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Chapter 1

Getting Started with Ch Mechanism Toolkit

Note: The source code for all examples described in this doowent 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 docoent.

1.1 Introduction

Mechanism design is an intriguing subject, through whiok cen gain some experience and physical appre-
ciation of mechanical design. Using this Ch Mechanism Tibatine can use its high-level building blocks
to conveniently build their own software programs to soleenplicated practical engineering analysis and
design problems. It can also be used to develop software é&r-Mdsed design and analysis of complicated
mechanisms.

This Mechanism Toolkit is developed in Ch. Ch is an integrethich provides a superset of C. Ch is
object-based with classes in C++. Unlike other mathemlagiofware packages, Ch conforms to the open
C/C++ standards. Programming features such as complexamsiass-by-reference, and computational
arrays are very useful for engineering applications. Tliegtires are simple and easy to comprehend by
users who have only a first course in computer programmings €te simplest possible solution for 2D/3D
graphical plotting and numerical computing in the domai€fE++. Therefore, Ch is ideal for development
of mechanism toolkit which uses graphical plotting and naoca computing features extensively.

Ch is a very high-level language environment. Ch prograrasegated not by writing large programs
starting from scratch. Instead, they are combined by wellgtismall components. These components are
small and concentrate on simple tasks so that they are edsydo understand, describe and maintain. In
this documentation, we will describe how the mechanisnkiboan be used as building blocks for analysis
and design of closed-loop planar mechanisms includinglhauyr five-bar, and six-bar liankges as well as
cam mechanism. Although the presentation is focused om tb@mmonly used planar mechanisms, the
ideas presented, however, are applicable to other congaligdanar mechanisms as well. A user can either
write a computer program to solve problems in analysis asdydeof 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, fiveddabar linkages including fourbar/crank-
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slider, Watt six-bar, Stephenson six-bar, and cam-follomechanism. Follow the examples of the
source code for these mechanisms, users can develop theisaftware for analysis and design of
other mechanisms.

. Kinematic Analysis

Perform position, velocity, acceleration analysis fonjangles 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 machinthmugh the internet. Easily build
animation for other mechanisms.

. Web-Based

Design and analysis of commonly used mechanisms such dsafotfivebar, sixbar, and cam mech-
anisms can be performed through the internet using a Webdnrawthout any programming. The
user can develop other web-based applications easily tgmgiechanism toolkit.

. Plotting Utilities

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

. C/C++ Compatible

Different from other software packages, programs writtel€h Mechansim Toolkit can work with
existing C/C++ programs and libraries seamlessly.

. Object-Oriented

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

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

Getting Started

To help users to get familiar with Ch Mechanism Toolkit, a peyprogram will be used to illustrate basic
features and applications of Ch Mechanism Toolkit. In thiareple, a four-bar linkage is shown in Fig-
ure[I1. Link lengths of the linkage are givenras= 12cm, ry = 4em,rg = 10em,r4 = 7em. The phase
angle for the ground link i8; = 0, the coupler point” is defined by the distancg, = 5¢m and constant
angles = 20°. This is a crank-rocker four-bar linkage. A branch of coumlerves 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 Progfdm 1eTibst line of program

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

#include <fourbar.h>

int main() {
/* specify a crank-rocker four-bar linkage */
double r1 = 0.12, r2 = 0.04, r3 = 0.10, r4= 0.07;
double thetal = 0;
double rp = 0.05, beta = 20*M_PI1/180;
int branchnum = 1;
class CPlot plot;
class 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 archation of a crank-rocker four-bar linkage.
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Figure 1.2: A coupler curve for a crank-rocker four-bar &gk.

includes the header filwurbar.h which defines the classFourbar, macros, and prototypes of member
functions. Like a C/C++ program, a Ch program will start teexte at thenain() function after the program
is parsed. The next three lines

double r1 = 0.12, r2 = 0.04, r3 = 0.10, r4= 0.07;
double thetal = O;
double rp = 0.05, beta = 20*M_PI/180;

define the four-linkage and coupler point. Note that the lemigths are specified in meters. The mad®BI

for 7 is defined in the header filmath.h which is included in the header fifeurbar.h . For a crank-rocker
four-bar linkage, there are two circuits or branches. Tlaath number is selected in the program by integer
variablebranchnum . Line

class CPlot plot;

defines a clas€Plot for creating and manipulating two and three dimensionalspl@heCPlot class is
defined inchplot.h which is included irfourbar.h header file. Line

class CFourbar fourbar;
constructs an object of four-bar linkage. The keywolaksis optional. Lines

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

specify the demensions of the four-bar linkage. The memimaction setLinks() has five arguments.
The first four arguments specify the link lengths and the 6ftlk is the phase angle for link 1. The member
function setCouplerPoint() specifies a coupler point with two arguments, the first onelfstance
and the second one for the phase angle as shown in Figlreifel. L

fourbar.plotCouplerCurve(&plot,branchnum);

computes and plots the coupler curve for the branch spedifidte second argument. Member function
plotCouplerCurve() has two arguments. The first argument is a pointer to atilegisbject of clas€Plot.
The second argument is the branch number of the linkage. diger curve is displayed in Figurell.2 when
Progranfll is executed. Line
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Figure 1.3: The animation for a crank-rocker four-bar ligpga

fourbar.animation(branchnum);

creates an animation of the four-bar linkage for the brapelcified in its argument. The animation is shown
in Figure[LB when Prografi 1 is executed. The animation fepeed by theQuick Animation ™ program
ganimate for quick animation. The menu bar in the ganimate window,hasvé in Figurd_L1B, contains
two menus,File andOptions , and a series of buttons which manipulate the mechanism. Filke
menu allows one to quit the program and @gtions menu allows one to change various display settings.
TheNext andPrev buttons control the mechanism’s position, andAfle button displays all mechanism
positions at once. Thiast andSlow buttons change the speed of animation. QueandStop buttons
start and stop animation, respectively. The mechanism aareim either direction by pressing tiRrev
button for one direction and tHéext button for the opposite direction. When t6&@ button is pressed, the
mechanism will move in the direction previously assignedh®Prev or Next button.

1.4 Solving Complex Equations

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

R16i¢1 + RQEM)Q = z3 (1.2)
where z3 can be expressed in either Cartesian coordinates iys ascomplex(x3, y3) , or polar
coordinatesRze’** aspolar(R3, phi3) . Many analysis and design problems for planar mechanisms

can be formulated in this form. Because a complex equationbeapartitioned into real and imaginary
parts, two unknowns out of four parametéts, ¢,, R2, and ¢, can be solved in this equation. Details of
derivation for solutions of a complex equation are given ppAndi{H.

Functioncomplexsolve() in Ch can be conveniently used to solve the complex equdhidh).(The
function prototype for the functiooomplexsolve() is given below,

int complexsolve(int nl1, int n2, double firstknown,
double secondknown, double complex z,

5
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#include <numeric.h>
#include <complex.h>

int main () {
double x1, x2, x3, x4;
int n1, n2, num;
double firstknown, secondknown;
double complex z3;

firstknown = 3;
secondknown = 4;
z3 = complex(1,2);

nl = 2;

n2 = 4;

num = complexsolve(nl,n2 firstknown,secondknown,z3,x1 X2,X3,x4);
printf("For n1=2, n2=4, the number of solution is = %d\n", nu m);

printf("phil = %f phi2 = %f\n", x1, x2);
printf("phil = %f phi2 = %f\n", x3, x4);

Program 2: Solve fop; and¢, for a general complex equation.

double &x1, double &x2, double &x3, double &x4)

where parametenl is the position of the first of two unknowns to be obtained om lgft-hand side of
equation[[TN) n2 is the position of the second of two unknowfisstknown is the value of the first
known on the left-hand side of equatidn{1.4¢condknown is the value of the second known, ands
the complex number on the right-hand side of equafiod (Th§ arugment x1 of double data passed back
from the function by reference gives the result of the the inknown value. whereas x2 gives the result of
the second unknown in equatidn_{[1.1). If eitligror ¢, is to be found, there are two sets of solutions for
equation[(T1). In this case, the x3 and x4 give the seconuf setutions for the first and second unknowns,
respectively. The function returns the number of set oftsmig with a value of 0, 1, or 2.

For example, two unknowng; and ¢, in equation3.5¢/1 + 4.5¢'?2 = ¢! + 3¢ can be solved by
PrograniR. The output from Progrdin 2 is given below.

For n1=2, n2=4, the number of solution is = 2
phil = -0.613277 phi2 = 1.942631
phil 2.827574 phi2 = 0.271667
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Fourbar Linkage

The four-bar linkage, as shown in Figlirel2.1, is the simpilested-loop linkage. This section will describe
how to perform kinematic and dynamic analysis of four-bakdiges using the Ch Mechanism Toolkit.

2.1 Position Analysis

For the four-bar linkage shown in FigureR.1, the displacema@alysis can be formulated by the following
loop-closure equation
o +r3 =r1 +ry. (21)

Using complex numbers, equatidn{2.1) becomes

ro€'?? 4 rgets = e 4 pyet (2.2)
where link lengths-, 9, r3, andr, and angular positiofl; for the ground link are constants. Andle for
the input link is an independent variable; anglesandé, for the coupler and output links, respectively, are

dependent variables. Equati¢gn{2.2) can be rearranged as

r3e'® — ryet = pet — ryet2. (2.3)
Let Ry = r3,¢1 = 03, R0 = —14,0p0 = 04,2 = (l‘g,yg) = rlewl - 7‘26202, equation EZB) becomes the
following general complex equation ‘ '
R1€" 4 Rye'? = 2. (2.4)

Given link lengths of a four-bar linkage and angfgsandé,, the angular positiong; andé, can be solved
using functioncomplexsolve() described in section_l.4. In general, there are two setslatficas for
#3 andd, for a givend,, which correspond to two different circuits or two geomeiniversions of a circuit of
the four-bar linkagel13]. A Non-Grashof linkage has onewitravith two geometric inversions. A Grashof
Crank-Rocker or Crank-Crank linkage has two circuits, dauhing only one geometric inversion. However,
a Grashof Rocker-Crank or Rocker-Rocker linkage has twaits, each with two geometric inversions.
Once the joint angle foés is obtained, the position of coupler poift shown in Figurd—2]1 can be

obtained. The position vect&for coupler pointP can be expressed in vector form using complex numbers
as:

P = rye'? 4 rpei(ef’+5 ) (2.5)

A complex number = (z,y) = re' in Ch can be constructed either bgmplex(x,y) ~ or
polar(r,theta) . Equation[[Zb) can be translated into a Ch programming rsizit
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Figure 2.1: The four-bar linkage.

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

Using classCFourbar , a four-bar linkage analysis problem can be solved conmiigjevhich can be
illustrated by the following analysis problem.

Problem 1: Link lengths of a four-bar linkage, as shown in Figlirel 2. given as follows:
r1 = 12em, ro = 4em, r3 = 12em, r4 = 7em. The phase angle for the ground linkis= 10°,
the coupler point” is defined by the distaneg, = 5¢m and constant anglé = 20°. Find the
angular positiongs; andf, and the position for coupler poift when the input anglé, is 70°.
Display the current position of the fourbar mechanism.

The four-bar linkage given in Problem 1 is a crank-rockerefBhare two distinct circuits for each input
link position. The clas€Fourbar can be used to solve the analysis and design problems rédetteslfour-
bar linkage as shown in Progrdih 3. Two sets of solutions fglem#; and6, as well as the position vector
for coupler pointP are calculated by the member functi@msgularPos()  andcouplerPointPos() ,
respectively. Arrays in Ch are fully ISO C compatible, theg pointers. For consistency with text de-
scription, we use arrays with index starting with 1, inste&ad, in the mechanism toolkit. The output of
PrograniB is shown below:

theta3 = 0.459, theta4 = 1527, P = complex( 4.822, 7.374) cm
theta3 = -0.777, thetad = -1.845, P = complex( 5.917, 1.684) ¢ m
Member functiondisplayPosition() is called to graphically display the current position of the

fourbar linkage. It is prototyped as follows,

int CFourbar::displayPosition(double theta2, double the ta3,
double theta4, ...
[*[int outputtype [, char *filename]]*/);
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#include <math.h>
#include <fourbar.h>
int main() {
CFourbar fourbar;
double r1 = 0.12, r2 = 0.04, r3 =0.12, r4 = 0.07,
thetal = 10*M_PI/180;
double rp = 0.05, beta = 20*M_PI/180;
double theta_1[1:4], theta_2[1:4];
double complex pl1, 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_1[4 D;
fourbar.displayPosition(theta2, theta_2[3], theta_2[4 D;

[**** the first set of solutions ****/
printf("theta3 = %6.3f, thetad = %6.3f, P
theta_1[3], theta_1[4], p1*100);
[**** the second set of solutions ****/
printf("theta3 = %6.3f, thetad = %6.3f, P
theta_2[3], theta_2[4], p2*100);

%6.3f cm\n",

%6.3f cm\n",

Program 3: Program for computirty, 6, and position of the coupler poi® of a four-bar linkage using
classCFourbar .
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Figure 2.2: Current positions of the fourbar linkage.

wheretheta? ,theta3 ,andthetad4 are the current angular positions. It utilizes @eick Animation™

programganimate to display the fourbar mechanismuick Animation™ will be discussed in further
detail in Chapteld7. Two optional arguments may be inputteaimember functiodisplayPosition()

after argumenthetad4 . The value of the first optional argument may be either macro
QANIMATEOUTPUTTYPBISPLAY, QANIMATEOUTPUTTYPKILE , and
QANIMATEOUTPUTTYPETREAMMacro QANIMATEOUTPUTTYPIBISPLAY displays the fourbar
figure on the computer terminal, whereas ma@QANIMATEOUTPUTTYPETREAMenNds the

ganimate data to the standard output stream. With ma@@ANIMATEOUTPUTTYPEILE , the

ganimate data can be saved to a file with file name specified by the sequiwhal input argument. The
default output value IQANIMATEOUTPUTTYPIDISPLAY. Figure[Z2 shows the current position for
both kinematic inversions of the fourbar linkage descritmeBroblem 1. Note that fourbar linkage analysis
can be performed in either Sl of US Customary units with c@ssurbar . Member functioruscUnit()

is called prior to any of the other member functions to spewifiether US Customary units are desired. The
function prototype for member functiarscUnit()  is as follows,

void CFourbar::uscUnit(bool unit);

where the value of argumeunntit is either false or true. linit istrue ,then the input and output values
are assumed to be in US Customary units. In this case, ththlgimge, force, and mass shall be specified in
foot, second, pound, and sluly (- sec?/ft), respectively. If the value afnit isfalse , then the default

Sl units are assumed. In this case, the length, time, forw nzass shall be specified in meter, second,
Newton, and kilogram, respectively. For example, the lesgt; to r4 for the linkage in Prograrfl 3 are
specified in meter.

Problem 2: Link lengths of a four-bar linkage, as shown in Figlirel 2. &, given as follows:
ry = 4.72in, ro = 1.57in, r3 = 4.72in, r4 = 2.76in. The phase angle for the ground link
is 6, = 10°, the coupler point” is defined by the distancg, = 1.97in and constant angle
£ = 20°. Find the angular positior®; andf, and the position for coupler poir when the
input angled, is 70°.

10
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#include <math.h>
#include <fourbar.h>

int main() {
CFourbar fourbar;
double r1 = 4.72/12.0, r2 = 1.57/12.0, r3 = 4.72/12.0, r4 = 2.7 6/12.0,

thetal = 10*M_PI/180;
double rp = 1.97/12.0, beta = 20*M_PI/180;
double theta_1[1:4], theta_2[1:4];
double complex pl1, 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);

[**** the first set of solutions ****/

printf("theta3 = %6.3f, thetad = %6.3f, P
theta_1[3], theta_1[4], p1*12.0);

[**** the second set of solutions ****/

printf("theta3 = %6.3f, thetad = %6.3f, P = %6.3f in\n",
theta_2[3], theta_2[4], p2*12.0);

%06.3f in\n",

Program 4: Program for computiréy, 6, and position of the coupler poii? of a four-bar linkage using
US Customary units.

As another example, consider Problem 2 above, which regjthieuse of US Customary units for anal-
ysis. Problem 2 is similar to Problem 1, except that the limkgkths are specified in inches rather than
centimeters. The solution to this problem is Progkam 4. imphogram, the link lengths are converted from
inches to the desired unit of feet by multiplying a coeffid:ieh%. In contrast to Prograid 3, the argument
of member functioruscUnit()  istrue to indicate that US Customary units are desired for the tesil
the fourbar analysis. The output of Progrf@im 4 is as follows:

theta3
theta3

0.462, thetad = 1.529, P = complex( 1.894, 2.903) in
-0.778, thetad = -1.845, P = complex( 2.329, 0.656) i n

Alternatively, fuunctioncomplexsolve() can be used to solve the analysis and design problems
related to the four-bar linkage as shown in Progiam 3. Proldlecan be solved by using Progréin 5. Two
sets of solutions for angles;, andd, as well as the position vector for coupler poiftare calculated by
Progranfh. The numerical output from Progrdihs 3[dnd 5 areatine sNote that since Progrdin 5 does not
use clasCFourbar to solve Problem 1, the link dimensions may be specified inimeters rather than
meters. However, the value for the coupler point positian ientimeters as well.

According to the IEEE 754 standard for binary floating-paanithmetic, any invalid solution in Ch
is symbolically represented as NaN. This can be very usefubhalysis of mechanisms. For example,
if the link dimensions for the four-bar linkage in Problemre ghanged tey, = 12em,ry = 12em,r3 =
4em, ry = 7em. The linkage then becomes a double-rocker. There are tewitsr each with two geometric
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#include <numeric.h>

int main() {
double r[1:4], theta[l:4], rp, beta;
int n1 =2, n2 = 4 [* positions of two unknowns */

double complex z, P;
double x1, x2, x3, x4;

/* specification of the four-bar linkage */

rM1] = 12; r[2] = 4; r[3] = 12; r[4] = 7; rp = 5; beta = 20*M_P1/180

theta[1l] = 10*M_PI1/180; theta[2]=70*M_PI/180;

z = polar(r[1], theta[1l]) - polar(r[2], theta[2]); *z =rl- r2 *
complexsolve(nl, n2, r[3], -r[4], z, x1, x2, x3, x4);

[*** the first set of solutions ****/

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

P = polar(r[2], theta[2]) + polar(rp, theta[3]+beta); /* P= r2+rp */
printf("theta3 = 9%6.3f, thetad = %6.3f, P = %6.3f \n", theta[ 3], theta[4], P);
[**** the second set of solutions ****/

theta[3] = x3; theta[4] = x4;

P = polar(r[2], theta[2]) + polar(rp, theta[3]+beta); /* P= r2+rp */
printf("theta3 = %6.3f, thetad = %6.3f, P = %6.3f \n", theta[ 3], theta[4], P);

Program 5: Program for computirdlg, 6, and position of the coupler poirit of a four-bar linkage.

inversions, for this linkage. The input ranges for two saparircuits are24.36° < 0y < 64.56° and
315.44° < 65 < 355.64°. When the input anglé, is set to70°, there exist no solutions fés andd, . This
can be gracefully handled in a Ch program. If the followinggmamming statement

rMi] = 12; 1[2] = 4; r[3] = 12; r[4] = 7;
in Progranib is changed to
rMi] = 12; 1[2] = 12; r[3] = 4; r[4] = 7;

the output from the program becomes
theta3 = NaN, thetad4 = NaN, P = complex(NaN,NaN)
theta3 = NaN, theta4 = NaN, P = complex(NaN, NaN)

For motion analysis of a crank-rocker mechanism using Rro@#, the output range of the rocker is
within 0 ~ 2. For this mechanism, the output may be as shown on the toprpBigure[Z.8. There is a
jump whend, is w, becausé, = = andd, = —= are the same point for the crank-rocker mechanism. If the
unwrap() function is used, a smooth curve for output angjjecan be obtained as shown on the lower part
in Figure[Z.B.

Functionunwrap () with the prototype of

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

in the header filmmumeric.h  unwraps the radian phase of each element of input atday changing

its absolute jump greater thanto its 2r complement. The input array can be of a vector or a two-
dimensional array. If it is a two-dimensional array, thedtion unwraps it through every row of the array.
Array argumeny is the same dimension and sizexadt contains the unwrapped data. Optional argument
cutoff specifies the jump value. If the user does not specify thiatirqutoff has a value ofr by default.
Functionunwrap returns 0 on success and -1 on failure. The details aboufuihitsion can be found in the
Ch Reference Guide

12
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#include <numeric.h>
#include <chplot.h>

int main(){
double r[1:4],thetal,theta31l;
int n1=2,n2=4, i
double complex z,p,rb;
double x1,x2,x3,x4;
array double theta2[36],thetad[36],theta41[36];
class CPlot subplot, *plot;

[* four-bar linkage*/

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

thetal=30*M_P1/180;

linspace(theta2,0,2*M_PI);

for (i=0;i<36;i++) {
z=polar(r[1],thetal)-polar(r[2],theta2][i]);
complexsolve(nl,n2,r[3],-r[4],z,x1,x2,x3,x4);
thetad[i] = x2;

}

unwrap(theta4l, theta4);

subplot.subplot(2,1);

plot = subplot.getSubplot(0,0);

plot->data2D(theta2, theta4);

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, theta4l);
plot->title("Unwrapped");
plot->label(PLOT_AXIS_X,"Crank input: radians");
plot->label(PLOT_AXIS_Y,"Rocker output: radians");
subplot.plotting();

Program 6: A program usingnwrap().
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Wrapped

Rocker output: radians
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Figure 2.3: Comparison of results with and without usimgvrap() function.

A four-bar linkage may take form of a crank-rocker, doublank (drag-link), double-rocker, or triple-
rocker [3]. Given the link dimensions and ground link, thpeyof the four-bar linkage can be determined
by Grashof criteria. The number of circuits and number ofngetnic inversions as well as the input and
output ranges for a given four-bar linkage can be determiddithese information can be determined by
member functiongirashof()  andgetJointLimits() in the fourbar class. The function prototype
for member functiorgrashof()  is as follow:

int CFourbar::grashof(string_t &name)

wherename of string type indicates the grashof type. The function metuta number that corresponds to
the distinct grashof type for the given link dimensions. Hé tfourbar links cannot form a valid linkage,
the return value is -1. Otherwise, it return a macro numbechvtistinct the grashof type. The function
prototype forgetJointLimits() is:

int CFourbar::getJointLimits(double inputmin[2], input max[2],
double outputmin[2], outputmax[2]);

whereinputmin  andinputmax are the minimum and maximum values for the ranges of motion fo
input link 2, and

outputmin  andoutputmax are the minimum and maximum values for the ranges of motioodtput

link 4. How these functions in the linkage toolbox is usedrdochanism design can be demonstrated by
the following mechanism design problem.

Problem 3: The link lengths of a four-bar linkage, as shown in Fidur® are given as follows:
ry = 12e¢m,ro = 4em,rg = 12e¢m,r4 = 7em. The phase angle for link 1 & = 10°, the
coupler pointP is defined by distance, = 5¢cm and constant anglé = 20°, Determine the
type, and input and output ranges of the four-bar linkaget ®k coupler curve for coupler
point P = (x,, yp) When input link 2 is rotated frory,,in 10 62,44

You can solve this problem by Progréin 7. The output of Progd#ashown in FigurEZl4. Note that member
functiongrashof()  internally callsgetJointLimits() to determine the input/output ranges of the
fourbar, so that member functigrintJointLimits() can display these values. Coupler curve plots
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2.2. TRANSMISSION ANGLE ANALYSIS

#include <fourbar.h>

int main() {
CFourbar fourbar;
double r1 = 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*M_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;

class CPlot plotl, plot2;

fourbar.plotCouplerCurve(&plotl, branchnum);

branchnum++;

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

Program 7: PrograraouplerCurve() for generating coupler curves of a four-bar linkage.

may also be saved to a file. For ProgrBin 7, the coupler curief@idhe second branch of the fourbar
mechanism is saved into an encapsulted postscript file biptlogving statement.

plot2.outputType(PLOT_OUTPUTTYPE_FILE, "postscript ep s",
"couplerCurve.eps™;

FunctionoutputType() is a member of clas€Plot . The first argument is a macro specifying that the
output plot should be saved to a file, with file type specifiedh®ysecond input argument. The third input
argument is the file name. Note that member funct@iiot::outputType() should be called prior
to member functiorfCFourbar::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 shovigare[Z.1 as the angle. It is defined as
the acute angle between the velocity difference veligf (velocity of point B relative to point A) and the
absolute velocity vectov,,,; of the output link (link 4). Since vectdrz 4 will always be perpendicular to
link 3 andV,,,; will always be perpendicular to link 4 at the 3-4 connectiomp(point B), the transmission
angle~y can be determined by using the following formula.

vy = 0s—0; (2.6)
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Linkage type: Crank-Rocker
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
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Figure 2.4: The output of Progrdt 7.
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TheCFourbar class contains three member functions for transmissiole amglysistransAngle() ,
transAngles() andplotTransAngles() . Member functiortransAngle() can be used to cal-
culate the transmission angle of a fourbar linkage givenatigular position of either link 2, 3, or 4. Its
function prototype is shown below.

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

Output argumentgammalandgamma2stores the two possible solutions of the transmission adglgu-
menttheta is the angular position value of the link specifiedtheta _id .

The other two member functiontransAngles() and plotTransAngles() , can be used for
analysis of the transmission angle over the entire rangeatibm of the fourbar mechanism. The function
prototypes foitransAngles() andplotTransAngles() are as follows.

void CFourbar::transAngles(int branchnum, double theta2 L],
double gammal:]);
void CFourbar::plotTransAngles(class CPlot *pl, int bran chnum);
For member functioriransAngle() , branchnum indicates the branch of the fourbar, atiwbta2

andgammaare arrays for storing values &f and-~, respectively. The values tiieta2 contains equally
incremented values ranging frofg ., t0 02 ,q.. The corresponding transmission angle values are stored
in arraygamma Note that the array size tiieta2 andgammamust be the same.

Since the transmission angjés dependent on the input ang#g, it is convenient to be able to generate
a plot of the transmission angle for the entire range of nmadiicthe input link. Although the two sets of data
values forg, and~y obtained by calling member functidransAngle() can be used for plotting, member
function plotTransAngles() can be easily called to accomplish the same goal. Its firsinaegtpl
is an object of clas€Plot used for plotting.

Problem 4: Link lengths of a four-bar linkage, as shown in Figlirel 2. &, given as follows:
ry = 12em, 1o = 4em, r3 = 12¢m, r4 = Tem. The phase angle for the ground link is
f; = 10°. Generate a plot of the transmission angle for the valid easfgmotion for the
fourbar linkage.

The simplest solution to Problem 4 is use cl@%ourbar to first specify the fourbar linkage parame-
ters, and then call member functipfotTransAngles() to generate the desired plot. Figlirel 2.5 shows
the two possible transmission angle plots for the fourbakalge described in the above problem state-
ment. The source code for generating these two plots isllssePrograriil8. Note that member function
setNumPoints()  is used to specify the number of data points to generate éoplibts.

2.3 \elocity Analysis

The velocity analysis for a closed-loop linkage can be edriout from its loop-closure equation. For
example, taking the derivative of the loop-closure equa3), we get the following velocity relation

warse'® — wyrge?t = —woree'® (2.7)

for the four-bar linkage shown in Figute®2.1. Given values9frs, 4, 62, 63,04 andws, we can readily
use the functiomomplexsolve() to compute angular velocities; andw, for coupler and output links,
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#include <fourbar.h>

int main() {
CFourbar fourbar;
double r1 = 0.12, r2 = 0.04, r3 = 0.12, r4 = 0.07, thetal = 10*M_P 1/180;

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 8: Program for plotting the transmission anglelentalid range of motion of the fourbar mecha-
nism.

Transmission Angle Plot
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gamma (deg)

30 ! ! !
0 50 100 150 200 250 300 350 400

theta2 (deg)

Transmission Angle Plot

-30

gamma (deg)

-120
0 50 100 150 200 250 300 350 400

theta2 (deg)

Figure 2.5: Transmission angle plots.
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respectively. We can also derive analytical solutions.foandw,. Multiplying equation [ZJ7) withe =4,
equation[[ZJ7) becomes

wsrse @00 _ ) iry = —worge’®2700) (2.8)
The imaginary part of equatiof(2.8) gives
w3rs sin(93 - 94) = —Warg sin(92 - 94) (29)

Then
B war9 Sin(94 — 92)

w3 = (2.10)

T3 sin(94 — 93)

Computation of the angular velocitys can be programmed in Ch as function files or they can use a
single line of code. For example;s can be calculated in foubar class using a member functioredam
angularVel()
Similarly, the following analytical expression far; can be derived by multiplying equation{R.7) with
—i63
e 3,
. wWarg sin(93 — 92)

2.11
T4 sin(93 — 94) ( )
w4 also can be calculated in Ch using the fourbar class membhetidm angularVel()
The derivative of equatiori{d.5) gives the following aniigt expression for the velocity of coupler
point P. 4 '
Vp = iwarae'®? + iwgrpe’(ef’Jrﬁ ) (2.12)

which can be translated into a Ch code fragment as

double r2, r3, theta2, theta3, rp, beta, omega2, omegas3;
double complex I=complex(0,1), Vp;
Vp = I*omegaz2*polar(r2, theta2) + I*polar(omega3*rp, thet a3+beta);

2.4 Acceleration Analysis

For a closed-loop planar linkage, the acceleration reiatam be obtained by taking the second derivative of
the loop-closure equation. For example, by taking the stcemivative of the loop-closure equatidn{2.3),
we get the following acceleration relation for the four-bakage shown in Figure2.1.

03 03

ioi3r3e’’d — wgrgel — doyree? + wimew‘* = jagree'®? + w%rgewz (2.13)

whereas, ag, anday are angular accelerations for input, coupler, and outpiasjirespectively, Similar to
the derivation forws, the following analytical formulas fars anda, respectively, can be derived:
—rogsin(fy — 02) + row3 cos(4 — O) + r3w? cos(0y — 03) — ryw?

= 2.14
as T3 sin(94 - 93) ( )

w, - T2 sin(fs — 0) — raw3 cos(3 — B2) + rawj cos(fs — 04) — ra3w3 (2.15)
4 rqsin(fs — 64) .

A fourbar class member functioangularAccel() has been written for calculatings and cvy. It is
included in the Ch Mechanism Toolkit.
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y

AO

Figure 2.6: The four-bar linkage with offset gravity cestésr moving links.

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

2.5 Dynamics

The purpose of acceleration analysis is for inertia-fomalysis. Given position, velocity, acceleration, and
inertia properties such as mass and mass moment of inargad¢b moving link of a four-bar linkage, we are
able to perform force analysis for the linkage. Various folations are available for dynamics. The matrix
method has been used in the formulation of the Ch Mechanismkit@3]. To simplify the programming
burden, we have implemented computational arrays in the@jramming language. Computational arrays
can be treated as single objects.

For the four-bar linkage shown in Figufe 2.6, dynamic foratiohs can be derived to calculate the
required input torquéd’; and joint reaction forces. Three free-body diagrams fdliB, 3, and 4 are given
in FigurelZY. Three static equilibrium equations, in teohforces in X and Y directions and moment about
the center of gravity of the link, can be written for each link

For link 2, we get

Frog + F300 + Fype = 0 (2.16)
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—m2g + F12y + F32y + Fg2y =0 (217)
Ts + (—I'g2) X Fio9 + (1‘2 — 1‘92) X F39 + Tg2 = 0 (2.18)

wherer,, = 74, ¢i(02102) i the position vector from joind, to the center of gravity of link 2F» andF3s
are the joint forces acting on link 2 from the ground and linkespectively. Fy, andT,, are the inertia
force and inertia moment, respectively, of linki2, is the mass of link 275 is the driving torque.

For link 3, we get

Foze + Fyze + Fyge = 0 (2.19)
(—I'gg) X Fog + (1'3 - I'gg) X Fys3 + Tg3 =0 (2.21)

wherer,, = r,,¢e'%+%) is the position vector from jointl to the center of gravity of link 3F3 andF 3
are the joint forces acting on link 3 from links 2 and 4, respety. F,, and7,, are the inertia force and
inertia moment, respectively, of link 323 is the mass of link 3.

For link 4, we get

F340 + Flaa + Fg4:c = 0 (222)
—mag + F34y + Fl4y + Fg4y =0 (223)
(—rg) X Fra4(rg —ry) xF3y + Ty, + T = 0 (2.24)

wherer,, = rg4ei(94+54) is the position vector from joinB, to the center of gravity of link 4F,4 andF'34
are the joint forces acting on link 4 from the ground and linkespectively. F,, andT;, are the inertia
force and inertia moment, respectively, of linkr, is the mass of link 47; is the torque of external load.

Equations[(Z18)[([Z21), and (Z124) can be expressedcékphs

T — Tgo 005(92 + 52)F12y + 7g, Sin(92 + 52)F12m

+[rg cos by — 14, cos(Ba + 02)| Faoy — [rasinby — rg, sin(b + 62)] Frop + Ty, = 0 (2.25)
—Tgs cos (63 + (53)F23y + Tys sin(fs + d3) Fase

+([rs3 cos O3 — g, cos(03 + 03)| Fuzy — [r3sinfls — rg, sin(fs + 03)| Fuse + Ty, = 0 (2.26)
—Tgy cos(64 + (54)F14y + Tgs sin(fy + 04) Flag

+[racosby — 14, cos(0y + 04)|Faay — [rasin€y —rg, sin(0s + 04)|Foag + T, +T; = 0 (2.27)

Note thatF;, = —Fj, andFyj,, = —Fj;,, equations[{Z1B-2.24) can be rewritten as nine lineartensin
terms of nine unknowns$’o,, Fiay, Fo3z, Fo3y, F3az, F3ay, Frae, F1ay, @ndTy (8 joint reaction forces plus
one input torque). They can be expressed in a symbolic form

Ax=Db (2.28)
wherex = (Flgx,Flgy,Fggx,F23y7F34x,F34y,F14x,F14y,Ts)T is a vector consisting of the unknown

forces and input torquéy = (F,., Fyoy — m29, Tys, Fysa, oy — M39, Tyss Fyazy Fgay — mag, Tyy +11)7
is a vector that contains external load plus inertia forecekinertia torques, and is a 9x9 square matrix
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-1 0 1 0
0 -1 0 1
—rgasin(fy + 62) rgacos(ba + d2) rgasin(fy + d2) —rasinfy 1o cos by — rgo 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) — rysinfs  r3cos b3 — g3 cos(fz + d3) 0 0 0
-1 0 -1 0 0
0 -1 0 —1 0
rasin@y — rgasin(@y + 04) 7gacos(0s+ 04) —racosOy —rgasin(@y +064) rgacos(@s+04) 0 |
(2.29)

formed using the angular position of each link and link pagtars. What distinguish the above-derived
equations[(ZA6)-(Z.24) from those in Erdman and Saridoari@}that the center of gravity of each link is
not at the center line between two joints and the gravitattwoe for each link is included in formulations

explicitly. Because equatiof (Z128) has 9 unknowns, it khbe 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 functidorce()  has been written for the Ch Mechanism Toolkit. Function
force() can calculate the joint forces and required input torquectiesre the desired motion of the four-
bar linkage. The first three input arguments of the functaoe()  are arraystheta]i] for joint angle
0;, omegali] for angular velocityw;, alphali] for angular acceleration;, tl is the external load
T;. The outputX from the functionforce()  contains the joint forces and required input torque, which
is passed to the calling function as an argument of assuitmegaescomputational array. How to use this
function in the toolkit can be demonstrated by the followimgchanism design problem given |in [3].

Problem 5: Link parameters and inertia properties of a four-bar lg&eas shown in Figufe2.6,
are given in the chart below.

Length Weight I, C.G.

Link  » (in) (Ib) (Ibf ft sec?) 7, (in) &
1 12 — — — -
2 4 0.8 0.0010 2 0
3 12 2.4 0.0099 6 0
4 7 14 0.0032 3.5 0

The phase angle for link 1 i, = 0. There is no external load. At one point the input
angular positiorf, = 150°, angular velocityw, = 5 rad/sec ccw and angular acceleration
as =5 rad/sec2 cw, find the joint reaction forces and required input torquiis moment.
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#include <math.h>
#include <fourbar.h>

int main() {
CFourbar fourbar;
double r1 = 12/12.0, r2 = 4/12.0, r3 =12/12.0, r4 = 7/12.0, the
double rp = 5/12.0, beta = 20*M_PI1/180;
double theta_1[1:4], theta_2[1:4], omega[l:4], alpha[l:
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, delta4 = 0.0;
double m2 = 0.8/g, m3 = 2.4/g, m4 = 1.4/g;
double ig2 = 0.0010, ig3 = 0.0099, ig4 = 0.0032, tI=0;

/* initialization of link parameters and
inertia properties */

theta_1[1] = O; theta_1[2]=150*M_PI1/180;

theta_2[1] = 0; theta_2[2]=150*M_PI/180;

omegal2] = 5; alpha[2] = -5;

fourbar.uscUnit(true);

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

fourbar.setMass(m2, m3, m4);

/I find theta3, theta4

fourbar.angularPos(theta_1, theta_2, FOURBAR_LINK2);
/I find omega3, omega4, first set
fourbar.angularVel(theta_1, omega, FOURBAR_LINK2);

/I find alpha3, alpha4

fourbar.angularAccel(theta_1, omega, alpha, FOURBAR_LI
/I find forces, torque

fourbar.forceTorque(theta_1, omega, alpha, tl, X);
printf("first solution X = %.4f \n", X);

/I find omega3, omega4, second set
fourbar.angularVel(theta_2, omega, FOURBAR_LINK2);

/I find alpha3, alpha4

fourbar.angularAccel(theta_2, omega, alpha, FOURBAR_LI
/I find forces, torque

fourbar.forceTorque(theta_2, omega, alpha, tl, X);
printf("second solution X = %.4f \n", X);

4];

deltad);

NK2);

NK2);

2.5. DYNAMICS

tal = 0;

Program 9: Prograrforce()  for computing joint reaction forces and required input terg
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You can solve this problem by Progréin 9. Note that the vaiiengths, masses, and moments of inertia
are represented ifieet, slugs, andlb— ft— sec?, respectively. The output of Progrdin 9 is given as follows:

first solution X = 1.7993 2.3553 1.6993 1.5895 1.1643 -0.742 8 -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 lggkare given in the chart

below.
Length  Mass I, C.G.
Link r (cm) (kg) (kgm?) 7, (cm) &
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 i, = 0. There is no external load. At one point the input
angular positiord, = 150°, angular velocityws = 5 rad/sec ccw and angular acceleration
as =5 rad/sec2 cw, find the joint reaction forces and required input torquiis moment.

ProgramID is the equivalent of Progréin 9, except that Skar used rather than US Customary
units. The output of Progral1L0 is shown below. Note thatdhiput is the Sl equivalent to the output for

Prograni®.

first solution X = 8.0075 10.4824 7.5624 7.0739 5.1815 -3.30 56 -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 Velocityfor Link 2

Analysis of the fourbar mechanism described in the previmations were performed for only one specific
position. Assuming constant angular velocity for the inlmik, link 2, this section will discuss analysis
of the fourbar linkage over the entire range of motion of im&. With constant angular velocity, the
relationships between the angular position, velocity, arckleration for link 2 is as follows,

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

wherefs .., is the minimum angular position value of the link, anglis a constant value. Note that the
total time for one rotation of the input linky = 02 ,,,;, t0 02 = 02 1,4, Can be determined by the following
equation,

92,mam - 92,min

wo

tma:(: -

24



CHAPTER 2. FOURBAR LINKAGE
2.6. KINEMATICS AND DYNAMICS WITH CONSTANT ANGULAR VELOCITY FOR LINK 2

#include <math.h>
#include <fourbar.h>

int main() {
CFourbar fourbar;
double r1 = 0.3048, r2 = 0.1016, r3 = 0.3048, r4 = 0.1778,

thetal = O;
double rp = 0.1270, beta = 20*M_PI1/180;
double theta_1[1:4], theta_2[1:4], omega[l:4], alpha[l: 4];

array double X[9];
double g = 9.81;
double rg2 = 0.0508, rg3 = 0.1524, rg4 =
double delta2 = 0.0, delta3 = 0, delta4 =
double m2 0.3628, m3 = 1.0883, m4 = 0
double ig2 = 0.001356, ig3 = 0.013445, ig4

/* initialization of link parameters and
inertia properties */

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

theta_2[1] = 0; theta_2[2]=150*M_PI/180;

omegal2] = 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.setlnertia(ig2, ig3, ig4);

fourbar.setMass(m2, m3, m4);

/I find theta3, theta4

fourbar.angularPos(theta_1, theta_2, FOURBAR_LINK2);

/I find omega3, omega4, first set

fourbar.angularVel(theta_1, omega, FOURBAR_LINK2);

/I find alpha3, alpha4

fourbar.angularAccel(theta_1, omega, alpha, FOURBAR_LI NK2);
/I find forces, torque

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

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

/I find omega3, omega4, second set

fourbar.angularVel(theta_2, omega, FOURBAR_LINK2);

/I find alpha3, alpha4

fourbar.angularAccel(theta_2, omega, alpha, FOURBAR_LI NK2);
/I find forces, torque

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

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

Program 10: Prograrorce()  for computing joint reaction forces and required input t@dn Sl units.
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#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, ploth, plotc;

/* default specification of the four-bar linkage */
1] = 12; r[2] = 4; 3] = 12; r[4] = 7,

thetal = 10*M_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.plotAngularPoss(&plota, 1);
fourbar.plotAngularVels(&plotb, 1);
fourbar.plotAngularAccels(&plotc, 1);

return O;

Program 11: Program for plottingy, 64, ws, w4, a3, anday with respect to time.

wherefs 4, is the maximum angular position value for link 2.

Using the above relationships, member functipt@AngularPos() , plotAngularVel() , and
plotAngularAccel() of classCFourbar were developed for time-based kinematic analysis of links
3 and 4 of a fourbar mechanism . Given a constant valuesfpithese member functions can be used to
plot the angular positions, velocities, and acceleratmfrighks 3 and 4 with respect to time. The function
prototypes for these member functions are as follows.

void CFourbar::plotAngularPoss(class CPlot *pl, int bran chnum);
void CFourbar::plotAngularVels(class CPlot *pl, int bran chnum);
void CFourbar::plotAngularAccels(class CPlot *pl, int br anchnum);

Argumentpl is an object of clas€Plotused for plotting, anttranchnum is the branch number of the
fourbar linkage to analyze.

Problem 7: Link lengths of a four-bar linkage, as shown in Figlirel 2. given as follows:
ry = 12em, ro = 4em, r3 = 12em, r4 = Tem. The phase angle for the ground link is
61 = 10°, and the constant angular velocity of the input linkds = 5rad/sec. Plot the
angular positions, velocities, and accelerations of [Blend 4 with respect to time for the 1st
branch.

The solution to Problem 7 is Progrdml 11. After specifyingrénguired parameters for the fourbar class,
member functiongplotAngularPoss() , plotAngularVels() , and plotAngularAccels()
are called to generate the desired plots. The outputs of @@l are Figurds 4.§-2]10.

In addition to member functiongslotAngularPoss() , plotAngularVels() ,and
plotAngularAccels() , memeber functionangularPoss() , angularVels() ,and
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Angular Position Plots
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Figure 2.8: Angular position plot.

Angular Velocity Plots
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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.

angularAccels() are also available for kinematic analysis of the fourbakdge with constant an-
gular velocity for link 2. Instead of generating plots of thegular position, velocity, and acceleration
of links 3 and 4 as with the plotting functions described adhese other functions generates the data
used for plotting and store them into arrays for later user, €&mmple the generated data can be saved
to a data file or used to generate plots similapkmtAngularPoss() , plotAngularVels() , and
plotAngularAccels() . These functions have the following function prototypes.

int CFourbar::angularPoss(int branchnum, double time[:]
double theta3[:], double thetad][:]);
int CFourbar::angularVels(int branchnum, double time[:]
double omega3]:], double omegad[:]);
int CFourbar::angularAccels(int branchnum, double time][ s
double alpha3[:], double alpha4l:]);

Argumentbranchnum is an integer value specifying the branch of the fourbar.atrme is a set of
time values equally incremented from time= 0 to t = t,,42, Wheret, ., is the total time required
for one complete motion of the fourbar. Arragiseta3 , thetad , omega3, omega4, alpha3 , and
alpha4 contains corresponding values for the angular positioakcities, and accelerations of links 3
and 4, respectively. Note that the array arguments for tbgealmember functions should all have the same
size.

For dynamic analysis of the fourbar linkage with a constantalue, member functiorferceTorques()
andplotForceTorques() are available. Member functidiorceTorques() determines the joint
forces and input torque for the entire valid range of motibthe fourbar mechanism, whereas
plotForceTorques() generates a graphical representation of these valuest flinetion prototypes
are as follows.

int CFourbar::forceTorques(int branchnum, double tl, arr ay double time[],
f12x[:], f12y[:], f23x[:], f23y[:],
f34x[:], f34y[:], f14x[:], f14y[:], ts[]);
int CFourbar::plotForceTorques(class CPlot *pl, int bran chnum,
double tb);
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*kkkkkkkkkk

I‘ * *
* This example plots the joint forces and output torque curve S.
* * * ***********/

#include <math.h>
#include <fourbar.h>

int main()

{
CFourbar fourbar;
double r1 = 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, delta4 = 0.0;
double m2 0.3628, m3 = 1.0833, m4 = 0.6348;

double ig2 = 0.001356, ig3
int numpoint = 50;

double omega2 = 5; /[* constant omega2 */
class CPlot plot;

0.013445, ig4 = 0.004293, tl=0;

/* initialization of link parameters and
inertia properties */

fourbar.uscUnit(true);

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

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

fourbar.setMass(m2, m3, m4);

fourbar.setNumPoints(numpoint);

fourbar.setAngularVel(omega?2);

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

Program 12: Program for plotting joint forces and outpugjter with respect to time.

For these functiong| is the load torquetjime is an array to record time, arfiti2x ,f12y ,f23x ,f23y ,
f34x ,f34y ,fldx ,fldy ,andts are arrays for the joint forces and input torque.

Problem 8: Link lengths of a four-bar linkage, as shown in Figlirel 2. &, given as follows:
r1 = 12e¢m, ro = 4em, r3 = 10em, r4 = Tem. The phase angle for the ground linkfis= 0,
the constant angular velocity of the input linkds = 5rad/sec, and load torque; = 0.
Using the inertia properties provided in the prevous pnoisldor dynamic analysis, plot the
joint forces and input torque for the valid range of motionhaf fourbar mechanism for the 1st
branch.

ProgramIPR is the solution to the above problem statemerter Afdicating the link parameters and
inertia properties, member functigriotForceTorques() is called to generate the desired plot. The
plot of the joint forces and input torque is listed as FidurEl2

2.7 Three-Position Synthesis

Recall the loop-closure equation for the fourbar linkageritteen below.

ri4+ry = ro4rs (2.30)
r1e? g = rpel® 4 rgel® (2.31)
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Figure 2.11: Joint forces and input torque plot.

Previously, equatiof {Z.B1) was used to derive equatiansaloulating the angular positions, velocities, and
accelerations of the remaining links given the dynamic progs of one link. Similarly, the loop-closure
equation provides a basis for the synthesis of fourbar nresims given three sets of input/output angles.
Assumingf; = 0, equation[[Z31) is rewritten as equations (P.32) andj2.BBe next step is to eliminate
3 in the equations, which can be done by first isolating the sexamtainingd; on the right-hand side.

71 +714C080s = 19cosly+ r3cosls (2.32)

rysinfy = 19080y + r3cosbs (2.33)

71+ 1400804 —r9costly = rgcosbs (2.34)
ra8infy —rosinfy = 7r3sinfs (2.35)

Squaring and adding equatiois(2.34) dnd{2.35) togetHethen cancel out thés term, which results in
equation[[Z.37),

T%—T‘%—T‘%—T‘z 1

+ —cosfy — M os 0y = —cosby—0, (2.36)
2T2T4 T4 9
kicosOy + kocosOy +ks = —coslly— 04 (2.37)
where
ko= L
T4
ky = -
T2

2121313
ks =

27"27’4

Equatio 2.3 is called Freudenstein’s equation.
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Figure 2.12: Freudenstein analysis.

The three unknowns in equatidn(2.3%), k2, andks, can be solved for three-point function generation.
Thus, for three prescribed positions as shown in Figurd Efgudenstein’s equation becomes,

kicos 1 + kocospr + k3 = —cospp — U (2.38)
k1cos g + kycos g + k3 = —cos gy — o (2.39)
kicos ¢z + kocos gz + k3 = —cos¢psz — 3 (2.40)

which can be simplified intdAx = b or equation[(Z41).

cos(¢1) cos(ipy) 1 k1 —cos(¢1 — 1)
cos(¢y) cos(ig) 1 ko = — cos(pa — 19) (2.41)
cos(¢3) cos(vz) 1 ks —cos(p3 — 13)

Once the values fat;, ko, andks are obtained from equatioh {2141, link dimensiegsrs, andr, can be
solved in terms of input link length; with equations[{Z.42) {{2.44). Typically, the lengthis chosen to be
1.

ry = —k_’;l (2.43)
rg = \/2k3r2r4 + 72+ +r? (2.44)

ClassCFourbar also contains member functi@ynthesis() to calculate the various link lenths
using Freudenstein’s equation. The function prototypesjmithesis() is shown below.

int CFourbar::synthesis(double r[1:4], double phi[:], do uble psi[:]);

Argumentr is a 4-element array to store the values of the link lengthstefhat element[1] shall be
a given value, and element®] ,r[3] ,andr[4] shall contain the outputs of the function. Arguments
phi andpsi are used to specify the sets of input and output angles, cagly.

Problem 9: Givenr; = 1m, ¢ = [105°,157°,209°], andy = [66.27°,102.42°,119.67°],
calculate the link lengths,, r3, andr4. Also display the fourbar linkage at the three specified
positions.
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Problem 9 can be solved by using member functignthesis() described above and another mem-
ber functiondisplayPositions() , Which is similar to member functiogdisplayPosition() de-
scribed in Sectiof211. Its function prototype is as follpws

int CFourbar::displayPositions(double theta2[:], doubl e theta3[],
double theta4[], ...
[*[int outputtype [, char *filename]]*/);

It is similar to member functiodisplayPosition() , except that multiple positions may be displayed
in one figure. Argumenttheta?2 ,theta3 , andtheta4 shall have the same number of elements, and
the arrays’ argument size shall specify the number of mostio display.

The solution to Problem 9 is Progrdml 13. After specifying ldnegth of the ground link-; and the
three sets of input/output angles, member functignthesis() is called to determine link dimensions
r9, r3, andry. Next, the threds values are calculated by using member functietAngle() . It has the
following function prototype,

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

wheretheta are the angular position values atitbta _id indicates the unknown link angle. Mem-
ber functionsetLinks() is then called to define the fourbar linkage in order to use benfunction
displayPositions() to display the fourbar mechanism in the three specifiedipasit The output of
Progran{IB is shown in Figuke 2]113.

2.8 Animation

The concepts discussed in Section 2.1 concerning positialysis of a fourbar linkage can be applied to
simulate the motion of a fourbar mechanism. By applying thasBof criteria or calling member function
grashof() , the type of fourbar as well as the number of geometric ineasscan be determined. Fur-
thermore, the range of the input link, link 2, can also beated by hand or by using member function
getJointLimits() , Which is invoked internally when calling member functigrashof() . With the
range of the input link known, the angular positions of thieeotlinks can be determined by applying the
equations developed in Sectibnl2.1 for any instance of linkHs, afor-loop can be utilized to obtain the
positions of links 3 and 4 for the entire range of the inpuk.lin

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

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

wherebranchnum indicates the branch number of the fourbar to simulate. Yjuical fourbar linkages,
branchnum can be either 1 or 2 for the first and second geometric invessiespectively. However, for
a rocker-rocker mechanismranchnum can have a maximum value of 4 for the four possible branches of
the rocker-rocker mechanism.

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

fourbar.animation(branchnum, QANIMATE_OUTPUTTYPE_FIL E, "data.gnm");
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#include <stdio.h>
#include <fourbar.h>

int main()

{
double r[1:4];
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 */
Mmj =1

psi[1]=66.27*M_P1/180; psi[2]=102.42*M_P1/180; psi[3]
phi[1]=105*M_P1/180; phi[2]=157*M_PI/180; phi[3]=209*
fourbar.synthesis(r,phi,psi);

[* display link lengths */
printf("r2 = %.3f, r3 = %.3f, r4 = %.3\n", r[2], r[3], r[4]);

/* obtain theta3 in three positions and display these positi
theta[l] = O;

fourbar.setLinks(r[1], r[2], r[3], r[4], theta[l1]);

theta[2]=phi[1]; theta[4] = psi[l];

fourbar.getAngle(theta, FOURBAR_LINK3);

theta3[1] = theta[3];

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

fourbar.getAngle(theta, FOURBAR_LINKS3); theta3[2] = the
theta[2] = phi[3]; theta[4] = psi[3];
fourbar.getAngle(theta, FOURBAR_LINK3); theta3[3] = the

fourbar.displayPositions(phi, theta3, psi);

return O;

=119.67*M_PI/180;
M_P1/180;

ons */

ta[3];

ta[3];

2.8. ANIMATION

Program 13: Program for fourbar synthesis and displayirgitipos.
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r2 = 0.555, r3 = 1.441, r4 = 0.725
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Figure 2.13: The output of Progrdmil13.

Macro QANIMATEOUTPUTTYPEILE specifies that the data to be generated byahination()
function is to be stored into filkdata.gnm" , where.qnm is the file extension for the Quick Animation
program. A more in depth discussion of Quick Animation wél @iven in Chaptdr]7.

In order to simulate movement of the fourbar linkage, the Ineinof frames to generate needs to be spec-
ified. This can be done by member functisetNumPoints() , which is also used to specify the number
of data points to plot the coupler and force/torque curvel miember functionplotCouplerCurve()
and plotForceTorques() . As an example, consider the crank-rocker mechanism testcin Prob-
lem 3. Prograril4 can be used to simulate the motion for eacttbrof this linkage. FiguleZlI14 represents
the output of Prograri14, which consists of two frames fromttho geometric inversions of the fourbar
linkage in Problem 3. The third argument of member funcietCouplerPoint() is an optional argu-
ment to indicate whether or not the coupler curve shoulddeett in the animation. This argument may be
either macroFRACEONor TRACEOFF. For the case of Programl14, tracing of the coupler curvedrati
imation is desired. by default, the tracing is turned off t&that if the fourbar is a Grashof Rocker-Rocker,
there would exist a total of four branches, since a RockexkBiomechanism has four possible input ranges.
If this is true, then the following code fragment would sietgl the motion of the third and fourth branch
of the fourbar linkage. However, if a third or fourth branshspecified, and the fourbar is not a Grashof
Rocker-Rocker, then an error would occur.

fourbar.animation(3);
fourbar.animation(4);

2.9 Web-Based Fourbar Linkage Analysis

Fourbar linkage analysis can also be done through the Woidig Web. Web pages have been specifically
designed to perform the same types of analysis discusserewinps sections. The main web page for
mechanism design and analysis through the internet is sheviigure§2.15. This web page contain links
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#include <fourbar.h>

int main() {
CFourbar fourbar;
double r1 = 0.12, r2 = 0.04, r3 = 0.10,
r4= 0.07; /lcrank-rocker
double thetal = 10*M_PI/180;
double rp = 0.05, beta = 20*M_PI1/180;
string_t fourbartype;

fourbar.uscUnit(false);

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

fourbar.animation(1);
fourbar.animation(2);

}
Program 14: Program for simulating the motion of a fourbakdige.
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Figure 2.14: The animation from Progrédm 14.
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to other web pages that include descriptions and exampkgseafal 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 pageall the problem statement of Problem 1
in Section[Z1l. Given all the necessary link lenghtsto r4, and angle$); andé,, the problem asked
for the values ofds and 4. This problem can easily be solved with the "Interactive FBar Linkage
Position Analysis” web page and corresponding Ch scripichwvban be directed by the "Position Analysis”
link under the "Four-Bar Linkage Analysis” section shownhRigure[ZI5. The web page designed for
calculatingf; andf, as well as the vector representing the coupler point posiichown in Figuré&2Z16.
The derivation of the analytical solution &f andf, are provided in the first section of the page. The second
section allows the user to input data required for perfogrire position analysis. In this section, the user
can input the link lengths;, and coupler point parameters and 3. Note that angle$; and 3 can be
specified in either degrees or radians withfregree Mode /Radian Mode tab. Furthermore, given any
known angle €5, 03, 64), this web page can be used to calculate the value of the twaining angles. For
this exampler; = 12em, r9 = 4em, r3 = 12cm, r4 = 7em, 1, = 5ecm, 01 = 10°, 05 = 70°, and3 = 20°.
After all the parameters have been entered, the user canarlithe "Run” button to execute the Ch script
for calculatingfs; andf, as well as the coupler point position. Output of the analgstsdisplayed directly
on the web page, which is shown Figlire 2.17. Note that theéRésitton 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 wele gagwn in Figur€218. All the user need
to do is input the values for the link length&,, and coupler point parameters, and 3. Once all the
values have been entered, the user can click on the "Rurdrbtatplot the coupler curve for the specified
fourbar linkage. For example, using the parameters spédiii®roblem 2, the coupler curve plot for the
first geometric inversion is shown as Figlire 2.19.

2.9.3 Animation

Figure[Z2ZD shows the web page that allows users to simuiatenbtion of a fourbar mechanism via the

internet. Like all the other web pages previously mentigrikd user can click on the "Run” button after

inputting on the required parameters to generate the ailmmalote that the number frames and branch
number may be indicated in their specified locations. Udnegidurbar specifications of Problem 2, a frame
of the animation obtained from the web page is shown in Figiza.
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3} Four-Bar Linkage Analysis and Synthesis - Microsoft Internet Explorer

=101 x]

File Edit View Favorites Tools  Help

GiBack » = - (3 ﬁ| Qlsearch [GelFavorites EfMedia &4 | EN- Sb B

e Y

| Links **

Four-Bar Linkage Analysis and Synthesis

73 Wtpe e i tagration. poming) - Minitheg ook Tmarhankmetourba. .. 1o | 1|5

- rae W e

Four-Bar Linkage Analysis

+ Position Analysis

Coupler Curve Plotting
Amnimation

Transmission Angles
Transmission Angle Plotting
Velocity Analysis
Acceleration Analysis

Force Analysis
Kinematic Analysis with Constant Angular Velocity for Link 2

Drynamic Analysis with Constant Angular Velocity for Link 2

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

s Grashof Linkages

s Non-Grashof Linkages
s Singular Configurations
s Straight Line Linkages
s Ouick Return Linkages
s Symmetrical Linkages

=] l_ l_ l_ | mternet

&l‘l

Figure 2.15: Main web page for fourbar linkage analysis amdresis.
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24 Interactive Four-Bar Linkage Position Analysis - Microsoft Internet Explorer E][EJ@
File Edit View Favorites Tools  Help '::"

@Back L~ | \ﬂ @ _;_\J /._'Search I"'\’ Favarites @Media Q‘! - _,; [ |

Interactive Four-Bar Linkage Position Analysis

A, [Br . X
Position analysis beging with formulating the loop-closure equation for the fourbar mechanizsm shown below, -
r2+ri=ri+rd (1)
Incorporating complex numbers,
r2*exp(i¥thetal)+r3*exp(ivthetald)=rl*expii*thetal) +rd*exp (i*thetad) 121

Mote link lengths r1,02,03, and rd along with thetal are constants. Let theta? be the independent variable, and theta3 and thetad be the
dependent variables, Rearanging the equation, we have

ri*exp(i*thectal)-rd4*expii*thetad)=rl*exp(i*thetal)-riZ*exp(i*thetai). (31

Let B1=r3, phil=theta3, E2=-r4, plu2=thetad, and 7=(x3 y=)=r1*¥exp(i*theta 1)-r2*¥exp(i*thetal) We now have a general complex
equation

Figure 2.16: Web page for fourbar linkage position analysis

38



CHAPTER 2. FOURBAR LINKAGE

2.9. 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
cos(phil)=(x3-Ricos(phiZ)) /R1 151
sin(phil)=(y3-R2Zsin(phiz))/R1. 3

Substituting these results into the trig identity sin™2{phi Utcos"2iphi =1 and simplifiing we obtan

w3%sin (phi2) +x3%cos (phiZ) = (342473~ 2+R2*2-R12] /2 *R2. (7
From this equation we can obtain formulas for plul and phi2
phiZ=atanz (v3,%x3) % acos [ (X3"°2+y3*24+R2"Z-R1"2) /Z*RE*agrt (3" 24+v3*2)) =3

phil=atan (sin(phil) ,cos(phil})
=atani [ (y3-RZsin(phi2) ) /R1, (x3-RZcos(phiZ))/ R1). (9]

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.

Uit 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 b |
Angles: | Degree Made ¥ | thetal: |10 |beta: [3658 |

Zelect and mput the known angle (thetaZ, theta3, or thetad):
| theta? « | value: |45 |

@ Done B Internet

Figure 2.16: Web page for fourbar linkage position anal{Sisntd.).

Fourbar Position Analysis - Microsoft Internet Explorer E”sz

ﬁ|
r

File Edit ‘“iew Favorites  Tools  Help :,
s a 3
> 1 I ) = i i £ - &
eBack </ \ﬂ \ELI ol | A Search 1. Favorites @Medla {} =] Ls
~
Fourbar Position Analysis Results:
Fourbar Parameters: rl = 0.120, r2 = 0.040, r3 = 0.120, 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)
Circuitc 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)
thetad = -1.845 radians (-105.70 degrees)
Coupler Point: Px = 0.059, Py = 0.017
v

@ Done B Internet

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

File Edit ‘iew Favorites Tools Help

@Back - @ - \J @ j_l\J ’;'Search ‘s_"'\"Favorites @Media {‘\{ £ -:v _1;, T

Interactive Four-Bar Coupler Curve Plotting

Pleaze enter link lengths, thetal and the branch munber to generate a plot of the coupler curve.

UntType[SI @] o
Link lengths (m or ft): rl: iD-SU_! r2: |01 5_! 3 iU-4D_! rd: iU-45_! m: |01 5_|
Angles: ' Degree Mode v|tlw.tz1l: |10 iheta: |3659 |

Branch MNumber: I_1_"|

@ Done D Internst

Figure 2.18: Web page for coupler curve plotting.

40



CHAPTER 2. FOURBAR LINKAGE
2.9. WEB-BASED FOURBAR LINKAGE ANALYSIS

a http:/ /softintegration.com/ cgi-bin;/chcgi/toolkit /mechanism;fourbar/fourbarCouplerCurye.ch - Microsoft Ink o |EI|5|
File Edit ‘iew Favorites Toaols Help |
sHBack - = - @ it | @Search (%] Farvorites @Media @ | %v = - @ | Links >*

=
Coupler curwue
= ==Y
— ]
8.2
a.15
5
bt
.}
o
@.1
a.83 -
a 1 1 1 1
-@.83 5] B.83 8.1 @.13 @.2 @, 25
Pz 2
=
|@ Dane ’_ l_ l_ |O Internet 4

Figure 2.19: Coupler curve plot.
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¥ Interactive Four-Bar Linkage Animation - Microsoft Internet Explorer Q@

File Edit ‘Wiew Favorites Tools Help

:;l:

@Back o @ A4 u @ :_}J /'._.' Search *?_I':.\/Favorites @Media &e‘l ¥, v _J_,_ @ 2

[ -

Interactive Four-Bar Linkage Animation

The four-bar inkage below can be animated on your screen.

UniType[Sl N I
Link lengths (m or ft): 11: 012 |r2 |0.04 3010 | (007 !1]1: |0.05
Angles: thetal: |0 | beta: |20 || Degree Mode v |

Mumber of points: |30 |
Eranch Mumber: [1__:|

-Ej Dane & Internet

Figure 2.20: Web page for fourbar animation.
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3 http://softintegration.com/cgi-bin/chcgi/toolkit /mechanism/fourbar /fourbar_ani.ch - Microsoft Internet Ex|

File Wiew GoTo Favorites Help

<Back ~ = - B} at | Qsearch [elFavorites GMedia £4 | Ey- & - R

Mest I Prew I All | Go | Stop | Fast I il |

Crank-Rocker

4

|&) Ready ’_ l_ l_ | Unknown Zone ﬁ

Figure 2.21: Fourbar animation.
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Chapter 3

Crank-Slider Mechanism

For a crank-slider mechanism shown in Figuré 3.1, the digpheentR, for the slider has constant angle and
variable length. therank R5, has constant length and variable angle as dig®ften called theonnecting
rod. The offsetR, for slider has constant length and angle. It is the variatidhe length ofR; that causes
the translational motion. The offsé&, can be positive or negative. In most applications, the bifseero.
The anglel, is related t, asf, = 67 + 90°.

Often an intermediate type of motion between the pure mati the crank and the pure translation of
the slider is desired. This can be obtained’athecoupler point which is offset from link 3 by a constant
length and angle.

Figure 3.1: A crank-slider mechanism.

In order to have360° rotation for the crank link, the length of link 3 shall be gezathan link 2 and
the difference of the link lengths for links 3 and 2 shall beager than the offset. Thatig > r, and
r3 — 1o > r4. If o is greater thams, the limiting configuration shown in Figufe_B.2 will be reach The
value off, at this limiting configuratoin is

T {91 + sin~! <%>} 3.1)
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Figure 3.2: A limiting position for a crank-slider mechamigor o > r3.

Figure 3.3: A limiting position for a crank-slider mechamigor r3 — ro < r4.

If r3 — r9 < 14, alimiting configuration shown in Figufe_3.3 will be reachdte value of), for this

limiting configuration will be
0, = {91 +sin~! <w>} (3.2)
r2

If ro + r3 = r4, NO rotation is possible. Iy + r3 > r4, the links cannot form a valid crank-slider
mechanism.

3.1 Position Analysis

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

Ry + R3 = Ry + Ry (3.3)

A general vectorR can be represented in complex polar with two parametersigifle and an anglé.
Thus each vector can be represented as 4
R = re'? (3.4)

In complex polar form the loop equation becomes

ree??? 4+ rget = piet 4 p ettt (3.5
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The first step in describing the motion of the crank slideraguwing the two unknown parameters as func-
tions of the known parameters. At this poihit 65, 64, r2, r3 andr4 are known. The unknown parameters
arer; andfs;. Rearranging equatiof (3.5) so that the terms containiaguttknown parameters are on the
left and the terms containing only known parameters are emigjint gives

rleml — T‘3€i93 = T‘2€i€2 — r4ei94 (3.6)
Converting the right side into Cartesian form where
a = 19 cos by — rycosly (3.7)
and
b=1r9sinfy —rysinfy (3.8)
gives ‘ ‘
re?t — rge = a +ib (3.9
Multiplying by e~ gives ' 4
r — T361(9:5—91) — 1 (a +ib) (3.10)

and equating the imaginary parts of both sides eliminatesd produces
—rgsin(f3 — 01) = asin(—60;) + bcos(—61) (3.11)

Solving for#3 yields two solutions below.

