit 1: Angular Positions
degrees: theta3 = 26.307, thetad4 = 87.482, theta6 = -34.204
radians: theta3 = 0.459, thetad4 = 1.527, theta6 = -0.597

Circuit 2: Angular Positions
degrees: theta3 = 26.307, thetad4d = 87.482, theta6 = -145.796
radians: theta3 = 0.459, theta4 = 1.527, theta6 = -2.545

Circuit 3: Angular Positions
degrees: theta3 = -44.521, thetad4 = -105.695, theta6 = 27.752
radians: theta3 = -0.777, theta4d = -1.845, thetaoc = 0.484

Circuit 4: Angular Positions
degrees: thetal -44.,521, thetad4d = -105.695, theta6 = 152.248
radians: theta3 -0.777, thetad4d = -1.845, theta6c = 2.657

CFourbarSlider::angular Vel

Synopsis
#include <sixbar.h>
void angularVel(double theta[1:6], double omega[l:6]);

Purpose
Given the angular velocity of link 2, calculate the angular velocity of the other links.

Parameters
theta A double array of size 6 used for the input angle of links.
omega A double array of size 6 used for the angular velocities of links.

Return Value
None.

Description

Given the angular velocity of link 2, this function calculates the angular velocities of the remaining links of
the fourbar-slider linkage. theta is an array for the angular positions of the six links. omega is an array for
the links’ angular velocity values. The results of the calculation are stored in array omega.

Example

For a fourbar-slider linkage with link lengths 1 = 12m,ry = 4m,r3 = 12m,ry = Tm,r5 = 6m, 16 = IM,
61 = 10°, ¢ = 30°. Given the angle 65 and then angular velocity ws, calculate the angular velocities ws,
wy, and wg of links 3, 4, and 6 for each circuit.

/*************************************************************
* This example is for calculating the angular velocity of =«
* 1ink3, 1link4, and 1linké6. *

*************************************************************/
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#include<stdio.h>
#include<sixbar.h>

/******************************
* print_omega ()
khkhkhkkhkhkkhkhkhkhkrkhkhkhkkhhhhhkhhkkhkhkkhtkx

void print_omega (double om[1:6]

{

CFourbarSlider::angular Vel

*

*/
)

printf (" deg/sec:\t omega3 = %.3f,\t omegad = %.3f,\t omega6 = $.3f\n",
M_RAD2DEG (om[3]), M_RAD2DEG(om[4]), M _RAD2DEG (om[6]));

printf (" rad/sec:\t omega3 = %.3f,\t omegad = %.3f,\t omega6 = %.3f\n",
om[3], om[4], om[6]);

printf ("\n");

int main ()

{
double r[l:6], thetall:4][1:
double omega[l:4][1:6];
double psi;
int 1i;
CFourbarSlider fslider;

/+ Default specification of

r(l] = 12; r(2] = 4; r[3]
r[(4] = 7; «r[5] = 6; «r[6] =
for(i = 1; i <= 4; i++)

{
thetali][1]
thetal[i] [2]
omegali] [2]

M_DEG2RAD (1
M_DEG2RAD (7
M_DEG2RAD (1

}

psi

M_DEG2RAD (30.0) ;

/+ Perform fourbar-slider 11
fslider.setLinks (r, thetall]
fslider.angularPos (thetall],
fslider.angularVel (thetal[l],
fslider.angularVel (theta[2],
fslider.angularVel (thetal[3],
fslider.angularVel (thetal4],

/+ Display the results. */

6];

the fourbar-slider linkage. x/
12;

9;

0.0);
0.0);

0.0); // rad/sec

nkage analysis. x/
(1], psi);

thetal[2
omegal[l
omega[2
omega [3
omega [ 4

theta[3], thetal4]);

’
’

’

’

] 4
1)
1
1)
1)

printf ("Circuit 1: Angular Velocities\n");

print_omega (omegal[l]);

printf ("Circuit 2: Angular Velocities\n");

print_omega (omegal[2]);

printf ("Circuit 3: Angular Velocities\n");

print_omega (omega[3]);

printf ("Circuit 4: Angular Velocities\n");

print_omega (omegal4]);

return 0;

Output

Circuit 1: Angular Velocities
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deg/sec: omega3 = -1.143, omegad = 4.506, omega6 = -1.952

rad/sec: omega3 = -0.020, omegad4d = 0.079, omega6 = —-0.034
Circuit 2: Angular Velocities

deg/sec: omega3 = -1.143, omegad = 4.506, omega6 = 1.952

rad/sec: omega3 = -0.020, omegad4 = 0.079, omega6 = 0.034
Circuit 3: Angular Velocities

deg/sec: omega3 = -0.286, omegad4 = -5.934, omegab = -3.199

rad/sec: omega3 = -0.005, omegad = -0.104, omega6 = -0.056
Circuit 4: Angular Velocities

deg/sec: omega3 = -0.286, omegad = -5.934, omegab = 3.199

rad/sec: omega3 = -0.005, omegad = -0.104, omegab = 0.056

CFourbarSlider::animation

Synopsis
#include <sixbar.h>
void animation(int branchnum, ... /* [int animationtype, string_t datafilename] */);

Purpose
An animation of a fourbar-slider mechanism.

Parameters

branchnum an integer used to indicate which branch will be drawn.

it animationtype an optional parameter to specify the output type of the animation.
datafilename an optional parameter to specify the output file name.

Return Value
None.

Description

This function simulates the motion of a fourbar-slider mechanism. branchnum is an integer number which
indicates the branch to be drawn. animationtype is an optional parameter used to specify how the animation
should be outputted. animationtype can be either of the following macros:

QANIMATE_OUTPUTTYPE DISPLAY, QANIMATE _OUTPUTTYPE FILE,
QANIMATE_OUTPUTTYPE_STREAM. QANIMATE_OUTPUTTYPE _DISPLAY display an animation on
the screen. QANIMATE_OUTPUTTYPE _FILE writes the animation data onto a file.
QANIMATE_OUTPUTTYPE_STREAM outputs the animation to the standard out. datafilename is an op-
tional parameter to specify the output file name.

Example

For a fourbar-slider linkage with link lengths vy = 12m,re = 4m,rs = 12m,ry = Tm,r5 = 6m,rg = 9m,
01 = 10°, ¢ = 30°, we = brad/sec, ag = 0, simulate the motion of the mechanism with a coupler attached
to link 6 with parameters 7, = 5 and 8 = 45°.
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/****************************************************
* This example is for simulating the motion of a =«
* fourbar-slider linkage. *

****************************************************/

#include<stdio.h>
#include<sixbar.h>

int main ()
{
double r[l:6], thetal[l:4][1:6];
double rp, beta;
double omegaz2, alpha2;
double complex P[1:4];
double psi;
int numpoints = 50;
int 1i;
CFourbarSlider fslider;

/* Default specification of the fourbar-slider linkage.

r(l] = 12; r(2] = 4; r(3] = 12;
r[4] = 7; «r[5] = 6; «r[6] = 9;
for(i = 1; i <= 4; i++)

{
thetal[i] [1]
thetal[i] [2]

M_DEG2RAD (10.0) ;
M_DEG2RAD (70.0) ;

}

psi = M_DEG2RAD (30.0);

rp = 5.0; Dbeta = M_DEG2RAD (45.0);
omega2 = 5.0; // rad/sec

alpha?2 0.0; // rad/sec”2

/+ Perform fourbar-slider linkage analysis. x/
fslider.setLinks (r, thetall][1l], psi);

fslider.setCouplerPoint (COUPLER_LINK6, rp, beta, TRACE_ON);

fslider.setNumPoints (numpoints) ;
fslider.animation (1) ;
fslider.animation (2);
fslider.animation (3);
fslider.animation (4)

’

return 0;

Output
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CFourbarSlider::couplerPointAccel

= [=I[E]xIf | [=I[=i[]
| Hext || Prewv || ALl || Go | Srep 11 Fash ] Blow | | Hext || Prev || All || Go | Srep L1 Fash ] Bles |
Fourbar-51ider Fourbar—Slider
= CEX]|[E B
| Hext || Prev || ALl || Go | Srep D1 Fast ] Blow | | Hext || Prev || A1l || Go | Sgop L0 Fash 1 Bles |
Fourbar-5lider Fourbar-Slider
7]

CFourbarSlider::couplerPointAccel

Synopsis
#include <sixbar.h>

double complex couplerPointAccel(int couplerLink, double theta[1:6], double omega[1:6], double al-

pha[1:6]);

Purpose

Calculate the acceleration of the coupler point.

Parameters

couplerLink An int value specifying a macro to indicate which link the coupler is attached to.

theta A double array used to store the angular positions of the links.

omega A double array used to store the angular velocities of the links.
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alpha A double array used to store the angular accelerations of the links.

Return Value
This function returns the acceleration of the the coupler point.

Description
This function calculates the acceleration of the coupler point. The return value is a complex number.

Example

A fourbar-slider mechanism has properties r; = 12m,ry = 4dm,r3 = 12m,ry = Tm,r5 = bm,rg =
Im,r, = 5, B = 45%, 61 = 10°, ¢» = 30°. Given the angle ¢, the angular velocity wy and the angular
acceleration g, calculate the acceleration of the coupler point for different circuits. Note that the coupler
point is attached to link 6.

/*************************************************************
* This example is for calculating the acceleration of the =«
* coupler point of a fourbar-slider linkage. *

*************************************************************/

#include<stdio.h>
#include<sixbar.h>

int main ()
{
double r[l:6], thetall:4][1:6];
double omegal[l:4][1:6], alphal[l:4][1:6];
double rp, beta;
double psi;
double complex Ap[l:4];
int 1i;
CFourbarSlider fslider;

/* Default specification of the fourbar-slider linkage. */

r(l] = 12; r(2] = 4; r(3] = 12;

r(4] = 7; r[(5] = 6; r(6] = 9;

for(i = 1; i <= 4; i++)

{
theta[i] [1] = M_DEG2RAD(10.0);
theta[i] [2] = M_DEG2RAD(70.0);
omegal[i] [2] = M_DEG2RAD(10.0); // rad/sec
alphali][2] = 0; // rad/sec”2

}
psi = M_DEG2RAD (30.0);
rp = 5.0; Dbeta = M_DEG2RAD (45.0);

/+ Perform fourbar-slider linkage analysis. x/
fslider.setLinks (r, theta[l]l[1l], psi);
fslider.setCouplerPoint (COUPLER_LINKG6, rp, beta);
fslider.angularPos (theta[l], theta[2], theta[3], thetal[4]);
fslider.angularVel (theta[l], omegal[l])
fslider.angularVel (theta[2], omegal[2]);
fslider.angularVel (theta[3], omegal[3]);
1)
[1

’

fslider.angularVel (theta[4], omegal[4

7
fslider.angularAccel (theta[l], omegal[l], alphall]);
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fslider.angularAccel (thetal[2], omegal[2], alphal2]);
fslider.angularAccel (theta[3], omegal[3], alphal3]);
fslider.angularAccel (thetal4], omegal[4], alphal4]);
Ap[l] = fslider.couplerPointAccel (COUPLER_LINK6, theta[l], omegal[l], alphal
Ap[2] = fslider.couplerPointAccel (COUPLER_LINK6, theta[2], omegal[2], alphal
Ap[3] = fslider.couplerPointAccel (COUPLER_LINK6, theta[3], omegal[3], alphal
Ap[4] = fslider.couplerPointAccel (COUPLER_LINK6, theta[4], omegal4], alphal

/* Display the results. */
printf ("Circuit 1: Coupler Point Acceleration\n");

printf (" Ap = %.3f\n\n", Ap[l]);
printf ("Circuit 2: Coupler Point Acceleration\n");
printf (" Ap = %.3f\n\n", Ap[2]);
printf ("Circuit 3: Coupler Point Acceleration\n");
printf (" Ap = %.3f\n\n", Ap[3]);
printf ("Circuit 4: Coupler Point Acceleration\n");
printf (" Ap = %.3f\n\n", Ap[4]);

return 0;

}

Output

Circuit 1: Coupler Point Acceleration
Ap = complex(-0.083,-0.003)

Circuit 2: Coupler Point Acceleration
Ap = complex(-0.070,0.011)

Circuit 3: Coupler Point Acceleration
Ap = complex(0.083,-0.025)

Circuit 4: Coupler Point Acceleration
Ap = complex(0.115,0.006)

CFourbarSlider::couplerPointPos

Synopsis
#include <sixbar.h>
void couplerPointPos(int couplerLink, double theta2, double complex p/1:4]);

Purpose
Calculate the position of the coupler point.

Parameters

couplerLink An int value specifying a macro to indicate which link the coupler is attached to.
theta2 A double number used for the input angle of link.

p A double complex array of size 4 to store the different solutions of the coupler point position.

Return Value
None.
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Description
This function calculates the position of the coupler point. theta2 is the input angle. Array p contains the
four possible solutions of the coupler point position. The results of the calculation are stored in this array.

Example

A fourbar-slider mechanism has properties r; = 12m,ry = 4m,r3 = 12m,ry = Tm,r5 = 6m,rg =
9m,r, = 5m, f = 45°, 61 = 10°, ¢ = 30°. Given the angle ¢ and the fact that the coupler is attached to
link 6, calculate the coupler point position of the different circuits.

/*********************************************************
* This example is for calculating the position of the =«
* coupler point of a fourbar-slider linkage. *

*********************************************************/

#include<stdio.h>
#include<sixbar.h>

int main ()
{
double r[l:6], thetal[l:4][1l:6];
double rp, beta;
double psi;
double complex P[1:4];
int 1i;
CFourbarSlider fslider;

/+ Default specification of the fourbar-slider linkage. %/

r[l] = 12.0; «r[2] = 4.0; ~r[3] = 12.0;
r(4] = 7.0; r[(5] = 6.0; r(6] = 9.0;
for(i = 1; 1 <= 4; i++)

{
thetal[i] [1] = M_DEG2RAD(10.0);
thetal[i] [2] M_DEG2RAD (70.0) ;

}
psi = M_DEG2RAD (30.0);
rp = 5.0; Dbeta = M_DEG2RAD (45.0);

/+ Perform fourbar-slider linkage analysis. x/
fslider.setLinks (r, theta[l]l[1l], psi);
fslider.setCouplerPoint (COUPLER_LINKG6, rp, beta);
fslider.angularPos (theta[l], theta[2], theta[3], thetal[4]);
fslider.couplerPointPos (COUPLER_LINK6, theta[l][2], P);

/* Display the results. */
printf ("Circuit 1: Coupler Point Position\n");

printf (" P = %.3f\n\n", P[1]);
printf ("Circuit 2: Coupler Point Position\n");
printf (" P = %.3f\n\n", P[2]);
printf ("Circuit 3: Coupler Point Position\n");
printf (" P = %.3f\n\n", PI[3]);
printf ("Circuit 4: Coupler Point Position\n");
printf (" P = %.3f\n\n", P[4]);
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return 0;

}

Output

Circuit 1: Coupler Point Position
P = complex(19.955,8.080)

Circuit 2: Coupler Point Position
P = complex(14.107,2.232)

Circuit 3: Coupler Point Position
P = complex(9.006,2.668)

Circuit 4: Coupler Point Position
P = complex (2.749,-3.590)

CFourbarSlider::couplerPoint Vel

Synopsis
#include <sixbar.h>
double complex couplerPointVel(int couplerLink, double theta[1:6], double omega[1:6]);

Purpose
Calculate the velocity of the coupler point.

Parameters
theta A double array of size 6 used to store the angular positions of the links.
omega A double array of size 6 used to store the angular velocities of the links.

Return Value
This function returns the velocity of the coupler point in vector form.

Description
This function calculates the velocity of the coupler point. The value is returned as of type double
complex.

Example

A fourbar-slider mechanism has properties r; = 12m,ry = 4dm,r3 = 12m,ry = Tm,r5 = bm,rg =
9Im,r, = dm, B = 45, 01 = 10°, v» = 30°. Given the angle 0> and the angular velocity wo, calculate the
velocity of the coupler point for the different circuits. The coupler is attached to link 6.

/*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k***************************************
* This example is for calculating the velocity of the =«
* coupler point of a fourbar-slider linkage. *

*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*****************************/

#include<stdio.h>
#include<sixbar.h>
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int main ()

{

double r[l:6], thetall:4][1:6];
double omegal[l:4][1:6];

double rp, beta;

double psi;

double complex Vp[l:4];

int 1i;

CFourbarSlider fslider;

/* Default specification of the fourbar-slider linkage.

r(l] = 12;
r[4] = 7;
for(i = 1; i

{

r(2] = 4; r(3] = 12;
r[5] = 6; r(6] = 9;
<= 4; i++)

thetal[i] [1]
thetal[i] [2]
omegali][2]

M_DEG2RAD (10.0) ;
M_DEG2RAD (70.0) ;
M_DEG2RAD (10.0) ;

// rad/sec
}

psi =
rp =

M_DEG2RAD (30.0) ;
5.0; Dbeta = M_DEG2RAD (45.0);
/+ Perform fourbar-slider linkage analysis. x/
fslider.setLinks (r, thetall][1l], psi);
fslider.setCouplerPoint (COUPLER_LINKG6,
fslider.angularPos (theta[l], thetal2]
fslider.angularVel (theta[l], omegal[l]
]
1

rp, beta);
theta[3],

)
fslider.angularVel (theta[2], omegal2]);
fslider.angularVel (theta[3], omegal[3])
fslider.angularVel (theta[4], omegal4]);

Vp[l] = fslider.couplerPointVel (COUPLER_LINKG6,
Vp[2] = fslider.couplerPointVel (COUPLER_LINKG,
Vp[3] = fslider.couplerPointVel (COUPLER_LINKG6,
Vp [ (

4] = fslider.couplerPointVel (COUPLER_LINKG6,

’

theta

theta

/* Display the results. */
printf ("Circuit 1: Coupler
printf (" Vp = %.3f\n\n",
printf ("Circuit Coupler
printf (" Vp = %.3f\n\n",
printf ("Circuit Coupler
printf (" Vp = %.3f\n\n",
printf ("Circuit Coupler
printf (" Vp = %.3f\n\n",

Point Velocity\n");
Vpl[l]);
Point Velocity\n");
Vpl2]);
Point Velocity\n");
Vpl[31);
Point Velocity\n");
Vp[4]);

[\

o°

w

o°

[N

o\

return 0;

[11,
thetal2],
thetal[3],

[41,

CFourbarSlider::couplerPointVel

*/

thetal4d]);

omegal[l]);
omegal2]);
omegal[3]);

[

omegal[4]);

Output

Circuit 1:
Vp = co

Circuit 2:
Vp = co

Circuit 3:

Point
366,0.086)

Coupler
mplex (-0.

Point
230,0.222)

Coupler
mplex (-0.

Coupler Point

Velocity

Velocity

Velocity
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Vp = complex(-0.167,0.362)

Circuit 4: Coupler Point Velocity
Vp = complex(-0.351,0.178)

CFourbarSlider::displayPosition

Synopsis

#include <sixbar.h>

int displayPosition(double theta2, double theta3, double theta4, double theta6, ... /* [int outputtype |,
[char * filename]] */);

Syntax

displayPosition(theta2, theta3, theta4, theta6)
displayPosition(theta2, theta3, theta4, theta6, outputtype)
displayPosition(theta2, theta3, theta4, theta6, outputtype, filename)

Purpose
Given 62, 63, 64, and 6, display the current position of the fourbar-slider linkage.

Parameters

theta2 0y angle.

theta3 03 angle.

theta4 04 angle.

theta6 0g angle.

outputtype an optional argument for the output type.
filename an optional argument for the output file name.

Return Value
This function returns 0 on success and -1 on failure.

Description

Given 6o, 03, 04, and 6g display the current position of the fourbar-slider linkage. cutputtype is an op-
tional parameter used to specify how the output should be handled. It may be one of the following macros:
QANIMATE_OUTPUTTYPE_DISPLAY, QANIMATE OUTPUTTYPE FILE,
QANIMATE_OUTPUTTYPE_STREAM. QANIMATE_OUTPUTTYPE_DISPLAY outputs the figure to the
computer terminal. QANIMATE_OUTPUTTYPE _FILE writes the qanimate data onto a file.
QANIMATE_OUTPUTTYPE_STREAM outputs the qanimate data to the standard out stream. £ilename
is an optional parameter to specify the output file name.

Example
A fourbar linkage has link lengths 1 = 12m,ro = 4m,rs = 12m,r4 = Tm,rs = 6m,rg = 9m, 61 = 10°,
and coupler properties 7, = 3 and 3 = 35 attached to link 6. Given the angle 65, display the fourbarslider
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linkage in its current position for the first branch.

/*************************************************************
* This example is for display the position of the *
* fourbar-slider mechanism. *

*************************************************************/

#include<stdio.h>
#include<sixbar.h>

int main ()
{
double r[l:6], thetall:4][1:6];
double rp6, betab;
double complex P[1:4];
double psi;
int 1i;
CFourbarSlider fslider;

/* Default specification of the fourbar-slider linkage. */

r(l] = 12; r(2] = 4; r(3] = 12;
r(4] = 7; «r[5] = 6; «r[6] = 9;
rp6 = 3;
for(i = 1; 1 <= 4; i++)
{
theta[i][1] = M_DEG2RAD (10.0);
theta[i] [2] = M_DEG2RAD(70.0);
beta6 = M_DEG2RAD (35.0);

}
psi = M_DEG2RAD (30.0);

/+ Perform fourbar-slider linkage analysis. x/

fslider.setLinks (r, theta[l]l[1l], psi);

fslider.setCouplerPoint (COUPLER_LINK6, rp6, betab6);

fslider.angularPos (theta[l], theta[2], theta[3], thetal[4]);
fslider.displayPosition(theta[l][2], theta[l][3], thetal[l][4], thetall]l[6]);

return 0;

}
Output

| Hext || Prev |§ 15 §| Go |§ Srop 1 Fash ] Blew

CFourbar-5lider

= =

CFourbarsSlider::setCouplerPoint
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Synopsis
#include <sixbar.h>
void setCouplerPoint(int couplerLink, double rp, double beta, ... /* [int trace] */);

Syntax
setCouplerPoint(couplerLink, rp, beta)
setCouplerPoint(couplerLink, rp, beta, trace)

Purpose
Set parameters for the coupler point.

Parameters
couplerLink An int value specifying a macro to indicate which link the coupler is attached to.
rp A double number used for the link length connected to the coupler point.

beta A double number specifying the angular position of the coupler point relative to the link it is attached
to.

it trace An optional parameter of int type specifying either macro TRACE_OFF or TRACE_ON to indicate
whether the coupler curve should be traced during animation.

Return Value
None.

Description
This function sets the parameters of the coupler point.

Example
See CFourbarSlider::couplerPointPos().

CFourbarSlider::setAngularVel

Synopsis
#include <sixbar.h>
void setAngularVel(double omega?);

Purpose
Set the constant angular velocity of link 2.

Parameters
omega2 A double number used for the constant input angular velocity of link 2.

Description
This function sets the constant angular velocity of link 2.

Example
see CFourbarSlider::angularVel().
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CFourbarSlider::setLinks

Synopsis
#include <sixbar.h>
void setLinks(double r/1:6], double thetal, double psi);

Purpose
Setup the links of the fourbar-slider mechanism.

Parameters

r A double array of size 6 used for the length of the links.

thetal A double number for the angle between link 1 and the horizontal.
psi A double number for the included angle between links 4 and 5.

Return Value
None.

Description
This function sets the links of the fourbar-slider mechanism as well as angles 6, and .

Example
See CFourbarSlider::angularPos().

CFourbarSlider::setNumPoints

Synopsis
#include <sixbar.h>
void setNumPoints(int numpoints);

Purpose
Set the number of points for animation.

Parameters
numpoints An integer number used for the number of points.

Return Value
None.

Description
This function sets the number of points for animation of the fourbar-slider mechanism.

Example
See CFourbarSlider::animation().
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CFourbarSlider::sliderAccel

Synopsis
#include <sixbar.h>
double sliderAccel(double theta[1:6], double omega/1:6], double alpha[1:6]);

Purpose
Calculates the acceleration of the slider.

Parameters

theta A double array of size 6 used to store the angular positions of the links.
omega A double array of size 6 used to store the angular velocities of the links.
alpha A double array of size 6 used to store the angular acceleration of the links.

Return Value
This function returns the linear acceleration of the slider.

Description
This function calculates the linear acceleration of the slider parallel to the horizontal. The return value is of
double type.

Example

A fourbar-slider mechanism has the following properties: r1 = 12m,re = 4m,r3 = 12m,ry = Tm,rs =
6m,rg = 9m, 61 = 10°, b = 30°. Given the angle 62, the angular velocity wy and the angular acceleration
(9, calculate the linear acceleration of the slider, 7.

/*********************************************************
* This example is for calculating the acceleration of =«
* the slider. *

*********************************************************/

#include<stdio.h>
#include<sixbar.h>

int main ()
{
double r[l:6], thetal[l:4][1l:6];
double omega[l:4][1:6], alphal[l:4][1:6];
double r7ddot[1:4];
double psi;
int 1i;
CFourbarSlider fslider;

/* Default specification of the fourbar-slider linkage. */

r(l] = 12; r(2] = 4; r(3] = 12;
r(4] = 7; r[(5] = 6; r(6] = 9;
for(i = 1; i <= 4; i++)

{
thetal[i] [1] = M_DEG2RAD(10.0);
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}

thetal[i] [2]
omegali][2]
alphali] [2]

0
}

M_DEG2RAD (70.0
M_DEG2RAD (10.0

’

)
y; // rad/sec
; // rad/sec”2

psi = M_DEG2RAD (30.0);

/+ Perform fourbar-slider linkage analysis. x/
fslider.setLinks (r, thetall][1l], psi);

fslider.angularPos (theta[l], thetal[2
fslider.angularVel (theta[l], omegal[l
fslider.angularVel (theta[2], omegal[2
fslider.angularVel (theta[3], omegal[3
fslider.angularVel (theta[4], omegal[4]);
fslider.angularAccel (theta[l], omegal[l]
fslider.angularAccel (thetal[2], omega[2], alphal2
fslider.angularAccel (theta[3], omegal3]
fslider.angularAccel (theta[4], omegal4]

theta[3]

]!
1)
1)
1)
)

’

r7ddot [1] = fslider.sliderAccel (thetal[l], omega
r7ddot [2] = fslider.sliderAccel (theta[2], omega
r7ddot [3] = fslider.sliderAccel (theta[3], omega
r7ddot [4] = fslider.sliderAccel (thetal4], omega

/* Display the results. */

printf ("Circuit 1:

printf (" r7ddot
printf ("Circuit 2:
printf (" r7ddot
printf ("Circuit 3:
printf (" r7ddot
printf ("Circuit 4:
printf (" r7ddot

return 0;

Output

Circuit 1:

Circuit 2:

Circuit 3:

Circuit 4:

r7ddot = -0.096

r7ddot = -0.062

r7ddot = 0.065

r7ddot = 0.145

Slider Acceleration\n");
= %.3f\n\n", r7ddot[1l]);
Slider Acceleration\n");
= %.3f\n\n", r7ddot[2]);
Slider Acceleration\n");
= %.3f\n\n", r7ddot[3]);
Slider Acceleration\n");
= %.3f\n\n", r7ddot[4]);

Slider Acceleration

Slider Acceleration

Slider Acceleration

Slider Acceleration

’

, alphall

, alphal3
alphal4

[

[
[
[

]
]
]
]
1
2
3
4

thetal4d]);

)
)
)
)
]
]
]
]

’
’

’
’
14
’

’

14

CFourbarSlider::sliderPos

CFourbarSlider::sliderPos

Synopsis
#include <sixbar.h>
double sliderPos(double theta/1:6]);
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Purpose
Calculate the positon of the slider.

Parameters
theta A double array of size 6 used to store the angular positions of the links.

Return Value
This function returns the horizontal position of the slider relative to Ay, the joint where r; and o are fixed
to ground (See Fig.[5.1)).

Description
This function calculates the horizontal distance from Ag to the slider. The return value is of double type.