03 = 0y + sin ™! (asm b1 — beos 91) (3.12)
T3
i — 0
03 =0+ —sin~! (“SMI beos 1) (3.13)
r3
Equating the real parts of equatidn{3.9) gives
r1c08601 —rzcosfs = a (3.149)
and solving forr; gives
= a + r3cos B3 (3.15)
cos 01

The slider position is determined by
Ry + Ry (3.16)
reft 4 et +90° (3.17)

The x and y components of the slider position are the real maginary parts of equatidn(3J117).

The joint angled; and slider position; can be determined by using member functiamgularPos()
andsliderPos() of classCCrankSlider , respectively. The following problem illustrates how das
CCrankSlider  can be used to calculate these two values.

Problem 1. For the crank-slider mechanism shown in Fiduré 3.%; i 1cm, r3 = 5em,ry =
0.5¢m, andfy = 10°, find the displacement; of the slider and the joint angl whend, =
45°. Display the current position of the crank-slider mechamis
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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 = 10*M_PI/180;
double theta2 = 45*M_PI/180;
double first_theta3, sec_theta3;
double complex s1, s2; //two solution for slider position

crankslider.uscUnit(false);

crankslider.setLinks(r2, r3, r4, thetal);

crankslider.angularPos(theta2, first_theta3, sec_thet a3);
crankslider.sliderPos(theta2, s1, s2);

crankslider.displayPosition(theta2, first_theta3);
crankslider.displayPosition(theta2, sec_theta3);

[**** the first set of solutions ****/

printf("theta3 = %6.3f, S = %6.3f cm\n", first_theta3, sl1*1 00);
[**** the second set of solutions ****/

printf("theta3 = %6.3f, S = %6.3f cm\n", sec_theta3, s2*100 );
return O;

Program 15: Program for computing and#s of a crank-slider mechanism.

The solution to Problem 1 is Progrdm 15. Since the paramfetetise crank-slider mechanism are spec-
ified in Sl units (centimeters), the input argument for menfbaction CCrankSlider::uscUnit()
is set to false to indicate the usage of Sl units. Howevehefdrank-slider parameters were specified in
feet or inches (US Customary units), then the input value efimer functioruscUnit()  would be set
to true. By default, input parameters are assumed to be itaBdlards, and member functiascUnit()
does not need to be called unless US Customary standardesiredd Note that the link lenghts for the
crank-slider mechanism in Progrdml 15 is converted fromimetér to meter, since meter is the true unit
for length in Sl terms. After the crank-slider parametengshizeen set, member functioasgularPos()
andsliderPos() are called to calculate angular positiél, and slider position, respectively. Member
function displayPosition() is called to generate images of the current position of thaleslider
mechanism for both geometric inversions. These imagesarersin Figurd_3.4. The output of Progrédmd 15
is shown below.

theta3
theta3

0.160, S
-2.952, S

complex( 5.643, 1.503) cm
complex(-4.204,-0.233) cm

The position vector for the slider is represented as a commplenber 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 Figlrd 3.1;if= 0.3937in,r3 =
1.9685in,r4 = 0.1969in, andf; = 10°, find the displacement; of the slider and the joint
anglefs; whenf, = 45°.

Now, if the parameters for the crank-slider mechanism défineProblem 1 were converted to US
Customary standard units, as shown in Problem 2, Programadfoe used to perform the crank-slider
analysis. Note that the input value for member functiseUnit()  is true for this program since US
Customary units are desired. The output for Prodraim 16 islkss.
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w i =0 NI il 9
[ Next |[ Prev |i @it [[Go || step | Fast i1 Siew | ||||[ Wewt | [ Prev || 8ii [ Ge || Siep i1 Fast || Bige |
Crank-S5lider Crank-Slider

Figure 3.4: Current positions of the crank-slider mechanis

#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 = 10*M_PI1/180;

double theta2 = 45*M_PI/180;

double first_theta3, sec_theta3;

double complex sl1, s2; //two solution for slider position

crankslider.uscUnit(true);

crankslider.setLinks(r2, r3, r4, thetal);

crankslider.angularPos(theta2, first_theta3, sec_thet a3);
crankslider.sliderPos(theta2, s1, s2);

[**** the first set of solutions ****/

printf("theta3 = 9%6.3f, S = %6.3f in\n", first_theta3, s1*1 2);
[**** the second set of solutions ****/

printf("theta3 = %6.3f, S = %6.3f in\n", sec_theta3, s2*12) ;

return O;

Program 16: Program for computimg andés of a crank-slider mechanism in US Customary standard.
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Figure 3.5: Transmission angle for a crank-slider meckmanis

theta3
theta3

0.160, S = complex( 2.222, 0.592) in
-2.952, S = complex(-1.655,-0.092) in

3.2 Transmission Angles

The transmission angle, is a measure of how effectively force is transmitted to tbgpot link. Wheny
is 90° all of the force is transmitted to the output link and wheis 0 no force is transmitted to the output
link. In the crank-slider there are two transmission angbe® where the slider is the output link and one
where the crank is the output link as shown in Fiduré 3.5.

If the slider is the output, the transmission angjecan be obtained by

Y1 = 90° — (93 — 91) (3.18)
v1=90°+6; — 03 (3.19)
If the crank is the output, the transmission anglecan be obtained by
Yo = (92 — 91) + (93 — 91) (320)
The transmission angles can be computed by the memberdaticinsAngle() , whose prototype is as
follow:
void CCrankSlider::transAngle(double &gammal, &gammaz2, double theta2);

where the first two arguments are the first and second solttidhe transmission angle and argument
theta2 is the angular position of link 2.

3.3 Velocity Analysis

The angular and translational velocities are the rates athwthe 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 equatidn(3.5), the velesitcan be derived by first taking the derivative
with respect to time.

d 4 . d 4 .
E(rgew? + r3ef3) = E(rlewl + r4etf) (3.22)
7;26i92 + i92T2€i€2 + 7;362‘93 + iéngﬁiGS = 7;162‘91 + iélrlﬁiel + 7;46i94 + ié47“4€i€4 (323)

For the crank-slider the parametess 3, r4, 61 andé, are constant, thus
o =73 =14 = 0andf, =6, =0
By definition
92 = wy ,93 = w3 andry = vy
Thus upon substitution into equatidn {3.23), we obtain
Vi = 016" = jworee™®? + jwgrse’® (3.24)

This is the vector describing the velocity of link 1, the shdIn order to find the scalar values andw
first multiply both sides by~ to produce

V] = iwgrgei(‘gQ —01) 4 iwgrgei(gf’_el) (3.25)

Equating the imaginary parts of both sides in equafionj3a28 solving forws gives

_ —wargcos(fy — b)
ws = 3 cos(f3 — 61) (3.26)

The x component of velocity of the slider is the real part afaepn [3:2H).
vy = wag sin fy + ws sin O3 (3.27)
The y component of velocity of the slider is the imaginarytpdrequation [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 8f is the real part of equatiof (3125).

|v1| = wargsin(f — 61) + wsrssin(fs — ;) (3.29)
The angular and linear velocities can also be computed bybaefanctionsangularVel() and
sliderVel() , respectively.

3.4 Acceleration Analysis

The accelerations of the links is the rate at which their ¢iks change with respect with time.
The accelerations are derived by taking the derivative veigipect to time of the velocity vectdf, equation

E.23).

— V) = — 01" = — (iwgree®? + jwset® 3.30
dt dt dt ( ) ( )
’[)16201 + i@lvleiel = Z‘LZJQTQGZHQ + iWQf2€i92 + i292w2T26i92 + iti)g?“gew3 + Z'W37'°36i93 + 2‘2(.2)37°3€i63 (3.31)

By definition
0] = a1, We = ag, w3 = az andi? = —
Substituting these and the previously defined values gives

Ay = a1 = iagree®? — w%rgew + iagrse’®® — w%rge% (3.32)
Multiplying equation [3:3R) by %1 yields

i(02—01) 2. i(62—01)

a1 = iqgrae — wjrae + iagraet@—01) _ wgrgei((’?’_el) (3.33)

Equating the imaginary parts of equati@n{3.33) and solfangv; gives

B w3rysin(fy — 01) + wirssin(f3 — 61) — agrg cos(fy — 0;)

3.34
r3cos(fs — 61) ( )

a3
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pr7 apy

Figure 3.8: Coupler Point of a crank-slider mechanism.

The real part of equatio (3132) gives the x component of lidersacceleration.
Az = Qoo sin g — w%rz cos B + azr3 sin b3 — w%rg cos 03 (3.35)
The imaginary part of equatiof (3132) gives the y componéttieslider acceleration.
ay = Qa1 Cos flg — w%rg sin Ay + «a3rg cos O3 — wgrg sin 03 (3.36)
The real part of equatiofi {3.133) gives the absolute magaitidhe slider acceleration.
a1 = anrysin(@y — 61) — wiry cos(By — 1) 4 azrzsin(f3 — ;) — wirs cos(f3 — 6y) (3.37)

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

3.5 Position, Velocity and Acceleration of Coupler Point

The motion of the coupler point is related to that of link % dingle with respect to ground is that of link 3
plus a constans.

Os =03+ (3.38)
The vectorP represents the location of the coupler point.
P = Ry + Ry = r9e'® + g’ +0) (3.39)
The x coordinate of is
P = 1 082 + 15 cos(03 + ) (3.40)
and the y coordinate is
py = r28in 6y + r5sin(f3 + B) (3.41)
The time derivative of’ gives the velocity vectov,.
d , .
Vp = %P = iwaree™? + iwsrse’ 3 +F) (3.42)
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The x coordinate of the coupler velocity is

Up, = wargsin By + wsrs sin(fz + ) (3.43)
and the y coordinate is

Vp, = warz cos By + w3rs cos (63 + ) (3.44)

The time derivative of/, gives the acceleration vectdr,.

A, = =V, = iagree® — wirye'® +iasrse’ %38 — (2pgeil03+h) (3.45)

dt
The x coordinate of the coupler acceleration is

p, = Qg sinfy — wiry cos Oy + azrssin(fz + B) — wirs cos(03 + B) (3.46)
and the y coordinate is

ap, = a7 COS g — w3rysin By + azrs cos(fs + B) — w§r5 sin(fs + ) (3.47)

The position, velocity, and acceleration of a coupler poart be computed by the following member func-
tions: couplerPointPos() , couplerPointVel() , couplerPointAccel() , respectively. For
example, the following problem may be solved with Progfain 17

Problem 3: For a crank-slider mechanism with propertigs= 1c¢m, rs = 5em, ry = 0.5¢m,
01 = 10°, 7, = 2.5¢m, and@3 = 20°, find the position, velocity, and acceleration of the couple
point, P, wherf, = 45°, we = 5rad/sec, anday = 0.

The output of Prograi17 is 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 base®@lembert’s Principle—the sum of the inertial or body
forces and torques and the external forces and torques lieggiroduce equilibriumThis is analogous to
the criteria for static equilibrium as

F=0and}_ M =0

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

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

and
> M+ (—Iag) =0 (3.49)

53



CHAPTER 3. CRANK-SLIDER MECHANISM
3.6. DYNAMIC FORCE ANALYSIS

#include <math.h>
#include <crankslider.h>

int main() {
CCrankSlider crankslider;
double r2 = 0.01, r3 = 0.05, r4 = 0.005, thetal = 10*M_PI/180;
double rp = 0.025, beta = 20*M_P1/180;
double theta2 = 45*M_PI/180;
double complex P[1:2], Vp[1:2], Ap[1:2];
double omega2 = 5; /* rad/sec */
double alpha2 = 0; /* rad/sec*sec */
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, sec_thet a3);
crankslider.couplerPointPos(theta2, P[1], P[2]);

first_omega3 = crankslider.angularVel(theta2, first_th eta3, omega2);
sec_omega3 = crankslider.angularVel(theta2, sec_theta3 , omegaz2);
Vp[1] = crankslider.couplerPointVel(theta2, first_thet a3,

omegaz2, first_omega3);
Vp[2] = crankslider.couplerPointVel(theta2, sec_theta3 ,
omega2, sec_omega3s);
first_alpha3 = crankslider.angularAccel(theta2, omega2 ,
first_theta3, first_omega3, alpha2);
sec_alpha3 = crankslider.angularAccel(theta2, omega2,
sec_theta3, sec_omega3, alpha2);
Ap[1] = crankslider.couplerPointAccel(theta2, first_th eta3, omega2,
first_omega3, alpha2,
first_alpha3);
crankslider.couplerPointAccel(theta2, sec_thet a3, omegaz,
sec_omega3, alpha2,
sec_alpha3);

Ap[2]

printf("Circuit 1:\n");

printf(*  Coupler Position: %.3f cm\n", P[1]*100);

printf(*  Coupler Velocity: %.3f cm/s\n", Vp[1]*100);

printf("  Coupler Acceleration: %.3f cm/s"2\n", Ap[1]*100 );
printf("Circuit 2:\n");

printf(*  Coupler Position: %.3f cm\n", P[2]*100);

printf("  Coupler Velocity: %.3f cm/s\n", Vp[2]*100);

printf("  Coupler Acceleration: %.3f cm/s"2\n", Ap[2])*10 0;

return O;

Program 17: Program for computing the coupler point pragedf a crank-slider mechanism.
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F1.2y

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

In dynamic analysis, we assume that the position, velocityacceleration of each moving body in the sys-
tem are already known. The free body diagram for link 2 witHates acting on it is shown in FiguEe_B.9.

The real part of the complex acceleration vector at the mastec 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

d? d? 0o
Ag2 = @(Rgg) = @(T’gge ) (350)
Ay = iagrggew? — w%?”926w2 (3.51)

Based on the Newton’'s second law, we can obtain the dynamitien

FgQw = nge(Agg) (352)
Fggy = mglm(Agg) (353)
ng = 12012 (354)

wherem is the mass of the body andis the mass moment of inertia about the mass center. The above
equation can be expanded as

S Fy=Fi +Fs +Fp =0 (3.55)
ZFy = F172y + F372y + Fggy =—mg9g =20 (3.56)

Z Mg = FLQITQQ sin 92 — FLgy’r'gQ COS 92 — F3721 (7'2 — ’r'gQ) sin 92
—|—F372y (’I"Q — ng) cos 0y + T, — g2 = 0 (3.57)

The free body diagram for link 3 with all forces acting on islsown in Figuré-310. Acceleration at the
center of the mass for link 3 is

2 d2 ; i(0-
Ags = —5 (R + Rys) = =5 (rae™ + rgse’ %)) (3.58)
Ay = iaaree’® — w%rger + iagrggei(93+¢) — wgrggei(ef’+¢) (3.59)
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Figure 3.10: The free body diagram for link 3 of a crank-slidechanism.

The equations of motion

Fggz = nge(Agg) (360)
Fg3y = ’I’)’LgIm(Agg) (361)
ng = [3&3 (362)
The alternative equations of motion
ZF:B = F273w + F473w + Fg3x =0 (3.63)
ZFZ/ = F273y + F4,3y + Fggy —m3zg =10 (3.64)

Z My = Fp3 rg3sin(f3 +¢) — Fo3 T3 cos(f3 + ¢) — Fy3_[r3sinfs — ryz3sin(f3 + ¢)]
+F34 [r3costl3 —rgzcos(0s + ¢)] — Ty3 =0 (3.65)

The free body diagram for link 4 with all forces acting on islsown in Figuré-3.11.
The acceleration at the center of the mass for the slidenk#iis

2

Ay =A4,= iagree’® — w27‘gei62 + iasrge’® — w§r36i93 (3.66)

The equations of motion

Fy4, + Fycost; = myRe(Ags) (3.67)
Fg4y + E sin 91 = m4Im(Ag4) (368)
Tyo=0 (3.69)

The alternative equations of motion
ZFE = F3’4w + F174w + Fg4w + Fycosf =0 (3.70)

D Fy=Fsu, + Fira, —mag+ Fgp + Fisinf; =0 (3.71)
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Fosy p,,
‘ / "
P
4
A
mg F,,

Figure 3.11: The free body diagram for link 4 of a crank-slidechanism.

Fia F1,4n

Yy

Figure 3.12: The reaction forces on slider.
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There is no moment acting on link 4 as its motion is completielgsiational. The third equation necessary
to describe the forces acting on link 4 comes from the fadt fhag andFL4y are components of a force
Fy 4, that always acts normal to the ground as shown in Figuré 3.12.

Fy 4, cosf = Fig, (3.72)

— Fy 4 sinf; = F174y (3.73)

Fy 4, costy = F174y sin 64 (3.74)
Fy 4, costh + F1,4y sinf; =0 (3.75)

Let F3 o = —F, 3 andFy 3 = —F3 4, we can get the following system of equations.

Fppo. = —Fip +Fa3,
Fg2y —maeg = —F1,2y + F2,3y
~Tyy = —[(ro—rg)sinby]Fy3 + [(ry — rg2) cosby]Fas,
—(rg2sina)Fy o+ (rg2 cosba) — T;
Fy3, = —Iy3 + F3g4,
Fys —msg = —Fbs +F34
—Tys = —[rgzsin(0s + @)|Fo3, + [rg3cos(0s + @)|Fos,

—[r3sin b3 — rg3sin(f3 + @) F3 4,
+[rs cos 03 — g3 cos(03 + <Z5)]F3,4y

Fg4w + Fycosfy = —F374x - F174w
Foo, —mag+ Fysinth = —Fz34 —Fia,
0 = cos 91F174x + sin 91F174y

For the convenience of equation writing, let

a = —Tgsinby [ = rgzcos(fs3+ o)

b = rgacosby g = —(r3sinfs —ryzsin(fs + ¢))
¢ = —(ro—rg)sinfy h = rzcosts —rg3cos(fz + @)

d = (rg—rg)cosfy i = cosb

e = —rTgsin(@3+¢) j = sinb;

the system of equations in a matrix form can be obtained &sifsl

I Foo, 1 (-1 0 1 0 0 0 0 0 07] fe,
Fga, —mag 0-1 0 1 0 0 O 0 O Fia,
—Tyo a b ¢ d 0 0 0 0 —1|| Fg,
Fys, o 0-1 0o 1 0 O 0 O Fp3,
Fys, —msg =/ 0 0 0 -1 0 1 0 0 O0]|| Fsa
—1g3 0 0 (& f g h 0 0 0 F3’4y
Fya, + Fycos 6, 00 0 0 -1 0 -1 0 0] Fy
Fya, — mag + Fisin 6, 0 0 0 0 0 -1 0 -1 0] Fy
I 0 ] Lo o o o o o i j of| T
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The matrix equation is of the form
b =Cx (3.76)

whereb andC are known andc ontains the unknown values to be solved. The solution isefdhm
x=C'B (3.77)

which can be conveniently solved by functiowerse() in Ch. Member functiorforceTorque()
with prototype

void CCrankSlider::forceTorque(double theta2, theta3, o mega2, omega3,
alpha2, alpha3, Fl, double complex as,
array double x[9]);

can be used to perform the above analysis, where the firstgixeents correspond to the angular properties
of link 2 and 3,Fl is the load forceas is the acceleration of the slider, ards an array that contains the
joint forces and output torque.

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

chart below.
Length  Mass P C.G.
Link r(cm) (kg) kg—m?) r,(cm) 4
1 2.54 — — — —

2 5.08 0.3626  0.0014 0.0508 O

3 1.27 1.0877 0.0134 0.1524 O

4 — 0.6345 — — 0
The phase angle for link 1 i, = 10°. There is no external load. At one point the input
angular positiord, = 45°, angular velocityws = 5 rad/sec ccw and angular acceleration
Qg = —b rad/sec2 cw, find the joint reaction forces and required input torguhnis moment.

The solution to Problem 4 is listed as Progranh 18. It utilittess crank-slider class and various mem-
ber functions to calculate the joint reaction forces andiiregl input torque for the crank-slider mecha-
nism defined in the above problem statement when= 45°. After the specifying the required param-
eters for the crank-slider, member functiomsgularPos() , angularVel() , angularAccel() ,
andsliderAccel() are called to determine the values needed for member furictioe Torque() ,
which calculates the joint forces and required input torditee output of Program18 is as follows.

first solution X = 8.4397 -16.7026 8.1792 -20.6504 6.8925 -3 0.5133 -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 previbagter, motion of the crank-slider mechanism
can also be simulated with trenimation() function of classCCrankSlider . The prototype for
member functioranimation() is as follows.

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

int main() {

CCrankSlider crankslider;

double r2 = 0.0254, r3 = 0.0508, r4 = 0.0127, thetal = 10*M_PI/ 180;

array double X[9];

double rg2 = 0.0508, rg3 = 0.1524;
double m2 0.3626, m3 = 1.0877, m4 = 0.6345;
double ig2 = 0.0014, ig3 = 0.0134, FI=0;
double theta2 = 45*M_PI/180;

double omega2 = 5; /* rad/sec *
double alpha2 =-5; /* rad/sec*sec */
double first_theta3, sec_theta3;

double first_omega3, sec_omega3;

double first_alpha3, sec_alpha3;

double complex first_as, sec_as;

/* initialization of link parameters and
inertia properties */
crankslider.setLinks(r2, r3, r4, thetal);
crankslider.setGravityCenter(rg2, rg3);
crankslider.setlnertia(ig2, ig3);
crankslider.setMass(m2, m3, m4);

crankslider.angularPos(theta2, first_theta3, sec_thet
first_omega3 = crankslider.angularVel(theta2, first_th
sec_omega3 = crankslider.angularVel(theta2, sec_theta3
first_alpha3 = crankslider.angularAccel(theta2, omega2
alpha2);

sec_alpha3 = crankslider.angularAccel(theta2, omega2, s

alpha2);
first_as = crankslider.sliderAccel(theta2, first_theta

alpha2, first_alpha3);

sec_as = crankslider.sliderAccel(theta2, sec_theta3, om
sec_alpha3);

crankslider.force(theta2, first_theta3, omega2, first_
first_alpha3, Fl, first_as, X);
printf("first solution X = %.4f \n", X);

crankslider.force(theta2, sec_theta3, omega2, sec_omeg
Fl, sec_as, X);
printf("second solution X = %.4f \n", X);

a3);

eta3, omega2);

, omegaz2);

, first_theta3, first_omega3,
ec_theta3, sec_omega3,

3, omega2, first_omega3,

ega2, sec_omega3, alpha2,

omega3, alpha2,

a3, alpha2, sec_alpha3,

Program 18: Program for computing the joint reaction foraed 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 19: Program for simulating the motion of a crantteslimechanism.
£ FEEE IEIE
| Hext || Prewv || ALl || Go | Step 1 Fash 0 Blew | | Hext || Prev || All || Go | Seop L0 Fash 0 Bles |
Crank-51ider Crank=5lider

It has the same features and functionality as that of funeiomation()  of classCFourbar . Argument
branchnum indicates which geometric inversion of the crank-slideatimate. The animation data can
also be saved into a file similar to the method discussed ind®¢£.8. For example, the following problem
will illustrate how to animate a crank-slider linkage witretgiven parameters.

Problem 5. For the crank-slider mechanism shown in Figlrd 3.1, given= lcm,r3 =
5em, ry = 0.5em, 61 = 10°, r, = 2.5cm, andB = 30°, simulate the motion of this mechanism.
Do this for both geometric inversions.

The solution to the above problem is Progrimh 19. After sgtthre parameters for the crank-slider
mechanism with member functiorsetLinks() , setCouplerPoint() , andsetNumPoints() ,
member functioranimation() is called twice to simulate the motion of the crank-sliderchranism.
Each function call corresponds to each geometric inverdisames from each animation are displayed in

Figure[3.Y.
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3.8 Web-Based Crank-Slider Linkage Analysis

The main web page for the analysis and synthesis of a crade-ghechanism is shown in Figure—3.13.
It contain links to web pages for analysis of the slider, deupoint, and angular properties. Furthermore,
there are web pages to calculate the transmission angleahk-slider and animate it as well. For example,
the web page shown in Figdre-3l 14 can be used to calculataeguéea position of a crank-slider mechanism.
This page also contains the derivation for calculatingso that the user may understand the steps taken by
the web-based solver.

As an example, recall the crank-slider mechanism defineldrptevious problems, wherg = 1cm,
rg = bem, rq = 0.5em, 01 = 10°, 1, = 2.5cm, andf = 30°. Givenfy = 45°, the angular position of link
3, 63, can be solved by using the web page shown in Figurd 3.14 hvdain be accessed by clicking on the
link after the derivation fof;. After inputting the appropriate data, the output is showRigure[3.1b.

Furthermore, analysis of the slider component can also Herpged on the crank-slider mechanism
mentioned above. Figuke 3116 shows the slider positioryaisalveb page, which again includes the deriva-
tion for determiningr;. Note that the input parameters are the same as that of tleefpagolving forfs.
After executing the script, the output is shown in FiguréZ3.1

For analysis of the coupler point, the web pages shown inregf. I8 £3.22 can be used. Similar to
the other web pages, these pages also contain derivatiooaléoilation the coupler point position, velocity,
and acceleration. Entering the crank-slider parameteengdby prior problem statements into Figlire"3.18
results in the output shown in Figure-3.19. Now, é@r = 5rad/sec, the velocity of the coupler point can
be calculated by web the page of Figlire 8.20 with the outpawashn Figurd 232, Similarly, ifv; = 0, the
coupler point acceleration can be determined by Figuré 3 B& output is shown as Figure_3123.

Simulating the motion of the crank-slider mechanism mayp &ls accomplished through web-based
analysis. Figur€-3.24 is the HTML document for inputtingadi@t animate the crank-slider linkage. Asides
from the link lengths and required angles, the user may giscify the number of animation frames to
generate, and the geometric inversion of the crank-slidaah@nism. Using parameters specified in problem
statements of previous sections, Figlire B.25 is a snap$lastirnation for the first geometric inversion of
the crank-slider mechanism.
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/2 CRANK-SLIDER - Microsoft Internet Explorer B - Ol x|
File Edit ‘iew Favorites Tools Help |
Back « = - (2D at | Qsearch [ElFavortes @imedia ¢4 | - S - = B |Links 32

=l
- - -
Crank-Slider Synthesis and Analysis
£ hH p:fisaftintegrabian.com/ogi-hin/ehegifionlkitimes hamsm/cranksl. Elrflg
=l NIZW L R Fzvonss Fop :!'F
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Cranb-Slider
P - :“q' -
e
oo T
\'\'Q’_ P -
5
&l -caty B U-lrovin o
s Slider analysis
- Position analysis
- Velocity analysis
- Acceleration analysis
s Coupler point analysis
- Position analysis
- Yelocity analysis
- Acceleration analysis
s Link 3 analysis
- Angular position analysis
- Angular velocity analysis
- Angular acceleration analysis
s Calculate transmission angles
+ Animate a crank-slider mechanism
Bl
@ i, e v

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 Wiew Favorites Tools  Help |

R | ﬁ| Qhsearch [GelFavorites SfMedia &4 | BN S B - (i |Links >
Analysis of Crank-Slider Angular Position, theta3 L.

The angular posttion, theta3, can be solved by using a loop equation.
R2+E3=R1+E4

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 becotmes
r2*exp(*thetad) - r3%eupiMtheta) = r1*expi™hetal) + rd *expi*thetad)
Rearranging the ecquation to solve for r1 and thetas gives

r1¥exp(i*thetal) - r3%exp(™theta) = r2*exp(i™thetal) - 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(thetal) - r4*cos(thetad)

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

aves
r1*exp(i*thetal) - r3%exp(i*thetad) = a +i*b

Mlultiplying by expi-1*thetal) gives
rl - r3%expliftheta3-thetal)] = exp-1*theta 1)*(a + 1*b)
and equating the imaginary parts of both sides elimmnates r1 and produces
-r3%sin{theta3-thetal) = a*sm(-thetal) + b*cos{-thetal)
Zolving for theta3 yields two solutions
thetad =thetal + [sin{(a*sinithetal)-b*cosithetal)fr3} 171

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

Flease enter the data to calculate the angular postion of link 3.

Unit Type: |5| 'l
Link lengths (m or ft): 12: IU-W r3: IU-2U rd: IU P IU-25
Angles: thetal: |45 theta2: |45 heta: |3? IDegree Mode = |

Chatput option:

1. & Display angular position
2. O Display crank-slider position -- Branch Mumber: |1 'I

M Reset |

s

|&] pore l_ l_ l_ |4 Internet

Figure 3.14: Slider-crank angular position analysis (@gnt

2 Slider-Crank Angular Position Analysis - Microsoft Internet Explorer,
File Edit Wiew Favorites Tools  Help

eBack = d \ﬂ \ELI _h /.._\J Search ‘»;?‘\'(Favorites @Media -@} <] ~ .,_’_,'_

Slider-Crank Angular Position Analyvsis 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)
lat Solution:

thetad = 0.160 radians (9.16 degrees)
Znd Solution:

thetad = -2.952 radians (-169.16 degrees)

@j Done 0 Internet

Figure 3.15: Output of angular position analysis.
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3} crank-slider slider Position Analysis - Microsoft Internet Explorer _ ol =]

File Edit Wiew Favorites Tools  Help |

GBack + = - () at | Qhsearch [GFavorites G Media £4 | BN S B |
Crank-Slider Slider Position Analysis

| Links **

The position can be solved by using a loop equation.

E2+ER3=FR1+ER4

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

E = r*exp(1*theta)
In complex polar form the loop equation becomes
r2*exrp(i*thetal) - r3%exp(Mtheta) = r1*expi*thetal) + rd*exp(i*thetad)
Rearranging the ecquation to solve for r1 and theta3 gives

r1*exp(i*thetal) - r3%exp(™theta) = r2*eup(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*cos(theta) - rd*costhetad)

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

arves

r1*exp(*thetal) - r3%exp(i*theta3) = a +1*b

Mlultiplying by expi-1*thetal) gives

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

-r3*sin(theta3-thetal) = a*sm(-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*sin{thetal)-b*cos(thetal))fr3} 11
Equating the real parts of the equation gives
r1*cosithetal) - r3*cos(thetal) = a

and solving for r1 gives

r1 =[a+r3*cos(theta?))cosithetal)

The slider position 1z defined as
RE1+E4
r1*exp(i*thetal) + rd*exp™thetal + 90)

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: |S| 'I
Link lengths (m or ft): r2: IU-1 r3: IU-2 rd: IU p: IU-25
Angles: thetal: |45 theta2: |45 heta: |3? |Degree Maode = |

oSS

|&] pore I_ l_ l_ |4 nternet

&l‘l

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

File Edit Wiew Favorites Tools  Help

eBaCk T &4 \ﬂ \g _;j /:\J Search ‘51‘\'( Favorites @Media E} [_'\', :’\'_ _J

Slider-Crank Slider Position Analvsis Results:

Flider—Crank Parsmeters: rZz = 0.010, r3 = 0.050, r4 = 0.005;

thetal = 0.175 radians (10.00 degrees):
thetaZz = 0.7835 radians (45.00 degrees):
rp = 0.025,

heta = 0.524 radians (30.00 degrees)
1=t Solution:

Ps_x = 0.056, Ps_y = 0.015
Znd Solution:

Ps_x = -0.042Z, Ps_y = -0.00z

@ Done

0 Internet

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

~=101x]

File Edit Wiew Favorites Tools  Help

GBack + = - () at | Qhsearch [GFavorites G Media £4 | BN S B

- H

| 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 1s that of link 3 plus a constant B.
thetad = theta3 + beta
The vector P represents the location of the coupler point.
P =E2 + E5 = r2%eup(*thetad) + r2%exp[i*ithetas + beta)]
The z coordinate of P is
px = r2%cos(thetal) + r5*cos(thetad + beta)
and the v coordinate 1s

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

Please enter the data to find the coupler point position.

Unit Type: |5| 'I
Link lengths (m or ft): r2: IU-W ra: IU-EU rd: IU : IU-25
Angles: thetal: |45 theta2: |45 heta: |3? |Degree Mode *|

M Reset |

|&] pore I_ l_ l_ |4 nternet

&l‘l

Figure 3.18: Coupler point position analysis.
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A Slider-Crank Coupler Point Position Analysis - Microsoft Internet Explorer

FEX
File Edit Wiew Favorites Tools  Help e

eBack < d \ﬂ @ _;j /_\J Search ;t(Favorites @Media e} - R _J

Slider-Crank Coupler Point Position Analvsis 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:
Px = 0.024, Py = 0.026
Znd Solution:

Px = 0.023, Py = 0.027

@j Done

0 Internet

Figure 3.19: Output of coupler point position analysis.
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a Crank-5slider Coupler Point Yelocity Analysis - Microsoft Internet Explorer - ||:||1|

File Edit Wiew Favorites Tools  Help |

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

Crank-Slider Coupler Point Velocity Analysis

The time denvative of P gives the velocity vector V.
Vp = ddF) = 1*omegal *r2 *exp(i*thetal) + i(*omegas*rS¥*exptheta + beta)
The x coordinate of the coupler velority is
vpx = omegas*r2¥sin(theta?) + omega®*r5*an(theta3 + beta)
and the v coordinate of the coupler velority 15

vpy = omegas *r2¥cos(thetal) + omega3*r5¥cos(theta® + beta) -

Please enter the data to find the coupler point velocity.

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? IDEQIFEE Made > |
omegal: |3? IDegrees,ﬂ'secj

|&] pore I_ l_ l_ |4 nternet

&l‘l

Figure 3.20: Coupler point velocity analysis.
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2 Slider-Crank Coupler Point Velocity Analysis - Microsoft Internet Explorer
File Edit Wiew Favorites Tools  Help

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

EEX
/ 4:

Slider-Crank Coupler Point Velocity Analvsis Results:

Flider—Crank Parsmeters: rZz = 0.010, r3 = 0.050, r4 = 0.005;
thetal = 0.175 radians (10.00 degreesz):
thetaz = 0.785 radians (45.00 degrees):
rp = 0.025, kbeta = 0.524 radians (30.00 degrees):

omegaZ = 5.000 rad/sec (286.45 deg/sec)
1=t Solution:

Vpx = -0.020, Wpy = 0.022
Znd Solution:
Vpx = -0.051, Vpy = 0.043

@j Done B 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 VYiew Favarites Tools Help |

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

D

Crank-Slider Coupler Point Acceleration Analysis

The tune denvative of Vi gives the acceleration vector Ap.

Ap = dd{Vp) = *alpha2®r2*exp(i®theta?) - omegal 2% 2 *exp(i*theta)
+1*alpha3*r5¥exp[i*(theta2 = beta)] - omega3 2% 5*exp[i*(theta3 + beta)]

The % coordinate of the coupler acceleration is

apx = alpha2*r2%sntheta?) - omega2™2*r2*cos(theta?)
+ alphas*r5*sin(thetas + beta) - omega3 2% 5%cos(thetas + beta)

and the ¥ coordinate is

apy = alpha2*2¥cos(thetasd) - omegaZ™2%r2*sinftheta?)
+ alpha=*r5%cos(thetad + beta) - omega3™2*5%smthetas + beta)

Please enter the data to calculate the coupler pomt acceleration.

Unit Type: |5| 'I

Link lengths (m or ft): 12: ID.1D r3: IU-EU rd: IU p: IU-25

Angles: thetal: |45 theta2: I?U heta: |3? IDegree Maode = |
Angular velocity: omega2: [5 | Degrees/sec x|

Angular Acceleration: alpha?: |5 [ Degreesfsec'sec x|

|&] pore I_ l_ l_ |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  Wiew

Favarites  Toals  Help .:l

eBack < d \ﬂ @ _;j /.._\J Search ;t(Favorites @Media e} <] ~ L__,_

Apx

Apx

Slider-Crank

1=t Solution:

Znd Solution:

Slider-Crank Couplear Point Acceleration Analvsis Results:

Parasmeters: 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):
omegaZ 5.000 rad/sec (286.48 deg/sec):

alphaz 0.000 rad/sec*2 (0.00 deg/sec™Z)

-0.241, Apy = -0.142

-0.131, Apy = -0.234

@j Done

0 Internet

Figure 3.23: Output of coupler point acceleration analysis

74



CHAPTER 3. CRANK-SLIDER MECHANISM
3.8. WEB-BASED CRANK-SLIDER LINKAGE ANALYSIS

2} Interactive Slider-Crank Linkage Animation - Microsoft Internet Explorer [:J@

File Edit ‘iew Favorites Tools Help

@Back . @ he u @ :_}J /'._.' Search "i._l':.\-’Favorites @Media ﬁ? ¥, - _H_ & - =

-

Interactive Slider-Crank Linkage Animation

The slider-crank linkage below can be anitnated on your screen.

Unit Type: | Sl VI
Link lengths: 12: !_U-m [13: /005 |14 |U_U_U5_: P |U_925_!
Angles: thetal: |10 | beta: |30 HP_?_QFEE Mode v |

Branch Mumber: i1_"|

@ Daone

a Internek

Figure 3.24: Slider-crank animation web page.
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3 http://softintegration.com/ cgi-bin/chcgi/toolkit /mechanism/crankslider /Slider_ani.ch - Microsoft Internek - II:Ilzl

File Wiew GoTo Favorites Help |

<Back ~ = - B} at | Qsearch [elFavorites GMedia £4 | Ey- & B - R |Links »
Mest I Prew | All | Go | Stop | Fast I il |
Crank-Slider

|&) Ready ’_ l_ l_ | Unknown Zone ﬁ

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 linkagehatiaio a pair of gears similar to the one
shown in figZ1. There exists two different geometric iniars for the linkage. The origin of the Cartesian
axes are located at poidi, for both inversions. Similar to the fourbar and slidercramkchanisms, analysis
of the geared fivebar will produce a set of equations to deteriiie 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 éxyi first writing its vector equatiori{4.1) and
then converting this equation to its polar fodm{4.2). Thiugdor 65 can be written as a function éf to
eliminate a variable in the vector equation. Since the gediage in opposite directions, the angular velocity
and acceleration of link 5 are the negative values for linkJging the\f, + ¢ relation will account for
the negative value. The unknown terms of equation (4.2)saatied to one side of the equation to produce

equation[[4B).

ry+ry+r5 = ro-+r3 (4.2)
7,16201 + T‘4€i€4 + T‘5€i(>\62 +¢) _ 7,,262'92 + T’3€i€3 (42)
r3e'® — e = plet — pyei?? 4 pgetM02te) (4.3)

With all the unknown quantities on the left-hand side, théapequation[[413) can now be solved using
the complexsolve() function. Two sets of values fat; and 8, are found bycomplexsolve()
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where the inputs are! = 2, n2 = 4, theta or r1 = rs3, theta or r2 = —ry, andcsd = z =
r1e — ryet?2 4 rgei(M249)  Furthermore, the angular positions can be determinedeosnémber function
angularPos()  of the geared fivebar clasSGearedFivebar . As an example, the following problem
can be solved by using cla€$searedFivebar

Problem 1: A geared fivebar linkage has the following dimensions arati@is:.r; = 7cm,ry =
S5em,rg = Tem,ry = 6em,rs = 6cm, 61 = 0, 6 = 50°, A = —4/3, ¢ = 35°. Determine the
angular positiongs andd,.

The solution to this problem is written in Ch code and is neférto as Prografi 0. The answers are as
follow:

1st Circuit:
theta3 = -0.191 radians (-10.96 degrees)
thetad = -1.227 radians (-70.32 degrees)
2nd Circuit:
theta3 = -1.140 radians (-65.30 degrees)
theta4 = -0.104 radians (-5.94 degrees)

4.2 Velocity Analysis

The angular velocities of the links are derived from theatiéhtial of equation[{413). The derivative of
this equation[[414) is then multiplied by one of the unknowgla’s exponential inverse; *% , in order to
isolate the two unknown’s @3 andZb). The first one was multiplied by*?* while the second one was
multiplied bye~% . Thei term factors out of these equations. The imaginary partseparated to calculate
the angular velocitie§(4.7 ahd¥.8). The angular velactie then solved (4.9 ahd 41.10). The valuéxab
used instead okés + ¢ because the value can be passed along with/thi: array. This reduces one less
element that needs passing).( These calculations are carried out by member funciiogularVel() ,
whose prototype is as follow:

void CGearedFivebar::angularVel(double theta[1:5], ome ga[l:5)]);

The first argument is an array dbuble type containing the angular positions of each link, and aueyot
omegais an array storing the anguler velocity values. The catedlaesult ofws andw, is written into
omega[3] andomegal4] , respectively.

irswse® —irywe® = —irgwe™? + irswore'?s (4.4)
irswset @00 _riy = —irgwee @700 4 jps o\t (05 —04) (4.5)
irgwsg — ir4w4ei(94_93) = —irgwgei(GQ —03) 4 ir5w2/\ei(95_93) (4.6)

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

w _ —Tow2 sin(92 — 94) + T5w2)\ sin(95 — 94) (4 9)
3 T3 sin(93 — 94) '

_ rowgsin(fy — 03) + rswasin(fs — 03)
Wi T4 sin(94 - 93) (410)
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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[1] = 0.07; r[2] = 0.05; r[3] = 0.07; r[4] = 0.06; r[5] = 0.06;
phi = 35*M_PI1/180; lambda = -4.0/3.0;

theta_1[1] = 0; theta 2[1] = O;

theta_1[2] = 50*(M_P1/180); theta_2[2] = 50*(M_P1/180);

[* Perform geared fivebar linkage analysis. */

gearedbar.uscUnit(false);

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

gearedbar.setPhi(phi);

gearedbar.angularPos(theta_1, theta_2);

[* May run into problem with thetad4 being in opposite quadran t. ¥
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("1st Circuit:\n");

printf("\ttheta3 = %.3f radians (%.2f degrees)\n", theta_ 1[3], theta_1[3]*(180/M_PI));
printf("\tthetad = %.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]*(180/M_PI));
printf("\tthetad = %.3f radians (%.2f degrees)\n", theta_ 2[4], theta_2[4]*(180/M_PI));

return O;

}

Program 20: Program for computilg andé, using classCGearedFivebar
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4.3 Acceleration Analysis

The angular accelerations are found by differentiatincatigular velocity equatiofi{4.4). This new equation
@11) is multiplied by the same inverse angle values asélaity equations had to isolate the two angular
accelerations into two separate equatidns {4.12) End)(4Ti® first one was multiplied by—*%+ and the
second bye=%, This time the real parts are separated to find the angulaexations [Z14) and{Z15).
The angular accelerations are then soNed {4.16) [andl (4Q&culations are carried out by the member

function,angularAccel() , whose prototype is shown below.
void CGearedFivebar::angularAccel(double theta[1:5], o mega[l1:5],
alpha[1:5]);

Argumentstheta andomega are arrays containing previously calculated or given \&lofethe angular
positions and velocities of the geared fivelsdpha contains the angular acceleration values of the various
linkages and outputs of member functiangularAccel() are written toalpha[3] andalpha[4]

for values,as anday, respectively.

’iT‘gOégGwS — rgwgew?’ — ir4a4e + rqwy 2eifs rgwgeiGQ — ir20zgei€2 + ir5a2)\ei95
— rwaAZe?s (4.11)
irgaset(@3=0a) _ rnge’(‘g’ 04) _irgou + raws = —iroae’ 2700 4y, wy 2¢(02=04)
+ irsapAe’ %3700 wz)\z (4 12)
T30y — r3w3 — irgoue’1=0) 4 gy wj 20i04=03) = _jpoqyei®2-03) 4y wy 2¢i(02—0s)
+ ir5a2)\ei(95 03) _ r5w2)\2 i(05—0s) (4.13)
—rgagsin(f3 — 64) — 7“3@032, cos(f3 — 04) + 7“4@02 = roagsin(fy —64) + rgwg cos(bs — 64)
— 7’56!2)\ sin(95 - 94)
— r5waAcos(fs — 04) (4.14)
—rgwg + ryay sin(fy — 03) + 7’4w2 cos(fy —03) = roagsin(fy — b3) + rgwg cos(fy — 03)

— 7’56!2)\ sin(95 — 93)
— r5wa A cos(fs — 03) (4.15)

—roagsin(fy — 04) — row3 cos(fy — 04) — r3w3 cos(f3 — 0,)

az = r3sin(f3 — 64)
N rawj + rsagAsin(fs — 64) + r5wi\* cos(f5 — 04) (4.16)
r3sin(f3 — 64)
A raag sin(fy — 03) 4 row} cos(fy — 03) + raw3
rasin(fy — 63)
—ryw? cos(0y — 03) — rsagAsin(fs — 63) — rsw3A? cos(05 — 63) (4.17)

T4 sin(94 — 93)
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4.4 Coupler Point Analysis

The vector equation of the coupler point can be written impitéar form, and direct substitution of the
angles that were solved in the earlier calculations wilegive position of the coupler position. Likewise,
the derivatives of this equation will give the coupler vétp@nd acceleration at the prescribed instant and
will be solved for by substituting angular velocities andyalar accelerations previously calculated. The
calculations can be performed by member functiooaplerPointPos() , couplerPointVel() ,
andcouplerPointAccel()

= ra2+r, (4.18)
= 757 4 et (4.19)
= irgwee™®? + irpwgei(GSJrﬁ) (4.20)
= irgane’® — rowle®? 4 irpozgei(GSJrﬁ ) — rpwgei(GSJrﬁ ) (4.21)

Consider the following problem:

Problem 2: Given a geared fivebar with parameters:.= 7cm,ro = 5em,rg = Tem,ry =
6cm,rs = 6cm,ry, = bem, 0 = 0, 02 = 50°, we = brad/sec, ag =0, f = 45°, X\ = —4/3,
and¢ = 35, find the coupler point position, velocity, and accelematio

The above problem may be solved by Progfain 21 and the reselistad 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)

45 Animation

Simulating the motion of the geared fivebar linkage can bfmpeed with member functioanimation()
of classCGearedFiverbar . Itis prototyped as follows,

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

where branchnum corresponds to the branch number of the fivebar to animateilgBito the other
animation() member functions of class&Fourbar andCSliderCrank , this function also allows
the user to save data generated for the animation into a fileexample, Program 22 can be used to ani-
mation a geared fivebar linkage with parametefs= 7m, ro = 5m, r3 = 10m, r4 = 10m, r5 = 2m,

6, = 10°, ¢ = 35°, A = —2.5, r, = 5m, andf = 45°. Figure[ZP contain snapshots, or instances, of the
animation for the two possible geometric inversions of thkdge.
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#include <fivebar.h>

int main() {
CGearedFivebar gearedfivebar;
double r1 = 0.07, r2 = 0.05, r3 = 0.07, r4 = 0.06, r5 = 0.06,

thetal = O;

double rp = 0.05, beta = 20*M_PI1/180;
double phi = 35*M_PI/180;
double lambda = -4.0/3.0;
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 = 50*M_PI/180;
double complex P[1:2], Vp[1:2], Ap[1:2];

omega_1[2]=5; /* radlsec */
alpha_1[2]=0; /* rad/sec*sec */
omega_2[2]=5; /[* radlsec */
alpha_2[2]=0; /* rad/sec*sec */

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

gearedfivebar.uscUnit(false);

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, theta2, P[1], P[2]);
gearedfivebar.angularVel(theta_1, omega_1);

gearedfivebar.angularVel(theta_2, omega_2);

Vp[1l] = gearedfivebar.couplerPointVel(COUPLER_LINKS, t heta_1, omega_1);
Vp[2] = gearedfivebar.couplerPointVel(COUPLER_LINKS, t heta_2, omega_2);
gearedfivebar.angularAccel(theta_1, omega_1, alpha_1) ;
gearedfivebar.angularAccel(theta_2, omega_2, alpha_2) ;

Ap[1] = gearedfivebar.couplerPointAccel(COUPLER_LINK3 , theta_1, omega_1,
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[1]);
printf(*  Ap = %.3f\n", Ap[1]);
printf("Circuit 2:\n");

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

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

Program 21: Program for computing the position, velocity] 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. */

rMi] = 7; r[2] = 5; r[3] = 10; r[4] = 10; r[5] = 2;
rp = 5; beta = 45*(M_PI/180);

phi = 35*M_P1/180; lambhda = -2.5;

theta_1[1] = 10*(M_PI/180); theta_2[1] = 10*(M_PI/180);

theta_1[2] = 50*(M_P1/180); theta_2[2] = 50*(M_P1/180);
[* Perform geared fivebar linkage analysis. */
gearedbar.setLinks(r[1], r[2], r[3], r[4], r[5], theta_1
gearedbar.setCouplerPoint(COUPLER_LINK3, rp, beta);
gearedbar.setLambda(lambda);

gearedbar.setPhi(phi);

gearedbar.setNumPoints(50);

gearedbar.animation(1);

gearedbar.animation(2);

[1D;

return O;

}

4.5. ANIMATION

Program 22: Program for animating the geared fivebar linkage

v v
| Hext || Prev || All || Go | Srop (1 Fast 0 Blow | | Hext || Prev || A1l || Go | Srop 0 Fash 0 Blew |
Geared Fivebar Geared Fivebar

Figure 4.2: The animation from Progrdm 22.
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4.6 Web-Based Geared Fivebar Linkage Analysis

As with the fourbar and slider-crank mechanisms, there B iateractive web pages for analysis of the
geared fivebar linkage. Figute¥.3 shows the main web pagivédrar linkage analysis. It contains two
links: one for performing both the angular and coupler paimlysis, as discussed in previous sections, and
one for simulating the motion of a geared fivebar mechanism.

Figure[4% is the web page for calculating the angular angleoyoint positions, velocities, and accel-
erations. Input values can be entered for the link lengihspler point parameters, base and input andles,
andd,, as well as the angular velocity and acceleration of inpit #. Furthermore, the angle parameters,
A andg, may also be specified. Using the parameters for the gearmrdubfifinkage defined in Problem 2,
Figure[4b shows the output of performing the web-basedysisdior the angular and coupler point proper-
ties.

For animating the geared fivebar mechanism, the web pagensimoftigure[4.6 can be used. Using
the same parameters as in Secfion 4.8na@pshator instant, of the fivebar linkage animation is shown in

Figure[4Y.
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3 FIvebar Linkage Analysis - Microsoft Internet Explorer & |EI|1|
File Edit View Favorites Tools Help |
P Back - = - '@ at | iQhsearch [ Favarites @Media ] | By S AE BT |Links LS
- - - -
Fivebar Linkage Analysis L.
B
File View GoTo Favorites Help '.'.."
2 f » —~ f » oS
@ Back ~ (] \ﬂ @ !\J )_ ! Search “EI/\:E’ Favarites Links
Mext ] Frev | All | Go [ Fast ‘
Geared Fivebar
@ Ready & Unknown Zone
Geared fivebar Linkage
s Geared Fivebar Linkage Analysis
s Geared Fivebar Linkage Animation
=
|.§| Dorie l_l_’_ |¢ Internet -

Figure 4.3: Main page for web-based geared fivebar linkagé/sis.
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2} Interactive Five-Bar Geared Linkage Kinematic Analysis - Microsoft Internet Explorer

File Edit ‘iew Favorites Tools Help
@ Back ~ () \ﬂ \E\I { ;_\J /-- ) Search T_L.) Favarites @ Media {_‘3‘ ¥, x _,; S - =
. . . kgl . y . ”~
Interactive Five-Bar Geared Linkage Kinematic Analysis
Given the link lengths, thetal, theta2, omega2, alpha2, lambda, phi, and the coupler point vector, the interface below allows the user to
find the angular positions, velocities, and accelerations of each link, along with the instantanecus position, velocity, and acceleration of the
coupler point P
Unit Type: |51 )
Link lengths (m or ft) rl: [_? !1‘2: [_5 |13_[1U !__!\4: [_10 !1‘5: [_2 |
Mode for all angles (beta thetal theta?,phi); | Degree Mode v
Coupler Vector: 1p: 5 I beta: .45 |
Baze and mput angles: B
thetal: |0 | theta2: |50 |
Angular welocity and acceleration of link2: - -
omegal: |5 __I|Degreesfsec: | alpha2: |0 || Degrees/sectsec v |
Link5 angle parameters; lambda: ::'1 3333 | phi: 35 ]
2
.éj Done 0 Inbernet

Figure 4.4: Web-based geared fivebar linkage analysis.
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kage Analysis - Microsoft Internet Explorer
File Edit Wiew Favorites Tools  Help

Back | x| = .\J ) search
- L | 7

5 Favorites @Media 6:‘7. T R

Fivebar-Linkage Analvsis Results:

Fivebar Parameters: rl = 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):
omegaZ = 5.000 rad/sec (286.45 degrees/s):;
alphaz = 0.000 rad/sec™Z (0.00 degrees/s"Z):

lagibda = -1.333, phi = 0.611 radians (35.00 degrees);
Circuic 1:

thetad = -0.191 radians (-10.96 degrees),

thetadt = 1.914 radians (109.65 degrees),

thetaS = -0.553 radians (-31.66 degrees);

omegal = -0.270 rad/sec (-15.46 deg/sec),

omegad = 0.243 rad/sec (13.25 deg/sec),

alphai = -0.047 rad/sec”z (-2.71 deg/sec*),

alphad = 0.089 rad/sec™Z (5.12 deg/sec™Z),

Coupler Point Position: Px = 0.074, Py = 0.066
Coupler Point Velocity: Wpx = -0.184, Vpy = 0.150
Coupler Point Acceleration: Apx = -0.305, Aipy = -0.962

Circuic Z:

thetad = -1.140 radians (-65.30 degrees),
thetad = 3.038 radians (174.07 degrees),
thetaS = -0.553 radians (-31.66 degrees);
omegal = 0.019 rad/sec (1.11 deg/sec),
omegad = -0.003 rad/sec (-0.17 deg/sec),
alphai = -0.034 rad/sec”Z (-1.96 deg/sec*Z),

alphat = 0.064 rad/=zec™2 (3.70 deg/fsec™2),

Coupler Point Position: Px = 0.079, Py = 0.021
Coupler Point Welocity: Wpx = -0.191, Vpy = 0.162
Coupler FPoint Loceleration: Apx = -0.504, Lpy = -0.959

@I] Done B Internet

Figure 4.5: Output of web-based analysis.
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File Edit ‘iew Favorites Tools Help

@Back - s \ﬂ @ ._;\J y, ) Search *F:._i'.rFavorites @Media &’ i - ,-J; B - =]

2} Interactive Five-Bar Geared Linkage Animation - Microsoft Internet Explorer D@F}E
o

Interactive Five-Bar Geared Linkage Animation

Given the link lengths, thetal, theta2, omegaZ, alpha2, lambda, phi, and the coupler point vector, the interface below allows the
user to obtain an animation of the fivebar geared linkage.

Ut Type[SI ¥ |
Link lengths (m or ft). x1: |7 12 |5 !1‘3: |10 _! 4: [10 15 |2
Mode for all angles (beta,thetal,phi): [Be_gree Mét_iﬁ

Coupler Vector: 1p: |5___| beta: [45 |

Base angle: _

thetal: im |

Link5 angle parameters: lambda: |'2-5 |11hi: ,35

MNumber of points: I3U_|
Eranch HMumber: i13|

-EI Done 8 Internet

[E3

Figure 4.6: Web-based geared fivebar linkage animation.
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3 http://softintegration.com/ cgi-bin,/chcgi/toolkit/mechanism;fivebar fivebar_ani.ch - Microsoft Internekt E o |EI|5|

File View GoTo Favorites Help |

Back + = - @) at | Qi Search [ElFavorites AliMeda ¢4 | By & v R |Links »

Mest I Prew | All | Go | Stop | East I il |

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 lirkkeapnd a slider-crank mechanism, where the
output link of the fourbar linkage is also the input link oktklider linkage. For the fourbar-slider shown

in Figure[5.1, a coupler is attached to the output link of fidees Although the analysis of this mechanism

is more complex than analyzing a simple fourbar linkage,ctirecepts 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 bawslider is performed by applying geometry,
complex arithmetic, and vector analysis. Utilizing theseé mathematical concepts allows the angular
positionsfs, 44, 05, anddg as well as the slider positiony, to be determined. First, the vector equation for
the fourbar section is written and reduced.

ri+ry = ro+rsg (5.1)
rleml + T‘4€i94 = T‘2€i€2 + T’3€i€3 (5.2)
T’3€i93 _ T‘4€i94 — Tleiel — 1y 02 (5.3)
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The latest equation{3.3) has all the unknown quantitieheneft-hand side, which can now be solved using

thecomplexsolve  function. Two sets of values fdl; andd, are found bycomplexsolve() where
the inputs aren1 = 2, n2 = 4, theta or r1 = r3, theta or r2 = —ry, andeld = z = retft — roeif2,
Using each set of's separately, the anglg can be found by subtracting the angldrom 6. A second set
of vector equations is derived from the slider section oflitlieage.

05 = 0s—0 (5.4)
rs+rs = r, (5.5)

r5et% 4 rgefs = pged (5.6)
rs —rgel% = rsei?s (5.7

Again the latest equatiofi {%.7) has the unknown terms onetitdnénd side. Two sets of two valuesnf
andfdg can then be determined. The value-pfs found by adding the horizontal component-gto r,. The
angular positions and slider position can also be calalilayethe fourbar-slider clas§FourbarSlider

member functionsingularPos()  andsliderPos() , respectively.
r; = Iz +r; (5.8)
r7 = rycosfy +r (5.9)

As an example, the following problem can be solved with thecQite labeled as Progrdml 23.

Problem 1: The parameters of a fourbar-slider mechanismrare= 12c¢m, ro = 4em,rg =
12em,r4 = Tem,rs = 6em,rg = 9em, 01 = 10°, 5 = 70°, andy = 30°, determine the
angular positions of the rest of the links. Also determine hiorizontal distance between the
origin, Ao, and the slider labeled as in Figure[5.1.

The solutions are as follow:

Circuit 1:
theta3 = 0.459
thetad = 1.527
theta5 = 1.003
theta6 = -0.597
r7 = 2.249
Circuit 2:
theta3 = 0.459
thetad = 1.527
theta5 = 1.003
theta6 = -2.545
r7 = 0.760
Circuit 3:
theta3 = -0.777
thetad = -1.845
thetab = -2.368
theta6 = 0.484
r7 = 1.549
Circuit 4:
theta3 = -0.777
thetad = -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[1:6], theta[1:4][1:6];

double r7[1:4];

double psi;

int i;

CFourbarsSlider fslider;

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

rMi] = 0.12; r2] = 0.04; r[3] = 0.12;
r[4] = 0.07; r[5] = 0.06; r[6] = 0.09;

for(i 1; i <= 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.uscUnit(false);

fslider.setLinks(r, theta[1][1], psi);
fslider.angularPos(theta[1], theta[2], theta[3], theta

r7[1] = fslider.sliderPos(theta[1]);
r7[2] = fslider.sliderPos(theta[2]);
r7[3] = fslider.sliderPos(theta[3]);
r7[4] = fslider.sliderPos(theta[4]);

[* Display the results. */

printf("Circuit 1:\n");

printf("*  theta3 = %.3f\n", theta[1][3]);
printf("*  thetad = %.3f\n", theta[1][4]);
printf("*  theta5 = %.3f\n", theta[1][5]);
printf("*  theta6 = %.3f\n", theta[1][6]);
printf(" r7 = %.3\n", r7[1]);
printf("Circuit 2:\n");

printf("*  theta3
printf("*  thetad

%.3f\n", theta[2][3]);
%.3f\n", theta[2][4]);
printf("*  theta5 = %.3f\n", theta[2][5]);
printf("*  theta6 = %.3f\n", theta[2][6]);
printf(" r7 = %.3\n", r7[2));
printf("Circuit 3:\n");

printf("*  theta3
printf("*  thetad

%.3f\n", theta[3][3]);
%.3f\n", theta[3][4]);
printf("*  theta5 = %.3f\n", theta[3][5]);
printf("*  theta6 = %.3f\n", theta[3][6]);
printf(" r7 = %.3\n", r7[3));
printf("Circuit 4:\n");

printf("*  theta3
printf("*  thetad

%.3f\n", theta[4][3]);
%.3f\n", theta[4][4]);
printf("*  theta5 = %.3f\n", theta[4][5]);
printf("*  theta6 = %.3f\n", theta[4][6]);
printf(" r7 = %.30\n", r7[4)]);

return O;

5.1. FOURBAR/SLIDER-CRANK LINKAGE

[4D;

Program 23: Program for computifig, 64, 05, 0, andr; using clas<CFourbarSlider
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5.1.2 Velocity Analysis

The first step in performing the velocity analysis of the faarslider is to take the derivatives of the position
vector equations of the two linkages. Taking the derivat¥equations[(5]3) and{3.7) gives the vector

velocity equationd(5.10) and(5]11).

03 04

1r3wsge’’? — irgwye = —irgwse .
7 7 62 5.10

Fs — irgwge’® = irswse'® (5.11)
To find the values fows, wy, wg, andr7, the velocity equationd(5.110) arld (5.11) must be multiply
an e~ term in order to isolate a particular; term. Note thatu; = wy andss = 7. Multiplying
equation[[5.10) by ~*1 ande~"% will generate equation§{5112) add(d.13). After factoring thei term,
the imaginary parts of equatiorfS{5.12) ahd{b.13) are aggxhin order to calculate the angular velocities
(&12) and[[E.15). Rearranging these last two equatiorgivé the values ofus andw, (&18) and[(B5.17).
The termsvg andr; are found by isolating the imaginary and real parts of equafp.I1). The imaginary
parts are given in equatién 5118 and solves.dpm equation[[5.20), and the real terms are given in equation
(5.19) and solves foi; in equation[[5.211). Note that is independent afs.

irgwgei(gf’_e“) —rawy = —irgwgei(ere“) (5.12)
ir3wsy — ir4w4ei(94_93) = —irgwgei(‘% —03) (5.13)
r3ws sin(93 — 94) = —ToWw2 sin(92 - 94) (514)
T4W4q Sin(94 — 93) = Tow2 sin(02 — 93) (515)

B ToW?2 Sin(94 — 92)

ws (5.16)

r3 sin(94 — 93)

ToWw?2 Sin(eg — 92)
= 5.17
wa T4 Sin(eg - 94) ( )

rewg cos g = —7rswa cos by (5.18)
77 + rgwgsinfg = —rswy4sinby (5.19)
r5Ww4 COS Oy
wg = ——— (5.20)
r6 cos(6g)
77 = — (rews sinbs + rswy sin bs) (5.21)
The values of thevs, w4, andwg are solved by member functioasmgularVel() , While the value ofi;
is solved by member functiosliderVel() . Thus given the link lengths and angular positions, which
can be calculated b FourbarSlider::angularPos() , and initial angular velocityys, the angular

velocity of the rest of the links and the velocity of the slidan easily be determined.
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5.1.3 Acceleration Analysis

The first step of acceleration analysis is to take the devivaif equations[{5.10) an@(5]11). Similar to
the velocity equations, these derivativEs (5.22) 4nd]j528 then multiplied by an~% term in order to
isolate a particulary; term. Note thatvs = a4 and#; = 7. Multiplying equation [2.22) by~ and
e~ will generate equation§ (5.24) ald (3.25). The real pareohtions[(5.44) an@{5R5) are separated
in order to calculate the angular acceleratidns {5.26) B#lJ. Rearranging these last two equations will
give the values ofi3 anday (B28) and[[5.29). The terms; and#; are found by isolating the imaginary
and real parts of equatiof {5123). The imaginary parts arengin equation[{5.30) and solves fag in
equation [[5.32), and the real terms are given in equafidll{&nd solves fof; in equation[5.33). Note
that#; is independent ofv3, but is dependent o@s. All the angular acceleration and slider acceleration
derivations have been written to member functiangularAccel() andsliderAccel() . Soinstead

of personally calculating the numerous angular accetargiroperties of the fourbar slidet{, a4, as, ag,

7'7), classCFourbarSlider  ’'s member functions can be utilized to quickly determinedhbsired values.

(ioz — wi)r3e™® — (iay — wi)rse® = (w3 — iag)ryet (5.22)

Ps — (o — w%)rﬁewﬁ = (ias — wg)r5ei05 (5.23)

iraoy — mwi — irgagei(GS_G“) + 7‘3@%6“93_94) = z'rgozgei(@? —04) _ rgwgei((’? —04) (5.24)
ir4a4ei(94_93) — mwiei(e“_gf’) —irsos + r3w32, = irgagei(‘gQ —0s) _ rgwgei% —03) (5.25)
rsagsin(fs — 0y) = —roagsin(fs — 6y) — rgwg cos(fa — 6y) — rgwg cos(f3 — 0y) + mwi (5.26)
raoysin(fy — 03) = roagsin(fy — 03) + rgwg cos(fy — 03) + r3w32, — 7“4%% cos(fy — 63) (5.27)

o o . B 2 — 2
ag = rowy cos(fp — 04) — racrp sin(fp — 04) — r3ws cos(03 — 04) + rawy (5.28)

T3 sin(93 - 94)

a0, = 202 sin(fy — 03) + row3 cos(fa — 03) + rswd — raw? cos(f4 — O3) (5.29)
v T4 Sin(94 - 93) '

rﬁwg sinfg — rgagcosbg = rsaucosls — rg,wz sin 5 (5.30)
77+ Tﬁwg cosbg + rgagsinfls = —ryassinfs — 7“5&)2 cos 0y (5.31)
r5w§ sin 05 — rsas cos 05 + r6w§ sin O

ag = (532)
r¢ cos Og

7 = —rsassinfs — 7‘5w52, cos 5 — rgag sin Bg — r6w§ 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 anglest twere solved in the earlier calculations will

give the position of the coupler position. Likewise, theidmives of this equation will give the coupler

velocity and acceleration at the prescribed instant antbeilsolved for by substituting angular veloc-
ities and angular accelerations previously calculatede d#&lculations 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 ipdspositions each of the fourbar linkage and the

5.1. FOURBAR/SLIDER-CRANK LINKAGE

slidercrank linkage, and there are four possible angullacitees and accelerations for the system.

P = ri+r5+r,

P = 1% fr5ei® 4 r (06 +5)

P = irswse'® + iTpUJGei(96+'B )

P = irsase® — rsw2e® + iryaeei@t0) —p 26006 H0)

Problem 2: A fourbar-slider has the following parameters; = 12cm,ry = 4em,ry =
12em,ry = Tem,rs = 6em, 16 = 9em,r, = Sem, 6 = 102, 02 = 70°, wy = 10rad/sec,

(5.34)
(5.35)
(5.36)
(5.37)

as = 0, 8 = 45°, andy = 30°. Calculate the coupler point position, velocity, and aexagion.

The solution to the above problem is Progfarh 24, and thetseaté 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[1:6], theta[1:4][1:6];
double omega[l1:4][1:6], alpha[l:4][1:6];
double rp, beta;
double psi;
double complex P[1:4], Vp[1:4], Ap[l:4];
int i;
CFourbarSlider fslider;
[* Default specification of the fourbar-slider linkage. */

1] = 0.12; r[2] = 0.04; r[3] = 0.12;
4] = 0.07; r[5] = 0.06; r[6] = 0.09;

for(i 1; i <= 4; i++)
{
theta[i][1] = M_DEG2RAD(10.0);
theta[i][2] = M_DEG2RAD(70.0);
omegali][2] = 10.0; /I rad/sec
alphali][2] = ©; /I rad/sec™2
}

psi = M_DEG2RAD(30.0);
rp = 0.05; beta = M_DEG2RAD(45.0);

[* Perform fourbar-slider linkage analysis. */

fslider.uscUnit(false);

fslider.setLinks(r, theta[1][1], psi);
fslider.setCouplerPoint(COUPLER_LINKS®6, rp, beta);
fslider.angularPos(theta[1], theta[2], theta[3], theta [4D);
fslider.couplerPointPos(COUPLER_LINK®G, theta[1][2], P );
fslider.angularVel(theta[1], omega[1]);

fslider.angularVel(theta[2], omega[2]);

fslider.angularVel(theta[3], omega[3]);

fslider.angularVel(theta[4], omega[4]);

Vp[1] = fslider.couplerPointVel(COUPLER_LINK®G, theta[l ], omega[1]);

Vp[2] = fslider.couplerPointVel(COUPLER_LINK®G, theta[2 ], omega[2]);

Vp[3] = fslider.couplerPointVel(COUPLER_LINK®G, theta[3 ], omega[3]);

Vp[4] = fslider.couplerPointVel(COUPLER_LINK®G, theta[4 ], omegal4]);
fslider.angularAccel(theta[1], omega[l], alpha[l]);

fslider.angularAccel(theta[2], omega[2], alpha[2]);

fslider.angularAccel(theta[3], omegal[3], alpha[3]);

fslider.angularAccel(theta[4], omegal[4], alpha[4]);

Ap[1] = fslider.couplerPointAccel(COUPLER_LINKS®6, theta [1], omega[l], alpha[1]);
Ap[2] = fslider.couplerPointAccel(COUPLER_LINKS®6, theta [2], omega[2], alpha[2]);
Ap[3] = fslider.couplerPointAccel(COUPLER_LINKS®6, theta [3], omega[3], alpha[3]);
Ap[4] = fslider.couplerPointAccel(COUPLER_LINKS®6, theta [4], omega[4], alpha[4]);

Program 24: Program for computing the point position, vigjpand 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[1]);

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

printf("Circuit 2: Coupler Point Acceleration\n");
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 = %.3fn", Vp[4]);
printf("  Ap = %.3f\n\n", Ap[4]);
return O;

Program 24: Program for computing the point position, viggpand acceleration of the coupler point of a
fourbar-slider mechanism (Contd.).

5.1.4 Animation

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

Problem 2: Given the dimensions of a barslider linkage, trace the pftheocoupler point
P throughout the allowable input range of link 2. The dimensiof the system ang = 12¢cm,
ro = 4cm, r3 = 12c¢m, r4 = Tem, r5 = 6¢cm, 16 = 9em, v, = Sem, 01 = 10deg, § = 45 deg,
andiy = 30deg. (See Figur€Xhll for one of the layouts.)

The first step in creating an animation of the define the liekgayameters and set values to the fourbar-slider
class. This is done with member functisetLinks() ,setCouplerPoint() , andsetNumPoints()
Notice thatsetCouplerPoint() has two macros as arguments. The first ma€lOUPLER.INK6
specifies that the coupler is attached to link 6. The othero@gumentTRACEON is a special macro for
animation purposes. It specifies that the coupler pointlada to link 6 should be traced, which is what the
above problem requires. Member functeetNumPoints() s also specifically for the animation feature
of classCFourbarSlider . The argumenhumpoints specify the number of frames that the animation
should include. Thus, after setting all the required patarsethe fourbar-slider can be animated with mem-
ber functionanimation() , whose only argument describes the branch number of theanisch to be
animated.

Notice that the range of motion of input link 2 is determinateinally by functionanimation()
However, if it was desired to calculate the input range ofiomtclassCFourbar member functions
grashof() and getJointLimits() can be used.grashof() is used to determine the type of
linkage, whilegetJointLimits() can compute the input/output ranges of the fourbar sectidheo
mechanism. Also keep in mind that if the fourbar section w& ashof Rocker-Rocker, then there would
exist a total of eight branches for the fourbar-slider sitege would be four possible input ranges.
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= [=I[E]xIf | [=I[Ei[]
| Hext || Prev || ALL || Go |§ Step L Fash ] Blow | | Hext || Prev || All || Go |§ Srop 11 Fash ] Blow

Fourbar-$lider

Fourbar-5lider

= [=I[E]xIf | [=I[=i[]
| Hext || Prev || ALl || Go |§ Step L Fast 0 Blow | | Hext || Prev || A1l || Go |§ Sgop L0 Fash 1 Slow
Fourbar-5lider Fourbar=5lider
Ll

5.1.5 Web-Based Fourbar-Slider Linkage Analysis

Figure[5.2 shows the internet web page for the analysis aingagion of fourbar-slider mechanisms. The

web page shown in Figuke™.3 can be used for performing asalysthe various links, slider, and coupler

point of the fourbar-slider linkage. Using the paramet@mctfied in Problem 2, the values for the slider,
coupler point, and angular properties for the previousliingel fourbar-slider mechanism are shown in

Figure[5.%.

For simulating the motion of the fourbar-slider mechanisfigure[55 can be used. FigUrel5.6 is a

snapshot for the first geometric inversion of the fourbatesl linkage defined in the previous problems.

Note that if the fourbar section of the fourbar-slider meathm 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[1:6], theta[1:4][1:6];
double rp, beta;
double omega2, alpha2;
double complex P[1:4];
double psi;
int numpoints = 50;
int i
CFourbarSlider fslider;

[* Default specification of the fourbar-slider linkage. */
r[1] 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; i <= 4; i++)

{

theta[il[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[1][1], psi);

fslider.setCouplerPoint(COUPLER_LINKS®, rp, beta, TRACE _ON);
fslider.setNumPoints(numpoints);

fslider.animation(1);

fslider.animation(2);

fslider.animation(3);

fslider.animation(4);

return O;

Program 25: Program using animation to trace the couplarecattached to link 6 of the fourbar-slider
mechanism.
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/3 Fourbar-slider Linkage Analysis - Microsoft Internet Explorer = Inlﬂ

File Edit View Favorites Tools Help |

Back v = - () . at | Qisearch [ElFavorites ivedia % | By S » = (R |Links 2

Fourbar-Slider Linkage Analysis

= http:{isoftintegration.com/cgi-binfchegiftoo lkit/mechanism/sixbar/... EE} [X|

File  View GoTo Favorites  Help .f.f
- ] C F = a » »
@ Back - J \ﬂ @ :] /'_ ! Search ‘E_E’ Farvorites Liriks
New | Pev | a | s [ o = sicil

Fourbar-Slider

& Ready ® Unknown Zone
Fourbar-Slider Linkage

« Fourhar-Slider Linkage Analysis
s Fourbar-Slider Linkage Animation

|.g"| l_ l_ l_ |O Internet

B

Figure 5.2: Main web page for fourbar-slider linkage anialys
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-2} Interactive Fourbar-Slider Linkage Kinematic Analysis - Microsoft Internet Explorer EIE'E'
File Edit ‘iew Favorites Tools  Help :,'
Q Back - () \ﬂ \Ehl _;_\J /.._ ) search ‘:1\?’ Favorites @ Media 6:“3 g = -

-~
1%’ shar_ Sl - 3 . < £ 3 £ Qi
Interactive Fourbar-Slider Linkage Kinematic Analysis
B
oyl
r, i
y I 4
3 I, a
5} r
At ¥/ g
Gif, B[7 & \ - L D
1 id i
rl
‘13%& % r,
A g : X
r7
Grven the link lengths, thetal, theta2, omega2, alpha2, psi, and the coupler point vector, the interface below allows the user to find 7, the
linear velocity and acceleration of the shider, and the mstantaneous posiion, velocity, and acceleration of the coupler pomnt P
Unit Type: | S v
Link lengths (m or ft):
rl: 12 12: |4 r3: |12 4: |7 15: |6 16: |9
Mode for all angles (beta thetal theta? pei): | Degree Mode
Coupler Vector:
mp: |5 beta: [45
EBaze and mput angles:
thetal: |10 thetal: |70
Angular velocity and acceleration of linke2:
omegal: [10 Degreesfsec ¥ | alpha2: |0 Degrees/sec*sec ¥
Included angle between links 4,5:
psi: |30
w
@I] Done 8 Internet

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

File Edit View Favorites Tools  Help

@Back = J \ﬂ ﬁ I\J P, | Search Favorites ﬂ\Media 6_-‘7 -

Fowrbar-Slider Linkage Analysis:

Fourbar-53lider Parameters: rl = 0.120, rZz = 0.040, r3 = 0.1z0,
r4 = 0.070, r5 = 0.060, r6 = 0.090;
rp = 0.050, beta = 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):
alphai = 0.000 rad/sec™Z (0.00 deg/sec™2);
p=i = 0.524 radians (30.00 degrees);
1zt Circuit Solutions:

theta3 = 0.459 radians (26.31 degrees),

theta4 = 1.527 radians (57.453 degrees),

thetaS = 1.003 radians (57.48 degrees),

thetat = -0.597 radians (-34.20 degrees);

omegald = -1.143 rad/sec [(-65.49 deg/sec),

omegad = 4.506 rad/sec [(255.15 deg/sec),

omwegas = 4.506 rad/sec (255.15 deg/sec),

owegaé = -1.952 rad/sec (-111.87 deg/sec):

alphai = 23.492 rad/sec”Z (1346.01 deg/sec*2),

alphad4 = 38.545 rad/sec™Z (2Z05.45 deg/sec™Z),

alphaS = 38.545 rad/sec™Z (2Z05.45 deg/sec™Z),

alphaé = =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,
Vpx = -0.210, WVpy = 0.049,
Apx = -2.741, ALpy = -0.089

Znd Circuit Zolutions:
theta3 = 0.459 radians (26.31 degrees),
thetad = 1.527 radians (57.48 degrees),
thetaS = 1.003 radians (57.48 degrees),
thetas = -2.545 radians (-145.80 degrees):;
omegal = -1.143 rad/sec [(-65.49 deg/sec),
owegad = 4.506 rad/sec (255.15 deg/sec),
omwegas = 4.506 rad/sec (255.15 deg/sec),
omwegat = 1.952 rad/sec (111.87 deg/sec):
alphai = 23.492 rad/sec™Z (1346.01 deg/sec™Z),
alphad4 = 38.545 rad/sec™Z (2205.45 deg/sec™Z),
alphas = 38.545 rad/sec™Z (2205.45 deg/sec™Z),
alphat = 5.495 rad/sec™2 (314.83 deg/sec*Z):
Slider: position = 0.076,

velocity = -0.129,
acceleration = -2.043;
Coupler Point: Px = 0.141, Py = 0.02Z2,
Vpx = -0.132, Wpy = 0.127,
Apx = -2.299, hpy = 0.352

Figure 5.4: Output of web-based fourbar-slider linkagd\sis
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thetal
thetat
thetalb
thetab
omegad
omegad
omegas
omegas
alpha3
alphad
alphas
alphat
Slider:

thetal
thetad
thetas
thetat
owesgal
Oe gad
omegas
omegat
alpha3
alphad
alphas
alphab
Slidexr:

@ Done

Coupler Point: Px =

Jrd Circuit Solutions:

—-0.777 radians
-1.5845 radians
-2.368 radians
0.484 radians
-0.286 rad/sec
-£.934 radfsec
-5.934 rad/sec
-3.199 radisec
61.343 radisec
46,290 rad/sec
46,290 rad/sec
11.5811 radéses
position = 0.15
welocity = -0.1
acceleration =
o.o
Vpx = -0
hpx = 2.

4th Circuit Solutions:

=0.777 radianz
-1.545 radians
-2.368 radians
Z.657 radians

-0.286 radfsec
-5.934 radfsec
-5.934 rad/sec
3.199 rad/sec

[-14.52 degrees),
[-105.70 degrees),
[-135.70 degrees) .,
[27.75 degrees);
(-16.36 deg/sec),
(-340.01 deyg/sec),
(-340.01 deg/seec),
(-183 .30 deg/sec):

*2 (3514.69 deg/secZ),

"2 (2852.22 deglfsecti),

*2 [Z652.22 deg/=ec’z),
A2 (676,72 deglisectiy,
=y

15,

2.142;

a0, Py = 0.027,

L0860, Vpy = 0.z207,

736, Apy = -0.825

(-44.5Z2 degrees) .
[=105.70 degrees),
[-135.70 degrees),
(152 .25 degrees) :

(-16.36 deg/sec),
[-340.01 deg/sec),
[-340.01 dey/sec),
(183.30 deg/sec) :

Coupler Foint: Px =

f1.343 radi/zec”2
46,290 radlzec’Z
46,290 rad/sec’Z

-11.811 radisec™2

[3514.69 deg/sec™2),

[2652.22 deglsec’Z),

(265Z2.22 deg/=ect),
(-676.72 deg/sec™2);

position = -0.004,
welooity = -0.383,
acceleration = 4.762;7
0.027, Py = -0.036,
Vpx = -0.201, ¥Vpy = 0.10Z,
Lpx = 3.766, Lpy = 0.204

5.1. FOURBAR/SLIDER-CRANK LINKAGE

Q Inkernet

Figure 5.4: Output of web-based fourbar-slider linkagdyaig (Contd.).
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<3 Interactive Fourbar-Slider, Linkage Animation, - Microsoft Internet Explorer, E'@'E'

File Edit ‘iew Favaorites Tools Help

) — - —
@Back M = | \ﬂ \ELI l\l /.JSearch ‘gl'\'{Favorites @Media @} = =) oo _I

Interactive Fourbar-Slider Linkage Animation

B
-l
¥ " 4 T, i
3 T,
5 8
AT 8 ¥
G/, B, __@i__} ___________________ D
1
ﬂﬁ’@i = ! r, I
Ay g %, X :
r -

Grven the link lengths, thetal, thetaZ, omegaZ, alpha2, psi, and the coupler point vector, the mterface below allows the user to
find £7, the linear velocity and acceleration of the slider, and the nstantanecus position, velocity, and acceleration of the coupler
point P

Unit Type:
Link lengths (ft or m):
(012 [42: 004

3:(012 |y (007 [is: (006 |46 [00a |

Mode for all angles (betathetal thetal pst):

Coupler Vector:1p: |0.05 | beta: |45
Base angle:
thetal:
Included angle between links 4,5
psi
Nurmber of potnts:
Branch Nurmber.
2] Done ® Internet

Figure 5.5: Web page for fourbar-slider linkage animation.
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:3 http:/ /softintegration.com/ cgi-bin/chcgi/toolkit/mechanism/ sixbar /fourbarslider_ani.ch - Micro o |EI|5|
File ‘Wiew GoTo Favorites Help |
GBack ~ = - (D ot | Qhsearch [ElFavorites GfiMeda ¢4 | By & - =% |Links »

Mest I Prew | All | Go | Stop | Fast I il |
Fourbar-Slider
|§| Ready ’_ l_ l_ |O Unknown Zone 4

Figure 5.6: Snapshot of fourbar-slider animation for brahc

5.2 Watt Six-bar (1) Linkage

A Watt (1) sixbar linkage is assembled from two fourbar megsms. All four linksr”s, r, 75, andrg of
the second fourbar linkage are movable. For the Watt ()asikbFigurd 5.7, note that there are two coupler

points attached to the mechanism at links 5 and 6.

P
%, Iy
Y
Bs 5 - 2’
Os 5 =) 2
! }
I"3 .
6 i
ey <l Bs "5 ( 6\6
r 2 A
3
> 4
r //_‘(-D4 B
% B g
O}
D e, )
s = X

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

By applying geometry, complex arithmetic and vector analgsmilar to the previous sections, equations
for calculating all unknown angles of the mechanism can b@do Analyzing the Watt (1) linkage shows
that two loop closure equations may be utilized to perforendbsired task. The first loop equation shown
below can be used to solve fé¢ andd,. The vector equatiof {5.B8) is rewritten so that the two @mkm
angles are on the left-hand side of the equafion{5.40).

ri+ry = ro+rsg (5.38)
r1e? +rge® = rpel® 4 rgel® (5.39)
7"36203 _ T‘4€i94 _ Tleigl — 1y 02 (5.40)

From equation[{5.40), the two sets#fandf, can now be solved with functiocomplexsolve()
where the inputs are! = 2, n2 = 4, theta,ry,1 = 13, theta,r, 2 = —ry, andz = r1e't — rye’®2, By
obtaining solutions fof; and6,, the second loop equation {5l41) can be analyzed to detervaines for
05 andfs. Rewritting equation{5.41) and again isolating all thertewith unknown values on the left-hand
side,complexsolve() can be used to solve fég andés.

ri+r)+rg = ro+rhtrs (5.41)
e 4 pe¥d 4 opgei¥ = roei®2 4 phei®s 4 pgeifs (5.42)
rse'® —rge’® = e —rpel® — Téemé + 7y e (5.43)
where
05 = 65+ Fs (5.44)
0 = 0s—fu (5.45)

Note that there are four sets of solutions igrandég. The reason is that there are two geometric inversions
for each fourbar linkage assembly. Calculating the angpdesition of the various links of the Watt (1)
Sixbar linkage can also be done by using member fuaiogularPos()  of classCWattSixbarl . Its
prototype is as follow:

void CWattSixbarl::angularPos(double theta_ 1[1:], thet a 2[1],
theta_3[1:], theta_ 4[1:]);

where each of the four arguments is an arragaible type used to store the four different angular position
solutions of the Watt (1) sixbar linkage.

5.2.2 Velocity Analysis

The angular velocity values of each link can be determinefirbyobtaining the derivatives of equations

(5.40) and[[5.43). The results of differentiating equati@@40) and[(5.43) are equatiois ($.46) dnd {5.47),
respectively.

irswse® —irqwe® = —irguwoe® (5.46)

05 06

—irgwee’’® = —irqwye'®?

. . . N/ . Vi
irswse’ — irhwse®s 4 irfwets (5.47)

In order to solve forws, w4, ws, andwg, the above equations must be multiplied by the terrifs (for
j = 3,4,5,6). By separately multiplying equation {5]46) with?? ande %1, equations[(5.48) anf{5149)
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are generated. Notice that the imaginamgrm has also been factored out of equati¢ns15.46)[and)(5.47
By only considering the imaginary part of equatiobs (b.48) §&.49),w; andw, can then be calculated.
Rearranging equationE{5150) afd ($.51) to determine thé/taral solution ofws and w4 will result in

equations[(5.32) an@{5153).

T3W3€i(03_04) —rawg = —T‘QWQGi(€2 —04) (5.48)
r3ws — r4w4ei(64_6f’) = —rgwge’wQ —03) (5.49)
rswssin(fs — 04) = —rowssin(fs — O4) (5.50)
—rqwasin(fy — 63) = —rowysin(f — O3) (5.51)

(1% Sin(92 — 94)
= — 5.52
w3 rs3 Sin(93 — 94) ( )

rows sin(fy — 03)
= 5.53
i rqsin(fy — 63) (5-53)

After determiningws andw,, the above process can be repeated on equdfiod (5.47) tosfiadd wg.
Equation [5.417) is separatedly multiplied by?> ande %% in order to determine the two desirets (&.52)
and [5.5bh). The terms; andwg can now be found by isolating the imaginary parts of equatifinb3)
and [5.55) to result in equatiorfs (5156) ahd (b.57), resmdygt and then rearranging these two equations to
obtain equationd(5.58) and (5159). Similar to the caloudgthe angular positions, solutionsdg, wy, ws,
andwg can be determined by member functimmgularVel() of the Watt () Sixbar class. The prototype
for functionangularVel() is

void CWattSixbarl::angularVel(double theta[l:], omega| 1D;

wheretheta is an array that contains the angular position values of éakh and omega stores the
angular velocity values. Note that each call of functamgularVel() only produces one set of solution
for angular velocity. ThusangularVel() needs to be called four times, each time using a different set
of theta solutions, to obtain the four possible angular velocityiiohs.

r5w5ei(95_96) —rewg = —T2W2€i(€2 —f6) _ T’é(,U3€i(9'/3_96) + rZw4ei(92_96) (5.54)
rsws — r6w6ei(66_65) =  —rowqe(?2=05) _ rgwgei(%_gE‘) + rgw4ei(92_95) (5.55)
rswssin(fs — 0g) = —rowasin(fy — ) — rhw3sin(0s — Og) + rjwysin(0] — 0g)  (5.56)
—rewesin(fg — 05) = —rowssin(fy — O5) — rhwssin(0y — 05) + rjwysin(0] — 05)  (5.57)

_ rawasin(fy — ) + riws sin(f; — fs) — riwysin(0) — )
Ts Sin(95 - 96)

ws = (5.58)

Lo T2 sin(fy — 05) + rhws sin(0y — 05) — riwssin(0) — 65) (5.59)
6 Te6 sin(Hﬁ — 95) .

5.2.3 Acceleration Analysis

The values for the angular accelerations of the links aradday differentiating the angular velocity equa-
tions [5.46) and(5.47). The results are equatibnsi5.60)Y&ak1). Similar to the velocity equations, these
are then multiplied by an—%% term to isolate a particulag; term.

03

(i3 — w3)r3e™® — (iay — wa?)re® = (—iag + w3)ree'® (5.60)
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(ias — wd)rse® — (iag — wl)rge'® = (—icg + wd)ree”? — (iag — wd)rhe'®
+ (iay — W) (5.61)

Multiplying equation [5.6D) by~ ande~%%* will generate equation§ (562) arld (3.63), which can then
be used to find forvg anday. By only considering the real parts of these equations, #séred angular
acceleration values are isolated, and equationsl(5.64{568) can be evaluated and solve fgranday,
respectively[[5.86) an@{5.567). Note that the imaginaigrm is replaced by'(*/2) an equivalent term, in
the subsequent equations.

r3a3ei(93—94+ﬂ/2) rioue’ i(m/2) _T2a26i(92—94+ﬂ/2) + 7"20)%6“02_04) + 7‘3&)%6“93_94)

— 7‘4012 (5.62)
raazei /D) _ pyoei0a=0s+m/2) o oi(02—0atm/2) 4 rzw%ei(92—94) + rgwg

— rywje®1=%) (5.63)

—r3agsin(fs — 6y) = roagsin(fy —04) + mw% cos(fy — 04) + r3w§ cos(03 — 0y)
— r4wj (5.64)
ryaysin(fy — 03) = roagsin(fy — 03) + rgwg cos(fy — 03) + r3w§
— rqw?sin(fy — 63) (5.65)

20 sin(fy — 04) + row? cos(fa — 0,) + r3w? cos(f3 — O4)

ag = rysin(f3 — 6;)
2
T4W4
o} 5.66
rgsin(fs — 04) ( )
o = 22 sin(fz — 03) + row3 cos(f — 03) + r3w3
4 = rysin(6y — 63)
B raw? sin(fy — 03) (5.67)

T4 sin(94 — 93)
With a similar process, angular acceleratiensand oz can be solved from equatiof(5161) by first
multiplying it by e~ ande~% to result in equation§(5.68) arld (5.69). Again, the imagiriderms have
been replaced by ("/2).

rsase 50T/ oy i/ o 0206 m/2) | 20i02-06) _ it o i85 —b6/2)

+ rhwie0s=06) 4 p iy, o101 —06m/2) _ ptt 20005 —06)

+ r5w26i(6 0s) _ rﬁwg (5.68)
rsase /D) _ roagei@=05+m/2)  _ _p oo cilOo=0s+m/2) | o 20i(00=0) o (0 —bsn/2)

+ rhwie0505) 4 p oy, @01 —06m/2) _ptt 2 0004 —06)

+ r5w? — rﬁwze’(‘% 05) (5.69)

Considering only the real parts of the previous two equatiap andag can be isolated and determined

E172) and[[573).
—rsassin(fs —0g) = roagsin(fy — bg) + r2w§ cos(by — 0g) + rhas sin(@é 0s) + Téw% cos(6% — 6)
— raysin(0] — 0) — rijwi cos(0) — ) + 5w cos(f5 — 0s) — rews  (5.70)

recagsin(fg — 05) = roagsin(fs —05) + 7‘2012 cos(fy — 05) + rhas sin (65 — 95) + 7‘3w3 cos (6% — 6)
— iy sin(0] — 0g) — w3 cos(8) — Og) + rsw? — rews cos(fs — 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)
oy sin(0] — 0g) + riw? cos(8] — ) — rsws cos(05 — Og) + rewd (5.72)
75 sin(fs — 0g) '
N roag sin(fg — 05) + rows cos(fa — 05) + rhas sin(0; — 05) + rhw? cos(0y — 05)
6 —
—raysin(@] — 0g) — w3 cos(0] — O) + rsw? — rews cos(f — O5) (5.73)

re sin(fg — 65)

Note that the angular acceleration calculations can alpetfermed by member functiangularAccel()
with prototype

void CWattSixbarl::angularAccel(double theta[l:], omeg a[l:], alpha[l:]);

Argumentstheta andomega aredouble arrays used to store the angular position and velocity galue
respectively. The last argumeadpha is used to store the angular acceleration values calcutgtatember
functionangularAccel() . Similar toangularVel() , this function also has to be called four times in
order to acquire the four different set of angular accelemagolutions.

To help illustrate the benerfit of using claS8VattSixbarl , consider the problem below.

Problem 1: A Watt (1) sixbar linkage has parametersg: = 8cm, ro = 4em,r3 = 10cm, rq4 =
Tem,rs = Tem,rg = 8cm, 61 = 10°, 03 = 25°, rh = 4em, 1) = 9em, B3 = 30°, B4 = 50°,
we = 10°/sec, andas = 0. Find the angular accelerationg, oy, as, ag.

Now, in order to findas, a4, a5, andag, the angular position and velocity of the various anglesshav
to be known. Calculating all these values is time consumirige previously derived equations are used
instead of clas€WattSixbarl . However, using the class specifically written for analydis Watt (1)
sixbar linkage, the above probelm can easily be solved. rBnd@® utilizes the member functions of class
CWattSixbarl  to calculate the desired values and the solution is showowbel

Solution #1:
alpha5 = 0.008 rad/sec™2 (0.47 deg/sec™2),
alpha6é = 0.117 rad/sec™2 (6.69 deg/sec™2);
Solution #2:
alpha5 = 0.128 rad/sec™2 (7.32 deg/sec™2),
alpha6é = 0.019 rad/sec™2 (1.10 deg/sec2);
Solution #3:
alpha5 = 0.069 rad/sec™2 (3.95 deg/sec™2),
alpha6é = 0.026 rad/sec™2 (1.48 deg/sec™2);
Solution #4:
alpha5 = 0.016 rad/sec™2 (0.93 deg/sec™2),
alpha6é = 0.059 rad/sec™2 (3.40 deg/sec2);

5.2.4 Coupler Position, Velocity, and Acceleration

The position of the two coupler points in Figlrel5.7 can bevedrdirectly from vector analysis. The posi-
tion of the coupler pointp, is simply the vector sum af;, r’;, andr} shown in equatior{5.74). Likewise,
the position ofP;, is written as equatiori {5.¥5). Writing these two equatiantheir polar form[5.76) and
(&.71) reveal that the position of either point can be deiteeoh given the required link lengths and angles.
The first and second derivatives of equatidns{5.76) Bndd(ill produce the equation for the coupler
point velocities [5.78) and (5.779) and coupler point agediens [5.8D) and{5.81), respectively. Similar
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#include<stdio.h>
#include<sixbar.h>

int main()

{

double r[1:6];
double rP3, beta3,
rPP4, beta4;
double theta[1:4][1:6], omega[1:4][1:6], alpha[l:4][1: 6];
double thetal = M_DEG2RAD(10), theta2 = M_DEG2RAD(25);
double omega2 = M_DEG2RAD(10), alpha2 = 0;
CWattSixbarl wattl;
int i

[* Define Watt (I) Sixbar linkage. */

rf1] = 0.08; r[2] = 0.04;

r[3] 0.10; r[4] = 0.07;

r[5] 0.07; r[6] = 0.08;

rP3 = 0.04; beta3 = M_DEG2RAD(30);
rPP4 = 0.09; betad = M_DEG2RAD(50);
for(i = 1; i <= 4; i++)

{
theta[i][1] = thetal;
theta[i][2] = theta2;
omega[i][2] = omegaz;
}

[* Perform analysis. */

wattl.setLinks(r, thetal, rP3, beta3, rPP4, betad);
wattl.angularPos(theta[1], theta[2], theta[3], theta[4 D;
wattl.angularVel(theta[1], omega[1]);
wattl.angularVel(theta[2], omega[2]);
wattl.angularVel(theta[3], omega[3]);
wattl.angularVel(theta[4], omega[4]);
wattl.angularAccel(theta[1], omega[l], alpha[1]);
wattl.angularAccel(theta[2], omega[2], alpha[2]);
wattl.angularAccel(theta[3], omega[3], alpha[3]);
wattl.angularAccel(theta[4], omega[4], alpha[4]);

[* Display results. */
for(i = 1; i <= 4; i++)

{
printf("Solution #%d:\n", i);
printf("\t alpha5 = %.3f rad/sec™2 (%.2f deg/sec"2),\n",
alphal[i][5], M_RAD2DEG(alphal[i][5]));
printf("\t alpha6 = %.3f rad/sec™2 (%.2f deg/sec”2);\n",
alphal[i][6], M_RAD2DEG(alphal[i][6]));
}
return O;

WATT SIX-BAR (I) LINKAGE

Program 26: Program for computing, oy, as, andag using classCWattSixbarl
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to the coupler point positions, the velocities and accétara of the two coupler points can be determined
given the required angular velocity and acceleration &al@oupler point position, velocity, and accelera-

tion can also be calculated by using member functmmgplerPointPos() ,couplerPointVel() ,
andcouplerPointAccel() , respectively.
P, = ro+rf+r (5.74)
Py, = rj+7r]+rf (5.75)
P, = 292 + 74 ! ¢i(03+03) + Téei(es-i-ﬁs) (5.76)
P, — ,r.lelel + e i(02=Pa) 4 T'/ei(ee—ﬁe) (5.77)
P, = irgwye® +ir) swse’ W0s+63) 4yt w5ei(95+55) (5.78)
P, = irfwy e (0a=Fa) + irgwe ¢!(06=F%) (5.79)
P1 = irpone™®? — rowde® 4+ irasel@310) _ pl,2ei(0+6s)
+ irfas ¢! 05+5s) _ r5w e!(05+P5) (5.80)
rngel(% Bs) (5.81)

Problem 2: Consider a Watt (l) sixbar linkage with parameters given iiobem 1. If two
coupler points are attached to links 5 and 6 (see Flgute 5t@)pnoperties, = 6em, G5 = 30°,
r¢ = 4em, and B = 45°, find the coupler point position, velocity, and accelenmatad this
moment in time.

The solution to the above problem is listed as Progkain 27 ceSihere are two coupler points for the
specified linkage, the member functions used to calculaectiupler point properties must be called for
each point. The results is shown below.

Solution #1:
P1 = 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:

P1 = 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:
P1 = 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:

P1 = 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 (1) sixbar linkage shown in Figureb.7 can be anichatéh member functioranimation()
Using the parameters given in the problem statements aBovgraniZB can be used to simulate the motion
of the Watt (1) sixbar. After specifying the parameters foe sixbar, member functicanimation() is
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#include<stdio.h>
#include<sixbar.h>

int main()
{
double r[1:6];
double rP3, beta3,
rPP4, beta4;
double rP5, beta5,
rPP6, betab;
double theta[1:4][1:6], omega[l1:4][1:6], alpha[l:4][1: 6];
double complex P1[1:4], P2[1:4],
Vpl[1:4], Vp2[1:4],
Apl[1:4], Ap2[1:4];
double thetal = M_DEG2RAD(10), theta2 = M_DEG2RAD(25);
double omega2 = M_DEG2RAD(10), alpha2 = 0;
CWattSixbarl wattl;
int i;

[* Define Watt (I) Sixbar linkage. */

r[1] = 0.08; r[2] = 0.04;

r[3] 0.10; r[4] = 0.07;

r[5] = 0.07; r[6] = 0.08;

rP3 = 0.04; beta3 = M_DEG2RAD(30);
rPP4 = 0.09; beta4d = M_DEG2RAD(50);
rP5 = 0.06; beta5 = M_DEG2RAD(30);
rPP6 = 0.04; beta6 = M_DEG2RAD(45);
for(i = 1; i <= 4; i++)

{
theta[i][1] = thetal,;
theta[i][2] = theta2;
omega[i][2] = omegaz;
}

[* Perform analysis. */

wattl.setLinks(r, thetal, rP3, beta3, rPP4, betad);
wattl.setCouplerPoint(COUPLER_LINKS5, rP5, betab);
wattl.setCouplerPoint(COUPLER_LINK®6, rPP6, beta6);
wattl.angularPos(theta[1], theta[2], theta[3], theta[4 D;
wattl.couplerPointPos(COUPLER_LINKS5, theta2, P1);
wattl.couplerPointPos(COUPLER_LINK®G, theta2, P2);
wattl.angularVel(theta[1], omega[1]);
wattl.angularVel(theta[2], omega[2]);
wattl.angularVel(theta[3], omega[3]);
wattl.angularVel(theta[4], omega[4]);

Vpl[1l] = wattl.couplerPointVel(COUPLER_LINKS5, theta[1] , omega[1]);
Vpl[2] = wattl.couplerPointVel(COUPLER_LINKS5, theta[2] , omega[2]);
Vp1[3] = wattl.couplerPointVel(COUPLER_LINKS5, theta[3] , omega[3]);
Vpl[4] = wattl.couplerPointVel(COUPLER_LINKS5, theta[4] , omega[4]);
Vp2[1] = wattl.couplerPointVel(COUPLER_LINK®G, theta[1] , omega[1]);
Vp2[2] = wattl.couplerPointVel(COUPLER_LINK®G, theta[2] , omega[2]);
Vp2[3] = wattl.couplerPointVel(COUPLER_LINK®G, theta[3] , omega[3]);
Vp2[4] = wattl.couplerPointVel(COUPLER_LINK®G, theta[4] , omega[4]);

Program 27: Program for computing the positions, velagjtend accelerations of the two coupler points
specified in Figur€Xhl7.
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wattl.angularAccel(theta[1], omega[l], alpha[1]);
wattl.angularAccel(theta[2], omega[2], alpha[2]);
wattl.angularAccel(theta[3], omega[3], alpha[3]);
wattl.angularAccel(theta[4], omega[4], alpha[4]);

Apl[1] = wattl.couplerPointAccel(COUPLER_LINKS5, theta[ 1], omega[1],
alpha[1]);

Apl[2] = wattl.couplerPointAccel(COUPLER_LINKS, theta[ 2], omegal2],
alpha[2]);

Ap1[3] = wattl.couplerPointAccel(COUPLER_LINKS5, theta[ 3], omega[3],
alpha(3]);

Apl[4] = wattl.couplerPointAccel(COUPLER_LINKS5, theta[ 4], omegal4],
alpha(4]);

Ap2[1] = wattl.couplerPointAccel(COUPLER_LINKS®6, theta[ 1], omega[1],
alpha[1]);

Ap2[2] = wattl.couplerPointAccel(COUPLER_LINKS6, theta[ 2], omegal2],
alpha[2]);

Ap2[3] = wattl.couplerPointAccel(COUPLER_LINKS®6, theta[ 3], omega[3],
alpha(3]);

Ap2[4] = wattl.couplerPointAccel(COUPLER_LINKS®6, theta[ 4], omegal4],
alpha[4]);

[* Display results. */
for(i = 1; i <= 4; i++)

{
printf("Solution #%d:\n", i);
printf" Pl = %.3f, P2 = %.3\n", P1[i], P2[i]);
printf("  Vpl = %.3f, Vp2 = %.3f\n", Vpl[i], Vp2[i]);
printf(*  Apl = %.3f, Ap2 = %.3f\n", Apl[i], Ap2[i]);
}
return O;

Program 27: Program for computing the positions, velagjtend accelerations of the two coupler points
specified in Figur€5l7 (Contd.).
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called multiple times to produce animations of the defingdasi for the four possible geometric inversions.
Tracing is also set for motion of the coupler point of link 6t bot for link 5. Figurd 58 contains snapshots
of the animations for each geometric inversion.

5.2.6 Web-Based Analysis

All the analysis methods discussed in the previous secfarthe Watt (1) sixbar linkage can be performed
with a couple of interactive web pages. Figlird 5.9 shows thim meb page for web-based analysis of the
Watt (1) sixbar linkage. The web page shown in Figure b.10lmnsed to calculate the angular properties
of links 3-6 of the Watt (1) sixbar. Also, the position, veitye and acceleration values can be determined
for the coupler point(s) associated with link(s) 5 and/oF6r example, consider the Watt (1) sixbar linkage
defined in previous problems. By entering the given valuesi® link lengthsf,, 53 andS,, coupler point
properties, and angular properties of the input link, linkH2 output of running the web-based analysis is
shown in Figuré 5.71.

Simulating the motion of the Watt (I) sixbar mechanism caw dle done using the internet. Figlre®.12
shows the web page designed for animating the Watt (I) sixBgain, using the parameters specified by
previous problem statements, Figlireh.13 is a snapshoeartimation for the first geometric inversion of
the Watt (1) sixbar linkage.
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#include<stdio.h>
#include<sixbar.h>

int main()
{
double r[1:6];
double rP3, beta3,
rPP4, beta4,
rP5, betab,
rPP6, betab;
double theta[1:4][1:6];
double thetal = M_DEG2RAD(10), theta2 = M_DEG2RAD(25);
double complex P1[1:4], P2[1:4];
CWattSixbarl wattl;
int i;

[* Define Watt (I) Sixbar linkage. */

rf1] = 0.08; r[2] = 0.04;

r[3] 0.10; r[4] = 0.07;

r[5] = 0.07; r[6] = 0.08;

rP3 = 0.04; beta3 = M_DEG2RAD(30);
rPP4 = 0.09; beta4 = M_DEG2RAD(50);
rP5 = 0.06; beta5 = M_DEG2RAD(30);
rPP6 = 0.04; beta6 = M_DEG2RAD(45);
for(i = 1; i <= 4; i++)

{

thetali][1]
thetal[i][2]

thetal;
theta2;

}

[* Perform analysis. */

wattl.setLinks(r, thetal, rP3, beta3, rPP4, betad);
wattl.setCouplerPoint(COUPLER_LINKS5, rP5, beta5, TRACE
wattl.setCouplerPoint(COUPLER_LINK®6, rPP6, beta6, TRAC
wattl.animation(1);

wattl.animation(2);

wattl.animation(3);

wattl.animation(4);

return O;

5.2. WATT SIX-BAR (I) LINKAGE

_OFF);
E_ON);

Program 28: Program for animating the Watt (1) sixbar lirdkag
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L4 0 e d 0

| Hext || Prev || All || Go | Snes L Fash 0 Blow | Hext || Prev || ALl || Go | Srap 0 Fash 1 Blew
Hatt (I} Sixbar Hatt (I} Sisbar

v

File ||Options
| Hext || Prev || All || Go |§ Stop 11 Fasn D0 Slew | | Hext || Prev || ALl || Go |§ Shes 1 Fash [ Blosw |

Hatt {I} Sixbar

L JL =

Figure 5.8: Output of Program28.
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3 Yatt {I} Sisbar Linkage Analysis - Microsoft Internet Explorer 5 |EI|£|
File Edit ‘iew Favorites Tools  Help |
P Back » = - @ . at | Qhsearch [ Favorites @Media 8 | By S - = (B |Links i
=
Watt (I) Sixbar Linkage Analysis
e | http:/isoftintegration.com/cgi-binfchecgiftoolkit/mechanism/sixbarf... EE][X|
File “iew GoTo Favorites Help ‘;.‘F
@ Back - J \ﬂ @ :] ):,- Search j'\T‘ Favorites ” Links o
Mest I Prev | All ‘ Go ] Stop Fat . {0}
Watt [I) Sixbar
& Ready #® Unknown Zone
Watt (T3 Subar Link age
« Watt (T) Sixhar Linkage Analysis
« Watt (I} Sixbar Linkage Animation
= 0]
|
@ ’_’_|_|’ 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 Wiew Favorites Tools Help

@Back L~ | \ﬂ @ :_'_\J /'._.' Search f‘\'\/ Favarites @Media &? % - _%_ & - =

-
Interactive Watt I Six-Bar Linkage Kinematic Analysis
re s
T
Bs = e
L——"5. 3 F
r 4 1 =
e - | 4
P P \ ; 6 ﬁ- S
o b \n VA
NS _ = 3 ! |
- ry — 8.
F ] .
3 _B-4 ) . 4
C] . .
o1 pai i ET
1 _1 1 }
Given the link lengths, thetal, theta2, beta3, betad, omega2, alphaZ, and the coupler point wectors, the interface below allows the user to
find the pozsible mput and cutput ranges of the mechamsm, along wath the mstantaneous position, velocity, and acceleration of the coupler
point B
Usit Type:
Link lengths (m or ff):
1‘1:|3 |1‘l:|4 |1‘3:|1D |1‘P3:|4 |
r4: |? |1‘PP4: |9 |1‘5: |? |16: |3 |
Mlode for all angles (thetal thetal beta3 betad betad betad):
Coupler Vector:
1Ps: |4 |heta5: |35 |
1PP6: |5 |heta6: |3U |
EBaze and mput angles:
thetal: |1U |thetal: |25 |heta3: |3U |heta4: |5U |
Angular velocity and acceleration of link2:
omegal: |1D ||Degrees,’sec * | alpha2: |D ||Degrees,’sec*sec v|
v
@j Done 8 Internet

Figure 5.10: Web page for Watt (I) sixbar kinematic analysis
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nkage Analysis - Microsoft Internet Explorer.

File  Edit

Q Back -

Wiew  Favorites  Tools  Help ;;

? \ﬂ \ELI _I\J / | Search Favorites ﬂ\Media 6_-‘7 - L

Watt I Sixbar Linkage Analvsis:

Sixbar Parameters: rl = 0.080, ri =

1zt Circuit Solutions:

Znd Circuit Zolutions:

o

.040, r3 = 0.100, rP3, = 0.040,
r4 = 0.070, rPP4 0.090, r5 = 0.070, r6 = 0.080;
rP5 = 0.060, kbetaS = 0.524 radians (30.00 degrees):
rPP& = 0.040, betat = 0.7835 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):

theta3 = 0.554 radians (31.73 degrees),
thetad = 0.918 radians (52.60 degrees),
theta5 = 0.421 radians (24.11 degrees),
thetas = 2.240 radians (125.32 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 deg/sec*Z),
alphad = 0.046 rad/sec™Z (Z.63 deg/sec”Z),
alphas = -0.004 rad/sec™Z (-0.25 degifsec*2],

alphat = 0.033 rad/sec*2 [1.88 deg/sec™Z),
Coupler Point: P1 x = 0.090, P1 vy = 0.101,
PZ_x = 0.173, PZ_y = 0.058,

Ypl x = -0.001, ¥pl vy = -0.005,
Ypz_x = 0.003, Vp2z_y = -0.003,
ipl % = -0.004, ipl ¥ = 0.005
ipz x = -0.002, Apz y = 0.004

theta3 = 0.554 radians (31.73 degrees),
theta4 = 0.918 radians (52.60 degrees),

thetalS = -1.006 radians (-57.62 degrees),
thetad = -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),
omegaté = -0.140 rad/sec (-8.02 deg/sec),
alphai = -0.041 rad/sec™Z (-2.35 degifsec*2),

alphad = 0.046 rad/sec*2 (2.63 deg/sec”Z),
alphab = 0.036 rad/sec*2 (2.07 deg/sec”2),
alphat = -0.001 rad/sec™Z (-0.06 degifsec*),
Coupler Point: P1 x = 0.108, P1_y = 0.024,
P2 x = 0.133, P2_y = 0.0385,

Ypl x = -0.008, ¥pl vy = 0.003,
vp2_x = 0.003, Vp2_y = 0.002,
apl x = -0.001, ipl y = 0.005

Apz_x = 0.000, ipz_y = 0.004

Figure 5.11: Output of web-based Watt (I) sixbar kinematialgsis.
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thetal

thetal
thetat
omegad
omegad
omegas
omegan
alphad
alphad
alphab
alphat

thetal

thetal
thetat
omegad
omegad
omegas
omegan
alphal

alphals
alphasd

@j Done

thetad =

thetad =

alphad =

Jrd Circuit Zolutions:

-0.695 radians (-39.83 degrees),
-1.059 radians (-60.70 degrees),
-0.5458 radians (-45.59 degrees),
0.356 radians (20.39 degrees),

-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
Coupler Point:

195
253
134
154
i7e
259
035
313

4th Circuit ZJolutions:

rad/=sec (-11.20 deg/sec),
rad/sec [(-14.52 deg/sec),
rad/sec (-7.68 deg/sec),
rad/sec (-10.55 deg/sec),
rad/=sec*? (-9.856 degisectz),
rad/sec*? (-14.54 deg/sec™Z),
rad/=sec*? (-Z.01 degisec*2),
rad/sec*z (-15.23 deg/sec™2),
P1 x = 0.133, P1 y = -0.009,
Pz x = 0.083, Pz _y = -0.087,

Ypl x = -0.013, ¥pl vy = -0.003,
Vpz_x = -0.024, Vp2_y = 0.001,
apl x = -0.009, ipl ¥ = -0.000
Lp2_x = -0.026, ip2_y = 0.003

-0.695 radians (-39.83 degrees),
-1.059 radians (-60.70 degrees),
—-2.979 radians (-170.70 degrees),
2.100 radians (120.32 degrees),

.155
.253
154
144
.17z
.259
cAra
L0594

rad/=sec (-11.20 deg/sec),
rad/sec (-14.52 deg/sec),
rad/=sec [-11.14 deg/sec),
rad/sec (-8.27 deg/sec),
rad/sec*? (-9.86 degfsec™z),
rad/=sec*z (-14.84 deg/sec™Z),

rad/sec*Z [(-Z1.62 deg/sec™Z),
rad/=sec*Z (-5.39 degisec*z),
Coupler Point: P1_x = 0.02%, P1_y = -0.028,
Pz_x = 0.057, Pz_y = -0.032,
vpl x = -0.004, Vpl vy = 0.023,
Vp2z_x = -0.016, Vpz_y = 0.007,
ipl x = 0.003, ipl vy = 0.020
Apz_x = -0.016, ApZz y = 0.012

5.2. WATT SIX-BAR (I) LINKAGE

0 Inkernet

Figure 5.11: Output of web-based Watt (I) sixbar kinematialgsis (Contd.).

120



CHAPTER 5. MULTI-LOOP SIX-BAR LINKAGES

5.2. WATT SIX-BAR (I) LINKAGE

¥ Interactive Watt | Six-Bar Linkage Animation - Microsoft Internet Explorer

File  Edit ‘Wiew Favorites Tools Help

@Back v s \ﬂ @ _:_\J /'._.' Search *glj'\T\/Favorites @Media {_‘:{ [" _,5 B - _|

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
animation of the Watt T Stxbar linkage.

Ui Type:

Link lengths (m or ft):

rl: |B |1'2: |4 |1'3: |1U |1'P3: 4 |
14: |? |1‘PP4: |9 15: |? |16: |3 |

Mode for all angles (thetal beta3 betad betad betaf):

Coupler Vector(s):
1Ps: |4 |heta5: |35 |
1PP6: |5 |het36: |3U |

Trace: |[F1 ¥

Base and mput angles:
thetal: |1U |heta3: |3U

Nutnber of points:
Eranch Mumber:

|hetz14: |5U |

|

(23]

@ Done B Internet

Figure 5.12: Web page for Watt (I) sixbar linkage animation.
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:3 http://softintegration.com/cgi-bin/chcgi/toolkit /mechanism/sixbar /wattI_ani.ch - Microsoft Ink - II:Ilzl
File Wiew GoTo Favorites Help |
&Back ~ = - B} Zat | iQisearch [lFavorites GfMedia £ | By~ & - R |Links £

Mest I Frew | All | Go | Stop | Fast I il |
Watt [I] Sixbar
|&) Ready ’_ l_ l_ | Unknown Zone ﬁ

Figure 5.13: Snapshot of Watt (I) sixbar animation for brahc

5.3 Watt Six-bar (1) Linkage

A Watt () sixbar linkage is from two fourbar mechanisms wéhe output link of the first fourbar is also
the input link of the second fourbar linkage. For the Watikl{ikage in Figurd 514, note that there is also
a coupler point located on the floating link of the seconddauntinkage.

Figure 5.14: Watt (Il) Sixbar Linkage

5.3.1 Position Analysis

Derivation of the angular positions of the links begin by lgpm geometry, complex arithmetic and vector
analysis. Thus, the valuds, 44, 0g, 07, andfs can be found. First, the vector equation for the fourbar
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section is written and reduced.

ry+ry, = ro-+rs (582)
r1e? £ rye? = roet? 4 rgei?s (5.83)
r3e® —rge® = e — ryet® (5.84)

The latest equation has all the unknown quantities on théndeid side, which can now be solved using the
complexsolve() function. Two sets of values fdt; andéd, are found bycomplexsolve() where
the inputs arev! = 2, n2 = 4, theta,ry 1 = r3, theta,r,2 = —r4, andc3 = z = r1e%t — rye’®2. Using
each set of)'s separately, the angk® can be found by subtracting the angledrom 64. A similar set of
vector equations is derived for the second fourbar section.

b = 64— (5.85)

rs+r3 = rg-+ry (5.86)
r5es rge® = reel 4 prelt (5.87)
r7e? —rgei®s = rgei® —rgel? (5.88)

Again, the latest equation has all the unknown quantitietherleft-hand side, which can now be solved
using thecomplexsolve  function. Two sets of values fdt; andég are found bycomplexsolve()

where the inputs are! = 2, n2 = 4, theta,ry 1 = 1y, thetay,r, 2 = —rs, ande3 = z = rzei? — rgeis,
Note that angular positions can also be determinedryularPos() , which is a member function of
the Watt (I) sixbar classCWattSixbarll . This class is similar to the clagdWattSixbarl , but it

specifically handles analysis for a Watt (Il) sixbar.

With the given dimensions of the two fourbar linkages, it barfound that four different Watt (I1) sixbar
linkages can be assembled from them. This is possible becach fourbar linkage has two geometric
inversions, and the output ranges of the first fourbar liekexgersect 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 cafdomd by taking the derivative of position vector
equations of the two fourbar linkages. Taking the derieati¥ equations{5.84) and(5188) gives the vector

velocity equationd(5.89) and{5190).

irswse’® — irgwe® = —irgwqe'®? (5.89)

irrwre — irgwge’® = —irguwge'?s (5.90)
To find the values fows, wy, w7, andws, the equations must be multiplied by an‘®s term in order to
isolate a particulat; term. Note thatss = wy. Multiplying equation [5:89) by~ and e~ will
generate equationE(5191) ald ($.92). After factoring loeit term, the imaginary parts of equatidns3.91
and[5.9P are separated in order to calculate the angulacitieto[5.98) and{5.94). Rearranging these last
two equations will give the values af; andw, (5.83) and[[5.96). The terms; andwg are found in the
same manner as; andw,. The difference is that the3" and “4” subscripts are replaced by those 6f “
and ‘8,” respectively. The equations derived from equation (b &@ equationd (5.97) through15.102).
The angular velocity values fays, w4, w7, andws are calculated in member functi@angularVel()
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Member functiorangularVel() can also be used to calculate the angular velocity valuessfav,, wr,
andwg given the link lengths, their angular positions and anguédocity of the input link.

irgwgei(GS_G“) —irgwy = —irgwgei(ere“) (5.91)
Ir3wsy — ir4w4ei(94_93) = —irgwgei(92 —03) (5.92)
r3ws Sin(93 — 94) = —TaWw2 Sin(eg — 94) (593)
T4y sin(94 — 93) = ToWw2 sin(92 — 93) (594)

ToW?2 Sin(94 — 92)
= — 5.95
w3 r3sin(fy — 63) ( )

N (1%%)] sin(93 — 92)
W= T4 sin(93 - 94) (596)

ir7w7ei(07_98) —irgwg = —irﬁwﬁei(eﬁ_es) (5.97)
irrwy — irgwgei(es_‘g” = —irﬁwﬁei(eﬁ —07) (5.98)
U d%% Sin(97 — 98) = —TeWs sin(96 — 98) (599)
rsws sin(98 — 97) = TeWeg sin(96 — 97) (5100)

_ TeWe Sin(98 — 96)

5.101
r7sin(fs — 67) ( )

N TreWe sin(97 — 96)
W= B ) (5.102)

5.3.3 Acceleration Analysis

The acceleration relationships of the Watt (1) sixbar éigk can be found by performing the derivatives of
equations[(5.89) an@{5190). Similar to the velocity equrej these derivativeE(5.103) ahd (5]104) are then
multiplied by ane~"% term in order to isolate a particulas; term. Note thatys = a4. Multiplying equation
(E&103) bye~%1 ande~" will generate equation§(5.105) ald (5.1106). The real mdrtsjuations(5.105)
and [5.I0B) are separated in order to calculate the angeteterations[(5.107) anf(5.108). Rearranging
these last two equations will give the valuesngfanda, (109) and[[5.110). The values @f andag are
found in the same manner by performing similar steps on equ.T03) to get equations(5.111) through
(&118). Similar to thev; values, the angular acceleration values can be determinetember function
angularAccel()

(g — wd)r3e® — (iay — w?)rge® = (w3 — iay)ree'® (5.103)
(iory — w2)r7eT — (iag — wd)rge™ = (Wi — iag)ree’’s (5.104)
iy — 7’4@02 — irgagei(gf’_e“) + rgwgei(ef’_64) = irgagei(‘gQ —04) _ rgwge’w? —f4) (5.105)
ir40z4ei(94_93) — 7‘4@026“94_93) —irsos + r3w§ = z'rgozgei(@? —03) _ rgwgei((’? —03) (5.106)
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ryagsin(fs —0y) = —raagsin(fa —04) — rgwg cos(fo — 0y4) — 7’3@032, cos(fs — b04)
+ w3 (5.107)
raaysin(@y — 03) = roansin(fy — 03) + rowi cos(fy — O3) + r3w§ — ryw? cos(fy — 63)(5.108)

a3 = —raw5 co8(03 — 04) — raaz sin(02 — 01) — r3wd cos(3 — 04) + rawi (5.109)
3 rgsin(fs — 04) |

a o 2o sin(fy — 63) + raw3 cos(Bz — 03) + r3wi — rawi cos(fs — b3) (5.110)
4 rysin(fy — 63) .

irgag — rgwg — ir70z7ei(97_98) + 7‘701%6“97_68) = irﬁaﬁei(QG_es) — rﬁwgei(eﬁ_es) (5.111)

irgagei(es_‘%) — rgwgei(es_gﬂ —irrar + 7’7@03 = 'i?"ﬁa6€i(66_97) — rgwgei(96_97) (5.112)
rrarsin(fy —0s) = —reagsin(fg — Og) — r6w§ cos(f — Og) — 7’7@0? cos (67 — 63)

+ rews (5.113)

rgagsin(fs — 07) = reagsin(fg — 07) + T‘ng cos(fg — 67) + 7‘7w$ — rgwg cos(fs — 67)(5.114)

= —rewg cos(fg — 03) — reag sin(fg — Og) — r7w? cos(07 — Og) + rsw? (5.115)
’ r7sin(67 — 6s) '

e = 6% sin(f — 07) + rewg cos(f — 07) + rrwd — rwg cos(fs — 07) (5.116)
8 rgsin(fg — 07) |

Problem 1: A Watt (ll) sixbar mechanism has the following parametetrs:= 12cm,ro =
dem,rg = 12em, 4 = Tem, 5 = Tem, rg = bem, r7 = 8cm, rg = 6¢em, 01 = 10°, 65 = 70°,

05 = —10°, ¢ = 30°, wy = 10°/sec, andas = 0. Determine the angular accelerations of the
various links for the sixbar linkage.

In order to calculate the angular acceleration values feratt (1) sixbar specified in the problem,
each link’s angular position and velocity has to be deteewohirThis can be accomplished by utilizing mem-
ber functionsangularPos()  andangularVel() of classCWattSixbarll . Then member function
angularAccel() would be used to calculate;, a4, ag, a7, andag. The solutions to the above problem
are listed below. Program29 was used to determine thesesvalu

Circuit 1: Angular Accelerations

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[3]= 0.007

alpha[4]= 0.012
alpha[6]= 0.012
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alpha[7]= 0.009
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 firsting its vector equation{5.117), which is

then converted to polar forni(5.7118). Direct substitutidrihe link lengths and angles previously derived
will give the position of the coupler point. The equations flee coupler point velocity and acceleration
&I19) and[[5120), respectively, are simply the first ascbed derivatives of equatioh {5.118). Exact
numbers can be determined by substituting known and céécbizalues into the respective equations. In-
stead of direct calculation, the properties of the coupldntpcan be found by using member functions

couplerPointPos() , couplerPointVel() , andcouplerPointAccel()
P = rit+rg+r, (5.117)
P = 7 +ree® 1yl (5.118)
P = irgwge’ + irpw7ei(97+ﬁ) (5.119)
= irgage’® — rewiet® + irpa7ei(97+ﬁ) — prgei(%—i-ﬁ) (5.120)
For a better understanding of how claS8VvattSixbarll can be used to determine the coupler point

position, velocity, and acceleration, refer to the follogiiproblem.

Problem 2: For the Watt (I1) sixbar in figure5.14 with parameters:= 12cm, ro = 4em, r3 =
12em,ry = Tem,rs = Tem,rg = Sem, ry = 8cm, rg = 6ecm, v, = Sem, 01 = 107, 02 = 707,
05 = —10°%, we = 10°/sec, ag = 0, f = 45°, andy = 30°, determine the position, velocity,
and acceleration of the coupler point.

The solutions for this problem is show below. Progfarh 30 vesiuo find these values.

P[1] = complex(0.184,0.095)
Vp[1l] = complex(-0.004,0.002)
Ap[1] = 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)
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#include <sixbar.h>

int main() {
CWattSixbarll wattbar;
double r[1:8], theta[l1:8],theta_2[1:8],theta_3[1:8],t heta_4[1:8];
double omega[1:8],0mega_2[1:8],0mega_3[1:8],0mega_4[ 1:8];
double alpha[1:8],alpha_2[1:8],alpha_3[1:8],alpha_4[ 1:8];
double thetal, thetab;
double psi;
int i

/* default specification of the four-bar linkage */
r[1] = 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 = 10*M_PI/180;

theta5 = -10*M_PI/180;

theta[2]=70*M_P1/180;

omega[2]=10*M_P1/180; /* rad/sec */
alpha[2]=0; /* rad/sec*sec */

psi = 30*M_P1/180;

theta_2[2] = theta_3[2] = theta_4[2] = theta[2];
omega_2[2] = omega_3[2] = omega_4[2] = omega[2];
alpha_2[2] = alpha_3[2] = alpha_4[2] = alpha[2];
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++) {
if(i!=5)
printf("alpha[%d]=%6.3f\n", i, alphali]);
}
wattbar.angularVel(theta_2, omega_2);
wattbar.angularAccel(theta_2, omega_2, alpha_2);
printf("\n Circuit 2: Angular Accelerations\n\n");
for(i=3; i<=8; i++) {
if(i!=5)
printf("alpha[%d]=%6.3\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; i<=8; i++) {
if(i!=5)
printf("alpha[%d]=%6.3\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=3; i<=8; i++) {
if(i!=5)
printf("alpha[%d]=%6.3\n", i, alpha_A4[i]);

Program 29: Program for computing the individual link’s alag acceleration for the Watt (II) sixbar.
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P[3] = complex(0.082,0.036)
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)

128



CHAPTER 5. MULTI-LOOP SIX-BAR LINKAGES
5.3. WATT SIX-BAR (Il) LINKAGE

#include <sixbar.h>

int main() {
CWattSixbarll wattbar;
double r[1:8];
double thetal = 10*M_PI/180;
double theta5 = -10*M_P1/180;
double rp = 0.5, beta = 45*M_PI/180;
double psi = 30*M_P1/180;

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_ 41:8];
double alpha_1[1:8], alpha_2[1:8], alpha_3[1:8], alpha_ 41:8];

double theta2 = 70*M_PI/180;
double complex p[1:4], vp[l:4], ap[1:4];
int i

rf1] = 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;
omega_1[2] = 10*M_Pl/180; /* rad/sec */

alpha_1[2] = 0; /* rad/sec*sec */

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_1[2];

wattbar.setLinks(r, thetal, theta5, 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_1);

wattbar.angularAccel(theta_1, omega_1, alpha_1);

vp[l] = wattbar.couplerPointVel(COUPLER_LINK?7, theta_1 , omega_l1);

ap[l] = wattbar.couplerPointAccel(COUPLER_LINK7, theta _1, omega_1, alpha_l1);

/* second solution */

wattbar.angularVel(theta_2, omega_2);

wattbar.angularAccel(theta_2, omega_2, alpha_2);

vp[2] = wattbar.couplerPointVel(COUPLER_LINK?7, theta_2 , omega_2);

ap[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_LINK?7, 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_LINK?7, theta_4 , omega_4);

ap[4] = wattbar.couplerPointAccel(COUPLER_LINK7, theta _4, omega_4, alpha_4);

Program 30: Program for computing the coupler point prégerising clas€WattSixbarll
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/* print solutions */

for (i=1; i<=4; i++) {
printf("P[%d] = %.3f\n", i, p[i]);
printf("Vp[%d] = %.3f\n", i, vpl[i]);
printf("Ap[%d] = %.3f\n", i, apli]);

}

return O;

}

Program 30: Program for computing the coupler point propersing clas€WattSixbarll (Contd.).

5.3.5 Input/Output Ranges

Often times, it is desirable to know the input/output rangfess mechanism. A mechanism'’s range of motion
is usually part of the criteria of a design. To determine thesible input/output ranges of the Watt (II) sixbar,
each fourbar portion of the linkage must be considered. Tieub range of the first fourbar linkage must
intersect the input range of the second fourbar linkage veiipect to the included angle These ranges

are found by applying Grashof’s Criteria of fourbar-linkagtability. This is done by applying the member

functionsgrashof()  andgetJointLimits() of classCFourbar . These functions will determine
the fourbar linkage type and its consequent input and outmges. Clas€Fourbar member function
getJointLimits() will also calculate the input and output ranges of each gé&aeneversion should

more than one linkage inversion exist.

The possible output range of the first fourbar linkage andrtpat range of the second linkage is then
compared to find the intersection range. The comparison aranto a little trouble if negative angle values
are compared to positive angle values. For comparison pagponly, all negative range values were made
positive by addin@ (1 revolution) to prevent any comparison error.

After finding the intersection ranges, the input ranges effitst fourbar linkage and the output ranges
of the second fourbar linkage that corresponds to thesesetion ranges can be found. The vector equa-
tions [5.82) and{5.86) can be solved to find these valuess i$kiccomplished by inputting the necessary
conditions into the functiomomplexsolve() . This Watt (Il) sixbar linkage has four different possible
input/output ranges. Each input/output range corresptmdse of the possible geometric-inversion com-
binations of the two fourbar linkages. The input and outpuiges of the Watt (1) sixbar linkage can also
be determined by member functigetitORanges() . Its function prototype is as follows,

int CWattSixbarll::getiORanges(double in[1:][:], end[1 ACD;

wherein andend are two-dimensional arrays containing the range of motonhe input and output links
of a Watt (1) sixbar linkage. As shown in FiguieB8l14, theluhand output links refer to links 2 and 8,
respectively. Note that if the first fourbar portion is a GwaisRocker-Rocker, there will exist eight possible
input/output ranges.

Problem 3: Determine all the possible input/output ranges of the Wattsixbar defined in
Problem 1.

If the input/output ranges of a Watt (Il) sixbar is desirag;lsas in Problem 3, a Ch program like Progfain 31
can be used to find these values. After specifying the pasmmébr the sixbar linkage with memeber

functionsetLinks() , member functiometlORanges() is called to determine the input/output ranges
of the linkage. For the Watt (Il) sixbar defined in ProblemHere are four possible input/output ranges,
since there are four possible geometric inversions . Thasalmesinput andoutput are defined as
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#include <sixbar.h>

int main()
{
double r[1:8], theta[1:8], psi, beta, rp;
double input[1:4][2], output[1:4][2];
int i, j, num_range;
CWattSixbarll wattbar;

/* specifications of the first four-bar linkage */
r[1] = 0.12; r[2] = 0.04; r[3] = 0.12; r[4] = 0.07;
theta[1] = 10*M_P1/180;

/* specifications of the second four-bar linkage */
r[5] = 0.07; r[6] = 0.05; r[7] = 0.08; r[8] = 0.06;
theta[5] = -10*M_PI1/180;

/* adjoining angle */
psi = 30*M_PI/180;

/* input values */
theta[2] = 70*M_P1/180;

/* setup Watt (ll) sixbar linkage. */
wattbar.setLinks(r, theta[l], theta[5], psi);
wattbar.getlORanges(r, theta, psi, input, output);

return O;

Program 31: Program for determining the input/output rarafehe Watt (1) sixbar defined in Problem 1.

4 x 2 arrays, where the first index refers to the four possiblergigas, and the second index corresponds to
the lower and upper range limits for the input/output linker example, the input/output range for the first
geometric inversion isn[1][0] < 2 < in[1][1] andout[1][0] < Os < out[1][1]. The results of this program

is shown below.

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

5.3.6 Animation

Like the other classes for multiloop linkage analysis, €l@WattSixbarll has member function
animation() to simulate the motion of a Watt (ll) sixbar mechanism. ltsdiion prototype is the same
as those that have already been discussed, which is shoam. bel

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

Again, argumenbranchnum specifies the branch number of the Watt () sixbar linkagartnate. Pro-
gram[32 is an example program that simulates the motion oM (1) sixbar defined in previous prob-
lem statements. Snapshots of animation for the variouschesnare shown in Figufe5115. Note that for
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#include <sixbar.h>

int main() {
/* default specification of the four-bar linkage */
double r[1:8];
r[] = 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, theta5 = -10*M_PI1/180;
double psi = 30*M_P1/180;
double rp = 0.05, beta = 45*M_PI1/180;
double omega2 = 10*M_PI/180; /* rad/sec */
double alpha2 = 0; /* rad/sec*sec */
int numpoints = 50;
CWattSixbarll WattSixbar;

WattSixbar.setLinks(r, thetal, theta5, psi);
WattSixbar.setCouplerPoint(COUPLER_LINK7, rp, beta, TR ACE_ON);
WattSixbar.setNumPoints(humpoints);

WattSixbar.animation(1);

WattSixbar.animation(2);

WattSixbar.animation(3);

WattSixbar.animation(4);

Program 32: Program for animating the Watt (Il) sixbar lip&a

Prograni3P, the first argument of member functs@iCouplerPoint() indicates the position of the
coupler link, which is link 7 in this case.