Example

A fourbar-slider mechanism has the following propertities: vy = 12m,re = 4m,rs = 12m,ry = Tm,r5 =
6m,r¢ = 9m, 01 = 10°, ¢» = 30°. Given the angle 6, calculate the horizontal distance of the slider from
link joint Ag.

/*****************************************************
* This example is for calculating the position of =«
* of the slider. *

*****************************************************/

#include<stdio.h>
#include<sixbar.h>

int main ()
{
double r[l:6], thetal[l:4][1l:6];
double r7[1:4];
double psi;
int 1i;
CFourbarSlider fslider;

/+ Default specification of the fourbar-slider linkage. */

r(l] = 12; r(2] = 4; r(3] = 12;
r[4] = 7; «r[5] = 6; «r[6] = 9;
for(i = 1; 1 <= 4; i++)

{
theta[i][1] = M_DEG2RAD (10.0);
theta[i] [2] = M_DEG2RAD(70.0);
}
psi = M_DEG2RAD (30.0);

/* Perform fourbar-slider linkage analysis. %/
fslider.setLinks (r, thetall][1l], psi);

fslider.angularPos (theta[l], theta[2], theta[3], thetal4]);
r7[1] = fslider.sliderPos (theta[l]);

r7[2] = fslider.sliderPos (theta[2]);
r7[3] = fslider.sliderPos (thetal[3]);
r7[4] = fslider.sliderPos (theta[4])

’

/+ Display the results. */
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printf ("Circuit 1: Slider Position\n");
printf (" r7 = %.3f\n\n", r7[1]);
printf ("Circuit 2: Slider Position\n");
printf (" r7 = %.3f\n\n", r7[2]);
printf ("Circuit 3: Slider Position\n");
printf (" r7 = %.3f\n\n", r7(3]);
printf ("Circuit 4: Slider Position\n");
printf (" r7 = %.3f\n\n", r7[4]);

return 0;

}
Output

Circuit 1: Slider Position
r7 = 22.486

Circuit 2: Slider Position
r7 = 7.600

Circuit 3: Slider Position
r7 = 15.489

Circuit 4: Slider Position
r7 = -0.441

CFourbarSlider::slider Vel

Synopsis
#include <sixbar.h>
double sliderVel(double theta[1:6], double omega[1:6]);

Purpose

Calculates the velocity of the slider.

Parameters

theta A double array of size 6 used to store the angular positions of the links.
omega A double array of size 6 used to store the angular velocities of the links.
Return Value

This function returns the linear velocity of the slider.

Description
This function calculates the linear velcity of the slider parallel to the horizontal. The return value is of
double type.

Example

A fourbar-slider mechanism has the following properties: r; = 12m,re = 4m,r3 = 12m,ry = Tm,rs =
6m,rg = 9m, 61 = 10°, ¢ = 30°. Given the angle 65 and the angular velocity wo, calculate the linear
velocity of the slider, 77.
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/*****************************************************
* This example is for calculating the velocity of =«
* the slider. *

*****************************************************/

#include<stdio.h>
#include<sixbar.h>

int main ()
{
double r[l:6], thetal[l:4][1l:6];
double omega[l:4][1:6];
double r7dot[1:4];
double psi;
int 1i;
CFourbarSlider fslider;

/* Default specification of the fourbar-slider linkage.

r[l]
r[4]
for(i = 1;

{

= 12; r(2] = 4; r(3] = 12;
7; rl51 = 6; «rle]l = 9;
i<= 4; i++)

theta[i][1] = M_DEG2RAD (10.0);
theta[i] [2] = M_DEG2RAD(70.0);
omegali][2] M_DEG2RAD (10.0) ;

// rad/sec

}
psi = M_DEG2RAD (30.0);

/+ Perform fourbar-slider linkage analysis. x/
fslider.setLinks (r, thetall][1l], psi);
fslider.angularPos (theta[l], thetal[2
fslider.angularVel (theta[l], omegal[ll]);

1, thetal3],
1)

fslider.angularVel (theta[2], omegal[2]);
1)
)

fslider.angularVel (theta[3], omegal[3]);

fslider.angularVel (theta[4], omegal[4]

r7dot [1 fslider.sliderVel (thetalll],

r7dot [2] = fslider.sliderVel (thetal2],

r7dot [3 fslider.sliderVel (thetal[3],
[

r7dot [4 fslider.sliderVel (thetal4],

omegal[l]);

omegal2]);
1)
1)

omegal3]);

omega [ 4

’

]
]
]
]

the results. =/

Slider Velocity\n");
%$.3f\n\n", r7dot[1]);
Slider Velocity\n");
%.3f\n\n", r7dot[2]);
Slider Velocity\n");
%.3f\n\n", r7dot[3]);
Slider Velocity\n");
%$.3f\n\n", r7dot[4]);

/+ Display
printf ("Circuit 1:
printf (" r7dot =
printf ("Circuit 2:
printf (" r7dot =
printf ("Circuit 3:
printf (" r7dot =
printf ("Circuit 4:
printf (" r7dot =

return 0;

Output

Slider Velocity
-0.570

Circuit 1:
r7dot =
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Circuit 2: Slider Velocity
r7dot = -0.225

Circuit 3: Slider Velocity
r7dot = -0.200

Circuit 4: Slider Velocity
r7dot = -0.668

CFourbarSlider::uscUnit

Synopsis
#include <sixbar.h>
void uscUnit(bool unit);

Purpose
Specify the use of SI or US Customary units in analysis.

Parameters

unit A boolean argument, where t rue indicates US Customary units are desired and false indicates SI
units.

Return Value
None.

Description

This function specifies the whether SI or US Customary units are used.If unit = true, then US Cus-
tomary units are used; otherwise, SI units are used. By default, SI units are assumed. This member function
shall be called prior any other member function calls.
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Appendix F

Class CWattSixbarl

CWattSixbarl

The header file sixbar.h includes header file linkage.h. The header file sixbar.h also contains a declaration
of class CWattSixbarl. The CWattSixbarl class provides a means to analyze a Watt (I) sixbar linkage
within a Ch language environment.

R
! ry’
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Ps ‘ e
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ry ' r/ ''''''' -
! . o\ Py,
Of Bs s ) 3 G)\F
i 3 , |
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\2 N 4\4 ) \ N
[oR
\\ ol
( Q1 .
Public Data
None.
Public Member Functions
Functions Descriptions
angularAccel Given the angular acceleration of the input link, calculate the angular acceleration of
other links.
angularPos Given the angle of the input link, calculate the angle of other links.
angularVel Given the angular velocity of the input link, calculate the angular velocity of other links.
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animation Watt (I) Sixbar linkage animation.
couplerPointAccel  Calculate the coupler point acceleration.
couplerPointPos Calculate the position of the coupler point.
couplerPoint Vel Calculate the coupler point velocity.
displayPosition Display the position of the Watt (I) sixbar linkage.
setCouplerPoint Set parameters for the coupler point(s).
setAngularVel Set constant angular velocity of linkage 2.
setLinks Set lengths of links.

setNumPoints Set number of points for animation.

uscUnit Specify the use of SI or US Customary units.
See Also

CWattSixbarl::angularAccel

Synopsis
#include <sixbar.h>
void angularAccel(double theta/1:6], double omega[1:6], double alpha[1:6]);

Purpose
Given the angular acceleration of the input link, calculate the angular acceleration of the other links.

Parameters

theta An array of double data type with angles of links.

omega An array of double data type with angular velocities of links.
alpha An array of double data type with angular accelerations of links.

Return Value
None.

Description

Given the angular acceleration of the input link, this function calculates the angular acceleration of the re-
maining moving links of the sixbar. theta is a one-dimensional array of size 6 which stores the angle of each
link. omega is a one-dimensional array of size 6 which stores the angular velocity of each link. alpha is a
one-dimensional array of size 6 which stores the angular acceleration of each link. The result of caculation
is stored in array alpha.

Example

A Watt (I) sixbar linkage has parameters r; = 8m,ro = 4dm,r3 = 10m,ry = Tm,r5 = 7m,r¢ = 8m,
rh = 4m, B3 = 30°, 7] = 9m, B4 = 50°, and 6; = 10°, . Given the angle 65, the angular velocity wy and
the angular acceleration «o, calculate the angular acceleration of the other links.

#include<stdio.h>
#include<sixbar.h>

int main ()
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double r[l:6];

double rP3,
rPP4,

double theta[l:4]1[1l:06],

double thetal = M_DEG2RAD(10),
double omegaz = M_DEG2RAD (10),

beta3,

betad;

CWattSixbarI wattI;

int 1i;

r(l] = 8;
r[(3] = 10
r[(5] = 7;
rP3 = 4;

rPP4 = 9;
for(i =1

{

thetal[i][1]
thetal[i] [2]
omegali] [2]

r

’

b

;i

/+ Perform analysis.

wattI.setLinks (r,

wattI.angularPos (thetall],
wattI.angularVel (thetall],
wattI.angularVel (thetal2],
wattI.angularVel (thetal3],
wattI.angularVel (thetal4],
wattI.angularAccel (theta[l], omegall
wattI.angularAccel (thetal[2], omegal2

/+ Define Watt (I) Sixbar linkage. =*/
(2] = 4;
r(d4] = 7;
r[6] = 8;
beta3 = M_DEG2RAD (30);
etad4d = M_DEG2RAD (50) ;
<= 4; 1i++)
= thetal;
= theta2;
= omega2l;
*/
thetal, rP3, beta3,
thetal2],
omegall]);
omegal[2]) ;
omega[3]);
omegal4])

wattI.angularAccel (theta

[
[3
[

], omegal3

wattI.angularAccel (theta[4], omegal4

/+ Display results.

for(i =1
{

;i

*/

<= 4; i++)

printf ("Solution #%d:\n", 1i);
printf ("\t alpha3
alpha[i][3],
alphal[i][4],
printf ("\t alphab
alphal[i][5],
alphal[i][6],

return 0;

}

Output
Solution #1:
alpha3 = 0.
alphab = 0.
Solution #2:
alpha3 = 0.
alphab = 0.
Solution #3:
alpha3 = 0.

050
008

050
128

023

rad/s”"2
rad/s"2

rad/s”2
rad/s"2

rad/s”2

.86
.47

.86
.32

.34

%.3f rad/s"2
M_RAD2DEG (alphal[i] [3]),
M_RAD2DEG (alphali]l[41));
%.3f rad/s"2
M_RAD2DEG (alpha[i] [5]),
M_RAD2DEG (alphali]l[6]1));

deg/s"2),
deg/s"2),

deg/s"2),
deg/s"2),

deg/s"2),

alpha?2

]
]
]
]

($.2f deg/s”2), alpha4

($.2f deg/s”2), alphat

omegal[l:4][1:6], alpha
theta?2

CWattSixbarl::angularAccel

[1:4][1:6];

= M_DEG2RAD (25) ;

0;

rPP4, betald);

thetal3],

, alphall
, alphal2
, alphal3
, alphal4

alphad =
alpha6 =

alphad =
alpha6 =

alphad =

371

thetal4d]);

’

’

’

1
1)
1)
1

%.3f rad/s"2 (%.2f deg/s"2),\n",

%.3f rad/s"2 (%.2f deg/s"2)\n",

o

.079 rad/s"2 (4.51 deg/s"2),
.117 rad/s"2 (6.69 deg/s"2)

(@]

o

.079 rad/s"2 (4.51 deg/s"2),
.019 rad/s"2 (1.10 deg/s"2)

(@]

-0.006 rad/s"2 (-0.32 deg/s"2),
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alphab5 = 0.069 rad/s"2 (3.95 deg/s"2), alphat
Solution #4:

alpha3 = 0.023 rad/s"2 (1.34 deg/s"2), alpha4 = -0.006 rad/s"2 (-0.32 deg/s”2),
alphab 0.016 rad/s"2 (0.93 deg/s”2), alphat 0.059 rad/s"2 (3.40 deg/s"2)

0.026 rad/s"2 (1.48 deg/s"2)

CWattSixbarl::angularPos

Synopsis
#include <sixbar.h>
void angularPos(double theta_1[1:6], double theta_2[1:6], double theta_3[1:6], double theta_4[1:6]);

Purpose
Given the angle of the input link, calculate the angle of the other links.

Parameters

theta_l A double array of size 6 for the first solution.
theta_2 A double array of size 6 for the second solution.
theta_3 A double array of size 6 for the third solution.
theta_4 A double array of size 6 for the fourth solution.

Return Value
None.

Description

Given the angular position of one link of a sixbar linkage, this function computes the angular positions of
the remaining moving links. theta_I is a one-dimensional array of size 6 which stores the first solution of
angular position. theta_2 is a one-dimensional array of size 6 which stores the second solution of angular
position. theta_3 is a one-dimensional array of size 6 which stores the third solution of angular position.
theta_4 is a one-dimensional array of size 6 which stores the fourth solution of angular position.

Example

A Watt (I) sixbar linkage has link lengths r; = 8m,r9 = 4m,r3 = 10m,ry = Tm,r5 = Tm,r¢ = 8m,
rh = 4m, B3 = 30°, 1] = 9m, B4 = 50°, and ; = 10°. Given the angle 6o, calculate the angular positions
of the other links for each circuit.

#include<stdio.h>
#include<sixbar.h>

int main ()
{
double r[l:6];
double rP3, beta3,
rPP4, betai;
double theta[l:4]1[1:06];
double thetal = M_DEG2RAD(10), theta2 = M_DEG2RAD (25);
CWattSixbarI wattI;
int 1i;
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}

/x Define Watt (I) */
r[l] = 8; r[2] =4
r[3] 10; r[4]

r[5] 7; r[6]

rP3 = 4; betald =
rPP4 = 9; Dbetad =
for(i = 1; 1 <= 4;

{

Sixbar linkage.

’

O~ ~e

M_DEG2RAD (30) ;
M_DEG2RAD (50) ;
i++)

thetal[i] [1]
thetali] [2] =

thetal;
theta2;

/* Perform analysis. =/
wattI.setLinks (r, thetal,
wattI.angularPos (thetall],

rP3, beta3, betald);

thetal2],

rPP4,
thetal[3],

*/
it+)

/+ Display results.
for(i = 1; 1 <= 4;
{

printf ("Solution #%$d:\n", 1i);

printf (" theta3 = %.3f radians (%.2f degrees), theta4d
theta[i] [3], M_RAD2DEG (theta[i][3]),
thetal[i][4], M_RAD2DEG (thetali][4]));

printf (" thetab = %.3f radians (%.2f degrees), thetab

thetal[i] [5],
thetal[i] [6],

M_RAD2DEG (theta[i] [5]),
M_RAD2DEG (theta[i] [6]));

return 0;

Output

Solution #1:

theta3 = 0.554 radians (31.73 degrees), theta4d = 0.918 radians
thetab = 0.421 radians (24.11 degrees), theta6 = 2.240 radians
Solution #2:

theta3 = 0.554 radians (31.73 degrees), theta4d = 0.918 radians
thetab = -1.006 radians (-57.62 degrees), theta6 = -2.824 radians
Solution #3:

theta3 = -0.695 radians (-39.83 degrees), theta4d = -1.059 radians
thetab = -0.848 radians (-48.59 degrees), theta6 = 0.356 radians
Solution #4:

theta3 = -0.695 radians (-39.83 degrees), theta4d = -1.059 radians
thetab = -2.979 radians (-170.70 degrees), theta6t = 2.100 radians

thetal4d]);

CWattSixbarl::angular Vel

%.3f radians (%.2f degrees),\n",

%.3f radians (%.2f degrees)\n",

(52.60 degrees),
(128.32 degrees)

(52.60 degrees),
(-161.83 degrees)

(-60.70 degrees),
(20.39 degrees)

(-60.70 degrees),
(120.32 degrees)

CWattSixbarl::angular Vel

Synopsis
#include <sixbar.h>
void angularVel(double theta[1:6], double omega[1:6]);

Purpose
Given the angular velocity of one link, calculate the angular velocity of the other links.
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Parameters
theta A double array used for the input angle of links.
omega A double array used for the angular velocities of links.

Return Value
None.

Description

Given the angular velocity of the input link, this function calculates the angular velocities of the remaining
moving links of the Watt (I) sixbar. theta is an array for link positions. omega is an array for angular velocity
of links.

Example

A Watt (I) sixbar linkage has link lengths 1 = 8m,re = 4dm,r3 = 10m,ry = Tm,r5 = Tm,rg = 8m,
ry = 4m, B3 = 30°,7) = 9m, B4 = 50°, and angle §; = 10°. Given the angle 02 and the angular velocity
w2, determine the angular velocities of the other links for each circuit.

#include<stdio.h>
#include<sixbar.h>

int main ()
{
double r[l:6];
double rP3, beta3,
rPP4, betaid;
double theta[l:4][1:6], omegal[l:4][1:6];
double thetal = M_DEG2RAD(10), theta2 = M_DEG2RAD (25);
double omega2 = M_DEG2RAD (10);
CWattSixbarI wattI;
int 1i;

/+ Define Watt (I) Sixbar linkage. =*/
r[l] = 8; «r[2] =4

r[3] = 10; r[4] 7;

r[(5] = 7; r(6] = 8;

rP3 = 4; beta3 = M_DEG2RAD (30);

rPP4 = 9; betad4d = M_DEG2RAD (50);

for(i = 1; i <= 4; i++)

{
theta[i][1] = thetal;
theta[i][2] = theta2;
omegali] [2] = omegaZl2;

}

/+ Perform analysis. =/
wattI.setLinks (r, thetal, rP3, beta3, rPP4, betad);
wattI.angularPos (theta[l], theta[2], thetal[3], thetal4d]);
wattI.angularVel (theta[l], omegall
wattI.angularVel (theta[2], omegalZ2
[
[

)I
)i
).
)

’

wattI.angularVel (theta[3], omegal3

1
1
1
wattI.angularVel (theta[4], omegal4]

’

/+ Display results. x/
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printf ("Solution #%d:\n",

it+)

printf ("\t omega3 =

omegal[i] [3],
omegal[i] [4],

printf ("\t omega5 =

}

return 0;

}
Output

Solution #1:

omegal3 = -0.
omegab = -0.
Solution #2:
omega3 = -0.
omega5 = -0.
Solution #3:
omega3 = -0.
omegab = -0.
Solution #4:
omegal3 = -0.
omega5 = -0.

omegal[i] [5],
omegali][6],

091
149

rad/s (

rad/s (-
091
057

rad/s (-5
rad/s (-3
195
134

rad/s
rad/s

195
194

rad/s
rad/s

-5.
8

i);

%.3f rad/s
M_RAD2DEG (omega [1] [3]),

M_RAD2DEG (omega [1] [4])

%.3f rad/s
M_RAD2DEG (omega [1] [5]),
M_RAD2DEG (omega[i] [6]));

20
.52

.20
.27

deg/s),
deg/s),

deg/s),
deg/s),

(-11.20 deg/s),
(-7.68 deg/s),

(-11.20 deg/s),
(-11.14 deg/s),

%.2f deg/s), omegad =
)i
%.2f deg/s), omegab =
omegad4 = -0.033 rad/s
omega6b = -0.066 rad/s
omegad4 = -0.033 rad/s
omega6 = -0.140 rad/s
omegad = -0.253 rad/s
omega6 = -0.184 rad/s
omegad = -0.253 rad/s
omega6b = -0.144 rad/s

%.3f rad/s

%.3f rad/s

(7

(7

CWattSixbarl::animation

%.2f deg/s),\n",

%.2f deg/s)\n",

1.88 deg/s),
(-3.

77 deg/s)

1.88 deg/s),
(-8.

02 deg/s)

(-14.52 deg/s),
(-10.55 deg/s)

(-14.52 deg/s),
(-8.27 deg/s)

CWattSixbarl::animation

Synopsis

#include <sixbar.h>

int animation(int branchnum, ... /* [int animationtype,

Syntax

animation(branchnum)
animation(branchnum, animationtype)
animation(branchnum, animationtype, datafilename)

Purpose

An animation of a Watt (I) sixbar mechanism.

Parameters

branchnum an integer used for indicating which branch will be drawn.

string_t datafilename] */);

it animationtype an optional parameter to specify the output type of the animation.

datafilename an optional parameter to specify the output file name.

Return Value

This function returns O on success and -1 on failure.
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Description

This function simulates the motion of Watt (I) sixbar mechanism. branchnum is an integer number which
indicates the branch you want to draw. animationtype is an optional parameter used to specify how the
animation should be outputted. animationtype can be either of the following macros:
QANIMATE_OUTPUTTYPE DISPLAY, QANIMATE OUTPUTTYPE FILE,
QANIMATE_OUTPUTTYPE_STREAM. QANIMATE _OUTPUTTYPE_DISPLAY displays an animation
on the screen. QANIMATE_OUTPUTTYPE_FILE writes the animation data onto a file.
QANIMATE_OUTPUTTYPE_STREAM outputs the animation to the standard out. datafilename is an op-
tional parameter to specify the output file name.

Example 1

For a Watt (I) sixbar linkage with link lengths r; = 8m,ry = 4dm,r3 = 10m,ry = Tm,rs = Tm,rg =
8m,ry = 4dm,r} = 9m,rf = 4m,r{ = 5m, and angles B3 = 30°, 84 = 50°, B5 = 35° B¢ = 30°,
01 = 10°, simulate the motion of the sixbar linkage. Also, trace the curve generated by the motion of the
coupler on link 6.

#include<stdio.h>
#include<sixbar.h>

int main ()
{
double r[l:6];
double rP3, beta3,
rPP4, betad,
rP5, betah,
rPP6, betab;
double theta[l:4]1[1:06];
double thetal = M_DEG2RAD(10), theta2 = M_DEG2RAD (25);
double complex P1[1:4], P2[1:4];
CWattSixbarI wattI;
int 1i;

/+ Define Watt (I) Sixbar linkage. =*/

r[l] = 8; «r[2] = 4;
r[(3] = 10; r(4] = 7;
r[5] = 7; r[6] = 8;
rP3 = 4 beta3 = M_DEG2RAD (30);

rPP4 = 9; Dbeta4 = M_DEG2RAD (50);

rP5 = 4; Dbeta5 = M_DEG2RAD(35);
rPP6 = 5; beta6 = M_DEG2RAD (30) ;
for(i = 1; 1 <= 4; i++)
{
theta[i] [1] = thetal;
thetal[i] [2] = theta2;

}

/+ Perform analysis. =/

wattI.setLinks (r, thetal, rP3, beta3, rPP4, betad);
wattI.setCouplerPoint (COUPLER_LINK5, rP5, beta5, TRACE_OFF);
wattI.setCouplerPoint (COUPLER_LINK6, rPP6, beta6, TRACE_ON);
wattI.animation (1) ;

wattI.animation (2, QANIMATE_OUTPUTTYPE_FILE, "tempdata");
wattI.animation (3);

wattI.animation (4);
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return 0;

}
Output
E EEEE S [-1jES

[ Hext |[ Prev |[ AL | Stop 1 Fast @ Sles | ‘ Hext H Prev H All | Stap 0 Fash 1 Blow |

Hatt (I} Sixbar

Hatt (I} Sinbar

E

|

[ Mext |[ Prev |[ALL |[60 ]| Stop | fost i Sios [Mext ][ Prev J[ ALl |[Go ] Stop . [.fest 11 Show |
: = it d Matt (I> Sisbar

Hatt (I) Sizbar

CWattSixbarl::couplerPointAccel
Synopsis

#include <sixbar.h>

double complex couplerPointAccel(int couplerLink, double theta[1:6], double omega[1:6], double al-
phal[1:6]);

Purpose
Calculate the acceleration of the coupler point.
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Parameters

couplerLink An int value specifying a macro to indicate which link the coupler is attached to.
theta An array of type double used to store the angular positions of each link.

omega An array of type double used to store the angular velocity of each link.

alpha An array of type double used to store the angular acceleration of each link.

Return Value
This function returns the acceleration of the coupler point.

Description
This function calculates the acceleration of the coupler point. The return value is a double complex, which
indicates the vector of the acceleration of the coupler point.

Example

A Watt (I) sixbar linkage has link lengths r; = 8m,r9 = 4m,r3 = 10m,ry = Tm,rs = Tm,rg =
8m,ry = 4m,r] = 9m,rf = 4m,r{ = 5m, and angles B3 = 30°, 84 = 50°, B5 = 35° B¢ = 30°,
61 = 10°. Given the angle 5, angular velocity wy and angular acceleration «, calculate the acceleration of
coupler points for each circuit.

#include<stdio.h>
#include<sixbar.h>

int main ()
{
double r[l:6];
double rP3, beta3,
rPP4, betad,
rP5, betah,
rPP6, betab;
double thetal[l:4][1:6], omega[l:4][1:6], alpha[l:4][1:6];
double thetal M_DEG2RAD (10), theta2 = M_DEG2RAD (25);
double omega2 = M_DEG2RAD (10), alpha2 = 0;
double complex Apl[l1l:4], Ap2[l1l:4];
CWattSixbarI wattI;
int 1i;

/+ Define Watt (I) Sixbar linkage. =*/

r(l] = 8; r(2] = 4;
r[(3] = 10; r(4] = 7;
r[5] = 7; r[6] = 8;
rP3 = 4 beta3 = M_DEG2RAD (30) ;

14
rPP4 = 9; betad4d = M_DEG2RAD (50);
rP5 = 4; Dbeta5 = M_DEG2RAD (35);
rPP6 = 5; beta6 = M_DEG2RAD (30);
for(i = 1; i <= 4; i++)

{

theta[i] [1] = thetal;
theta[i][2] = theta2;
omegali] [2] = omega2;
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/* Perform analysis. =/

wattI.setLinks (r, thetal, rP3, beta3, rPP4
wattI.setCouplerPoint (COUPLER_LINKS5, rP5,
wattI.setCouplerPoint (COUPLER_LINK6, rPP6,
wattI.angularPos (thetal[l], theta[2], theta
wattI.angularVel (thetal[l], omegalll]);
wattI.angularVel (thetal[2], omegal2]);
wattI.angularVel (theta[3], omegal3]);
wattI.angularVel (thetal[4], omegal4]);
wattI.angularAccel (theta[l], omegal[l], alp
wattI.angularAccel (theta[2], omegal[2], alp
wattI.angularAccel (theta[3], omegal[3], alp

wattI.angularAccel (thetal[4], omegal[4], alp

CWattSixbarl::couplerPointPos

, betad);
betab);

betab);
thetal4d]);

(31,

ha[l]
ha[2]
ha[3]
hal4]

)
)
)
)

’

4
thetal[l
thetal2

, omegall ;

, omegal2
theta[3], omegal[3], alphal3
theta[4], omegal[4], alphal4

] 1, alphall]
1 1 1
1 1 1
] ] ]
theta[l], omegal[l], alphall]
1 1 1
] ] ]
1 1 1

, alphal2

’

)
)
)7
)i
).
)
)
)

’

thetal[2], omegal2], alphal2]);
, omegal[3], alphal3

, omegal4], alphal4

’

thetal[3
thetal4

’

Ap2[i]);

Apl[l] = wattI.couplerPointAccel (COUPLER_LINKS5,
Apl[2] = wattI.couplerPointAccel (COUPLER_LINKS,
Apl[3] = wattI.couplerPointAccel (COUPLER_LINKS,
Apl[4] = wattI.couplerPointAccel (COUPLER_LINKS5,
Ap2[1l] = wattI.couplerPointAccel (COUPLER_LINKG6,
Ap2[2] = wattI.couplerPointAccel (COUPLER_LINKG6,
Ap2[3] = wattI.couplerPointAccel (COUPLER_LINKG6,
Ap2[4] = wattI.couplerPointAccel (COUPLER_LINKG6,
/* Display results. =/
for(i = 1; i <= 4; i++)
{
printf ("Solution #%d:\n", 1i);
printf ("\t Apl = %.3f, Ap2 = %$.3f\n", Apl[i],
}
return 0;
}
Output
Solution #1:
Apl = complex(-0.382,0.063), Ap2 = complex(-0.616,0.602)

Solution #2:

Apl complex (0.210,0.003),
Solution #3:

Apl complex (0.021,0.169), Ap2
Solution #4:

Apl complex (-0.137,-0.057),

Ap2

Ap2

complex (0.034,0.593)
complex (0.013,0.714)

complex (-0.138,0.452)

CWattSixbarl::couplerPointPos

Synopsis
#include <sixbar.h>

void couplerPointPos(int couplerLink, double theta2, double complex P[1:4]);

Purpose
Calculate the position of the coupler point.