5.3.7 Web-Based Analysis

Figure[5.I6 shows the main web page for web-based analystie éFatt (11) sixbar mechanism. The web
pages for analyzing and animating the Watt (I) sixbar amashin Figure{ 5117 and 5118, respectively.
Based on the Watt (ll) sixbar defined in the problem stateroémroblem 2, the result of executing the
analysis of Figur€ 517 is shown in Figdre 3.19. The outputhef Watt (Il) linkage analysis web page
contains values for the angular positions, velocities, araklerations of all the links as well as values for
the coupler point position, velocity, and acceleration.téNiinat the coupler link is assumed to be link 7,
which corresponds to the Watt (Il) sixbar figure shown on tied wage.
For the animation web page shown in Figlre 5.18, Fiflurel 3@Ws the output of running the web

page to simulate the motion of Watt (1) sixbar linkage. Thetpoit is a snapshot of animation for the first
geometric inversion of the defined mechanism.
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JANIMBLE = I P

M animate........ LI

| Hext || Prewv || All || Go | Shop L Fash 0 Blew | | Hext || Prev || All || Go | Grop 0 Fash 1 Bles |
HatEIT Sinbar

HattIT Sixbar

JANIMBLE = I P

M animate......... = E %) [

| Hext || Prewv || All || Go | Shop L Fash 0 Blew | | Hext || Prev || All || Go | Grop 0 Fash 1 Bles |
HattIT Sisbar

HattIT Sixbar

L I -

Figure 5.15: Output of Programl32.
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3 Watt {II) Sizbar Linkage Analysis - Microsoft Internet Explorer

File Edit ‘“iew Favorites Tools Help

s Back « =5 - @ . ﬁ| IaSearth [#] Favarites @Media &3 | %v =h - Jg @

Watt (II) Sixbar Linkage Analysis

e | http:fsoftintegration.com/cgi-bin/chegiftoo lkit/mechanism/sixbar/f... E]E] [X|

File  “iew GoTo Favorites  Help .f.f
- 4 et e =, = 2 3>
. I .- &) 1 1 ; .
@ Back wd \ﬂ @ :] P Search 1. Favorites Links
et I Prev | Al ‘ Go ] Si6n Fast -3t
Wattll Sixbar

Sﬁ Ready ® Unknown Zone

“Watt (1) Sbar Linkage

« Watt {(IT) Sixbar Linkage Analysis
+ Watt (IT} Sixbar Linkage Animation

|&] pone: ’_ ’_ ’_ /@ kernet

s

Figure 5.16: Main web page for the Watt (Il) sixbar.
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<A Interactive Watt Il Six-Bar Linkage Kinematic Analysis - Microsoft Internet Explorer, EIE'E'
File Edit View Favorites Tools  Help :;'

QBack > | \ﬂ \ELI _;_\J /.._\: Search ‘:1\?’ Favarites @Media @7 - \-_,’_ -

-~
3 T , ':.r‘ -3 d - - 3 - & - 3 - T 3
Interactive Watt Il Six-Bar Linkage Kinematic Analysis
Given the link lengths, thetal, theta2, thetad, omega2, alphaZ, pst, and the coupler point vector, the imnterface below allows the user to find
the possible mput and output ranges of the mecharism, along with the mstantaneous position, velocity, and acceleration of the coupler point
I
Uit Type: | Sl 4
Link lengths (m or ft):
rl: |12 r2: |4 13: |12 r4: |7
5|7 r6: |5 r7: |8 18: |6
Mode for all angles (beta thetal, theta2 theta5 psi): | Degree Mode v
Coupler Vector: 1p: |5 beta: |45
EBaze and mput angles:
thetal: |10 theta2: |70 theta5: |-10
Angular velocity and acceleration of link2:
omegal: [10 Degreesfsec ¥ | alpha2: |0 Degrees/sec*sec ¥
Included angle between links 4,5;
psi: |30
»

@I] Done 8 Internet

Figure 5.17: Web page for Watt (Il) sixbar kinematic anaysi
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<} Interactive Watt Il Six-Bar Linkage Animation - Microsoft Internet Explorer,

File Edit ‘iew Favaorites Tools Help ,’
@ Back = () \ﬂ \ELI h /.._\J Search :'/'1'\'( Favorites @ Media @} < - -,_,; o - _I
5
Interactive Watt Il Six-Bar Linkage Animation
Given the link lengths, thetal, theta2, thetad, omega2, alpha2, psi, and the coupler point vector, the interface below allows the
user to obtain ah animation of the Watt IT Sixbar linkage.
Uit Type:
Link lengths (m or ft):
rl: 012 2004 r3: 012 rd: 007
5. |0.07 16: |0.05 7 0.08 18- |0.06
Mlode for all angles (betathetal thetad psi):
Coupler Vector: 1p: |U-U5 |heta: 45 |
Base and mput angles:
thetal: |1U |tllEt€|5: |‘1 0 |
Included angle between links 4,5:
psic
MNumber of points:
Eranch Mumber:
v
@_bl Done  Internet

Figure 5.18: Web page for Watt (Il) sixbar linkage animation
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Watt Il Sixbar Linkage Analysis - Microsoft Internet Explorer

File Edit View Favorites Tools  Help

QBack L~ | \ﬂ \ELI _I\J / ! Search Favarites ﬂ\Media 6_-‘7 re . L

Watt IT Sixbar Linkage Analvsis:

Sixbar Parameters: rl = 0.120, r2 = 0.040, r3 = 0.120, r4 = 0.070,
r5 = 0.070, 6 = 0.050, 7 = 0.080, r8& = 0.060;
rp = 0.050, beta = 0.785 radians (45.00 degrees);
thetal = 0.175 radians (10.00 degrees),
thetaz = 1.222 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);:
p=si = 0.524 radians (30.00 degrees);

1zt Circuit Solutions:

theta3 = 0.459 radians (26.31 degrees),
thetad = 1.527 radians (57.48 degrees),
thetaé = 1.003 radians (57.48 degreesz),
theta? = -0.094 radians (-5.41 degrees),
thetad = 0.594 radians (51.21 degrees):
omegal = -0.020 rad/sec (-1.14 deg/sec),
omegad = 0,072 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 rad/sec*2 [(0.41 deg/sec™Z),
alphad4 = 0.012 rad/sec*Z [(0.67 degi/sec™Z),
alphat = 0.012 rad/sec*Z [(0.67 degi/sec™Z),
alpha? = 0.001 rad/sec*2 [(0.07 degi/sec™Z),
alphad = 0.010 rad/sec*2 [(0.55 degi/sec™Z):
Coupler Point: Px = 0.184, Py = 0.095,

Vpx = -0.004, Vpy = 0.002,

Apx = -0.001, Apy = 0.000

Znd Circuit ZJolutions:

theta3 = 0.459 radians (26.31 degrees),
thetad = 1.527 radians (87.48 degrees),
thetad = 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),
omegas = 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):
alpha3 = 0.007 rad/sec*2 (0.41 deg/sec”Z),
alphad4 = 0.012 rad/sec*2 (0.67 deg/sec”Z),
alphaét = 0.012 rad/sec*2 (0.67 deg/sec”Z),
alpha? = 0.009 rad/sec*2 (0.51 deg/sec”Z),
alphad = -0.000 rad/sec”Z (-0.00 deglsec*Z):
Coupler Point: Px = 0.174, Py = 0.023,

Vpx = -0.002, WVpy = 0.003,

Apx -0.000, Apy = 0.000

Figure 5.19: Output of web-based Watt (Il) sixbar kinematalysis.
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thetai

thetat
theta?
thetad

omega?
omegad
alphal
alphad
alphasd
alpha?
alphad

thetad =

owegai =
omegad =
omegas =

Jrd Circuit Zolutions:

-0.777 radians
-1.545 radians
—2.368 radians
0.800 radians
Z2.526 radians

0.019 rad/sec2
0.014 rad/sec”Z
0.014 rad/sec”Z
0.009 rad/sec*2
-0.003 rad/sec™z

.0os
104
104
064
.00z

rad/zec
rad/sec
rad/sec
rad/sec
rad/sec

[-44.52 degrees),
[(-105.70 degrees) .,
[-135.70 degrees),

[45.85 degrees),
(144,74

degrees] ;
deg/sec),
deg/sec) ,
deg/sec) ,
deg/sec) ,
deg/sec) ;
deg/sec™2),
deg/sec*z),
deg/sec*z),
deg/sec™2),

{-0.29
{-5.93
{-5.93
{-3.69
{-0.13
{1.07
{0.81
{0.81
{0.54

(-0.18 degisec™2):

5.3. WATT SIX-BAR (Il) LINKAGE

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),
theta4 = -1.845 radians (-105.70 degrees),
thetasd = -2.368 radians (-135.70 degrees),
theta? = -0.372 radians (-21.32 degrees),
thetad = -2.098 radians (-120.21 degrees):
omegal = -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),
owegad = -0.080 rad/sec (-4.56 deg/sec):;
alphai = 0.019 rad/sec*2 (1.07 degi/sec™Z),
alphad = 0.014 radfsec”2 (0.81 deg/sec™2),
alphaé = 0.014 rad/sec*2 (0.851 degi/sec™Z),
alpha? = 0.001 rad/sec*2 (0.04 deg/sec™Z),
alphad = 0.013 rad/sec™Z (0.75 deg/sec™2);
Coupler Point: Px = 0.125, Py = 0.006&,
Vpx = -0.003, Vpy = 0.003,
Apx = 0.001, Apy = -0.000
v
@I] Done # Internet
Figure 5.19: Output of web-based Watt (1) sixbar kinematialysis (Contd.).
ftintegration.co xbar /wattIl_ani.ch - Microsoft I - II:Ilzl
File “iew GoTo Favorites Help |
GBack ~ = - £ at | Qsearch [GelFavorites GfMedia £4 | By~ & b figs |Links >
Mest I Prew | All | Go | Stop | East I il |
Wattll Sixbar
|&) Ready | Unknown Zone ﬁ

Figure 5.20: Snapshot of Watt (Il) sixbar animation for latan.
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5.4 Stephenson Six-bar (I) Linkage

A Stephenson (I) mechanism composed of a fourbar linkage aestricted moving fivebar linkage is shown
in Figure[5.ZIL. The rigid-body input and output links of fbar linkage are also the moving links of the
fivebar linkage, thus the inputs and outputs of the two lidsagre related.

Figure 5.21: Stephenson (I) Sixbar Linkage

5.4.1 Position Analysis

By applying geometry, complex arithmetic and vector arig)ythe angular position&s, 8,4, 65, andfg can

be found. From vector analysis, we find that there are twoddt®p equations that will solve the system.
Each of these sets of loop equations will generate the sasweas Both sets of loop equations will be
derived in the discussion. The next step is to write and redie vector equations (5. 121)-(5.123) of the
fourbar linkage.

Fbrs — rotrs (5.121)
rie? £ rge = reet? 4 pget?s (5.122)
raelf% —ppeifs  — ettt _ o oif (5.123)

The last equation has all the unknown quantities on thehigfid side, which can now be solved using the
complexsolve  function. Two sets of values fdt; andd, are found bycomplexsolve() where the
inputs aren! = 2, n2 = 4, theta,r, 1 = rs, thetay,ry 2 = —ry, anded = z = r1e't — rye’®. The angles
0%, 04, 0, andd’ can be found by subtracting the various unknown angle$, and3” from thef’s.
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y = Ba+ (5.124)
L = (5.125)
0, = 03+ 0 (5.126)
0, = 0,—p3, (5.127)
00 = 6y+ 3y (5.128)
0! = 0, — 8! (5.129)

Now, we proceed to a second loop equation to find the valuésaridds. We have a choice of which fivebar
linkage to use in this vector equation. The two possible ggusare given in equations (5.130) ahd (5]131).
The derivations of these two different equations to solvelie angles of links 5 and 6 are very similar, so
we will proceed deriving the first one in its entirety (pomits, velocities, and accelerations) for now and
briefly go over the second later. Let’s start by translatiggagion [5.13D) into its polar forni {5.1132). After
doing this, we identify the unknown terms and isolate themrte side of the equatioh{5.133). With the two
unknowns on the left-hand side of the equation, the polaatou can be solved by th@mplexsolve
function. The inputs focomplexsolve() are:nl = 2,n2 =4, thetay,r.1 = rs, theta,r,.2 = rg, and

c3 = re® — rhet?s 4 ei%, There are two sets of values @y andé solved for each of the twé,’s
which totals four sets of values. The valuesfgfandfg, along withés andd, are solved by the member
functionangularPos()  of the Stephenson (1) sixbar clagsStevSixbarl . This function incorporates
the process mentioned above.

R (5130)
Wbrstre = xprd (5.131)

et 4 rsei®s 4 rgeife = el 4yt (5.132)
74561'05 + T,GeiGﬁ — T‘leiel _ Téei% + rﬁle”’ﬁ (5.133)

5.4.2 Velocity Analysis

The values of the angular velocities of the floating links 8 &rcan be found through equatiofs{51123) and

(&133). Taking the derivative of equatios {5123) dnd33) gives the vector velocity equatiols (5.1134)
and [513b). Note that), = wy andw); = wy.

irswse’® — irgwget® = —irgwqe'®? (5.134)

irswse'® + irgwge’® = —iréwgewé + irflw4ei9‘/1 (5.135)
To find the values fows, w4, ws, andwg, the equations must be multiplied by ani term in order
to isolate a particulaw; term. Multiplying equation[[5.134) by—%1 and e~ separately will generate
equations[(5.136) an@(5.137). These equations have ttemerpal product term eliminated from thg
andw, terms. The imaginary term can be factored out of the equation also. After factpont the:
term, the imaginary parts of equatiolis (51136) dnd (3.185separated in order to calculate the angular
velocities [5.13B) and{5.IB9). Rearranging these laseumtions will give the values af; andw, (E.140)
and [51411). Knowing these values, we can thendindndws. Again, we want to eliminate the exponential
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term to isolate the)’s, so equation{5.185) is multiplied ky s ande~*% separately to generate equations
(5.142) and[(5.143). The terms, andwg are found by isolating the imaginary parts of equatidns4g)1
and [5.14B). Since all terms in equatiohs(5]1142) &nd (}).kd@ a common imaginary term, this term can
be factored out from both sides resulting in equations witlioe: term in the product. The imaginary parts
are given in equation§ (5.144) ald (5.1145). Using thesavasequations, we can isolate and solve dgr

andwg (B.146) and[(5.147).

irgwgei(gf’_e“) —rawy = —irgwgei(ere“) (5.136)
ir3wsy — ir4w4ei(94_93) = —iTgu)gei(OQ —03) (5.137)
r3ws sin(93 — 94) = —Tow? sin(92 — 94) (5138)
rqaWg sin(94 — 93) = ToWw2 sin(92 — 93) (5139)

_7’2(.«)2 sin(94 — 92)

ws (5.140)

r3 sin(94 — 93)

rows sin(f3 — O)
= 5.141
wa T4 Sin(93 — 94) ( )

ir5w5ei(95_96) + irgwg = —iréwgei(%_eﬁ) + irflw4ei(9£1_96) (5.142)
irsws + iTﬁWGﬁi(QG_BS) = —iréwgei(% —05) 4 ir&ww“eﬁl_es) (5.143)
rswssin(fs — 0g) = —rhwosin(0h — Og) + rywssin(0) — 0g) (5.144)
rewgsin(fg — 05) = —rhwssin(0h — O5) + rywssin(0) — 05) (5.145)

o rhwasin8h — 6g) + riwssin(8 — o) (5.146)
5 = r5 sin(f5 — 6g) .

e —rhwasin(8) — 65) + riwssin(6] — 6s) (5.147)
6 re sin(fg — 65) |

The values fotus, wy, ws, andwg are solved by member functiangularVel() . Note thatws andwyg
are independent af; for this particular loop equatioh{5.1130). However, thidlwbt be the case if the
second loop equatiof (5.1131) was used instead.

5.4.3 Acceleration Analysis

The angular accelerations of the floating links are found iffgréntiating the angular velocity equations
(5133) and[[5135). Similar to the velocity equationsséhderivatives(5.148) and (5.149) are then multi-
plied by ane~*% term in order to isolate a particular; term. Note that, = ap andag, = as. Multiplying
equation [5.148) by %+ and e~ will generate equation§ (5.150) add (5.1151). The real parexqua-
tions [5.15D) and{5.1%1) are separated in order to cakctiha angular acceleratiorfls (5.1152) and (3.153).
Rearranging these last two equations will give the valuessofnd oy, (8154) and[[5.185). To find the
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angular accelerations of links 5 and 6, we multiply equdid@d bye "% ande—'% separately{{5.156) and
(GI5T). The termss; andag are then found by isolating the real parts of equati@ns_@. 86d [5.1517).
The real parts are given in equatiofs {5]158) &nd (5.159sd hast two equations are rearranged to solve
for a; and ag (BI160) and[[5.181). The values fog, a4, as, andag are solved by member function
angularAccel() . Similar to the angular velocities, note thaf andag are independent af; for this
loop equation.

(i3 — w3)r3e®® — (jay — wirse®™ = (w3 — iay)rye'® (5.148)

(ias — w)rse® + (iog — wd)ree® = —(iag — wd)rhe'® + (ig — w)rhe®s  (5.149)

rycy — mwi — irgagei(gf’_e“) + r3ws 20i03=04)  —  jpoanet(@2—04) _ wze’(g2 04) (5.150)

irqaqet@a=03) _ 7"4@026’(94 03) _ iracg + 7’3@032, = irgage’®27%) _p, u)ze’(g2 03) (5.151)
rsagsin(fs — 0y) = —roagsin(fy —0y) — rgwg cos(fs — 0y) — r3w32, cos(f3 — 6y)

+ w3 (5.152)

raagsin(fy — 03) = 7roansin(fy — 03) 4+ rowi cos(fy — 03) + rawi — rywi cos(fy — 63)(5.153)

a = —raw3 cos(fz — 04) — raaz sin(fs — bs) — r3wi cos(63 — 04) + rawi (5.154)
3 rgsin(fs — 04) |

v = T2 sin(fy — 03) + row3 cos(fa — 03) + rswd — raw? cos(fy — O3) (5.155)
4 rasin(6y — 03) |

(iT5()é5 - T5W§)ei(95_06) + irgag — 7’6(4)% = —(z’réa2 — réw%)ei(%_eﬁ)
+ (iryoy — rhw?)el(0a=0) (5.156)
irsas — rsw? + (irgag — rewd)e’ %60 = _(irhay — rhw?)e!?2=%)
+ (iray — rhwd)el0i=0) (5.157)
— r5azsin(fs — 0g) — rsw? cos(fs — 0g) — rews = rhagsin(fy — 0g) + rhws cos(y — O)
— rhagsin(0) — 6)
— rhw? cos(0) — ) (5.158)
—rswi — reag sin(fg — 05) — rwa cos(fg — 05) = rhagsin(fy — O5) + rhw? cos(y — O5)
— rhagsin(0) — 65)
— rhw? cos(6) — 05) (5.159)
o - —rhag sin(fh — 0g) — rhw3 cos(8h — Og) + rhaq sin(6) — )
> 75 sin(05 — Og)
n rhw? cos(0) — 0g) - rsw? cos(05 — ) — rewd (5.160)
r5sin(f; — 6g)
= —rhag sin(@h — 05) — rhw3 cos(0h — 05) + rhaysin(f) — 05)
6 = r¢ sin(0g — 05)
n rhw? cos(0 — 05) — rsw? — rew? cos(fs — 05) (5.161)

resin(fg — 65)
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If we had chosen equatiof {5.131) as our second loop equé#tieulerivations for the link properties of
links 5 and 6 would differ from those derived from equatibd@)) by having extra terms relating to link
3. These extra terms exist because link 3 is a moving link edeelink 1 in equatior {5.1B80) is stationary.
The velocity and acceleration terms for link 1 are equal t@zso they drop out of the derivation. Also
similar to the first loop equation, the termg and« in the second loop equation are equaltpand
aj, respectively. Equation§ (5.7162) ald (5]163) are the ipostterivations of the second loop equation,
equations[(5.164) through{5.170) are the velocity daowat and equationE(5.1171) through(51177) are the
acceleration derivations. The answers calculated by ubagecond loop equation would the same as those
calculated using equatiof(5.330).

e 4 r5e® 4 orgel® = rgei® 4 pllei% (5.162)
T’5€Z95 + 7,,66106 — T'//EZGQ + 7'36203 + ,r,//ew// (5163)

. 05 . s M 107 . 03 /i 10"/
irswse’’® + irgwge = —irywee’? +irswse’? 4 irjwye’’s (5.164)
ir5w5ei(95 —0s) 4 irgwg = —iré’wgei(%_%) =+ irgwgei(ei” —0s) 4 irf{w4ei(9g_€6) (5.165)
1rsws + irgwee” U0s—0s)  — —iré’wgei(e 05) 4 1rawse’ i03—0s) 4 irZw4ei(92_95) (5.166)
rswssin(fs — 0g) = —rhwesin(0y — 0g) + r3wssin(f3 — ) + riwysin(0) — )  (5.167)
rewgsin(fg — 05) = —rhwssin(0y — 05) + r3wssin(f3 — O5) + rjwysin(0) — 05)  (5.168)

b - —rywasin(0y — Os) + raws sin(f3 — ) + rjwasin(6y — bs) (5.169)
5 r5 sin(f5 — 6g) .

wg = —rwasin(0y — 05) + rawssin(fs — 05) + rjjwy sin(0y — 05) (5.170)
6 76 sin(fg — 05) |

(ias — wd)rse® + (iag — wrge® = —(iog — wd)rle®? + (iag — w3)r3e’®
+ (g — wd)rll e (5.171)
(irsas — r5w5) U05=06) 1 jrgog — r6w(25 = —(irfag — ré’w%) U0y =) 4 (irsas — 7’3@0%)6“63_66)
+ (irj oy — rZw2) U0 —06) (5.172)
rsos — 7“5&)% + (ir6a6 — r6w§)6i(96—95) — —(z'ré/ag Té/wg) (05 —05) + (irg()ég _ Tgwg)ei(eg—%)
+ (irf oy — rwie i(04—05) (5.173)
— ryasin(fs — 0g) — 5w cos(f5 — Og) — rews = rhaosin(fy — Og) + ryws 005(92 —0g)
— raagsin(fs — Og) — r3ws 2 cos(63 — 6g)
— riaysin(f] — 6)
— w3 cos(8)] — ) (5.174)
—r5w52, — reag sin(fg — 05) — rﬁwg cos(fg — 05) = rhagsin(0y — 05) + rhws 005(92 —05)

— raagsin(fs — 05) — r3ws 2 cos(f3 — 65)
— riaysin(f] — 65)
— w3 cos(0)] — 65) (5.175)
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—rlagsin(0) — 0g) — w3 cos(0y — 0) + rsasz sin(fs — 0g) + raw3 cos(f3 — )

as = 75 sin(05 — 6)
oy sin()] — 0g) + riwi cos(0] — ) — rsws cos(05 — ) — rewd (5.176)
r5sin(fs — 6g) .
a —ryagsin(fy — 05) — rjws cos(0y — 05) +raaz sin(fs — 05) + 3w cos(b3 — b5)
6 prm—

¢ sin(6g — 05)
oy sin(@] — 05) + riw? cos(0) — 05) — rsws — rewa cos(fg — 05)

5.177
re sin(fg — 65) ( )

Problem 1. Consider a Stephenson (I) sixbar linkage with the followpayameters:y =
12¢cm,ry = 4em,rhy = 6em,rs = 12em,ry = Tem,ry = 10em,rs = 1lem,rg = 9em,
61 = 10°, 02 = 70°, we = 10°/sec, ay = 0, B, = 15°, and3; = 30°. Determine the angular
acceleration of the various links of the sixbar.

The solution to the above problem is Progfarh 33. This progralimes classCStevSixbarl  to solve
the problem. The results are listed below. Note that thesdaitthe angular accelerations axel/sec?.

Solution Set #1:

alpha3 = 0.007, alpha4 = 0.012,
alpha5 = 0.010, alpha6é = 0.015
Solution Set #2:

alpha3 = 0.007, alpha4 = 0.012,
alpha5 = 0.014, alpha6é = 0.009
Solution Set #3:

alpha3 = 0.019, alpha4 = 0.014,
alpha5 = 0.023, alpha6 = 0.028
Solution Set #4:

alpha3 = 0.019, alpha4 = 0.014,
alpha5 = 0.025, alpha6é = 0.020

144



CHAPTER 5. MULTI-LOOP SIX-BAR LINKAGES

#include<sixbar.h>

int main()

{

double r[1:6];

5.4. STEPHENSON SIX-BAR (1) LINKAGE

double theta[1:4][1:6], omega[l1:4][1:6], alpha[l:4][1: 6];
double thetal, theta2, omega2, alpha2;

double rp2, rp4, betaP2, betaP4, rp, delta;

CStevSixbarl stevbar;

int i;

[* Specifications for
r1] = 0.12; r[2] =

the Stephenson | sixbar linkage. */
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*M_PI/180; theta2 = 70*M_PI/180;
betaP2 = 15*M_PI1/180; betaP4 = 30*M_PI/180;

rp = 0.05; delta = 30*M_PI1/180;
omega2 = 10*M_P1/180; [* rad/sec */
alpha2 = 0; /* rad/sec™2 */
for(i = 1; i <= 4; i++)
{

theta[i][1] = thetal; theta[i][2] = theta2;

omega[i][2] = omega2; alphali][2] = alpha2;
}

[* Perform analysis.

*/

stevbar.setLinks(r, rp2, rp4, betaP2, betaP4, thetal);
stevbar.angularPos(theta[1], theta[2], theta[3], theta [4D);
stevbar.angularVel(theta[1], omega[1]);

stevbar.angularVel(theta[2], omega[2]);

stevbar.angularVel(theta[3], omega[3]);

stevbar.angularVel(theta[4], omega[4]);

stevbar.angularAccel(theta[1], omega[l], alpha[1]);
stevbar.angularAccel(theta[2], omega[2], alpha[2]);
stevbar.angularAccel(theta[3], omega[3], alpha[3]);
stevbar.angularAccel(theta[4], omegal4], alpha[4]);

[* Display the results. */
for(i = 1; i <= 4; i++)

printf("Solution Set #%d:\n", i);

printf(*\talpha3
printf("\talpha5

}

return O;

Program 33

%.3f, alpha4
%.3f, alpha6

%.3f\n", alphali][3], a Iphali][4]);
%.3f\n\n", alphali][5], alphali][6]);

: Program for compulting, o, a5, andag using clasCStevSixbarl
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5.4.4 Coupler Point Position, Velocity, and Acceleration

The vector equation for the coupler point, P, in Figure bshown as equatiof (5.178). Rewriting this
equation into polar form results in equatidn (5J179). Thyisen the required link lengths arids, the
coupler point position can easily be determined. Likewimge can find the coupler point velocity and
acceleration by taking the derivatives of equatfon (3. Bf@) substituting the required values. The equations
for the coupler point velocity and acceleration are listadeguations[{5.180) an@(5.181), respectively.
Member functionscouplerPointPos() , couplerPointVel() , and couplerPointAccel()

utilizes equationd (5. 1¥9)-(5.7181) to determine the caupbint properties. Thus, one can use these member
functions to determine the coupler point position, velg@nd accelerartion instead of the derived equations.

= rht+rs+r1, (5.178)
P = rel®H5) 4 ppeifs 4 rpei(96+5) (5.179)
P = iréwgei(62+ﬁé) + irswse’® + irpw6ei(96+5) (5.180)
P = iréagei(eerﬁé) — réw%ei(eﬁﬁé) +irsase’® — r5w§ei95

+ irpagel @) — g 2ei0+0) (5.181)
As an example, consider the following problem.

Problem 2: Givenr, = 5cm andé = 30°, determine the coupler point position, velocity, and
acceleration of the Stephenson (1) sixbar shown in FigLEd.5.

The above problem can easily be solved if cleg&tevSixbarl s utilized. It contains the necessary
member functions to calculate all the coupler point prapsrtAdditionally, all the intermediate steps, such
as calculating the links’ angular positions, can be hantiedhis class. Below are the solutions for this
problem, which was calculated by Progranmh 34.

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)

5.45 Animation

Member functioranimation() of classCStevSixbarl  with function prototype

int CStevSixbarl::animation(int branchnum, ...);
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#include<sixbar.h>

int main()
{
double r[1:6];
double theta[1:4][1:6], omega[1:4][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[1:4], Ap[l:4];
CStevSixbarl stevbar;
int i

[* Specifications for the Stephenson | sixbar linkage. */
r[a] = 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*M_PI/180; theta2 = 70*M_PI1/180;

betaP2 = 15*M_PI1/180; betaP4 = 30*M_PI/180;

rp = 0.05; delta = 30*M_PI1/180;

omega2 = 10*M_P1/180; [* rad/sec */
alpha2 = 0; /* rad/sec™2 */
for(i = 1; i <= 4; i++)
{

theta[i][1] = thetal; theta[i][2] = theta2;

omega[i][2] = omega2; alphali][2] = alpha2;
}

[* Perform analysis. */

stevbar.setLinks(r, rp2, rp4, betaP2, betaP4, thetal);
stevbar.setCouplerPoint(COUPLER_LINKS, rp, delta);
stevbar.angularPos(theta[1], theta[2], theta[3], theta [4D);
stevbar.angularVel(theta[1], omega[1]);
stevbar.angularVel(theta[2], omega[2]);
stevbar.angularVel(theta[3], omega[3]);
stevbar.angularVel(theta[4], omega[4]);
stevbar.angularAccel(theta[1], omega[l], alpha[1]);
stevbar.angularAccel(theta[2], omega[2], alpha[2]);
stevbar.angularAccel(theta[3], omega[3], alpha[3]);
stevbar.angularAccel(theta[4], omegal4], alpha[4]);

Program 34: Program for computing the position, velocity] acceleration of the coupler point using class
CStevSixbarl
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[* Determine coupler point properties. */
stevbar.couplerPointPos(COUPLER_LINK®G, theta2, P);
for(i = 1; i <= 4; i++)

{

Vp[i] = stevbar.couplerPointVel(COUPLER_LINK®G, thetali ], omegali]);
Ap[i] = stevbar.couplerPointAccel(COUPLER_LINK®, theta [il, omegali],
alphali]);

}

[* Display the results. */

for(i = 1; i <= 4; i++)

{
printf("Solution Set #%d:\n", i);
printf("t P = %.3f\n", P[i]);
printf("\t Vp = %.3\n", Vp[i]);
printf("\t Ap = %.3\n", Apli]);

}

return 0;

Program 34: Program for computing the position, velocity] acceleration of the coupler point using class
CStevSixbarl  (Contd.).

can be used to simulate the motion of a Stephenson (1) sikilade. For the Stephenson () sixbar mech-
anism defined in earlier problem statements, with the couiplle being link 6, Prograni35 can be used to

simulate its motion. Snapshots of animation for the foursgale geometric inversions are shown in Fig-

ure[5.22. Note that if the fourbar portion of the sixbar ligkavas 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 (1) sixbar linkage can also biepaed through the world wide web. Figuired.23
is the main web page for analyzing the Stephenson (1) sibhgure[5.2% shows the internet web page used
for kinematic analysis of the sixbar mechanism discussdtiisnsection. FigurE 5. 25 shows the result of
using the web page of Figufe_hl24 to analyze the Stephenyaixiflar linkage defined in the problems
above.

For animating the Stephenson (1) sixbar linkage, the wele gagwn in FigurE5.26 can be used. Similar
to the other web pages for simulating the motion of linkagemaisms, this page requires of the input of
parameters to define the Stephenson (l) sixbar. The numlamimfation frames to generate as well as the
branch number may also be specified. Again, using the paeastfined in previous examples, Figure b.27
shows an instant of animation for one branch of the Stephe(issixbar mechanism.
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#include <sixbar.h>

int main() {
/* default specification of the Stevesonl linkage */
double r[1:6];
r1] = 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_P1/180; /* rad/sec */
double alpha2=0; [* rad/sec*sec */
int numpoints =50;
CStevSixbarl StevSixbar;

StevSixbar.setLinks(r, rp2, rp4, betaP2, betaP4, thetal) ;
StevSixbar.setCouplerPoint(COUPLER_LINKS®6, rp, delta, T RACE_ON);
StevSixbar.setNumPoints(numpoints);

StevSixbar.animation(1);

StevSixbar.animation(2);

StevSixbar.animation(3);

StevSixbar.animation(4);

Program 35: Program for animating the Stephenson (1) sititeaige.

5.5 Stephenson Six-bar (ll) Linkage

A Stephenson (IIl) mechanism is composed of a hormal fouibleage and a restricted moving fourbar as
shown in Figur¢’5.28. Similar to a Watt (Il) sixbar, the outfwk of the first fourbar linkagey,, becomes
the input link of the second fourbar linkage. The limited motof the fourth link results in the restrictive
motion of the second fourbar.
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Figure 5.22: Output of Programl35.
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3 Stephenson {I} Sizbar Linkage Analysis - Microsoft Internet Explorer & |EI|£|
File Edit ‘iew Favorites Tools Help |
GBack v = - (2D at | Qisearch  [ElFavorites @ivedia ¢4 | B S E BT |Links s

=
- - .
Stephenson (I) Sixbar Linkage Analysis
2 | http:fsoftintegration.com/cgi-bin/chegiftoo lkit!mechanism/sixbar/f... E]E][X|
File  Yiew GoTo Favorites Help ‘;.‘F
= = =, = » 3
@Back b J \ﬂ @ h )__,' Search ;'\T‘ Favorites Links
Mext | Presy | Al ‘ Go ] Stop Fast . Sl
Stephenson{Six-barl
@ Ready & Unknown Zone
Stephenson (I) Smbar Linkage
+ Stephenson (I} Sixbar Linkage Analysis
+ Stephenson (I} Sixbar Linkage Animation
=
|&] pone ’_ ’_ ’_ /@ kernet e

Figure 5.23: Main web page for the Stephenson (1) sixbar.
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<A Interactive Stephenson | Six-Bar, Linkage Kinematic Analysis - Microsoft Internet Explorer,

File Edit View Favorites Tools  Help

- . — n .
o 1 \ ) <> i i <) S . -
Q Back </ \ﬂ \ELI (| - Search 1. Favorites @ Media 6’-{ =

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
position, velocity, and acceleration of the links.

Tnit Type: | Sl v
Link lengths {m or )
rl: |12 12: 4 1P2: |6 13: |12
rd: |7 rP4: |10 r5: |11 16: |9
Mode for all angles (betaP2 betaP4 thetal,theta2): | Degree Mode v

Coupler Vector:
p: |5 delta: |20

Base, input and ngid body angles:
thetal: |10 theta2: |70 betaP2: |15 betaP4: |30

Angular velocity and acceleration of link2:

omegal: 10 Degrees/sec ¥ | alphal: |0 Degreesfsecsec ¥

@I] Done 8 Internet

Figure 5.24: Web page for StelpShZenson () sixbar kinematityars.




CHAPTER 5. MULTI-LOOP SIX-BAR LINKAGES

5.5. STEPHENSON SIX-BAR (lll) LINKAGE

Stevenson | Sixbar Linkage Analysis - Microsoft Internet Explorer

Figure 5.25: Output of web-based Stephenson

153

File Edit Wiew Favorites Tools Help

@Back > ) \ﬂ ﬁ _I\J 7 ! Search 1 Favorites ﬂ\Media 6‘) e .

Stevenson I Sixbar Linkage Analysis:

Sixbar Parameters: rl = 0.120, r2 = 0.040, rp2 = 0.060, r3 = 0.120,
rd = 0.070, rpd4 = 0.100, =5 = 0.110, 6 = 0.090;
thetal = 0.175 radians (10.00 degrees),
thetaz = 1.222 radians (70.00 degrees);
hetaP2 = 0.262 radians (15.00 degrees) .
hetaP4 = 0.524 radians (30.00 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 = 0.459 radians (26.31 degrees),
thetat = 1.527 radians (57.45 degrees),
thetalS = -0.206 radians (-11.82 degrees),
thetad = 0.855 radians (49.01 degrees);
omegad = -0.020 rad/sec (-1.14 deg/sec),
omegad = 0.072 rad/sec (4.51 deg/sec),
omegas = 0.052 rad/sec (2.95 deg/sec),
omegag = -0.039 rad/sec (-2.22 deg/sec):
alpha3 = 0.007 rad/sec”Z (0.41 deg/sec™2),
alphad4 = 0.012 rad/sec”Z (0.67 deg/sec™2),
alphaS = 0.010 rad/sec™2 (0.58 degi/sec™Z),
alphaé = 0.015 rad/sec™2 (0.85 deg/sec™Z):
Coupler Point: P2 = 0.122, Py = 0.086,

Vpx = -0.007, Vpy = 0.006,

Apx = -0.001, Apy = -0.001

Z2nd Circuit Solutions:

thetad = 0.459 radians (26.31 degrees),
thetad = 1.527 radians (57.48 degrees),
thetaS = 0.738 radians (42.29 degrees),
thetat = -0.324 radians (-18.54 degrees):
omegad = -0.020 rad/sec (-1.14 deg/sec),
omegad = 0.079 rad/sec (4.51 deg/sec),
omegas = -0.027 rad/sec (-1.52 deg/sec),
omegaté = 0.064 rad/sec (3.68 deg/sec):
alphai = 0.007 rad/sec™Z (0.41 deg/sec™2),
alphad4 = 0.012 rad/sec*Z [(0.67 degi/sec™Z),
alphas = 0.014 rad/sec*2 [(0.75 degi/sec™Z),
alphat = 0.009 rad/sec”Z (0.51 deg/sec™Z):
Coupler Point: Px = 0.136, Py = 0.144,

Vpx = -0.009, Vpy = 0.00Z2,

Apx = -0.002, Apy = -0.000

() sixbamkirtie analysis.
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thetasl
thetad
thetal
thetat
omegad
omegad
omegas
omegan
alphad
alphad
alphab
alphasd

thetal
thetad
thetal
thetat
omegad
omegad
omegas
omegan
alphad
alphad
alphab
alphasd

@;‘] Done

u}
u}
o.
u}
u}

o.

u}
u}
o.
u}
u}

o.

Jrd Circuit Zolutions:
-0.
-1.
-Z.
-0.
-0.
-0.
024
0585

T
545
0z3
110
oos
104

0is

014
023

0zs

Coupler Point:

4th Circuit ZJolutions:
-0.
-1.
-0.
-Z.
-0.
-0.
067
006

s
545
391
305
oos
104

0is

014
.0z25

nzo

Coupler Point:

radians (-44.5Z degrees),
radians (-105.70 degrees),
radians (-115.92 degrees),
radians (-6.28 degrees);
rad/sec (-0.29 deg/sec),
rad/sec (-5.93 deg/sec),
rad/sec (1.36 deg/sec),
rad/sec (4.90 deg/=ec):
rad/sec*z (1.07 degi/sec*2),
rad/sec*Z (0.51 degi/sec*2),
rad/sec*Z (1.31 degi/sec™2),
rad/sec*Z (1.62 degi/sec™Z):
Px = 0.003, Py = -0.013,
Vpx = -0.010, Vpy = 0.004,
Apx = 0.001, Apy = -0.002
radians (-44.5Z degrees),
radians (-105.70 degrees),
radians (-2Z.43 degrees),
radians (-132.06 degrees);:
rad/sec (-0.29 deg/sec),
rad/sec (-5.93 deg/sec),
rad/sec (3.85 degi=ec),
rad/sec (0.32 deg/=ec):
rad/sec*z (1.07 degi/sec*2),
rad/sec*Z (0.51 degi/sec*2),
rad/sec*Z (1.44 deg/sec*2),
rad/sec*z (1.13 degi/sec*Z):
Px = 0.096, Py = -0.031,
Vpx = -0.007, WVpy = 0.008,
Apx = 0.001, Apy = 0.001

5.5. STEPHENSON SIX-BAR (lll) LINKAGE

Q Internet

Figure 5.25: Output of web-based Stephenson (1) sixbamkatie analysis (Contd).

[
]
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Figure 5.28: Stephéhdon (IIl) Sixbar Linkage
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&) Interactive Stephenson I Six-Bar, Linkage Animation - Microsoft Internet Explorer E”E'E'
File Edit iew Favorites Tools  Help ,'
@ Back - > |£| \ELI _;\J /.._\J Search {'\'/ Favorites @ Media {‘3 < ~ :;_ E - _J

-
s_ —| - L . - . - B -
Interactive Stephenson I Six-Bar Linkage Animation
Ha2 8
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 13: |12
& |7 rP4: |1U |1'5: " 16: |9
Mode for all angles (betaP2 betaP4 thetal delta)
Basze, input and rigid body angles:
thetal: |10 |betaP2: |15 | betaP4:
Coupler point values:
p: |5 |[le-ltﬂ: 20 |
Nutnber of points:
Eranch Mumber:
w
@ Done =  Internet
= W pw j

Figure 5.26: Web page for Stephenson (I) sixbar linkage atim.
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& http://softintegration.com/cgi-bin /chogi/toolkit /mechanism/sixbar/stevel_ani.ch - Microsoft =181 =]
File Wiew GoTo Favorites Help |
GBack ~ = - £ at | Qsearch [GelFavorites GfMedia £4 | By & v R |Links »

MNext I Prew | All | Gao | Stop | Fast I Sl |

Stephenson/Six-barl

| &) Ready ’_ l_ l_ | Unknown Zone v

Figure 5.27: Snapshot of a Stephenson (1) sixbar animation.

5.5.1 Position Analysis

In order to determine the angular positiaf,(64, 0g, and ;) of the various links of a Stephenson (Il1)
sixbar, two loop closure equatiorls {5.182 &nd 5.183) ardetkeSince the analysis of the fourbar linkage
has previously been described, consider that angularigusits and6d, are known values so that only the
second loop equation need to be analyzed to find a soluticfy fand6-.

r +ry, = ro-+r3 (5182)
ro+rh+rs = r;+r5+7r7] (5.183)

By rewriting and isolating the unknown values, equatibd&d) becomes equatioh {5.185). In this
form, the solutions fofs andé; can be determined by functiaromplexsolve() . Note that there are
four possible solutions to the assembled linkage, two géaeriaversions for each fourbar linkage. Also,
the angular positions of this sixbar linkage can be detezthiny member functiomngularPos() of
classCStevSixbarlll

roe®? 4 phet0stPs) 4 peeis  — g eift 4 poeifs | g eifr (5.184)

06 07

— 7% = e

Tﬁei _ T2ei92 _ Téei(€3+ﬁ3) -+ T56i95 (5185)

5.5.2 \Velocity Analysis

The initial step of velocity analysis of the Stephenson) @lkbar linkage is to differentiate equatidn {5.185)
to determinevg as well asu; (assume thats andw, are known values). With the unknown terms already
on the left-hand side, equatidn{5.187) is multipliedeby?s ande=%7 so that equation§{5.188) afd (5.1.89)
can be used to solve farg andwy, respectively. The solutions for these values are showowb@@.192)
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and [5.I9B). Calculating the angular velocities, w,, wg, andw; can also be done with member function
angularVel()

irgwee'® — irqwre®” = —irquqet® — iréwgei(93+ﬁ3) (5.186)
rewre? — rowre? = —rowqe™® — réwgei(gf’+5f’) (5.187)
rewee’ %6707 _por = —pouge(@2=07) _ rhwse’ i(03+063—07) (5.188)
rewg — rrwre’ U0r=b6) —  _pounetfa—0s) _ rhws ¢(03+03—06) (5.189)
rewgsin(fg — 07) = —rowssin(fe — 07) — riws sin(f3 + B3 — 67) (5.190)
—rrwrsin(f7 — ) = —rowssin(fe — Og) — riws sin(fs + B3 — b) (5.191)
we = 22 sin(fz — 67) + raws sin(fs + B3 — 67) (5.192)

T6 Sin(eﬁ — 97)

rows sin(fa — Og) + rhws sin(fs + B3 — Og)
= 5.193
w r7sin(f7 — 6g) ( )

5.5.3 Acceleration Analysis

Acceleration analysis of the Stephenson (lll) sixbar carsingplified by assuming that; and o4 have
already been solved by evaluating the second derivativedditst loop closure equation. Thus, angular
accelerationseg andaz, can be determined by considering the second derivativieeasécond loop closure
equation [5.183). Afer some rearrangement to place the nkoawn terms on the left-hand side, this
becomes equatiofl (5.1194). Multiplying equatibn (51194 b{fs ande—%7 and then only considering the
real part of equationg(5.1P9) arid (5.P00) will allow for thelation ofag anday, respectively. With the
two desired angular acceleration values isolated, solsitt@n be found for these two values using equations

G&201) and[[5.202).
260 2 ifa -/ i(@g—l—,@g)

irgage’® — irrare? = —irgane'® + rowse"’? — irzage
+ rhuw3e03H88) | e 26106 _ 26107 (5.194)
i(06—07+7/2)

i(02—07+7/2) 2 i(@g —67)

+ rows
i(03+03—07+m/2) —I-T‘/ 2,i(03+B3—07)

i(0e—07) _ 7“7w7 (5.195)
i(02—06)

— rhagel o2 0atBs—0c+m/2)
+ rewg — r7w26’(97 ) (5.196)

T60GE —rra7e ™D = _pjage
- réage
+ 76 w e

2(97 96+7T/2) —

reage’™? — rraze = —roqgel2=06tm/2)

—+ roage
03+03—0s+7/2)

reag cos(fg — 07 +m/2) = —roagcos(fy — b7 +7/2) + Tgw% cos(fy — 67)
— rhag cos(Bs + B3 — O7 + 7/2) + rhw? cos(f3 + B3 — 07)
+ rﬁwg cos(fg — 67) — mw% (5.197)
—rqapcos(fy — O +7/2) = —ryagcos(y — O 4 7/2) + rows cos(By — )
— rhaz cos(f3 + B3 — O + m/2) + 15w cos(03 + B3 — b)
+ r6wi — rrw? cos(f7 — Og) (5.198)

—rgagsin(fg — 07) = roagcos(fy — 07) + rgwg cos(fy — O7) + rhasz sin(f3 + B3 — 67)
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(rde%4 sin(97 — 96)

a6

ar
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+ rhw3 cos(0s + B3 — O7) + rewi cos(fg — O7) — rrw? (5.199)
ooy sin(fy — ) + rows cos(fa — Bg) + Tz sin(fs + B3 — )
+ Téw% cos(fs + B3 — 0g) + r6w§ — r7w$ cos(07 — 6g) (5.200)

T sin(fy — 67) + rgw% cos(0a — 07) + rhazsin(fs + B3 — 07)
r¢ sin(fg — 67)

—rhw? cos(03 + B3 — 07) + rew? cos(f — O7) — r7w?

T6 sin(96 - 97) (5201)

rocg sin(fy — 0g) + rgw% cos(a — ) + rhas sin(fs + B3 — )
r7sin(07 — 6g)

N riw3 cos(03 + B3 — 06) + rewg — 7w cos(fr — bs) (5.202)
r7sin(f7 — 0g) .

Similar to the position and velocity analysis, member fiocangularAccel() can be used to solve
for 65, 64, 66, ando;.

Problem 1: The Stephenson (ll1) sixbar shown in Figlire $.28 has parumset = 9cm, ro =
dem,rg = 10em, vy = 3em,ry = 6em, r5 = 8cm,rg = 9em, 17 = 12em, 61 = 0, 2 = 25°,
we = 10°/sec, as = 0, 05 = 15°, and 33 = 20°. Compute the angular acceleration of links
3,4,6,and 7.

Althoughas, a4, as, anday can be calculated with the equations previously deriveglptiocess is tedious
and undesirable since intermediate terms, such as angositiops and velocities, must also be calcu-

lated. That is why clas€StevSixbarlll is available to simply this task. Progrdml 36 utilizes class
CStevSixbarlll to calculate the angular acceleration values of the Steguimetill) sixbar linkage, and
the solutions are listed below.

Solution #1:

alpha3 = 0.027 rad/s™2, alpha4 = 0.047 rad/s"2,

alpha6é = -0.017 rad/s"2, alpha7 = 0.006 rad/s"2

Solution #2:

alpha3 = 0.027 rad/s™2, alpha4 = 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,

alpha6é = -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,

alpha6é = 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[1:4][1:7], omega[l:4][1:7], alpha[l:4][1:
double thetal = 0, theta5 = M_DEG2RAD(15), theta2 = M_DEG2RA
double omega2 = M_DEG2RAD(10), alpha2 = 0;

CStevSixbarlll stevlll;
int i;

I* Define Stephenson (lll) Sixbar linkage. */
rf1] = 0.09; r[2] = 0.04,
r3] = 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; i <= 4; i++)
{
theta[i][1] = thetal,;
theta[i][2] = theta2;
theta[i][5] = theta5;

omega[i][2] = omegaz;

}

[* Perform analysis. */

stevlll.setLinks(r, rP3, beta3, thetal, thetab);
stevlll.angularPos(theta[1], theta[2], theta[3], theta
stevlll.angularVel(theta[1], omega[1]);
stevlll.angularVel(theta[2], omega[2]);
stevlll.angularVel(theta[3], omega[3]);
stevlll.angularVel(theta[4], omega[4]);
stevlll.angularAccel(theta[1], omega[l], alpha[l]);
stevlll.angularAccel(theta[2], omega[2], alpha[2]);
stevlll.angularAccel(theta[3], omega[3], alpha[3]);
stevlll.angularAccel(theta[4], omegal[4], alpha[4]);

/* Display results. */
for(i = 1; i <= 4; i++)

5.5. STEPHENSON SIX-BAR (lll) LINKAGE

7],
D(25);

[4D;

%.3f rad/s™2\n",

{
printf("Solution #%d:\n", i);
printf("\t alpha3 = %.3f rad/s"2, alpha4 = %.3f rad/s"2,\n" ,
alphali][3], alphali][4]);
printf("\t alpha6 = %.3f rad/s"2, alpha7 =
alphali][6], alphali][7]);
}
return O;

Program 36: Program for computing, a4, ag, anda; using classCStevSixbarlll
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5.5.4 Coupler Point Position, Velocity, and Acceleration

Coupler point analysis begin by writing the vector equatidrcoupler point, P, and then converting it to
polar form [5220K). This is the equation for the coupler pgiosition. The velocity and acceleration of
the coupler point can be determined by taking the derivatofeequation[(5.204). Thus, equatiofs(51205)
and [5.20b) are equations for the coupler point velocity acceleration, respectively. The coupler point

position can be calculated by member functioouplerPointPos() of classCStevSixbarlll
Similarly, this class also have member functions to deteenthe coupler point velocity and acceleration
(couplerPointVel() andcouplerPointAccel() , respectively).
P = ry+r5+r, (5.203)
P = el 4 rle i(03+03) +r, 1 06+0) (5.204)
Vv, = iT2w2€i92 + irhwse’ U0s+Ps) 4 irpei(66+5) (5.205)
A, = irgae™? — row2e™®? 4 irhage’ 03t _ pl 20105 45%)
+ irpop e 0s+08) _ Tp wze’(06+5) (5.206)

The member functions that handles coupler point analysss Stephenson (lll) sixbar linkage are uti-
lized to solve the following problem.

Problem 2: The Stephenson (ll1) sixbar shown in Figlire $.28 has parumset = 9cm, ro =
4dem,rg = 10em, vy = 3em,ry = 6em, r5 = 8cm,rg = 9em, 17 = 12em, 6 = 0, 2 = 25°,
wy = 10°/sec, ap = 0, 05 = 15°, and 33 = 20°. The coupler point parameters ate= 5cm
andg = 30°. Compute the coupler point position, velocity, and aceien.

The Ch code that solves this problem is labeled as Programng7its 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

TheCStevSixbarlll class contains member functianimation()  for the purpose of simulating the
motion of the Stephenson (l1l) sixbar linkage. The functwototype foranimation() is as follows.

int CStevSixbarlll::animation(int branchnum, ...);
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#include<stdio.h>
#include<sixbar.h>

int main()

{

double
double
double
double
double omega2 = M_DEG2RAD(10), alpha2 = 0
double complex P[1:4], Vp[1:4], Ap[l:4];
CStevSixbarlll stevlll;

int i

r[1:7], rP3, beta3;
rp, beta;

[* Define Stephenson (lll) Sixbar linkage. */
1] = 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;
rp = 0.05;
for(i = 1;
{

beta3 = M_DEG2RAD(20);
beta = M_DEG2RAD(30);
i <= 4; i++)

thetali][1]
theta[i][2] = theta2;
theta[i][5] = theta5;
omega[i][2] = omegaz;

thetal;

}

[* Perform analysis. */
stevlll.setLinks(r, rP3, beta3, thetal, thetab);
stevlll.setCouplerPoint(rp, beta);
stevlll.angularPos(theta[1], theta[2], theta[3], theta
stevlll.angularVel(theta[1], omega[1]);
stevlll.angularVel(theta[2], omega[2]);
stevlll.angularVel(theta[3], omega[3]);
stevlll.angularVel(theta[4], omega[4]);
stevlll.angularAccel(theta[1], omega[l],
stevlll.angularAccel(theta[2], omegal2],
stevlll.angularAccel(theta[3], omega[3],
stevlll.angularAccel(theta[4], omegal[4],

alpha[1]);
alpha[2]);
alphal[3));
alphal4));

[* Determine coupler point properties. */
stevlll.couplerPointPos(theta2, P);
for(i = 1; i <= 4; i++)
{
Vpli] =
Ap[i] =

theta[1:4][1:7], omega[1:4][1:7], alpha[1:4][1:
thetal = 0, thetab5 = M_DEG2RAD(15), theta2 = M_DEG2RA

stevlll.couplerPointVel(theta[i], omegali]);
stevlll.couplerPointAccel(theta[i], omega[i], a

5.5. STEPHENSON SIX-BAR (lll) LINKAGE

71;
D(25);

[4D;

Iphali]);

Program 37: Program for calculating the coupler point pasjtvelocity, and acceleration.

161



CHAPTER 5. MULTI-LOOP SIX-BAR LINKAGES
5.5. STEPHENSON SIX-BAR (lll) LINKAGE

[* Display results. */

for(i = 1; i <= 4; i++)

{
printf("Solution #%d:\n", i);
printf("t P = %.3f\n", PIi]);
printf("\t Vp = %.3\n", Vpli]);
printf("\t Ap = %.3\n", Apli]);

}

return 0;

Program 37: Program for calculating the coupler point parsitvelocity, and acceleration (Contd.).

The first argumenthyranchnum , corresponds to the branch number of the Stephenson {basiinkage.
That is, the value dbranchnum specifies which geometric inversion to animate. Similahtanimation
functions of the other classes for mechanism analysistiaddl arguments may be inputted into member
function animation() to store the generated animation data into a file for later Ese example, Pro-
gram[38 can be used to simulate the motion of the StephendpgiXbar linkage that has been defined in
previous examples. Figuke5]29 contains snapshots of thepfissible geometric inversions for this sixbar
linkage. Note that the number of frames of animation is sfgetby member functiosetNumPoints()

in Prograni-3B.

5.5.6 Web-Based Analysis

Analysis of the Stephenson (lll) sixbar linkage can also edgomed interactively on the internet. Fig-
ure[5.3D shows the main web page for web-based analysis eixb& mechanism. Figute 5131 is the web
page used for calculating the unknown instantaneous angositions, velocities, and accelerations of the
Stephenson (l11) sixbar linkages. Also, if a coupler iselied to the mechanism, this web page can calculate
the coupler point position, velocity, and acceleration alf.\irhe user only needs to specify the link lengths,
anglesfy, 65, and 33, and angular position, velocity, and acceleration of thmutrink, link 2. Using the
specifications of the Stephenson (lll) sixbar linkage defimethe above problem statements, the result of
using the web-based kinematic analysis is shown in Figtf#. Note that for the purpose of this example,
the coupler vector was definedgs= 5cm andg = 30°.

For web-based animation of the Stephenson (lll) sixbaralygs Figuré 5.33 can be used. Similar to
animating the sixbar mechanism with clasStevSixbarlll in the previous section, the parameters of
the sixbar needs to be specified along with the number of diim&ames to generate. Furthermore, the
specific branch number of the Stephenson (Ill) sixbar mag bés indicated prior to execution. Again,
using the parameters of the linkage that has already beamedefk snapshot of the animation for the first
geometric inversion is shown in Figure 5.34.
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#include<stdio.h>
#include<sixbar.h>

#define NUMPOINTS 50

int main()

{

double r[1:7];
double rP3, beta3,
rp, beta;
double thetal = 0, theta5 = M_DEG2RAD(15);
CStevSixbarlll stevlll;
int i

[* Define Stephenson (lll) Sixbar linkage. */

rf1] = 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);
rp = 0.05; beta = M_DEG2RAD(30);

[* Perform analysis. */

stevlll.setLinks(r, rP3, beta3, thetal, thetab);
stevlll.setCouplerPoint(rp, beta, TRACE_ON);
stevlll.setNumPoints(NUMPOINTS);
stevlll.animation(1);

stevlll.animation(2);

stevlll.animation(3);

stevlll.animation(4);

return O;

5.5. STEPHENSON SIX-BAR (lll) LINKAGE

Program 38: Program for animating the Stephenson (lll)asixibkage.
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(hed 9animate 7 =Nk A hd ganimate

| Hext || Prev || All || Go |§ Sroe (1 Fast |1 Blew | | Hext || Prev || A1l || Go |§ Grop 0 Fash 1 Blew

Stephenson {IIT} Sixbar Stephenzon {(ITI} Sixbar

(hd ganimate 7 = [ ganimate
| Hext || Prev || All || Go |§ Stop (1 Fast |1 Blew | | Hext || Prev || A1l || Gio |§ Stap 1 Fagn |1 Slow
Stephenson {III) Sixbar Stephenson (III} Sixbar

= - -

Figure 5.29: Output of Programl3s.
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3 Stephenson {III}) Sikbar Linkage Analysis - Microsoft Internet Explorer = |D|ﬂ
File Edit View Favorites Tools Help |
EBack « = - '9 o | @hsearch [ Favorites @Media 8 | By S - = (B |Links L

=
- - -
Stephenson (IIT) Sixbar Linkage Analysis
e | http:/isoftintegration.com/cgi-binfchecgiftoolkit/mechanism/sixbar/... EE][X|
File  Yiew GoTo Favorites Help ‘;.‘F
=L e =, - » 3
@Back ¥ J \ﬂ @ h )__,- Search ;'\T‘ Farvorites Liriks
Mext I Presy | Al ‘ Go ] Stop Fast . Sl
Stephenson [lll] Sixbar
@] Ready & Unknown Zone
Stephenson (1) Swbar Linkage
s Stephenson (I0T) Sixbhar Linkage Analysis
+ Stephenson (ITI) Sixbar Linkage Animation
Poversd 0
<)
i€ | || | mtemer 7

Figure 5.30: Main web page for the Stephenson (ll1) sixbaddpe.

165



CHAPTER 5. MULTI-LOOP SIX-BAR LINKAGES

5.5. STEPHENSON SIX-BAR (lll) LINKAGE

2} Interactive Stephenson Ill Six-Bar Linkage Kinematic Analysis - Microsoft Internet Explorer

File Edit View Favorites  Tools  Help =
@ Back ~ [ ) \ﬂ @ :_'_\J /‘-_ ) Zearch ‘-T::J Favorites @ Media &3 [ - _,;- & - i
2
Interactive Stephenson III Six-Bar Linkage Kinematic
Analysis
P g
' e
B: =)
- I"D 95
~ f
¥ B &
B2 3 g
@3 "3 "
’ T
P
4
.
N e o
e, - A
N X
= 1 r‘
1
1 P
e, ey %
Grven the link lengths, thetal, theta2, theta5, beta3, omega2, alpha2, the nterface below allows the user to find the mstantanecus position,
velocity, and acceleration of the links.
Usit 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 |
Mlode for all angles (thetal, thetad, beta3, beta):
Coupler Vector:
P |5 |heta: o |
EBaze, mput and ngid body angles:
thetal: |1U |thetal: |?U |theta$: |15 |heta3:
Angular velocity and acceleration of linke2:
omegal: |1D ||Degreesfsec + | alpha2: |D ||Degreesfsec“‘sec v|
v

@j Done 8 Internet

Figure 5.31: Web page for Stephenson (lll) sixbar kinemeatialysis.
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Stevenson |l 5ixbar Linkage Analysis - Microsoft Internet Explorer.

5.5. STEPHENSON SIX-BAR (lll) LINKAGE

Stevenson IT1 Sixbar Linkage Analys

Znd Circuit Zolutions:

theta3 = 0.251 radians (14.37 degrees),
theta4 = 0.769 radians (44.05 degrees),
thetas = -1.423 radians (-81.51 degrees),
theta? = -2.457 radians (-140.78 degrees):
omegal = -0.046 rad/sec [(-2.64 deg/sec),
omegad = 0.043 rad/sec (2.45 deg/sec),
omegat = -0.056 rad/sec (-3.18 deg/sec),
omega? = -0.055 rad/sec (-3.15 deg/sec):;
alphai = 0.027 rad/sec*Z (1.55 deg/sec*Z),
alphad = 0.047 rad/sec*2 (2.72 degfsec*Z),
alphat = 0.018 rad/sec™Z (1.03 deg/sec™Z),
alpha? = -0.004 rad/sec™Z (-0.25 deg/sec*Z):
Coupler Point: Px = 0.087, Py = -0.009,
Vpx = -0.004, Vpy = 0.003,
Apx = -0.001, Apy = 0.001

File Edit Wiew Favorites Tools  Help :f
Q Back ~ () \ﬂ ﬁ _I\J /7 | Search Favarites q‘ Media {" g L
A

Sixbar Parameters: rl = 0.0%0, r2 = 0.040, r3 = 0.100, rP3 = 0.030,
r4 = 0.060, 5 = 0.080, r6 = 0.090, r7? = 0.120;
thetal = 0.000 radians (0.00 degrees),
thetaz = 0.436 radians (25.00 degrees);
thetal = 0.262 radians (15.00 degrees);
heta3 = 0.349 radians (20.00 degrees):
omegsZ = 0.175 rad/sec (10.00 deg/sec);
alphaz = 0.000 rad/sec™Z (0.00 deg/sec™Z):

1zt Circuit Solutions:

theta3 = 0.251 radians (14.37 degrees),
thetad = 0.769 radians (44.05 degrees),
thetaé = 1.177 radians (67.41 degrees),
theta? = 2.211 radians (126.69 degrees);
omegal = -0.046 rad/sec (-2.64 deg/sec),
omegad = 0.043 rad/sec (2.48 deg/sec),
omegaté = -0.055 rad/sec (-3.12 deg/sec),
omega? = -0.055 rad/sec (-3.16 deg/sec):
alphai = 0.027 rad/sec*Z [(1.55 deg/sec*Z),
alphad4 = 0.047 rad/sec*2 (2.72 deg/sec*2),
alphaé = =0.017 rad/sec”z (-0.95 deg/sec*z),
alpha? = 0.006 rad/sec*Z (0.33 deg/sec™Z);
Coupler Point: Px = 0.067, Py = 0.084,

Vpx = 0.001, Vpy = 0.006,

Apx = -0.001, Apy = 0.000

Figure 5.32: Output of web-based Stephenson (ll) sixbaeriatic analysis.
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Jrd Circuit Zolutions:
theta3 = -0.560 radians (-49.25 degrees),
thetad = -1.378 radians (-75.97 degrees),
thetas = 1.479 radians (54.76 degrees),
theta? = 2.507 radians (143.64 degrees);

omegal = -0.137 rad/sec (-7.54 deg/sec),
omwegad = -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 deg/sec*2),

alpha? = 0.012 rad/sec*2 (0.70 degi/sec™Z):
Coupler Point: Px = 0.051, Py = 0.051,

Vpx = -0.003, Vpy = 0.004,
Apx = -0.001, Aipy = -0.001
4th Circuit ZJolutions:

theta3 = -0.560 radians (-49.25 degrees),
thetad = -1.378 radians (-75.97 degrees),
thetad = -1.130 radians (-64.77 degrees),
theta? = -2.1558 radians (-123.65 degrees):
omegal = -0.137 rad/sec (-7.54 deg/sec),
omegad = -0.226 rad/sec (-12.96 deg/sec),
omegag = -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*Zz (-4.25 deg/sec*Z),

alphaé = 0.026 rad/sec*2 (1.52 degi/sec™Z),
alpha? = 0.001 rad/sec*Z (0.03 deg/sec™Z):

Coupler Point: Px = 0.095, Py = -0.033,
Vpx = -0.00&, Vpy = 0.00Z2,
Apx = -0.001, Apy = 0.000
~
&] Done 8 Internet

Figure 5.32: Output of web-based Stephenson (111) sixbaerkiatic analysis (Contd.).
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3 Interactive Stephenson Il Six-Bar Linkage Animation - Microsoft Internet Explorer [:J@lg
Fil: Edit ‘iew Favorites Tools  Help -
@ Back ~ () \ﬂ @ :_;\J /'._.' Search ‘::/ Favorites @ Media Q’\ 6 3. _,‘, B - _!

anl
- - - - -
Interactive Stephenson III Six-Bar Linkage Animation
Given the link lengths, thetal, thetad, and beta3, the mterface below allows the user to obtatn an animation of the Stephenson IIT
Spbar linkage.
Uit Type:
Link lengths (mn or ft):
11:(003  [p2:004 |3 (000 [yp3c 003 |
w006 15008 [ye:[008 [pm iz |
Mode for all angles (thetal, theta5, beta3, beta):
Coupler Vector:
1 |D-D5 |heta: ig |
Basze, mput and rigid body angles:
thetal: |U |tllEt€|5: |15 |heta3:
Mumber of peints:
Eranch Mumber:
=]
v
@ Done  Internet

Figure 5.33: Web page for Stephenson (lll) sixbar linkagenation.
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3 http://softintegration.com//cgi-bin/chcgi/toolkit /mechanism/sixbar /stevelll_ani.ch - Microsoft Internet Ex| - II:Ilzl

File Wiew GoTo Favorites Help |

&Back ~ = - B} Zat | iQisearch [lFavorites GfMedia £ | By~ & - R |Links £

Mest I Frew | All | Go | Stop | Fast I il |

Stephenson [lll] Sixbar

|&) Ready ’_ l_ l_ | Unknown Zone ﬁ

Figure 5.34: Snapshot of a Stephenson (1) sixbar animatio
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Chapter 6

Cam Design

6.1 Introduction to Cam Design

Cams are some of the most commonly used mechanisms in algongaid assembly systems. A cam
mechanism, consisting of a cam lobe and a follower, typicaiinsforms rotational motion to oscillatory
motion, translational motion, or a combination of both. Csynthesis is the process of designing a cam
which moves a follower in the desired manner.

Header filecam.hcontains functions for design of a cam/follower system. ift@enber functions of the
cam class allow for selection of cam and follower parametedC manufacturing parameters, and output
options. The cam class can be used directly or accessedythtbecam program using command line
arguments or through a web browser.

All of the parameters used in Ch programs and web interfaserited in this chapter, for both the
translating and oscillating follower cams, are outlinetbiae Figured 6.1l —£ 64 illustrate these parameters.

e '-— R = Cam Base Radius
] e = Follower Offset

[31: Section Duration 1
| [322 Section Duration 2
[33= 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
[33= Section Duration 3

A Follower
Position

Reference
Radial

Figure 6.2: Translating roller follower parameters

f = Follower Offset
m = Distance Between
Reference Cam and Follower

Radial R = Base Radius
{ = Follower Position

Bf Section Duration 1
B,= Section Duration 2
[33= Section Duration 3

m

Figure 6.3: Oscillating flat-faced follower parameters
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m = Distance Between
Cam and Follower

A = Arm Length

r = Roller Radius

R = Base Radius
{ = Follower Position

[3 = Section Duration 1
B~ Section Duration 2
B3= Section Duration 3

Reference
Radial

m

Figure 6.4: Oscillating roller follower parameters

e The following cam parameters are common to both the transldhg and oscillating follower
types.

Base Radius The base radius is the initial radius of the cam. The cam praibuilt 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 béhmonic or cycloidal.
For sections with a Lift or Oscillation Angle of zero, the 8en is circular and this parameter
has no effect.

e The translating follower specific parameters are listed bew.

Follower Offset The distance between the cam center and the follower lineotibm Positive to the
right for flat followers and positive to the left for roller lfowers.

Roller Radius For roller followers, the radius of the roller.

Lift Lift specifies the change in the follower output for the sacti This is specified as a positive
number if the follower is to move away from the cam, or as a triegaumber if the cam is to
move towards the cam. A lift of zero is entered if the followl@placement is to remain constant
for the duration of the cam section. For the last section efddéim, the duration and change in
lift will be chosen automatically to form a continuous caroffle.

e The oscillating follower parameters are listed below.

Follower Offset For a flat-face follower, the follower offset is the distarfoam the follower face to
the follower pivot point.

Distance Between the Cam and FollowerThe 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 theoppoint and the
roller center.

Roller Radius For roller followers, the radius of the roller.

Oscillation Angle Oscillation angle specifies the change in the follower outputhe section. This
is specified as a positive number if the follower is to moveyafram the cam, or as a negative
number if the cam is to move towards the cam. A oscillationlewnd zero is entered if the
follower displacement is to remain constant for the duratd the cam section. For the last
section of the cam, the duration and change in oscillatiajteawill be chosen automatically to
form a continuous cam profile.

e Parameters for generation of CNC code are listed below.

Cutter Radius As shown in Figur&®gl5, the cutter radius is the radius of thaihused by the CNC

machine (in).
Cutter Length As shown in Figur€®l5, the cutter length is the length of thiebit used by the CNC
machine (in).

Cam Thickness This parameter is the thickness of the material used to raatwre the cam, and,
for CNC code generation, is also used as the depth to whictetimes cut (in).

Feedrate Feedrate is the rate at which the workpiece is moved duringhmang (in/min).
Spindle SpeedThe 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 pos
tion does not coincide with the desired location of the camtare As shown in Figure_8.6, the
home position offset is measured from the old home positothé new home position. It is
important that these parameters be chosen properly, get@election can cause damage to the
tools and CNC machine.

R = Cutter Radius
L = Cutter Length

}
L
'
Figure 6.5: Cutter dimensions
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Z A New Home Position

Offset = (X, Y, 2)

Old Home Position

. s

- X —> X

Figure 6.6: Home position offset

6.2 Cam Design with Class CCam

As with the classes for analyzing and designing linkage raeisims, clas€Cam can be used to aid in the
design of cam/follower systems. After specifying the pagters for the cam mechanism, various member
functions can be called to plot or obtain data for the cam lgrofollower position, follower velocity, fol-
lower acceleration, and transmission angle. FurthernfoNC code can be produced to manufacture the
desired cam. Animation of the cam/follower system may aksgdnerated with classCam.

The base radius and angular velocity of the cam can be sgebifimember functiolmaseRadiug) and
angularVel(), respectively. Their function prototypes are as follows

void CCam::baseRadius(double base_radius);
void CCam::angularVel(double omega);

Member functiorfollowerType() is used to indicate the follower type and specify the patanis) associ-
ated with the given type. The follower may be a flat-face olerdiype and translating or oscillating. The
function prototype for member functidollowerType() is shown below.

int CCam::followerType(int follower_type, ...
/* [double €],
[double e, double rf],
[double m, double f],
[double m, double A, double rf] */);

Argumentfollower _type may be eitheCAM _FOLLOWER _TRANS_FLAT ,

CAM _FOLLOWER _-TRANS_ROLL ,CAM FOLLOWER _OSC_FLAT, or

CAM _FOLLOWER _OSC_ROLL for a translating flat-face follower, translating rolletléwver, oscillating
flat-face follower, and oscillating roller follower, resgiely. For a translating follower, parameispec-
ifies the distance from the cam center to the line of followetion. If the translating follower is a roller
type, then parametef is used to indicate its radius as well. For an oscillatingféiae follower, parameter
mspecifies the distance between the cam center and the follgwe point, whereas parametéris the
value of the follower face offset measured from the followarot point. If the follower is an oscillating
roller type, then parameterg A, andrf needs to be indicated, whetds the length of the arm connecting
the pivot point and roller center.
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Another member function of clag8Cam is addSectior(), which is called to add a cam section to a
previously declared instance of the cam class. It is prpedyas follows.

int CCam::addSection(double duration, double displaceme nt,
int motion_type);

Argumentduration is the angular duration of the cam section in degrees,dislacement s the
change in position of the cam follower. A positive value tades that the added section is away from the cam
center, whereas a negative value means that it is towardetier. Thelisplacement value is measured
in inches for translating followers and degrees for odiiltafollowers. The last argumentjotion _type ,
is used to describe the shape of the displacement profilénéocam section. The value ofotion _type
may be either one of two macroSAM MOTION HARMONIC or CAM _MOTION _CYCLOIDAL for
harmonic and cycloidal motion, respectively.

The member function that performs all the calculations farating the cam datansakeCam(). This
function shall be called after all the desired cam pararsdiave been set and prior to any output function
calls. The function prototype for member functiorakeCam() is shown below.

int CCam::makeCam(int steps);

Argumentsteps indicates the number of steps to use in calculating camtsgsuch as the cam profile.
The cam results are stored internally within arrays whicly tmalater accessed by the user or for plotting
purposes. Furthermore, if a file name was specified by meninetibon CNCCodg(), then callingmake-
Cam() would generate and store CNC code for manufacturing theioto a file specified by the given file
name. Other results that member functtnakeCam() calculates are the cam profile, follower position, fol-
lower velocity, follower acceleration, and transmissimgla. For example, consider the following problem
statement.

Problem 1: Using classCCam, generate a cam profile for a translating flat-face followdre
cam should have a base radius of 2.25 inches, no followeetpffsid an angular velocity of
1 rad/s. During the firsp0° of cam rotation the follower should move outward 0.75 inches
with harmonic motion. During the nex0° the follower should move inward 0.75 inches
with harmonic motion. For the remainder of the cam rotatios follower should not change
position. 360 points should be used to calculate the res@enerate plots for the follower
position, follower velocity, follower acceleration, the@hsmission angle, and the cam profile.
Also generate an animation of the cam using 12 positions andupe CNC code using the
following parameters. The cutter has a radius of 0.25 inelmeka length of 0.75 inches. The
spindle speed should be set to 4000 RPM and the feedratedsbeul5 inches/minute. The
thickness of the cam is 0.375 inches. No home position offseted.

Problem 1 defines a cam mechanism with a translating flatftalmever. Given a set of parameters,
the program requires various outputs, including plot oftken profile, CNC code, and animation of the
cam/follower system. The solution for Problem 1 is listedPasgrani30. Member functionscUnit() is
called prior to any of the other member functions to indi¢ate the cam analysis needs to be performed with
US Customary units rather than Sl units. Note that membatitoms cutter (), spindleSpeed), feedrate(),
cutDepth(), andcutterOffset() are used to set the cutter parameters, spindle speedafeecut depth, and
cutter home position offset for CNC code generation, respg. The cutter parameters include the radius
and length, in feet, of the cutter as well as the tool numbehefcutter 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_| ength,
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_offse t,
double z_offset);

Member functionplotCamProfile(), plotFollowerPoy), plotFollowerVel(), plotFollowerAccel(), and
plotTransAngle() are called to output the desired plots. Each plotting fioncrequires a single argument,
which is a pointer to an object of cla€$lot, or CPlot *. For simulating the motion of the cam mechanism,
member functioranimation() is used. Its functionality and syntax is similar to tho$¢he classes for four-
bar and other linkage mechanisms. The difference is thatdfsired input argument indicates the number
of frames to generate for the animation. Member funciommation() may also have an additional second
and/or third input argument. The second optional argunseané of the following macros:

QANIMATE OUTPUTTYPE DISPLAY, QANIMATE OUTPUTTYPE FILE, or

QANIMATE _OUTPUTTYPE _STREAM for sending the animation to the monitor screen, saving the a
imation data to a file, or streaming the animation to the stesh@utput. If the second optional argument
is QANIMATE _OUTPUTTYPE _FILE, a string may be entered as the third optional argument tcifgpe
the file name to store the animation data. The outputs of Enoldl are listed as Figur€sH.7-8.13, where
Figure[6.1B is an instance of the cam animation. Figurd éaws a cam manufactured from the CNC code
generated by Prograim]39.

Problem 2: Using classCCam, generate a cam profile for a translating flat-face follower.
The cam should have a base radius of 5.72 cm, no followertpfisel an angular velocity of
1 rad/s. During the first0° of cam rotation the follower should move outward 1.91 cm with
harmonic motion. During the nef0° the follower should move inward 1.91 cm with harmonic
motion. For the remainder of the cam rotation the followerwdth not change position. 360
points should be used to calculate the results. Generatefplathe follower position, follower
velocity, follower acceleration, the transmission angled the cam profile. Also generate an
animation of the cam using 12 positions and produce CNC csithg the following parameters.
The cutter has a radius of 0.64 cm and a length of 1.91 cm. Tihdlspspeed should be set to
4000 RPM and the feedrate should be 38.10 cm/minute. Thiendss of the cam is 0.95 cm.
No home position offset is used.

The above problem statement is similar to that of Problem ke difference is that parameters for
the cam mechanism is defined in Sl units instead of US Custonmts. The solution to Problem 2 is
Progranf4D. The program’s outputs are equivalent to theutaitif Prograni’39 in Sl units.

Problem 3: Using classCCam, generate a cam profile for an oscillating roller followeheT
base radius of the cam should be four inches. The followauldHwave a radius of two inches,
should have an arm length of 12 inches and should be locat@tch®s from the cam center.
400 points and an angular velocity of 1 rad/s should be usedatin® the first120° of cam
rotation the follower should move out five degrees with cigdbmotion. During the next20°
the follower should move back to its original position wityttoidal motion. The follower will
remain at rest for the remainder of the cam rotation. Plofallewer position, follower veloc-
ity, follower acceleration, transmission angle and the gaiofile. Animate the cam/follower
system.
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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+1], y[steps+1];
int i

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_HARMO NIC);
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.plotTransAngle(&plott);

cam.plotCamProfile(&plotc);

cam.animation(12);

Program 39: Ch program for Problem 1.
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Figure 6.7: Translating follower position.
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Figure 6.8: Translating follower velocity.
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Figure 6.9: Translating follower acceleration.
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Transmission Angle vs. Theta
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Figure 6.10: Transmission angle of the cam.
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Figure 6.11: Cam profile.
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N10 G90 GOO X0.000 Y0.000 Z0.000; move to home
N20 MO08; coolant on

N25 SO M3; spindle on

N30 X0.000 Y0.000; move to starting point
N35 GO01 Z-0.010 F0.381;

N40 X0.064 Y0.000

N45 X0.063 Y0.002

N50 X0.063 Y0.004

N55 X0.063 Y0.005

N60 X0.063 Y0.007

N65 X0.063 Y0.009

N70 X0.063 Y0.011

N75 X0.063 Y0.012

N80 X0.063 Y0.014

N85 X0.062 Y0.016

N90 X0.062 Y0.018

N95 X0.062 Y0.019

N100 X0.061 Y0.021

N1830 X0.063 Y-0.002
N1835 X0.063 Y-0.001
N1840 X0.064 Y-0.000
N1845 G90 GO01 Z0.000;
N1850 MO5; stop spindle
N1855 MO09; coolant off
N1860 G90 X0.000 Y0.000;
N1865 M22

Figure 6.12: CNC code for manufacturing the cam shown inrfeigLl2
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Figure 6.13: Animation of cam with translating follower.
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Figure 6.14: Manufactured cam.

#include <cam.h>

int main() {
class CCam cam;
class CPlot plotc, plotp, plotv, plota, plott;
int steps = 360;
double x[steps+1], y[steps+1];
int i;

cam.uscUnit(false);
cam.followerType(CAM_FOLLOWER_TRANS_FLAT, 0);
cam.baseRadius(0.0572);

cam.angularVel(1);

cam.addSection(90, 0.0191, CAM_MOTION_HARMONIC);
cam.addSection(90, -0.0191, CAM_MOTION_HARMONIC);
cam.addSection(CAM_DURATION_FILL, 0, CAM_MOTION_HARMO NIC);
cam.CNCCode("cam_code.nc_test");

cam.cutter(0.0064, 0.0191, 0.0254);
cam.spindleSpeed(4000);

cam.feedrate(0.3810);

cam.cutDepth(0.0095);

cam.cutterOffset(0, 0, 0);

cam.makeCam(steps);

cam.plotFollowerPos(&plotp);

cam.plotFollowerVel(&plotv);
cam.plotFollowerAccel(&plota);

cam.plotTransAngle(&plott);

cam.plotCamProfile(&plotc);

cam.animation(12);

Program 40: Ch program for Problem 1 using Sl units.
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#include <cam.h>

int main() {
class CCam cam;
class CPlot plotc, plotp, plotv, plota, plott;

cam.uscUnit(true);

cam.followerType(CAM_FOLLOWER_OSC_ROLL, 10/12.0, 12/1 2.0, 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_CYCLO IDAL);
cam.spindleSpeed(4000);

cam.makeCam(400);

cam.plotFollowerPos(&plotp);

cam.plotFollowerVel(&plotv);

cam.plotFollowerAccel(&plota);

cam.plotTransAngle(&plott);

cam.plotCamProfile(&plotc);

cam.animation(12);

Program 41: Ch program for Problem 2.

Another example to consider is Problem 3. This problem state is similar to Problem 1 since it re-
quires the same types of outputs. However, the cam beingfiggemonsists of an oscillating roller follower,
which means that the parameters to set up are slightly differ-or example, member functidollower-
Type() now requires a few additional parameters to clearly detfieeoscillating roller follower. Likewise,
cycloidal motion needs to be specified when calling dldelSectior() member function. The number of
steps for calculating the cam results is now 400 instead @#&86ording to the previous problem statement.
The solution to Problem 3 is Progrdml 41. The outputs for trog@mm are Figurds 6.1(5-6]20.
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Oscillating Angle vs. Theta
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Figure 6.15: Oscillating follower position.
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Figure 6.16: Oscillating follower velocity.
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Acceleration vs. Theta
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Figure 6.17: Oscillating follower acceleration.
Transmission Angle vs. Theta
66
64 |-
62 |-
S 60 -
=}
o
2 58
<
c
S
3 56 [
S
[%2]
3
= 54
52 |
50 |
48 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350

theta [deg]

Figure 6.18: Transmission angle of the cam.
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Cam Profile
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Figure 6.19: Cam profile.
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Figure 6.20: Animation of ggm with Oscillating follower.
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6.3 Web-Based Cam Design

User Interface

The web-based user interface provides a quick and easy roégeserating a cam profile. The web inter-
face consists of a number of web pages, some of which areedreghamically, to guide the user through
the creation of the cam.

As shown in Figuré 6.21, the first of these pages allows thetoseelect the type of cam follower motion
that is desired. These choices are presented in a grapbrcaéf representing a flat face radially translat-
ing follower, which converts rotational motion to linear tiom, 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 ||
| Bk el Pelsd  Home Bemh Meboape P Seewy S

CGI-Based Interactive Cam Mechanism Design

A o ds & mechondsm for transforming ene motion type to snother. It has & curved or grasved surface which mates with
follawer #nd imparts motions ta it. The mation of csm (vsually rotstion) is transformed into follower oscillation, wanslation,

t & combination of both
. e

— e A

This software parkage is used to creste cam profiles for tzanslating end oscilloting followers with a flat-face or with & roller.
Subsequent web pages wll allow for the input of cam parameters and the selecion of output options. To begin please select | |
the desired follower type (translating or oscillaring) from the options sbove,

i

| !

Figure 6.21: Opening cam synthesis page

After one of these choices is selected, the user is next gemhip input the follower type and the number
of cam sections (a change in follower position or a dwell} thalesired, as shown in Figure 8.22. Alterna-
tively, the user may select a sample cam design with all paiens preselected.

Figures 6.2B anf’6.24 show the subsequent page where theams@iput the cam parameters, some of
which are dependent on the follower type, and the CNC cuémmeters. Note that Figules8.23.6.24, and
are the same Web page. All cam parameters must be skeéfordgram to work properly. However, if
the user does not want the CNC code for manufacturing thgukedicam as an output, no modifications to
the CNC parameters are needed, as they do not affect theéatelos of the cam profile.

Following selection of the cam parameters, as shown in E[GUED, the output options are chosen. The
output options include: plots of cam profile, follower pasit, follower velocity, and follower acceleration,
transmission angle, CNC code for manufacturing of the aesigcam, and animation of the cam/follower
system.

When the cam parameters are submitted to the WWW server, dheysent to CGl programs
cgi _osc _results.ch orcgi _trans _results.ch , depending on the follower type, and processed.
These CGI programs then execute a second CGI program nagedmake_osc .cam.ch or
cgi _-make_trans _cam.ch which in turn executegam.ch on the server and sends it the processed
parameters. Theam program then performs the calculations for cam design andrgées the data for the
desired output. Plots of the results, CNC code, and animatian be viewed, but only one of them can be
viewed for each submission to tbam program.
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T Netscape: Interactive Cam Mechanism Design—Translating Follower
Fil=  Edit View Go Winclow Help ‘
| Bk Foed Pebad  tome  Semh Mebwpe Pt Seriy  op

Interactive Cam Mechanism Design

Cam with Translating Follower

Inorder 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) |[3
ﬁl Reset]
= | !

Figure 6.22: Translating cam page

Plots of the cam profile, follower position, follower velogifollower acceleration, and transmission
angle are sent to the browser. These plots are also genersitagl the Ch CPlot class. Thmm.ch
program passes the data to the CPlot class with an optionrsgéfierating an image as the standard output
stream. The Web browser then takes the data from this stredmlisplays it directly in the browser window.
The CNC code, if selected, is also displayed in the browsedow, where it may be saved for later use.
Sample Cam Generation

In this section two sample cam design problems will be preskto illustrate the features and applica-
tions of Web-based cam design.

Problem 4: Repeat Problem 1 using the CGl-based cam design Web pages.

Problem 1 required the generation of plots for the followesifion, follower velocity, and follower
acceleration, transmission angle, as well as a plot for #me profile. It also asked for the output of the
CNC code and animation of the follower and cam. The Web paged for entry of the parameters for this
problem are shown in Figur€sS 6120="18.25 in the previous @exti The outputs are identical to those for
Problem 1.

Problem 5: Using the cam design web pages, generate a cam profile forcélatirsg roller
follower. The parameters for this cam/follower system is fame as those defined for the
system in Problem 3. Also plot the follower position, follemwelocity, follower acceleration,
transmission angle and the cam profile as well as animateathéalower system.

The Web pages for entry of the oscillating follower parametge similar to those for the translating
follower. The primary difference is that the oscillatindléover has a few additional parameters. To produce
the desired output, the parameters must be submitted afdix times, once for each plot and once for the
animation. The resulting plots of follower position, foMler velocity, and follower acceleration are shown
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=] Netscape: Translating Cam Design 1
File Ecit Wiew Go Window Help ||
7 Bk Fowerd Pobed M Swmh Mekpe  Prin Sewiy  Sio
INPUT PARAMETERS:
IMITIAL PARAMETERS

Base Radius Lin] : | 2,28

Follower offset Lin] : |3

Profile Points Ep-111

Cam Angular velosity Iraass] : [

CNC Parameters

Cutter Radius Linl: | 2% Cutter Length Linl: | .75

cam Thickness Linl: | 378 Feedrate Lin/min: | 28
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Figure 6.23: Base Radius and CNC Manufacturing Parameters

in Figured6.2H-6.28. The plot of the transmission angléé@ve in Figurd 6.29. The plot in Figute 6130
shows the cam profile and the animation is shown in Figurd 6.31
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Figure 6.31: Animation of cam with Oscillating follower.
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Figure 6.24: Section Parameters
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Figure 6.25: Translating cam output options
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Figure 6.26: Oscillating follower position.
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Figure 6.27: Oscillating follower velocity.
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Figure 6.28: Oscillating follower acceleration.
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Figure 6.29: Transmission angle of the cam.
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Figure 6.30: Cam profile.
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Chapter 7

Quick Animation

qanimate

I et I I Prew I il | Go | o Fast

Crank-Rocker

Figure 7.1: Quick Animation window showing a four-bar lirgjea

All animations of Ch Mechanism Toolkit are handled @yickAnimation™. QuickAnimation™

can display and animate various planar mechanical systasedlon specified x-y coordinate data. For
example, th&Quick Animation™ window shown in Figur&Z]1 displays a menu bar and a four-tesha-
nism. The mechanism is drawn in the largest area of the wingitvthe name of the mechanism above it.
Links are drawn as lines, joints are drawn as open circlescauapler points are drawn as filled circles. The
triangular area represents one solid link to which a coupdént is attached. The coupler curve is drawn
to indicate the motion of the coupler point. The details ow o use theQuickAnimation™ program of
ganimate for animation of planar mechanisms are described in thipteha
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7.1 Input Data Format

The typical format for a Quick Animation data file is displdya Figure[ZR. It is specified with the
following typographical notation:

e Typewriter text specifies actual keywords.
e Enphasi zed text is specified by the user.
e Text between square brackefk ° are optional.

e The line character " specifes an “OR” condition.

The character#’ on the first line delimits a comment. Quick Animation willrigre anything on that line
following the #’ character. The title of the mechanical system is specifiethbtitle  keyword followed

by the title string delimited by the double quotation chéeac” . Keywordfixture  allows the following
line to define how the mechanical system will be fixpdmitives are commands used to define general
mechanical components of the animated systammate begins the inputting of of data for animation.
Each line following keywordhnimate represents one position of the mechanical system, as tedidy
the superscript oprimitive . Theprimitives following the keywordstopped will be displayed
only when animation is stopped.

# comment
titte *  title string”
fixture

primtives

animate [ restart | reverse |
primtives! [ stopped primtives! ]
primtives? [ stopped primtives? ]

prinmtives™ [ stopped prinmtives” ]

Figure 7.2: Quick Animation data format.
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7.1.1 General Drawing Primitives

General drawing primitives were built into Quick Animatiérr ease of creating typical components, such
as the springs and joints, of a mechanical system. Flgursha®s the various drawing primitives available
for Quick Animation. These primitives allow for the drawin§an arc, line, segment, circle, polygon, and
rectangle as well as the insertion of text into a Quick Anioraprogram. The syntax for drawing such
primitives are displayed in Figufe_T.4. As an example, atrsthe sytax for drawing a line. One may
specify a line by typindine followed by the x- and y-coordinates of the starting and eggtioints of the
line (i,e.line 0 0 2 3 draws a line from the origin to point (2,3) in the Cartesianrdinate system).
Multiple lines may be linked together by adding more coaatirpoints after thkne statement. Similarly,

a circle may be drawn by specifying its center point and rdiccording to the syntax in Figurel7.4. The
various options available for each general drawing priregtiare displayed in Figufe¥.5, and an example of
color and font options is listed in Figure ¥ .6.

Arc Text
x, y).st ring
hei ght Circle
radi us
Line
%) Polygon
Tea (%, %)
e (x.y) 2% -
~ e
_-7 - (Xn ! X )
Pat) o)
1Y)y -
Segment
9 Rectangle
(%50 % )X

hei ght

angl e

oy Tl
] .y

Figure 7.3: Graphical representation of general drawilmifives
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line x1y1 a2y2 [-.. Tnyn]

arc zy wdth height anglel angle2

segment z; y1 T2 Y2

rectangle xy width height [ angle angle ]
polygon 1 y1 X2Y2 T3Ys ... TpYn

text xy string

circle xy radius

dot zy
Figure 7.4: Syntax for general drawing primitives
line
segment
[ pen color ]
[ linewidth pi xel wi dth ]
[ linestyle solid |
dashed [ length pi xel l ength ] |
dotted [ gap pi xel gap ] ]
[ capstyle butt | round | projecting ]
[ joinstyle miter | round | bevel ]
[ depth depth ]
arc
circle
polygon
rectangle
[ pen color ]
[ fill col or [ intensity percent ]
[ pattern nunber ] ]
[ linewidth pi xel wi dt h ]
[ linestyle solid |
dashed [ length pi xel l ength ] |
dotted [ gap pi xel gap ] ]
[ capstyle butt | round | projecting ]
[ joinstyle miter | round | bevel ]
[ depth depth ]
text
[ pen color ]
[ depth depth ]
[ font fontnane ]
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

Option Notes:

e Colors are specified by the X Window System. A listing of cal@mes can be found in the file
rgh.txt  located in directoryusr/X11R6/lib/X11 in Linux and/usr/openwin/lib in
Solaris.

e Fonts are specified by the X Window System.
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7.1.2 Mechanical Drawing Primitives

The mechanical drawing primitives available in Quick Antroa are derived from the general drawing
primitives. For example, a link is a combination of two aéglconnected by a line. All the available
mechanical drawing primitives are shown in Figl7.7. Thasuifives are the primary tools used for creating
animations of mechanical systems.

Joint Point .
Link %)
: ) (3% )
Ground Pin Spring
%)
) " offset
0p) &
Slider Ground

.»"':angle
: L [}

Figure 7.7: Graphical representation of mechanical drgyitmitives

Point and Joint
Thepoint primitive is basically circle with a filled-in center. It issually used to emphasize a point on a
mechanical system. The general syntax fpomt is

point  z1y1 [22y2 .. T, yn] [trace]

wherex v, ...x, Yy, Specify the coordinate(s) of the joint($)ace is an optional parameter used to specify
whether the point is to be traced during animation. For examp 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 topoint . It is syntatically the same as thmint primitive, but
is comprised of a circle that is not filled-in. The joint repeats a connection between two links or other
mechanical components.
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Link

As previously mentioned, think primitive is a mechanical component formed by two circlenptives
and a line primitive. This primitive is normally used for ggating animations of mechanical linkages such
as fourbar mechanisms. The general syntax forla is given by the following:

link =122 2942 [... T Yn) -

The coordinates of the endpoints of the first link is specibgdz1,y;) and {-,y2). Addition links may
be attached to the last link by indicating the coordinatetheflinks’ other endpoints. //primitive. A typical
example of creating two links adjoined at a common endpomild/be

ink 11 14 44

In this example, the endpoints of the first link are at coaatés (1,1) and (1,4). The second link is then
attached to the first link at (1,4), and its other endpoinbcated at (4,4). Note that the extra space between
the endpoint coordinates are ignored during execution®fQhick Animation program. They are present
in the example to help distinguish the endpoints.

Ground

Theground primitive represents a reference area of the animatios.siationary and fixed to its location.
The syntax foground is

ground 1 y1 xo yo [Offset pixeloffsef
[ticks forward | backward

For optionoffset , pixeloffsetspecifies the distance that the ground should be placed awahd x-
and y-coordinates of the ground. Additionally, if tieks  option is used, and its value is "forward”, then
the ground is specified as going fromy (1) to (x2,y2). Likewise, the opposite is true if the valuetafks

is "backward”. The default value for optidicks is "forward”. For example,

ground 0 O 10 O offset 2

will produce a "ground” section from x=0 to x=10 and two urbislow the line, y=0.

Ground Pin

In order to directly connect a mechanical system to "grouttdggroundpin  primitive is used to specify
the desired connection. The syntax for this primitive issgibelow as

groundpin  xy [angle anglg
Coordinate (x,y) is the center point of the ground pin, areldptional argumerdngle angledescribes

the angular offset, in radians, relative to a horizontalitis In order to create a ground pin at the origin
with a45° rotational offset, the following statement should be dexda

groundpin 0 0 angle 3.14159/4
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Slider

Theslider  primitive is generated from the rectangle drawing pringtivt represents a block member of

a mechanical system that is only capable of translationatispment. Similar to the ground pin, the slider

can have an angular displacement that would allow it to lasé@®n a sloped surface. Its syntax is defined
as follow:

slider xy [angle angld

As an example, consider a crank-slider mechanism that neytine slider to slide on a sloped surface,
located at (3,4) that is aboB0° relative to the ground. The slider portion of the mechanism loe created
with the following statement:

slider 3 4 angle 3.14159/6

Spring

The spring is a typical component of many mechanical systding availability of aspring primitive in
Quick Animation greatly increases the number of mecharsigalems that can be modeled and animated.
Its syntax is given as

spring 1 y1 T2 Y2,

where coordinatesz(,y1) and -,y2) specifies the endpoints of the spring. To create a spring {fgl) to
(3,5), the following should be entered in the Quick Animataata file:

spring 11 35

7.2 Quick Animation Examples

The data file in Figur€—718 illusrates how low-level and mexta primitives are specified in a quick ani-
mation file. Figuré_7]9 show the display when this data file@pssed by the program.

The sample code shown in Figlire_4.10 can be used to creaténaati@m of a fourbar linkage similar to
the one in Figur€ZZ11. It should be noted that the first linenranimation file must start withganimate.
Next, the title of the animation is set, and the fixtures aecgj@d as ground pins at pointsl,, 4,) and
(Dg, Dy). Line animate restart is used to begin the input of the animation. Each line beguni
with (line ... ) and ending afterpolygon ... ) represents one snap shot, or one position, of the
fourbar linkage animation. The links are drawn with timk  keyword. Each coordinate pair represents a
joint of the mechanism. On each line, the coordinate pagsaaranged in order so that two adjacent joints
form a link. The path of the coupler point, specified as point Figure[ZTlL, is shown with point
trace . Thepolygon keyword was used to create the coupler attachment. Theedasirmber of frames
will determine the number of data sets that should be eniatedhe Quick Animation data file. Hence,
number of frames will requira number of data sets.
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# this is a comment
title "This is a Title"

fixture
#no fixture

animate

# low level primitives:
line 0 01152 2 pen red \
line 334 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 fill 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" \

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 fisample.1lnm .
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v
| Hext || Prew | fE | Go | s Fast 1 Ginw
This is a Title
L ]
a0 .
\ O
f This is a string3
Thiz iz a string2
e
e A= ™

= =J

Figure 7.9: The quick animation display based on the sangitefilesample.qnm .
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#ganimate animation file
titte *  Crank- Rocker™

fixture
groundpin A, A, D, D,

animate restart

link AL Al BlB., CiC! D.LD}\
point trace Py P\
polygon fill grey B, B, CIC, P!P

link A2 A2 B2B2 C2C2 DZD2\
point trace P2 P} \
polygon fill grey B2B2 C2C; P;P;

link A7 Ay By By CpCy Dy Dy \
point trace Py P\
polygon fill grey By By CyCy PP}

Figure 7.10: Input data format for a four-bar linkage withiragte coupler point

Figure 7.11: General fourbar linkage

Before viewing a complete Ch program for creating a Quickndaion data file, consider the Ch code
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listed as FigurEZZ.12. This Ch code can be executed to creatieame of animation data. First, the variables
for the fourbar parameters are declared and initializegnphintf() statements are used to write the typical
heading of an animation data file. Note that the links and lssymint vector are represented as complex
variablesR and P, whereR is an array of complex type. The positions of the links andpbeupoint are
calculated by theomplexsolve()function and vector analysis. Additional calls to functiorintf() com-
pletes writing to the animation data file. The resulting aation code of the program shown in Figlire 7.12
can be used by the Quick Animation application to generateghesframe of animation, which is shown as
Figure[Z.1B.
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/* Filename: simple_ani.ch */

#include <stdio.h>

#include <math.h>

#include <complex.h>

#define deg2rad(a) ((a)*M_P1/180.0) /I macros
#define rad2deg(a) ((2)*180.0/M_PI)

int main() {
double thetal = deg2rad(20.0), /I given data
r1 = 5.5,
r2 = 1.5,
r3 = 4.5,
r4 =5,
=3

beta = deg2rad(25.0);
int n1 = 2, n2 = 4
double theta2,theta3,theta4, theta3_2, theta4 2;
double complex z;
double complex R[1:3]; // link vectors
double complex P; /I coupler vector

R[1] = polar(rl,thetal);

/* The first line of the animation file must start with #ganim ate */
printf("#qanimate animation data\n");

/* The title displayed on the animation */

printf("titte Crank-Rocker\n");

printf(“fixture\n");

/* The primitives following fixture */

printf("groundpin 0 0 %g %g\n", real(R[1]), imag(R[1]));

I* For crank-rocker, crank-crank, use animate restart.

For rocker-rocker, rocker-crank, use animate reverse */

printf("animate restart\n");

theta2 = deg2rad(10.0);
= polar(rl,thetal) - polar(r2,theta2);
complexsolve(nl,n2,r3,-r4,z,theta3, thetad, theta3_2, thetad_2);
R[2] = polar(r2,theta2);
R[3] = R[2] + polar(r3,theta3);
P = R[2] + polar(rp,theta3+beta);

/* output coordinates for animation */
printf("link 0 0 %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]) );
printf("point trace %f %f \\n", real(P), imag(P));
printf("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));
printf("\n");

Figure 7.12: List of prograrsimple _ani.ch

206



CHAPTER 7. QUICK ANIMATION 7.2. QUICK ANIMATION EXAMPLES

v
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Crank-Rocker
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Figure 7.13: Single animation frame of a fourbar linkage.

Figure[ZI# lists a sample Ch code used to create a Quick Aioimdata file. The animation can be
created by typing the following in the Ch command prompt:

animate.ch | ganimate
or

animate.ch > tmpl.gnm
ganimate tmpl.gnm

The result ofanimate.ch  is shown in Figurd_Z15. The data sets for creating the fauibkage
animation is typically generated byfar -loop in Ch code. FigurEZZ16 displays a snapshot of the Quick
Animation animation generated by the animation data file.
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Fkkkkkkkkkkkkkkkkkkk

animatel.ch

Purpose:

- fourbar linkage analysis

- output animation coordinate data
Run this program in CH as follows:
* in Unix:

L I

animatel.ch | ganimate
or
animatel.ch > tmpl.gnm
ganimate tmpl.gnm
in Windows:
animatel.ch | ganimate
or
animatel.ch > tmpl.gnm
ganimate tmpl.gnm
or
animatel.ch > tmpl.gnm
tmpl.gnm

£k kR F Ok Ok Ok Ok Ok Ok

]

#include <stdio.h>

#include <math.h>

#include <complex.h>

#define deg2rad(a) ((a)*M_P1/180.0) /I macros
#define rad2deg(a) ((a)*180.0/M_PI)

int main() {
double thetal = deg2rad(20.0), /I given data
r1 = 5.5,
r2 = 1.5,
r3 = 4.5,
r4 =5,
p =3,

beta = deg2rad(25.0);
int n1 = 2, n2 = 4
double theta2,theta3,theta4, theta3_2, theta4 2;
double complex z;
double complex R[1:3]; // link vectors
double complex P; /I coupler vector

R[1]

polar(rl,thetal);

/* The first line of the animation file must start with #ganim ate */
printf("#qanimate animation data\n");

/* The title displayed on the animation */

printf("titte Crank-Rocker\n");

printf("fixture\n");

/* The primitives following fixture */

printf("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 */

printf("animate restart\n");

for (theta2=0.0; theta2<=deg2rad(360.0); theta2+=deg2r ad(10.0)) {
= polar(rl,thetal) - polar(r2,theta2);
complexsolve(nl,n2,r3,-r4,z,theta3, thetad, theta3_2, thetad_2);

R[2] = polar(r2,theta2);
R[3] = R[2] + polar(r3,theta3);
P = R[2] + polar(rp,theta3+beta);

/* output coordinates for animation */
printf("link 0 0  %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]) );
printf("point trace %f %f \\n", real(P), imag(P));
printf("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)); 208
printf("\n");
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#ganimate animation data

title Crank-Rocker

fixture

groundpin 0 0 5.16831 1.88111

animate restart

link 0 0 1.500000 0.000000 0.883211 4.457530 5.168309 1.881 111\

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 1.881 111\

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 1.88 1111\

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 1.88 1111\

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 progaammatel.ch

| aanimae |

| Met. || Prew || ALl ” GDI

Crank—Focker

Figure 7.16: Quick Animation window showing a four-bar lage.
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Two additional examples of creating Quick Animation aniimatfiles are given below. They gener-
ate the same fourbar linkage animation as that of progaaimatel.ch , but with special handling
of the animation data. Prograanimate2.ch  outputs the animation coordinate data to two data files
animatel.gnm andanimate2.gnm , one file for each kinematic inversion of the fourbar linkagkese
animation data files are then processed by programimate . Programanimate3.ch  will also produce
two data files, but these data files are piped directly to thelQanimation program to automatically gen-
erate the fourbar linkage animations. No extra commandeegréred to implement animation for the third
sample program. Execution of the program will simply geteetae desired animations. However, program
animate3.ch  works only in Unix/Linux/Mac. It does not work in Windows ihé current version of Ch.

Listing of program ani mat e2. ch

kkkkkkkkkkkkkkkkkkkk

/

* animate2.ch

* Purpose:

* - fourbar linkage analysis

* - output animation coordinate data to two data files and run animation
* Run this program in Ch as follows:

* animate2.ch

*******************/

#include <stdio.h>

#include <math.h>

#include <complex.h>

#define deg2rad(a) ((a)*M_P1/180.0) /I macros
#define rad2deg(a) ((a)*180.0/M_PI)

int main() {
double thetal = deg2rad(20.0), /I given data

ri = 5.5,

r2 = 1.5,

r3 = 4.5,

r4 = 5,

p =3,

beta = dengad(25 0);

int i, nl 2, n2 = 4

double theta2,theta3,theta4,theta3_2,thetad_2;
double complex z;

double complex R[1:3]; // link vectors
double complex P; /I coupler vector

FILE *out[2];

R[1] = polar(rl,thetal);
out[0] = fopen("animatel.gnm","w"); // open animatel.gnm
if (fout[O]) {
perror(“fopen()");
exit(1);
}

out[l] = fopen("animate2.gnm”,"w"); // open animate2.gnm
if (fout[1]) {
perror(“fopen()");

exit(1);
}
for (i=0; i<2; i++) {
[* The first line of the animation file must start with #ganim ate */

fprintf(out[i],"#ganimate animation data\n");
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}

[* The title displayed on the animation */
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(
[* 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+=deg2r

R[2] = polar(r2,theta2);

z = polar(rl,thetal) - polar(r2,theta?);
complexsolve(nl,n2,r3,-r4,z,theta3, thetad, theta3_2,

[* first solution */
R[3] = R[2] + polar(r3,theta3);
P = R[2] + polar(rp,theta3+beta);

/* output coordinates for animation */

}

fprintf(out[0],"link 0 O  %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[3]),
real(P), imag(P));
fprintf(out[0],"\n");

[* second solution */
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 O  %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[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");

fclose(out[0]);

fclose(out[1]);

ganimate animatel.gnm
remove("animatel.gnm”); // remove the data file
ganimate animate2.gnm
remove("animate2.gnm"”); // remove the data file

Listing of program ani mat 3. ch
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I' * * * * *kkkkkkkkkkkkkkhhkkk

animate3.ch

*
*
* Purpose:

* - fourbar linkage analysis

* - output animation coordinate data to two pipes
* Run this program in Ch as follows:

* animate3.ch

* * * * * ******'k************/

#include <stdio.h>

#include <math.h>

#include <complex.h>

#define deg2rad(a) ((a)*M_P1/180.0) /I macros
#define rad2deg(a) ((a)*180.0/M_PI)

int main() {
double thetal = deg2rad(20.0), /I given data

r1 = 5.5,

r2 = 1.5,

r3 = 4.5,

r4 =5,

rp = 3,

beta = deg2rad(25.0);

int i, nl 2, n2 =

double theta2,theta3,theta4,theta3_2,thetad_2;
double complex z;

double complex R[1:3]; // link vectors

double complex P; /I coupler vector
FILE *out[2];

R[1] = polar(rl,thetal);
out[0] = popen("ganimate","w"); /I open ganimate pipe
if (fout[O]) {
perror("popen()");
exit(1);
}

out[1l] = popen("ganimate","w");
if (fout[1]) {
perror("popen()");

exit(1);
}
for (i=0; i<2; i++) {
[* The first line of the animation file must start with #ganim ate */
fprintf(out[i],"#qganimate animation data\n");
[* The title displayed on the animation */
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+=deg2r ad(10.0)) {

R[2] = polar(r2,theta2);
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}

z = polar(rl,thetal) - polar(r2,theta2);
complexsolve(nl,n2,r3,-r4,z theta3,thetad, theta3_2,

/* first solution */
R[3] = R[2] + polar(r3,theta3);
P = R[2] + polar(rp,theta3+beta);

[* output coordinates for animation */
fprintf(out[0],"link O O  %f %f 9%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[3]),
real(P), imag(P));
fprintf(out[0],"\n");

/* second solution */
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 O  %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[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 variousijek have been introduced in the previous chap-
ters. From those brief introductions, it can be seen thatbased analysis was a convenient tool for per-
forming kinematic and dynamic analysis of the mechanismsertJonly have to input specific values for
the mechanism they want to study and then click on the "ruttblouio begin the mechanism analysis. This
saves the user valuable time since the computer is perfgratithe required calculations, and he/she does
not need to have any prior programming experiences.

This chapter will provide a more in depth discussion on hovititeractive mechanism analysis web
pages are designed and implemented. At the end of the chdgearser should have a clear understanding
of the functionality of interactive web-based analysisguamns and be able to develop similar web pages.

8.1 Introduction to CGI Programming

The basis behind the concept of interactive web-based mirhaanalysis iSCGl programming CGl,

or Common Gateway Interfacallows web servers to execute scripts and programs usitegsagat by a
client and then returns the results to the client. The welep&g mechanism analysis utilizes Ch scripts to
perform the desired analysis. CGI programming involvesitkeraction 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 thatwvservers utilize to prompt users to input
data required by CGl scripts. For example, consider thedfill form” web page shown in Figute=8.1. It is
a simple HTML document for sending data through a web page.

HTML is not a programming language, but a formatting languagormatting is specified kagsin
HTML files. Tags can be easily distinguished from other texHiTML files because they are enclosed
within a pair of angle brackets....> . For example<TITLE> and<BODY>are two HTML tags used in
PrograniZR. Furthermore, tags and other elements in HTME ene case insensitive. ThuST[ITLE> is
equivalent to<Title> or <Title> . Table[8.1 lists some of the common HTML tags along with afbrie
description. Note that some format tags requires an enditgraent, such asBODY>...</BODY> .

All HTML documents should have a clearly defined head and bdte head of an HTML document
usually includes the title of the document. Note that tHe tibes not appear inside the body of document,
but instead, displayed in the window’s title bar for the webviser. The head and title are delimited by
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v _Fm—_oul Form Exam Ie__#?l - Mozilla.

File Edit View Go Bookmarks Tools Window Help

Fill-Out Form Example #1

This 1s a very simple fill-out form example.

A single text entry field goes here: I

Note that it has no default value.

Ta 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
"Ge26%25%24".

e 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" vlink="#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 "$" in the text typed i nto the
text entry field are automatically escaped (into hex form: a
percent sign followed by a two-digit hex value correspondin g to
the ASCII value of the character) when the query is construct ed.
For example, the string "&amp;%$" 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 thi S --
the "submit" type indicates a special pushbutton that cause s 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 e ntry
field, the query can be submitted by pressing return in the te xt
entry field (as well as by pressing the "Submit Query" button ).

</UL>

</BODY>

Program 42: HTML source code for Figurels.1.
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<HEAD>...</[HEAD> and<TITLE>...</TITLE> , respectively. For example, the title of the HTML
document shown in Figute-8.1 is "Fill-Out Form Example #1".

The source code for the HTML document of Figlird 8.1 is Prog#amAs can be seen from this source
code, the body of an HTML document contains all the infororatilisplayed on the internet web page.
Notice that some attributes have been specified for the HTituthent within the<BODY>tag. The
bgcolor= attribute sets the background color of the web page, whettdsutetext= defines the color
of the text to be displayed. The last attributbnk= , specifies the color of a previously visited hyperlink.
In order to have a visible title displayed on the web pagehtreder tagckH1>...</H1> has been used.

Creating a form begins with theFORM>ag. Within the<FORM=ag, there is typically two attributes
associated with itmethod= andaction= . For the example of Prograiml42, the form method is set to
post , which means that the data are to be passed via the stangatdriethod. Thaction= attribute is
used to indicate the program or script to process the dalected by the HTML form. Inside the form, data
entry fields are specified with tkdNPUT> tag. Note that data entry fields may be distinguished by names
with thename=attribute, as in Program¥2. Submission of data is accotmgaishrough th&INPUT> tag
with type=attribute set to "submit”.

Table 8.1: Description of HTML tags.

Tags Description

<TITLE>...</TITLE> Specify title of an HTML document.

<HEAD>...</HEAD> Indicates the head section of an HTML document.

<BODY>...</BODY> Indicates the body section of an HTML document.

<H[#]>...</H[#]> Heading format; value d#] can range from 1 to 6},
with <H1> being the highest setting.

<HR> Horizontal rule; inserts a horizontal line betwegn

sections of text.
<CENTER>...</CENTER> | Horizontal centering.

<IMG> Insert an in-line image.

<PRE>...</PRE> Display text in preformatted form.

<pP> 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>..</lI> Italics text.

<U>..</U> Underline text.

<FORM>...</[FORM> Define a form field within an HTML document.

<INPUT> Define an input field.

<SELECT>...</SELECT> Define a selection field.

8.1.2 Writing CGI Script Files

Processing data sent from an HTML document with4¢R®©RM:>tag requires a script file, which is located
on the server side. Once data are passed to the server thoghigkhe necessary procedures are performed
and the result is returned to the client. As an example, Rroi#3 is the Ch script associated with the

217



CHAPTER 8. IMPLEMENTATIONS OF INTERACTIVE WEB PAGES FOR MEGANISM DESIGN

AND ANALYSIS 8.1. INTRODUCTION TO CGI PROGRAMMING

#!/bin/ch
#include <cgi.h>

int main() {
int i, num;
chstrarray name, value;
class CResponse Response;
class CRequest Request;

Response.begin();
Response.title("CGl FORM results");
printf("<H1>CGIl FORM test script reports:</H1>\n");

num = Request.getFormNameValue(hame, 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(valueli])
printf("%s",valueli]);
printf("</CODE>\n");

}
printf("</UL>\n");
Response.end();

Program 43: Example CGI program.

form filling example in the above section. Itis used to predbe data collected from the HTML document
shown in Figuré€8]1, which is generated by Progkain 42.

The first line of Prograrii43¢!/bin/ch  , indicates that this program is a Ch script file. Header file
cgi.h contains the definitions for class€Responseand CRequest which are convenient for CGI pro-
gramming. Clas€Requestcan be used to obtain data from HTML documents, whereas CRgsponse
can be used to output data as an HTML document. Two geneddyatschchar andchstrarray are also
type-defined in this header file. They are type-defined aevill

typedef char  chchar;
typedef char** chstrarray;

Program[4B declares two variablesame andvalue , of data typechstrarray to store the name and
value data passed by the form of Progfath 42. Member funtiigin() of classCResponsendicates the
start of the output. The title of the dynamically generatedViL. document may be added with member
functiontitle(), which requires a string for its input argument. For the doent generated by Progrdml 43,
the title is specified asCGl FORM results" . Lines of HTML codes are added with the gintf()
function. The names and values submitted in a fill-out formlmaobtained by the CGI program by member
functions CResquest::getForm() CResquest::getForms() or CResquest::getFormNameValue() For
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File Edit View Go Bookmarks 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 FigureB.1.

the example of Program 3, member functgetFormNameValue()is used. The prototype for member
functiongetFormNameValue()is shown below.

int CRequest::getFormNameValue(chstrarray &names,
chstrarray &values);

The getFormNameValue()member function obtains all the name/value pairs from thé/HTorm doc-
ument and stores them into argumentmes and values , which are treated as string arrays. After
obtaining the name/value pair(s) from the form-filling downt, the rest of the code is used for checking
input errors and displaying the values that have been ehtélete that the primary function of HTML tag
<CODE->=is to display codes extracted from programming files. Tegtdasplayed as they are typed within
the tag. Figur€38l2 shows the dynamically generated HTMludwmt after submitting the form shown in
Figure[8.1 with the entered value "something”.

8.2 Web-Based Animation Example

Although the form-filling example in the above section pd®s a good introduction to CGI programming,
an in depth example is given in this section to show how toenaitnore effective CGI program. One such
example would be the fourbar animation web page discuss&edation[2Z.P. The HTML document for
animating the fourbar linkage mechanism via the interneh@wn in Figuréd2.20. Its source code is listed
as Prograrh44.

Progranm4¥ concisely specifies the layout of Fidurel2.20erAthie head and title of the HTML doc-
ument, a figure of the fourbar linkage is displayed with ¢tkIG> tag, where optiorsrc= indicates the
location of the image file on the web server. Next, {@®ORM>ag allows for the user to input data required
for generating the fourbar animation. The inittELECT>tag allow users to specify the use of Sl of
US Customary units. Text input areas are created for lingtlshand ground angl . Furthermore, input
areas have been allocated for the coupler point propeftibs user decides to specify a coupler link. Note
that eachxINPUT> tag is associated with a name describing the required paeanikhis allows the CGI
script, fourbar _ani.ch , to easily identify the type of data being passed into it. &ample, the CGI
script would be able to distinguish between link lengthsandr,. Along with thename= option for tag
<INPUT>, the optionsvalue= andsize= specifies the default values and the field-width for eachtinpu
respectively. Thus, the input for link length has a default value ¢6.0" and field width size of 5.
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Following the link lengths area, ground andgleand the phase angle for the coupler pgintnay be
specified. Thec<SELECT>tag allows the user to specify whether the angles are in degreradians. The
branch number selection of the fourbar linkage is also ekt this manner.

The CGil script for processing the data collected from the HTibtm created by Program ¥4 is listed
as Prograni 45. Programl45 consists of iien() function and two other functiongrrorHandler()
andfourbar _ani() . In themain() function, an object of clasS§Request Request , is instantiated in
order to obtain the data submitted by the HTML form for anioratof the fourbar mechanism. Member
function Request::getForm()is used to acquire the submitted data one value at a time. efabction
getForm() takes the name associated with the value to be acquired apuarvalue, and then the acquired
value becomes the member function’s return value. Notettigadlata values are read and stored as strings.
If, for some reason, the value submitted from the HTML fornmiglid, functionerrorHandler() is
called to display an error message in HTML document form bigguslassCResponse

If the values collected from the HTML form are all valid, théhey are passed into function
fourbar _ani() to simulate the motion of the fourbar linkage via the worlddgiweb. In function
fourbar _ani() , the data values passed in as strings are now converted hdedprecision floating-
point numbers, with the exceptions of argumeantsde andbranchnum . These two variables can be used
directly as strings. If the values féf ands were submitted in degrees, then they are converted to dian
in functionfourbar _ani() . The next step to simulate the motion of the fourbar mechaisso set the
parameters of objeéburbar of classCFourbar. Once this is done, and the branch number of the fourbar
is determined from stringranchnum , classCResponsean be used to stream the linkage animation to an
HTML document. Note that only a Rocker-Rocker mechanism tree a branch number greater than 2.
The statement

Response.setContentType("application/x-gnm");

indicates that the output is a Quick Animation applicatiBecall that member function
CFourbar:::animation() has a variable argument list. Also recall that if the secagdiment of member
function animation() is QANIMATEOUTPUTTYPIILE , then the data for generating the fourbar ani-
mation can be saved into a file whose name is specified by aftmiadion argument. For Programl45, the
second argument of member functiamimation() is QANIMATEOUTPUTTYPETREAMwhich indicates
that the animation data should be streamed directly to thliHdocument.

An alternative CGI program for animating the fourbar linkag Prograni46. It is similar to Progrdml 45,
except that this CGI program independently generates tineagtion data rather than use member function
CFourbar::animation() . However, Prograri46 still incorporates the use of claésurbar in order to
determine the joint limits and type of the fourbar. Vectofslouble complextypes are used to define the
various positions of the links and coupler point. In ordestieam the animation to the web browser file
pointeranimation is set to point tastdout. Prograni4b is provided to show the reader how to create and
display animations on the internet with Quick Animation &@I programming.

8.2.1 Configuration and Setup of Web Servers

In order to run the Quick Animation application from a NefseaVeb server in a Unix operating system,
the following line has to be added to the Netscape WWW serwefiguration filemime.typeslocated in
directoryserver _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="#FFFFFF">

<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/four bar_trans.gif">
</CENTER>

<p>
<HR>

<FORM method="POST" action="/cgi-bin/chcgi/toolkit/me chanism/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>r1:</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 44: Source code for web-based fourbar linkage dicima
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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>

<pP>

<INPUT TYPE=submit VALUE="Run">
<INPUT TYPE=reset VALUE="Reset">
</FORM>

<pP>

<HR size=4>

<A HREF="http://www.softintegration.com" target="_top ">

<img src="/chhtml/images/poweredbych.gif" alt="Powere d by Ch"></A>
</FONT>

</BODY>

Program 44: Source code for web-based fourbar linkage d@ioimg@Contd.).

application/x-gnm gnm

may be added to filserver _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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#1/bin/ch

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

void 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: $reason.<BR>
<A HREF="/chhtml/toolkit/mechanism/fourbar/fourbar_a ni.html">Try again.</A>
<P><HR SIZE=4>
<hr>
<A HREF="http://www.softintegration.com" target="_top ">
<img src="/chhtml/images/poweredbych.gif" alt="Powere d by Ch"></A>
ENDFILE
Response.end();
exit(0);

void fourbar_ani(char *unit, char *rrl, char *rr2, char *rr 3, char *rrd4, char *rrp,
char *mode, char* tthetal, char *bbeta, char *n,
char *branchnum)

class CResponse Response;

double r[1:4], rpp;

double beta;

double theta2_min[2], theta2_max|[2],
thetad_min[2], theta4_max[2];

double theta[l1:2][1:4];

double complex P1, P2;

int num_pts;

int theta_id = FOURBAR_LINK2;

int fourbartype;

FILE *animation;

CFourbar fourbar;

double complex R[1:4];

int i;

[* Define the fourbar-linkage. */

r[1] = streval(rrl); r[2] = streval(rr2);
r[3] = streval(rr3); r[4] = streval(rrd);
rpp = streval(rrp);

theta[1][1] = streval(tthetal);

beta = streval(bbeta);

num_pts = streval(n);

Program 45: CGI program for web-based fourbar linkage atiima
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if(strcmp(mode, "deg") == 0)

theta[1][1] = M_DEG2RAD(theta[1][1]);
beta = M_DEG2RAD(beta);

}
theta[2][1] = theta[1][1];

[* Perform position analysis of fourbar. */
if(strcmp(unit, "USC") == 0)
fourbar.uscUnit(true);
fourbar.setLinks(r[1], r[2], r[3], r[4], theta[1][1]);
fourbar.setCouplerPoint(rpp, beta, TRACE_ON);
fourbartype = fourbar.getJointLimits(theta2_min, theta 2_max, theta4_min, theta4_max);
fourbar.setNumPoints(num_pts);

/* Determine branch number. */
if(strcmp(branchnum, "1st") == 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. */
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, *r2, *r3, *r4;
chchar *thetal;
chchar *rp, *beta;
chchar *mode, *n, *branchnum;
chchar *unit;

unit = Request.getForm("unit");
rl = Request.getForm("rl");
if('rl)

errorHandler("You didn’t input a 'rl’ value.");
else if(lisnum(rl))

errorHandler("'rl’ is not a valid number.");
r2 = Request.getForm("r2");
if('r2)

errorHandler("You didn’t input a 'r2’ value.");
else if(lisnum(r2))

errorHandler("'r2’ is not a valid number.");

Program 45: CGI program for web-based fourbar linkage atiimgContd.).
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r3 = Request.getForm("r3");
if('r3)

errorHandler("You didn't input a 'r3’ value.");
else if(lisnum(r3))

errorHandler("'r3’ is not a valid number.");
r4 = Request.getForm("r4");
if('rd)

errorHandler("You didn't input a 'r4’ value.");
else if(lisnum(r4))

errorHandler("'r4’ is not a valid number.");
rp = Request.getForm("rp");
if('rp)

errorHandler("You didn’t input a 'rp’ value.");
else if(lisnum(rp))

errorHandler("'rp’ is not a valid number.");
thetal = Request.getForm("th");
if('thetal)

errorHandler("You didn't input a ’'th’ value.");
else if(fisnum(thetal))

errorHandler(th’ is not a valid number.");
beta = Request.getForm("beta");
if('beta)

errorHandler("You didn't input a 'beta’ value.");
else if(lisnum(beta))

errorHandler(’beta’ is not a valid number.");
mode = Request.getForm("mode");
n = Request.getForm("n");
if(In)

errorHandler("You didn't input a 'n’ value.");
else if(lisnum(n))

errorHandler("'n’ is not a valid number.");
branchnum = Request.getForm("branchnum™);

fourbar_ani(unit, r1, r2, r3, r4, rp, mode, thetal, beta, n, branchnum);

return O;

Program 45: CGI program for web-based fourbar linkage atiimgContd.).
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#1/bin/ch

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

#define deg2rad(a) (a*(M_P1/180))

void 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: $reason.<BR>
<A HREF="/chhtml/toolkit/mechanism/fourbar/fourbar_a ni.html">Try again.</A>
<P><HR SIZE=4>
<hr>
<A HREF="http://www.softintegration.com" target="_top ">
<img src="/chhtml/images/poweredbych.gif" alt="Powere d by Ch"></A>
ENDFILE
Response.end();
exit(0);

void fourbar_ani(char *unit, char *rrl, char *rr2, char *rr 3, char *rr4,
char *rrp, char *mode, char* tthetal, char *bbeta, char *n,
char *branchnum)

class CResponse Response;

double r[1:4], rpp;

double beta;

double theta2;

double theta2_min[2], theta2_max[2],
thetad_min[2], theta4_max[2];

double min, max;

double theta[1:2][1:4];

double incr;

int num_pts;

int fourbartype;

string_t grashof_name;

FILE *animation;

double complex R[1:4];

double complex z;

double complex P;

int n1 = 2, n2 = 4;

CFourbar fourbar;

int i

Program 46: Alternative CGI program for web-based fourbiéage animation.
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[* Define the fourbar-linkage. */

r[1] = streval(rrl); r[2] = streval(rr2);
r[3] = streval(rr3); r[4] = streval(rrd);
rpp = streval(rrp);

theta[1][1] = streval(tthetal);

beta = streval(bbeta);

num_pts = streval(n);

if(strcmp(mode, "deg") == 0)

theta[1][1] = deg2rad(theta[1][1]);
beta = deg2rad(beta);

}
theta[2][1] = theta[1][1];

/* Determine branch number. */
if(strcmp(branchnum, "1st") == 0)

=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], theta[1][1]);
fourbartype = fourbar.getJointLimits(theta2_min, theta 2_max, theta4_min, theta4_max);
fourbar.grashof(grashof_name);

[* Determine whether branchnum > 2 is possible. */
if((fourbartype '= FOURBAR_ROCKERROCKER) && (i > 2))
errorHandler("This linkage only have two branches.");

ifi < 3) {
min = theta2_min[0];
max = theta2_max[0];
}
else {

min = theta2_min[1];
max = theta2_max[1];

}

animation = stdout;

Response.setContentType("application/x-qgnm");

Response.begin();

R[1] = polar(r[1], theta[1][1]);

fprintf(animation, "#ganimate animation data\n");

fprintf(animation, "tittle \"%s\"\n", grashof_name);

fprintf(animation, “fixture\n");

fprintf(animation, "groundpin 0 0 %f %f\n", real(R[1]), im ag(R[1]));

Program 46: Alternative CGI program for web-based fourbdéage 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[1][2] = theta2; theta[2][2] = theta2;
R[2] = polar(r[2], theta2);

z = R[1] - R[2];
complexsolve(n1, n2, r[3], -rf4], z, theta[1][3], theta[l
theta[2][3], theta[2][4]);

if((i == 1) || (i == 23)) {

R[3] = R[2] + polar(r[3], theta[1][3]);

P = R[2] + polar(rpp, theta[1][3]+beta);
}
else {

R[3] = R[2] + polar(r[3], theta[2][3]);

P = R[2] + polar(rpp, theta[2][3]+beta);
}

[* Animation coordinates. */
fprintf(animation, "link 0 0  %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(animation, "point trace %f %f \\n", real(P), imag
fprintf(animation, "polygon fill grey90 %f %f 9%f %f %f %f \\
real(R[2]), imag(R[2]),
real(R[3]), imag(R[3]),
real(P), imag(P));
fprintf(animation, "\n");

}
Response.end();
}
int main()
{

class CRequest Request;
chchar *rl1, *r2, *r3, *r4;
chchar *thetal;

chchar *rp, *beta;

chchar *mode, *n, *branchnum;
chchar *unit;

141,

(P));

Program 46: Alternative CGI program for web-based fourlrdeage 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(lisnum(rl))

errorHandler("'rl’ is not a valid number.");
r2 = Request.getForm("r2");
if('r2)

errorHandler("You didn’t input a 'r2’ value.");
else if(lisnum(r2))

errorHandler("'r2’ is not a valid number.");
r3 = Request.getForm("r3");
if('r3)

errorHandler("You didn't input a 'r3’ value.");
else if(lisnum(r3))

errorHandler("'r3’ is not a valid number.");
r4 = Request.getForm("r4");
if('r4)

errorHandler("You didn’t input a 'r4’ value.");
else if(lisnum(r4))

errorHandler("'r4’ is not a valid number.");
rp = Request.getForm("rp");
if('rp)

errorHandler("You didn’t input a 'rp’ value.");
else if(lisnum(rp))

errorHandler("'rp’ is not a valid number.");
thetal = Request.getForm("th");
if('thetal)

errorHandler("You didn't input a ’'th’ value.");
else if(fisnum(thetal))

errorHandler("'th’ is not a valid number.");
beta = Request.getForm("beta");
if('beta)

errorHandler("You didn't input a 'beta’ value.");
else if(lisnum(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 if(lisnum(n))

errorHandler("’'n’ is not a valid number.");
branchnum = Request.getForm("branchnum");

fourbar_ani(unit, r1, r2, r3, r4, rp, mode, thetal, beta, n, branchnum);

return O;

Program 46: Alternative CGI program for web-based fourbdéage animation (Contd.).
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Appendix A

Header File linkage.h

linkage.h

The header fildinkage.h contains macros and definitions commonly used by all the amésin classes. It
is included in each class header file.

Functions

Macros Description

M_DEG2RAD(a) Converts input valua from degrees to radians.
M_RAD2DEG(a) Converts input valua 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 (Ib) to
Newton (N).

M_SLUG2KG Multiplication factor for conversion from slug to
kilogram (kg).

M_LBFTSS2KGMM Multiplication factor for conversion fronb — ft/s?
to kg — m?>.

M_LBFT2NM Multiplication factor for conversion fronb — 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 ganimate to the screen.
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QANIMATE _OUTPUTTYPE FILE Save ganimate data to file.
QANIMATE _OUTPUTTYPE _STREAM Output ganimate to the standard output stream.
COUPLER_LINKS Coupler attached to link 3.
COUPLER_LINKA4 Coupler attached to link 4.
COUPLER_LINK5 Coupler attached to link 5.
COUPLER_LINK®6 Coupler attached to link 6.
COUPLER_LINKY Coupler attached to link 7.
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Class CFourbar

CFourbar

The header fildourbar.h includes header filknkage.h. The header fildourbar.h also contains a decla-
ration of classCFourbar. The CFourbar class provides a means to analyze four-bar linkage withilma C
language environment.

y

Public Data
None.

Public Member Functions

Functions Descriptions

angularAccel Given the angular acceleration of one link, calculate trgaubar acceleration of other
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angularAccels
angularPos
angularPoss
angularVel
angularVels
animation
couplerCurve
couplerPointAccel
couplerPointPos
couplerPointVel
forceTorque
forceTorques
getAngle
getJointLimits
grashof
plotAngularAccels
plotAngularPoss
plotAngularVels
plotCouplerCurve
plotForceTorques
plotTransAngles
printJointLimits
setCouplerPoint

CFourbar

links.

Calculate angular acceleration values of links 3 and 4 veiipect to time.
Given the angle of one link, caculate the angle of other links
Calculate angular poisition values for links 3 and 4 withpes to time.
Given the angular velocity of one link, calculate the angukocity of other links.
Calculate angular velocity values for links 3 and 4 with exggo time.
Fourbar linkage animation.

Calculate the coordinates of the coupler curve.

Calculate the acceleration of the coupler point.

Calculate the position of the coupler point.

Calculate the velocity of the coupler point.

Caculate the joint force and output torque at a given point.
Caculate the joint force and output torque in the valid ramigmotion.
Calculate the angle of a given link.

Calculate fourbar linkage input and output joint limits.

Calculate joint limits and decide Grashof type.

Plot angular accelerations; anda, vs time.

Plot angular positiongs andf, vs time.

Plot angular velocities’s andw, vs time.

Plot the coupler curves.

Plot the joint forces and input torque curves.

Plot transmission angle ¥s.

Print the joint limits of the input and output joints.

Set parameters for the coupler point.

setGravityCenter Set parameters for mass centers of links.

setlnertia 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 angl
transAngles Calculate transmission angle values for the valid rangeaifan.
uscUnit Specify the use of Sl or US Customary units.

Constants

The following defined constants are used by @turbar class.

Macros

Descriptions

FOURBAR_LINK1
FOURBAR _LINK2
FOURBAR _LINK3
FOURBAR _LINK4

FOURBAR_INVALID
FOURBAR_CRANKROCKER

Identifier for link 1.
Identifier for link 2.
Identifier for link 3.
Identifier for link 4.
Not a valid linkage.
Identifier for Crank-Rocker.
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FOURBAR_CRANKCRANK
FOURBAR_ROCKERCRANK
FOURBAR_ROCKERROCKER
FOURBAR_INWARDINWARD
FOURBAR_INWARDOUTWARD
FOURBAR_OUTWARDINWARD

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.

FOURBAR_OUTWARDOUTWARD 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 alphaLid);

Purpose
Given the angular acceleration of one link, calculate trgubar acceleration of other links.

Parameters

theta An array of double data type with angles of links.

omegaAn array of double data type with angular velocities of links

alpha An array of double data type with angular accelerationsridli

alphaiid An integer number indicating the link number with a given aliag acceleration.

Return Value
This function returns 0 on success and -1 on failure.

Description

Given the angular acceleration of one link, this functioltekates the angular acceleration of the remaining
two moving links of the fourbarthetais a one-dimensional array of size 4 which stores the angé&acoh
link. omegais a one-dimensional array of size 4 which stores the angelacity of each link.alphais a
one-dimensional array of size 4 which stores the angulalaction of each link. The result of calculation
is stored in arrayalpha

Example

A fourbar linkage has link lengths; = 12m,ry, = 4m,r3 = 12m,ry = Tm, and#; = 0. Given the
angled,, the angular velocityw, and the angular acceleration, determine the Grashof type of the fourbar
linkage, and calculate the angular acceleratigranda, of link3 and link4 for each circuit of the linkage.

/ *kkkkkkkkkkkkkk

* This example is for calculating the angular acceleration o f
* link3 and link4.