Parameters

couplerLink An int value specifying a macro to indicate which link the coupler is attached to.
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theta? A double number used for the input angle of link.
P A double complex array for the four solutions of coupler point.

Return Value
None.

Description

This function calculates the position of the coupler point. theta2 is the input angle. P/1:4] is the four so-
lutions of the coupler point position, respectively, which is a complex number indicating the vector of the
coupler point.

Example

A Watt (I) sixbar linkage has link lengths r; = 8m,r9 = 4m,r3 = 10m,ry = Tm,rs = Tm,rg =
8m,ry = 4dm,r} = 9m,rf = 4m,r{ = 5m, and angles B3 = 30°, 84 = 50°, B5 = 35° B¢ = 30°,
01 = 10°. Given the angle 5, calculate the position of the coupler points for each circuit.

#include<stdio.h>
#include<sixbar.h>

int main ()
{
double r[l:6];
double rP3, beta3,
rPP4, betad,
rP5, betah,
rPP6, betab;
double theta[l:4][1:6];
double thetal = M_DEG2RAD(10), thetaz2 = M_DEG2RAD (25);
double complex P1[1:4], P2[1:4];
CWattSixbarI wattI;
int 1i;

/+ Define Watt (I) Sixbar linkage. =/
r(l] = 8; r[2] = 4

r[(3] = 10; r(4] = 7;
r[5] = 7; r[e] = 8;
rP3 = 4 beta3 = M_DEG2RAD (30) ;

rPP4 = 9; Dbeta4 = M_DEG2RAD (50);

rP5 = 4; beta5 = M_DEG2RAD (35);
rPP6 = 5; Dbetac = M_DEG2RAD (30);
for(i = 1; 1 <= 4; i++)

{
theta[i][1] = thetal;
thetal[i] [2] = theta2;

/+ Perform analysis. =/

wattI.setLinks (r, thetal, rP3, beta3, rPP4, betad);
wattI.setCouplerPoint (COUPLER_LINK5, rP5, betab);
wattI.setCouplerPoint (COUPLER_LINK6, rPP6, betab);
wattI.angularPos (thetal[l], theta[2], theta[3], thetal4]);
wattI.couplerPointPos (COUPLER_LINKS5, theta2, P1l);
wattI.couplerPointPos (COUPLER_LINK6, theta2, P2);
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/+ Display results. =/
for(i = 1; 1 <= 4; i++)
{
printf ("Solution #%d:\n", 1i);
printf ("\t P1 = %.3f, P2 = $.3f\n", P1[1i], P2[i]);
}

return 0;

}

Output

Solution #1:

Pl = complex(7.573,8.646), P2 = complex(16.146,6.744)
Solution #2:

Pl = complex(9.212,3.675), P2 = complex(11.975,2.822)
Solution #3:

Pl = complex(11.454,0.067), P2 = complex(9.627,-7.865)
Solution #4:

Pl = complex(4.704,-1.786), P2 = complex(4.669,-2.030)

CWattSixbarl::couplerPoint Vel

Synopsis
#include <sixbar.h>
double complex couplerPointVel(int couplerLink, double theta[1:6], double omega[1:6]);

Purpose
Calculate the velocity of the coupler point.

Parameters

couplerLink An int value specifying a macro to indicate whick link the coupler is attached to.
theta An array of type double used to store the angular positions of each link.

omega An array of type double used to store the angular velocities of each link.

Return Value
This function returns the velocity of the coupler point.

Description
This function calculates the velocity of the coupler point. The return value is a double complex, which
indicates the vector of the velocity of the coupler point.

Example

A Watt (I) sixbar linkage has link lengths r; = 8m,r9 = 4m,r3 = 10m,ry = Tm,rs = Tm,rg =
8m,ry = 4dm,r] = 9m,rl = 4m,r{ = 5m, and angles B3 = 30°, 84 = 50°, B5 = 35° B¢ = 30°,
61 = 10°. Given the angle 62 and angular velocity ws, calculate the velocity of coupler points for each
circuit.
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#include<
#include<

int main(
{
double
double

double
double
double
double

stdio.h>
sixbar.h>

)

r(l:6];
rP3, bet
rPP4, be
rP5, bet
rPP6, be
theta[l:
thetal
omega2
complex

a3,

tad,

ab,

ta6;

4][1:6], omegal[l:4][1:6];
M_DEG2RAD (10), theta2 =
M_DEG2RAD (10) ;

Vpl[l:4], Vp2[1l:4];

CWattSixbarI wattI;

int 1i;

/* Def
r[l]
r[3]
r[5]
rP3
rPP4
rP5
rPP6
for (i

{

the
the
ome

/+ Perform analysis.

wattI.
wattI.
wattI.
wattI.
wattl
wattI.
wattI.
wattI.
Vpl[1l]
Vpl[2]
Vpl[3]
Vpl[4]
Vp2[1l]
Vp2[2]
Vp2[3]
Vp2[4]

/+ Display results.

for (i

{

printf ("Solution #%d:\n",
printf ("\t Vvpl

return

= 8;

ine Watt
r[(2]
r(4
r(i6
beta3
beta
betab
beta
<=

10;
7;
4;
9;
4;
5

1; i
tali][1]
tafil[2]

gali][2]

setLinks (
setCouple
setCouple
angularPo

.angularVe

angularVe
angularVe
angularVe
= wattI
wattI.
wattI.
wattI.
wattI.
wattI
wattI.
wattI.

=1; 1 <=

0;
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M_DEG2RAD (25) ;

CWattSixbarl::couplerPoint Vel

(I) Sixbar linkage. */

= 4;

1 7;

1 = 8;

= M_DEG2RAD (30) ;

4 = M_DEG2RAD (50);

= M_DEG2RAD (35) ;

6 = M_DEG2RAD (30) ;

4; i++)

= thetal;

= theta2;

= omega?l;

x/

r, thetal, rP3, beta3, rPP4, betad);

rPoint (COUPLER_LINKS5, rP5, betab);

rPoint (COUPLER_LINK6, rPP6, betab);

s(theta[l], theta[2], theta[3], thetal4]);

1l (thetall], omegalll);

1 (theta[2], omegal2]);

1l (thetal3], omegal3]);

1l (thetal4], omegal4l]);
.couplerPointVel (COUPLER_LINK5, theta[l], omegal[ll]);
couplerPointVel (COUPLER_LINKS5, theta[2], omegal2]);
couplerPointVel (COUPLER_LINKS, thetal[3], omegal3]);
couplerPointVel (COUPLER_LINKS, thetal[4], omegal4]);
couplerPointVel (COUPLER_LINK6, theta[l], omegall]);
.couplerPointVel (COUPLER_LINK6, theta[2], omegal[2]);
couplerPointVel (COUPLER_LINK6, thetal[3], omegal3]);
couplerPointVel (COUPLER_LINK6, thetal[4], omegal4]);

x/
4; i++)
i),
= %.3f, Vp2 = %.3f\n", Vpl[i], Vp2I[i]);
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Output

Solution #1:

Vpl = complex(-0.113,-0.165), Vp2 = complex(0.339,-0.247)
Solution #2:

Vpl = complex(-0.691,0.321), Vp2 = complex(0.157,0.390)
Solution #3:

Vpl = complex(-1.077,-0.168), Vp2 = complex(-2.287,-0.101)
Solution #4:

Vpl = complex(-0.453,1.938), Vp2 = complex(-1.412,0.810)

CWattSixbarl::displayPosition

Synopsis

#include <sixbar.h>

int displayPosition(double t/ieta2, double thera3, double theta4, double theta5, double thetab, ... /* [int
outputtype [, [char * filenamel]] */);

Syntax

displayPosition(theta2, theta3, theta4, theta5, theta6)
displayPosition(theta2, theta3, theta4, theta, theta6, outputtype)
displayPosition(theta2, theta3, theta4, theta5, theta6, outputtype, filename)

Purpose
Given 62, 63, 64, 05, and 8¢, display the current position of the Watt (I) sixbar linkage.

Parameters

theta2 0y angle.

theta3 03 angle.

theta4 0, angle.

theta5 05 angle.

theta6 0g angle.

outputtype an optional argument for the output type.
filename an optional argument for the output file name.

Return Value
This function returns 0 on success and -1 on failure.

Description

Given 05, 03, 04, 05, and 0 display the current position of the Watt (I) sixbar linkage. outputtype is
an optional parameter used to specify how the output should be handled. It may be one of the following
macros: QANIMATE_OUTPUTTYPE_DISPLAY, QANIMATE_OUTPUTTYPE_FILE,
QANIMATE_OUTPUTTYPE_STREAM. QANIMATE_OUTPUTTYPE _DISPLAY outputs the figure to the
computer terminal. QANIMATE_OUTPUTTYPE_FILE writes the qanimate data onto a file.
QANIMATE_OUTPUTTYPE_STREAM outputs the qanimate data to the standard out stream. filename

383



Chapter F: Watt (1I) Sixbar Linkage <sixbar.h> CWattSixbarl::setCouplerPoint

is an optional parameter to specify the output file name.

Example

A Watt (I) sixbar linkage has link lengths 71 = 8m,ry = 4m,r3 = 10m,ry = Tm,r5 = Tm,r6 = 8m,
6, = 10°, 5 = 4m, 3 = 30°, rj = 9m, betay = 50°, and coupler properties 7, = 4m and 5 = 35°
attached to link 5. Given the angle 69, display the Watt (I) sixbar linkage in its current position for the first
branch.

#include<stdio.h>
#include<sixbar.h>

int main ()
{
double r[l:6];
double rP3, beta3,
rPP4, betald,
rP5, betab;
double theta[l:4]1[1:06];
double thetal = M_DEG2RAD(10), theta2 = M_DEG2RAD (25);
CWattSixbarI wattI;
int 1i;

/+ Define Watt (I) Sixbar linkage. =/

r[l] = 8; «r[2] = 4;
r[(3] = 10; r(4] = 7;
r[5] = 7; r(6] = 8;
rP3 = 4 beta3 = M_DEG2RAD (30);

rPP4 = 9; Dbeta4 = M_DEG2RAD (50);
rP5 = 4; Dbetab = M_DEG2RAD (35);

for (i 1; i <= 4; 1i++)
{
theta[i] [1] = thetal;
theta[i][2] = theta2;

}

/* Perform analysis. =/

wattI.setLinks (r, thetal, rP3, beta3, rPP4, betad);
wattI.setCouplerPoint (COUPLER_LINK5, rP5, betab);
wattI.angularPos (theta[l], theta[2], thetal[3], thetal4d]);
wattI.displayPosition(theta[1l][2], theta[l][3], thetal[l][4], thetall]l[5], theta[l][6]);

return 0;

}

Output
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hd g2nimate

| Hext || Prev |§ BiE §| Go |§ Grop 0 Fash 0 Blow

Hatt (I} Sisbar

= =

CWattSixbarl::setCouplerPoint

Synopsis
#include <sixbar.h>
void setCouplerPoint(int couplerLink, double rp, beta, ... /I* [int trace] */);

Syntax
setCouplerPoint(couplerLink, rp, beta)
setCouplerPoint(couplerLink, rp, beta, trace)

Purpose
Set parameters for the coupler point.

Parameters
couplerLink An int value specifying a macro to indicate which link the coupler is attached to.
rp A double number used for the link length connected to the coupler point.

beta A double number specifying the angular position of the coupler point relative to the link it is attached
to.

it trace An optional parameter of int type specifying either macro TRACE_OFF or TRACE_ON to indicate
whether the coupler curve should be traced during animation.

Return Value
None.

Description
This function sets the parameters of the coupler point on the link specified by couplerLink.

Example
see CWattSixbarl::couplerPointAccel().
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CWattSixbarl::setAngular Vel

Synopsis
#include <sixbar.h>
void setAngularVel(double omega?);

Purpose
Set the constant angular velocity of link2.

Parameters
omega2 A double number used for the constant input angular velocity of link2.

Return Value
None.

Description
This function sets the constant angular velocity of link?2.

Example
see CWattSixbarl::angularVel().

CWattSixbarl::setLinks

Synopsis
#include <sixbar.h>
void setLinks(double r/1:6], double thetal, rP3, beta3, rPP4, beta4);

Purpose
Set the lengths of links.

Parameters

r An array of double numbers used for the lengths of links.

thetal A double number for the angle between link1 and the horizontal.
rP3 A double number for length % of link 3.

beta3 A double number for the angle between 75 and rs.

rPP4 A double number for length 77 of link 4.

beta4 A double number for the angle between 7} and 4.

Return Value
None.

Description
This function sets the lengths of the links and the known angles 6+, 53 and (4.
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Example
see CWattSixbarl::angularPos().

CWattSixbarI::uscUnit

CWattSixbarl::setNumPoints

Synopsis
#include <sixbar.h>
void setNumPoints(int numpoints);

Purpose
Set number of points for the animation.

Parameters

numpoints An integer number used for the number of points.

Return Value
None.

Description
This function sets the number of points for the animation.

Example
see CWattSixbarl::animation().

CWattSixbarl::uscUnit

Synopsis
#include <sixbar.h>
void uscUnit(bool unit);

Purpose
Specify the use of SI or US Customary units in analysis.

Parameters

unit A boolean argument, where t rue indicates US Customary units are desired and false indicates SI

units.

Return Value
None.

Description

This function specifies the whether SI or US Customary units are used.If unit

= true, then US Cus-

tomary units are used; otherwise, SI units are used. By default, SI units are assumed. This member function

shall be called prior any other member function calls.
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Class CWattSixbarll

CWattSixbarll

The header file sixbar.h includes header file linkage.h. The header file sixbar.h also contains a declaration
of class CWattSixbarll. The CWattSixbarll class provides a means to analyze a Watt (II) sixbar linkage
within a Ch language environment.

Public Data
None.

Public Member Functions

Functions Descriptions

angularAccel Given the angular acceleration of one link, calculate the angular acceleration of other links.
angularPos Given the angle of one link, caculate the angle of other links.

angularVel Given the angular velocity of one link, calculate the angular velocity of other links.
animation Fourbar linkage animation.

couplerPointAccel  Calculate the coupler point acceleration.

couplerPointPos Calculate the position of the coupler point.

couplerPoint Vel Calculate the coupler point velocity.

displayPosition Display the position of the Watt (II) sixbar linkage.

getlORanges Calculate all the possible input/output ranges for the linkage.
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setCouplerPoint Set parameters for the coupler point.
setAngularVel Set constant angular velocity of linkage 2.
setLinks Set lengths of links.

setNumPoints Set number of points for animation.

uscUnit Specify the use of SI or US Customary units.
See Also

CWattSixbarll::angularAccel

Synopsis
#include <sixbar.h>
void angularAccel(double theta[1:6], double omega[1:6], double alpha[1:6]);

Purpose
Given the angular acceleration of the input link, calculate the angular acceleration of the other links.

Parameters

theta An array of double data type with angles of links.

omega An array of double data type with angular velocities of links.
alpha An array of double data type with angular accelerations of links.

Return Value
None.

Description

Given the angular acceleration of the input link, this function calculates the angular acceleration of the re-
maining moving links of the sixbar. theta is a one-dimensional array of size 6 which stores the angle of each
link. omega is a one-dimensional array of size 6 which stores the angular velocity of each link. alpha is a
one-dimensional array of size 6 which stores the angular acceleration of each link. The result of caculation
is stored in array alpha.

Example
A Watt (II) sixbar linkage has parameters r; = 12m,ro = 4m,r3 = 12m,r4 = Tm,r5 = Tm,r¢ =
5m,r7 = 8m,rg = 6m, 61 = 10°, 5 = —10°, and b = 30°. Given the angle 65, the angular velocity wo

and the angular acceleration as, calculate the angular acceleration of the other links.

/*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*******************************
* This example is for calculating the angular =«
* acceleration of various links of a *
* Watt (II) sixbar linkage. *
*************************************************/

#include <sixbar.h>
int main() {

CWattSixbarII wattbar;
double r[1:8], theta[l:8],theta_2[1:8],theta_3[1:8],theta_4[1:8];
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double omega[l:8],omega_2[1:8],omega_3[1:8],omega_4[1:8];
double alpha[l:8],alpha_2[1:8],alpha_3[1:8],alpha_4[1:8];
double thetal, thetab;

double psi;

int 1i;

/+ default specification of the four-bar linkage */
r(l] = 12; r([2] = 4; r[3] = 12; r[4] = 7;

r[(5] = 7; r[6] = 5; r[7] = 8; r[8] =6;

thetal = 10xM_PI/180;

thetab = -10+xM_PI/180;

theta[2]=70+«M_PI/180;

omega[2]=10«M_PI/180; /x rad/sec «/

alpha[2]1=0; /+x rad/secxsec */

psi = 30«M_PI/180;

theta_2[2] = theta_3[2] = theta_4[2] = thetal[2];
omega_2[2] = omega_3[2] = omega_4[2] = omegal2];
alpha_2[2] = alpha_3[2] = alpha_4[2] = alphal2];

wattbar.setLinks (r, thetal, thetab, psi);
wattbar.angularPos (theta, theta_2,theta_3,theta_4);
wattbar.angularVel (theta, omega);
wattbar.angularAccel (theta, omega, alpha);
printf ("\n Circuit 1: Angular Accelerations\n\n");
for (1i=2; 1<=8; 1i++) {
if (i!=5)
printf ("alpha[%d]=%6.3f\n", i, alphalil);
}
wattbar.angularVel (theta_2, omega_2);
wattbar.angularAccel (theta_2, omega_2, alpha_2);
printf ("\n Circuit 2: Angular Accelerations\n\n");
for (i=2; i<=8; i++) {
1if(1!=5)
printf ("alpha[%$d]=%6.3f\n", i, alpha_2[i]);
}
wattbar.angularVel (theta_3, omega_3);
wattbar.angularAccel (theta_3, omega_3, alpha_3);
printf ("\n Circuit 3: Angular Accelerations\n\n");
for (1i=2; 1<=8; 1i++) {
if (i!=5)
printf ("alpha[%$d]=%6.3f\n", i, alpha_3[i]);
}
wattbar.angularVel (theta_4, omega_4);
wattbar.angularAccel (theta_4, omega_4, alpha_4);
printf ("\n Circuit 4: Angular Accelerations\n\n");
for (i=2; 1i<=8; i++) {
if(i!=5)
printf ("alpha[%d]=%6.3f\n", i, alpha_4[i]);

Output

Circuit 1: Angular Accelerations

alpha[2]= 0.000
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alpha([3]= 0.007
alpha[4]= 0.012
alpha[6]= 0.012
alpha[7]= 0.001
alpha([8]= 0.010

Circuit 2: Angular Accelerations

alpha([2]= 0.000
alpha([3]= 0.007
alpha[4]= 0.012
alpha[6]= 0.012
alpha[7]= 0.009
alpha([8]=-0.000

Circuit 3: Angular Accelerations

alpha([2]= 0.000
alpha[3]= 0.019
alpha[4]= 0.014
alpha[6]= 0.014
alpha[7]= 0.009
alpha[8]=-0.003

Circuit 4: Angular Accelerations

alpha([2]= 0.000
alpha[3]= 0.019
alpha[4]= 0.014
alpha[6]= 0.014
alpha[7]= 0.001
alpha([8]= 0.013

CWattSixbarll::angularPos

Synopsis
#include <sixbar.h>
void angularPos(double theta_1[1:6], double theta_2[1:6], double theta_3[1:6], double theta_4[1:6]);

Purpose
Given the angle of the input link, calculate the angle of the other links.

Parameters

theta_1 A double array of size 6 for the first solution.
theta_2 A double array of size 6 for the second solution.
theta_3 A double array of size 6 for the third solution.
theta_4 A double array of size 6 for the fourth solution.

Return Value
None.
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Description

Given the angular position of one link of a sixbar linkage, this function computes the angular positions of
the remaining moving links. theta_I is a one-dimensional array of size 6 which stores the first solution of
angular position. theta_2 is a one-dimensional array of size 6 which stores the second solution of angular
position. theta_3 is a one-dimensional array of size 6 which stores the third solution of angular position.
theta_4 is a one-dimensional array of size 6 which stores the fourth solution of angular position.

Example
A Watt (II) sixbar linkage has link lengths 1 = 12m,ro = 4m,r3 = 12m,ry = Tm,r5 = Tm,rg =
5m,r7 = 8m,rg = 6m, #; = 10°, 05 = —10°, and ¢y = 30°. Given the angle 6, calculate the angular

positions of the other links for each circuit.

/*************************************************
* This example is for calculating the angular =
* position of various links of a *
* Watt (II) sixbar linkage. *

*************************************************/
#include <sixbar.h>

int main () {
CWattSixbarII wattbar;
double r[1:87;
double thetal = 10«M_PI/180;
double thetab -10«M_PI/180;
double rp = 5, beta = 45«M_PI/180;
double psi = 30«M_PI/180;
double theta_1[1:8], theta_2[1:8], theta_3[1:8], theta_4[1:8];
double omega_1[1:8], omega_2[1:8], omega_3[1:8], omega_4[1:8];
double alpha_1[1:8], alpha_2[1:8], alpha_3[1:8], alpha_4[1:8];
double theta2 = 70«M_PI/180;
double complex p[l:4]; // two solution of coupler point position
int 1i;
double complex vpl, vp2, vp3, vp4;
double complex apl, ap2, ap3, ap4;

r[l] = 12, r[2] = 4, r[3] = 12.0, r[4] = 7.0;
r[(5] =7, «r[6] = 5.0, r[7] = 8.0, r[8] = 6.0;
theta_1[1] = thetal;

theta_1[2] = theta2; // theta2

wattbar.setLinks (r, thetal, thetab, psi);
wattbar.angularPos (theta_1, theta_2, theta_3, theta_4);

/*%%% print solutions *xxx/
printf ("\n Circuit 1: Angular Position\n\n");
for (i=2; 1i<=8;i++)
if (1i!=5)
printf ("theta%d = %$6.3f\n", i, theta_1[i]);
printf ("\n Circuit 2: Angular Position\n\n");
for (1i=2; 1i<=8;i++)
if(i!=5)
printf ("theta%d = %6.3f\n", i, theta_2[i]);
printf ("\n Circuit 3: Angular Position\n\n");
for (i=2; 1i<=8;i++)
if (i!=5)
printf ("theta%d = %$6.3f\n", i, theta_3[i]);
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printf ("\n Circuit 4: Angular Position\n\n");

for (1i=2;
if(i!=5)

printf ("theta%d = %6.3f\n",

return

Output

Circuit

theta2 =
theta3 =
thetad =
thetat6 =
theta7 =
theta8 =

Circuit

theta2 =
theta3 =
thetad =
thetat6 =
theta7 =
theta8 =

Circuit

theta2 =
theta3 =
thetad =
thetat6 =
theta7 =
theta8 =

Circuit

theta2 =
theta3 =
thetad =
theta6 =
theta7 =
theta8 =

0;

1:

i<=8;i++)

Angular Position

.222
.459
.527
.003
.094
.894

Angular Position

.222
.459
.527
.003
729
.718

Angular Position

.222
L7177
.845
.368
.800
.526

Angular Position

.222
L7177
.845
.368
.372
.098

theta_4[1i]);

CWattSixbarll::angular Vel

CWattSixbarll::angular Vel

Synopsis

#include <sixbar.h>

void angularVel(double theta[1:6], double omega[1:6]);

Purpose

Given the angular velocity of one link, calculate the angular velocity of the other links.
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Parameters
theta A double array used for the input angle of links.
omega A double array used for the angular velocities of links.

Return Value
None.

Description

Given the angular velocity of the input link, this function calculates the angular velocities of the remaining
moving links of the Watt (II) sixbar. theta is an array for link positions. omega is an array for angular
velocity of links.

Example

A Watt (II) sixbar linkage has link lengths 71 = 12m,ry = 4m,r3 = 12m,ry = Tm,r5 = Tm,rg =
5m,r7 = 8m,rg = 6m, and angles #; = 10°, 5 = —10°, and v = 30°. Given the angle 5 and the angular
velocity ws, determine the angular velocities of the other links for each circuit.

/*************************************************
* This example is for calculating the angular =«
* velocity of various links of a *
* Watt (II) sixbar linkage. *

*************************************************/
#include <sixbar.h>

int main() {
CWattSixbarII wattbar;
double r[1:8];
double thetal = 10«M_PI/180;
double thetab5 = -10«M_PI/180;
double psi = 30«M_PI/180;
double theta[l:8], omega[l:8];
double theta2[1:8], theta3[1:8], thetad4[l:8];
double omegaz2[1:8], omega3[l:8], omegad[l:8];
int 1i;

/+ default specification of the four-bar linkage */

r(l] = 12; r([2] = 4; r[3] = 12; r[4] = 7;
r[(5] =7, r[6] = 5; r[7] = 8; r[8] = 6;
theta[2]=70«M_PI/180;

theta2[2] = theta3[2] = thetad4[2] = thetal2];
omega[2]=10+xM_PI/180; /x rad/sec =/
omega2[2] = omega3[2] = omegad[2] = omegal[2];

wattbar.setLinks (r, thetal, thetab, psi);
wattbar.angularPos (theta, theta2, theta3, thetad);
wattbar.angularVel (theta, omega);
printf ("\n Circuit 1: Angular Velocity\n\n");
for (i=2;i<=8;1i++) {
if(i!=5)

printf ("omega[%d] = %$6.3f\n", i, omegal[i]);
}
wattbar.angularVel (theta2, omega2);
printf ("\n Circuit 2: Angular Velocity\n\n");
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for (1i=2;1<=8;i++) {
if(1i!=5)
printf ("omega[%d] = %$6.3f\n", i, omega2l[il]);
}
wattbar.angularVel (theta3, omegal);
printf ("\n Circuit 3: Angular Velocity\n\n");
for (1i=2;1<=8;i++) {
if(i!=5)
printf ("omega[%d] = %$6.3f\n", i, omega3[il]);
}
wattbar.angularVel (thetad4, omegad);
printf ("\n Circuit 4: Angular Velocity\n\n");
for (1i=2;1<=8;i++) {
if(1i!=5)
printf ("omega[%d] = %$6.3f\n", i, omegadl[il]);

}
Output

Circuit 1: Angular Velocity

omegal[2] = 0.175
omega[3] = -0.020
omegal[4] = 0.079
omegal6] = 0.079
omegal[7] = 0.006
omegal[8] = 0.070

Circuit 2: Angular Velocity

omegal[2] = 0.175
omega[3] = -0.020
omegal[4] = 0.079
omegal[6] = 0.079
omegal[7] = 0.032
omega[8] = -0.031

Circuit 3: Angular Velocity

omegal[2] = 0.175
omega[3] = -0.005
omegal[4] = -0.104
omegal[6] = -0.104
omegal[7] = -0.064
omega[8] = -0.002

Circuit 4: Angular Velocity

omegal[2] = 0.175
omega[3] = -0.005
omegal[4] = -0.104
omegal[6] = -0.104
omegal[7] = -0.017
omega[8] = -0.080

CWattSixbarll::animation
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Synopsis
#include <sixbar.h>
int animation(int branchnum, ... /* [int animationtype, string_t datafilename] */);

Syntax

animation(branchnum)

animation(branchnum, animationtype)
animation(branchnum, animationtype, datafilename)

Purpose
An animation of a Watt (II) sixbar mechanism.

Parameters

branchnum an integer used for indicating which branch will be drawn.

it animationtype an optional parameter to specify the output type of the animation.
datafilename an optional parameter to specify the file name of output.

Return Value
This function returns O on success and -1 on failure.

Description

This function simulates the motion of Watt (II) sixbar mechanism. branchnum is an integer number which
indicates the branch you want to draw. animationtype is an optional parameter used to specify how the
animation should be outputted. animationtype can be either of the following macros:
QANIMATE_OUTPUTTYPE _DISPLAY, QANIMATE_ OUTPUTTYPE FILE,
QANIMATE_OUTPUTTYPE_STREAM. QANIMATE _OUTPUTTYPE_DISPLAY displays an animation
on the screen. QANIMATE_OUTPUTTYPE_FILE writes the animation data onto a file.
QANIMATE_OUTPUTTYPE_STREAM outputs the animation to the standard out. datafilename is an op-
tional parameter to specify the file name of output if you want to output the data to a file.

Example 1

For a Watt (II) sixbar linkage with parameters r; = 12m,ry = 4m,r3 = 12m,r4 = Tm,rs = Tm,rg =
Sm,r7 = 8m,rg = 6m, §; = 10°, we = 10deg/sec, and s = 0, simulate the motion of the sixbar
linkage. Also, trace the motion generated by the coupler point attached to link 5 with parameters r, = 5m
and 5 = 20°.

/*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k**************************
* This example is for simulating the motion of =«
* a Watt (II) sixbar linkage. *

*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k**********************/
#include <sixbar.h>

int main() {
/* default specification of the four-bar linkage */
double r[1:8];
r[(1]=12; r[2]=4; r[3]=12; r[4]=7; r[5] =7; r([6]=5; r[7]1=8; r[8]=6;//cranker—-rocker
double thetal = 10+«M_PI/180, thetab5 = -10«M_PI/180;
double psi = 30«M_PI/180;
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double rp = 5, beta 20+«M_PI/180;

CWattSixbarll::couplerPointAccel

double omega2=10+«M_PI/180; /x rad/sec =/

double alpha2=0; /* rad/secxsec */

int numpoints =50;

CWattSixbarII WattSixbar;

WattSixbar.setLinks (r, thetal, thetab, psi);
WattSixbar.setCouplerPoint (COUPLER_LINK7, rp, beta, TRACE_ON);
WattSixbar.setNumPoints (numpoints) ;

WattSixbar.animation (1) ;

WattSixbar.animation (2);

WattSixbar.animation ;

(2)
(3);
WattSixbar.animation (4)

’

return 0;

}

Output

[
&l
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| HNext || Prev || ALl |- Shap

Fagl,

Siap Fasl, (i Blaw

‘ Hext H Prev ‘ All |-

HattIT Sixbar

HattII Sixbar

/%u

|||||||
El
=1
El

[
=l

Hov: — BlEwe B

Fagd,

| Hext || Prey || ALl |- Shop

G Bkew

‘ Hext H Prev H ALl |-

Fagl, 11 Blay |

HattIT Sisbar

HattII Sixbar

%

397



Chapter G: Watt (II) Sixbar Linkage <sixbar.h> CWattSixbarll::couplerPointAccel

CWattSixbarll::couplerPointAccel

Synopsis

#include <sixbar.h>

double complex couplerPointAccel(int couplerLink, double theta[l:], double omega[l:], double al-
phall:]);

Purpose
Calculate the acceleration of the coupler point.

Parameters

couplerLink An int value specifying a macro to indicate which link the coupler is attached to.
theta An array of double type used to store the angular position values of each link.

omega An array of double type used to store the angular velocity values of each link.

alpha An array of double type used to store the angular acceleration values of each link.

Return Value
This function returns the acceleration of the coupler point.

Description
This function calculates the acceleration of the coupler point. The return value is a double complex, which
indicates the vector of the acceleration of the coupler point.

Example

A Watt (II) sixbar linkage has link lengths r1 = 12m,ry = 4m,r3 = 12m,ry = Tm,r5 = Tm,rg =
5m,r7 = 8m,rg = 6m,r, = 5m, and angles § = 45°, 61 = 10°, 65 = —10°, and ¢ = 30°. Given
the angle 62, angular velocity wy and angular acceleration «y, calculate the position of coupler point for
each circuit given that the coupler is attached to link 7. Also determine the velocity and acceleration of the
coupler point.

/*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k**************************
* This example is for calculating the coupler *
* point position, velocity, and acceleration. *

*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k************************/
#include <sixbar.h>

int main () {
CWattSixbarII wattbar;
double r[1:8];
double thetal = 10«M_PI/180;
double theta5 = -10+xM_PI/180;
double rp = 5, beta = 45«M_PI/180;
double psi = 30«M_PI/180;
double theta_1[1:8], theta_2[1:8], theta_3[1:8], theta_4[1:8];
double omega_1[1:8], omega_2[1:8], omega_3[1:8], omega_4[1:8];
double alpha_1[1:8], alpha_2[1:8], alpha_3[1:8], alpha_4[1:8];
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double theta2 = 70«M_PI/180;

double complex p[l:4]; // four solution of coupler point position
int 1i;

double complex vp[l:4];

double complex ap[l:4];

r[l] = 12, r[2] = 4, r[3] = 12.0, r[4] = 7.0;
r[(5] =17, r(6] = 5.0, r[7] = 8.0, r[8] = 6.0;
omega_1[2]=10+«M_PI/180; /* rad/sec «x/
alpha_1[2]=0; /% rad/secxsec =/

theta_1[1] = thetal;

theta_1[2] = theta2; // theta2

omega_2[2] = omega_3[2] = omega_4[2] = omega_1lI[2];
alpha_2[2] = alpha_3[2] = alpha_4[2] = alpha_1[2];

wattbar.setLinks (r, thetal, thetab, psi);
wattbar.setCouplerPoint (COUPLER_LINK7, rp, beta);

wattbar.angularPos (theta_1, theta_2, theta_3, theta_4);
wattbar.couplerPointPos (COUPLER_LINK7, theta_1[2], p);

/* first solution =/
wattbar.angularVel (theta_1, omega_1l);
wattbar.angularAccel (theta_1, omega_l, alpha_1);

/* coupler point velocity =/
vp[l] = wattbar.couplerPointVel (COUPLER_LINK7, theta_1l, omega_l);

/* coupler point acceleration =/
ap[l] = wattbar.couplerPointAccel (COUPLER_LINK7, theta_1l, omega_l, alpha_1);

/* second solution =*/
wattbar.angularVel (theta_2, omega_2);
wattbar.angularAccel (theta_2, omega_2, alpha_2);

/% coupler point velocity =*/
vp[2] = wattbar.couplerPointVel (COUPLER_LINK7, theta_2, omega_2);

/* coupler point acceleration x/
apl[2] = wattbar.couplerPointAccel (COUPLER_LINK7, theta_2, omega_2, alpha_2);

/* third solution =*/
wattbar.angularVel (theta_3, omega_3);
wattbar.angularAccel (theta_3, omega_3, alpha_3);

/* coupler point velocity =/
vp[3] = wattbar.couplerPointVel (COUPLER_LINK7, theta_3, omega_3);

/* coupler point acceleration =/
ap[3] = wattbar.couplerPointAccel (COUPLER_LINK7, theta_3, omega_3, alpha_3);

/+ fouth solution =/
wattbar.angularVel (theta_4, omega_4);
wattbar.angularAccel (theta_4, omega_4, alpha_4);

/* coupler point velocity =/
vp[4] = wattbar.couplerPointVel (COUPLER_LINK7, theta_4, omega_4);
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/* coupler point acceleration x/
ap[4] = wattbar.couplerPointAccel (COUPLER_LINK7, theta_4, omega_4, alpha_4);

/* print solutions */

for (i=1; i<=4; i++) {
printf ("P[%d] = %.3f\n", i, plil);
printf("Vp[%d] = %.3f\n", i, vplil);
printf ("Ap([%d] = %.3f\n", i, aplil);

}

return 0;

}

Output

P[1l] = complex(18.359,9.486)
Vp[l] = complex(-0.352,0.236)

Ap[l] = complex(-0.070,0.010)
P[2] = complex(17.439,2.250)
Vp[2] = complex(-0.201,0.306)
Ap[2] = complex(-0.033,0.036)
P[3] = complex(8.165,3.591)

Vp[3] = complex(-0.040,0.375)
Ap[3] = complex(0.041,-0.034)

P[4] = complex(12.818,0.600)
Vp[4] = complex(-0.327,0.291)
Ap[4] complex (0.085,-0.010)

CWattSixbarll::couplerPointPos

Synopsis
#include <sixbar.h>
void couplerPointPos(int couplerLink, double theta2, double complex p/1:4]);

Purpose
Calculate the position of the coupler point.

Parameters

couplerLink An int value specifying a macro to indicate which link the coupler is attached to.
theta? A double number used for the input angle of link.

p A double complex array for the four solutions of coupler point.

Return Value
None.

Description

This function calculates the position of the coupler point. couplerLink is a macro specifying the link that the
coupler is attached to. theta?2 is the input angle. p[/:4] is the four solutions of the coupler point position,
respectively, which is a complex number indicating the vector of the coupler point.
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Example
see CWattSixbarll::couplerPointAccel().

CWattSixbarll::couplerPoint Vel

Synopsis
#include <sixbar.h>
double complex couplerPointVel(int couplerLink, double theta[l:], double omegall:]);

Purpose
Calculate the velocity of the coupler point.

Parameters

couplerLink An int value specifying a macro to indicate which link the coupler is attached to.
theta An array of double type used to store the angular position values of each link.

omega An array of double type used to store the angular velocity values of each link.

Return Value
This function returns the velocity of the coupler point.

Description
This function calculates the velocity of the coupler point. The return value is a double complex, which
indicates the vector of the velocity of the coupler point.

Example
see CWattSixbarll::couplerPointAccel().

CWattSixbarll::displayPosition

Synopsis

#include <sixbar.h>

int displayPosition(double t/ieta2, double thera3, double theta4, double theta7, double theta8, ... /* [int
outputtype [, [char * filenamel]] */);

Syntax

displayPosition(theta2, theta3, theta4, theta7, theta8)
displayPosition(theta2, theta3, theta4, theta7, theta8, outputtype)
displayPosition(theta2, theta3, thetad, theta7, theta8, outputtype, filename)

Purpose
Given 0, 03, 04, 07, and 0g, display the current position of the Watt (II) sixbar linkage.

Parameters
theta2 0y angle.

theta3 03 angle.
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theta4 0, angle.

theta7 07 angle.

theta8 03 angle.

outputtype an optional argument for the output type.
filename an optional argument for the output file name.

Return Value
This function returns O on success and -1 on failure.

Description

Given 0s, 03, 04, 07, and 6g display the current position of the Watt (II) sixbar linkage. outputtype is
an optional parameter used to specify how the output should be handled. It may be one of the following
macros: QANIMATE_OUTPUTTYPE_DISPLAY, QANIMATE_OUTPUTTYPE_FILE,
QANIMATE_OUTPUTTYPE_STREAM. QANIMATE_OUTPUTTYPE _DISPLAY outputs the figure to the
computer terminal. QANIMATE_OUTPUTTYPE_FILE writes the qanimate data onto a file.
QANIMATE_OUTPUTTYPE_STREAM outputs the qanimate data to the standard out stream. filename
is an optional parameter to specify the output file name.

Example

A Watt (II) sixbar linkage has link lengths r1 = 12m,ry = 4m,r3 = 12m,ry = Tm,r5 = Tm,rg =
Sm,ry = 8m,rg = 6m, 01 = 10%, 05 = —10°, ¢» = 30°, and coupler properties 1, = 5m and 3 = 45°.
Given the angle 05, display the Watt (II) sixbar linkage in its current position for the first branch.

/**************************************************
* This example is for displaying the position *
* of the Watt (II) sixbar linkage. *

**************************************************/
#include </usr/ch/toolkit/include/sixbar.h>

int main() {
CWattSixbarII wattbar;
double r[1:87;
double thetal = 10«M_PI/180;
double thetab = -10x«M_PI/180;
double rp = 5, beta = 45«M_PI/180;
double psi = 30«M_PI/180;
double theta_1[1:8], theta_2[1:8], theta_3[1:8], theta_4[1:8];
double theta2 = 70«M_PI/180;
double complex p[l:4]; // four solution of coupler point position
int 1i;
double complex vp[l:4];
double complex ap[l:4];

r[l] = 12, r[2] = 4, r[3] = 12, x[4] = T7;
r[(5] =7, «r[6] =5, r[7] =8, r[8] = 6;
theta_1[1] = thetal;

theta_1[2] = theta2; // theta2
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wattbar.uscUnit (1) ;

wattbar.setLinks (r, thetal, thetab, psi);

wattbar.setCouplerPoint (COUPLER_LINK7, rp, beta);

wattbar.angularPos (theta_1, theta_2, theta_3, theta_4);
wattbar.displayPosition(theta_1[2], theta_1[3], theta_1[4], theta_1[7], theta_1[81);

return 0;

}

Output

hd

| Hext || Prev |§ #EE §| Go |§ Grop 0 Fash ] Blew

Hatt {IT} Sixbar

E =
CWattSixbarll::getlORanges

Synopsis
#include <sixbar.h>
int getlORanges(double in/1:]/:], double end[1:][:]);

Purpose
Calculate all the possible input/output ranges of the mechanism.

Parameters
in An array that holds the possible input ranges of the linkage.
out An array that holds the possible output ranges of the linkage.

Return Value
This function returns the number of possible input/output ranges for the mechanism.

Description
This function calculates the various possible input/output ranges of a Watt (II) Sixbar linkage. The return
value is an int, which indicates the number of possible ranges for the sixbar linkage.

Example

A Watt (II) sixbar linkage has link lengths 1 = 12m,ro = 4m,r3 = 12m,ry = Tm,r5 = Tm,rg =
5m,r; = 8m,rg = 6m, 6; = 10°, 65 = —10°, and ¢y = 30°. Calculate the input/output ranges for each
circuit.

/* Determine the input and output ranges of the Watt (II)
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sixbar linkage. =/
#include<math.h>
#include<stdio.h>
#include <sixbar.h>

int main ()
{
double r[1:8], thetal[l:8], psi, beta, rp;
double input[5][2], outputl[5]([2];
int i, num_range;
CWattSixbarII wattbar;

/+ specifications of the first four-bar linkage x/
r[l] = 12; r[2] = 4; r[3] = 12; x[4] = T7;
theta[l] = 10xM_PI/180;

/+ specifications of the second four-bar linkage x/
r[5] = 7; rl[6] = 5; r[7] = 8; r[8] = 6;
theta[5] = -10«M_PI/180;

/* adjoining angle x/
psi = 30«M_PI/180;

/% input values =/
theta[2] = 70«M_PI/180;

/* Setup Watt (II) sixbar linkage. =*/
wattbar.setLinks (r, thetall], thetal[5], psi);
wattbar.getIORanges (r, theta, psi, input, output);

return 0;

}

Output
0.591 <= theta2 <= 3.911, 0.746 <= theta8 <= 1.808
0.593 <= theta2 <= 3.911, -2.640 <= theta8 <= -2.873
2.724 <= theta2 <= 6.040, 2.485 <= theta8 <= 2.430
2.718 <= theta2 <= 6.040, -2.402 <= theta8 <= -1.405

CWattSixbarll::setCouplerPoint

Synopsis
#include <sixbar.h>
void setCouplerPoint(int couplerLink, double rp, beta, ... /* [int trace] */);

Syntax
setCouplerPoint(couplerLink, rp, beta)

setCouplerPoint(couplerLink, rp, beta, trace)

Purpose
Set parameters for the coupler point.

Parameters
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couplerLink An int value specifying a macro to indicate which link the coupler is attached to.
rp A double number used for the link length connected to the coupler point.

beta A double number specifying the angular position of the coupler point relative to the link it is attached
to.

it trace An optional parameter of int type specifying either macro TRACE_OFF or TRACE_ON to indicate
whether the coupler curve should be traced during animation.

Return Value
None.

Description
This function sets the parameters of the coupler point.

Example
see CWattSixbarll::couplerPointAccel().

CWattSixbarll::setAngularVel

Synopsis
#include <sixbar.h>
void setAngularVel(double omega?);

Purpose
Set the constant angular velocity of link2.

Parameters
omega?2 A double number used for the constant angular velocity of link?2.
Return Value

None.

Description
This function sets the constant angular velocity of link?2.

Example
see CWattSixbarll::angularVel().

CWattSixbarll::setLinks

Synopsis
#include <sixbar.h>
int setLinks(double r/1:8], double thetal, theta5, psi);

Purpose
Set the lengths of links.

Parameters
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r[1:8] A double number used for the lengths of links.

thetal A double number for the angle between link1 and the horizontal.
theta5 A double number for the angle between link5 and the horizontal.
psi A double number for the included angle between link4 and link6.

Return Value

Description

This function sets the lengths of the links and the known angles 61, 65 and 1.

Example
see CWattSixbarll::angularPos().

CWattSixbarll::uscUnit

CWattSixbarll::setNumPoints

Synopsis
#include <sixbar.h>
void setNumPoints(int numpoints);

Purpose
Set number of points for the animation.

Parameters
numpoints An integer number used for the number of points.

Return Value
None.

Description
This function sets the number of points for the animation.

Example
see CWattSixbarll::animation().

CWattSixbarll::uscUnit

Synopsis
#include <sixbar.h>
void uscUnit(bool unit);

Purpose
Specify the use of SI or US Customary units in analysis.

Parameters
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unit A boolean argument, where t rue indicates US Customary units are desired and false indicates SI
units.

Return Value
None.

Description

This function specifies the whether SI or US Customary units are used.If unit = true, then US Cus-
tomary units are used; otherwise, SI units are used. By default, SI units are assumed. This member function
shall be called prior any other member function calls.
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Appendix H

Class CStevSixbarl

CStevSixbarl

The header file sixbar.h includes header file linkage.h. The header file sixbar.h also contains a declaration
of class CStevSixbarl. The CStevSixbarl class provides a means to analyze Stephenson (I) Sixbar linkage
within a Ch language environment.

Public Data
None.

Public Member Functions

Functions Descriptions

angularAccel Given the angular acceleration of one link, calculate the angular acceleration of other links.
angularPos Given the angle of one link, calculate the angle of other links.

angularVel Given the angular velocity of one link, calculate the angular velocity of other links.
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animation Stephenson (I) linkage animation.
couplerPointAccel  Calculate the coupler point acceleration.
couplerPointPos Calculate the position of the coupler point.
couplerPoint Vel Calculate the coupler point velocity.
displayPosition Display the position of the Stephenson (I) sixbar mechanism.
setCouplerPoint Set parameters for the coupler point.
setAngularVel Set constant angular velocity of linkage 2.
setLinks Set lengths of links.

setNumPoints Set number of points for animation.

uscUnit Specify the use of SI or US Customary units.
See Also

CStevSixbarl::angularAccel

Synopsis
#include <sixbar.h>
void angularAccel(double theta/1:6], double omega[1:6], double alpha[1:6]);

Purpose
Given the angular acceleration of input link, calculate the angular acceleration of other links.

Parameters

theta An array of double data type with angles of links.

omega An array of double data type with angular velocities of links.
alpha An array of double data type with angular accelerations of links.

Return Value
None.

Description

Given the angular acceleration of input link, this function calculates the angular acceleration of the remain-
ing moving links of the Stephenson (I) sixbar. theta is a one-dimensional array of size 6 which stores the
angle of each link. omega is a one-dimensional array of size 6 which stores the angular velocity of each link.
alpha is a one-dimensional array of size 6 which stores the angular acceleration of each link. The result of
calculation is stored in array alpha.

Example

A Stephenson (I) sixbar linkage has parameters vy = 12m,ro = 4m,r3 = 12m,ry = Tm,r5 = 11lm,rg =
9m, rp2 = 6m, rpd = 10m, 61 = 10°, 6 = 70°, 85 = 15°, 3} = 30°, rp = 5m, and 6 = 30°. Given the
angle 6, the angular velocity wy and the angular acceleration «, calculate the angular acceleration of the
other links.

/*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*************************
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*
*

link6.

*

This example is for calculating the angular
accelerations of 1ink3,

link4, 1lin

*

k5, and *

*

*************************************************/

#include<stdio.h>
#include<sixbar.h>

int main ()

{

double r[l:6];

double theta_1[1:6], theta_2[1:6], theta_3[1:6], theta_4[1l:6];
double omega_1[1:6], omega_2[1:6], omega_3[1l:6], omega_4[1:6];
double alpha_1[1:6], alpha_2[1:6], alpha_3[1:6], alpha_4[1:6];
double thetal, theta2, omega2, alpha2;

double rp2, rp4;

double betaP2, betaP4, rp, delta;

CStevSixbarI stevbar;

int 1i;

/+ Specifications for the Stephenson I sixbar linkage. x/

r[(l] = 12; r(2] = 4; r(3] = 12; r(4d4] = 7; r[(5] = 11; r(6] = 9;
rp2 = 6; rp4 = 10;

thetal = 10xM_PI/180; theta2 = 70xM_PI/180;

betaP2 = 15«M_PI/180; betaP4 = 30«M_PI/180;

rp = 5; delta = 30«M_PI/180;

omega2 = 10xM_PI/180; /* rad/sec x/

alpha2 = 8+«M_PI/180; /* rad/sec”2 =*/

theta_1[1] = thetal; theta_1[2] = theta2;

theta_2[1] = thetal; theta_2[2] = theta2;

theta_3[1] = thetal; theta_3[2] = theta2;

theta_4[1] = thetal; theta_4[2] = theta2;

omega_1l[2] = omega2; alpha_1[2] = alpha2;

omega_2[2] = omega2; alpha_2[2] = alpha2;

omega_3[2] = omega2; alpha_3[2] = alpha2;

omega_4[2] = omega2; alpha_4[2] = alpha2;

/* Perform analysis. =/

stevbar.setLinks (r, rp2, rp4, betaP2, betaP4, thetal);
stevbar.angularPos (theta_1, theta_2, theta_3, theta_4);
stevbar.angularVel (theta_1, omega_l);

stevbar.angularVel (theta_2, omega_2);

stevbar.angularVel (theta_3, omega_3);

stevbar.angularVel (theta_4, omega_4);

stevbar.angularAccel (theta_1, omega_1l, alpha_1);
stevbar.angularAccel (theta_2, omega_2, alpha_2);
stevbar.angularAccel (theta_3, omega_3, alpha_3);
stevbar.angularAccel (theta_4, omega_4, alpha_4);

/* Display the results. */

printf ("lst Solution Set:\n");

printf ("\talpha3 = %.3f(%.2f), alphad4 = %.3f(%.2f),\n",

alpha_1[3]
printf ("\talphab
alpha_11[5]

’

’

alpha_1[3]*(180/
%$.3f(%.2f),
alpha_1[5]*(180/

printf ("2nd Solution Set:\n");

printf ("\talpha3
alpha_2[3]
printf ("\talphab

’

$.3f(%.2f),
alpha_2[3]*(180/
$.3f(%.2f),

alphat

alpha4

alphat

M_PI) alpha_1714],
.3f(%.2f),\n\n",

alpha_11[6],

’
S
°

M_PI),

o°

.3f(%.2f),\n",
alpha_2714],
.3f(%.2f),\n\n",

M_PI)

’
b
°

410

CStevSixbarl::angularAccel

alpha_1[4]1%(180/M_PI));

alpha_1[6]*(180/M_PI));

alpha 2[4]1%(180/M_PI));
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alpha_2[5],

alpha_2[5]x*
printf ("3rd Solution Set:\n");

printf ("\talpha3 = %.3f(%.2f
alpha_3[3], alpha_3I[3
printf ("\talphab5 = $.3f(%.2f
alpha_3[5], alpha_3[5

printf ("4th Solution Set:\n");

printf ("\talpha3 = $.3f(%.2f
alpha_4[3], alpha_4[3
printf ("\talphab5 = %$.3f(%.2f
alpha_4[5], alpha_4[5
return 0;
}
Output
1st Solution Set:
alpha3 = -0.009(-0.50), alpha4
alphab5 = 0.052(2.96), alpha6t =
2nd Solution Set:
alpha3 = -0.009(-0.50), alpha4
alpha5 = -0.008(-0.44), alphat
3rd Solution Set:
alpha3 = 0.015(0.84), alphad =
alphab = 0.042(2.40), alpha6t =
4th Solution Set:
alpha3 = 0.015(0.84), alphad =
alphab5 = 0.079(4.52), alphat =

180/M_PI),

, alphai4
180/M_PTI)
, alphat

— 2
°

(
) =
]*( 4
) =3
1% (180/M_PI),

alphaid
180/M_PI)
alphat
*(180/M_PI),

_ o
, = 3
* ( ’

_ o
, = 3

)
]
)
]

0.075 (4.
-0.016(-0.

0.075 (4.
0.060 (3.

-0.069(-3.94),
0.097(5.54),

-0.069(-3.94),
0.024(1.39),

alpha_2[6],

%$.3f(%.2f),\n",
alpha_3[4]%(180/M_PI));
.3f(%.2f),\n\n",
alpha_3[6]*(180/M_PI));

alpha_3714],

alpha_3[6],

.3f(%.2f),\n",
alpha_4[4]1*(180/M_PI));
.3f(%.2f),\n\n",
alpha_4[6]%(180/M_PI));

alpha_4714],

alpha_416],

CStevSixbarl::angularPos

alpha 2[6]*(180/M_PI));

CStevSixbarl::angularPos

Synopsis
#include <gearedfivebar.h>

void angularPos(double theta_1[1:6], double theta_2[1:6], double theta_3[1:6], double theta_4[1:6]);

Purpose

Given the angle of input link, calculate the angle of other links.

Parameters

theta_1 A double array with dimension size of 6 for the first solution.

theta_2 A double array with dimension size of 6 for the second solution.

theta_3 A double array with dimension size of 6 for the third solution.

theta_4 A double array with dimension size of 6 for the fourth solution.

Return Value
None.
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Description

Given the angular position of the input link of a Stephen (I) linkage, this function computes the angular
positions of the remaining moving links. theta_I is a one-dimensional array of size 6 which stores the first
solution of angular. theta_2 is a one-dimensional array of size 6 which stores the second solution of an-
gular. theta_3 is a one-dimensional array of size 6 which stores the third solution of angular. theta4 is a
one-dimensional array of size 6 which stores the fourth solution of angular.

Example

A Stephenson (I) Sixbar linkage has parameters r; = 12m,ro = dm,r3 = 12m,ry = Tm,r5 = 1lm,rg =
9m,rp2 = 6m,rpd = 10m, 6, = 10°,6, = 70°, 8, = 15°, 8} = 30°,rp = 5m,andd = 30°. Given the
angle 0, calculate the angular positions of the other links.