***************/

235



Chapter B: Fourbar Linkage<fourbar.v> CFourbar::angularAccel

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

int main() {
double r[1:4], theta[l:4],theta_2[1:4],0omega[l:4],0me ga_2[1:4];
double alpha[l:4],alpha_2[1:4];

/* default specification of the four-bar linkage */
rM1] = 12; r[2] = 4; 3] = 12; r[4] = 7,
theta[1] = 0*M_PI/180; theta[2]=150*M_PI/180;
omega[2]=5; /* radlsec */

alpha[2]=-5; /* rad/sec*sec */

int fourbartype;
CFourbar fourbar;
fourbartype = fourbar.grashof(NULL);

if (fourbartype== FOURBAR_INVALID) {
exit(1);
}

IR T R R R
I print_alpha34( )
|
void print_alpha34(double a3,a4)

{
printf("\tDeg/sec*sec:\t alpha3=%6.3f, \t alpha4=%6.3f \t\n",a3*180/M_PI,
a4*180/M_PI);
printf("\tRad/sec*sec:\t alpha3=%6.4f, \t alpha4=%6.4f \t\n",a3,a4);
}

theta_2[2] = theta[2];

omega_2[2] = omegal2];

alpha_2[2] = alpha[2];

/*find alpha3, alphad*/

fourbar.angularPos(theta, theta_2, FOURBAR_LINK2);

if((fourbartype==FOURBAR_ROCKERROCKER)||(fourbartyp e==FOURBAR_ROCKERCRANK)) {
fourbar.angularVel(theta, omega, FOURBAR_LINK2);
fourbar.angularAccel(theta, omega, alpha, FOURBAR_LINK 2);
fourbar.angularVel(theta_2, omega_2, FOURBAR_LINK?2);
fourbar.angularAccel(theta_2, omega_2, alpha_2, FOURBA R_LINK2);

printf("\n Circuit 1: Angular Accelerations\n\n");
print_alpha34(alpha[3],alphal4]);

printf("\n Circuit 2: Angular Accelerations\n\n");
print_alpha34(alpha_2[3],alpha_2[4]);

} else {
fourbar.angularVel(theta, omega, FOURBAR_LINK2);
fourbar.angularAccel(theta, omega, alpha, FOURBAR_LINK 2);
fourbar.angularVel(theta_2, omega_2, FOURBAR_LINK?2);
fourbar.angularAccel(theta_2, omega_2, alpha_2, FOURBA R_LINK2);

printf("\n Circuit 1: Angular Accelerations\n\n");
print_alpha34(alpha[3],alphal4]);

printf("\n Circuit 2: Angular Accelerations\n\n");
print_alpha34(alpha_2[3],alpha_2[4]);
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Output

Circuit 1: Angular Accelerations

Deg/sec*sec: alpha3=230.218, alpha4=-558.101
Rad/sec*sec: alpha3=4.0181, alpha4=-9.7407

Circuit 2: Angular Accelerations

Deg/sec*sec: alpha3=-217.011, alpha4=571.309
Rad/sec*sec: alpha3=-3.7875, alpha4=9.9712

CFourbar::angularAccels

Synopsis
#include <fourbar.h >
int angularAccels(int branchnumdoubletimel:], double alpha3|[:], double alpha4[:]);

Purpose
Calculatexs anday values for the valid range of motion.

Parameters

branchnumAn integer used to indicate the branch of the fourbar.
time An array for time values.

alpha3 An array foras values.

alpha4 An array foray values.

Return Value
This function returns 0 on success and -1 on failure.

Description

This function calculates the values fof anda, for the valid range of motionbranchnum is the branch
of the fourbar.time is an array to record timealpha3 andalpha4 are arrays for storing the angular
position values for links 3 and 4.

Example
For a fourbar linkage with link lengths = 12m,ry = 4m,r3 = 12m,r4 = 7m, and angle); = 10°, plot
the angular acceleration curves for links 3 and 4.

I' * * *kkkkkkkkkkkk

*  This example is for generating angular acceleration value S
*  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 r1 = 12, r2 = 4, r3 =12, r4 = 7, thetal = 10*M_PI/180;

double omega2 = 5; /I rad/sec

int i, numpoints = 50;

double t[numpoints], alpha3[numpoints], alpha4[numpoin ts];
CPlot plot;

fourbar.setLinks(rl, r2, r3, r4, thetal);
fourbar.setAngularVel(omega?2);
fourbar.angularAccels(1, t, alpha3, alpha4);
for(i = 0; i < numpoints; i++) {
alpha3[i] = M_RAD2DEG(alpha3[i]);
alpha4[i] = M_RAD2DEG(alpha4i]);
}
plot.data2D(t, alpha3);
plot.data2D(t, alpha4);
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("alpha4", 1);
plot.border(PLOT_BORDER_ALL, PLOT_ON);
plot.plotting();
}

Output
see output foCFourbar ::plotAngularAccels() example.

CFourbar::angularPos

Synopsis
#include <fourbar.h >
int angularPos(double theta 1[1:], double theta2[1:], int theta.id);

Purpose
Given the angle of one link, calculate the angle of otherdink

Parameters

thetal 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 solutio

thetaid An integer number indicating the known link number with aifios angle.

Return Value
This function returns 0 on success and -1 on failure.

Description

Given the angular position of one link of a fourbar linkadeés function computes the angular positions of
the remaining two moving linkgheta 1 is a one-dimensional array of size 4 which stores the firsitiei

of angular.theta 2 is a one-dimensional array of size 4 which stores the seanintian of angulartheta.id
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is an integer number indicating the link number of the knowgudar position.

Example

A fourbar linkage has link lengths, = 12m, 1o = 4m, r3 = 12m,ry = Tm, andf; = 10. Given the angle
65, calculate the angular positié andé, of link3 and link4, and the coupler point position for eacttuait
of the linkage.

*kkkkkkkkkkkk

*  This example is for calculating the theta3 and theta4 with
*  given theta2.

*************/

#include <math.h>

#include <fourbar.h>

int main() {
CFourbar fourbar;
double r1 = 12, r2 = 4, r3 =12, r4 = 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_LINK?2);
fourbar.couplerPointPos(theta2, pl, p2);

[**** the first set of solutions ****/

printf("theta3 = %6.3f, thetad = %6.3f, P = %6.3f \n", theta_ 1[3], theta_1[4], pl);
[**** the second set of solutions ****/
printf("theta3 = 9%6.3f, thetad = %6.3f, P = %6.3f \n", theta_ 2[3], theta_2[4], p2);
}
Output
theta3 = 0.459, theta4 = 1.527, P = complex( 4.822, 7.374)
theta3 = -0.777, thetad = -1.845, P = complex( 5.917, 1.684)

CFourbar::angularPoss

Synopsis

#include <fourbar.h >

int angularPosgint branchnumdoubletime[:], double theta3[:], double theta4[:]);

Purpose
Calculatefl; andf, values for the valid range of motion.

Parameters

branchnumAn integer used to indicate the branch of the fourbar.
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time An array for time values.
theta3 An array forfs values.
thetad4 An array ford, values.

Return Value
This function returns 0 on success and -1 on failure.

Description

This function calculates the values féy andd, for the valid range of motionbranchnum is the branch
of the fourbar.time is an array to record timetheta3 andtheta4 are arrays for storing the angular
position values for links 3 and 4.

Example
For a fourbar linkage with link lengths = 12m,ry = 4m,r3 = 12m,ry = 7m, and angléd; = 10°, plot
the angular position curves for links 3 and 4.

I' * * * *kkkkkkkkkkkk

*  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 r1 = 12, r2 = 4, r3 =12, r4 = 7, thetal = 10*M_PI/180;

double omega2 = 5; /I rad/sec

int i, numpoints = 50;

double t[numpoints], theta3[numpoints], theta4[numpoin ts];
CPlot plot;

fourbar.setLinks(rl, r2, r3, r4, thetal);
fourbar.setAngularVel(omega?2);
fourbar.angularPoss(1, t, theta3, theta4);
for(i = 0; i < numpoints; i++) {
theta3|[i] M_RAD2DEG(theta3[i]);
theta4|i] M_RAD2DEG(theta4]i]);

}
plot.data2D(t, theta3);

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 foCFourbar::plotAngularPosy) example.
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CFourbar::angularVel

Synopsis
#include <fourbar.h >
int angularVel (double theta[1:4], double omega[1:4],int omegaid);

Purpose
Given the angular velocity of one link, calculate the angukocity of other links.

Parameters

theta A double array used for the input angle of links.

omegaA doulbe array used for the angular velocities of links.

omegaid An integer number indicating the link number with a given alag velocity.

Return Value
This function returns 0 on success and -1 on failure.

Description

Given the angular velocity of one link, this function cakmtds the angular velocities of the remaining two
moving links of the fourbarthetais an array for link positionsomegais an array for angular velocity of
links. omegaid is an integer number for identifier for known link angularaty.

Example

A fourbar linkage has link lengths, = 12m, ro = 4m,rs = 12m,ry = 7m, andf; = 0. Given the angle
f, and the angular velocity,, determine the Grashof type of the fourbar linkage, andutatie the angular
velocitiesws andw, of link3 and link4 for each circuit of the linkage.

/
This example is for calculating the angular velocity of
* link3 and link4.

* * ********************/

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

int main(int argc, char* argv[]) {
double r[1:4], theta[l:4],theta_2[1:4],omega[l:4],0me ga_2[1:4];
int fourbartype;
CFourbar fourbar;

/* default specification of the four-bar linkage */
1] = 12; r[2] = 4; 3] = 12; r[4] = 7,
theta[l] = 0*M_PI/180; theta[2]=150*M_P1/180;
omegal2]=5; /* radlsec */
fourbar.setLinks(r[1], r[2], r[3], r[4], theta[1]);

/* grashof analysis */

fourbartype = fourbar.grashof(NULL);

if (fourbartype == FOURBAR_INVALID) {
exit(1);
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}

theta_2[2]=theta[2]; [*  second circuit */
fourbar.angularPos(theta, theta_2, FOURBAR_LINK2);

[ R
I print_omega34( )
B T
void print_omega34(double w3,w4)

printf("\tDeg/sec:\t omega3=%6.3f, \t omega4=%6.3f\t\n
w4*180/M_PI);
printf("\tRad/sec:\t omega3=%6.4f, \t omegad4=%6.4f\t\n
w4);

}

/*find omega3, omegad*/

omega_2[2] = omegal[2];

if((fourbartype == FOURBAR_ROCKERCRANK)||(fourbartype
fourbar.angularVel(theta, omega, FOURBAR_LINK2);
fourbar.angularVel(theta_2, omega_2, FOURBAR_LINK?2);
printf("\n Circuit 1: Angular Velocities\n\n");
print_omega34(omega[3],omega[4]);
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],omegal4]);
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, omega4=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

", w3*180/M_PI,

",W3,

== FOURBAR_ROCKERROCKER)) {

CFourbar::angularVels

Synopsis
#include <fourbar.h >
int angularVels(int branchnumdouble time[:], double omega3[:} double omega4[:);

Purpose
Calculatews andw, values for the valid range of motion.
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Parameters

branchnumAn integer used to indicate the branch of the fourbar.
time An array for time values.

omega3An array forws values.

omega4An array forw, values.

Return Value
This function returns 0 on success and -1 on failure.

Description

This function calculates the values fog andw, for the valid range of motionbranchnum is the branch
of the fourbar.time is an array to record timeomega3 andomega4 are arrays for storing the angular
positions values for links 3 and 4.

Example

For a fourbar linkage with link lengths = 12m,rs = 4m,r3 = 12m,r4 = 7m, and angléd; = 10°, plot
the angular velocity curves for links 3 and 4.

*kkkkkkkkkkkk

/
*  This example is for generating angular velocity values
*  for omega3 and omegad within the valid range of motion.

*************/

#include <math.h>
#include <fourbar.h>

int main() {
CFourbar fourbar;
double r1 = 12, r2 = 4, r3 =12, r4 = 7, thetal = 10*M_PI/180;

double omega2 = 5; /I rad/sec

int i, numpoints = 50;

double t[numpoints], omega3[numpoints], omega4[numpoin ts];
CPlot plot;

fourbar.setLinks(rl, r2, r3, r4, thetal);
fourbar.setAngularVel(omega?2);
fourbar.angularVels(1, t, omega3, omega4);
for(i = 0; i < numpoints; i++) {
omega3[i] = M_RAD2DEG(omega3]i]);
omegad[i] = M_RAD2DEG(omega4[i]);

plot.data2D(t, omega3);

plot.data2D(t, omega4);

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("omega4”, 1);
plot.border(PLOT_BORDER_ALL, PLOT_ON);
plot.plotting();
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Output
see output foCFourbar ::plotAngularVels() example.

CFourbar::animation

Synopsis
#include <fourbar.h >
int animation (int branchnum ... /* [int outputtype string_t datafilenamg*/);

Syntax

animation(branchnuny

animation(branchnum outputtypg
animation(branchnum outputtype datafilenamg

Purpose
An animation of a fourbar mechanism.

Parameters

branchnuman integer used to indicate which branch will be drawn. Eachifar linkage has 2 branches
except the Rocker-Rocker, which has 4 branches.

outputtype an optional parameter to specify the output type of the atidma
datafilenamean 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 mechanismanchnumis an integer number which indi-
cates the branch to be drawsutputtypeis an optional parameter used to specify how the animationldh
be outputted.outputtypecan be either of the following macros: QANIMATEUTPUTTYPEDISPLAY,
QANIMATE OUTPUTTYPEFILE, QANIMATE OUTPUTTYPESTREAM.

QANIMATE _OUTPUTTYPEDISPLAY outputs the animation onto the computer terminal.
QANIMATE _OUTPUTTYPEFILE writes the animation data onto a file.

QANIMATE _OUTPUTTYPESTREAM outputs the animation to the standard a#tafilenamas an op-
tional parameter to specify the output file name.

Example 1
For a Crank-Rocker fourbar linkage with = 12m,ry = 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 r1 = 12, r2 = 4, r3 = 10, r4= 7;/lcranker-rocker
double thetal = 0*M_PI/180;
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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

= [=I[=i[]

| Hext || Prew || All || Go | Sgop L0 Fash 0 Bles |

Crank-Rocker
C
r4
r2
A I

Example 2

For a Crank-Crank fourbar linkage with = 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 r1 = 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[B][xI
| Next || Prev || ALl || Go |§ Srop 1 Fasn i Bles

Crank-Crank

Example 3
For a Rocker-Crank fourbar linkage with = 12m,ro = 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 r1 = 12, r2 = 7, r3 = 10, r4= 4; /l 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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E [=I[=i[x]
| Hext || Prewv || All || Go |§ Srop 10 Fash 0 Blow

Rocker-Crank

Example 4
For a Rocker-Rocker fourbar linkage with = 12m,ro = 7m, rs = 4m,r4 = 10m, andf; = 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 r1 = 12, r2 = 7, r3 = 4, r4= 10; // rocker - rocker
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);

fourbar.animation(2, QANIMATE_OUTPUTTYPE_FILE, "data. gnm"); // output the animation
/I data to file

fourbar.animation(3);

fourbar.animation(4);

Output
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£ x| = =S|
| Hext || Prev || ALl || Go | Step 1 Fash [0 Skow | | Hext || Prewv || All || Go | Brop 1 Fash 11 Blos
Rocker-Rocker Rocker-Rocker
P
B
rZ rd
A i}
£ = =TES] =S|
| Hext || Prev || ALl || Go | Step 1 Fash [0 Skow | | Hext || Prewv || All || Go | Stop 10 Fash [ SBlows
Rocker-Rocker Rocker-Rocker
A 1
r

Example 5
For an Inward-Outward fourbar linkage with = 4m,ry = 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 r1 = 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;

248



Chapter B: Fourbar Linkage<fourbar.v> CFourbar::animation

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

}
Output

= [=/[3i[x]

[ Hext |[ Prev |[ ALl |[Go |} Step | Fasy | Siow |

Hon=Grashof Triple-Rocker {inward/outward}
C
4
2

Example 6

For an Inward-Inward fourbar linkage with = 4m, ro = 5m,r3 = 12m,r4 = 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 r1 = 4, r2 = 5, 13 = 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
= [=I[Eix]
| Hext || Prev || All || Go | Lrop Fash Blow
Hon-Grashof Triple-Rocker {inwmard/inward}
Example 7

For an Outward-Inward fourbar linkage with = 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 r1 = 4, r2 = 12, r3 = 5, r4 = 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[E[x]
| Hext || Prev || All || Go |§ Srop 1 Fash o | Blow

Hon-Grashof Triple-Rocker {outward/inward}

Example 8
For an Outward-Outward fourbar linkage with = 12m,ry = 10m,rs = 4m,ry = dm,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 r1 = 12, r2 = 10, r3 = 4, r4 = 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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= (===
| Hext || Prev || ALl || Go |§ Brog 1 Fash | Glew |

Hon=Grashof Triple=Rocker {outward/outward}

CFourbar::couplerCurve

Synopsis
#include <fourbar.h >
void couplerCurve(int branchnumgdouble curvex]:], double curvey[:]);

Purpose
Calculate the coordinates of the coupler curve.

Parameters
branchnumAn integer number used for the branch which will be calcaate
curvex[:] A double array used for the x coordinate of coupler point wlifferent input angles.

curvey[:] A double array used for the y coordinate of coupler point wlifferent input angles.

Return Value
None.

Description
This function calculate the coupler point position by loapihe input anglecurvex ,curveys the solution
of the coupler point positon.
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Example
For different types of the fourbar linkages, given the léngt each link, draw the coupler point position
curve.

/* Crank - Crank */
#include <fourbar.h>

int main() {
CFourbar fourbar;
double r1, r2, r3, r4;
double thetal = O;
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);

/I Crank - Rocker

rl = 12; r2 = 4; r3 = 10; r4= 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);

/I Crank - Crank

ri =4, r2=12; 13 =7, r4 = 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);

llinward - Inward

rl1 =4;r2 =5;r3 =12; r4 = 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);

/liInward - Outward

rl =4;r2 =10, r3 =5; r4 = 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

rl = 4;r2 =12; r3 = 5; r4 = 10;
spl = pl.getSubplot(1,0);
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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; 13 = 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);

/IRocker - Crank

rl = 12; r2 = 7; r3 = 10; r4= 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);

/IRocker - Rocker

ri =12; r2 = 7; r3 = 4; r4= 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
Crank - Crank Inward - Inward Inward - Outward
15 8 r 15
10 6 10 r\
Crank - Rocker 5 | 4l 5
7
6 > 0 > 2 > 0
~5F
£ 4+ -5 F 0 -5
> 3+
&2t -10 2+ -10
e I I T O DO/ s et
-101234567 -10-5 0 51015 -6-4-20 2 4 6 810 -10-5 0 51015
Px (ft) X X X
Outward - Inward Outward - Inward Rocker - Crank Rocker - Rocker
15 7r 8 11
6 10
10 | 5 7 9
51 4 6 8
3 5 i
> 0 > 2 > >
1 4 6
-5 F 0 3 i
- - -1
10 SE 2 3
15 Lo L Y T [ TR ) ol
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See Also

CFourbar ::couplerPointAccel

254



Chapter B: Fourbar Linkage<fourbar.v> CFourbar::couplerPointAccel

Synopsis

#include <fourbar.h >

double complex couplerPointAccdldouble theta2,double theta3,double omega2double omega3dou-
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.

omega2A double number used for the angular velocity of link 2.
omega3A 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 coupléntpaheta2, theta3, omega2, omega3, alpha2, al-
pha3are double numbers. The return value is a complex number.

Example

A fourbar linkage has link lengths, = 12m,ry = 4m,r3 = 12m,r4 = Tm,r, = 5m, and angleg} = 20,

#; = 10. Given the anglé-, the angular velocitws and the angular acceleration, determine the Grashof
type of the fourbar linkage, and calculate the acceleraifdhe coupler point for each circuit, respectively.

I' * * *kkkkkkkkkkkkk

* This example calculates the acceleration of coupler point .
* * * *************/

#include <fourbar.h>

int main()
{
CFourbar fourbar;
int fourbartype;
double r1 = 12, r2 = 4, r3 =12, r4 = 7, thetal = 10*M_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 Ap[1:2];

omegal2]=5; /* rad/sec */
alpha[2]=-5; /* rad/sec*sec */
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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] = alpha[2];

/*find alpha3, alphad*/
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_LI NK2);
fourbar.angularVel(theta_2, omega_2, FOURBAR_LINK?2);
fourbar.angularAccel(theta_2, omega_2, alpha_2, FOURBA R_LINK2);
Ap[1] = fourbar.couplerPointAccel(theta_1[2], theta 1] 3],

omegal2], omega[3], alpha[2], alpha[3]);
printf("Circuit 1: \n CouplerAccleration: %f \n", Ap[1]);
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]);

} else {
fourbar.angularVel(theta_1, omega, FOURBAR_LINK2);
fourbar.angularAccel(theta_1, omega, alpha, FOURBAR_LI NK2);
fourbar.angularVel(theta_2, omega_2, FOURBAR_LINK2);
fourbar.angularAccel(theta_2, omega_2, alpha_2, FOURBA R_LINK2);
Ap[1] = fourbar.couplerPointAccel(theta_1[2], theta 1] 3],

omegal2], omega[3], alpha[2], alpha[3]);
printf("Circuit 1: \n  CouplerAccleration: %f \n", Ap[1]);
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

Synopsis
#include <fourbar.h >

256



Chapter B: Fourbar Linkage<fourbar.v> CFourbar::couplerPointVel

void couplerPointPogdouble theta2 double complex&pl, 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 poin

p2 A double complex number for the second solution of coupléntpa.

Return Value
None.

Description

This function calculates the position of the coupler potheta2is the input anglepl,p2are the two solu-
tions of coupler point position, respectively. Each is a ptam number indicating the vector of the coupler
point.

Example

A fourbar linkage has link lengths, = 12m,ry = 4m,r3 = 12m,r4 = Tm,r, = 5bm, and angleg} = 20,
and#; = 10. Given the anglé,, calculate the position of the coupler point for each ciraaispectively.

see CFourbar::angularPos().

CFourbar ::couplerPointVel

Synopsis
#include <fourbar.h >
double complex couplerPointVe{double theta2,double theta3,double omega2double 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.

omega2A double number used for the angular velocity of link 2.
omega3A double number used for the angular velocity of link 3.

Return Value
This function returns the vector of the coupler point’s o

Description

This function calculates the vector of the coupler poinéfoeity. theta2is the angle of link2theta3is the
angle of link3. omega2s the angular velocity of link2, andmega3is the angular velocity of link3. The
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vector of coupler point’s velocity is returned.

Example

A fourbar linkage has link lengths, = 12m,ry = 4m,r3 = 12m,r4 = Tm,r, = 5bm, and angleg} = 20,
andf#, = 10. Given the anglé), and the angular velocity,, determine the Grashof type of the fourbar
linkage, and calculate the velocity of the coupler pointdach circuit, respectively.

/ kkkkkkkkkkkkkkkkk

* This example calculates the velocity of coupler point.
* * * * ****************/

#include <fourbar.h>

int main()
{
CFourbar fourbar;
int fourbartype;
double r1 = 12, r2 = 4, r3 =12, r4 = 7, thetal = 10*M_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[1:2];

omegal2]=5; /* rad/sec */
alpha[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] = omegal[2];
alpha_2[2] = alpha[2];

/*find alpha3, alphad*/

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);

Vp[1] = fourbar.couplerPointVel(theta_1[2], theta_1[3] , omega[2], omega[3]);
printf("Circuit 1: \n  CouplerVelocity: %f \n", Vp[1]);
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[1] = fourbar.couplerPointVel(theta_1[2], theta_1[3] , omega[2], omega[3]);
printf("Circuit 1: \n  CouplerVelocity: %f \n", Vp[1]);
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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]);
}
}

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 theta2 doubletheta3 doubletheta4 ... /* [int outputtypd|, [char * filenam§]
*/);

Syntax

displayPositiontheta? theta3 thetad
displayPositiontheta2 theta3 theta4 outputtypé
displayPositiontheta2 theta3 theta4 outputtypefilenamé

Purpose
Given#,, 63, andd,, display the current position of the fourbar linkage.

Parameters

theta2 0, 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 0 on success and -1 on failure.

Description

Givenfs, 63, andd,, display the current position of the fourbar linkagritputtype is an optional pa-
rameter used to specify how the output should be handledaythre one of the following macros:
QANIMATE OUTPUTTYPEDISPLAY, QANIMATE OUTPUTTYPEFILE,

QANIMATE OUTPUTTYPESTREAM. QANIMATE_ OUTPUTTYPEDISPLAY outputs the figure to the
computer terminal. QANIMATEOUTPUTTYPEFILE writes the ganimate data onto a file.

QANIMATE _OUTPUTTYPESTREAM outputs the ganimate data to the standard out stréi@mame

is an optional parameter to specify the output file name.
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Example

A fourbar linkage has link lengths; = 12m,ry = 4m,r3 = 12m,ry = 7m, 61 = 10 and coupler point
propertiesr, = 5, 8 = 20°. Given the angl#,, calculate the angular positiéi andé, of link3 and link4,
display the fourbar linkage in its current position.

*kkkkkkkkkkkk

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 r1 = 12, r2 = 4, r3 =12, r4 = 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 _14);
fourbar.displayPosition(theta_2[2], theta_2[3], theta _2[4]);
return O;
}
b4
[ Mext |[ Prev | 8i3 [Go |! Stee i Fash |0 Siow | [ Mext |[ Prev |i #i3 ([ 60 || Step i Fesy | Biow |
Crank-Rocker Crank—Rocker

CFourbar ::displayPositions
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Synopsis

#include <fourbar.h >

int displayPositiongdouble theta?2[:], double theta3[:], double theta4[:], ... /* [int outputtype], [char *
filenamg] */);

Syntax

displayPositiongtheta2 theta3 thetad
displayPositiongtheta2 theta3 theta4 outputtypé
displayPositiongtheta? theta3 theta4 outputtypefilename

Purpose
Givendss, 03s, andd,s, display the respective positions of the fourbar linkage.

Parameters

theta2 0, angles.

theta3 05 angles.

theta4d 6, angles.

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

Givenfss, f3s, andd,s, display the relative positions of the fourbar linkagetputtype is an optional
parameter used to specify how the output should be handlethayl be one of the following macros:
QANIMATE OUTPUTTYPEDISPLAY, QANIMATE OUTPUTTYPEFILE,

QANIMATE OUTPUTTYPESTREAM. QANIMATE OUTPUTTYPEDISPLAY outputs the figure to the
computer terminal. QANIMATEOUTPUTTYPEFILE writes the ganimate data onto a file.

QANIMATE _OUTPUTTYPESTREAM outputs the ganimate data to the standard out stréi@mame

is an optional parameter to specify the output file name.

Example
seeCFourbar::synthesig).

CFourbar ::forceTorque

Synopsis
#include <fourbar.h >
void forceTorque(double theta[1:4], double omega[1:4], double alpha[1:4], double tl, array double

X[9]);
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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.

omegaA double array used for the angular velocities of links.
alpha A double array used for the angular accelerations of links.
tl A double number used for load torque.

x A double array used for forces in four joints and output terqu link 2 as represented
x = (Fioz, Fioy, Fase, Fasy, Fsaz, Fsay, Flae, Fiay, Ts)”

Return Value
None.

Description

This function calculates the joint force and ouput torque given load torquethetais a one-dimensional
array of size 4 for the angles of linkemegais a one-dimensional array of size 4 for the angular velegiti
of links. alphais a one-dimensional array of size 4 for the angular aceteraiof links. tl is the load torque.

X contains the force and output torque.

Example

A fourbar linkage has link lengthg = 12in,ry = 4in,rs = 12in,r4 = Tin,r, = 5, and angleg} = 20,
andf; = 10. Given the angld,, angular velocityw,, and angular acceleratiam,, calculate the required
torque applied to the input link 2 in order to achieve the desimotion. Also calculate the joint forces
exerted on the ground from links 1 and 4.

I' * * * *kkkkkkkkkkkk

* This example calcuates the joint force and output torque at
* a given point.

* * * ************/
#include <math.h>
#include <fourbar.h>
int main() {
CFourbar fourbar;
double r1 = 12/12.0, r2 = 4/12.0, r3 =12/12.0, r4 = 7/12.0, the tal = O;
double rp = 5/12.0, beta = 20*M_PI1/180;
double theta_1[1:4], theta_2[1:4], omega[l:4], alpha[l: 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, delta4 = 0.0;
double m2 = 0.8/g, m3 = 2.4/g, m4 = 1.4/g;
double ig2 = 0.012/12, ig3 = 0.119/12, igd = 0.038/12, tl=0;

/* initialization of link parameters and
inertia properties */

theta_1[1] = 0; theta_1[2]=150*M_PI/180;
theta_2[1] = 0; theta_2[2]=150*M_PI1/180;
omegal2] = 5; alphal2] = -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.setlnertia(ig2, ig3, ig4);

fourbar.setMass(m2, m3, m4);

/I find theta3, theta4

fourbar.angularPos(theta_1, theta_2, FOURBAR_LINK2);

/I find omega3, omega4

fourbar.angularVel(theta_1, omega, FOURBAR_LINK2);

/I find alpha3, alpha4

fourbar.angularAccel(theta_1, omega, alpha, FOURBAR_LI NK2);
/I find forces, torque

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

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

/I find omega3, omega4

fourbar.angularVel(theta_2, omega, FOURBAR_LINK2);

/I find alpha3, alpha4

fourbar.angularAccel(theta_2, omega, alpha, FOURBAR_LI NK2);
/I 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 -0.742 8 -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 forceTorquegint branchnum,double tl,array double time[:], array double f12x[:], array double
f12y[:], array double f23x[:], array double f23y[:], array double f34x[:], array double f34y[:], array
doublefl4x[:], array double f14y[:], array double ts[:]);

Purpose
Calculate the joint force and output torque in the valid ogmotion.

Parameters

branchnumAn integer number used to indicate the branch to be calallate
tl A double number for the load torque.

time A double array to record time.

f12x, f12y, f23x, 23y, f34x, 134y, f14x, flDpuble 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 torquéhie valid range of motionbranchnumis the
branch which will be plottedil is the load torquetimeis an array to record timef12x, f12y, f23x, f23y,
f34x, f34y, f14x, fl4gre arrays for forcedsis a double array for input torque.

Example

A fourbar linkage has link lengthg = 12in,ry = 4in,r3 = 12in,ry = Tin,r, = 5in, and angleg} = 20,
and#; = 10. Given the anglé, and constant angular velocity,, using a loop to calculate the required
torques applied to the input link 2 in order to achieve thestamt angular velocity for link 2. Also calculate
the joint forces exerted on the ground from links 1 and 4.

/ *kkkkkkkkkkkkkk

* This example calculates the joint force and output torque
* in the valid range of motion.

**************/
#include <math.h>
#include <fourbar.h>
int main()
{
CFourbar fourbar;
double r1 = 12/12.0, r2 = 4/12.0, r3 =12/12.0, r4 = 7/12.0, the tal = 0;
double rp = 5/12.0, beta = 20*M_PI1/180;
double g=32.2;

double rg2 = 2/12.0, rg3 =
double delta2 = 0.0, delta3
double m2 = 0.8/g, m3 = 2.4/g, m4 = 1.4/g;

double ig2 = 0.012/12, ig3 = 0.119/12, ig4 = 0.038/12, tI=0;
int numpoint = 50;

double omega2 = 5; /[* constant omega2 */

array double time[numpoint], ts[numpoint];

array double f12x[numpoint], f12y[numpoint];

array double f23x[numpoint], f23y[numpoint];

array double f34x[numpoint], f34y[numpoint];

array double fl4x[numpoint], fl4y[numpoint];

int branchnum = 1;

int i;

class CPlot pl;

6/12.0, rg4 = 3.5/12.0;
= 0, delta4 = 0.0;

/* 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.setlnertia(ig2, ig3, ig4);

fourbar.setMass(m2, m3, m4);

fourbar.setNumPoints(numpoint);

fourbar.setAngularVel(omega?2);

fourbar.forceTorques(branchnum, tl, time, f12x,
f12y, f23x, 23y, f34x, f34y, fl4x, fldy, ts); /I calculate t he forces
/I and torque
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}

plotxy(time, ts, NULL, "time t (seconds)", "input torque Ts
pl.border(PLOT_BORDER_ALL, PLOT_ON);
pl.plotting();

plotxy(time, f12x, NULL, "time t (seconds)", "Joint force (
pl.data2D(time, f12y);

pl.data2D(time, f23x);

pl.data2D(time, f23y);

pl.data2D(time, f34x);

pl.data2D(time, f34y);

pl.data2D(time, f14x);

pl.data2D(time, fl4y);

pl.legend("f12x",0);

pl.legend("f12y",1);

pl.legend("f23x",2);

pl.legend("f23y",3);

pl.legend("f34x",4);

pl.legend("f34y",5);

pl.legend("f14x",6);

pl.legend("f14y",7);
pl.border(PLOT_BORDER_ALL, PLOT_ON);
pl.plotting();

Output

0.8

CFourbar::forceTorques

(ft.Iof)", &pl);

Ibf)", &pl);

0.4 |

0.2 Iy

-0.2

input torque Ts (ft.Ibf)

04 F

-0.6 -

-0.8 -

" "
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Joint force (Ibf)
P
T

" " " " " "
0 0.2 0.4 0.6 0.8 1 1.2 1.4
time t (seconds)

CFourbar::getAngle

Synopsis
#include <fourbar.h >
int getAngle(double theta[1:] int theta.id);

Purpose
Given angles of two moving links, calculate the angle of gr@aining moving link.

Parameters
theta A double array with dimension size of 4 for angular positions
thetaiid An integer number indicating the link number of the unknovasifion angle.

Return Value
This function returns 0 on success and -1 on failure.

Description

Given the angular positions of two links of a fourbar linkatfes function computes the angular position of
the remaining moving linkthetais a one-dimensional array of size 4 which stores the anguaisitions of
the links.thetaid is an integer number indicating the link number of the knovwgudar position.

Example
seeCFourbar::synthesig).

CFourbar ::getJointLimits

Synopsis
#include <fourbar.h >
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int getJointLimits (double inputmin[2], doubleinputmax[2] double ouputmin[2],double outputmax[2);

Purpose
Calculate the input and output joint limits of a fourbar ge.

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.
outputmaxA double array used for the maximum output angle.

Return Value

This function returns the type of linkage.

The return value arsfOURBAR _INVALID , FOURBAR_CRANKCRANK , FOURBAR _ROCKERCRANK ,
FOURBAR _ROCKERROCKER , FOURBAR _INWARDINWARD , FOURBAR _INWARDOUTWARD ,
FOURBAR_OUTWARDINWARD , FOURBAR _OUTWARDOUTWARD

Description
This function calculates fourbar linkage input and outmuint limits. inputmin, inputmax, outputmin out-
putmaxare arrays for the limit of the fourbar linkage. The functieturns the type of linkage.

Example
For a fourbar linkage with link lengths, = 12m,ry = 4m,r3 = 12m,r4, = 7m, and angled; = 0,
determine the input limit and output limit for each circuit.

/ kkkkkkkkkkkkkkkk

* This example calculates the input and output joint limits
* of fourbar linkage.

***************/

#include <math.h>
#include <fourbar.h>
int main() {

CFourbar fourbar;

double r1 = 12, r2 = 4, r3 =12, r4 = 7, thetal = O;

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, in putlimitmax,

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_ PI);
printf(" Upper limit: %7.2f %8.2f\n",
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inputlimitmax[0]*180./M_PI, inputlimitmax[1]*180./M_ PI);

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./
printf(" Upper limit: %7.2f %8.2f\n",
outputlimitmax[0]*180./M_PI, outputlimitmax[1]*180./ M_PD);
}
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

M_PI);

CFourbar ::grashof

Synopsis
#include <fourbar.h >
int grashof(string_t &namg;

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 ar&éOURBAR_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 linkaggmeis a string indicating the Grashof type. The

fuction returns the type of linkage.

Example

For a fourbar linkage with link lengths, = 12m,rs = 4m,r3 = 12m,r4 = 7m, and angled; = 10,

determine the Grashof type of the linkage.

/ *kkkkkkkkkkkkkkkkk
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* This example calculate joint limits and decide Grashof typ e of
* linkage.

*****************/

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

int main() {
double thetal, theta2;
double gammal, gammaz2,;
int fourbartype; /* the type of linkage */
string_t GrashofName;
CFourbar fourbar;

/* default specification of the four-bar linkage */
double r1 = 12, r2 = 4, r3 = 10, r4= 7;/lcranker-rocker
thetal = 10*M_PI/180; theta2=45*M_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 branchnuny;

Purpose
Plot angular accelerations; anda, with respect to time.

Parameters
&plot A pointer to a CPlot class variable for formatting the plotlué branch to be drawn.
branchnumAn integer used to indicate the branch to be drawn.

Return Value
None.

Description

This function plots angular accelerationg anday4 with respect to time&plot is a pointer to a CPlot class
variable for formatting the plot of the branch to be dralwranchnumis an integer number used to indicate
the branch to be drawn.

Example
For a fourbar linkage with link lengths, = 12m,ro = 4m,rs = 12m,r4, = 7m, anglef; = 10°, and
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constant angular velocity, = 5rad/s, plot the angular acceleration curves for links 3 and 4.

I‘ * *kkk * * *

*  This example is for plotting angular accelerations alpha3 and
*  alpha4 with respect to time.
* * * * * ********************/

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

int main() {
double r[1:4], thetal;
double omega?;
int numpoints = 50;
CFourbar fourbar;
CPlot plot;

/* default specification of the four-bar linkage */
1] = 12; r[2] = 4; 3] = 12; r[4] = 7,

thetal = 10*M_PI1/180;

omega2 = 5; [* radlsec */

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
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CFourbar ::plotAngularPoss
Synopsis
#include <fourbar.h >

void plotAngularPosgCPlot *plot, int branchnuny;

Purpose
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Plot angular positiong8s andé, with respect to time.

Parameters
&plot A pointer to a CPlot class variable for formatting the plotiwé branch to be drawn.
branchnumAn integer used to indicate the branch to be drawn.

Return Value
None.

Description

This function plots angular positiorts, and 84 with respect to time.&plot is a pointer to a CPlot class
variable for formatting the plot of the branch to be dralwranchnumis an integer number used to indicate
the branch to be drawn.

Example

For a fourbar linkage with link lengths = 12m,ro = 4m,r3 = 12m,ry = 7m, and angled; = 10°, plot
the angular position curves for links 3 and 4.

/ * * * *kkkkkkkkkkkk

*  This example is for plotting angular positions theta3 and
*  thetad with respect to time.

*************/

#include <math.h>
#include <fourbar.h>
int main() {
CFourbar fourbar;
double r1 = 12, r2 = 4, r3 =12, r4 = 7, thetal = 10*M_PI/180;

double omega2 = 5; /I 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
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CFourbar ::plotAngularVels

Synopsis
#include <fourbar.h >
void plotAngularVels(CPlot *plot, int branchnuny;

Purpose
Plot angular velocities)s andw, with respect to time.

Parameters
&plot A pointer to a CPlot class variable for formatting the plotlué branch to be drawn.
branchnumAn integer used to indicate the branch to be drawn.

Return Value
None.

Description

This function plots angular velocities; andw, with respect to time &plot is a pointer to a CPlot class
variable for formatting the plot of the branch to be dralwranchnumis an integer number used to indicate
the branch to be drawn.

Example
For a fourbar linkage with link lengths; = 12m,ry = 4m,r3 = 12m,r4 = 7m, anglef; = 10°, and
constant angular velocity, = 5rad/s, plot the angular velocity curves for links 3 and 4.

I‘ * * * *

This example is for plotting angular velocities omega3 and omegas

*  with respect to time.
* * * * ********************/

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

int main() {
double r[1:4], thetal;
double omega?;
int numpoints = 50;
CFourbar fourbar;
CPlot plot;

/* default specification of the four-bar linkage */
1] = 12; r[2] = 4; 3] = 12; r[4] = 7,

thetal = 10*M_PI1/180;

omega2 = 5; [* radlsec */

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
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CFourbar::plotCouplerCurve

Synopsis
#include <fourbar.h >
void plotCouplerCurve(CPlot *plot, int branchnuny;

Purpose
Plot the coupler curve.

Parameters
&plot A pointer to a CPlot class variable for formatting the plotiwé branch to be drawn.

branchnumAn integer used to indicate the branch to be drawn.
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Return Value
None.

Description
This function plots the coupler curvé&plot is a pointer to a CPlot class variable for formatting the plot
the branch to be drawibranchnumis an integer number used to indicate the branch to be drawn.

Example
For a fourbar linkage with link lengths; = 12m,ry = 4m,rs = 10m,r4y = 7m,r, = 5, and angles
61 = 0, andg = 20, plot the curve of the coupler point’s position.

I' * * * * *khkkkkkkk

* This example plot the coupler curve.

********/

#include <math.h>
#include <fourbar.h>

int main() {
CFourbar fourbar;
double r1 = 12, r2 = 4, r3 = 10, r4= 7;//lcranker-rocker
double thetal = O;
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

CFourbar ::plotForceTorques
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Synopsis
#include <fourbar.h >
void plotForceTorqueqCPlot *plot, int branchnumdoubletl);

Purpose
Plot output torque curve.

Parameters

&plot A pointer to a class used for formatting plot of the branchdalbtawn.
branchnumAn integer number used for indicating the branch that wilphmted.
tl A double number for the load torque.

Return Value
None.

Description

This function plots the output torque cun&plot is a pointer to a CPlot class for formatting the plot of the
branch to be plottedbranchnumis an integer for the branch that will be plottetlis a double number for
the load torque. The first point and the last point are removieen plotting for all linkages except types
crank-rocker and crank-crank because of sigularities.

Example

A fourbar linkage has link lengths, = 12in,ry = 4in,r3 = 10in,r4 = Tin, and anglé; = 10°. Given
constant angular velocity, = 5rad/sec, load torquet; = 0 and inertia properties of the fourbar, plot the
joint forces and output torque versus time t.

See Prograria’2.

Output

See Figur€Z211.

CFourbar ::plotTransAngles

Synopsis
#include <fourbar.h >
void plotTransAngles(CPlot *plot, int branchnun;

Purpose
Plot the transmission anglewith respect td;.

Parameters
&plot A pointer to a CPlot class variable for formatting the plotlué branch to be drawn.
branchnumAn 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 fonctif ;. &plot is a pointer to a CPlot class
variable for formatting the plot of the branch to be dralwranchnumis an integer number used to indicate
the branch to be drawn.

Example

For a fourbar linkage with link lengths = 12m,ry = 4m,r3 = 12m,ry = 7m, and angled; = 10°, plot
the transmission angle curve for the first branch.

I' * * * *kkkkkkkkkkkk

*  This example is for plotting the transmission angle vs
*  theta2.

* * * * * *************/

#include <math.h>
#include <fourbar.h>

int main() {
CFourbar fourbar;
double r1 = 12, r2 = 4, r3 = 12, r4 = 7, thetal = 10*M_PI/180;
int numpoints = 50;
CPlot plot;

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

}

Output

Transmission Angle Plot

120

gamma (rad)

30 ! ! ! ! ! ! !
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.

ParametersNone.

Return Value
None.

Description

This function prints the range of motion of the input and eipks.

Example

For a fourbar linkage with link lengths = 12m,ry = 4m,r3 = 12m,r4 = 7m, and anglé; = 10, print
out the joint limits for the input and output joints.

kkkkkkkkkkkkkkkkkk

/
* This example calculate joint limits and decide Grashof typ e of
* linkage.

*****************/

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

int main() {
double thetal, theta2;
double gammal, gammaz2;
int fourbartype; /* the type of linkage */
string_t GrashofName;
CFourbar fourbar;

/* default specification of the four-bar linkage */
double r1 = 12, r2 = 4, r3 = 10, r4= 7;/lcranker-rocker
thetal = 10*M_PI/180; theta2=45*M_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 omega2,
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Purpose
Set the constant angular velocity of link 2.

Parameters
omega2A double number used for the constant input angular velaitink 2.

Return Value
None.

Description

This function sets the constant angular velocity of link 2islused in conjunction with member functions
plotAngularPosy), plotAngularVels(), plotAngularAccels(), plotForceTorquey), andforceTorquesy).
The relationships betweéh, w», anda, are as follows,

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

whered, i, is the minimum angular position of the input link, angl is a constant.

Example
seeCFourbar::plotForceTorquey).

CFourbar ::setCouplerPoint

Synopsis
#include <fourbar.h >
void setCouplerPoin{doublerp, beta ... /* [int trace] */);

Syntax
setCouplerPoin{rp, betg
setCouplerPoin{rp, betg 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 aht type specifying either macro TRACBFF or TRACEON 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
seeCFourbar::plotCouplerCurve(), CFourbar::animation().

CFourbar ::setGravityCenter

Synopsis
#include <fourbar.h >
void setGravityCenter(double rg2, doublerg3, doublerg4, double delta2,double delta3,double deltad);

Purpose
Set parameters for the mass centers of links.

Parameters

rg2 A double number used for the distance from jailat to the center of gravity of link 2.
rg3 A double number used for the distance from joint A to the aeotgravity of link 3.
rg4 A double number used for the distance from jaif to the center of gravity of link 4.
delta2 A double used for the angle between veatgs and link 2.

delta3 A double used for the angle between veatgs and link 3.

delta4 A double used for the angle between veatgr and link 4.

Return Value
None.

Description
This function sets parameters for the mass centers of links.

Example
seeCFourbar::plotForceTorques).

CFourbar::setlnertia
Synopsis
#include <fourbar.h >

void setlnertia(double ig2, doubleig3, 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.
igd A double number used for the inertia of link 4.

Return Value
None.

Description
This function sets inertia parameters of the links.

Example
seeCFourbar::plotForceTorques).

CFourbar::setLinks

Synopsis
#include <fourbar.h >
int setLinks(doublerl, doubler2, doubler3, doubler4, double thetal);

Purpose
Set the lengths of links.

Parameters
r1,r2,r3,r4 A double number used for the length of links.
thetal A double number for the angle between linkl and horizontal.

Return Value
This function returns 0 on success and -1 on failure.

Description
This function sets the lengths of links and determines ifitiles can construct a fourbar mechanism. If not,
return -1.

Example
seeCFourbar::plotCouplerCurve().

CFourbar::setMass
Synopsis
#include <fourbar.h >

void setMasgdouble m2,double m3,double m4);

Purpose
Set masses of the links.

Parameters

m2,m3,m4double numbers used for the masses of links.
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Return Value
None.

Description
This function sets masses of links.

Example
seeCFourbar::plotForceTorques).

CFourbar::synthesis

CFourbar::setNumPoints

Synopsis
#include <fourbar.h >
void setNumPointgint numpoint;

Purpose

Set the number of points for animation and plotting coupleves.
Parameters

numpoints An integer number used for the number of points.
Return Value

None.

Description

This function sets the number of points for animation andtipig coupler curves.

Example
seeCFourbar ::animation().

CFourbar::synthesis

Synopsis
#include <fourbar.h >
int synthesigdoubler[1:4], 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 positioris an array for the length of the linkghi is an array
for the input angles.psiis an array for the output angles.

Example
Given input angleg); = 66.27, 1y = 102.42,v3 = 119.67 and output angleg, = 105, ¢po = 157, ¢3 =
209, calculate the length of the links. Then display the fourddathese three positions.

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

int main()

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

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

rMi] = 1;
psi[1]=66.27*M_P1/180; psi[2]=102.42*M_P1/180; psi[3] =119.67*M_P1/180;
phi[1]=105*M_P1/180; phi[2]=157*M_P1/180; phi[3]=209* M_P1/180;

fourbar.synthesis(r,phi,psi);

/* display link lengths */
printf("r2 = %.3f, r3 = %.3f, r4 = %.3\n", r[2], r[3], r[4]);

/* obtain theta3 in three positions and display these positi ons */
theta[l] = O;

fourbar.setLinks(r[1], r[2], r[3], r[4], theta[1]);

theta[2]=phi[1]; theta[4] = psi[l];

fourbar.getAngle(theta, FOURBAR_LINK3);

theta3[1] = theta[3];

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

fourbar.getAngle(theta, FOURBAR_LINK3); theta3[2] = the ta[3];
theta[2] = phi[3]; theta[4] = psi[3];
fourbar.getAngle(theta, FOURBAR_LINKS3); theta3[3] = the ta[3];

fourbar.displayPositions(phi, theta3, psi);

return O;

}
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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Synopsis
#include <fourbar.h >
void transAngle(double &gammaldouble &gamma2double theta,int giventhetd;

Purpose
Given input link position, calculate the transmission ang|

Parameters

gammalA double number used for the first solution.

gamma2A double number used for the second solution.

theta A double number used for a given link position.

giventheta An integer number used as an identifier for a known link.

Return Value
None.

Description

This function calculates the transmission angle, givenpibstion of the input link.gamm1, gamma2re
used for the two solutions of the transmission angle for eachit of the linkage, respectivelyhetais the
given input link positiongiventhetais an idetifier for the known angle theta.

Example

A fourbar linkage has link lengthg = 5m,re = 1.5m,r3 = 4m,ry = 4.5m, and an anglé; = 10. Given
the angle),, determine the Grashof type of the fourbar linkage and tatleuhe transmission angle for each
circuit, respectively.

/
* This example calculate the transmission angle with given i nput
* 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 */
1] = 5; r[2] = 1.5; r[3] = 4, r[4] = 4.5;
thetal = 10*M_PI/180; theta2=45*M_PI/180;

printf("Results: Interactive Four-Bar Linkage Transmiss
fourbar.setLinks(r[1], r[2], r[3], r[4], thetal);

/* Grashof Analysis */
fourbartype = fourbar.grashof(NULL);
if (fourbartype == FOURBAR_INVALID) exit(1);
fourbar.transAngle(gammal, gammaz2, theta2, FOURBAR_LIN
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",gamma2);

Output

Results: Interactive Four-Bar Linkage Transmission Angle

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

ion Angle Analysis\n\n");

K2);

Analysis

CFourbar::transAngles

Synopsis
#include <fourbar.h >

void transAngleqint branchnumdouble theta2[:], double gammal:));

Purpose
Calculate transmission angle values for the valid rangeaifan.

Parameters
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branchnumAn integer used to indicate the branch of the fourbar.
theta2 An array ford, values.
gammaAn array fory values.

Return Value
This function returns 0 on success and -1 on failure.

Description

This function calculates the values forfor the valid range of motionbranchnum is the branch of the
fourbar.theta? is an array fol, values.theta3 are arrays for storing the calculated transmission angle
values.

Example
For a fourbar linkage with link lengths = 12m,ro = 4m,r3 = 12m,ry = 7m, and angléd; = 10°, plot
the transmission angle curve for the first branch.

I' * * * *kkkkkkkkkkkk

*  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 r1 = 12, r2 = 4, r3 =12, r4 = 7, thetal = 10*M_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]);
gammali] = M_RAD2DEG(gammali]);

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 foCFourbar::plotTransAngles() example.

CFourbar::uscUnit

Synopsis
#include <fourbar.h >
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void uscUnit(bool unit);

Purpose
Specify the use of Sl or US Customary units in analysis.

Parameters

unit A boolean argument, wheteue indicates US Customary units are desired &ige indicates Sl
units.

Return Value
None.

Description

This function specifies the whether Sl or US Customary umgsuged. Ifunit = true , then US Cus-
tomary units are used; otherwise, Sl units are used. By Heflwnits are assumed. This member function
shall be called prior any other member function calls.

Example
seeCFourbar::forceTorque().
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Appendix C

Class CCrankSlider

CCrankSlider

The header filerankslider.h includes header filenkage.h. The header filerankslider.h also contains
a declaration of clas€CrankSlider. 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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angularAccel
angularPos
angularVel
animation
couplerCurve
couplerPointAccel
couplerPointPos
couplerPointVel
displayPosition
forceTorque
forceTorques
getJointLimits
plotCouplerCurve
plotForceTorques
setCouplerPoint

CCrankSlider::angularAccel

Given the angular acceleration of link2, calculate the #argacceleration of link3.
Given the angle of link2, calculate the angle of link3.

Given the angular velocity of link2, calculate the angulaloeity of link3.
Crank-slider animation.

Calculate the coordinates of the coupler curve.

Calculate the acceleration of the coupler point.

Calculate the position of the coupler point.

Calculate the velocity of the coupler point.

Display position of the crank-slider mechanism.

Calculate the joint forces and input torque at a given point.

Calculate the joint forces and input torque in the valid emofmotion.
Calculate crank-slider linkage input and output joint bisni

Plot the coupler curves.

Plot the joint forces and input torque curves.

Set parameters for the coupler point.

setGravityCenter Set parameters for mass centers of links.

setlnertia 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 lcagon of the slider.
sliderPos Given the angular position of link2, calculate the positadrthe slider.
sliderVel Given the angular velocity of link 2, calculate the veloaitiythe slider.
transAngle Given input link position, calculate the transmission ang|

uscUnit Specify the use of Sl or US Customary units.

See Also

CCrankSlider::angularAccel

Synopsis

#include <crankslider.h>
double angularAcce(double theta2 double theta3 double omega2 doubleomega3double alpha?);

Purpose

Given the angular acceleration of link2, calculate the #argacceleration of link 3.

Parameters

theta2, theta3Double numbers indicating the angular position of link2 &nkl 3, respective.

omegaz2, omega®ouble numbers indicating the angular velocity of link2 dinkd3, respective.

alpha2 A double number indicating the angular acceleration ofdink

Return Value

This function returns the angular acceleration of link3.
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Description

Given the angular acceleration of one link, this functiolcaiates the angular acceleration of link3 of the
crank-slider.theta2, thetaZre double numbers which store the angle of link2 and link§pectiveomega2,
omegadare double numbers which store the angular velocity of liak@ link3, respectivealpha2is a dou-
ble number which stores the angular acceleration of link# feturned value is the result of calculation.

Example

A crank-slider linkage has link lengths = 1m,r3 = 2m,r4 = 0.5m, and angled; = 10°. Given the
anglef,, the angular velocityw, and the angular acceleratian, calculate the angular acceleratiag of
link3 for one circuit.

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

int main() {
double r2 1, r3 = 2, r4 = 0.5, thetal = 10*M_PI/180;
double rp = 2.5, beta = 20*M_PI/180;
double theta2 = 50*M_PI/180;
double omega2 = 5; /* rad/sec *
double alpha2 =-5; /* 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_thet a3);

[ffirst solution

omega3 = crankslider.angularVel(theta2, first_theta3, o megaz2);

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_PD);

printf("\tRad/sec*sec:\t alpha3=%6.4f\n",alpha3);

/Isecond solution

omega3 = crankslider.angularVel(theta2, sec_theta3, ome ga2);
alpha3 = crankslider.angularAccel(theta2, omega2, sec_t heta3, omega3, alpha2);
printf("Second Solution:\n");
printf("\tDeg/sec*sec:\t alpha3=%6.3f\n",alpha3*180/ M_PI);
printf("\tRad/sec*sec:\t alpha3=%6.4f\n",alpha3);

}

Output

First Solution:

Deg/sec*sec: alpha3=556.431
Rad/sec*sec: alpha3=9.7115
Second Solution:

Deg/sec*sec: alpha3=-556.431
Rad/sec*sec: alpha3=-9.7115
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CCrankSlider::angularPos

Synopsis
#include <crankslider.h >
void angularPogdouble theta2 double &first_solution,double & secsolution);

Purpose
Given the angle of one link, calculate the angle of the otimésl

Parameters

theta2 A double number used for the angular positon of link2.

first_ solution A double number used for the first solution of theta3.
secsolution A double number used for the second solution of theta3.

Return Value
This function returns 0 on success and -1 on failure.

Description

Given the angular position of link2, this function computies angular positions of link3.

Example

A crank-slider linkage has link lengths = 1m,rs = 2m,ry = 0.5m, and angled; = 10°. Given the
angled,, calculate the angular positighy andé, 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, 13 = 2, r4 = 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_thet a3);
crankslider.couplerPointPos(theta2, pl, p2);

[**** the first set of solutions ****/

printf("theta3 = 9%6.3f, P = %6.3f \n", first_theta3, pl);
[**** the second set of solutions ****/

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::angularVel

Synopsis
#include <crankslider.h >
double angularVeldouble theta2,double theta2,double omegaz;

Purpose
Given the angular velocity of link2, calculate the angulelogity of link3.

Parameters
theta2, theta3Double numbers used for the input angles of link2 and linlkspeetively.
omega2A double number used for the angular velocity of link2.

Return Value
This function returns the angular velocity of link3.

Description
Given the angular velocity of link2, this function calcdatthe angular velocities of link3heta2, theta3
are double numbers for link positionsmegads a double number for angular velocity of link2.

Example

A crank-slider linkage has link lengths = 1m,r3 = 2m,r4 = 0.5m, and angled; = 10°. Given the
anglef, and the angular velocity,, determine the Grashof type of the crank-slider linkage @aidulate
the angular velocitiess andw, 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 = 10*M_PI/180;
double theta2 = 45*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_thet a3);

omega3 = crankslider.angularVel(theta2, first_theta3, o megaz2);
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, ome ga2);
printf("Second Solution:\n");

printf("\tDeg/sec:\t omega3=%6.3f\n", omega3*180/M_PI );
printf("\tRad/sec:\t omega3=%6.3f\n", omega3);

291



crankslider.h CCrankSlider::animation

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 datafilenamg*/);

Syntax

animation(branchnuny
animation(branchnumoutputtypé
animation(branchnum outputtype datafilenamg

Purpose
An animation of the crank-slider mechanism.

Parameters

branchnuman integer used for indicating which branch you want to di@ach crank-slider has 2 branches.
outputtype an optional parameter to specify the output type of the atiama

datafilenamean optional parameter to specify the file name of output.

Return Value
This function returns 0 on success and -1 on failure.

Description

This function simulates the motion of a crank-slider medéman branchnumis an integer which indicates
the branch you want to drawutputtypeis an optional parameter used to specify how the animationldh
be outputted.outputtypecan be either of the following macros: QANIMATEUTPUTTYPEDISPLAY,
QANIMATE OUTPUTTYPEFILE, QANIMATE _OUTPUTTYPESTREAM. Specifying macro
QANIMATE _OUTPUTTYPEDISPLAY displays an animation on the screen. With macro,

QANIMATE _OUTPUTTYPEFILE, the animation data can be written to a file. Macro

QANIMATE OUTPUTTYPESTREAM outputs the animation to the standard alstafilenameés an op-
tional parameter to specify the output file name if you wardutput the data to a file.

Example
For a Crank-Rocker crank-slider linkage with link lengths = 1m,r3 = 2m,ry = 0.5m,and angle
¢1 = 10° and coupler parameters, = 2.5m and3 = 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 = 10*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
Homee EEE|ES =X
——
| Hext || Prev || ALl | Stop 1) Fast 0 Bles |
Crank-SLider ‘ Hext H Prev H A1l | Siep 1 Fash 1] Blow |

Crank=Slider

CCrankSlider::couplerCurve

Synopsis
#include <crankslider.h >
void couplerCurve(int branchnumgdouble curvex]:], double curvey[:]);

Purpose

Calculate the coordinates of the coupler curve.

Parameters
branchnumAn integer used to indicatel the branch to be calculated.

curvex[:] A double array used for the x coordinate of coupler pointulgtodifferent input angles.
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curvey[:] A double array used for the y coordinate of coupler pointulgiodifferent input angle.

Return Value
None.

Description
This function calculates the coupler point position by liogpthe input anglecurvex ,curveyare the coor-
dinate solutions of the coupler point positon.

Example
For a crank-slider with link lengths, = 1m,r3 = 2m,ry = 0.5m,r, = 2.5m and angle®; = 0, and
G = 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, r4 = 0.5; // crank-crank
double thetal = O;
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);

/I 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

1.8
16
14
1.2

Py (m)
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See Also

CCrankSlider::couplerPointAccel

Synopsis

#include <crankslider.h >

double complex couplerPointAccdldouble theta2,double theta3,double omega2double omega3dou-
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.

omega2A double number used for the angular velocity of link 2.
omega3A 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 coupleéntpaheta2, theta3, omega2, omega3, alpha2, al-
pha3are double numbers. The return value is a complex number.

Example
For a crank-slider linkage with link lengthts = 1m, r3 = 2m,ry = 0.5m,r, = 2.5m, and angleg} = 20°,
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andf; = 10°. Given the anglé,, the angular velocityw, and the angular acceleratie, calculate the
acceleration of the coupler point for each circuit, resipebt

#include <math.h>
#include <crankslider.h>

int main() {
CCrankSlider crankslider;
double 12 = 1, r3 = 2, r4 = 0.5, thetal = 10*M_PI1/180;
double rp = 2.5, beta = 20*M_PI/180;
double theta2 = 70*M_PI/180;
double complex Ap[1:2];
double omega2 = 5; /* rad/sec *
double alpha2 =-5; /* rad/sec*sec */
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, sec_thet a3);

first_omega3 = crankslider.angularVel(theta2, first_th eta3, omega?);

sec_omega3 = crankslider.angularVel(theta2, sec_theta3 , omegaz2);

first_alpha3 = crankslider.angularAccel(theta2, omega2 , first_theta3, first_omega3,

alpha2);

sec_alpha3 = crankslider.angularAccel(theta2, omega2, s ec_theta3, sec_omega3,
alpha2);

Ap[1] = crankslider.couplerPointAccel(theta2, first_th eta3, omega2, first_ omega3,
alpha2, first_alpha3);

Ap[2] = crankslider.couplerPointAccel(theta2, sec_thet a3, omega2, sec_omega3, alpha2,
sec_alpha3);

printf("Circuit 1: \n  CouplerAccleration: %f \n", Ap[1]);
printf("Circuit 2: \n  CouplerAccleration: %f \n", Ap[2]);

}
Output

Circuit 1:

CouplerAccleration: complex(-17.383000,1.825762)
Circuit 2:

CouplerAccleration: complex(20.415886,-43.221212)

CCrankSlider::couplerPointPos
Synopsis
#include <crankslider.h>

void couplerPointPogdouble theta2 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 coupleinp
p2 A double complex number for the second solution of the coypbint. x.

Return Value
None.

Description
This function calculates the position of the coupler pothieta2is the input anglepl,p2are the two so-

lutions of the coupler point position, respectively. Eastaicomplex number indicating the vector of the
coupler point.

Example

see CCrankSlider::angularPos().

CCrankSlider::couplerPointVel

Synopsis
#include <crankslider.h>
double complex couplerPointVe{double theta2,double theta3,double omega2double 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.

omega2A double number used for the angular velocity of link 2.
omega3A 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 velociheta2is the angle of link2theta3is the angle
of link3. omegads the angular velocity of link2pmegads the angular velocity of link3. The vector ofthe
coupler point velocity is returned.

Example

For a crank-slider linkage with link lengthts = 1m, r3 = 2m,ry = 0.5m,r, = 2.5m, and angleg} = 20°,
and#, = 10°. Given the angl®, and the angular velocity,, 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, r4 = 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[1:2];
double omega2 = 5; /* rad/sec *
double first_theta3, sec_theta3;
double first_omega3, sec_omega3;

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

crankslider.angularPos(theta2, first_theta3, sec_thet a3);

first_omega3 = crankslider.angularVel(theta2, first_th eta3, omega?);
sec_omega3 = crankslider.angularVel(theta2, sec_theta3 , omegaz2);

Vp[1] = crankslider.couplerPointVel(theta2, first_thet a3, omega2, first_omega3);
Vp[2] = crankslider.couplerPointVel(theta2, sec_theta3 , omega2, sec_omega3);

printf("Circuit 1: \n  CouplerVelocity: %f \n", Vp[1]);
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 theta3 ... /* [int outputtypd, [char * filenamd] */);

Syntax

displayPositiontheta2 theta3
displayPositiontheta2 theta3 outputtypé
displayPositiontheta2 theta3 outputtypefilenamé

Purpose
Given#, andfs, display the current position of the crank-slider mechanis

Parameters

theta2 0, angle.

theta3 05 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 0 on success and -1 on failure.

Description

Given s, andfs, display the current position of the crank-slider mechanisutputtype  is an optional
parameter used to specify how the output should be handletayl be one of the following macros:
QANIMATE OUTPUTTYPEDISPLAY, QANIMATE OUTPUTTYPEFILE,

QANIMATE OUTPUTTYPESTREAM. QANIMATE_ OUTPUTTYPEDISPLAY outputs the figure to the
computer terminal. QANIMATEOUTPUTTYPEFILE writes the ganimate data onto a file.

QANIMATE _OUTPUTTYPESTREAM outputs the ganimate data to the standard out strelemame

is an optional parameter to specify the output file name.

Example
A crank-slider mechanism has link lengths = 1m,r3 = 2m,r4 = 0.5m, andf; = 10°. Given the an-
glef, = 45°, calculate the angular positiég and display the crank-slider mechanism in its current jorsit

#include <math.h>
#include <crankslider.h>
int main()
{
CCrankSlider crankslider;
double r2 = 1, r3 = 2, r4 = 0.5, thetal = 10*M_PI1/180;
double theta2 = 45*M_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 O;
}
Output
hd ganimate =l Al ganimate
[ Mext |[ Prev |\ aii [ || Srop || ¥ast |} Sies | |[|[[ Mewt |[ Prev |{ mii ‘[ Go || Spep 1] fasy || Siow |
Crank-5lider Crank-S5lider

CCrankSlider::forceTorque

Synopsis
#include <crankslider.h>
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void forceTorque(double theta2,double theta3,double omega2 double omega3double alpha2,double
alpha3,double FI, double complexas,array double x[9]);

Purpose
Calculate the joint forces and input torque at a given point.

Parameters

theta2, theta3Double numbers used for the angles of link2 and link3 re syt

omegaz2, omega®ouble numbers used for the angular velocities of link2 amkBl respectively.
alpha2, alpha3Double numbers used for the angular accelerations of limkPliak3 respectively.
FI 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 torquiesf given load torquethetais a one-dimensional
array of size 4 for the angles of the linkemegais a one-dimensional array of size 4 for the angular veloci-
ties of the links.alphais a one-dimensional array of size 4 for the angular acatersiof the links.Fl is the
load force. x contains the joint forces and input torque.