/*************************************************
* This example is for calculating the angular =
* positions of 1ink3, link4, 1link5, and *
* 1link6. *
*************************************************/

#include<stdio.h>

#include<sixbar.h>

int main ()
{
double r[l:6];
double theta_1[1:6], theta_ 2[1:6], theta_3[1:6], theta_4[1:6];
double thetal, theta2;
double rp2, rp4;
double betaP2, betaP4, rp, delta;
CStevSixbarI stevbar;
int 1i;

/* Specifications for the Stephenson I sixbar linkage. x/

r(l] = 12; r(2] = 4; r[3] = 12; r[4] = 7; r[(5] = 11; r(6] = 9;
rp2 = 6; rp4 = 10;
thetal = 10«xM_PI/180; theta2 = 70xM_PI/180;

betaP2 15«M_PI/180; betaP4
rp = 5; delta = 30+xM_PI/180;

30xM_PI/180;

theta_1[1] thetal; theta_1[2] theta2;
theta_2[1] thetal; theta_2[2] theta?2;
theta_3[1] = thetal; theta_3[2] = theta2;
theta_4[1] thetal; theta_4[2] theta2;

/+ Perform analysis. =/
stevbar.setLinks (r, rp2, rp4, betaP2, betaP4, thetal);
stevbar.angularPos (theta_1, theta_2, theta_3, theta_4);

/+ Display the results. x/
printf ("1lst Solutlon Set: \n"

’

printf ("\ttheta3d = %$.3f (% thetad4 = $.3f(%.2f),\n",
theta_1[31], theta 1[3 *(180/M_PI), theta_1[4], theta_1[4]1%(180/M_PI));
printf ("\tthetab = %$.3f (% theta6 = %$.3f(%.2f),\n\n",

printf ("2nd Solutloh Set:\n"

’

printf ("\ttheta3d = %$.3f(%.2f thetad4 = $.3f(%.2f),\n",
theta_2[3], theta _2[3]1*%(180/M_PI), theta_2[4], theta_2[4]1%(180/M_PI));
printf ("\ttheta5 = %.3f(%.2f theta6 = %.3f(%.2f),\n\n",

)i
£),
I
),
theta_1[5], theta 1[5] * (180/M_PI), theta_1[6], theta_1[6]*(180/M_PI));
)i
),
I
)/
I

theta_2[5], theta _ 2[5 (180/M_PI), theta_2[6], theta_2[6]*(180/M_PI));
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’

, thetad4 = $.3f£(%.2f),\n",

printf ("3rd Solution Set:\n"
printf ("\ttheta3 = %$.3f(%.2f

theta_3[3], theta_3[3
printf ("\tthetab = %.3f(%.2f

)
)
]+ (180/M_PT) theta_3[4], theta_3[4]1%(180/M_PI));
)
theta_3[5], theta_3[5]
)
1
)
1

, theta6 = %.3f(%.2f),\n\n",
*(180/M_PI), theta_3[6], theta_3[6]1*x(180/M_PI));
printf ("4th Solution Set:\n");
printf ("\ttheta3 = %$.3f(%.2f

theta_4[3], theta_4[3
printf ("\tthetab = %$.3f(%.2f

theta_4[5], theta_4[5

(
thetad4d = %.3f(%.2f),\n",
*(180/M_PI), theta_4[4], theta_4[4]1x(180/M_PI));
(

theta6 = %$.3f(%.2f),\n\n",
180/M_PI), theta_4([6], theta_4[6]*(180/M_PI));

I3
4
*

return 0;

}
Output

1st Solution Set:
theta3 = 0.459(26.31), thetad = 1.527(87.48),
thetab = -0.206(-11.82), theta6 = 0.855(49.01),

2nd Solution Set:
theta3 = 0.459(26.31), thetad 1.527(87.48),
thetab = 0.738(42.29), theta6 = -0.324(-18.54),

3rd Solution Set:
theta3 = -0.777(-44.52), thetad = -1.845(-105.70),
thetab = -2.023(-115.92), thetab -0.110(-6.28),

4th Solution Set:
theta3 = -0.777(-44.52), thetad
thetab = -0.391(-22.43), thetaé6

-1.845(-105.70),
-2.305(-132.06),

CStevSixbarl::angular Vel

Synopsis
#include <sixbar.h>
void angularVel(double theta[1:6], double omega[1:6]);

Purpose
Given the angular velocity of one link, calculate the angular velocities of other links.

Parameters
theta A double array used for the input angle of links.
omega A double array used for the angular velocities of links.

Return Value
None.

Description

Given the angular velocity of the input link, this function calculates the angular velocities of the remaining
links of the Stephenson (I) linkage. theta is an array for link positions. omega is an array for angular velocity
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of links.

Example

A Stephenson (I) Sixbar linkage has link lengths 7} = 12m,ro = 4m,r3 = 12m,ry = Tm,r5 = 1lm,rg =
9m,rp2 = 6m,rpd = 10m, 6, = 10°,0, = 70°, 8, = 15°,8) = 30°,rp = 5m,andd = 30°. Given the
angle 0 and the angular velocity wo, determine the angular velocities of the other links.

/*************************************************
* This example is for calculating the angular =«
* velocities of 1ink3, 1link4, 1link5, and *
* 1link6. *
*************************************************/

#include<stdio.h>

#include<sixbar.h>

int main ()
{
double r[l:6];
double theta_1[1:6], theta_2[1:6], theta_3[1:6], theta_4[1:6];
double omega_1[1:6], omega_2[1:6], omega_3[1:6], omega_4[1l:6];
double thetal, theta2, omega2;
double rp2, rp4;
double betaP2, betaP4, rp, delta;
CStevSixbarI stevbar;
int 1i;

/+ Specifications for the Stephenson I sixbar linkage. x/

r(l] = 12; r(2] = 4; r[3] = 12; r[4] = 7; r[(5] = 11; r(6] = 9;
rp2 = 6; rp4 = 10;
thetal = 10«xM_PI/180; theta2 = 70xM_PI/180;

betaP2 15«M_PI/180; betaP4
rp = 5; delta = 30«M_PI/180;
omega2 = 10«M_PI/180; /% rad/sec =/

30xM_PI/180;

theta_1[1] = thetal; theta_1[2] = theta2;
theta_2[1] = thetal; theta_2[2] = theta2;
theta_3[1] = thetal; theta_3[2] = theta2;
theta_4[1] = thetal; theta_4[2] = theta2;
omega_1l[2] = omegal;
omega_2[2] = omega?l;
omega_3[2] = omega?l;
omega_4[2] = omegal2;

/* Perform analysis. =/
stevbar.setLinks (r, rp2, rp4, betaP2, betaP4, thetal);
stevbar.angularPos (theta_1, theta_2, theta_3, theta_4);
stevbar.angularVel (theta_1, omega_l)

stevbar.angularVel (theta_2, omega_2);
stevbar.angularVel (theta_3, omega_3);
stevbar.angularVel (theta_4, omega_4)

’

’

/* Display the results. */
printf ("lst Solution Set:\n");
printf ("\tomega3d = %$.3f(%.2f), omegad = $.3f(%.2f),\n",

omega_1[3], omega_1[3]1*(180/M_PI), omega_1[4], omega_1[4]%(180/M_PI));
printf ("\tomega5 = %$.3f(%.2f), omega6 = %$.3f(%.2f),\n\n",

omega_1[5], omega_1[5]*(180/M_PI), omega_1l[6], omega_l[6]%(180/M_PI));
printf ("2nd Solution Set:\n");

’
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printf ("\tomega3 = %$.3f(%.2f), omegad = %$.3f(%.2f),\n",
omega_2[3], omega 2[3] *(180/M_PI),
printf ("\tomegab = %$.3f (% omegab = %$.3f(%.2f),\n\n",

CStevSixbarl::animation

omega_2[4], omega_2[4]%(180/M_PI));

),
omega_2[5], omega_. 2[5] *(180/M_PI), omega_2[6], omega_2[6]*(180/M_PI));

printf ("3rd Solutlon Set: \n"
printf ("\tomega3d = %$.3f (%
omega_3[3], omega 3[3
printf ("\tomegab = %$.3f (%
omega_3[5], omega_ 3[5
printf ("4th Solutlon Set: \n"
printf ("\tomega3d = %$.3f (%
omega_4[31, omega 4[3
printf ("\tomegab = %.3f (%
omega_4[5], omega_ 4[5

omegad = %.3f(%.2f),\n",
*(180/M_PI),
omega6 = %.3f(%.2f),\n\n",

)i
),
I*
f),
1=
)i
f), omegad = %.3f(%.2f),\n",
1% (180/M_PI),
f), omega6 = %.3f(%.2f),\n\n",
I

return 0;

}
Output

1st Solution Set:
omega3 = -0.020(-1.14), omegad4 = 0.079(4.51),
omega5 = 0.052(2.98), omega6 = -0.039(-2.22),

2nd Solution Set:
omega3 = -0.020(-1.14), omegad4 = 0.079(4.51),
omegab5 = -0.027(-1.52), omega6 = 0.064(3.68),

3rd Solution Set:
omega3 = -0.005(-0.29), omega4 -0.104(-5.93),
omega5 = 0.024(1.36), omegab = 0.085(4.90),

4th Solution Set:
omega3 = -0.005(-0.29), omega4
omega5 = 0.067(3.85), omegab =

-0.104(-5.93),
.006(0.32),

o

omega_3[4], omega_3[4]%(180/M_PI));

(180/M_PI), omega_3[6], omega_3[6]*(180/M_PI));

omega_4[4], omega_4[4]1*(180/M_PI));

*(180/M_PI), omega_4[6], omega_4[6]*(180/M_PI));

CStevSixbarl::animation

Synopsis
#include <sixbar.h>

int animation(int branchnum, ... /* [int animationtype, string_t datafilename] */);

Syntax

animation(branchnum)

animation(branchnum), animationtype)
animation(branchnum, animationtype, datafilename)

Purpose
An animation of a Stephenson (I) Sixbar mechanism.

Parameters

branchnum an integer used for indicating which branch will be drawn.
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it animationtype an optional parameter to specify the output type of the animation.
datafilename an optional parameter to specify the filename of output.

Return Value
This function returns O on success and -1 on failure.

Description

This function simulates the motion of a Stevson Sixbar mechanism. branchnum is an integer number which
indicates the branch you want to draw. animationtype is an optional parameter used to specify how the
animation should be outputted. animationtype can be either of the following macros:
QANIMATE_OUTPUTTYPE DISPLAY, QANIMATE OUTPUTTYPE FILE,
QANIMATE_OUTPUTTYPE_STREAM. QANIMATE _OUTPUTTYPE_DISPLAY displays an animation
on the screen. QANIMATE_OUTPUTTYPE_FILE writes the animation data onto a file.
QANIMATE_OUTPUTTYPE_STREAM outputs the animation to the standard out. datafilename is an op-
tional parameter to specify the file name of output if you want to output the data to a file.

Example

For a Stephenson Sixbar linkage with parameters r; = 12m,ry = 4m,rs = 12m,r4 = Tm,r5 =
11m,r¢ = 9m,rp2 = 6m,rpd = 10m,0; = 10°, wy = brad/sec, and s = 0, simulate the motion
of the sixbar linkage. Also trace the curved generated by the motion of the coupler attached to link 6 with
parameters 7, = 5m and 0 = 30°.

/*************************************************
* This example is for simulating a Stephenson =
* (I) sixbar linkage. *
*************************************************/

#include<stdio.h>

#include<sixbar.h>

int main ()
{
double r[l:6];
double theta_1[1:6], theta_2[1:6], theta_3[1:6], theta_4[1:6];
double thetal, theta2;
double omegaz2, alpha2;
double rp2, rp4;
double betaP2, betaP4, rp, delta;
CStevSixbarI stevbar;
int 1i;

/+ Specifications for the Stephenson I sixbar linkage. x/

r(l] = 12; r(2] = 4; r[(3] = 12; r(4] = 7; r[(5] = 11; r(6] = 9;
rp2 = 6; rp4 = 10;

thetal = 10xM_PI/180; theta2 = 70xM_PI/180;

betaP2 = 15%«M_PI/180; betaP4 = 30«M_PI/180;

rp = 5; delta = 30«M_PI/180;
omega2 = 5; alpha2 = 0;

theta_1[1] = thetal; theta_1[2] = theta2;
theta_2[1] = thetal; theta_2[2] = theta2;
theta_3[1] = thetal; theta_3[2] = theta2;
theta_4[1] = thetal; theta_4[2] = theta2;

/* Perform analysis. =/
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stevbar.setLinks (r, rp2, rp4, betaP2, betaP4, thetal);
stevbar.setCouplerPoint (COUPLER_LINK6, rp, delta, TRACE_ON);
stevbar.setNumPoints (50) ;

stevbar.angularPos (theta_1, theta_2, theta_3, theta_4);
stevbar.animation (1) ;

stevbar.animation (2);
stevbar.animation (3);
stevbar.animation (4)

’

return 0;

Output
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CStevSixbarl::couplerPointAccel

Synopsis
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#include <sixbar.h>
double complex couplerPointAccel(int couplerLink, double theta[l:], double omega[l:], double al-
phall:]);

Purpose
Calculate the acceleration of the coupler point.

Parameters

couplerLink An int value specifying a macro to indicate which link the coupler is attached to.
theta An array of double type used to store the angular position values of each link.

omega An array of double type used to store the angular velocity values of each link.

alpha An array of double type used to store the angular acceleration values of each link.

Return Value
The acceleration of the coupler point.

Description
This function calculates the coupler point acceleration. The return value is of type double complex.

Example

A Stephenson (I) Sixbar linkage has link lengths 7} = 12m,ro = 4m,r3 = 12m,ry = Tm,r5 = 1lm,rg =
9m,rp2 = 6m,rpd = 10m, 6; = 10°, g5 = 15°, 5} = 30°, rp=5m, and § = 30°. Given the angle 62,
angular velocity wo and angular acceleration cp, calculate the coupler point acceleration for each circuit,
respectively, if the coupler is attached to link 6.

/*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k***‘k*‘k*‘k*‘k‘k*‘k*‘k**‘k*
* This example is for calculating the coupler =«
* point acceleration. *
*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k*‘k***********************/

#include<stdio.h>

#include<sixbar.h>

int main ()

{
double r[l:6];
double theta_1[1:6], theta_2]
double omega_1[1:6], omega_2[
double alpha_1[1:6], alpha_ 2]
double thetal, theta2, omegaZ2
double rp2, rp4;
double betaP2, betaP4, rp, delta;
double complex Ap[l:4];
CStevSixbarI stevbar;
int 1i;

1:6], theta_3[1:6], theta_4[1:6];
1:6], omega_3[1:6], omega_4[1:6];
1:6], alpha_3[1:6], alpha_4[1:6];
, alpha2;

/+ Specifications for the Stephenson I sixbar linkage. x/

r(l] = 12; r(2] = 4; r(3] = 12; r(4d4] = 7; r[(5] = 11; r(6] = 9;
rp2 = 6; rp4 = 10;
thetal = 10xM_PI/180; theta2 = 70xM_PI/180;

betaP2 15«M_PI/180; DbetaP4
rp = 5; delta = 30+xM_PI/180;

30xM_PI/180;
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omega2 = 10xM_PI/180; /* rad/sec x/
alpha2 = 8+«M_PI/180; /% rad/sec”2 =/

theta_1[1] = thetal; theta_1[2] = theta2;
theta_2[1] = thetal; theta_2[2] = theta2;
theta_3[1] = thetal; theta_3[2] = theta2;
theta_4[1] = thetal; theta_4[2] = theta2;
omega_1[2] = omega2; alpha_1[2] = alpha2;
omega_2[2] = omega2; alpha_2[2] = alpha2;
omega_3[2] = omega2; alpha_3[2] = alpha2;
omega_4[2] = omega2; alpha_4[2] = alpha2;

/* Perform analysis. =/
stevbar.setLinks (r, rp2, rp4, betaP2, betaP4, thetal);
stevbar.setCouplerPoint (COUPLER_LINK6, rp, delta);
stevbar.angularPos (theta_1, theta_2, theta_3, theta_4);
stevbar.angularVel (theta_1, omega_1l);
stevbar.angularVel (theta_2, omega_2);
)
)

stevbar.angularVel (theta_3, omega_3);
stevbar.angularVel (theta_4, omega_4
stevbar.angularAccel (theta_1, omega_1l, alpha_1);
stevbar.angularAccel (theta_2, omega_2, alpha_2);
stevbar.angularAccel (theta_3, omega_3, alpha_3)
stevbar.angularAccel (theta_4, omega_4, alpha_4);

Ap[1l] stevbar.couplerPointAccel (COUPLER_LINK6, theta_1l, omega_l, alpha_1);
Ap[2] = stevbar.couplerPointAccel (COUPLER_LINK6, theta_2, omega_2, alpha_2);
Ap[3] = stevbar.couplerPointAccel (COUPLER_LINK6, theta_3, omega_3, alpha_3)
Ap[4] = stevbar.couplerPointAccel (COUPLER_LINK6, theta_4, omega_4, alpha_4)

’

’

/* Display the results. */
printf ("lst Solution Set:\n");
printf ("\t Ap = %.3f\n", Ap[l]);
printf ("2nd Solution Set:\n");
printf ("\t Ap = %.3f\n", Ap[2]);
printf ("3rd Solution Set:\n");
printf ("\t Ap = %.3f\n", Ap[3]);
printf ("4th Solution Set:\n");
printf ("\t Ap = %.3f\n", Apl[4]);

return 0;

}
Output

1st Solution Set:
Ap = complex(-0.686,0.431)
2nd Solution Set:
Ap = complex(-0.880,0.115)
3rd Solution Set:
Ap = complex(-0.661,0.123)
4th Solution Set:
Ap = complex(-0.447,0.687)

CStevSixbarl::couplerPointPos

Synopsis
#include <sixbar.h>
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void couplerPointPos(int couplerLink, double theta2, double complex &p[1:4]);

Purpose
Calculate the position of the coupler point.

Parameters

couplerLink An int value specifying a macro to indicate which link the coupler is attached to.
theta? A double number used for the input angle of link.

pl1:4] A double complex array with size 4 for the solutions of the coupler point.

Return Value
None.

Description

This function calculates the position of the coupler point. couplerLink is a macro specifies the link with the
coupler. theta? is the input angle. p[I:4] are the four solutions of the coupler point position, respectively,
each of which is a complex number indicates the vector of the coupler point.

Example

A Stephenson (I) Sixbar linkage has link lengths r; = 12m,ro = 4dm,r3 = 12m,ry = Tm,r5 = 1lm,rg =
9m,rp2 = 6m,rpd = 10m, 6; = 10°, 85 = 152, 8} = 30°, rp=5m, and 6 = 30°. Given the angle 6
and the fact that the coupler is attached to link 6, calculate the position of the coupler point for each circuit,
respectively.

/**************************************************
* This example is for calculating the position =
* of the coupler point. *
**************************************************/

#include<stdio.h>

#include<sixbar.h>

int main ()
{
double r[l:6];
double theta_1[1:6], theta_2[1:6], theta_3[1:6], theta_4[1l:6];
double thetal, theta?2;
double rp2, rp4;
double betaP2, betaP4, rp, delta;
double complex P[1:4];
CStevSixbarI stevbar;
int 1i;

/* Specifications for the Stephenson I sixbar linkage. x/

r(l] = 12; r(2] = 4; r[3] = 12; r[4] = 7; r[(5] = 11; r(6] = 9;
rp2 = 6; rpd4 = 10;
thetal = 10xM_PI/180; theta2 = 70xM_PI/180;

betaP2 = 15%xM_PI/180; betaP4
rp = 5; delta = 30+xM_PI/180;

30xM_PI/180;

theta_1[1] = thetal; theta_1[2] = theta2;
theta_2[1] thetal; theta_2[2] theta?2;
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theta_3[1]
theta_4[1]

thetal; theta_3[2]
thetal; theta_4[2]

theta?2;
theta?2;

/* Perform analysis. =/

stevbar.setLinks (r, rp2, rp4, betaP2, betaP4,

stevbar.setCouplerPoint (COUPLER_LINK6, rp,

stevbar.angularPos (theta_1, theta_2, theta_3,
stevbar.couplerPointPos (COUPLER_LINK6, thetaZz,

/* Display the results. */
printf ("lst Solution Set:\n");
printf ("\t P1 = %.3f\n", P[1]);
printf ("2nd Solution Set:\n");
printf ("\t P2 = %.3f\n", P[2]);
printf ("3rd Solution Set:\n");
printf ("\t P3 = %.3f\n", P[3]);
printf ("4th Solution Set:\n");
printf ("\t P4 = $.3f\n", P[4]);

return 0;

}
Output

1st Solution Set:

Pl = complex(12.243,8.631)
2nd Solution Set:

P2 = complex (13.561,14.371)
3rd Solution Set:

P3 = complex(0.293,-1.905)
4th Solution Set:

P4 = complex (9.646,-3.109)

CStevSixbarl::couplerPoint Vel

CStevSixbarl::couplerPoint Vel

Synopsis
#include <sixbar.h>

double complex couplerPointVel(int couplerLink, double theta[1:], double omega/l:]);

Purpose
Calculate the velocity of the coupler point.

Parameters

couplerLink An int value specifying a macro to indicate which link the coupler is attached to.

theta An array of double type used to store the angular position values of each link.

omega An array of double type used to store the angular velocity values of each link.

Return Value
The velocity of the coupler point.

Description
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This function calculates the coupler point velocity. The return value is of type double complex.

Example

A Stephenson (I) Sixbar linkage has link lengths 7} = 12m,ro = 4m,r3 = 12m,ry = Tm,r5 = 1lm,rg =
9m,rp2 = 6m,rp4 = 10m, 61 = 10°, 8, = 15°, 8} = 30°, rp=5m, and § = 30°. Given the angle 65 and
angular velocity wo, calculate the coupler point velocity for each respective circuit if the coupler is attached

to link 6.

/*************************************************
This example is for calculating the coupler
point velocity.
*************************************************/
#include<stdio.h>
#include<sixbar.h>

*

*

int main ()

{

*

*

double r[l:6];

double theta_1[1:6], theta_2[1:6], theta_3[1:6],

double omega_1[1:6], omega_2[1:6], omega_3[1:6],

double thetal, theta2, omega2;

double rp2, rp4;

double betaP2, betaP4, rp, delta;

double complex Vp[l:4];

CStevSixbarI stevbar;

int 1i;

/+ Specifications for the Stephenson I sixbar linkage.
r(l] = 12; r(2] = 4; r(3] = 12; r(d4] = 7; r[(5] =
rp2 = 6; rp4 = 10;

thetal = 10xM_PI/180; theta2 = 70xM_PI/180;

betaP2 = 15«M_PI/180; betaP4 = 30«M_PI/180;

rp = 5; delta = 30+xM_PI/180;

omega2 = 10xM_PI/180; /* rad/sec x/

theta_1[1] thetal; theta_1[2] = theta2;

theta_2[1] thetal; theta_2[2] = theta2;

theta_3[1] thetal; theta_3[2] = theta2;

theta_4[1] thetal; theta_4[2] = theta2;

omega_1([2] omegaz;

omega_2[2] omegaz;

omega_3[2] omegaz;

omega_4([2] omegaz;

/+ Perform analysis. =/

stevbar.setLinks (r, rp2, rp4, betaP2, betaP4, thetal);
stevbar.setCouplerPoint (COUPLER_LINKG6, rp, delta);
stevbar.angularPos (theta_1, theta_2, theta_3, theta_4);
stevbar.angularVel (theta_1, omega_l);
stevbar.angularVel (theta_2, omega_2);
stevbar.angularVel (theta_3, omega_3);
stevbar.angularVel (theta_4, omega_4);

Vp[l] = stevbar.couplerPointVel (COUPLER_LINK6, theta_1,
Vp[2] = stevbar.couplerPointVel (COUPLER_LINK6, theta_2,
Vp[3] = stevbar.couplerPointVel (COUPLER_LINK6, theta_3,
Vp[4] = stevbar.couplerPointVel (COUPLER_LINK6, theta_4,
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/* Display the results. */
printf ("lst Solution Set:\n");
printf ("\t Vp = %.3f\n", Vp[l]);
printf ("2nd Solution Set:\n");
printf ("\t Vp = %.3f\n", Vp[2]);
printf ("3rd Solution Set:\n");
printf ("\t Vp = %.3f\n", Vp[3]);
printf ("4th Solution Set:\n");
printf ("\t Vp = %.3f\n", Vpl[4]);

return 0;

}
Output

1st Solution Set:
Vp = complex(-0.736,0.614)
2nd Solution Set:
Vp = complex(-0.910,0.190)
3rd Solution Set:
Vp = complex(-0.979,0.368)
4th Solution Set:
Vp = complex (-0.733,0.769)

CStevSixbarl::displayPosition

Synopsis

#include <sixbar.h>

int displayPosition(double t/ieta2, double thera3, double theta4, double theta5, double thetab, ... /* [int
outputtype [, [char * filenamel]] */);

Syntax

displayPosition(theta2, theta3, theta4, theta5, theta6)
displayPosition(theta2, theta3, theta4, theta5, theta6, outputtype)
displayPosition(theta2, theta3, thetad, theta5, theta6, outputtype, filename)

Purpose
Given 0, 63, 04, 05 and g, display the current position of the Stephenson (I) sixbar linkage.

Parameters

theta2 0y angle.

theta3 03 angle.

theta4 04 angle.

theta5 05 angle.

theta6 0g angle.

outputtype an optional argument for the output type.

filename an optional argument for the output file name.
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Return Value
This function returns O on success and -1 on failure.

Description

Given 6, 03, 04, 05, and ¢ display the current position of the Stephenson (I) sixbar linkage. outputtype
is an optional parameter used to specify how the output should be handled. It may be one of the following
macros: QANIMATE_OUTPUTTYPE_DISPLAY, QANIMATE_OUTPUTTYPE_FILE,
QANIMATE_OUTPUTTYPE_STREAM. QANIMATE _OUTPUTTYPE _DISPLAY outputs the figure to the
computer terminal. QANIMATE_OUTPUTTYPE_FILE writes the qanimate data onto a file.
QANIMATE_OUTPUTTYPE_STREAM outputs the qanimate data to the standard out stream. filename
is an optional parameter to specify the output file name.

Example

A Stephenson (I) sixbar linkage has link lengths vy = 12m,ry = 4m,r3 = 12m,ry = Tm,rs = 6m,rg =
9m, 0 = 10°, ry = 6m, By = 15°, rj = 10m, B} = 30°, and coupler properties r, = 5m and § = 30°
attached to link 6. Given the angle 6, display the Stephenson (I) sixbar linkage in its current position for
one branch.

/**************************************************
* This example is for displaying the position *
* of the Stephenson (I) sixbar linkage. *
**************************************************/

#include<stdio.h>

#include<sixbar.h>

int main ()
{
double r[l:6];
double theta_1[1:6], theta_ 2[1:6], theta_3[1:6], theta_4[1:6];
double thetal, theta2;
double rp2, rp4;
double betaP2, betaP4, rp, delta;
double complex P[1:4];
CStevSixbarI stevbar;
int 1i;

/* Specifications for the Stephenson I sixbar linkage. x/

r(l] = 12; r(2] = 4; r[(3] = 12; r(4d4] = 7; r[(5] = 11; r(6] = 9;
rp2 = 6; rp4 = 10;

thetal 10«xM_PI/180; theta2 = 70+«M_PI/180;

betaP2 = 15%xM_PI/180; betaP4 30xM_PI/180;

rp = 5; delta = 30«M_PI/180;

I~

theta_1[1] = thetal; theta_1[2] = theta2;
theta_2[1] = thetal; theta_2[2] = theta2;
theta_3[1] = thetal; theta_3[2] = theta2;
theta_4[1] = thetal; theta_4[2] = theta2;

/+ Perform analysis. =/

stevbar.setLinks (r, rp2, rp4, betaP2, betaP4, thetal);

stevbar.setCouplerPoint (COUPLER_LINKG6, rp, delta);

stevbar.angularPos (theta_1, theta_2, theta_3, theta_4);
stevbar.displayPosition(theta_2[2], theta_2[3], theta_2[4], theta_2[5], theta_2[6]);
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return 0;

Output
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CStevSixbarl::setCouplerPoint

Synopsis
#include <sixbar.h>
void setCouplerPoint(int couplerLink, double rp, delta, ... [int trace] */);

Syntax
setCouplerPoint(couplerLink, rp, beta)
setCouplerPoint(couplerLink, rp, beta, trace)

Purpose
Set parameters for the coupler point.

Parameters
couplerLink An int value specifying a macro to indicate which link the coupler is attached to.
rp A double number used for the link length connected to the coupler point.

delta A double number specifying the angular position of the coupler point relative to the link it is attached
to.

it trace An optional parameter of int type specifying either macro TRACE_OFF or TRACE_ON to indicate
whether the coupler curve should be traced during animation.
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Return Value
None.

Description
This function sets the parameters for the coupler point.

Example
see CStevSixbarl::couplerPointPos().

CStevSixbarl::setLinks

CStevSixbarl::setAngular Vel

Synopsis
#include <sixbar.h>
void setAngularVel(double omega?);

Purpose

Set the constant angular velocity of link2.

Parameters

omega?2 A double number used for the constant angular velocity of link?2.
Return Value

None.

Description
This function sets the constant angular velocity of link?2.

Example
see CStevSixbarl::angularVel().

CStevSixbarl::setLinks

Synopsis
#include <sixbar.h>
void setLinks(double 7/1:6], rp2, rp4, betaP2, betaP4, thetal);

Purpose
Set the lengths of the links.