Example

For a crank-slider linkage with link lengths = 17,73 = 27,4 = 0.5”,r, = 5”7, and angleg} = 20°, and
#, = 10°. Given the anglé-, the angular velocityw, and the angular acceleration, calculate the required
torque applied to the input link2 in order to achieve the tamsangular 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 = 10*M_P 1/180;

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, m4 = 1.4/g;
double ig2 = 0.012/12.0, ig3 = 0.119/12.0, FI=0;
double theta2 = 45*M_PI/180;

double omega2 = 5; /* rad/sec *
double alpha2 =-5; /* rad/sec*sec */
double first_theta3, sec_theta3;

double first_omega3, sec_omega3;

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.setlnertia(ig2, ig3);
crankslider.setMass(m2, m3, m4);

crankslider.angularPos(theta2, first_theta3, sec_thet a3);
first_omega3 = crankslider.angularVel(theta2, first_th eta3, omega?);
sec_omega3 = crankslider.angularVel(theta2, sec_theta3 , omega2);
first_alpha3 = crankslider.angularAccel(theta2, omega2 , first_theta3, first_omega3,
alpha2);
sec_alpha3 = crankslider.angularAccel(theta2, omega2, s ec_theta3, sec_omega3,
alpha2);
first_as = crankslider.sliderAccel(theta2, first_theta 3, omega2, first_omega3,
alpha2, first_alpha3);
sec_as = crankslider.sliderAccel(theta2, sec_theta3, om ega2, sec_omega3, alpha2,
sec_alpha3);
crankslider.forceTorque(theta2, first_theta3, omega2, first_omega3, alpha2,

first_alpha3, FI, first_as, X);
printf("first solution X = %.4f \n", X);

crankslider.forceTorque(theta2, sec_theta3, omega2, se c_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 -6.8 617 -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

CCrankSlider::forceTorques

Synopsis

#include <crankslider.h>

void forceTorquegint branchnumdouble Fl,array double time[:], array double f12x[:], array double
f12y[:], array double f23x[:], array double f23y[:], array double f34x[:], array double f34y[:], array
doublefl4x[:], array double f14y[:], array double ts[:]);

Purpose
Calculate the joint forces and input torque in the valid emofmotion.

Parameters

branchnumAn integer number used for the branch that will be calculated
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FI A double number for the load force.

time A double array to record time.

f12x, f12yble f23x, f23y, 34x, {34y, f14x, f1Bpuble arrays for forces.
ts A double array for input torque.

Return Value
None.

Description

This function calculates the joint forces and input torguehie valid range of motionbranchnumis the
branch which will be plottedFl is the load force.timeis an array to record timef12x, f12y, f23x, f23y,
f34x, 34y, f14x, fl4gre arrays for forcedsis a double array for input torque.

Example

For a crank-slider linkage with link lengths = 17,73 = 27, r4 = 0.5”,7r, = 2.5”, and angleg} = 20°,
andf; = 10°. Given the anglé,, use a loop to calculate the required torque applied to thetilink2 in
order to achieve the constant angular velocity for link2s@¢alculate 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 = 10*M_P 1/180;
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, m4 = 1.4/qg;
double ig2 = 0.012/12.0, ig3 = 0.119/12.0, FI=0;
int numpoint = 50;

double omega2 = 5; /[* constant omega2 */
array double time[numpoint], ts[numpoint];
array double fl12x[numpoint], f12y[numpoint];
array double f23x[numpoint], f23y[numpoint];
array double f34x[numpoint], f34y[numpoint];
array double fl4x[numpoint], fl4y[numpoint];
int branchnum = 2;

int i;

class CPlot pl;

/* 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.setlnertia(ig2, ig3);
crankslider.setMass(m2, m3, m4);
crankslider.setNumPoints(numpoint);
crankslider.setAngularVel(omega?2);
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crankslider.forceTorques(branchnum, Fl, time, f12x, f12 y, f23x, f23y,

f34x, 34y, fl4x, fldy, ts); // calculate the forces and torq ue
plotxy(time, ts, NULL, "time t (seconds)", "input torque Ts (ft-Ibf)", &pl);
pl.border(PLOT_BORDER_ALL, PLOT_ON);
pl.plotting();
plotxy(time, f12x, NULL, "time t (seconds)", "Joint force ( Ibf)", &pl);

pl.data2D(time, f12y);
pl.data2D(time, f23x);
pl.data2D(time, f23y);
pl.data2D(time, f34x);
pl.data2D(time, f34y);
pl.data2D(time, f14x);
pl.data2D(time, fl4y);
pl.legend("f12x",0);
pl.legend("f12y",1);
pl.legend("f23x",2);
pl.legend("f23y",3);
pl.legend("f34x",4);
pl.legend("f34y",5);
pl.legend("f14x",6);
pl.border(PLOT_BORDER_ALL, PLOT_ON);
pl.plotting();

}
Output
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15

Joint force (Ibf)

10 et " e

time t (seconds)

CCrankSlider::getJointLimits

Synopsis
#include <crankslider.h>
int getJointLimits (double &inputmin,double & inputmay;

Purpose
Calculate the crank-slider linkage input and output joimits.

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 retti@URBAR _INVALID .

Description
This function calculates the crank-slider linkage inpmtits. inputmin, inputmavare numbers for the limits
of the crank-slider linkage.

Example
For a crankslider linkage with link lengths = 1m, r3 = 2m,r4 = 0.5m, and angl&); = 0, determine the
input limit and output limit for each circuit.

#include <math.h>
#include <crankslider.h>

int main() {
CCrankSlider crankslider;
double 12 = 1, 13 = 2, r4 = 0.5, thetal = 0;
double inputlimitmin, inputlimitmax;
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crankslider.setLinks(r2, r3, r4, thetal);
crankslider.getJointLimits(inputlimitmin, inputlimit max);

printf("input Range:\n");

printf(" Lower limit: %7.2f\n",
inputlimitmin*180./M_PI);
printf(" Upper limit: %7.2f\n",
inputlimitmax*180./M_PI);
}
Output
input Range:

Lower limit: 0.00
Upper limit:  360.00

CCrankSlider::plotCouplerCurve

Synopsis
#include <crankslider.h >
void plotCouplerCurve(CPlot *plot, int branchnuny;

Syntax
plotCouplerCurvegplot, branchnun

Purpose
Plot the coupler curve.

Parameters
&plot A pointer to a CPlot class variable used to format the plohefliranch to be drawn.
branchnumAn integer used for indicating the branch which you want ndr

Return Value
None.

Description
This function plots the coupler curvé&plot is a pointer to a CPlot class variable used to format the gdlot o
the branch to be drawibranchnumis an integer number which indicates the branch you wantawerdr

Example
For a crank-slider linkage with link lengths = 1m,r3 = 2m,r4 = 0.5m,r, = 2.5m, and angle#; = 0,
andg = 20°, plot the position curve of the coupler point.

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

int main() {
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CCrankSlider Slidercrank;

double 12 =1, 13 = 2, 14 = 0.5;
double thetal = O;

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 cou pler curve

}

Output

Coupler Curve
22

18
16
14
12

Py (m)

0.8 |-
0.6 ! ! ! ! ! ! !

Px (m)

CCrankSlider::plotForceTorques

Synopsis
#include <crankslider.h >
void plotForceTorqueqCPlot *plot, int branchnumdouble FI);

Syntax
plotForceTorquesplot, branchnuni-l)

Purpose
Plot the joint forces and input torque curves.

Parameters

&plot A CPlot class variable used to format the plot of the brandbetdrawn.
branchnumAn integer number used for idicating the branch which willghetted.
FI' A double number for the load Force.

Return Value
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None.

Description
This function plots the joint forces and input torque cur&plot is a CPlot class variable used to format the
plot of the branch to be drawihranchnumis an integer for the branch which will be plotted.

Example

A crank-slider linkage has link length, = 17,73 = 2”,r4 = 0.5”7, and angled; = 0°. Plot the joint
forces and input torque versus time t, when the input 8pks 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-roc ker
double thetal = O;
double g = 32.2;
double rg2 = 2/12.0, rg3 = 6/12.0;
double m2 0.8/g, m3 = 2.4/g, m4 = 1.4/qg;
double ig2 = 0.012/12.0, ig3 = 0.119/12.0, FI=0;
int numpoint = 50;
double omega2 = 5; /* constant omega2 */
class CPlot plot;

/* initialization of link parameters and
inertia properties */

crankslider.uscUnit(1);

crankslider.setLinks(r2, r3, r4, thetal);

crankslider.setGravityCenter(rg2, rg3);

crankslider.setlnertia(ig2, ig3);

crankslider.setMass(m2, m3, m4);

crankslider.setNumPoints(numpoint);

crankslider.setAngularVel(omega?2);
crankslider.plotForceTorques(&plot,1,Fl); //first bra nch

}
Output
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CCrankSlider::setCouplerPoint

Synopsis
#include <crankslider.h >
void setCouplerPoin{doublerp, beta ... /* [int trace] */);

Syntax
setCouplerPoin{rp, betg
setCouplerPoin{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 dht type specifying either macro TRACEBFF or TRACEON 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
seeCCrankSlider::plotCouplerCurve().

CCrankSlider::setGravityCenter
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Synopsis
#include <crankslider.h >
void setGravityCenter(double rg2, double rg3);

Purpose
Set the mass center parameters of the links.

Parameters
rg2 A double number used for the distance from jaifyt to the center of gravity of link 2.
rg3 A double number used for the distance from joint A to the aeotgravity of link 3.

Return Value
None.

Description
This function sets parameters for mass centers of links.

Example
seeCCrankSlider::plotForceTorquey).

CCrankSlider::setlnertia

Synopsis
#include <crankslider.h>
void setlnertia(double ig2, doubleig3);

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
seeCCrankSlider::plotForceTorquesy).

CCrankSlider::setAngularVel

Synopsis
#include <crankslider.h>
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void setAngularVel(double omega2,

Purpose
Set the constant angular velocity of link2.

Parameters
omega2A double number used for the constant input angular velaxfitink?2.

Return Value
None.

Description
This function sets the constant angular velocity of linkRislused in conjunction with member functions
forceTorquey) andplotForceTorquey).

Example
seeCCranksSlider::plotForceTorques).

CCrankSlider::setLinks

Synopsis
#include <crankslider.h>
int setLinks(doubler2, doubler3, 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 linkl anddrial.

Return Value
This function returns 0 on success and -1 on failure.

Description
This function sets the lengths of links and detects if thgtles can construct a crank-slider mechanism. If
not, return -1.

Example
seeCCrankSlider::plotCouplerCurve().

CCrankSlider::setMass

Synopsis
#include <crankslider.h >
void setMasgdouble m2,double m3,double m4);
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Purpose
Set the mass of each link.

Parameters
m2,m3,m4Double numbers used for the mass of the links.

Return Value
None.

Description
This function sets the masses of links.

Example
seeCCrankSlider::plotForceTorquey).

CCrankSlider::setNumPoints

Synopsis
#include <crankslider.h >
void setNumPointgint numpoint;

Purpose
Set the number of points for the animation and the couplerecur

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 taiedcoupler curve plot.

Example
seeCCrankSlider::animation().

CCrankSlider::sliderAccel

Synopsis

#include <crankslider.h>

double sliderAcceldouble theta2 doubletheta3 double omega2 doubleomega3double alpha2 double
alpha3;

Purpose
Given the angular acceleration of link2, calculate the cagon of the slider.

Parameters
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theta2, theta3Double numbers indicating the angular position of link2 &nki 3, respective.
omega2, omega®ouble numbers indicating the angular velocity of link2 dinki3, respective.
alpha2, alpha3Double numbers indicating the angular acceleration ofliakd link3, respective.

Return Value
This function returns the acceleration of the slider.

Description

Given the angular acceleration of one link, this functioltglates the acceleration of slideheta2, theta3
are double numbers which store the angle of link2 and link8pectiveomega2, omegadre double num-
bers which store the angular velocity of link2 and link3,pedtive. alpha2, alpha3are double numbers
which store the angular acceleration of link2. The returvedde is the result of calculation.

Example

A crank-slider linkage has link lengths = 1m,r3 = 2m,r4 = 0.5m, and angled; = 10°. Given the
anglef,, the angular velocityws, and the angular acceleration, calculate the acceleration of the slider for
each circuit.

#include <math.h>
#include <crankslider.h>

int main() {
CCrankSlider crankslider;
double 12 = 1, r3 = 2, r4 = 0.5, thetal = 10*M_PI/180;
double rp = 2.5, beta = 20*M_PI/180;
double theta2 = 70*M_PI/180;
double complex As[1:2];
double omega2 = 5; /* rad/sec */
double alpha2 =-5; /* rad/sec*sec */
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, sec_thet a3);
first_omega3 = crankslider.angularVel(theta2, first_th eta3, omega2);
sec_omega3 = crankslider.angularVel(theta2, sec_theta3 , omegaz2);
first_alpha3 = crankslider.angularAccel(theta2, omega2 , first_theta3,
first_omega3, alpha2);
sec_alpha3 = crankslider.angularAccel(theta2, omega2, s ec_theta3, sec_omega3,
alpha2);
As[1] = crankslider.sliderAccel(theta2, first_theta3, o mega2, first_ omega3,
alpha2, first_alpha3);
As[2] = crankslider.sliderAccel(theta2, sec_theta3, ome ga2, sec_omegas3,

alpha2, sec_alpha3);

printf("Circuit 1: \n  SliderAccleration: %f \n", As[1]);
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 sliderPogdouble theta2,double complex&first_solution,double complex&sec solution);

Purpose
Given the angular velocity of link2, calculate the positafrthe slider.

Parameters
theta2 Double numbers used for the input angle of link2.
first_ solution Double complex number used to store the first solution of fidersposition.

secsolution Double complex number used to store the second solutioredlitier position.

Return Value
No return value.

Description

Given the angular position of link2, this function calcelatthe position of the slidettheta2is a double
number for the position of link Zirst_solution, secsolutionare double complex numbers for the two pos-
sible solutions to the position of the slider.

Example
A crank-slider linkage has link lengths = 1m,r3 = 2m,r4 = 0.5m, and angled; = 10°. Given the
anglef,, determine the position of the slider for each circuit.

#include <math.h>
#include <crankslider.h>

int main() {
CCrankSlider crankslider;
double r2 = 1, 13 = 2, r4 = 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[1:2];
double first_theta3, sec_theta3;

crankslider.setLinks(r2, r3, r4, thetal);

crankslider.setCouplerPoint(rp, beta);

crankslider.angularPos(theta2, first_theta3, sec_thet a3);
crankslider.sliderPos(theta2, Ps[1], Ps[2]);

printf("Circuit 1: \n  Slider Position: %f \n", Ps[1]);

printf("Circuit 2: \n Slider Position: %f \n", Ps[2]);

return O;
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Output

Circuit 1:

Slider Position: complex(2.341929,0.920659)
Circuit 2:

Slider Position: complex(-1.530770,0.237797)

CCrankSlider::sliderVel

Synopsis
#include <crankslider.h >
double sliderVeldouble theta2,double theta3,double omega2double omega3;

Purpose
Given the angular velocity of link2, calculate the veloditiythe slider.

Parameters
theta2, theta3Double numbers used for the input angles of link2 and linlkspeetively.
omega2, omega®ouble numbers used for the angular velocity of link2 ank3inespectively.

Return Value
This function returns the velocity of the slider.

Description
Given the angular velocity of link2, this function calcdatthe velocity of the slidertheta2, thetadre
double numbers for link positionemega2, omegadre double numbers for the angular velocities of links.

Example
A crank-slider linkage has link lengths = 1m,r3 = 2m,r4 = 0.5m, and angled; = 10°. Given the
anglef, and the angular velocity,, determine the slider velocity for each circuit.

#include <math.h>
#include <crankslider.h>

int main() {
CCrankSlider crankslider;
double r2 = 1, r3 = 2, r4 = 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[1:2];
double omega2 = 5; /* rad/sec */
double first_theta3, sec_theta3;
double first_omega3, sec_omega3;

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

crankslider.angularPos(theta2, first_theta3, sec_thet a3);

first._ omega3 = crankslider.angularVel(theta2, first_th eta3, omega?);
sec_omega3 = crankslider.angularVel(theta2, sec_theta3 , omegaz2);

Vs[1] = crankslider.sliderVel(theta2, first_theta3, ome ga2, first_omega3);
Vs[2] = crankslider.sliderVel(theta2, sec_theta3, omega 2, sec_omega3);

314



crankslider.h CCrankSlider::transAngle

printf("Circuit 1: \n  SliderVelocity: %f \n", Vs[1]);
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 &gammaldouble & gamma2double theta?);

Purpose
Given the position of the input link, calculate the transsioa angle.

Parameters

gammalA double number used for the first solution.
gamma2A 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 calcidatthe transmission angle.

Example

A crank-slider linkage has link lengths = 1m,r3 = 2m,r4 = 0.5m, and angled; = 10°. Given the
angled-, calculate the transmission angle for each circuit, respy.

#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 */
rM2] = 1; r[3] = 2; r[4] = 0.5;
thetal = 10*M_PI/180; theta2=45*M_PI/180;

printf("Results: Interactive Four-Bar Linkage Transmiss ion 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_PlI) ;
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_PlI) ;
printf("\tRadians:\t gamma=%6.4f \n",gamma2);

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 Sl or US Customary units in analysis.

Parameters

unit A boolean argument, wheteue indicates US Customary units are desired talde indicates Sl
units.

Return Value
None.

Description

This function specifies the whether Sl or US Customary unigsused.Ifunit = true , then US Cus-
tomary units are used; otherwise, Sl units are used. By Hefwnits are assumed. This member function
shall be called prior any other member function calls.
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Appendix D

Class CGearedFivebar

CGearedFivebar

The header filéivebar.h includes header filinkage.h. The header filéivebar.h also contains a declaration
of classCGearedFivebar. The CGearedFivebarclass provides a means to analyze geared fivebar linkage
within a Ch language environment.

P

Public Data
None.

Public Member Functions

Functions

Descriptions

angularAccel

angularPos
angularVel
animation
couplerCurve
couplerPointAccel
couplerPointPos
couplerPointVel

Given the angular acceleration of one link, calculate trgaubar acceleration of other
links.

Given the angle of one link, caculate the angle of other links

Given the angular velocity of one link, calculate the angukocity of other links.
Fourbar linkage animation.

Calculate the coordinates of the coupler curve.

Calculate the acceleration of the coupler point.

Calculate the position of the coupler point.

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 Sl 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, calcuthteangular accelerations of other links.

Parameters

theta An array of double data type with angles of links.

omegaAn array of double data type with angular velocities of links
alpha An array of double data type with angular accelerationsrisli

Return Value
None.

Description

Given the angular acceleration of the input link, this fumrttcalculates the angular acceleration of the re-
maining moving links of the geared fiveb#netais a one-dimensional array of size 5 which stores the angle
of each link. omegais a one-dimensional array of size 5 which stores the anguiacity of each link.
alphais a one-dimensional array of size 5 which stores the angulegleration of each link. The result of
calculation is stored in arraglpha

Example

A geared fivebar linkage has parameters= 7m,r, = 5m,rs = 10m,r4 = 10m,r5; = 2m, 6; = 10°,
A = —2.5, ¢ = 35°. Given the anglé-, the angular velocity, and the angular acceleration, calculate
the angular accelerations of the other links.

/ * * *kkkkkkkkkkkkhkk

* This example is for calculating the angular acceleration o f *
* link3 and link4. *

**************/

#include <fivebar.h>
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int main()
{
double r[1:5],
theta_1[1:5], theta_2[1:5],
omega_1[1:5], omega_2[1:5],
alpha_1[1:5], alpha_2[1:5],
phi, lambda;
double complex P[1:2], Vp[1:2], Ap[l:2];
CGearedFivebar gearedbar;

[* Setup geared fivebar linkage. */

M1 = 7; 2] =5, r[3] = 10; r[4] = 10; r[5] = 2;

phi = 35*M_P1/180; lambhda = -2.5;
theta_1[1] = 10*(M_PI/180); theta_2[1]

omega_1[2] = 5*(M_P1/180); omega_2[2]

alpha_1[2] = 0; alpha_2[2] = O;
theta_1[5] = lambda*theta_1[2] + phi;
theta_2[5] = lambda*theta_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;
}

[* Perform geared fivebar linkage analysis. */
gearedbar.setLinks(r[1], r[2], r[3], r[4], r[5], theta_1
gearedbar.setLambda(lambda);
gearedbar.setPhi(phi);
gearedbar.angularPos(theta_1, theta_2);
gearedbar.angularVel(theta_1, omega_1);
gearedbar.angularVel(theta_2, omega_2);
gearedbar.angularAccel(theta_1, omega_1, alpha_1);
gearedbar.angularAccel(theta_2, omega_2, alpha_2);

[* print results on screen */

printf("1st Circuit:\n");

printf("\talpha3 = %.3f rad/sec™2 (%.2f deg/sec™2)\n", al
alpha_1[3]*(180/M_PI));

printf("\talpha4 = %.3f rad/sec”2 (%.2f deg/sec™2)\n\n",
alpha_1[4]*(180/M_PI));

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

printf("\talpha3 = %.3f rad/sec™2 (%.2f deg/sec™2)\n", al
alpha_2[3]*(180/M_PI));

printf("\talphad4 = %.3f rad/sec™2 (%.2f deg/sec™2)\n\n",
alpha_2[4]*(180/M_PI));

return O;

}
Output

1st Circuit:
alpha3 = 0.003 rad/sec™2 (0.20 deg/sec"2)
alpha4 = -0.001 rad/sec™2 (-0.04 deg/sec2)
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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 angularPogdouble theta 1[1:5], doubletheta 2[1:5]);

Purpose
Given the angle of the input link, calculate the angles oéptimks.

Parameters
thetal A double array with of size 5 for the first solution.
theta2 A double array of size 5 for the second solution.

Return Value
None.

Description

Given the angular position of one link of a fivebar linkages tlunction computes the angular positions of
the remaining moving linksheta 1 is a one-dimensional array of size 5 which stores the firsitiol of the
angular positionstheta 2 is a one-dimensional array of size 5 which stores the secolotian of angular
positions.

Example
A geared fivebar linkage has parameters= 7m,ry = 5m,r3 = 10m,ry = 10m,r5 = 2m, 61 = 10°,
A = —2.5, and¢ = 35°. Given the anglé,, calculate the angular positions of the other links for each

respective circuit.

I' * * *kkkkkkkkkk

* This example is for calculating the angular position of *
* link3 and link4. *

* * ******'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. */

rMi] = 7; r[2] = 5; r[3] = 10; r[4] = 10; r[5] = 2;
phi = 35*M_P1/180; lambda = -2.5;

theta_1[1] = 10*(M_PI/180); theta_2[1] = 10*(M_PI/180);

320



Chapter D: Geared-Fivebar Linkagefivebar.h>

theta_1[2]
theta_1[5]
theta_2[5]

50*(M_P1/180); theta_2[2] = 50*(M_PI1/180);
lambda*theta_1[2] + phi;
lambda*theta_2[2] + phi;

if(theta_1[5] <
{
theta_1[5]
theta_2[5]
}
if(theta_1[5] >
{
theta_1[5]
theta_2[5]
}

-M_PI)

+= 2*M_PI;
+= 2*M_PI;

M_PI)

-= 2*M_PJ;
= 2*M_PJ;

[* Perform geared fivebar linkage analysis. */
gearedbar.setLinks(r[1], r[2], r[3], r[4], r[5], theta_1
gearedbar.setLambda(lambda);
gearedbar.setPhi(phi);
gearedbar.angularPos(theta_1, theta_2);

[* May run into problem with theta4 being in opposite quadran

theta_1[4] +=
if(theta_1[4] <
theta_1[4]
if(theta_1[4] >
theta_1[4]
if(theta_2[4] <
theta_2[4]
if(theta_2[4] >
theta_2[4]

M_PI;
-M_Pl)
+= 2*M_PI;
M_PI)
-= 2*M_PJ;
-M_Pl)
+= 2*M_PI;
M_PI)
= 2*M_PJ;

theta_2[4] += M_PI;

[* print results on screen */

printf("1st Circuit:\n");

printf("\ttheta3 = %.3f radians (%.2f degrees)\n", theta_
theta_1[3]*(180/M_PI));

printf("\tthetad = %.3f radians (%.2f degrees)\n", theta_
theta_1[4]*(180/M_PI));

printf("\ttheta5 = %.3f radians (%.2f degrees)\n\n", thet
theta_1[5]*(180/M_PI));

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

printf("\ttheta3 = %.3f radians (%.2f degrees)\n", theta_
theta_2[3]*(180/M_PI));

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

printf("\ttheta5 = %.3f radians (%.2f degrees)\n\n", thet
theta_2[5]*(180/M_PI));

return O;

}
Output

1st Circuit:
theta3
theta4
thetab

2nd Circuit:

0.374 radians (21.40 degrees)
-2.169 radians (-124.27 degrees)
-1.571 radians (-90.00 degrees)

theta3 = -2.169 radians (-124.27 degrees)

321

CGearedFivebar:angularPos

[1D;

t. ¥

13],
1[4],

a_1[5],

2[3],
2[4],

a_2[5],



Chapter D: Geared-Fivebar Linkagefivebar.h> CGearedFivebar:angularVel

thetad
theta5

0.374 radians (21.40 degrees)
-1.571 radians (-90.00 degrees)

CGearedFivebar:angularVel

Synopsis
#include <fivebar.h>
void angularVel(double theta[1:5], double omega[1:5);

Purpose
Given the angular velocity of one link, calculate the angutdocities of other links.

Parameters
theta A double array used for the input angle of links.
omegaA double array used for the angular velocities of links.

Return Value
None.

Description

Given the angular velocity of one link, this function calaids the angular velocities of the remaining two
moving links of the fivebarthetais an array for link positionsomegais an array for angular velocity of
links.

Example

A geared fivebar linkage has parameters= 7m,ry = 5m,r3 = 10m,ry = 10m,r5 = 2m, 61 = 10°,
A = —2.5, and¢ = 35°. Given the anglé, and angular velocity-, calculate the angular velocitieg, w,
of link3, and link4 for each circuit, respectively.

/ *kkkkkkkkkk

* This example is for calculating the angular velocity of *
* link3 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. */

rMa] = 7; 2] = 5; r[3] = 10; r[4] = 10; r[5] = 2;
phi = 35*M_P1/180; lambda = -2.5;

theta_1[1] = 10*(M_P1/180); theta_2[1] = 10*(M_P1/180);
theta_1[2] = 50*(M_P1/180); theta_2[2] = 50*(M_P1/180);
omega_1[2] = 5*(M_P1/180); omega_2[2] = 5*(M_PI/180);
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theta_1[5] = lambda*theta_1[2] + phi;
theta_2[5] = lambda*theta_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;
}

[* Perform geared fivebar linkage analysis. */

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

gearedbar.setPhi(phi);

gearedbar.angularPos(theta_1, theta_2);

gearedbar.angularVel(theta_1, omega_1);

gearedbar.angularVel(theta_2, omega_2);

[* print results on screen */
printf("1st Circuit:\n");

printf("tomega3 = %.3f rad/sec (%.2f deg/sec)\n", omega_ 1[3], omega_1[3]*(180/M_PI));
printf("tomegad4 = %.3f rad/sec (%.2f deg/sec)\n", omega_ 1[4], omega_1[4]*(180/M_PI));
printf("2nd Circuit:\n");
printf("tomega3 = %.3f rad/sec (%.2f deg/sec)\n", omega_ 2[3], omega_2[3]*(180/M_PI));
printf("tomegad4 = %.3f rad/sec (%.2f deg/sec)\n", omega_ 2[4], omega_2[4]*(180/M_PI));
return O;

}

Output

1st Circuit:

omega3 = -0.051 rad/sec (-2.94 deg/sec)
omega4 = 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

Synopsis
#include <fivebar.h>
int animation (int branchnum ... /* [intoutputtype string _t datafilenamg*/);

Syntax

animation(branchnuny
animation(branchnumoutputtypé
animation(branchnum outputtype datafilenamg

Purpose
An animation of a geared fivebar mechanism.
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Parameters

branchnuman integer used for indicating which branch you want to draw.
outputtype an optional parameter to specify the output type of the atiama
datafilenamean optional parameter to specify the file name of output.

Return Value
This function returns 0 on success and -1 on failure.

Description

This function simulates the motion of a fivebar mechanisranchnunis an integer number which indicates
the branch you want to drawutputtypeis an optional parameter used to specify how the animationldh
be outputtedoutputtypecan be either of the following macros:

QANIMATE OUTPUTTYPEDISPLAY, QANIMATE OUTPUTTYPEFILE,

QANIMATE OUTPUTTYPESTREAM. QANIMATE OUTPUTTYPEDISPLAY creates an animation on
the screen. QANIMATEOUTPUTTYPEFILE writes the animation data onto a file, and

QANIMATE _OUTPUTTYPESTREAM outputs the animation to the standard a#tafilenamas an op-
tional parameter to specify the file name of output if you wardutput the data to a file.

Example 1

For a geared fivebar linkage with parameters= 7m,ry = 5m,r3 = 10m,ry = 10m,r5 = 2m, 61 = 0,
A= —2.5,¢ = 35% wy = brad/sec, andas = 0, simulate the motion of the fivebar linkage. Also trace the
motion of the coupler point attached to link 3 with parametgr= 5m andj3 = 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, alpha2;
CGearedFivebar gearedbar;

[* Setup geared fivebar linkage. */
rMa] = 7; 2] = 5; r[3] = 10; r[4] = 10; r[5] = 2;
rp = 5; beta = 45%(M_PI/180);
phi = 35*M_P1/180; lambda = -2.5;
theta_1[1] = 10*(M_P1/180); theta_2[1] = 10*(M_P1/180);
theta_1[2] = 50*(M_P1/180); theta_2[2] = 50*(M_P1/180);
theta_1[5] = lambda*theta_1[2] + phi;
theta_2[5] = lambda*theta_2[2] + phi;
if(theta_1[5] < -M_PI)
{
theta_1[5] += 2*M_PI;
theta_2[5] += 2*M_PI;
}
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if(theta_1[5] > M_PI)

theta_1[5] -= 2*M_PI;
theta_2[5] -= 2*M_PI;

}

[* Perform geared fivebar linkage analysis. */

gearedbar.setLinks(r[1], r[2], r[3], r[4], r[5], theta_1 [1D;
gearedbar.setCouplerPoint(COUPLER_LINK3, rp, beta, TRA CE_ON);
gearedbar.setLambda(lambda);

gearedbar.setPhi(phi);

gearedbar.setNumPoints(50);
gearedbar.animation(1);
gearedbar.animation(2);

return O;
}
Output
= T = (= FIES
[Hewt |[ Prev |[ ALL |[Go || Huep || ¥#asrn i1 &iow | [Wewt | [ Prev | [ AL | [Go | siep | fost 1| Sios |

1 d Fiveh i
eared Fivebar Geared Fivebar

CGearedFivebar.:couplerCurve

Synopsis
#include <fivebar.h>
void couplerCurve(int couplerLink int branchnumgdouble curvex[:], double curveyl[:]);

Purpose

Calculate the coordinates of the coupler curve.

Parameters
couplerLink An int value specifying a macro to indicate which link the coupteattached to.

branchnumAn integer number used for the branch which will be calculate
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curvex[:] A double array used for the x coordinate of the coupler poith different input angle.
curvey[:] A double array used for the y coordinate of the coupler poitt different input angle.

Return Value
None.

Description
This function calculates the coupler point position whideping the input anglecurvex ,curveys the solu-
tion of the coupler point positon.

Example
For a geared fivebar linkage, given the lengths of the linkkstha fact that the coupler is attached to link 3,
draw the position curve of the coupler point for each respedircuit.

/ *kkkkkkkkkkk

* 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. */

rMa] = 7; r2] = 5; r[3] = 10; r[4] = 10; r[5] = 2;
rp = 5; beta = 45*(M_PI/180);

phi = 35*M_P1/180; lambda = -2.5;

thetal = 10*(M_PI/180);

[* Perform geared fivebar linkage analysis. */

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(humpoint);

gearedbar.couplerCurve(COUPLER_LINK3, 1, RetCurvex_1, RetCurvey_1);
gearedbar.couplerCurve(COUPLER_LINK3, 2, RetCurvex_2, RetCurvey_2);

[* Plot coupler curve. */
plotxy(RetCurvex_1, RetCurvey 1, "Coupler Curve #1", "Px " "PYY);
plotxy(RetCurvex_2, RetCurvey 2, "Coupler Curve #2", "Px " "PYY);

return O;

}
Output
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Coupler Curve #1 Coupler Curve #2

See Also
CGearedFivebar.:couplerPointPog).

CGearedFivebar.:couplerPointAccel

Synopsis

#include <fivebar.h>

double complex couplerPointAccdiint couplerLink double theta[l:], double omega[l:] double al-
pha[1:]);

Purpose
Calculate the acceleration of the coupler point.

Parameters

couplerLink An int value specifying a macro to indicate which link the coupteattached to.
theta An array ofdoubletype used to store the angular position values of the valioks.
oemgaAn array ofdoubletype used to store the angular velocity values of the valfiols.
alpha An array ofdoubletype used to store the angular acceleration values of theugalinks.

Return Value
This function returns the acceleration of the coupler point

Description
This function calculates the acceleration of the coupléntpd he return value is a complex number.

Example

For a geared fivebar linkage with propertigs= 7m,ry = 5m,r3 = 10m,r4y = 10m,r5 = 2m,r, = dm,
A= =25, ¢ = 35° ( = 20° and#; = 10°. Given the angld,, the angular velocityw, and the angular
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accelerations, calculate the acceleration of the coupler point for eaotudi given that the coupler is at-
tached to link 3.

/ *kkk

* This example is for calculating the acceleration *
* of the coupler point of a geared fivebar *

* linkage. *
* * * ***/

#include <fivebar.h>

int main() {
CGearedFivebar gearedfivebar;
double r1 = 7, r2 = 5, r3 =10, r4 = 10, r5 =2.0, thetal = 10*M_PI/1 80;

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 omega_1[1:5], omega_2[1:5];
double alpha_1[1:5], alpha_2[1:5];
double theta2 = 70*M_PI/180;
double complex Ap[1:2];

omega_1[2]=5; /* radlsec */
alpha_1[2]=-5; /* rad/sec*sec */
omega_2[2]=5; [/* radlsec */
alpha_2[2]=-5; /* rad/sec*sec */

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_1);
gearedfivebar.angularVel(theta_2, omega_2);
gearedfivebar.angularAccel(theta_1, omega_1, alpha_1)
gearedfivebar.angularAccel(theta_2, omega_2, alpha_2) ;

Ap[1] = gearedfivebar.couplerPointAccel(COUPLER_LINK3 , theta_1, omega_1,
alpha_1);
Ap[2] = gearedfivebar.couplerPointAccel(COUPLER_LINK3 , theta_2, omega_2,
alpha_2);
printf("Circuit 1: \n Coupler Acceleration: %.2f \n", Ap[l D;
printf("Circuit 2: \n Coupler Acceleration: %.2f \n", Ap[2 D;
return O;
}
Output
Circuit 1:
Coupler Acceleration: complex(-160.66,2.98)
Circuit 2:

Coupler Acceleration: complex(267.71,-185.63)
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CGearedFivebar.:couplerPointPos

Synopsis
#include <fivebar.h>
void couplerPointPogint 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 coupteattached to.
theta2 A double number used for the input angle of link2.

pl A double complex number for the first solution of the coupleinp

p2 A double complex number for the second solution of the coypdent. x.

Return Value
None.

Description

This function calculates the position of the coupler pothieta2is the input anglepl,p2are the two so-
lutions of the coupler point position, respectively, whista complex number indicating the vector of the
coupler point.

Example

A geared fivebar linkage has parameters= 7m,r, = 5m,r3 = 10m,r4 = 10m,r5 = 2m,r, = 5m,
A= =25, ¢ = 35° 0 = 20° andf; = 10°. Given the anglé,. Given that the coupler is attached to link
3, calculate the position of the coupler point for each giraespectively.

/ *kkkk

* This example is for calculating the coupler point *
* position of the geared fivebar linkage. *

****/

#include <fivebar.h>

int main() {
CGearedFivebar gearedfivebar;
double r1 = 7, r2 = 5, r3 =10, r4 = 10, r5 =2.0, thetal = 10*M_PI/1 80;

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, theta2, 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 O;

}
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 couplerPointVe{int couplerLink double theta2,double theta3,double omega2double
omegasy;

Purpose
Calculate the velocity of the coupler point.

Parameters

couplerLink An int value specifying a macro to indicate which link the coupteattached to.
theta An array ofdoubletype used to store the angular position values of the links.
omegaAn array ofdoubletype 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 velacithe vector of the coupler point velocity is re-
turned.

Example

A geared fivebar linkage has propertigs= 7m,ry = 5m,r3 = 10m,ry = 10m,r5 = 2m,r, = 5m,
A= -25,¢ = 35° ( = 20, andd; = 10. Given the angl&, and the angular velocity,, calculate the
velocity of the coupler point for each circuit given that twipler is attached to link 3.
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I‘ * *kkk *

* This example is for calculating the velocity *
* of the coupler point of a geared fivebar *
* linkage.

/
#include <fivebar.h>

int main() {
CGearedFivebar gearedfivebar;

CGearedFivebar.:displayPosition

double r1 = 7, r2 = 5, r3 =10, r4 = 10, r5 =2.0, thetal = 10*M_PI/1 80;

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 omega_1[1:5], omega_2[1:5];
double theta2 = 70*M_PI/180;
double complex Vp[1:2];

omega_1[2]=5; /* radlsec */
omega_2[2]=5; [* radlsec */

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_1);
gearedfivebar.angularVel(theta_2, omega_2);

Vp[1l] = gearedfivebar.couplerPointVel(COUPLER_LINKS, t
Vp[2] = gearedfivebar.couplerPointVel(COUPLER_LINKS, t
printf("Circuit 1: \n Coupler Velocity: %.2f \n", Vp[1]);
printf("Circuit 2: \n Coupler Velocity: %.2f \n", Vp[2]);

return O;

}
Output

Circuit 1:

Coupler Velocity: complex(-30.75,17.21)
Circuit 2:

Coupler Velocity: complex(-14.56,6.14)

heta_1, omega_1);
heta_2, omega_2);

CGearedFivebar.:displayPosition

Synopsis
#include <fivebar.h>

int displayPosition(double theta2 doubletheta3 doubletheta4 ... /* [int outputtypd|, [char * filenam§]

*/);
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Syntax

displayPositiontheta? theta3 thetad
displayPositiontheta2 theta3 theta4 outputtypé
displayPositiontheta2 theta3 theta4 outputtypefilenamé

Purpose
Givend,, 63, anddy, display the current position of the geared fivebar linkage.

Parameters

theta2 0, angle.

theta3 05 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 0 on success and -1 on failure.

Description

Given#,, 83, andd,, display the current position of the geared fivebar linkaggputtype  is an optional
parameter used to specify how the output should be handlethayl be one of the following macros:
QANIMATE OUTPUTTYPEDISPLAY, QANIMATE OUTPUTTYPEFILE,

QANIMATE OUTPUTTYPESTREAM. QANIMATE_ OUTPUTTYPEDISPLAY outputs the figure to the
computer terminal. QANIMATEOUTPUTTYPEFILE writes the ganimate data onto a file.

QANIMATE _OUTPUTTYPESTREAM outputs the ganimate data to the standard out stréi@mame

is an optional parameter to specify the output file name.

Example

A geared-fivebar mechanism has link lengihs= 7m,ry = dm,r3 = 10m,ry = 10m,r5 = 2m,
01 = 10°, ¢ = 10°, andX = —2.5. Given the anglé,, calculate the angular positigl andé, of link3 and
link4, display the geared fivebar linkage in its current fosi

I' * * *kkkkkkkkkk

* This example is for displaying the current position of  *

* the geared fivebar linkage. *
* * ******'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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rMa] = 7; 2] = 5; r[3] = 10; r[4] = 10; r[5] = 2;
phi = 35*M_P1/180; lambda = -2.5;

theta_1[1] = 10*(M_PI/180); theta_2[1] = 10*(M_PI/180);
theta_1[2] = 50*(M_PI/180); theta_2[2] = 50*(M_PI/180);
theta_1[5] = lambda*theta_1[2] + phi;

theta_2[5] = lambda*theta_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;
}
[* Perform geared fivebar linkage analysis. */
gearedbar.setLinks(r[1], r[2], r[3], r[4], r[5], theta_1 [1D;

gearedbar.setLambda(lambda);
gearedbar.setPhi(phi);
gearedbar.angularPos(theta_1, theta_2);

gearedbar.displayPosition(theta_1[2], theta_1[3], the ta_1[4]);
gearedbar.displayPosition(theta_2[2], theta_2[3], the ta_2[4]);
return O;
}
L d 0 [ ] 4
| Next || Prev | 189 | Go | Srop (1 Fast 0 Blow | | Next || Prev | f113 | Go | Srop i Fash D1 Blesw |
Geared-Fivebar Geared-Fivebar

CGearedFivebar.:plotCouplerCurve

Synopsis
#include <fivebar.h>
void plotCouplerCurve(CPlot *plot, int couplerLink int branchnunj;
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Syntax
plotCouplerCurveplot, couplerLink branchnun

Purpose
Plot the coupler curve.

Parameters
&plot A pointer to a CPlot class variable for formatting the ploht# branch to be drawn.
couplerLink An int value specifying a macro to indicate which link the coupteattached to.

branchnumAn integer used for indicating the branch which you want &ndr

Return Value
None.

Description

This function plots the coupler curvé&plot is a pointer to a CPlot class variable for formatting the plot
of the branch to be drawncouplerLinkis a macro specifying which link the coupler is attached td an
branchnunis an integer number which indicates the branch you wantaw.dr

Example

For a geared fivebar linkage with parameters= 7m,ry = 5m,r3 = 10m,ry = 10m,rs = 2m,r, = dm,
A= —2.5,¢ = 35° 6, =0, andg = 20°, plot the position curve of the coupler point for each retipec
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 r1 = 7, 12 =5, r3 =10, r4 = 10, 15 = 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.setLinks(r1,r2, r3, r4, r5, thetal);
gearedfivebar.setCouplerPoint(COUPLER_LINK3, rp, beta );
gearedfivebar.setNumPoints(numpoint);
gearedfivebar.setLambda(lambda);

gearedfivebar.setPhi(phi);

gearedfivebar.plotCouplerCurve(&plotl, COUPLER_LINKS3 , 1); /ldisplay a coupler curve
gearedfivebar.plotCouplerCurve(&plot2, COUPLER_LINKS3 , 2); Ildisplay a coupler curve }
return O;

334



Chapter D: Geared-Fivebar Linkagefivebar.h> CGearedFivebar.:setCouplerPoint

Output

Lowpl
Py (inches} oupler curve

1

Py {inches)

CGearedFivebar.:setCouplerPoint

Synopsis
#include <fivebar.h>
void setCouplerPoin{int couplerLink doublerp, beta ... [int trace */);

Syntax
setCouplerPoini{couplerLink rp, betg
setCouplerPoin{couplerLink rp, beta trace)

Purpose
Set parameters for the coupler point.

Parameters
couplerLink An int value specifying a macro to indicate which link the coupteattached to.
rp A double number used for the link length connected to the lesuwint.

beta A double number specifying the angular position of the ceupbint relative to the link it is attached
to.

it trace An optional parameter aht type specifying either macro TRACBFF or TRACEON 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
seeCGearedFivebar.:couplerPointAccel).

CGearedFivebar:setAngularVel

Synopsis
#include <fivebar.h>
void setAngularVel(double omega2,

Purpose
Set the constant angular velocity of link2.

Parameters
omega2A double number used for the constant input angular velafitink?2.

Return Value
None.

Description
This function sets the constant angular velocity of link2.

Example
seeCGearedFivebar:couplerPaointAccel).

CGearedFivebar:setLinks

Synopsis
#include <fivebar.h>
int setLinks(doublerl, doubler2, doubler3, doubler4, doubler5, double thetal);

Purpose
Set the lengths of the links.

Parameters
r1,r2,r3,r4, r5 Double numbers used for the lengths of links.
thetal A double number for the angle between linkl and the horizonta

Return Value

Description
This function sets the lengths of links and angje

Example
seeCGearedFivebar.:plotCouplerCurve().
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CGearedFivebar:setNumPoints

Synopsis
#include <fivebar.h>
void setNumPointgint numpoint;

Purpose
Set the number of points for the animation and the plot of thepter 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 tiiedolot of the coupler curve.

Example
seeCGearedFivebar:animation().

CGearedFivebar:uscUnit

Synopsis
#include <fivebar.h>
void uscUnit(bool unit);

Purpose
Specify the use of Sl or US Customary units in analysis.

Parameters

unit A boolean argument, wheteue indicates US Customary units are desired talde indicates Sl
units.

Return Value
None.

Description

This function specifies the whether Sl or US Customary unitsused.Ifunit = true , then US Cus-
tomary units are used; otherwise, Sl units are used. By Heflwnits 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 filsixbar.h includes header filknkage.h. The header filsixbar.h also contains a declaration
of classCFourbarSlider. The CFourbarSlider class provides a means to analyze a fourbar-slider linkage
within a Ch language environment.

& e
y - 4™ ] f
55 > 6
At ¥/
T/ B[/ & \ D
1 i =
a:ogﬁz @rl I,
AW* 1 X
Public Data
None.
Public Member Functions
Functions Descriptions
angularAccel Given the angular accelartion of link 2, calculate the aagatceleration 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 angulaloeity of other links.
animation Fourbar-slider linkage animation.

couplerPaointAccel Calculate the acceleration of the coupler point.
couplerPointPos Calculate the position of the coupler point.

couplerPointVel 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 distancey.

sliderVel Calculate the linear velocity of the slider.
uscUnit Specify the use of Sl 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 &argacceleration of other links.

Parameters

theta An array of double data type with angles of links.

omegaAn array of double data type with angular velocities of links
alpha An array of double data type with angular accelerationsridli

Return Value
None.

Description

Given the angular acceleration of link 2, this function c¢dtes the angular acceleration of the remaining
links of the fourbar-slider mechanisnthetais a one-dimensional array of size 6 which stores the angle
of each link. omegais a one-dimensional array of size 6 which stores the anguiacity of each link.
alphais a one-dimensional array of size 6 which stores the angulegleration of each link. The results of
calculation are stored in this array.

Example

A fourbar-slider linkage has link lengths = 12m,re = 4m,r3 = 12m,ry = Tm,r5 = 6m,rg = 9m,
6, = 10°, ¢ = 30°. Given the anglé-, the angular velocitw, and the angular acceleration, calculate
the angular accelerations;, a4, andag of links 3, 4, and 6 for each circuit of the linkage.

/ * * *kkkkkkkkkkkhkk

* This example is for calculating the angular acceleration o f =
* |ink3, link4, and link6. *

**************/

#include<stdio.h>
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#include<sixbar.h>

* print_alpha()

/
void print_alpha(double alp[1:6])

printf("*  deg/sec”2:\t alpha3 = %.3f\t alphad = %.3f\t alp ha6 = %.3f\n",
M_RAD2DEG(alp[3]), M_RAD2DEG(alp[4]), M_RAD2DEG(alp[6 )}

printf(" rad/sec’2:\t alpha3 = %.3f\t alphad4 = %.3f\t alp ha6
alp[3], alp[4], alp[6]);

printf("\n");

%.3f\n",

int main()
{
double r[1:6], theta[1:4][1:6];
double omega[l1:4][1:6], alpha[l:4][1:6];
double psi;
int i
CFourbarSlider fslider;

[* Default specification of the fourbar-slider linkage. */
r[i] = 12.0; r[2] = 4.0; r[3] = 12.0;
r4] = 7.0; r[5] = 6.0; r[6] = 9.0;
for(i = 1; i <= 4; i++)
{
theta[i][1] = M_DEG2RAD(10.0);
theta[i][2] = M_DEG2RAD(70.0);
omega[il[2] = M_DEG2RAD(10.0); // rad/sec
alpha(i][2] = 0; // rad/sec™2
}
psi = M_DEG2RAD(30.0);

[* Perform fourbar-slider linkage analysis. */
fslider.setLinks(r, theta[1][1], psi);
fslider.angularPos(theta[1], theta[2], theta[3], theta [4D);
fslider.angularVel(theta[1], omega[1]);
fslider.angularVel(theta[2], omega[2]);
fslider.angularVel(theta[3], omega[3]);
fslider.angularVel(theta[4], omega[4]);
fslider.angularAccel(theta[1], omega[l], alpha[l]);
fslider.angularAccel(theta[2], omega[2], alpha[2]);
fslider.angularAccel(theta[3], omegal[3], alpha[3]);
fslider.angularAccel(theta[4], omegal[4], alpha[4]);

[* Display the results. */

printf("Circuit 1: Angular Accelerations\n®);
print_alpha(alpha[1]);

printf("Circuit 2: Angular Accelerations\n");
print_alpha(alpha[2]);

printf("Circuit 3: Angular Accelerations\n®);
print_alpha(alphal[3]);

printf("Circuit 4: Angular Accelerations\n®);
print_alpha(alphal4]);

return O;
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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, alpha4 = 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 angularPogdouble theta 1[1:6], doubletheta 2[1:6], doubletheta 3[1:6], double theta4[1:6]);

Purpose
Given the angle of link 2, calculate the angles of the othrsli

Parameters

thetal 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 solutio
theta.3 A double array with dimension size of 6 for the third solution
thetad A double array with dimension size of 6 for the fourth solatio

Return Value
None.

Description

Given the angular position of link 2 of a fourbar-slider lage, this function computes the angular positions
of the remaining linkstheta 1 is a one-dimensional array of size 6 which stores the firsitisol of angular
position. theta 2 is a one-dimensional array of size 6 which stores the secolntian of angular position.
theta 3 is a one-dimensional array of size 6 which stores the thihgtism of angular positiontheta4 is a
one-dimensional array of size 6 which stores the fourthtewlwof angular position.

Example
For a fourbar-slider linkage with link lengthrg = 12m, 1o = 4m,r3 = 12m,ry = Tm,rs = 6m,r¢ = 9m,
0, = 10°, ¢» = 30°. Given the angld,, calculate the angular positiofig, 6, andfg of links 3, 4, and 6 for
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each circuit.

I' * * * * *kkkkkkkkkk

* This example is for calculating the angular position of *
* 1ink3, link4, and link6. *

* * * * ******'k***/

#include<stdio.h>
#include<sixbar.h>

I‘ * *kkk *

* print_theta()
/
void print_theta(double th[1:6])
{
printf(" degrees:\t theta3 = %.3f,\t thetad = %.3f\t theta 6 = %.3f\n",
M_RAD2DEG(th[3]), M_RAD2DEG(th[4]), M_RAD2DEG(th[6]))
printf(" radians:\t theta3 = %.3f\t theta4 = %.3f\t theta 6 = %.3f\n",
th[3], th[4], th[6]);
printf("\n");
}
int main()
{

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

double complex P[1:4];

double psi;

int i

CFourbarSlider fslider;

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

rMa] = 12; r2] = 4; r[3] = 12;
4] = 7; r5] = 6; r[6] = 9;

for(i 1, i <= 4; i++)
{
theta[i][1] = M_DEG2RAD(10.0);
theta[il[2] = M_DEG2RAD(70.0);
}

psi = M_DEG2RAD(30.0);

[* Perform fourbar-slider linkage analysis. */
fslider.setLinks(r, theta[1][1], psi);
fslider.angularPos(theta[1], theta[2], theta[3], theta [4D);

[* Display the results. */
printf("Circuit 1: Angular Positions\n");
print_theta(theta[1]);

printf("Circuit 2: Angular Positions\n");
print_theta(theta[2]);

printf("Circuit 3: Angular Positions\n");
print_theta(theta[3]);

printf("Circuit 4: Angular Positions\n");
print_theta(theta[4]);

return 0;
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Output

Circuit 1: Angular Positions
degrees: theta3 = 26.307, thetad = 87.482, theta6 = -34.204
radians: theta3 = 0.459, theta4 = 1.527, theta6 = -0.597

Circuit 2: Angular Positions
degrees: theta3 = 26.307, thetad = 87.482, theta6 = -145.796
radians: theta3 = 0.459, theta4 = 1.527, theta6 = -2.545

Circuit 3: Angular Positions
degrees: theta3 = -44.521, theta4 = -105.695, theta6 = 27.75 2
radians: theta3 = -0.777, theta4 = -1.845, theta6 = 0.484

Circuit 4: Angular Positions
degrees: theta3 = -44.521, theta4 = -105.695, theta6 = 152.2 48
radians: theta3 = -0.777, theta4 = -1.845, theta6 = 2.657

CFourbarSlider::angularVel

Synopsis
#include <sixbar.h>
void angularVel(double theta[1:6], double omegal[1:6);

Purpose
Given the angular velocity of link 2, calculate the angulaloeity of the other links.

Parameters
theta A double array of size 6 used for the input angle of links.
omegaA double array of size 6 used for the angular velocities ddin

Return Value
None.

Description

Given the angular velocity of link 2, this function calcwdatthe angular velocities of the remaining links of
the fourbar-slider linkagethetais an array for the angular positions of the six linksnegais an array for
the links’ angular velocity values. The results of the ckdtian are stored in arragmega

Example

For a fourbar-slider linkage with link lengths = 12m,ry = 4m,rs = 12m,ry = Tm,r5 = 6m,rg = 9m,
6, = 10°, v = 30°. Given the anglé, and then angular velocity,, calculate the angular velocities;,
wy, andwg Of links 3, 4, and 6 for each circuit.

/ *kkkkkkkkkk

* This example is for calculating the angular velocity of *
* 1ink3, link4, and link6. *

**********/
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#include<stdio.h>
#include<sixbar.h>

I‘ * *kkk *
* print_omega()

* * wkkk |
void print_omega(double om[1:6])

{

printf("  deg/sec:\t omega3 = %.3f\t omega4d = %.3f\t omega 6
M_RAD2DEG(om[3]), M_RAD2DEG(om[4]), M_RAD2DEG(om[6]))
printf(" rad/sec:\t omega3 = %.3f\t omegad = %.3f\t omega
om[3], om[4], om[6]);
printf("\n");

%.3f\n",

o
1

%.3f\n",

int main()

{
double r[1:6], theta[1:4][1:6];
double omega[1:4][1:6];
double psi;
int i
CFourbarSlider fslider;

[* Default specification of the fourbar-slider linkage. */
rMa] = 12; r2] = 4; r[3] = 12;
Ma] = 7; r5] = 6; 1[6] = 9;
for(i = 1; i <= 4; i++)
{
theta[i][1] = M_DEG2RAD(10.0);
theta[i][2] = M_DEG2RAD(70.0);
omega[i][2] = M_DEG2RAD(10.0); // rad/sec
}
psi = M_DEG2RAD(30.0);

[* Perform fourbar-slider linkage analysis. */

fslider.setLinks(r, theta[1][1], psi);

fslider.angularPos(theta[1], theta[2], theta[3], theta [4D);
fslider.angularVel(theta[1], omega[1]);

fslider.angularVel(theta[2], omega[2]);

fslider.angularVel(theta[3], omega[3]);

fslider.angularVel(theta[4], omega[4]);

[* Display the results. */
printf("Circuit 1: Angular Velocities\n");
print_omega(omega[1]);

printf("Circuit 2: Angular Velocities\n");
print_omega(omega[2]);

printf("Circuit 3: Angular Velocities\n");
print_omega(omega[3]);

printf("Circuit 4: Angular Velocities\n");
print_omega(omega[4]);

return O;

}
Output

Circuit 1. Angular Velocities
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deg/sec: omega3 = -1.143, omegad4 = 4.506, omega6 = -1.952
rad/sec: omega3 = -0.020, omegad4 = 0.079, omega6 = -0.034

Circuit 2: Angular Velocities
deg/sec: omega3 = -1.143, omegad4 = 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
rad/sec: omega3 = -0.005, omega4 = -0.104, omegab

-3.199
-0.056

Circuit 4: Angular Velocities
deg/sec: omega3 = -0.286, omegad4 = -5.934, omega6 = 3.199
rad/sec: omega3 = -0.005, omegad4 = -0.104, omega6 = 0.056

CFourbarSlider::animation

Synopsis
#include <sixbar.h>
void animation(int branchnum... /* [int animationtypestring_t datafilenamg*/);

Purpose
An animation of a fourbar-slider mechanism.

Parameters

branchnuman integer used to indicate which branch will be drawn.

it animationtype an optional parameter to specify the output type of the amima
datafilenamean optional parameter to specify the output file name.

Return Value
None.

Description

This function simulates the motion of a fourbar-slider nmatbm. branchnumis an integer number which
indicates the branch to be dravamimationtypes an optional parameter used to specify how the animation
should be outputtecanimationtypecan be either of the following macros:

QANIMATE OUTPUTTYPEDISPLAY, QANIMATE OUTPUTTYPEFILE,

QANIMATE OUTPUTTYPESTREAM. QANIMATE_OUTPUTTYPEDISPLAY display an animation on
the screen. QANIMATEOUTPUTTYPEFILE writes the animation data onto a file.

QANIMATE OUTPUTTYPESTREAM outputs the animation to the standard al#tafilenameés an op-
tional parameter to specify the output file name.

Example

For a fourbar-slider linkage with link lengthrs = 12m, 1o = 4m,r3 = 12m,ry = Tm,rs = 6m,r¢ = 9m,

61 = 10°, v = 30°, we = brad/sec, ay = 0, Simulate the motion of the mechanism with a coupler attache
to link 6 with parameters,, = 5 and = 45°.
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I‘ * *kkk *

* This example is for simulating the motion of a *
* fourbar-slider linkage. *

* * *kkk *

#include<stdio.h>
#include<sixbar.h>

int main()

{
double r[1:6], theta[1:4][1:6];
double rp, beta;
double omega2, alpha2;
double complex P[1:4];
double psi;
int numpoints = 50;
int i;
CFourbarsSlider fslider;
[* Default specification of the fourbar-slider linkage. */

rMi] = 12; r2] = 4; r[3] = 12;
Ma] = 7; r5] = 6; 1[6] = 9;

for(i 1; i <= 4; i++)
{
theta[i][1] = M_DEG2RAD(10.0);
theta[i][2] = M_DEG2RAD(70.0);
}

psi = M_DEG2RAD(30.0);
rp = 5.0; beta = M_DEG2RAD(45.0);
omega2 = 5.0; // rad/sec
alpha2 = 0.0; // rad/sec™2

[* Perform fourbar-slider linkage analysis. */
fslider.setLinks(r, theta[1][1], psi);
fslider.setCouplerPoint(COUPLER_LINKS®, rp, beta, TRACE
fslider.setNumPoints(numpoints);

fslider.animation(1);

fslider.animation(2);

fslider.animation(3);

fslider.animation(4);

return O;

}

Output
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CFourbarSlider::couplerPointAccel
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CFourbarSlider::couplerPointAccel

Synopsis
#include <sixbar.h>

double complex couplerPointAcceiint 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 coupteattached to.

theta A double array used to store the angular positions of theslink

omegaA double array used to store the angular velocities of tHeslin
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alpha A double array used to store the angular accelerations dintke

Return Value
This function returns the acceleration of the the coupléntpo

Description
This function calculates the acceleration of the coupléntpd he return value is a complex number.

Example

A fourbar-slider mechanism has propertigs= 12m,ry = 4m,r3 = 12m,ry = Tm,r5 = bm,rg =
Im,r, =5, B = 45°%, 6; = 10° ¢ = 30°. Given the angle,, the angular velocitys, and the angular
accelerationys, calculate the acceleration of the coupler point for défercircuits. Note that the coupler
point is attached to link 6.

I' * * * * *kkkkkkkkkk

* This example is for calculating the acceleration of the *

* coupler point of a fourbar-slider linkage. *
* * * ******'k***/

#include<stdio.h>
#include<sixbar.h>

int main()
{
double r[1:6], theta[1:4][1:6];
double omega[l:4][1:6], alpha[l1:4][1:6];
double rp, beta;
double psi;
double complex Ap[1:4];
int i
CFourbarSlider fslider;
[* Default specification of the fourbar-slider linkage. */

rMa] = 12; r2] = 4; r[3] = 12;
Ma] = 7; r5] = 6; 1[6] = 9;

for(i 1, i <= 4; i++)
{
theta[ij[1] = M_DEG2RAD(10.0);
theta[il[2] = M_DEG2RAD(70.0);
omega[i][2] = M_DEG2RAD(10.0); // rad/sec

alphal(i][2] = 0; // rad/sec™2
}
psi = M_DEG2RAD(30.0);
rp = 5.0; beta = M_DEG2RAD(45.0);

[* Perform fourbar-slider linkage analysis. */

fslider.setLinks(r, theta[1][1], psi);
fslider.setCouplerPoint(COUPLER_LINKS®6, rp, beta);
fslider.angularPos(theta[1], theta[2], theta[3], theta [4D);
fslider.angularVel(theta[1], omega[1]);

fslider.angularVel(theta[2], omega[2]);

fslider.angularVel(theta[3], omega[3]);

fslider.angularVel(theta[4], omega[4]);

fslider.angularAccel(theta[1], omega[l], alpha[l]);
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fslider.angularAccel(theta[2], omega[2], alpha[2]);
fslider.angularAccel(theta[3], omegal[3], alpha[3]);
fslider.angularAccel(theta[4], omegal[4], alpha[4]);

Ap[1] = fslider.couplerPointAccel(COUPLER_LINKS®6, theta [1], omega[l], alpha[1]);
Ap[2] = fslider.couplerPointAccel(COUPLER_LINKS®6, theta [2], omega[2?], alpha[2]);
Ap[3] = fslider.couplerPointAccel(COUPLER_LINKS®6, theta [3], omega[3], alpha[3]);
Ap[4] = fslider.couplerPointAccel(COUPLER_LINKS®6, theta [4], omega[4], alpha[4]);

[* Display the results. */

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

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 couplerPointPogint couplerLink double theta2 double complexp[1:4]);

Purpose
Calculate the position of the coupler point.

Parameters

couplerLink An int value specifying a macro to indicate which link the coupteattached to.
theta2 A double number used for the input angle of link.

p A double complex array of size 4 to store the different sohaiof the coupler point position.

Return Value
None.
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Description
This function calculates the position of the coupler poitieta2is the input angle. Arrayp contains the
four possible solutions of the coupler point position. Tésults of the calculation are stored in this array.

Example

A fourbar-slider mechanism has propertiegs= 12m,ry = 4m,r3 = 12m,ry = Tm,r5 = 6m,rg =
9m,r, = dm, § = 45°, 6, = 10°, ¢» = 30°. Given the anglé, and the fact that the coupler is attached to
link 6, calculate the coupler point position of the diffetreircuits.

I' * * * *kkkkkk

* 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[1:6], theta[1:4][1:6];
double rp, beta;
double psi;
double complex P[1:4];
int i
CFourbarSlider fslider;
[* Default specification of the fourbar-slider linkage. */

r1] = 12.0; r[2] = 4.0; r[3] = 12.0;
r4] = 7.0; r[5] = 6.0; r[6] = 9.0;

for(i 1, i <= 4; i++)
{
theta[i][1] = M_DEG2RAD(10.0);
theta[il[2] = M_DEG2RAD(70.0);
}

psi = M_DEG2RAD(30.0);
rp = 5.0; beta = M_DEG2RAD(45.0);

[* Perform fourbar-slider linkage analysis. */

fslider.setLinks(r, theta[1][1], psi);
fslider.setCouplerPoint(COUPLER_LINKS®6, rp, beta);
fslider.angularPos(theta[1], theta[2], theta[3], theta [4D);
fslider.couplerPointPos(COUPLER_LINK®G, theta[1][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", P[3]);
printf("Circuit 4. Coupler Point Position\n");
printf(" P = %.3f\n\n", P[4]);
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return O;

}
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::couplerPointVel

Synopsis
#include <sixbar.h>
double complex couplerPointVefint 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 positiontiseofinks.
omegaA double array of size 6 used to store the angular velociti¢iseolinks.

Return Value
This function returns the velocity of the coupler point irctar form.

Description
This function calculates the velocity of the coupler pointhe value is returned as of typ#ouble
complex .

Example

A fourbar-slider mechanism has properties= 12m,ry = 4m,r3 = 12m,ry = Tm,r5 = 6m,rg =
9Im,r, = dm, B = 45, 6; = 10°, ¢» = 30°. Given the anglé, and the angular velocity,, calculate the
velocity of the coupler point for the different circuits. &leoupler is attached to link 6.

/ *kkkkkk

* This example is for calculating the velocity of the *
* coupler point of a fourbar-slider linkage. *

******/

#include<stdio.h>
#include<sixbar.h>
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int main()
{
double r[1:6], theta[1:4][1:6];
double omega[1:4][1:6];
double rp, beta;
double psi;
double complex Vp[1:4];
int i
CFourbarSlider fslider;

[* Default specification of the fourbar-slider linkage. */
rMa] = 12; r2] = 4; r[3] = 12;

4] = 7. 15| = 6 1l6] = 9
for(i = 1; i <= 4; i++)
{
theta[ij[1] = M_DEG2RAD(10.0);
theta[il[2] = M_DEG2RAD(70.0);
omega[i][2] = M_DEG2RAD(10.0); // rad/sec

}
psi = M_DEG2RAD(30.0);
rp = 5.0; beta = M_DEG2RAD(45.0);

[* Perform fourbar-slider linkage analysis. */

fslider.setLinks(r, theta[1][1], psi);
fslider.setCouplerPoint(COUPLER_LINKS®6, rp, beta);
fslider.angularPos(theta[1], theta[2], theta[3], theta [4D);
fslider.angularVel(theta[1], omega[1]);

fslider.angularVel(theta[2], omega[2]);

fslider.angularVel(theta[3], omega[3]);

fslider.angularVel(theta[4], omega[4]);

Vp[1] = fslider.couplerPointVel(COUPLER_LINK®G, theta[l ], omega[1]);
Vp[2] = fslider.couplerPointVel(COUPLER_LINK®G, theta[2 ], omegal2]);
Vp[3] = fslider.couplerPointVel(COUPLER_LINK®G, theta[3 ], omega[3]);
Vp[4] = fslider.couplerPointVel(COUPLER_LINK®G, theta[4 ], omegal4]);

[* Display the results. */

printf("Circuit 1: Coupler Point Velocity\n");
printf(*  Vp = %.3f\n\n", Vp[1]);
printf("Circuit 2: Coupler Point Velocity\n");
printf*  Vp = %.3f\n\n", Vp[2]);
printf("Circuit 3: Coupler Point Velocity\n");
printf(*  Vp = %.3f\n\n", Vp[3]);
printf("Circuit 4: Coupler Point Velocity\n");
printf(*  Vp = %.3f\n\n", Vp[4]);

return O;

}
Output

Circuit 1. Coupler Point Velocity
Vp = complex(-0.366,0.086)

Circuit 2: Coupler Point Velocity
Vp = complex(-0.230,0.222)

Circuit 3: Coupler Point 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 theta§ ... /* [int outputtype],
[char * filenam§] */);

Syntax

displayPositiontheta? theta3 theta4 theta
displayPositiontheta2 theta3 theta4 thetag outputtypé
displayPositiontheta? theta3 theta4 thetag outputtype filename

Purpose
Given#,, 03, 64, anddg, display the current position of the fourbar-slider linkag

Parameters

theta2 0, angle.

theta3 03 angle.

theta4 0, angle.

thetab 0z 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#,, 03, 64, andfg display the current position of the fourbar-slider linkagatputtype is an op-
tional parameter used to specify how the output should bdladnit may be one of the following macros:
QANIMATE OUTPUTTYPEDISPLAY, QANIMATE OUTPUTTYPEFILE,

QANIMATE OUTPUTTYPESTREAM. QANIMATE OUTPUTTYPEDISPLAY outputs the figure to the
computer terminal. QANIMATEOUTPUTTYPEFILE writes the ganimate data onto a file.

QANIMATE _OUTPUTTYPESTREAM outputs the ganimate data to the standard out stréi@mame

is an optional parameter to specify the output file name.