Parameters

r[6] A double array used for the lengths of the links.

thetal A double number for the angle between link1 and horizontal.
rp2 A double number for the length of 74.

rp4 A double number for the length of 7.

betaP2 A double number for the angle between link 75, and horizontal.
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betaP4 A double number for the angle between link 7 and horizontal.

Return Value

Description
This function sets the lengths of the links, including 4 and r, and angles 61, /3 and f3}.

Example
see CStevSixbarl::angularVel().

CStevSixbarl::setNumPoints

Synopsis
#include <sixbar.h>
void setNumPoints(int numpoints);

Purpose
Set number of points for animation.

Parameters
numpoints An integer number used for the number of points.

Return Value
None.

Description
This function sets number of points for animation.

Example
see CStevSixbarl::animation().

CStevSixbarl::uscUnit

Synopsis
#include <sixbar.h>
void uscUnit(bool unit);

Purpose
Specify the use of SI or US Customary units in analysis.

Parameters

unit A boolean argument, where t rue indicates US Customary units are desired and false indicates SI
units.

Return Value
None.

427



Chapter H: Stephenson (I) Sixbar Linkage <sixbar.h> CStevSixbarl::uscUnit

Description
This function specifies the whether SI or US Customary units are used.If unit = true, then US Cus-
tomary units are used; otherwise, SI units are used. By default, SI units are assumed. This member function

shall be called prior any other member function calls.
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Class CStevSixbarlll

CStevSixbarlIl

The header file sixbar.h includes header file linkage.h. The header file sixbar.h also contains a declaration
of class CStevSixbarlIl. The CStevSixbarllI class provides a means to analyze Stephenson (III) Sixbar
linkage within a Ch language environment.

Public Data
None.

Public Member Functions

Functions Descriptions

angularAccel Given the angular acceleration of one link, calculate the angular acceleration of other links.
angularPos Given the angle of one link, calculate the angle of other links.

angularVel Given the angular velocity of one link, calculate the angular velocity of other links.
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animation Stephenson (III) linkage animation.
couplerPointAccel  Calculate the coupler point acceleration.
couplerPointPos Calculate the position of the coupler point.
couplerPoint Vel Calculate the coupler point velocity.
displayPosition Display the position of the Stephenson (III) linkage.
setCouplerPoint Set parameters for the coupler point.
setAngularVel Set constant angular velocity of linkage 2.
setLinks Set lengths of links.

setNumPoints Set number of points for animation.

uscUnit Specify the use of SI or US Customary units.
See Also

CStevSixbarlll::angularAccel

Synopsis
#include <sixbar.h>
void angularAccel(double theta/1:7], double omega[1:7], double alpha[1:7]);

Purpose
Given the angular acceleration of the input link, calculate the angular acceleration of other links.

Parameters

theta An array of double data type with angles of links.

omega An array of double data type with angular velocities of links.
alpha An array of double data type with angular accelerations of links.

Return Value
None.

Description

Given the angular acceleration of the input link, this function calculates the angular acceleration of the re-
maining moving links of the Stephenson (II) sixbar. theta is a one-dimensional array of size 7 which stores
the angle of each link. omega is a one-dimensional array of size 7 which stores the angular velocity of each
link. alpha is a one-dimensional array of size 7 which stores the angular acceleration of each link. The
results of the calculation are stored in array alpha.

Example

A Stephenson (III) sixbar linkage has parameters r; = 9m, ry = 4m,rs = 10m,ry = 6m,r5 = 8m, 16 =
Im,ry = 12m, rg = 3m, B3 = 20°, 01 = 0°, 05 = 15°, 05 = 25°, B = 30°, and rp = 5m. Given the angle
03, the angular velocity wy and the angular acceleration aw, calculate the angular acceleration of the other
links.

#include<stdio.h>
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#include<sixbar.h>

int main ()
{
double r[l1:7];
double rP3, beta3,
rp, beta;
double theta[l1:4][1:7], omegal[l:4][1:7], alphall:4]1([1:7];
double thetal = 0, thetab5 = M_DEG2RAD(15), theta2 = M_DEG2RAD (25);
double omegaz2 = M_DEG2RAD (10), alphaz = 0;
CStevSixbarIII stevIII;
int 1i;

/+ Define Stephenson (III) Sixbar linkage. =/

r(l] = 9; r(2] = 4;
r[3] = 10; «r[4] = 6;
r[5] = 8; r[6] = 9;
r[(7] = 12;

rP3 = 3; Dbetal

M_DEG2RAD (20) ;

rp = 5; beta = M_DEG2RAD(30);
for(i = 1; 1 <= 4; i++)
{
theta[i] [1] = thetal;
thetal[i] [2] = theta2;

11

10
theta[i] [5] = theta5;
omegali] [2] = omega2;

/* Perform analysis. =/
stevIII.setLinks(r, rP3, beta3, thetal, thetab);
stevIII.setCouplerPoint (rp, beta);
stevIII.angularPos (theta[l], thetal[2
stevIII.angularVel (theta[l], omegall]);

], theta[3], thetald]);
[ 1)

stevIII.angularVel (theta[2], omegal[2]);
[ 1)
)

stevIII.angularVel (theta[3], omegal[3]);
stevIII.angularVel (theta[4], omegal4]);
stevIII.angularAccel (theta[l], omegal[l], alphall]);
stevIII.angularAccel (thetal2], omegal[2], alphal2]);
stevIII.angularAccel (thetal[3], omegal[3], alphal3])
[ 1 1)

stevIII.angularAccel (theta[4], omegal[4], alphal4

I

’

/* Display results. =/
for(i = 1; i <= 4; i++)
{
printf ("Solution #%$d:\n", 1i);
printf ("\t alpha3 = %.3f rad/s"2 (%.2f deg/s"2), alphad4 = $.3f rad/s"2 (%.2f deg/s"2),\n",
alphali] [3], M_RAD2DEG(alphali][31]1),
alphali]l[4], M_RAD2DEG(alphali]l[41));
printf ("\t alpha6 = %.3f rad/s"2 (%.2f deg/s"2), alpha7’
alphali]l[6], M_RAD2DEG(alphali][6]),
alphali]l [7], M_RAD2DEG(alphali]l[7]1));

%.3f rad/s"2 (%.2f deg/s”"2)\n",

return 0;

}

Output

Solution #1:
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alpha3 = 0.027 rad/s"2 (1.55 deg/s"2), alphad4 = 0.047 rad/s"2 (2.72 deg/s"2),
alpha6 = -0.017 rad/s”2 (-0.95 deg/s”"2), alpha7 0.006 rad/s"2 (0.33 deg/s"2)
Solution #2:
alpha3 = 0.027 rad/s"2 (1.55 deg/s"2), alphad4d = 0.047 rad/s"2 (2.72 deg/s"2),
alpha6 = 0.018 rad/s"2 (1.03 deg/s”2), alpha’ -0.004 rad/s"2 (-0.25 deg/s"2)
Solution #3:

alpha3 = -0.027 rad/s”2 (-1.54 deg/s”"2), alpha4 = -0.074 rad/s"2 (-4.25 deg/s"2),
alpha6 = -0.014 rad/s”2 (-0.78 deg/s”2), alpha7 = 0.012 rad/s"2 (0.70 deg/s"2)
Solution #4:

alpha3 = -0.027 rad/s"2 (-1.54 deg/s”"2), alpha4 = -0.074 rad/s"2 (-4.25 deg/s"2),

alpha6 = 0.026 rad/s"2 (1.52 deg/s"2), alpha7 = 0.001 rad/s"2 (0.03 deg/s"2)

CStevSixbarlIll::angularPos

Synopsis
#include <sixbar.h>
void angularPos(double theta_1[1:7], double theta_2[1:7], double theta_3[1:7], double theta_ 4[1:7]);

Purpose
Given the angle of input link, calculate the angle of other links.

Parameters

theta_1 A double array with dimension size of 7 for the first solution.
theta_2 A double array with dimension size of 7 for the second solution.
theta_3 A double array with dimension size of 7 for the third solution.
theta_4 A double array with dimension size of 7 for the fourth solution.

Return Value
None.

Description

Given the angular position of the input link, this function computes the angular positions of the remaining
moving links. theta_I is a one-dimensional array of size 7 which stores the first solution of angular. theta_2
is a one-dimensional array of size 7 which stores the second solution of angular. theta_3 is a one-dimensional
array of size 7 which stores the third solution of angular. theta_4 is a one-dimensional array of size 7 which
stores the fourth solution of angular.

Example

A Stephenson (III) Sixbar linkage has parameters 71 = 9m,ro = 4m,rs = 10m,ry = 6m,rs = 8m,rg =
9m,r7 = 12m,rs = 3m,0; = 0°,05 = 15°,09 = 15°, B3 = 20°,rp = 5m, andf = 30°. Given the angle
03, calculate the angular positions of the other links.

#include<stdio.h>
#include<sixbar.h>

int main ()

{
double r[1:7];
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double rP3, beta3,

rp, beta;

double theta[1l:4][1:71];

double thetal = 0, theta5 = M_DEG2RAD(15),
CStevSixbarIII stevIII;

int 1i;

/+ Define Stephenson (III) Sixbar linkage. =/
r(l] = 9; r(2] = 4;

r[3] = 10; «r[4] = 6;

r[5] = 8; r[6] 9;

r[(7] = 12;

rP3 = 3;
rp = 5
for (1

{

beta3 M_DEG2RAD (20) ;
beta = M_DEG2RAD (30);
1; 1 <= 4; i++)

I~

thetal[i][1]
theta[i1][2]
thetal[i] [5]

thetal;
theta2;
thetab;

/* Perform analysis. =/

stevIII.setLinks (r, rP3, beta3, thetal, thetab);
stevIII.setCouplerPoint (rp, beta);
stevIII.angularPos (theta[l], thetal2], thetal[3],
/* Display results. =/
for(i = 1; i <= 4; 1i++)
{

printf ("Solution #%$d:\n", 1i);

%$.3f radians
M_RAD2DEG (theta[i][3]),
M_RAD2DEG (thetal[i][4]));
%$.3f radians
M_RAD2DEG (theta[i] [6]),
M_RAD2DEG (thetal[i1][7]1));

printf ("\t thetal3 =
thetal[i] [3],
thetal[i] [4],
printf ("\t theta6 =
thetal[i] [6],
thetal[i] [7],

return 0;

}
Output

Solution #1:

theta3 = 0.251 radians (14.37 degrees), thetad =
theta6 = 1.177 radians (67.41 degrees), theta7 =
Solution #2:

theta3 = 0.251 radians (14.37 degrees), thetad =

theta6 = -1.423 radians (-81.51 degrees), theta7
Solution #3:

theta3 = -0.860 radians (-49.28 degrees), thetad
theta6 = 1.479 radians (84.76 degrees), theta7 =
Solution #4:

theta3 = -0.860 radians (-49.28 degrees), thetad
theta6 = -1.130 radians (-64.77 degrees), theta7’

theta2

(%.2f degrees),

(%.2f degrees),

.769 radians
.211 radians

.769 radians

.507 radians

CStevSixbarlll::angular Vel

= M_DEG2RAD (25) ;

thetal4d]);

theta4 = %.3f radians (%.2f degrees),\n",

theta7 = %.3f radians (%.2f degrees)\n",

(44.05 degrees),
(126.69 degrees)

(44.05 degrees),
-2.457 radians (-140.78 degrees)

-1.378 radians (-78.97 degrees),
(143.64 degrees)

-1.378 radians
-2.158 radians

(=78.97 degrees),
(=123.65 degrees)

CStevSixbarlll::angular Vel
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Synopsis
#include <sixbar.h>
void angularVel(double theta/1:7], double omega[l:7]);

Purpose
Given the angular velocity of the input link, calculate the angular velocity of other links.

Parameters
theta A double array used for the input angle of links.
omega A double array used for the angular velocities of links.

Return Value
None.

Description
Given the angular velocity of the input link, this function calculates the angular velocities of the remaining
moving links of the sixbar. theta is an array for link positions. omega is an array for angular velocity of links.

Example

A Stephenson (III) Sixbar linkage has link lengths 71 = 9m,re = 4m,r3 = 10m,ry = 6m,r5 = 8m,rg =
9m,r7 = 12m,rs = 3m,0; = 0°,05 = 15°,09 = 25°, 53 = 20°,rp = 5m, and = 30°. Given the angle
03 and the angular velocity we, determine the angular velocities of the other links.

#include<stdio.h>
#include<sixbar.h>

int main ()
{
double r[1:7];
double rP3, beta3,
rp, beta;
double theta[l:4][1:7], omegal[l:4][1:7];
double thetal = 0, theta5 = M_DEG2RAD(15), theta2 = M_DEG2RAD (25);
double omega2 = M_DEG2RAD (10);
CStevSixbarIII stevIII;
int 1i;

/+ Define Stephenson (III) Sixbar linkage. =/

r(l] = 9; r(2] = 4;
r[(3] = 10; r(4] = 6;
r(5] = 8; r(6] = 9;
r(7] = 12;

rP3 = 3; beta3 = M_DEG2RAD (20) ;
rp = 5; beta = M_DEG2RAD(30);
for(i = 1; i <= 4; i++)

{

theta[i][1] = thetal;
theta[i] [2] = theta2;
theta[i] [5] = thetab5;
omegal[i] [2] = omega2;

}

/+ Perform analysis. =/
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stevIII.setLinks(r, rP3, beta3, thetal, thetab);
stevIII.setCouplerPoint (rp, beta);
stevIII.angularPos (theta[l], thetal[2
stevIII.angularVel (theta[l], omegal[l]);

], theta[3], thetald]);
[ 1)

stevIII.angularVel (theta[2], omegal[2]);
[ 1)
[ 1)

’

stevIII.angularVel (theta[3], omegal3
stevIII.angularVel (theta[4], omegal4

’

/* Display results. =/
for(i = 1; i <= 4; i++)
{
printf ("Solution #%$d:\n", 1i);
printf ("\t omega3 = %.3f rad/s (%.2f deg/s), omegald
omegal[i] [3], M_RAD2DEG (omegal[i][3]),
omegal[i] [4], M_RAD2DEG (omegal[i][4]1));
)

%.3f rad/s (%.2f deg/s),\n",

printf ("\t omega6 = %$.3f rad/s (%.2f deg/s), omega7 = %.3f rad/s (%.2f deg/s)\n",
omegal[i] [6], M_RAD2DEG (omegal[i][6]),
omegal[i] [7], M_RAD2DEG (omegal[i][7]1));
}
return 0;
}
Output
Solution #1:
omega3 = -0.046 rad/s (-2.64 deg/s), omega4 = 0.043 rad/s (2.48 deg/s),
omega6 = -0.055 rad/s (-3.12 deg/s), omega7 = —-0.055 rad/s (-3.16 deg/s)
Solution #2:
omega3 = -0.046 rad/s (-2.64 deg/s), omega4 = 0.043 rad/s (2.48 deg/s),
omega6 = -0.056 rad/s (-3.18 deg/s), omega7 = —-0.055 rad/s (-3.15 deg/s)
Solution #3:
omega3 = -0.137 rad/s (-7.84 deg/s), omegad4 = -0.226 rad/s (-12.96 deg/s),
omega6 = -0.047 rad/s (-2.70 deg/s), omega7 = —-0.031 rad/s (-1.79 deg/s)
Solution #4:
omega3 = -0.137 rad/s (-7.84 deg/s), omegad4 = -0.226 rad/s (-12.96 deg/s),
omega6 = -0.022 rad/s (-1.28 deg/s), omega7 = —-0.038 rad/s (-2.19 deg/s)

CStevSixbarlll::animation

Synopsis
#include <sixbar.h>
void animation(int branchnum, ... /* [int animationtype, string_t datafilename] */);

Syntax
animation(branchnum)

animation(branchnum, datafilename)

Purpose
An animation of a Stephenson (III) Sixbar mechanism.

Parameters

branchnum an integer used for indicating which branch will be drawn.
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it animationtype an optional parameter to specify the output type of the animation.
datafilename an optional parameter to specify the output file name.

Return Value
None.

Description

This function simulates the motion of a Stephenson (III) Sixbar mechanism. branchnum is an integer num-
ber which indicates the branch you want to draw. animationtype is an optional parameter used to specify
how the animation should be outputted. animationtype can be either of the following macros:
QANIMATE_OUTPUTTYPE DISPLAY, QANIMATE OUTPUTTYPE FILE,
QANIMATE_OUTPUTTYPE_STREAM. QANIMATE _OUTPUTTYPE_DISPLAY displays an animation
on the screen. QANIMATE_OUTPUTTYPE_FILE writes the animation data onto a file.
QANIMATE_OUTPUTTYPE_STREAM outputs the animation to the standard out. datafilename is an op-
tional parameter to specify the output file name.

Example

For a Stephenson (III) Sixbar linkage with parameters vy = 9m,ry = 4m,r3 = 10m,r4 = 6m,r; =
8m,r¢ = 9m,ry = 12m,r = 6m, B3 = 20°,6; = 0°,05 = 15°, wy = 5rad/sec, and az = 0, simulate
the motion of the sixbar linkage.

#include<stdio.h>
#include<sixbar.h>

#define NUMPOINTS 50

int main ()
{
double r[1:7];
double rP3, beta3,
rp, beta;
double thetal = 0, thetab = M_DEG2RAD (15);
CStevSixbarIII stevIII;
int 1i;

/+ Define Stephenson (III) Sixbar linkage. =/

r[l] = 9; «rl2] = 4;
r[3] = 10; «r[4] = 6;
r[5] = 8; r(6] = 9;
r(7] = 12;

rP3 = 3; Dbeta3 = M_DEG2RAD (20);
rp = 5; beta = M_DEG2RAD(30);

/* Perform analysis. =/

stevIII.setLinks (r, rP3, beta3, thetal, thetab);
stevIII.setCouplerPoint (rp, beta, TRACE_ON) ;
stevIII.setNumPoints (NUMPOINTS) ;
stevIII.animation (1) ;

stevIII.animation (2, QANIMATE_OUTPUTTYPE_FILE, "tempdata");
stevIII.animation (3)

stevIII.animation (4)

’
’

return 0;
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Output
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Stephenson {IIT} Sixbar

CStevSixbarlll::couplerPointAccel

Stephenson {III} Sixbar
Synopsis

#include <sixbar.h>

double complex couplerPointAccel(double theta/1:7], double omega[1:7], double alpha[l:7]);

Purpose
Calculate the acceleration of the coupler point.

Parameters

theta An array of type double used to store the angular positions of the links.

omega An array of type double used to store the angular velocities of the links.
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alpha An array of type double used to store the angular accelerations of the links.

Return Value
The acceleration of the coupler point.

Description
This function calculates the coupler point acceleration. The return value is of type double complex.

Example

A Stephenson (III) Sixbar linkage has link lengths 1 = 9m,ro = 4m,r3 = 10m,ry = 6m,r5 = 8m,rg =
9m,r7 = 12m,r = 3m, 6, = 0%, 05 = 15°, 3 = 20°, rp=5m, and 8 = 30°. Given the angle 65,
angular velocity we and angular acceleration aq, calculate the coupler point acceleration for each circuit,
respectively.

#include<stdio.h>
#include<sixbar.h>

int main ()
{
double r[1:7];
double rP3, beta3,
rp, beta;
double theta[l:4][1:7], omegall:4][1:7], alphall:4]1([1:7];
double thetal = 0, thetab5 = M_DEG2RAD(15), theta2 = M_DEG2RAD (25);
double omegaz2 = M_DEG2RAD (10), alphaz2 = 0;
double complex Ap[l:4];
CStevSixbarIII stevIII;
int 1i;

/+ Define Stephenson (III) Sixbar linkage. =/

r(l] = 9; r(2] = 4;
r[(3] = 10; r(4] = 6;
r[5] = 8; r[6] = 9;
r(7] = 12;

rP3 = 3; Dbeta3 = M_DEG2RAD (20);

rp = 5; beta = M_DEG2RAD(30);
for(i = 1; i <= 4; i++)
{

theta[i][1] = thetal;

theta[i] [5] = thetab5;

11

theta[i][2] = theta2;
I

omegali] [2] = omega2;

/* Perform analysis. %/
stevIII.setLinks (r, rP3, beta3, thetal, thetab);
stevIII.setCouplerPoint (rp, beta);
stevIII.angularPos(theta[l], thetal2]
stevIII.angularVel (theta[l], omegal[l]
stevIII.angularVel (theta[2], omegal[2]
stevIII.angularVel (theta[3], omegal3]
stevIII.angularVel (theta[4], omegal[4]);
stevIII.angularAccel (theta[l], omegal[l], alphall])
stevIII.angularAccel (thetal[2], omegal[2], alphal2]);
stevIII.angularAccel (theta[3], omegal[3], alphal3]);
1)
al

theta[3], thetal[4]);

’

)
)i
).
)

’

’

stevIII.angularAccel (theta[4], omegal[4], alphal4

’
Ap[l] = stevIII.couplerPointAccel (thetall], omegall], alphalll);
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Ap[2] = stevIII.couplerPointAccel (thetal2], omegal2], alphal2]);
Ap[3] = stevIII.couplerPointAccel (thetal[3], omegal[3], alphal3]);
Ap[4] = stevIII.couplerPointAccel (theta[4], omegal4], alphal4]);

/+ Display results. =/
for(i = 1; 1 <= 4; i++)
{
printf ("Solution #%d:\n", 1i);
printf ("\t Ap = %.3f\n", Apl[i]);
}

return 0;

}
Output

Solution #1:

Ap = complex(-0.077,0.008)
Solution #2:

Ap = complex(-0.100,0.080)
Solution #3:

Ap = complex(-0.132,-0.076)
Solution #4:

Ap = complex(-0.125,0.016)

CStevSixbarlll::couplerPointPos

Synopsis
#include <sixbar.h>
void couplerPointPos(double t/eta2, double complex &P/[1:4]);

Purpose
Calculate the position of the coupler point.

Parameters

theta2 A double number used for the input angle of link.

P[1:4] A double complex array with size 4 for the solutions of the coupler point.
Return Value

None.

Description

This function calculates the position of the coupler point. theta2 is the input angle. P[1:4] are the four
solutions of the coupler point position, respectively, each of which is a complex number indicates the vector
of the coupler point.

Example

A Stephenson (III) Sixbar linkage has link lengths 1 = 9m, ro = 4m,r3 = 10m,ry = 6m,r5 = 8m,rg =
9m,r7 = 11m,r5 = 3m, 6 = 0%, 05 = 15°, B3 = 20°, rp=5m, and [ = 30°. Given the angle 02, calculate
the position of the coupler point for each circuit, respectively.
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#include<stdio.h>
#include<sixbar.h>

int main ()
{

double r[1:7];

double rP3, beta3,
rp, beta;
thetal[l:4]1([1:7];
double thetal = 0, thetab =
double complex P[1:4];
CStevSixbarIII stevIII;
int 1i;

double
M_DEG2RAD (15),

/+ Define Stephenson
r[l] = 9; =rl[2] = 4;
r[(3] = 10; «r[4] = 6;
r[(5] = 8; r(6] = 9

r(7] = 12;

rP3 = 3;
rp = 5;

for(i =

{

(ITTI) Sixbar linkage.

’

beta3 M_DEG2RAD (20) ;
beta = M_DEG2RAD (30) ;
1; i <= 4; 1i++)
thetal[i] [1] =
thetal[i] [2]
thetal[i] [5]

thetal;
theta2;
thetab;

/* Perform analysis. */
stevIII.setLinks(r, rP3,
stevIII.setCouplerPoint (rp, beta);
stevIII.angularPos (theta[l], theta[2],
stevIII.couplerPointPos (theta2, P);

beta3, thetal,

*/
i++)

/+ Display results.
for(i = 1; 1 <= 4;
{

printf ("Solution #%$d:\n", 1i);
P[i]);

printf("\t P = $.3f\n",
}
return 0;
}
Output
Solution #1:
P = complex (6.655,8.353)
Solution #2:
P = complex (8.740,-0.863)
Solution #3:
P = complex(5.117,5.095)
Solution #4:
P = complex(9.754,-3.335)

thetaz =

thetal[3],

CStevSixbarlll::couplerPoint Vel

M_DEG2RAD (25) ;

*/

thetab);

thetal4d]);

CStevSixbarlll::couplerPoint Vel
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Synopsis
#include <sixbar.h>
double complex couplerPointVel(double theta/1:7], double omega[1:7]);

Purpose
Calculate the velocity of the coupler point.

Parameters
theta An array of type double that stores the angular positions of the links.
omega An array of type double that stores the angular velocities of the links .

Return Value
The velocity of the coupler point.

Description
This function calculates the coupler point velocity. The return value is of type double complex.

Example

A Stephenson (III) Sixbar linkage has link lengths 1 = 9m,re = 4m,r3 = 10m,ry = 6m,r5 = 8m,rg =
9m,r7 = 12m,rs = 3m, 61 = 0°, 05 = 15°, B3 = 20°, rp=5m, and S = 30°. Given the angle 02 and
angular velocity ws, calculate the coupler point velocity for each respective circuit.

#include<stdio.h>
#include<sixbar.h>

int main ()
{
double r[1:7];
double rP3, beta3,
rp, beta;
double theta[l:4][1:7], omegall:4][1:7];
double thetal = 0, thetab5 = M_DEG2RAD(15), theta2 = M_DEG2RAD (25);
double omegaz = M_DEG2RAD (10);
double complex Vp[l:4];
CStevSixbarIII stevIII;
int 1i;

/+ Define Stephenson (III) Sixbar linkage. =/

r(l] = 9; r(2] = 4;
r[(3] = 10; r(4] = 6;
r[5] = 8; r[e] = 9;
r(7] = 12;

rP3 = 3; beta3 = M_DEG2RAD (20) ;
rp = 5; Dbeta = M_DEG2RAD (30);
for(i = 1; i <= 4; i++)

{

theta[i] [1] = thetal;
theta[i][2] = theta2;
theta[i] [5] = thetab;
omegali] [2] = omegaZl2;

}

/+ Perform analysis. =/
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stevIII.setLinks(r, rP3, beta3, thetal, thetab);
stevIII.setCouplerPoint (rp, beta);

stevIII.angularPos (theta[l], thetal[2
stevIII.angularVel (theta[l], omegal[l
stevIII.angularVel (theta[2], omegal2
stevIII.angularVel (theta[3], omegal[3
stevIII.angularVel (theta[4], omegal4]

theta[3], thetal4]);

)7
)i
).
)

’

]
]
]
]

’

Vp[l] = stevIII.couplerPointVel (theta[l], omegall]);
Vpl[2] = stevIII.couplerPointVel (theta[2], omegal2]);
Vp[3] = stevIII.couplerPointVel (theta[3], omegal3]);
Vp[4] = stevIII.couplerPointVel (theta[4], omegal4d]);

/+ Display results. =/
for(i = 1; 1 <= 4; i++)
{
printf ("Solution #%d:\n", 1i);
printf ("\t Vp = $%.3f\n", Vp[i]);
}

return 0;

}
Output

Solution #1:
Vp = complex(0.053,0.554)
Solution #2:
Vp = complex (-0.435,0.346)
Solution #3:
Vp = complex (-0.282,0.373)
Solution #4:
Vp = complex(-0.559,0.183)

CStevSixbarlll::displayPosition

Synopsis

#include <sixbar.h>

int displayPosition(double t/eta2, double theta3, double theta4, double theta6, double theta7, ... /* [int
outputtype [, [char * filename]] */);

Syntax

displayPosition(theta2, theta3, theta4, theta6, theta7)
displayPosition(theta2, theta3, theta4, theta6, theta7, outputtype)
displayPosition(theta2, theta3, theta4, theta0, theta7, outputtype, filename)

Purpose
Given 69, 63, 64, 6, and 07, display the current position of the Stephenson (III) sixbar linkage.

Parameters
theta2 0y angle.

theta3 03 angle.
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theta4 0, angle.
theta6 0g angle.
theta7 07 angle.

outputtype an optional argument for the output type.

filename an optional argument for the output file name.

Return Value
This function returns O on success and -1 on failure.

Description

CStevSixbarlll::displayPosition

Given 05, 63, 04, 06, and 07, display the current position of the Stephenson (II) sixbar linkage. outputtype
is an optional parameter used to specify how the output should be handled. It may be one of the following
macros: QANIMATE_OUTPUTTYPE_DISPLAY, QANIMATE_OUTPUTTYPE_FILE,
QANIMATE_OUTPUTTYPE_STREAM. QANIMATE_OUTPUTTYPE _DISPLAY outputs the figure to the
computer terminal. QANIMATE_OUTPUTTYPE_FILE writes the qanimate data onto a file.
QANIMATE_OUTPUTTYPE_STREAM outputs the qanimate data to the standard out stream. filename

is an optional parameter to specify the output file name.

Example

A Stephenson (III) sixbar linkage has link lengths vy = 9m,ry = 4m,r3 = 10m,ry = 6m,r5 = 8m,rg =
9m,r; = 12m, 0 = 10°, 5 = 3m, B3 = 20°, and coupler properties r, = 5m and 5 = 30°. Given the
angle 0, display the Stephenson (III) sixbar linkage in its current position for one branch.

#include<stdio.h>
#include<sixbar.h>

int main ()
{
double r[1:7];
double rP3, beta3,
rp, beta;
double theta[l1:4][1:7];
double thetal = 0, theta5 = M_DEG2RAD(15),
double complex P[1:4];
CStevSixbarIII stevIII;
int 1i;

/+ Define Stephenson (III) Sixbar linkage.

r(l] = 9; r[2] = 4;
r[(3] = 10; r(4] = 6;
r[5] = 8; r[e] = 9;
r(7] = 12;

rP3 = 3; Dbeta3 = M_DEG2RAD (20);

rp = 5; Dbeta = M_DEG2RAD (30);

for(i = 1; 1 <= 4; i++)

{
theta[i] [1] = thetal;
theta[i][2] = theta2;
theta[i] [5] = thetab5;
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/* Perform analysis. =/

stevIII.setLinks(r, rP3, beta3, thetal, thetab);

stevIII.setCouplerPoint (rp, beta);

stevIII.angularPos(theta[l], thetal[2], theta[3], thetal4]);
stevIII.displayPosition(theta[l][2], thetal[l][3], theta[l][4], thetal[l][6], thetalll[7]);

return 0;

}

Output

v

| Hext || Prev |§ BiE §| Go |§ Grop 0 Fash 0 Blow

Stephenson {IIT} Sixbar

E =
CStevSixbarlll::setCouplerPoint

Synopsis
#include <sixbar.h>
void setCouplerPoint(double rp, beta, ... /* [int trace] */);

Syntax
setCouplerPoint(couplerLink, rp, beta)
setCouplerPoint(couplerLink, rp, beta, trace)

Purpose
Set parameters for the coupler point.

Parameters
rp A double number used for rp.
beta A double number for beta.

it trace An optional parameter of int type specifying either macro TRACE_OFF or TRACE_ON to indicate
whether the coupler curve should be traced during animation.
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Return Value
None.

Description
This function sets the parameters for the coupler point.

Example
see CStevSixbarllIl::couplerPointPos().

CStevSixbarlIll::setLinks

CStevSixbarlIll::setAngularVel

Synopsis
#include <sixbar.h>
void setAngularVel(double omega?);

Purpose
Set the constant angular velocity of link2.

Parameters

omega2 A double number used for the constant input angular velocity of link2.

Return Value
None.

Description
This function sets the constant angular velocity of link?2.

Example
see CStevSixbarlll::angularVel().

CStevSixbarlll::setLinks

Synopsis
#include <sixbar.h>
void setLinks(double r/1:7], ¥rP3, beta3, thetal, theta5);

Purpose
Set the lengths of the links.

Parameters
r A double array used for the lengths of the links.

rP3 A double number for the length of 7.

beta3 A double number for the angle between link % and horizontal.

thetal A double number for the angle between link1 and horizontal.

theta5 A double number for the angle between link5 and horizontal.
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Return Value

Description
This function sets the lengths of the links, including 5 and angles 61, 65 and 5.

Example
see CStevSixbarlll::angularVel().

CStevSixbarlll::setNumPoints

Synopsis
#include <sixbar.h>
void setNumPoints(int numpoints);

Purpose
Set number of points for animation.

Parameters
numpoints An integer number used for the number of points.

Return Value
None.

Description
This function sets number of points for animation.

Example
see CStevSixbarlll::animation().

CStevSixbarlll::uscUnit

Synopsis
#include <sixbar.h>
void uscUnit(bool unit);

Purpose
Specify the use of SI or US Customary units in analysis.

Parameters

unit A boolean argument, where t rue indicates US Customary units are desired and false indicates SI
units.

Return Value
None.
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Description
This function specifies the whether SI or US Customary units are used.If unit = true, then US Cus-
tomary units are used; otherwise, SI units are used. By default, SI units are assumed. This member function

shall be called prior any other member function calls.
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Class CCam

CCam
CCam

The header file cam.h includes header file linkage.h. The header file cam.h also contains a declaration of
class CCam. The CCam class can be used to design cams with translating or oscillating, flat-faced or roller
followers, with either harmonic or cycloidal follower motion. The follower position, follower velocity, fol-
lower acceleration, follower jerk, and transmission angle for the system cam be plotted or returned to the
user directly. In addition the cam/follower system can be animated and CNC code for manufacturing the
cam can be generated and saved to a file.

Public Data

None.

Public Member Functions

Function Description

CCam() Class Constructor. Creates and initializes new instances of the class.
“CCam() Class destructor. Frees memory associated with an instance of the class.
addSection() Add a cam section to a previously declared instance of the cam class.
angularVel() Set the cam angular velocity.

animation() Display an animation of the cam.

baseRadius() Set the cam base radius.

CNCCode() Set the filename for CNC code output.

cutDepth() Set the cut depth for CNC code generation.

cutter() Set the cutter parameters for CNC code generation.

cutterOffset() Set the cutter home position offset for CNC code generation.
deleteCam() Remove data from a previously used instance of the CCam class.
feedrate() Set the feedrate for CNC code generation.

followerType() Set the cam follower type.

getCamAngle() Get the cam angular position data.

getCamProfile() Get the cam profile data.
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getFollowerAccel() Get the cam follower acceleration data.

getFollowerJerk()  Get the cam follower jerk data.

getFollowerPos() Get the cam follower position data.

getFollower Vel () Get the cam follower velocity data.

getTransAngle() Get the cam transmission angle data.

makeCam() Generate the cam data and write CNC code to a file.

plotCamProfile() Plot the cam profile data.

plotFollowerAccel() Plot the cam follower acceleration vs. the cam angular position.

plotFollowerJerk() Plot the cam follower jerk vs. the cam angular position.

plotFollowerPos()  Plot the cam follower position vs. the cam angular position.

plotFollowerVel()  Plot the cam follower velocity vs. the cam angular position.

plotTransAngle()  Plot the cam transmission angle vs. the cam angular position.

spindleSpeed() Set the spindle speed for CNC code generation.

Constants

Macro Description

CAM_DURATION FILL The current cam section is used to fill the remaining
duration up to 360 degrees. The [ift parameter is ignored
and the appropriate value is calculated internally to give
a continuous profile.

CAM_FOLLOWER_OSC_FLAT The cam has an oscillating flat-faced follower.

CAM_FOLLOWER_OSC_ROLL The cam has an oscillating roller follower.

CAM_FOLLOWER_TRANS_FLAT The cam has a translating flat-faced follower.

CAM_FOLLOWER_TRANS_ROLL The cam has a translating roller follower.

CAM_MOTION_CYCLOIDAL Cam displacement profile for the section is cycloidal.

CAM_MOTION_HARMONIC Cam displacement profile for the section is harmonic.

References

Erdman, A. G. and Sandor, G. N., 1997, Mechanism Design Analysis and Synthesis, Vol. 1, 3rd ed., Prentice
Hall, Englewood Cliffs, NJ.
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CCam::addSection

Synopsis
#include <cam.h>
int addSection(double duration, double displacement, int motion_type);

Purpose
Add a cam section to a previously declared instance of the cam class.

Return Value
This function returns O on success and -1 on failure.

Parameters
duration The angular duration of the cam section in degree.

displacement The change in position of the cam follower. Positive away from the center of the cam, neg-
ative toward the center of the cam. Measured in inches for translating followers and in degrees for
oscillating followers.

motion_type Valid values are:

CAM_MOTION_CYCLOIDAL Cam displacement profile for the section is cycloidal.
CAM_MOTION_HARMONIC Cam displacement profile for the section is harmonic.

Description

This function is called to add a section to a previously declared instance of the CCam class. The duration
can be any positive number less than or equal to 360 or can be set to CAM_DURATION_FILL.
CAM_DURATION_FILL gives the current section a duration equal to 360 minus the sum of the previous
section durations and should be used to specify the last section of a cam. The displacement is the change in
the follower position over the duration of the section. this quantity is in inch for translating followers and
in degree for oscillating followers. There are no restrictions placed on the value of this parameter, however
an invalid value will result in an invalid cam profile. The displacement is selected automatically to give a
continuous cam profile when duration is CAM_DURATION _FILL. The motion_type describes the shape
of the displacement profile for the cam section. If displacement is zero, this parameter has no effect.

Algorithm
See Algorithm section in CCam::makeCamy().

Example
See example in CCam::plotCamProfile().

CCam::angular Vel

Synopsis
#include <cam.h>
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void angularVel(double omega);

Purpose
Set the cam’s angular velocity.

Return Value
None.

Parameters
omega The angular velocity of the cam in rad/s. Omega is positive for clockwise rotation of the cam.

Description

This function sets the angular velocity of the cam. The angular velocity, omega, is specified in rad/s. A
positive value indicates that the cam is rotated clockwise. A negative value indicates counter-clockwise
rotation. By default, the angular velocity is 1 rad/s.

Example

#include <cam.h>

int main () {
class CCam cam;
int steps = 360;

cam.followerType (CAM_FOLLOWER_TRANS_FLAT, 0);
cam.baseRadius (5) ;
cam.angularVel (2);
cam.addSection (90, 1, CAM_MOTION_HARMONIC) ;
cam.addSection (90, -1, CAM_MOTION_HARMONIC) ;
cam.addSection (CAM_DURATION_FILL, 0, CAM_MOTION_HARMONIC) ;
cam.makeCam (steps) ;
cam.plotFollowerVel (NULL) ;

}

Output

Vel vs. Theta

velocity [in/s]

.05

.15+

-2 Il Il Il Il Il Il Il
0 50 100 150 200 250 300 350

theta [deg]
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CCam::animation

Synopsis
#include <cam.h>
int animation(int numframe, ... /* [int outputtype, [string_t filename]] */);

Syntax

animation(numframe)
animation(numframe, outputtype)
animation(numframe, outputtype, filename)

Purpose

Display an animation of the cam.

Return Value

This function returns 0 on success and -1 on failure.

Parameters
numframe The number of different cam positions (frames) used in the animation.

outputtype An optional parameter to specify the output type of the animation.

filename An optional parameter to specify the output file name.

Description

This function uses the Quick Animation program to display an animation of the cam. The value of num-
frame specifies the number of different cam positions (frames) used in the animation. Argument outputtype
can be either of the following macros: QANIMATE _OUTPUTTYPE DISPLAY,

QANIMATE_ OUTPUTTYPE_STREAM, and QANIMATE OUTPUTTYPE FILE.
QANIMATE_OUTPUTTYPEDISPLAY outputs the animation onto the computer terminal,
QANIMATE_ OUTPUTTYPE_STREAM outputs the animation to the standard output, and
QANIMATE_OUTPUTTYPE_FILE writes the animation data onto a file. Optional argument filename
is used to specify the file name to store the animation data. This function should only be called after
CCam::makeCam().

Example

#include <cam.h>
int main() {

class CCam cam;
int steps = 360;

cam.followerType (CAM_FOLLOWER_TRANS_FLAT) ;
cam.baseRadius (5);

cam.addSection (90, 1, CAM_MOTION_HARMONIC) ;
cam.addSection (90, -1, CAM_MOTION_HARMONIC) ;
cam.addSection (CAM_DURATION_FILL, 0, CAM_MOTION_HARMONIC) ;
cam.makeCam (steps) ;

cam.animation (12);
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Output

= [=I[=if]
| Hext || Prev || All | Gtop | Fash Blaw

Can

[
[

CCam::baseRadius

Synopsis
#include <cam.h>
void baseRadius(double base_radius);

Purpose
Set the cam base radius.

Return Value
None.

Parameters
base_radius The base radius of the cam.

Description
The base radius of the cam is the initial radius of the cam before any calls to CCam::addSection(). By
default, the base radius is 4.0 inches.

Example
See example in CCam::plotCamProfile().
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See Also
CCam::addSection();

CCam::CNCCode

Synopsis
#include <cam.h>
void CNCCode(string_t filename);

Purpose
Set the filename for CNC code output.

Return Value
None.

Parameters
filename The name of the CNC code file to be created.

Description
This function sets the name of the CNC code file to be created. The file is created at the point when
CCam::makeCam() is called.

Example

#include <cam.h>

int main() {
class CCam cam;
int steps = 360;

cam.followerType (CAM_FOLLOWER_TRANS_FLAT, 0);
cam.cutter (.25, 2, 2);

cam.cutDepth(1.75);

cam. feedrate (10.5);

cam.spindleSpeed (2000) ;

cam.cutterOffset (1.0, 1.0, 0);

cam.addSection (90, .5, CAM_MOTION_HARMONIC) ;
cam.addSection (90, -.5, CAM_MOTION_HARMONIC) ;
cam.addSection (CAM_DURATION_FILL, 0, CAM_MOTION_HARMONIC) ;
cam.CNCCode ("../output/CNCCode.txt");
cam.makeCam (steps) ;

}

Output

See Also
CCam::makeCam();

References
Vickers, G. W., Ly, M. H. and Oetter, R. G., 1990, Numerically Controlled Machine Tools, Ellis Horwood,
New York, NY.
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CCam::cutDepth

Synopsis
#include <cam.h>
void cutDepth(double cut_depth);

Purpose
Set the cut depth for CNC code generation.

Return Value
None.

Parameters
cut_depth The depth of the cutter during cam manufacturing.

Description

This function sets the cutter depth to be used during cam manufacturing and is used during the creation of
the CNC code. This parameter does not effect the shape of the cam profile and only needs to be set if CNC
code will be generated. By default, the cut depth is 0.75 inch.

Example
See example in CCam::CNCCode().

See Also
CCam::CNCCode(), CCam::cutter(), CCam::cutterOffset(), CCam::feedrate(), and CCam::spindleSpeed().

CCam::cutter

Synopsis
#include <cam.h>
void cutter(double cutter_radius, double cutter_length, int tool_num);

Purpose
Set the cutter parameters for CNC code generation.

Return Value
None.

Parameters
cutter_radius The radius (in inches) of the cutter used for manufacturing of the cam.

cutter_length The length (in inches) of the cutter used for manufacturing the cam.
tool_num The tool number of the cutter used.

Description

This function sets the parameters for the cutter used to generate CNC code. Figure illustrates the cutter
parameters. The cutter_length should be less than the depth set in CCam::cutDepth(). The CNC machine
to be used supports multiple tools, tool_num can be used to specify the correct cutter. These parameters do
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not effect the shape of the cam profile and only need to be set if CNC code is to be created. By default the
cutter radius is 0.125 in., the cutter length is 1.0 in., and the tool number is 1.

Example
See example in CCam::CNCCode().

See Also
CCam::CNCCode(), CCam::cutDepth(), CCam::cutterOffset(), CCam::feedrate(), and CCam::spindleSpeed().

CCam::cutterOffset

Synopsis
#include <cam.h>
void cutterOffset(double x_offset, double y_offset, double z_offset);

Purpose
Set the cutter home position offset for CNC code generation.

Return Value
None.

Parameters
x_offset The x coordinate of the cutter home position offset.

y-offset The y coordinate of the cutter home position offset.
z-offset The z coordinate of the cutter home position offset.

Description

The CNC home position offset may be changed if the CNC home position does not coincide with the de-
sired location of the cam center. As shown in Figure the home position offset is measured from the old
home position to the new home position. It is important that these parameters be chosen properly, incorrect
selection can cause damage to the tools and CNC machine. These parameters do not effect the shape of the
cam profile and only need to be set if CNC code is to be created. By default, all offsets are zero.

Example
See example in CCam::CNCCode().

See Also
CCam::CNCCode(), CCam::cutDepth(), CCam::cutter(), CCam::feedrate(), and CCam::spindleSpeed().

CCam::deleteCam

Synopsis
#include <cam.h>
void deleteCam();
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Purpose
Remove data from a previously used instance of the CCam class.

Return Value
None.

Parameters
None.

Description
This function frees all memory associated with previously allocated cam sections and data arrays. This
function allows for reuse of a single instance of the CCam class to create multiple cams.

CCam::feedrate

Synopsis
#include <cam.h>
void feedrate(double feedrate);

Purpose
Set the feedrate for CNC code generation.

Return Value
None.

Parameters
feedrate The feedrate in inches per minute for machining.

Description

The feedrate, in inches per minute, is the rate at which the workpiece is moved during machining. This
parameter does not effect the shape of the cam profile and only needs to be set if CNC code is to be created.
By default, the feedrate is 18.3 in/min.

Example
See example in CCam::CNCCode().

See Also
CCam::CNCCode(), CCam::cutDepth(), CCam::cutter(), CCam::cutterOffset(), and CCam::spindleSpeed().

CCam::followerType

Synopsis

#include <cam.h>

int followerType(int follower_type, ... /* [double ¢], [double ¢, double rf], [double m:, double f],
[double m, double A, double rf] */);
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Syntax

int follower Type(CAM_FOLLOWER_TRANS FLAT, double ¢)

int follower Type(CAM_FOLLOWER _TRANS_ROLL, double ¢, double f

int follower Type(CAM_FOLLOWER_OSC_FLAT, double m, double /)

int follower Type(CAM_FOLLOWER_OSC_ROLL, double m, double A, double rf)

Purpose
Set the cam follower type.

Return Value
This function returns O on success and -1 on failure.

Parameters

e For a translating follower, the distance from the cam center to the line of follower motion, as shown in
Figures[6.1land By default, e is zero.

rf The roller radius for a roller follower, as shown in Figures[6.2]and [6.4l By default, rfis 1.0 inch.

f For a flat-faced oscillating follower, the follower face offset measured from the follower pivot point, as
showin in Figure By default, fis 4.0 inches.

A For an oscillating roller follower, the length of the arm connecting the pivot point and roller center, as
shown in Figure By default, A is 10.0 inches.

m For oscillating followers, the distance between the cam center and the follower pivot point, as shown in
Figures[6.3]and [6.4] By default, m is 15.0 inches.

Description

This function is used to select the follower type and set the necessary related parameters. For a trans-
lating flat-faced follower, e is positive for an offset to the right of the cam. For a translating roller fol-
lower, e is positive for offsets to the left of the cam. For oscillating followers, m is positive when the
follower pivot point is to the right of the cam. All dimensions are in inches. By default, the follower type is
CAM_FOLLOWER _TRANS FLAT.

Example 1

#include <cam.h>

int main() {
class CCam cam;
int steps = 360;
CPlot plot;

cam.followerType (CAM_FOLLOWER_TRANS_FLAT, 0);
cam.baseRadius (5);

cam.addSection (90, .5, CAM_MOTION_HARMONIC) ;
cam.addSection (90, -.5, CAM_MOTION_HARMONIC) ;
cam.addSection (CAM_DURATION_FILL, 0, CAM_MOTION_HARMONIC) ;
cam.makeCam(steps) ;

cam.plotCamProfile (&plot);
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Output

Cam Profile

y [in]
o

Example 2

#include <cam.h>

int main() {
class CCam cam;

int

steps = 360;

CPlot plot;

cam.
.baseRadius (5);
cam.
cam.
cam.
cam.
.plotCamProfile (&plot);

cam

cam

Output

followerType (CAM_FOLLOWER_TRANS_ROLL, .5, 1);

addSection (90, .5, CAM_MOTION_HARMONIC) ;
addSection (90, -.5, CAM_MOTION_HARMONIC) ;

addSection (CAM_DURATION_FILL, 0, CAM_MOTION_HARMONIC) ;

makeCam (steps) ;
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Cam Profile
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Example 3

#include <cam.h>

int main() {
class CCam cam;

int

steps = 360;

CPlot plot;

cam.
cam.
cam.
cam.
cam.
cam.
cam.

Output

followerType (CAM_FOLLOWER_OSC_FLAT, 10, 1);
baseRadius (5) ;

addSection (60, 3, CAM_MOTION_CYCLOIDAL);

addSection (120, -3, CAM_MOTION_CYCLOIDAL);

addSection (CAM_DURATION_FILL, 0, CAM_MOTION_HARMONIC) ;
makeCam (steps) ;

plotCamProfile (&plot);
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Cam Profile

y [in]
o
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Example 4

#include <cam.h>

int main() {
class CCam cam;

int

steps = 360;

CPlot plot;

cam.
cam.
cam.
cam.
cam.
cam.
cam.

Output

followerType (CAM_FOLLOWER_OSC_ROLL, 10, 10, 1);
baseRadius (5) ;

addSection (60, 3, CAM_MOTION_CYCLOIDAL);

addSection (120, -3, CAM_MOTION_CYCLOIDAL);

addSection (CAM_DURATION_FILL, 0, CAM_MOTION_HARMONIC) ;
makeCam (steps) ;

plotCamProfile (&plot);
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Cam Profile
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CCam::getCamAngle

Synopsis
#include <cam.h>
int getCamAngle(double angle[:]);

Purpose
Get the cam angular position data.

Return Value
This function returns O on success and -1 on failure.

Parameters
angle A double array of size steps+1 for the cam angular position data.

Description

This function copies an internal array containing the angular position of the cam into angle. The angle
array should be of size steps+1, where steps is the number of steps specified in CCam::makeCam(). This
function should only be called after CCam::makeCam().

Example
#include <cam.h>
int main() {

class CCam cam;

int steps = 360;
double angle[steps+l];
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cam.followerType (CAM_FOLLOWER_TRANS_FLAT, 0);
cam.addSection (90, 1, CAM_MOTION_HARMONIC) ;
cam.addSection (90, -1, CAM_MOTION_HARMONIC) ;
cam.addSection (CAM_DURATION_FILL, 0, CAM_MOTION_HARMONIC) ;
cam.makeCam (steps) ;
cam.getCamAngle (angle) ;

}

See Also
CCam::getCamProfile(), CCam::getFollowerAccel(), CCam::getFollowerPos(), CCam::getFollower Vel,
CCam::getTransAngle(), CCam::makeCam().

CCam::getCamProfile

Synopsis
#include <cam.h>
int getCamProfile(double x[:], double y[:]);

Purpose
Get the cam profile data.

Return Value
This function returns O on success and -1 on failure.

Parameters
x A double array of size steps+1 for the x coordinates of the cam profile.

y A double array of size steps+1 for the y coordinates of the cam profile.

Description

This function copies internal arrays containing the cam profile into x and y. The x and y arrays should be
of size steps+1, where steps is the number of steps specified in CCam::makeCam(). This function should
only be called after CCam::makeCam().

Example

#include <cam.h>

int main () {
class CCam cam;
class CPlot plot;
int steps = 360;
double x[steps+l], yl[steps+l];

cam.followerType (CAM_FOLLOWER_TRANS_FLAT, 0);
cam.addSection (90, 1, CAM_MOTION_HARMONIC) ;
cam.addSection (90, -1, CAM_MOTION_HARMONIC) ;
cam.addSection (CAM_DURATION_FILL, 0, CAM_MOTION_HARMONIC) ;
cam.makeCam(steps) ;

cam.getCamProfile (x, Vy);

plotxy(x, y, "Cam Profile", "x", "y", &plot);
plot.sizeRatio(-1);
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plot.plotting();
}

Output
Cam Profile
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See Also

CCam::makeCamy().

CCam::getFollowerAccel

Synopsis
#include <cam.h>
int getFollowerAccel(double accell:));

Purpose
Get the cam follower acceleration data.

Return Value
This function returns 0 on success and -1 on failure.

Parameters
accel A double array of size steps+1 for the cam acceleration data.

Description

This function copies an internal array containing the follower acceleration data into accel. The accel array
should be of size steps+1, where steps is the number of steps specified in CCam::makeCam(). This func-
tion should only be called after CCam::makeCam().

Example

#include <cam.h>
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int main () {
class CCam cam;
class CPlot plot;
int steps = 360;
double angle[steps+l], accel[steps+l];

cam.followerType (CAM_FOLLOWER_TRANS_FLAT, 0);
cam.addSection (90, 1, CAM_MOTION_HARMONIC) ;
cam.addSection (90, -1, CAM_MOTION_HARMONIC) ;
cam.addSection (CAM_DURATION_FILL, 0, CAM_MOTION_HARMONIC) ;
cam.makeCam (steps) ;
cam.getCamAngle (angle) ;
cam.getFollowerAccel (accel);
plotxy (angle, accel, "Follower Acceleration", "Angle", "in/s"2", s&plot);
plot.plotting();
}

Output

Follower Acceleration
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See Also
CCam::getCamAngle(), CCam::getCamProfile(), CCam::getFollowerPos(), CCam::getFollowerVel,
CCam::getFollowerJerk(), CCam::getTransAngle(), CCam::makeCam().

CCam::getFollowerJerk
Synopsis

#include <cam.h>

int getFollower Jerk(double jerk[:]);

Purpose
Get the cam follower jerk data.

Return Value
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This function returns O on success and -1 on failure.

Parameters
jerk A double array of size steps+1 for the cam jerk data.

Description

This function copies an internal array containing the follower jerk data into jerk. The jerk array should be
of size steps+1, where steps is the number of steps specified in CCam::makeCam(). This function should
only be called after CCam::makeCam().

Example

#include <cam.h>

int main() {
class CCam cam;
class CPlot plot;
int steps = 360;
double angle[steps+l], Jjerk[steps+l1l];

cam.followerType (CAM_FOLLOWER_TRANS_FLAT, 0);
cam.addSection (90, 1, CAM_MOTION_HARMONIC) ;
cam.addSection (90, -1, CAM_MOTION_HARMONIC) ;
cam.addSection (CAM_DURATION_FILL, 0, CAM_MOTION_HARMONIC) ;
cam.makeCam (steps) ;
cam.getCamAngle (angle) ;
cam.getFollowerJerk (jerk) ;
plotxy (angle, jerk, "Follower Jerk", "Angle", "in/s"3", &plot);
plot.plotting();

}

Output

Follower Jerk
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See Also
CCam::getCamAngle(), CCam::getCamProfile(), CCam::getFollowerPos(), CCam::getFollowerVel,
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CCam::getFollowerAccel(), CCam::getTransAngle(), CCam::makeCam().

CCam::getFollowerPos

Synopsis
#include <cam.h>
int getFollowerPos(double pos[:]);

Purpose
Get the cam follower position data.

Return Value
This function returns 0 on success and -1 on failure.

Parameters
pos A double array of size steps+1 for the follower position data.

Description

This function copies an internal array containing the follower position data into pos. The pos array should be
of size steps+1, where steps is the number of steps specified in CCam::makeCam(). This function should
only be called after CCam::makeCam().

Example

#include <cam.h>

int main () {
class CCam cam;
class CPlot plot;
int steps = 360;
double angle[steps+l], pos[steps+l];

cam.followerType (CAM_FOLLOWER_TRANS_FLAT, 0);
cam.addSection (90, 1, CAM_MOTION_HARMONIC) ;
cam.addSection (90, -1, CAM_MOTION_HARMONIC) ;
cam.addSection (CAM_DURATION_FILL, 0, CAM_MOTION_HARMONIC) ;
cam.makeCam (steps) ;
cam.getCamAngle (angle) ;
cam.getFollowerPos (pos) ;
plotxy(angle, pos, "Follower Position", "Angle", "in", &plot);
plot.sizeRatio(-1);
plot.plotting();

}

Output
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Follower Position
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See Also
CCam::getCamAngle(), CCam::getCamProfile(), CCam::getFollowerAccel(), getFollowerVel(),
CCam::getTransAngle(), CCam::makeCam().

CCam::getFollower Vel

Synopsis
#include <cam.h>
int getFollowerVel(double vel[:]);

Purpose
Get the cam follower velocity data.

Return Value
This function returns O on success and -1 on failure.

Parameters
vel A double array of size steps+1 for the follower velocity data.

Description

This function copies an internal array containing the follower velocity data into vel. The vel array should be
of size steps+1, where steps is the number of steps specified in CCam::makeCam(). This function should
only be called after CCam::makeCam().

Example

#include <cam.h>

int main() {
class CCam cam;
class CPlot plot;
int steps = 360;
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double angle[steps+1],

vel[steps+l];

cam.followerType (CAM_FOLLOWER_TRANS_FLAT, O0);
cam.addSection (90, 1, CAM_MOTION_HARMONIC) ;
cam.addSection (90, -1, CAM_MOTION_HARMONIC) ;

cam.
cam.
cam.
cam.

addSection (CAM_DURATION_FILL,
makeCam (steps) ;

getCamAngle (angle) ;
getFollowerVel (vel);

0, CAM_MOTION_HARMONIC) ;

CCam::makeCam

plotxy(angle, vel, "Follower Velocity", "Angle", "in", &plot);
plot.sizeRatio(-1);
plot.plotting();

}

Output

Follower Velocity
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See Also
CCam::getCamAngle(), CCam::getCamProfile(), CCam::getFollowerAccel(), CCam::getFollowerPos(),
CCam::getTransAngle(), CCam::makeCam().

CCam:: makeCam

Synopsis
#include <cam.h>
int makeCam(int szeps)

Purpose
Generate the cam data and write CNC code to a file.

Return Value
This function returns 0 on success and -1 on failure.

Parameters
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steps The number of steps used in calculating the cam profile and other results.

Description

This function is called to perform the actual calculations necessary to generate the results. It should be called
after all other member functions have been called except for CCam::animation(), CCam::getCamAngle(),
CCam::getCamProfile(), CCam::getFollowerAccel(), CCam::getFollowerPos(), CCam::getFollowerVel(),
CCam::getTransAngle(), CCam::plotCamProfile(), CCam::plotFollowerAccel(), CCam::plotFollowerPos(),
CCam::plotFollowerVel(), and CCam::plotTransAngle(). The cam is divided into steps segments, giving
steps+1 data points for the range of cam positions between 0 and 360 deg., inclusive. The results are
stored in internal arrays for later plotting or access by the user. If a CNC file name was specified using
CCam::CNCCode(), CNC code is written to the specified file.

Algorithm

When the CCam class is ready to calculate the cam profile, a loop is started. The variable ¢ starts at 0° and
each time through the loop it is increased by 360°/steps. The loop ends just before ¢ exceeds the number of
degrees specified by the duration for the section.

Each time through the loop (for each value of phi), the position, velocity, and acceleration of the follower is
calculated based on the type of motion specified by the user (harmonic or cycloidal). This loop is repeated
for each section of the cam. The equations used in the calculations are shown below where L is the Lift over
the duration of the section (in inches for a translating follower and radians for an oscillating follower), S is
the section duration (in radians) and ¢ is the cam position relative to the beginning of the section (in radians).

The equations for harmonic motion are: (Erdman and Sandor, pp. 371-2)

20 B
2
a = %w%os <%>
3
jerk = —gﬂgwgsin(%b>

The equations for cycloidal motion are: (Erdman and Sandor, pp. 372-3)

v = ef5oae (5]

e

2L 5 . (27T<;3>
a = —5w sin|—

B2 g
. _ A4An?L 2m¢
jerk = 7 w cos( 3 )

For translating followers the above equations produce the linear position, velocity and acceleration of the
follower. For oscillating followers, the equations produce the angular position, angular velocity and angular
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acceleration of the follower. Once the position, velocity, and acceleration are calculated for a given value of
¢, the coordinates of the cam profile and cutter center are calculated.

For a translating flat-faced follower, the angle between the direction of follower translation and the contact
point of the cam and follower is: (Erdman and Sandor, pp. 392)

§ = arctan ( ! dL)

Ld
= arctan (i>
a Lw

The distance between the cam center and the point of contact is:

L
cos 0

R =
The coordinates of the cam profile with respect to the reference radial is:

Team = R cos(Piotar +0)
Yeam = MRsin (¢total =+ 0)

The angle between the direction of follower translation and the center of the cutter is:

Rsin9>

= t
¥ arcan<L+rc

The distance between the cam center and cutter center is:

L+,
cosy

C =

The coordinates of the cutter center with respect to the reference radial is:

Leutter — CCOS (7 + (btoml)

Yeutter = csin (7 + ¢total)

For an oscillating flat-faced follower, the angel between the normal to the follower face and the point of
contact is: (Erdman and Sandor, pp. 394)

0 = arctan[( (de/dé) ) m s ¢ }

1—(d¢/dg)) f—msin¢
— arctan [( (1<§/;>w)) ff‘;f:ii J

The distance between the cam center and the contact point is:
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f+msin(

R =
cos

The coordinates of the cam profile with respect to the reference radial is:

Leam = R cos (¢toml + 6+ g + C)

Yeam = Rsin <¢total +6+ g + C)

The coordinates of the cutter center with respect to the reference radial is:

7 c

Teutter = \/C2 4 C3cos <¢tomz +6+ 5t ¢ — arctan é)
. T c

Yeutter = 1/C2+ c2sin ((btomz +6+ 5t ¢ — arctan é)

where

¢z = R-+r.cosb

Cy 7. sIn 6

CCam::makeCam

For a translating roller follower the angle between the contact point of the cam and follower and the cam

center is:

L(dL/d¢) }
m? + L2 — m(dL/d¢)

L(v/w) ]
m? + L? — m(v/w)

a = arctan[

= arctan [

The pressure angle is:

where

m
= tan (—
P arctan ( T )
The distance between the cam and follower centers is
F = VL?24+m?2
The coordinates of the cam profile with respect to the reference radial are:
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Team = R:c2 + Ry2 COS(¢total + T/J + arctan(Ry/Rx)
Yeam = \/ R+ Ry2 sin(¢rotar + 1 + arctan(R,/Ry)

where

R, = F—rpcosa

R, = rysina

The coordinates of the cutter location with respect to the reference radial are:

Teutter = /€2 + €2 cos(Protal + 1 + arctan(c, /c;)
Yeutter = \/Ca + C28in(Protal + 1 + arctan(c, /c;)

where

g = F+(re—rf)cosa

cy = (ry—re)sina

For an oscillating roller follower, angle between the follower center and the cam/follower contact point is

(Asiny) (d¢/d¢) ]
L — (Acos ) (dC/dd)

ELSIUB
L — (Acosv) (v/w)

a = arctan[

= arctan {

where

L = (A*+m®—2Amcos(C))
v = arcsin(msin(¢)/L)

The initial follower angle is

G = cosTH (A% +m® — (r, + 1))/ (2mA)

The pressure angle is

T
6 = ’y+a+—§

The coordinates of the cam profile with respect to the reference radial are:
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)]
)]

Team = 1/ R%+ R2cos[Brotar +m — v — ¢ + arctan(
Yeam = 4/ R?p + Rz Sin[¢total T == ¢+ arctan(

P& Pl

where

R, = L—rjcosa

R, = rysina

The coordinates of the cutter center with respect to the reference radial are:

C

C
Tcutter = \/ C% + Cg COS[(btotal + 7= v C + arctan(—y)]
T

C

Yeutter = \/Ca+ Cosin[brotar + T — 7 — C+ arctan(c—y)]
X

g = L+ (re—rf)cosa
cy = (ry—re)sina
References

Erdman, A. G. and Sandor, G. N., 1997, Mechanism Design Analysis and Synthesis, Vol. 1, 3rd ed., Prentice
Hall, Englewood Cliffs, NJ.

CCam::plotCamProfile

Synopsis
#include <cam.h>
int plotCamProfile(CPlot *plor);

Syntax
plotCamProfile( &plor)

Purpose
Plot the cam profile data.

Return Value
This function returns O on success and -1 on failure.

Parameters
&plot A pointer to a CPlot class variable for formatting the plot of the cam profile.

Description
Plot the cam profile. This function should only be called after CCam::makeCam().

Example

474



Chapter J: Cam <cam.h>

#include <cam.h>

int main() {
class CCam cam;
class CPlot plot;
int steps = 360;

cam.followerType (CAM_FOLLOWER_TRANS_FLAT, 0);
cam.baseRadius (5) ;

cam.addSection (90, 1, CAM_MOTION_HARMONIC) ;
cam.addSection (90, -1, CAM_MOTION_HARMONIC) ;

cam.addSection (CAM_DURATION_FILL, 0, CAM_MOTION_HARMONIC) ;

cam.makeCam (steps) ;
cam.plotCamProfile (&plot);
}

Output

Cam Profile

y [in]
o

See Also
CCam::makeCamy().

CCam::plotFollowerAccel

CCam::plotFollowerAccel
Synopsis

#include <cam.h>

int plotFollowerAccel(CPlot *plor);

Syntax
plotFollowerAccel(&plot)

Purpose
Plot the cam follower acceleration vs. the cam angular position.
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Return Value
This function returns O on success and -1 on failure.

Parameters
&plot A pointer to a CPlot class variable for formatting the plot of the cam follower acceleration.

Description
Plot the cam follower acceleration. This function should only be called after CCam::makeCam().

Example

#include <cam.h>

int main () {
class CCam cam;
class CPlot plot;
int steps = 360;

cam.followerType (CAM_FOLLOWER_TRANS_FLAT, 0);
cam.baseRadius (5);

cam.addSection (90, 1, CAM_MOTION_HARMONIC) ;
cam.addSection (90, -1, CAM_MOTION_HARMONIC) ;
cam.addSection (CAM_DURATION_FILL, 0, CAM_MOTION_HARMONIC) ;
cam.makeCam (steps) ;

cam.plotFollowerAccel (&plot);

Output

Acceleration vs. Theta
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See Also
CCam::makeCam().

CCam::plotFollowerJerk
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Synopsis
#include <cam.h>
int plotFollowerJerk(CPlot *plot);

Syntax
plotFollowerJerk(&plor)

Purpose
Plot the cam follower jerk vs. the cam angular position.

Return Value
This function returns O on success and -1 on failure.

Parameters
&plot A pointer to a CPlot class variable for formatting the plot of the cam follower jerk.

Description
Plot the cam follower jerk. This function should only be called after CCam::makeCam().

Example

#include <cam.h>

int main() {
class CCam cam;
class CPlot plot;
int steps = 360;

cam.followerType (CAM_FOLLOWER_TRANS_FLAT, 0);
cam.baseRadius (5);
cam.addSection (90, 1, CAM_MOTION_HARMONIC) ;
cam.addSection (90, -1, CAM_MOTION_HARMONIC) ;
cam.addSection (CAM_DURATION_FILL, 0, CAM_MOTION_HARMONIC) ;
cam.makeCam (steps) ;
cam.plotFollowerJderk (&plot);

}

Output
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Jerk vs. Theta
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See Also
CCam::makeCam().

CCam::plotFollowerPos

Synopsis
#include <cam.h>
int plotFollowerPos(CPlot *plot);

Syntax
plotFollowerPos(&plof)

Purpose
Plot the cam follower position vs. the cam angular position.

Return Value
This function returns O on success and -1 on failure.

Parameters

&plot A pointer to a CPlot class variable for formatting the plot of the cam follower position.

Description
Plot the cam follower position. This function should only be called after CCam::makeCam().

Example

#include <cam.h>

int main() {
class CCam cam;
class CPlot plot;

int steps = 360;

cam.followerType (CAM_FOLLOWER_TRANS_FLAT, 0);
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cam.baseRadius (5);
cam.addSection (90, 1, CAM_MOTION_HARMONIC) ;
cam.addSection (90, -1, CAM_MOTION_HARMONIC) ;

cam.
cam.
cam.

Output

addSection (CAM_DURATION_FILL, 0, CAM_MOTION_HARMONIC) ;
makeCam (steps) ;
plotFollowerPos (&plot) ;

Position vs. Theta

CCam::plotFollower Vel
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position [in]
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See Also
CCam::makeCam().

250 300 350

CCam::plotFollower Vel

Synopsis
#include <cam.h>
int plotFollowerVel(CPlot *plot);

Syntax
plotFollowerVel(&plot)

Purpose
Plot the cam follower velocity vs. the cam angular position.

Return Value
This function returns O on success and -1 on failure.

Parameters

&plot A pointer to a CPlot class variable for formatting the plot of the cam follower velocity.

Description

Plot the cam follower velocity. This function should only be called after CCam::makeCam().
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Example

#include <cam.h>

int main() {
class CCam cam;
class CPlot plot;
int steps = 360;

cam.followerType (CAM_FOLLOWER_TRANS_FLAT, 0);
cam.baseRadius (5);
cam.addSection (90, 1, CAM_MOTION_HARMONIC) ;
cam.addSection (90, -1, CAM_MOTION_HARMONIC) ;
cam.addSection (CAM_DURATION_FILL, 0, CAM_MOTION_HARMONIC) ;
cam.makeCam (steps) ;
cam.plotFollowerVel (&plot) ;

}

Output

Vel vs. Theta
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See Also
CCam::makeCam().

CCam::plotTransAngle
Synopsis

#include <cam.h>

int plotTransAngle(CPlot *plot);

Syntax
plotTransAngle(&plor)

Purpose
Plot the cam transmission angle vs. the cam angular position.
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Return Value
This function returns O on success and -1 on failure.

Parameters
&plot A pointer to a CPlot class variable for formatting the plot of the cam transmission angle.

Description
Plot the cam transmission angle. This function should only be called after CCam::makeCam().

Example

#include <cam.h>

int main() {
class CCam cam;
class CPlot plot;
int steps = 360;

cam.followerType (CAM_FOLLOWER_TRANS_FLAT, 0);
cam.baseRadius (5);
cam.addSection (90, 1, CAM_MOTION_HARMONIC) ;
cam.addSection (90, -1, CAM_MOTION_HARMONIC) ;
cam.addSection (CAM_DURATION_FILL, 0, CAM_MOTION_HARMONIC) ;
cam.makeCam(steps) ;
cam.plotTransAngle (&plot) ;

}

Output
Transmission Angle vs. Theta
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See Also

CCam::makeCam().

CCam::spindleSpeed
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Synopsis
#include <cam.h>
void spindleSpeed(double spindle_speed);

Purpose
Set the spindle speed for CNC code generation.

Return Value
None.

Parameters
spindle_speed The spindle speed for the cutter in RPM (revolution per minute).

Description

The spindle_speed is the rotational speed of the cutter in RPM. This parameter does not effect the shape of
the cam profile and only needs to be set if CNC code is to be created. By default, the spindle speed is 3036
RPM.

Example
See example in CCam::CNCCode().

See Also
CCam::CNCCode(), CCam::cutDepth(), CCam::cutter(), CCam::cutterOffset(), and CCam::feedrate().
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cam.ch

Synopsis

cam.ch [-acceleration]

[-animate]

[-base radius]

[-encfile filename]

[-cutter radius length num]

[-depth depth]

[-feedrate rate]

[-follower follower_type [e] [e rf] [m f] [m A rf]]
[-offset x y 7]

[-omega omegal]

[-output display]

[-position]

[-profile]

-steps num

[-section duration displacement motion_type]
[-spindle speed]

[-transangle]

[-velocity]

Syntax

As many of the optional arguments as desired can be used. The minimum number of arguments required
to produce meaningful results are steps, two sections, and at least one of the output options (-acceleration,
-animate, -position, -profile, -transangle, -velocity).

Purpose
This program provides a command line interface to the design capabilities of the CCam class.

Return Value
This program returns 0 on successful completion, or -1 if there is an error.

Arguments
steps The number of steps used in calculating the cam. See CCam::makeCam().

acceleration Plot the follower acceleration. See CCam::plotFollowerAccel().
animate Animate the cam using xlinkage. See CCam::animation().

base The base radius of the cam. See CCam::baseRadius.

cncfile The name of a file for CNC code output. See CCam::CNCCode().
cutter The cutter parameters for CNC code generation. See CCam::cutter().
depth The cutter depth for CNC code generation. See CCam::cutDepth().

feedrate The feedrate for CNC code generation. See CCam::feedrate.
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follower The follower type and related parameters. See CCam::followerType().
offset The cutter home position offset CNC code generation. See CCam::cutterOffset().
omega The angular velocity of the cam. See CCam::angularVel().

output The output type for plots and animation. This can be CAM_OUTPUT_DISPLAYor CAM_OUTPUT_STREAM.
File output is not supported.

position Plot the follower position. See CCam::plotFollowerPos().

profile Plot the cam profile. See CCam::plotCamProfile().

section The parameters for a new cam section. See CCam::addSection().

spindle The cutter spindle speed for CNC code generation. See CCam::spindleSpeed().
transangle Plot the transmission angle. See CCam::plotTransAngle().

velocity Plot the follower velocity. See CCam::plotFollowerVel().

Description
The program functions as a command line interface to the design capabilities of the CCam class. It was
developed primarily for use internally by the Web-based cam design tools.

Example 1

cam.ch —-section 90 .75 CAM_MOTION_HARMONIC -section 90 -.75
CAM_MOTION_HARMONIC -section CAM_DURATION_FILL 0O CAM_MOTION_HARMONIC
-steps 300 -profile —-animate 30

Output

[ Chplot

Cam Profile
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rﬂ xlinkage
| Hext || Prev || All | Shop ] Fasb Bhes
Can

Example 2

cam.ch —-section 60 .5 CAM_MOTION_CYCLOIDAL -section 30 0
CAM_MOTION_CYCLOIDAL -section 210 -.5 CAM_MOTION_CYCLOIDAL -section
CAM_DURATION_FILL O CAM_MOTION_HARMONIC -follower CAM_FOLLOWER_TRANS_ROLL
1 1.5 -base 4.5 —-steps 500 -position

Output

[ Chplot
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See Also
CCam class.
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angularAccel, see CFourbar, see CCrankSlider, see deleteCam, [448] (456

CGearedFivebar, see CFourbarSlider, see CWattSixbadkate, [448]

see CWattSixbarll, see CStevSixbarl, see CStevSixfudtbier Type, 448]
angularAccels, see CFourbar getCamAngle, [448]
angularPos, see CFourbar, see CCrankSlider, see CGeared- getCamProfile, 448]

Fivebar, see CFourbarSlider, see CWattSixbarl, getFollowerAccel,

see CWattSixbarll, see CStevSixbarl, see CStevSixpatffllowerJerk,
angularPoss, see CFourbar getFollowerPos,
angularVel, see CFourbar, see CCrankSlider, see CGeared- getFollowerVel,

Fivebar, see CFourbarSlider, see CWattSixbarl,  getTransAngle,

see CWattSixbarll, see CStevSixbarl, see CStevSixinalElam,

[448] see CCam plotCamProfile, 474
angularVels, see CFourbar plotFollowerAccel, |449]
animation, 2] see CFourbar, see CCrankSlider, see plotFollowerJerk,

CGearedFivebar, see CFourbarSlider, see CWattSixthatEollowerPos, 449 478
see CWattSixbarll, see CStevSixbarl, see CStevSixplatfhllowerVel,

[448] see CCam plotTransAngle, 449]
spindleSpeed, 481l
baseRadius, 448] see CCam CCrankSlider,

angularAccel, 294]

C/C++,
O
cam.ch, 483 angularPos,

angularVel,
animation,
couplerCurve,
couplerPointAccel,
couplerPointPos,
couplerPointVel,
displayPosition,
forceTorque,
forceTorques,
getJointLimits,
plotCouplerCurve, 311]
plotForceTorques,
setAngularVel,
setCouplerPoint, 314
setGravityCenter, 314!
setInertia,
setLinks, [316]

setMass, 1316

CAM_DURATION_FILL,
CAM_FOLLOWER_OSC_FLAT,
CAM_FOLLOWER_OSC_ROLL,
CAM_FOLLOWER_TRANS FLAT,
CAM_FOLLOWER_TRANS_ROLL,
CAM_MOTION_CYCLOIDAL,
CAM_MOTION_HARMONIC,
CCam, [448] 448

~CCam, 448

addSection, [448]

angularVel, 448]

animation, 48]

baseRadius, 448]

CCam, [448]

CNCCode, [#48]

cutDepth, [448]

cutter, [448] [455
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setNumPoints, 317
sliderAccel, 317
sliderPos,
sliderVel,
transAngle, 321
uscUnit,
CFourbar,
angularAccel,
angularAccels, 243
angularPos,
angularPoss,
angularVel, 2471
angularVels,
animation,
couplerCurve,
couplerPointAccel,
couplerPointPos,
couplerPointVel, B37l
displayPosition,
displayPositions,
forceTorque,
forceTorques,
getAngle, 272
getJointLimits,
grashof, 274
plotAngularAccels,
plotAngularPoss,
plotAngularVels, 278
plotCouplerCurve,
plotForceTorques,
plotTransAngles,
printJointLimits,
setAngularVel,
setCouplerPoint,
setGravityCenter,
setlnertia,
setLinks,
setMass,
setNumPoints,
synthesis,
transAngle,
transAngles,
uscUnit,
CFourbarSlider,
angularAccel,
angularPos, 347]
angularVel,
animation, 351]

couplerPointAccel, 333
couplerPointPos,
displayPosition,
setAngularVel,
setCouplerPoint,
setLinks,
setNumPoints,
sliderAccel,
sliderPos,
sliderVel,
uscUnit,
CGearedFivebar,
angularAccel,
angularPos,
angularVel,
animation,
couplerCurve, 331]
couplerPointAccel, 333
couplerPointPos,
couplerPointVel,
displayPosition, 337]
plotCouplerCurve,
setAngularVel,
setCouplerPoint, 347]
setLinks,
setNumPoints, [343]
uscUnit, 343]
CGl,[223]
CGI Programming,
CNCCode, [448] see CCam
complexsolvePP(), [7]
complexsolvePR(),
complexsolveRP(), [§]
complexsolveRR(),
complexsolveRRz(),
copyright, [l
COUPLER LINK3,
COUPLER LINK4, 238
COUPLER LINKS,
COUPLER LINK6, 238
COUPLER LINK?7,
couplerCurve, see CFourbar, see CCrankSlider, see
CGearedFivebar
couplerPointAccel, see CFourbar, see CCrankSlider,
see CGearedFivebar, see CFourbarSlider, see
CWattSixbarl, see CWattSixbarll, see CStevSixbarl,
see CStevSixbarlll
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couplerPointPos, see CFourbar, see CCrankSlider, see

setLinks,

CGearedFivebar, see CFourbarSlider, see CWattSisbaNumPoints,
see CWattSixbarll, see CStevSixbarl, see CStevSixbsallhit,

couplerPointVel, see CFourbar, see CCrankSlider, see

CWattSixbarll,

CGearedFivebar, see CFourbarSlider, see CWattSixingni]arAccel,
see CWattSixbarll, see CStevSixbarl, see CStevSiximagllarPos,

CStevSixbarl,
angularAccel,
angularPos, 411]
angularVel, 413
animation,
couplerPointAccel, 417]
couplerPointPos,
couplerPointVel, [421]
displayPosition, @23
setAngularVel,
setCouplerPoint,
setLinks,
setNumPoints, 427
uscUnit, @271

CStevSixbarlll,
angularAccel,
angularPos,
angularVel, 433
animation,
couplerPointAccel, 437]
couplerPointPos,
couplerPointVel,
displayPosition,
setAngularVel,
setCouplerPoint, [444]
setLinks,
setNumPoints,
uscUnit,

cutDepth, [448] see CCam

cutter, [448] see CCam
cutterOffset, 448] see CCam

CWattSixbarl,
angularAccel,
angularPos,
angularVel, 373
animation,
couplerPointAccel, 377
couplerPointPos,
couplerPointVel,
displayPosition, 383
setAngularVel,
setCouplerPoint,

angularVel,
animation,
couplerPointAccel,
couplerPointPos,
couplerPointVel, 40Tl
displayPosition, [40T]
getlORanges, 403
setAngularVel,
setCouplerPoint, 404
setLinks,
setNumPoints,
uscUnit,

deleteCam, 448] see CCam

displayPosition, see CFourbar, see CCrankSlider, see
CGearedFivebar, see CFourbarSlider, see CWattSixbarl,
see CWattSixbarll, see CStevSixbarl, see CStevSixbarlll

displayPositions, see CFourbar

embeddable,

features, [II

feedrate, [448] see CCam

followerType, 448] see CCam

forceTorque, see CFourbar, see CCrankSlider
forceTorques, see CFourbar, see CCrankSlider
FOURBAR_CRANKCRANK,
FOURBAR_CRANKROCKER,
FOURBAR INVALID,
FOURBAR_INWARDINWARD,
FOURBAR_INWARDOUTWARD,
FOURBAR LINKI1,

FOURBAR _LINK2,

FOURBAR LINK3,

FOURBAR LINK4,
FOURBAR_OUTWARDINWARD,
FOURBAR_OUTWARDOUTWARD,
FOURBAR _ROCKERCRANK,
FOURBAR_ROCKERROCKER,

getAngle, see CFourbar
getCamAngle, [448] see CCam
getCamProfile, 448 see CCam
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getFollowerAccel, see CCam
getFollowerJerk, see CCam
getFollowerPos, see CCam
getFollowerVel, see CCam

getlORanges, see CWattSixbarll
getJointLimits, see CFourbar, see CCrankSlider

getTransAngle,
grashof, see CFourbar

HTML,
tags,

linkage, 0]

M_DEG2RAD(), 237
M_FT2M,

M_LB2N,
M_LBFT2NM,
M_LBFTSS2KGMM, 237
M_RAD2DEG(), 237
M_SLUG2KG,
makeCam, see CCam

object-oriented,

plotAngularAccels, see CFourbar
plotAngularPoss, see CFourbar

setCouplerPoint, see CFourbar, see CCrankSlider, see
CGearedFivebar, see CFourbarSlider, see CWattSixbarl,
see CWattSixbarll, see CStevSixbarl, see CStevSixbarlll
setGravityCenter, see CFourbar, see CCrankSlider
setlnertia, see CFourbar, see CCrankSlider
setLinks, see CFourbar, see CCrankSlider, see CGeared-
Fivebar, see CFourbarSlider, see CWattSixbarl,
see CWattSixbarll, see CStevSixbarl, see CStevSixbarlll
setMass, see CFourbar, see CCrankSlider
setNumPoints, see CFourbar, see CCrankSlider, see
CGearedFivebar, see CFourbarSlider, see CWattSixbarl,
see CWattSixbarll, see CStevSixbarl, see CStevSixbarlll
sliderAccel, see CCrankSlider
seeCFourbarSlider, 363]
sliderPos, see CCrankSlider
seeCFourbarSlider,
sliderVel, see CCrankSlider
seeCFourbarSlider,
spindleSpeed, see CCam
synthesis, see CFourbar

transAngle, see CFourbar, see CCrankSlider
transAngles, see CFourbar

unwrap(),
uscUnit, see CFourbar, see CCrankSlider, see CGeared-
Fivebar, see CFourbarSlider, see CWattSixbarl,

plotAngularVels, see CFourbar

plotCamProfile, see CCam

plotCouplerCurve, see CFourbar, see CCrankSlider,
see CGearedFivebar

plotFollowerAccel, see CCam

plotFollowerJerk, see CCam

plotFollowerPos, see CCam

plotFollower Vel, see CCam

plotForceTorques, see CFourbar, see CCrankSlider

plotting,

plotTransAngle, see CCam

plotTransAngles, see CFourbar

printJointLimits, see CFourbar

ganimate,

QANIMATE_OUTPUTTYPE DISPLAY,
QANIMATE_OUTPUTTYPE_FILE,
QANIMATE_OUTPUTTYPE_STREAM,

setAngularVel, see CFourbar, see CCrankSlider, see
CGearedFivebar, see CFourbarSlider, see CWattSixbarl,
see CWattSixbarll, see CStevSixbarl, see CStevSixbarIll
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