Example
A fourbar linkage has link lengthg = 12m,rs = 4m,r3 = 12m,rqy = Tm,rs = 6m,rg = 9m, 61 = 10°,
and coupler properties, = 3 and = 35° attached to link 6. Given the angle, display the fourbarslider
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linkage in its current position for the first branch.

I‘ * * * * *kkkkkkkkkk
* This example is for display the position of the *
*  fourbar-slider mechanism. *
* * * * * * ******'k***/

#include<stdio.h>
#include<sixbar.h>

int main()

{
double r[1:6], theta[1:4][1:6];
double rp6, beta6;
double complex P[1:4];
double psi;
int i;
CFourbarSlider fslider;

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

rM1] = 12; r[2] = 4; r[3] = 12;
4] = 7; rl5] = 6 1[6] = 9;
rp6 = 3;
for(i = 1; i <= 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. */
fslider.setLinks(r, theta[1][1], psi);
fslider.setCouplerPoint(COUPLER_LINKS®6, rp6, beta6);

fslider.angularPos(theta[1], theta[2], theta[3], theta [4D);
fslider.displayPosition(theta[1][2], theta[1][3], the ta[1][4], theta[1][6]);
return O;
}
Output
b 0 - ||
| Hext || Prev | i | Go | Grop 1 Fash ] Bles |
CFourbar-5lider
= =

CFourbarSlider::setCouplerPoint
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Synopsis
#include <sixbar.h>
void setCouplerPoini{int couplerLink double rp, doublebetg ... /* [int trace] */);

Syntax
setCouplerPoini{couplerLink rp, betg
setCouplerPoin{couplerLink rp, beta trace)

Purpose
Set parameters for the coupler point.

Parameters
couplerLink An int value specifying a macro to indicate which link the coupteattached to.
rp A double number used for the link length connected to the lesuwint.

beta A double number specifying the angular position of the ceupbint relative to the link it is attached
to.

it trace An optional parameter aht type specifying either macro TRACBFF or TRACEON 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
SeeCFourbarSlider::couplerPointPos().

CFourbarSlider::setAngularVel

Synopsis
#include <sixbar.h>
void setAngularVel(double omega2,

Purpose
Set the constant angular velocity of link 2.

Parameters
omega2A double number used for the constant input angular velaitink 2.

Description
This function sets the constant angular velocity of link 2.

Example
seeCFourbarSlider::angularVel() .
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CFourbarSlider::setLinks

Synopsis
#include <sixbar.h>
void setLinks(doubler[1:6], doublethetal,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 horizonta
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 mechamés well as angle$;, and.

Example
SeeCFourbarSlider::angularPos().

CFourbarSlider::setNumPoints

Synopsis
#include <sixbar.h>
void setNumPointgint numpoint$;

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 trbar-slider mechanism.

Example
SeeCFourbarSlider::animation() .
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CFourbarSlider::sliderAccel

Synopsis
#include <sixbar.h>
double sliderAccel(doubletheta[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 positioniseofinks.
omega A double array of size 6 used to store the angular velociti¢iseolinks.
alpha A double array of size 6 used to store the angular accelerafithe links.

Return Value
This function returns the linear acceleration of the slider

Description
This function calculates the linear acceleration of theéeslparallel to the horizontal. The return value is of
double type.

Example

A fourbar-slider mechanism has the following properties= 12m,ro = 4m,rs = 12m,ry = Tm,r5 =
6m,rg = 9m, 61 = 10°, ¢p = 30°. Given the anglé-, the angular velocitw, and the angular acceleration
a, calculate the linear acceleration of the slider,

I' * * * *kkkkkk

* This example is for calculating the acceleration of *
* the slider. *

******/

#include<stdio.h>
#include<sixbar.h>

int main()
{
double r[1:6], theta[1:4][1:6];
double omega[1:4][1:6], alpha[l1:4][1:6];
double r7ddot[1:4];
double psi;
int i;
CFourbarSlider fslider;

[* Default specification of the fourbar-slider linkage. */
rMa] = 12; r2] = 4; r[3] = 12;

r[4] 7, 5] = 6; r6] =9

for(i = 1; i <= 4; i++)

theta[il[1] = M_DEG2RAD(10.0);

357



Chapter E: Fourbar-Slider Linkagefourbarslider.h>

theta[il[2] = M_DEG2RAD(70.0);
omega[i][2] = M_DEG2RAD(10.0); // rad/sec
alphali][2] = 0; // rad/sec™2

}

psi = M_DEG2RAD(30.0);

[* Perform fourbar-slider linkage analysis. */
fslider.setLinks(r, theta[1][1], psi);
fslider.angularPos(theta[1], theta[2], theta[3], theta
fslider.angularVel(theta[1], omega[1]);
fslider.angularVel(theta[2], omega[2]);
fslider.angularVel(theta[3], omega[3]);
fslider.angularVel(theta[4], omega[4]);
fslider.angularAccel(theta[1], omega[l], alpha[l]);
fslider.angularAccel(theta[2], omega[2], alpha[2]);
fslider.angularAccel(theta[3], omegal[3], alpha[3]);
fslider.angularAccel(theta[4], omegal[4], alpha[4]);

r7ddot[1] = fslider.sliderAccel(theta[1l], omega[l], alp
r7ddot[2] = fslider.sliderAccel(theta[2], omega[2], alp
r7ddot[3] = fslider.sliderAccel(theta[3], omega[3], alp
r7ddot[4] = fslider.sliderAccel(theta[4], omega[4], alp

[* Display the results. */

printf("Circuit 1: Slider Acceleration\n");
printf(" r7ddot = %.3\n\n", r7ddot[1]);
printf("Circuit 2: Slider Acceleration\n");
printf(" r7ddot = %.3\n\n", r7ddot[2]);
printf("Circuit 3: Slider Acceleration\n");
printf(" r7ddot = %.3f\n\n", r7ddot[3]);
printf("Circuit 4: Slider Acceleration\n");
printf(" r7ddot = %.3\n\n", r7ddot[4]);

return 0;

}
Output

Circuit 1: Slider Acceleration
r7ddot = -0.096

Circuit 2: Slider Acceleration
r7ddot = -0.062

Circuit 3: Slider Acceleration
r7ddot = 0.065

Circuit 4: Slider Acceleration
r7ddot = 0.145

[4D;

ha[1]);
ha([2]);
ha(3]);
ha([4]);

CFourbarSlider::sliderPos

CFourbarSlider::sliderPos
Synopsis

#include <sixbar.h>
double sliderPos(doubleheta[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 positiotiseofinks.

Return Value
This function returns the horizontal position of the slidelative toAg, the joint wherer; andr, are fixed
to ground (See Fig.3.1).

Description
This function calculates the horizontal distance frdmto the slider. The return value is dbuble type.

Example

A fourbar-slider mechanism has the following propertities= 12m,ro, = 4m,r3 = 12m,ry = Tm,r; =
6m,r¢ = 9m, 01 = 10°, ¢ = 30°. Given the angl®,, calculate the horizontal distance of the slider from
link joint Ayg.

I' * * *k%

* This example is for calculating the position of *

* of the slider. *
* * * **/

#include<stdio.h>
#include<sixbar.h>

int main()
{
double r[1:6], theta[1:4][1:6];
double r7[1:4];
double psi;
int i;
CFourbarSlider fslider;

[* Default specification of the fourbar-slider linkage. */
1] = 12; 2] = 4; r[3] = 12;

4] = 7, r[5] = 6; r1[6] = 9;
for(i = 1; i <= 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, theta[1][1], psi);

fslider.angularPos(theta[1], theta[2], theta[3], theta [4D);
r7[1] = fslider.sliderPos(theta[1]);

r7[2] = fslider.sliderPos(theta[2]);

r7[3] = fslider.sliderPos(theta[3]);

r7[4] = fslider.sliderPos(theta[4]);

[* Display the results. */
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printf("Circuit 1: Slider Position\n");

1

printf(" r7 = %.3\n\n", r7[1]);
printf("Circuit 2: Slider Position\n");
printf(" r7 = %.3\n\n", r7[2]);
printf("Circuit 3: Slider Position\n");
printf(" r7 = %.3\n\n", r7[3)]);
printf("Circuit 4: Slider Position\n");
printf(" r7 = %.3\n\n", r7[4]);
return O;

}

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::sliderVel

Synopsis
#include <sixbar.h>
double sliderVel(doubletheta[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 positiotiseofinks.
omega A double array of size 6 used to store the angular velociti¢iseolinks.
Return Value

This function returns the linear velocity of the slider.

Description
This function calculates the linear velcity of the slidergleel to the horizontal. The return value is of
double type.

Example

A fourbar-slider mechanism has the following properties= 12m,ro = 4m,rs = 12m,ry = Tm,r5 =
6m,r¢ = 9m, 61 = 10°, ¢ = 30°. Given the angl&, and the angular velocity-, calculate the linear
velocity of the slidery;.
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I‘ * *kkk *

* This example is for calculating the velocity of *
* the slider.

* * *kkk *

#include<stdio.h>
#include<sixbar.h>

int main()

{
double r[1:6], theta[1:4][1:6];
double omega[1:4][1:6];
double r7dot[1:4];
double psi;
int i
CFourbarSlider fslider;

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

r[1] 12; 2] = 4; r[3] = 12;
Ma] = 7; r5] = 6; 1[6] = 9;
for(i = 1; i <= 4; i++)

{

theta[ij[1] = M_DEG2RAD(10.0);

theta[il[2] = M_DEG2RAD(70.0);

omega[i][2] = M_DEG2RAD(10.0); // rad/sec
}
psi = M_DEG2RAD(30.0);

[* Perform fourbar-slider linkage analysis. */
fslider.setLinks(r, theta[1][1], psi);
fslider.angularPos(theta[1], theta[2], theta[3], theta
fslider.angularVel(theta[1], omega[1]);
fslider.angularVel(theta[2], omega[2]);
fslider.angularVel(theta[3], omega[3]);
fslider.angularVel(theta[4], omega[4]);

r7dot[1] = fslider.sliderVel(theta[1], omega[l]);
r7dot[2] = fslider.sliderVel(theta[2], omega[2]);
r7dot[3] = fslider.sliderVel(theta[3], omega[3]);
r7dot[4] = fslider.sliderVel(theta[4], omega[4]);

[* Display the results. */
printf("Circuit 1: Slider Velocity\n");
printf(" r7dot = %.3f\n\n", r7dot[1]);
printf("Circuit 2: Slider Velocity\n");
printf(" r7dot = %.3f\n\n", r7dot[2]);
printf("Circuit 3: Slider Velocity\n");
printf(" r7dot = %.3f\n\n", r7dot[3]);
printf("Circuit 4: Slider Velocity\n");
printf(" r7dot = %.3f\n\n", r7dot[4]);

return O;

}
Output

Circuit 1: Slider Velocity
r7dot = -0.570
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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 Sl or US Customary units in analysis.

Parameters

unit A boolean argument, wheteue indicates US Customary units are desired talde indicates Sl
units.

Return Value
None.

Description

This function specifies the whether Sl or US Customary unitsused.Ifunit = true , then US Cus-
tomary units are used; otherwise, Sl units are used. By Heflwnits are assumed. This member function
shall be called prior any other member function calls.
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Class CWattSixbarl

CWattSixbarl

The header filsixbar.h includes header filknkage.h. The header filsixbar.h also contains a declaration
of classCWattSixbarl . The CWattSixbarl class provides a means to analyze a Watt () sixbar linkage

within a Ch language

environment.

)

/)
s

IS}

9,

Public Data
None.

Public Member Functions

Functions

Descriptions

angularAccel

angularPos
angularVel

Given the angular acceleration of the input link, calcutageangular acceleration of

other links.

Given the angle of the input link, calculate the angle of otimks.
Given the angular velocity of the input link, calculate timgalar 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.

couplerPointVel Calculate the coupler point velocity.
displayPosition Display the position of the Watt (1) 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 Sl 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, calcutateangular acceleration of the other links.

Parameters

theta An array of double data type with angles of links.

omegaAn array of double data type with angular velocities of links
alpha An array of double data type with angular accelerationsridli

Return Value
None.

Description

Given the angular acceleration of the input link, this fumcttcalculates the angular acceleration of the re-
maining moving links of the sixbathetais a one-dimensional array of size 6 which stores the angacif
link. omegais a one-dimensional array of size 6 which stores the angelacity of each link.alphais a
one-dimensional array of size 6 which stores the angulalation of each link. The result of caculation
is stored in arraylpha

Example

A Watt (1) sixbar linkage has parameters = 8m,rs = 4m,rs = 10m,ry = Tm,rs = Tm,rg = 8m,
rh = 4m, B3 = 30°, 7] = 9m, B, = 50°, andf; = 10°, . Given the anglé,, the angular velocity, and
the angular acceleratiam,, calculate the angular acceleration of the other links.

#include<stdio.h>
#include<sixbar.h>

int main()
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}

double r[1:6];
double rP3, beta3,
rPP4, beta4;
double theta[1:4][1:6], omega[1:4][1:6], alpha[l:4][1:
double thetal = M_DEG2RAD(10), theta2 = M_DEG2RAD(25);
double omega2 = M_DEG2RAD(10), alpha2 = 0;
CWattSixbarl wattl;
int i

[* Define Watt (I) Sixbar linkage. */
Ml =8 2] = 4

r[3] 10; r[4] 7;

5] = 7, r6] = 8;

rP3 = 4; beta3 = M_DEG2RAD(30);
rPP4 = 9; betad = M_DEG2RAD(50);
for(i = 1; i <= 4; i++)

{

theta[i][1] = thetal;
theta[i][2] = theta2;
omega[i][2] = omegaz;

}

[* Perform analysis. */

wattl.setLinks(r, thetal, rP3, beta3, rPP4, betad);
wattl.angularPos(theta[1], theta[2], theta[3], theta[4
wattl.angularVel(theta[1], omega[1]);
wattl.angularVel(theta[2], omega[2]);
wattl.angularVel(theta[3], omega[3]);
wattl.angularVel(theta[4], omega[4]);
wattl.angularAccel(theta[1], omega[l], alpha[1]);
wattl.angularAccel(theta[2], omega[2], alpha[2]);
wattl.angularAccel(theta[3], omega[3], alpha[3]);
wattl.angularAccel(theta[4], omega[4], alpha[4]);

[* Display results. */
for(i = 1; i <= 4; i++)
{
printf("Solution #%d:\n", i);

printf("\t alpha3 = %.3f rad/s™2 (%.2f deg/s"2), alphad4 = %.

alpha[i][3], M_RAD2DEG(alphali][3]),
alphali][4], M_RAD2DEG(alphali][4]));

printf("\t alpha5 = %.3f rad/s™2 (%.2f deg/s"2), alpha6 = %.

alpha[i][5], M_RAD2DEG(alphali][5]),
alpha[i[6], M_RAD2DEG(alphali][6]));
}

return 0;

Output
Solution #1:

alpha3 = 0.050 rad/s™2 (2.86 deg/s"2), alpha4
alpha5 = 0.008 rad/s™2 (0.47 deg/s"2), alpha6

0.079 rad/s”
0.117 rad/s”

Solution #2:

alpha3 = 0.050 rad/s™2 (2.86 deg/s"2), alpha4
alpha5 = 0.128 rad/s™2 (7.32 deg/s™2), alpha6

0.079 rad/s”
0.019 rad/s”

Solution #3:

alpha3 = 0.023 rad/s™2 (1.34 deg/s™2), alpha4

-0.006 rad/s
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3f rad/s"2 (%.2f deg/s"2),\n",

3f rad/s"2 (%.2f deg/s”2)\n",

2 (4.51 deg/s™2),
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alpha5 = 0.069 rad/s™2 (3.95 deg/s™2), alpha6 = 0.026 rad/s” 2 (1.48 deg/s"2)
Solution #4:

alpha3 = 0.023 rad/s™2 (1.34 deg/s"2), alpha4 = -0.006 rad/s "2 (-0.32 deg/s™2),
alpha5 = 0.016 rad/s™2 (0.93 deg/s™2), alpha6 = 0.059 rad/s” 2 (3.40 deg/s"2)

CWattSixbarl ::angularPos

Synopsis
#include <sixbar.h>
void angularPogdouble theta 1[1:6], doubletheta 2[1:6], double theta 3[1:6], double theta4[1:6]);

Purpose
Given the angle of the input link, calculate the angle of ttieplinks.

Parameters

thetal A double array of size 6 for the first solution.
theta2 A double array of size 6 for the second solution.
theta3 A double array of size 6 for the third solution.
thetad A double array of size 6 for the fourth solution.

Return Value
None.

Description

Given the angular position of one link of a sixbar linkages tlunction computes the angular positions of
the remaining moving linkstheta 1l is a one-dimensional array of size 6 which stores the firsttiem of
angular positiontheta2 is a one-dimensional array of size 6 which stores the secolutien of angular
position. theta 3 is a one-dimensional array of size 6 which stores the thildtism of angular position.
theta4 is a one-dimensional array of size 6 which stores the fouwtition of angular position.

Example

A Watt (1) sixbar linkage has link lengths = 8m,ry = 4m,rs = 10m,ry = 7m,r5 = Tm,r¢ = 8m,
rh = 4m, B3 = 30°, 7] = 9m, 34 = 50°, andf, = 10°. Given the angld,, calculate the angular positions
of the other links for each circuit.

#include<stdio.h>
#include<sixbar.h>

int main()
{
double r[1:6];
double rP3, beta3,
rPP4, beta4;
double theta[1:4][1:6];
double thetal = M_DEG2RAD(10), theta2 = M_DEG2RAD(25);
CWattSixbarl wattl;
int i;
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}

[* Define Watt (I) Sixbar linkage. */
rMi] = 8; r[2] = 4;

3] = 10; 4] = 7,

5] = 7, rl6] = 8;

rP3 = 4; beta3 = M_DEG2RAD(30);
rPP4 = 9; betad = M_DEG2RAD(50);
for(i = 1; i <= 4; i++)

{

thetali][1]
thetali][2]

thetal;
theta2;

}

[* Perform analysis. */
wattl.setLinks(r, thetal, rP3, beta3, rPP4, betad);
wattl.angularPos(theta[1], theta[2], theta[3], theta[4

[* Display results. */
for(i = 1; i <= 4; i++)
{
printf("Solution #%d:\n", i);
printf(" theta3 = %.3f radians (%.2f degrees), theta4 = %.3f
theta[i][3], M_RAD2DEG(thetali][3]),
theta[il[4], M_RAD2DEG(thetali][4]));
printf(" theta5 = %.3f radians (%.2f degrees), theta6
theta[i][5], M_RAD2DEG(thetali][5]),
theta[i][6], M_RAD2DEG(thetali][6]));

%.3f

}

return 0;

Output

Solution #1:

theta3 = 0.554 radians (31.73 degrees), thetad
theta5 = 0.421 radians (24.11 degrees), theta6

0.918 radia
2.240 radia

Solution #2:

theta3 = 0.554 radians (31.73 degrees), thetad = 0.918 radia
theta5 = -1.006 radians (-57.62 degrees), theta6 = -2.824 ra

Solution #3:

theta3 = -0.695 radians (-39.83 degrees), thetad =
theta5 = -0.848 radians (-48.59 degrees), theta6 = 0.356 rad

-1.059 ra

Solution #4:

theta3 =
theta5 = -2.979 radians (-170.70 degrees), theta6 = 2.100 ra

-0.695 radians (-39.83 degrees), theta4 = -1.059 ra

CWattSixbarl ::angularVel

radians (%.2f degrees),\n",

radians (%.2f degrees)\n",

ns (52.60 degrees),
ns (128.32 degrees)

ns (52.60 degrees),
dians (-161.83 degrees)

dians (-60.70 degrees),
ians (20.39 degrees)

dians (-60.70 degrees),
dians (120.32 degrees)

CWattSixbarl ::angularVel

Synopsis
#include <sixbar.h>
void angularVel(double theta[1:6], double omega[1:6);

Purpose
Given the angular velocity of one link, calculate the angutdocity of the other links.
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Parameters
theta A double array used for the input angle of links.
omegaA double array used for the angular velocities of links.

Return Value
None.

Description

Given the angular velocity of the input link, this functioalculates the angular velocities of the remaining
moving links of the Watt (1) sixbarthetais an array for link positionsomegais an array for angular velocity
of links.

Example

A Watt (1) sixbar linkage has link lengths = 8m,ry = 4m,rg = 10m,ry = 7m,r5 = Tm,r¢ = 8m,
ry = 4m, B3 = 30°, 7] = 9m, B4 = 50°, and angléd; = 10°. Given the anglé, and the angular velocity
wo, determine the angular velocities of the other links forhegiccuit.

#include<stdio.h>
#include<sixbar.h>

int main()
{
double r[1:6];
double rP3, beta3,
rPP4, beta4;
double theta[1:4][1:6], omega[1:4][1:6];
double thetal = M_DEG2RAD(10), theta2 = M_DEG2RAD(25);
double omega2 = M_DEG2RAD(10);
CWattSixbarl wattl;
int i;

/* Define Watt (I) Sixbar linkage. */
rM] = 8; r2] = 4
r[3] = 10; r[4]
5] = 7, r[6] ;
rP3 = 4; beta3 = M_DEG2RAD(30);
rPP4 = 9; betad = M_DEG2RAD(50);
for(i = 1; i <= 4; i++)

I#
8

{
theta[i][1] = thetal;
theta[i][2] = theta2;
omega[i][2] = omegaz;
}

[* Perform analysis. */

wattl.setLinks(r, thetal, rP3, beta3, rPP4, betad);
wattl.angularPos(theta[1], theta[2], theta[3], theta[4 D;
wattl.angularVel(theta[1], omega[1]);

wattl.angularVel(theta[2], omega[2]);

wattl.angularVel(theta[3], omega[3]);

wattl.angularVel(theta[4], omega[4]);

/* Display results. */
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i++)

printf("\t omega3 = %.3f rad/s (%.2f deg/s), omega4 = %.3f ra
omegali][3], M_RAD2DEG(omega[i][3]),
omegal[i][4], M_RAD2DEG(omega]i][4]));

printf("\t omega5 = %.3f rad/s (%.2f deg/s), omega6 = %.3f ra
omegali][5], M_RAD2DEG(omegali][5]),
omegali][6], M_RAD2DEG(omega]i][6]));

for(i = 1; i <= 4
{
printf("Solution #%d:\n", i);
}
return O;
}
Output
Solution #1:

omega3 = -0.091
omega5 = -0.149
Solution #2:

omega3 = -0.091
omega5 = -0.057
Solution #3:

omega3 = -0.195
omega5 = -0.134
Solution #4:

omega3 = -0.195
omega5 = -0.194

rad/s
rad/s

rad/s
rad/s

rad/s
rad/s

rad/s
rad/s

(-5.20 deg/s), omega4
(-8.52 deg/s), omegab

(-5.20 deg/s), omega4
(-3.27 deg/s), omegab

-0.033 rad/s (-
-0.066 rad/s (-

-0.033 rad/s (-
-0.140 rad/s (-

(-11.20 deg/s), omegad = -0.253 rad/s (
(-7.68 deg/s), omega6 = -0.184 rad/s (-

(-11.20 deg/s), omega4d
(-11.14 deg/s), omegab

-0.253 rad/s (
-0.144 rad/s (

CWattSixbarl ::animation

d/s (%.2f deg/s),\n",

d/s (%.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 animationtypestring_t datafilenamg*/);

Syntax

animation(branchnuny
animation(branchnumanimationtypg
animation(branchnumanimationtypedatafilenamg

Purpose

An animation of a Watt (I) sixbar mechanism.

Parameters

branchnuman integer used for indicating which branch will be drawn.

it animationtype an optional parameter to specify the output type of the amima

datafilenamean optional parameter to specify the output file name.

Return Value

This function returns 0 on success and -1 on failure.
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Description

This function simulates the motion of Watt (I) sixbar medsan branchnumis an integer number which
indicates the branch you want to drawnimationtypeis an optional parameter used to specify how the
animation should be outputtednimationtypecan be either of the following macros:

QANIMATE OUTPUTTYPEDISPLAY, QANIMATE OUTPUTTYPEFILE,

QANIMATE OUTPUTTYPESTREAM. QANIMATE_OUTPUTTYPEDISPLAY displays an animation
on the screen. QANIMATEDOUTPUTTYPEFILE writes the animation data onto a file.

QANIMATE _OUTPUTTYPESTREAM outputs the animation to the standard a#tafilenamas an op-
tional parameter to specify the output file name.

Example 1

For a Watt (1) sixbar linkage with link lengths = 8m,rs = 4m,r3 = 10m,ry = Tm,rs = Tm,rg =
8m,ry = 4dm,ry] = 9m,rf = 4dm,r{ = 5m, and anglesis = 30°, 54 = 50°, G5 = 35°%, B = 30°,

#; = 10°, simulate the motion of the sixbar linkage. Also, trace these generated by the motion of the
coupler on link 6.

#include<stdio.h>
#include<sixbar.h>

int main()
{
double r[1:6];
double rP3, beta3,
rPP4, beta4,
rP5, betab,
rPP6, betab;

double theta[1:4][1:6];

double thetal = M_DEG2RAD(10), theta2 = M_DEG2RAD(25);
double complex P1[1:4], P2[1:4];

CWattSixbarl wattl;

int i;

/* Define Watt (I) Sixbar linkage. */
] = 8 r[2] = 4

r[3] = 10; r[4] = 7,

5] = 7; r[6] 8;

rP3 = 4; beta3 = M_DEG2RAD(30);
rPP4 = 9; beta4 = M_DEG2RAD(50);
rP5 = 4; beta5 = M_DEG2RAD(35);
rPP6 = 5; beta6 = M_DEG2RAD(30);
for(i = 1; i <= 4; i++)

{

theta[i][1] = thetal,;
theta[i][2] = theta2;
}

[* Perform analysis. */
wattl.setLinks(r, thetal, rP3, beta3, rPP4, betad);

wattl.setCouplerPoint(COUPLER_LINKS5, rP5, beta5, TRACE _OFF);
wattl.setCouplerPoint(COUPLER_LINK®6, rPP6, beta6, TRAC E_ON);
wattl.animation(1);

wattl.animation(2, QANIMATE_OUTPUTTYPE_FILE, "tempdat a");

wattl.animation(3);
wattl.animation(4);
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return O;
}
Output
E [=I[=l]

CWattSixbarl ::couplerPointAccel

I
]
&1
=

Options

| Hext || Prev || ALl | Stop 1) Fast 0 Bles |

‘ Hext H Prev H All |1 Stop 0 Fagb (i Blow |

Hatt (I) Sisbar

Hatt (I} Sixbar

E

| Hext || Prev || ALl | Stop i Fash 11 Blow |

Hatt (I) Sizbar

£ L=

E [=I[ml[]
‘ Hext ‘ ‘ Prev ‘ ‘ A1l | Eragp PoFaern L1 Bies |

Hatt (I} Sinbar

°

CWattSixbarl ::couplerPointAccel

Synopsis
#include <sixbar.h>

double complex couplerPointAccegiint couplerLink double theta[1:6], double omega[1:6] double al-

pha[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 coupteattached to.
theta An array of typedoubleused to store the angular positions of each link.

omegaAn array of typedoubleused to store the angular velocity of each link.

alpha An array of typedoubleused 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 coupléntpdhe return value is a double complex, which
indicates the vector of the acceleration of the couplertpoin

Example

A Watt (I) sixbar linkage has link lengths;, = 8m,ry = 4m,r3 = 10m,ry = Tm,rs = Tm,r¢ =
8m,ry = 4dm,ry] = 9m,rf = 4dm,r{ = 5m, and angles’s = 30°, 54 = 50°, G5 = 35°%, B = 30°,
61 = 10°. Given the angld,, angular velocityw, and angular acceleratiamn, calculate the acceleration of
coupler points for each circuit.

#include<stdio.h>
#include<sixbar.h>

int main()
{
double r[1:6];
double rP3, beta3,
rPP4, beta4,
rP5, betab,
rPP6, betab;
double theta[1:4][1:6], omega[l1:4][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[1:4], Ap2[1:4];
CWattSixbarl wattl;
int i;

[* Define Watt (I) Sixbar linkage. */

M =8 12 = 4
(3] = 10; 4] = 7;
r5] = 7; re] = 8;
rP3 = 4; beta3 = M_DEG2RAD(30);

rPP4 = 9; beta4 = M_DEG2RAD(50);
rP5 = 4; beta5 = M_DEG2RAD(35);
rPP6 = 5; beta6 = M_DEG2RAD(30);
for(i = 1; i <= 4; i++)

{
theta[i][1] = thetal,;
theta[i][2] = theta2;
omegal[i][2] = omegaz;
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[* Perform analysis. */

wattl.setLinks(r, thetal, rP3, beta3, rPP4, betad);
wattl.setCouplerPoint(COUPLER_LINKS5, rP5, betab);
wattl.setCouplerPoint(COUPLER_LINK®6, rPP6, betab);
wattl.angularPos(theta[1], theta[2], theta[3], theta[4 1;
wattl.angularVel(theta[1], omega[1]);
wattl.angularVel(theta[2], omega[2]);
wattl.angularVel(theta[3], omega[3]);
wattl.angularVel(theta[4], omega[4]);
wattl.angularAccel(theta[1], omega[l], alpha[1]);
wattl.angularAccel(theta[2], omega[2], alpha[2]);
wattl.angularAccel(theta[3], omega[3], alpha[3]);
wattl.angularAccel(theta[4], omega[4], alpha[4]);

Apl[1] = wattl.couplerPointAccel(COUPLER_LINKS5, theta[ 1], omega[l], alpha[l]);
Apl[2] = wattl.couplerPointAccel(COUPLER_LINKS5, theta[ 2], omegal2], alpha[2]);
Ap1[3] = wattl.couplerPointAccel(COUPLER_LINKS5, theta[ 3], omega[3], alpha[3]);
Apl[4] = wattl.couplerPointAccel(COUPLER_LINKS5, theta[ 4], omegal4], alpha[4]);
Ap2[1] = wattl.couplerPointAccel(COUPLER_LINKS®6, theta[ 1], omega[l], alpha[l]);
Ap2[2] = wattl.couplerPointAccel(COUPLER_LINKS®6, theta[ 2], omegal[2], alpha[2]);
Ap2[3] = wattl.couplerPointAccel(COUPLER_LINKS®6, theta[ 3], omega[3], alpha[3]);
Ap2[4] = wattl.couplerPointAccel(COUPLER_LINKS®, theta[ 4], omegal4], alpha[4]);

[* Display results. */
for(i = 1; i <= 4; i++)

{
printf("Solution #%d:\n", i);
printf("\t Apl = %.3f, Ap2 = %.3f\n", Apl[i], Ap2[i]);
}
return O;
}
Output
Solution #1:
Apl = complex(-0.382,0.063), Ap2 = complex(-0.616,0.602)
Solution #2:
Apl = complex(0.210,0.003), Ap2 = complex(0.034,0.593)
Solution #3:
Apl = complex(0.021,0.169), Ap2 = complex(0.013,0.714)
Solution #4:
Apl = complex(-0.137,-0.057), Ap2 = complex(-0.138,0.452 )

CWattSixbarl ::couplerPointPos
Synopsis
#include <sixbar.h>

void couplerPointPogint couplerLink double theta2 double complexP[1:4]);

Purpose
Calculate the position of the coupler point.

Parameters

couplerLink An int value specifying a macro to indicate which link the coupteattached to.
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theta2 A double number used for the input angle of link.
P A double complex array for the four solutions of coupler poin

Return Value
None.

Description
This function calculates the position of the coupler pothieta2is the input angleP[1:4] is the four so-

lutions of the coupler point position, respectively, whisha complex number indicating the vector of the
coupler point.

Example

A Watt (I) sixbar linkage has link lengths;, = 8m,ry = 4m,r3 = 10m,ry = Tm,r5 = Tm,rg =
8m,ry = 4m,rf] = 9Im,rf = 4m,r{ = 5m, and angles?s = 30°, 34 = 50°, B35 = 35°, (B = 30°,
#, = 10°. Given the angld,, calculate the position of the coupler points for each dircu

#include<stdio.h>
#include<sixbar.h>

int main()
{
double r[1:6];
double rP3, beta3,
rPP4, beta4,
rP5, betas,
rPP6, betab;

double theta[1:4][1:6];

double thetal = M_DEG2RAD(10), theta2 = M_DEG2RAD(25);
double complex P1[1:4], P2[1:4];

CWattSixbarl wattl;

int i

[* Define Watt (I) Sixbar linkage. */

Ml = 8 2] = 4
3] = 10, 4] = 7;
Bl =7 1] =8
rP3 = 4; beta3 = M_DEG2RAD(30);

rPP4 = 9; betad = M_DEG2RAD(50);
rP5 = 4; beta5 = M_DEG2RAD(35);
rPP6 = 5; beta6 = M_DEG2RAD(30);
for(i = 1; i <= 4; i++)
{
thetal[i][1]
thetali][2]

thetal;
theta2;

}

[* Perform analysis. */

wattl.setLinks(r, thetal, rP3, beta3, rPP4, betad);
wattl.setCouplerPoint(COUPLER_LINKS5, rP5, beta5);
wattl.setCouplerPoint(COUPLER_LINK®6, rPP6, betab);
wattl.angularPos(theta[1], theta[2], theta[3], theta[4 1;
wattl.couplerPointPos(COUPLER_LINKS5, theta2, P1);
wattl.couplerPointPos(COUPLER_LINK®G, theta2, P2);
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[* Display results. */
for(i = 1; i <= 4; i++)

{
printf("Solution #%d:\n", i);
printf("\t P1 = %.3f, P2 = %.3f\n", P1J[i], P2[i]);
}
return O;
}
Output
Solution #1:
P1 = complex(7.573,8.646), P2 = complex(16.146,6.744)
Solution #2:
P1 = complex(9.212,3.675), P2 = complex(11.975,2.822)
Solution #3:
P1 = complex(11.454,0.067), P2 = complex(9.627,-7.865)
Solution #4:

P1 = complex(4.704,-1.786), P2 = complex(4.669,-2.030)

CWattSixbarl ::couplerPointVel

Synopsis
#include <sixbar.h>
double complex couplerPointVefint 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 coupteaitached to.
theta An array of typedoubleused to store the angular positions of each link.

omegaAn array of typedoubleused 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 poifithe 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;, = 8m,ry = 4m,r3 = 10m,ry = Tm,r5 = Tm,rg =
8m,ry = 4m,r] = 9m,rf = 4m,r{ = 5m, and angles?s = 30°, 34 = 50°, B35 = 35°, (B = 30°,

#, = 10°. Given the angl&), and angular velocity,, calculate the velocity of coupler points for each
circuit.
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#include<stdio.h>
#include<sixbar.h>

int main()

{

double r[1:6];
double rP3, beta3,
rPP4, beta4,
rP5, betab,
rPP6, beta6;
double theta[1:4][1:6], omega[1:4][1:6];

double thetal = M_DEG2RAD(10), theta2 = M_DEG2RAD(25);

double omega2 = M_DEG2RAD(10);
double complex Vpl[1:4], Vp2[1:4];
CWattSixbarl wattl;

int i;

[* Define Watt (I) Sixbar linkage. */

M =8 12 = 4
r[3] = 10; r[4] = 7,
5] = 7, 16] = 8;

rP3 = 4; beta3 = M_DEG2RAD(30);
rPP4 = 9; betad = M_DEG2RAD(50);
rP5 = 4; beta5 = M_DEG2RAD(35);
rPP6 = 5; beta6 = M_DEG2RAD(30);
for(i = 1; i <= 4; i++)

{
theta[i][1] = thetal;
theta[i][2] = theta2;
omega[i][2] = omegaz;
}

[* Perform analysis. */
wattl.setLinks(r, thetal, rP3, beta3, rPP4, betad);

wattl.setCouplerPoint(COUPLER_LINKS5, rP5, beta5);
wattl.setCouplerPoint(COUPLER_LINK®6, rPP6, betab);
wattl.angularPos(theta[1], theta[2], theta[3], theta[4

wattl.angularVel(theta[1], omega[1]);
wattl.angularVel(theta[2], omega[2]);
wattl.angularVel(theta[3], omega[3]);
wattl.angularVel(theta[4], omega[4]);

Vpl[1l] = wattl.couplerPointVel(COUPLER_LINKS5,
Vpl[2] = wattl.couplerPointVel(COUPLER_LINKS5,
Vp1[3] = wattl.couplerPointVel(COUPLER_LINKS5,
Vpl[4] = wattl.couplerPointVel(COUPLER_LINKS5,
Vp2[1] = wattl.couplerPointVel(COUPLER_LINK®,
Vp2[2] = wattl.couplerPointVel(COUPLER_LINK®,
Vp2[3] = wattl.couplerPointVel(COUPLER_LINK®,
Vp2[4] = wattl.couplerPointVel(COUPLER_LINK®,

[* Display results. */
for(i = 1; i <= 4; i++)

{

printf("Solution #%d:\n", i);

printf("\t Vpl = %.3f, Vp2 = %.3f\n", Vpl[i],
}
return O;

theta[1]
theta[2]
theta[3]
theta[4]
theta[1]
theta[2]
theta[3]
theta[4]

Vp2[i]);
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omega[2]);
omegal[3]);
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omegal[1]);
omega[2]);
omega[3]);
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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,-0.10 1)
Solution #4:

Vpl = complex(-0.453,1.938), Vp2 = complex(-1.412,0.810)

CWattSixbarl ::displayPosition

Synopsis

#include <sixbar.h>

int displayPosition(double theta2 double theta3 double theta4 double theta double theta§ ... /* [int
outputtypd, [char * filenamg] */);

Syntax

displayPositiontheta2 theta3 theta4 thetah thetaq
displayPositiontheta? theta3 theta4 theta thetaq outputtypé
displayPositiontheta2 theta3 theta4 thetah thetag outputtypefilenamé

Purpose
Givend,, 03, 04, 65, anddg, display the current position of the Watt (1) sixbar linkage

Parameters

theta2 0, angle.

theta3 05 angle.

theta4d 6, angle.

thetab 65 angle.

thetab 0z 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 s, 03, 64, 05, andég display the current position of the Watt (1) sixbar linkageutputtype is
an optional parameter used to specify how the output shorilldandled. It may be one of the following
macros: QANIMATEOUTPUTTYPEDISPLAY, QANIMATE OUTPUTTYPEFILE,

QANIMATE OUTPUTTYPESTREAM. QANIMATE OUTPUTTYPEDISPLAY outputs the figure to the
computer terminal. QANIMATEOUTPUTTYPEFILE writes the ganimate data onto a file.

QANIMATE _OUTPUTTYPESTREAM outputs the ganimate data to the standard out stréi@mame
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is an optional parameter to specify the output file name.

Example

A Watt (1) sixbar linkage has link lengthsg = 8m,ry = 4m,r3 = 10m,ry = Tm,r5 = Tm,re = 8m,
6, = 10°, r5 = 4m, B3 = 30%, r] = 9m, betas = 50°, and coupler properties, = 4m and = 35°
attached to link 5. Given the anglg, display the Watt (1) sixbar linkage in its current positifam the first
branch.

#include<stdio.h>
#include<sixbar.h>

int main()
{
double r[1:6];
double rP3, beta3,
rPP4, beta4,
rP5, betab;
double theta[1:4][1:6];
double thetal = M_DEG2RAD(10), theta2 = M_DEG2RAD(25);
CWattSixbarl wattl;
int i

[* Define Watt (I) Sixbar linkage. */
] = 8; r[2] = 4

r[3] 10; r[4] = 7;

r[5] 7; r[6] 8;

rP3 = 4; beta3 = M_DEG2RAD(30);
rPP4 = 9; betad = M_DEG2RAD(50);
rP5 = 4; beta5 = M_DEG2RAD(35);

=1

for(i ;<= 4 i++)
{
theta[i][1] = thetal;
theta[i][2] = theta2;
}

[* Perform analysis. */
wattl.setLinks(r, thetal, rP3, beta3, rPP4, betad);
wattl.setCouplerPoint(COUPLER_LINKS5, rP5, betab);

wattl.angularPos(theta[1], theta[2], theta[3], theta[4 1;
wattl.displayPosition(theta[1][2], theta[1][3], theta [1][4], theta[1][5], theta[1][6]);
return O;

}

Output
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CWattSixbarl ::setCouplerPoint

Synopsis
#include <sixbar.h>
void setCouplerPoin{(int couplerLink doublerp, betg ... /* [int trace */);

Syntax
setCouplerPoin{couplerLink rp, betg
setCouplerPoin{couplerLink rp, beta trace)

Purpose
Set parameters for the coupler point.

Parameters
couplerLink An int value specifying a macro to indicate which link the coupteattached to.
rp A double number used for the link length connected to the lesuint.

beta A double number specifying the angular position of the ceupbint relative to the link it is attached
to.

it trace An optional parameter aht type specifying either macro TRACBFF or TRACEON to indicate
whether the coupler curve should be traced during animation

Return Value
None.

Description
This function sets the parameters of the coupler point otitkespecified bycouplerLink

Example
seeCWattSixbarl ::couplerPointAccel).
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CWattSixbarl ::setAngularVel

Synopsis
#include <sixbar.h>
void setAngularVel(double omega2,

Purpose
Set the constant angular velocity of link2.

Parameters
omega2A double number used for the constant input angular velafitink?2.

Return Value
None.

Description
This function sets the constant angular velocity of link2.

Example
seeCWattSixbarl ::angularVel().

CWattSixbarl ::setLinks

Synopsis
#include <sixbar.h>
void setLinks(doubler[1:6], doublethetal, rP3, beta3, rPP4, betg4

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 linkl and the horizonta
rP3 A double number for length, of link 3.

beta3 A double number for the angle betwegpandrs.

rPP4 A double number for length] of link 4.

beta4 A double number for the angle betweeghandr.

Return Value
None.

Description
This function sets the lengths of the links and the knownestl, 55 and ;.
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Example
seeCWattSixbarl ::angularPoy).

CWattSixbarl ::setNumPoints

Synopsis
#include <sixbar.h>
void setNumPointgint numpoint;

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
seeCWattSixbarl ::animation().

CWattSixbarl ::uscUnit

Synopsis
#include <sixbar.h>
void uscUnit(bool unit);

Purpose
Specify the use of Sl or US Customary units in analysis.

Parameters

unit A boolean argument, wheteue indicates US Customary units are desired talde indicates Sl
units.

Return Value
None.

Description

This function specifies the whether Sl or US Customary unitsused.Ifunit = true , then US Cus-
tomary units are used; otherwise, Sl units are used. By Heflwnits are assumed. This member function
shall be called prior any other member function calls.
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Appendix G

Class CWattSixbarll

CWattSixbarll

The header filsixbar.h includes header filknkage.h. The header filsixbar.h also contains a declaration
of classCWattSixbarll . The CWattSixbarll class provides a means to analyze a Watt (ll) sixbar linkage
within a Ch language environment.

Public Data
None.

Public Member Functions

Functions Descriptions

angularAccel Given the angular acceleration of one link, calculate trgaubar 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 angukocity of other links.
animation Fourbar linkage animation.

couplerPointAccel Calculate the coupler point acceleration.
couplerPointPos Calculate the position of the coupler point.

couplerPointVel Calculate the coupler point velocity.
displayPosition Display the position of the Watt (1) sixbar linkage.
getlORanges Calculate all the possible input/output ranges for thedge
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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 Sl 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, calcutateangular acceleration of the other links.

Parameters

theta An array of double data type with angles of links.

omegaAn array of double data type with angular velocities of links
alpha An array of double data type with angular accelerationsrisli

Return Value
None.

Description

Given the angular acceleration of the input link, this fumrcttcalculates the angular acceleration of the re-
maining moving links of the sixbathetais a one-dimensional array of size 6 which stores the angacif
link. omegais a one-dimensional array of size 6 which stores the angelacity of each link.alphais a
one-dimensional array of size 6 which stores the angulalation of each link. The result of caculation
is stored in arrayalpha

Example

A Watt (ll) sixbar linkage has parameters = 12m,ro = 4m,r3 = 12m,ry = Tm,r5 = Tm,rg =
5m,r7 = 8m,rg = 6m, 61 = 10°, 5 = —10°, andy = 30°. Given the anglé-, the angular velocity,
and the angular acceleration, calculate the angular acceleration of the other links.

/
* This example is for calculating the angular *
* acceleration of various links of a *
*  Watt (Il) sixbar linkage. *

#include <sixbar.h>
int main() {

CWattSixbarll wattbar;
double r[1:8], theta[1:8],theta_2[1:8],theta_3[1:8],t heta_4[1:8];
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double omega[1:8],o0mega_2[1:8],o0mega_3[1:8],0mega_4[ 1:8];
double alpha[1:8],alpha_2[1:8],alpha_3[1:8],alpha_4[ 1:8];
double thetal, thetab;

double psi;

int i;

/* default specification of the four-bar linkage */
1] = 12; r[2] = 4; 3] = 12; r[4] = 7,

r[5] = 7; r[6] = 5; r[7] = 8; r[8] =6;

thetal = 10*M_PI1/180;

thetab = -10*M_PI/180;

theta[2]=70*M_P1/180;

omega[2]=10*M_P1/180; /* rad/sec */
alpha[2]=0; /* rad/sec*sec */
psi = 30*M_PI/180;

theta_2[2] = theta_3[2] = theta_4[2] = theta[2];
omega_2[2] = omega_3[2] = omega_4[2] = omega[2];
alpha_2[2] = alpha_3[2] = alpha_4[2] = alpha[2];
wattbar.setLinks(r, thetal, theta5, psi);
wattbar.angularPos(theta, theta_2,theta_3,theta_4);
wattbar.angularVel(theta, omega);
watthar.angularAccel(theta, omega, alpha);
printf("\n Circuit 1: Angular Accelerations\n\n");
for(i=2; i<=8; i++) {
if(i'=5)
printf("alpha[%d]=%6.3\n", i, alphali]);
}
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++) {
if(i'=5)
printf("alpha[%d]=%6.3\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=2; i<=8; i++) {
if(i'=5)
printf("alpha[%d]=%6.3\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; i<=8; i++) {
if(i'=5)
printf("alpha[%d]=%6.3\n", i, alpha_A4[i]);

Output

Circuit 1: Angular Accelerations
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alpha[2]= 0.000
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 angularPogdouble theta 1[1:6], doubletheta 2[1:6], double theta.3[1:6], double theta4[1:6]);

Purpose
Given the angle of the input link, calculate the angle of ttieplinks.

Parameters

thetal A double array of size 6 for the first solution.
theta.2 A double array of size 6 for the second solution.
theta3 A double array of size 6 for the third solution.

theta4 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 linkages tlunction computes the angular positions of
the remaining moving linkstheta 1l is a one-dimensional array of size 6 which stores the firsitieoi of
angular positiontheta 2 is a one-dimensional array of size 6 which stores the secoluticen of angular
position. theta 3 is a one-dimensional array of size 6 which stores the thildtism of angular position.
theta4 is a one-dimensional array of size 6 which stores the fouwftition of angular position.

Example
A Watt (II) sixbar linkage has link lengths, = 12m,r, = 4m,r3 = 12m,ry = Tm,r5 = Tm,rg =
5m,ry = 8m,rg = 6m, §1 = 10°, 65 = —10°, andy = 30°. Given the anglé,, calculate the angular

positions of the other links for each circuit.

I‘ * *
* This example is for calculating the angular *
* position of various links of a *
*  Watt (Il) sixbar linkage. *
* * * /

#include <sixbar.h>

int main() {
CWattSixbarll wattbar;
double r[1:8];
double thetal 10*M_P1/180;
double theta5 = -10*M_PI1/180;
double rp = 5, beta = 45*M_PI/180;
double psi = 30*M_P1/180;

double theta_ 1[1:8], theta_2[1:8], theta_3[1:8], theta_ 41:8];
double omega_1[1:8], omega_2[1:8], omega_3[1:8], omega_ 41:8];
double alpha_1[1:8], alpha_2[1:8], alpha_3[1:8], alpha_ 41:8];
double theta2 = 70*M_PI/180;

double complex p[1:4]; /I two solution of coupler point posi tion

int i;
double complex vpl, vp2, vp3, vp4;
double complex apl, ap2, ap3, ap4;

r[1] 12, r[2] = 4, 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 ****/
printf("\n Circuit 1: Angular Position\n\n");
for(i=2; i<=8;i++)
if(i!=5)
printf("theta%d = %6.3\n", i, theta_1[i]);
printf("\n Circuit 2: Angular Position\n\n");
for(i=2; i<=8;i++)
if(i!=5)
printf("theta%d = %6.3\n", i, theta_2[i]);
printf("\n Circuit 3: Angular Position\n\n");
for(i=2; i<=8;i++)
if(i!=5)
printf("theta%d = %6.3\n", i, theta_3][i]);
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printf("\n Circuit 4: Angular Position\n\n");
for(i=2; i<=8;i++)
if(i'=5)
printf("theta%d = %6.3\n", i, theta_A4[i]);

return O;

}

Output

Circuit 1. Angular Position

theta2 = 1.222
theta3 = 0.459
thetad = 1.527
thetab = 1.003
theta7 = -0.094
theta8 = 0.894

Circuit 2: Angular Position

theta2 = 1.222
theta3 = 0.459
thetad = 1.527
thetab = 1.003
theta7 = -1.729
theta8 = -2.718

Circuit 3: Angular Position

theta2 = 1.222
theta3 = -0.777
theta4 = -1.845
theta6 = -2.368
theta7 = 0.800
theta8 = 2.526

Circuit 4: Angular Position

theta2 = 1.222
theta3 = -0.777
theta4 = -1.845
thetab = -2.368
theta7 = -0.372
theta8 = -2.098

CWattSixbarll ::angularVel
Synopsis
#include <sixbar.h>

void angularVel(double theta[1:6], double omegal[1:6);

Purpose
Given the angular velocity of one link, calculate the angutgocity of the other links.
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Parameters
theta A double array used for the input angle of links.
omegaA double array used for the angular velocities of links.

Return Value
None.

Description

Given the angular velocity of the input link, this functioalculates the angular velocities of the remaining
moving links of the Watt (I) sixbar.thetais an array for link positions.omegais an array for angular
velocity of links.

Example

A Watt (1) sixbar linkage has link lengths, = 12m,ry, = 4m,ry = 12m,r4 = Tm,r5 = Tm,r¢ =
5m,r7 = 8m,rg = 6m, and angleg, = 10°, 65 = —10°, andy = 30°. Given the anglé, and the angular
velocity w,, determine the angular velocities of the other links forheeiccuit.

/
* This example is for calculating the angular *
* velocity of various links of a *
*  Watt (Il) sixbar linkage. *
* * * /

#include <sixbar.h>

int main() {
CWattSixbarll wattbar;
double r[1:8];
double thetal 10*M_P1/180;
double theta5 = -10*M_P1/180;
double psi = 30*M_PI/180;
double theta[1:8], omega[1:8];
double theta2[1:8], theta3[1:8], theta4[1:8];
double omega2[1:8], omega3[1:8], omega4[1:8];
int i;

/* default specification of the four-bar linkage */
1] = 12; r[2] = 4; 3] = 12; r[4] = 7,
r[5] = 7, r[6] = 5; r[7] = 8; r[8] = 6;
theta[2]=70*M_P1/180;
theta2[2] = theta3[2] = theta4[2] = theta[2];
omega[2]=10*M_P1/180; /* rad/sec */
omega2[2] = omega3[2] = omega4[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;i++) {
if(i'=5)

printf("omega[%d] = %6.3f\n", i, omegali]);
}
wattbar.angularVel(theta2, omega2);
printf("\n Circuit 2: Angular Velocity\n\n");
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for(i=2;i<=8;i++) {
if(i'=5)
printf("omega[%d] = %6.3f\n", i, omegaZ2][i]);
}
wattbar.angularVel(theta3, omega3);
printf("\n Circuit 3: Angular Velocity\n\n");
for(i=2;i<=8;i++) {
if(i'=5)
printf("omega[%d] = %6.3f\n", i, omega3|i]);
}
wattbar.angularVel(theta4, omega4);
printf("\n Circuit 4: Angular Velocity\n\n");
for(i=2;i<=8;i++) {
if(i'=5)
printf("omega[%d] = %6.3f\n", i, omegadli]);

}
Output

Circuit 1. Angular Velocity

omega[2] = 0.175
omega[3] = -0.020
omega[4] = 0.079
omega[6] = 0.079
omegal[7] = 0.006
omegal8] = 0.070

Circuit 2: Angular Velocity

omega[2] = 0.175
omega[3] = -0.020
omega[4] = 0.079
omega[6] = 0.079
omegal[7] = 0.032
omega[8] = -0.031

Circuit 3: Angular Velocity

omega[2] = 0.175
omega[3] = -0.005
omegal4] = -0.104
omegal6] = -0.104
omega[7] = -0.064
omega[8] = -0.002

Circuit 4: Angular Velocity

omega[2] = 0.175
omega[3] = -0.005
omegal4] = -0.104
omegal[6] = -0.104
omega[7] = -0.017
omega[8] = -0.080
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CWattSixbarll ::animation

Synopsis
#include <sixbar.h>
int animation (int branchnum ... /* [int animationtypestring_t datafilenamg*/);

Syntax

animation(branchnuny
animation(branchnumanimationtypg
animation(branchnumanimationtypedatafilenamg

Purpose
An animation of a Watt (ll) sixbar mechanism.

Parameters

branchnuman integer used for indicating which branch will be drawn.

it animationtype an optional parameter to specify the output type of the amima
datafilenamean optional parameter to specify the file name of output.

Return Value
This function returns 0 on success and -1 on failure.

Description

This function simulates the motion of Watt (1) sixbar meatsan. branchnumis an integer number which
indicates the branch you want to drawnimationtypeis an optional parameter used to specify how the
animation should be outputtednimationtypecan be either of the following macros:

QANIMATE OUTPUTTYPEDISPLAY, QANIMATE OUTPUTTYPEFILE,

QANIMATE OUTPUTTYPESTREAM. QANIMATE_OUTPUTTYPEDISPLAY displays an animation
on the screen. QANIMATEDUTPUTTYPEFILE writes the animation data onto a file.

QANIMATE OUTPUTTYPESTREAM outputs the animation to the standard al#tafilenameés an op-
tional parameter to specify the file name of output if you wardutput the data to a file.

Example 1

For a Watt (Il) sixbar linkage with parameters = 12m,ro = 4m,r3 = 12m,r4 = Tm,r5 = Tm, 16 =
5m,r7 = 8m,rg = 6m, §; = 10°, wy = 10deg/sec, andas = 0, simulate the motion of the sixbar
linkage. Also, trace the motion generated by the couplent@itached to link 5 with parameters = 5m
andg = 20°.

/
* This example is for simulating the motion of *
* a Watt (Il) sixbar linkage. *
/

#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]=8; r[8]=6;//cranker-rocker
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double thetal = 10*M_PI/180, theta5 = -10*M_PI/180;
double psi = 30*M_PI1/180;

double rp = 5, beta = 20*M_PI/180;

double omega2=10*M_PI1/180; /* rad/sec */

double alpha2=0; /* rad/sec*sec */
int numpoints =50;

CWattSixbarll WattSixbar;

WattSixbar.setLinks(r, thetal, theta5, psi);
WattSixbar.setCouplerPoint(COUPLER_LINK7, rp, beta, TR ACE_ON);
WattSixbar.setNumPoints(humpoints);

WattSixbar.animation(1);

WattSixbar.animation(2);

WattSixbar.animation(3);

WattSixbar.animation(4);

return O;
}
Output
= FES|E EEX

| Next || Prev || ALL | Srap D Fash @ Slew | ‘ Hext H Prev H All | Siap (i Fast (] Bles |

HattII 5izbar

HattIl Sixbar
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= HEX| E X
| Hext || Prev || ALl | Swop i fast oo Slow ‘ Hext H Prev H ALl | Siap 11 Fasd 1 Skew |
WattIl Sixbar HattIT Sibar

CWattSixbarll ::couplerPointAccel

Synopsis
#include <sixbar.h>
double complex couplerPointAccdiint couplerLink double theta[l:], 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 coupteattached to.
theta An array ofdoubletype used to store the angular position values of each link.
omegaAn array ofdoubletype used to store the angular velocity values of each link.
alpha An array ofdoubletype used to store the angular acceleration values of ealch li

Return Value
This function returns the acceleration of the coupler point

Description
This function calculates the acceleration of the coupléntpdhe return value is a double complex, which
indicates the vector of the acceleration of the couplertpoin

Example

A Watt (I) sixbar linkage has link lengths, = 12m,ry, = 4m,r3 = 12m,ry = Tm,r5 = Tm,rg =
5m,r7 = 8m,rg = 6m,r, = dm, and angles? = 45°, 6; = 107, 5 = —10°, andy = 30°. Given
the angleds, angular velocityw, and angular acceleratiom,, calculate the position of coupler point for
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each circuit given that the coupler is attached to link 7.0Adstermine the velocity and acceleration of the
coupler point.

/
* This example is for calculating the coupler *
* point position, velocity, and acceleration. *

/

#include <sixbar.h>

int main() {
CWattSixbarll wattbar;
double r[1:8];
double thetal 10*M_P1/180;
double theta5 = -10*M_PI1/180;
double rp = 5, beta = 45*M_PI/180;
double psi = 30*M_P1/180;

double theta_ 1[1:8], theta_2[1:8], theta_3[1:8], theta_ 41:8];
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_ 41:8];
double theta2 = 70*M_PI/180;

double complex p[1:4]; /I four solution of coupler point pos ition
int i;

double complex vp[1:4];
double complex ap[1:4];

r1] = 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;
omega_1[2]=10*M_P1/180; /* rad/sec */
alpha_1[2]=0; /* rad/sec*sec */

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_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_1);
wattbar.angularAccel(theta_1, omega_1, alpha_1);

/* coupler point velocity */
vp[l] = wattbar.couplerPointVel(COUPLER_LINK?7, theta_1 , omega_l);

/* coupler point acceleration */
ap[l] = wattbar.couplerPointAccel(COUPLER_LINK7, theta _1, omega_1, 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_LINK?7, theta_2 , omega_2);
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/* coupler point acceleration */
ap[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_LINK?7, theta_4 , omega_4);

/* coupler point acceleration */
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, p[i]);
printf("Vp[%d] = %.3f\n", i, vpl[i]);
printf("Ap[%d] = %.3f\n", i, apli]);

}

return O;

}
Output

P[1] = complex(18.359,9.486)
Vp[1] complex(-0.352,0.236)
Ap[1] 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 couplerPointPogint couplerLink double theta2 double complexp[1:4]);

Purpose
Calculate the position of the coupler point.
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Parameters

couplerLink An int value specifying a macro to indicate which link the coupteattached to.
theta2 A double number used for the input angle of link.

p A double complex array for the four solutions of coupler poin

Return Value
None.

Description

This function calculates the position of the coupler poaatuplerLinkis a macro specifying the link that the
coupler is attached taheta2is the input anglep[1:4] is the four solutions of the coupler point position,
respectively, which is a complex number indicating the @eof the coupler point.

Example
seeCWattSixbarll ::couplerPointAccel).

CWattSixbarll ::couplerPointVel

Synopsis
#include <sixbar.h>
double complex couplerPointVefint couplerLink doubletheta[1:], double omega[1:);

Purpose
Calculate the velocity of the coupler point.

Parameters

couplerLink An int value specifying a macro to indicate which link the coupteattached to.
theta An array ofdoubletype used to store the angular position values of each link.
omegaAn array ofdoubletype 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 poifiithe return value is a double complex, which
indicates the vector of the velocity of the coupler point.

Example
seeCWattSixbarll ::couplerPointAccel).

CWattSixbarll ::displayPosition

Synopsis
#include <sixbar.h>
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int displayPosition(double theta2 double theta3 double theta4 double theta? double theta§ ... /* [int
outputtypd, [char * filenam§] */);

Syntax

displayPositiontheta? theta3 theta4 theta? thetag
displayPositiontheta? theta3 theta4 theta7 theta8 outputtypé
displayPositiontheta? theta3 theta4 theta7 theta8 outputtypefilenamé

Purpose
Given#,, 03, 04, 07, anddg, display the current position of the Watt (Il) sixbar linkag

Parameters

theta2 0, angle.

theta3 03 angle.

theta4d 6, angle.

theta7 0; angle.

theta8 05 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 s, 03, 84, 67, andfg display the current position of the Watt (1) sixbar linkageutputtype  is
an optional parameter used to specify how the output shorlldandled. It may be one of the following
macros: QANIMATEOUTPUTTYPEDISPLAY, QANIMATE OUTPUTTYPEFILE,

QANIMATE OUTPUTTYPESTREAM. QANIMATE OUTPUTTYPEDISPLAY outputs the figure to the
computer terminal. QANIMATEOUTPUTTYPEFILE writes the ganimate data onto a file.

QANIMATE _OUTPUTTYPESTREAM outputs the ganimate data to the standard out stréi@mame

is an optional parameter to specify the output file name.

Example

A Watt (II) sixbar linkage has link lengths, = 12m,ry, = 4m,r3 = 12m,ry = Tm,r5 = Tm,rg =
om,ry = 8m,rg = 6m, 01 = 10%, 05 = —10°, v» = 307, and coupler properties, = 5m andg3 = 45°.
Given the angld,, display the Watt (1) sixbar linkage in its current posititor the first branch.

/
* This example is for displaying the positon  *
* of the Watt (ll) sixbar linkage. *

* * /

#include </usr/ch/toolkit/include/sixbar.h>
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int main() {
CWattSixbarll wattbar;
double r[1:8];
double thetal = 10*M_PI/180;
double theta5 = -10*M_P1/180;
double rp = 5, beta = 45*M_PI/180;

double

psi = 30*M_PI1/180;

double theta_1[1:8], theta_2[1:8], theta_3[1:8], theta_
double theta2 = 70*M_PI/180;
double complex p[1:4]; /I four solution of coupler point pos
int i;
double complex vp[1:4];
double complex ap[1:4];
1] = 12, r[2] = 4, r[3] = 12, 4] = 7;
r5] = 7, r[6] =5, r[7] = 8, r[8] = 6;
theta_1[1] = thetal;
theta_1[2] = theta2; // theta2
wattbar.uscUnit(1);
wattbar.setLinks(r, thetal, theta5, psi);
wattbar.setCouplerPoint(COUPLER_LINK?7, rp, beta);
wattbar.angularPos(theta_1, theta 2, theta_3, theta_4)
wattbar.displayPosition(theta_1[2], theta_1[3], theta
return O;

}

Output

CWattSixbarll ::getltORanges

4[1:8];

ition

_1[4], theta_1[7], theta_1[8]):

v
| Hext || Prew | 139 | Go | Bres 0 Fasn i Bles |
Hatt {II} Sisbar

CWattSixbarll ::getlORanges

Synopsis

#include

<sixbar.h>

int getitORangeqdoublein[1:][:] , doubleend[1:][]]);

Purpose

Calculate all the possible input/output ranges of the meisha

Parameters
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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/outuiges for the mechanism.

Description
This function calculates the various possible input/outpmges of a Watt (II) Sixbar linkage. The return
value is annt , which indicates the number of possible ranges for the silihikage.

Example

A Watt (1) sixbar linkage has link lengths, = 12m,ry, = 4m,ry = 12m,r4y = Tm,r5 = Tm,r¢ =
5m,ry = 8m,rg = 6m, 61 = 10°, 65 = —10°, andy = 30°. Calculate the input/output ranges for each
circuit.

/* Determine the input and output ranges of the Watt (Il)
sixbar linkage. */

#include<math.h>

#include<stdio.h>

#include <sixbar.h>

int main()
{
double r[1:8], theta[l1:8], psi, beta, rp;
double input[5][2], output[5][2];
int i, num_range;
CWattSixbarll wattbar;

/* specifications of the first four-bar linkage */
1] = 12; r[2] = 4; 3] = 12; r[4] = 7,
theta[1] = 10*M_PI/180;

/* specifications of the second four-bar linkage */
r5] = 7; r[6] = 5; r[7] = 8; r[8] = 6;
theta[5] = -10*M_PI1/180;

/* adjoining angle */
psi = 30*M_PI/180;

/* input values */
theta[2] = 70*M_P1/180;

/* Setup Watt (II) sixbar linkage. */
wattbar.setLinks(r, theta[l], theta[5], psi);
wattbar.getlORanges(r, theta, psi, input, output);

return O;

}
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
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CWattSixbarll ::setCouplerPoint

Synopsis
#include <sixbar.h>
void setCouplerPoini{(int couplerLink doublerp, betg ... /* [int trace] */);

Syntax
setCouplerPoin{couplerLink rp, betg
setCouplerPoin{couplerLink rp, beta trace)

Purpose
Set parameters for the coupler point.

Parameters
couplerLink An int value specifying a macro to indicate which link the coupteattached to.
rp A double number used for the link length connected to the lesuwint.

beta A double number specifying the angular position of the ceupbint relative to the link it is attached
to.

it trace An optional parameter aht type specifying either macro TRACBFF or TRACEON 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
seeCWattSixbarll ::couplerPointAccel).

CWattSixbarll ::setAngularVel

Synopsis
#include <sixbar.h>
void setAngularVel(double omega2,

Purpose
Set the constant angular velocity of link2.

Parameters
omega2A double number used for the constant angular velocity ¢®in

Return Value
None.
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Description
This function sets the constant angular velocity of link2.

Example
seeCWattSixbarll ::angularVel().

CWattSixbarll ::setLinks

Synopsis
#include <sixbar.h>
int setLinks(doubler[1:8], doublethetal, theta5, p¥i

Purpose
Set the lengths of links.

Parameters

r[1:8] A double number used for the lengths of links.

thetal A double number for the angle between linkl and the horizonta
theta5 A double number for the angle between link5 and the horizonta
psi A double number for the included angle between link4 anddink

Return Value

Description
This function sets the lengths of the links and the knownestyl, 65 and.

Example
seeCWattSixbarll ::angularPog).

CWattSixbarll ::setNumPoints

Synopsis
#include <sixbar.h>
void setNumPointgint numpoint};

Purpose
Set number of points for the animation.

Parameters
numpoints An integer number used for the number of points.

Return Value
None.
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Description
This function sets the number of points for the animation.

Example
seeCWattSixbarll ::animation().

CWattSixbarll ::uscUnit

Synopsis
#include <sixbar.h>
void uscUnit(bool unit);

Purpose
Specify the use of Sl or US Customary units in analysis.

Parameters

unit A boolean argument, wheteue indicates US Customary units are desired talde indicates Sl
units.

Return Value
None.

Description

This function specifies the whether Sl or US Customary unitsused.Ifunit = true , then US Cus-
tomary units are used; otherwise, Sl units are used. By Heflwnits are assumed. This member function
shall be called prior any other member function calls.
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Class CStevSixbarl

CStevSixbarl

The header filsixbar.h includes header filknkage.h. The header filsixbar.h also contains a declaration
of classCStevSixbarl. The CStevSixbarl class provides a means to analyze Stephenson (1) Sixbagknk
within a Ch language environment.

Public Data
None.

Public Member Functions

Functions Descriptions

angularAccel Given the angular acceleration of one link, calculate trgaubar acceleration of other links.
angularPos Given the angle of one link, calculate the angle of otherdink

angularVel Given the angular velocity of one link, calculate the angukocity of other links.
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animation Stephenson (1) linkage animation.
couplerPointAccel Calculate the coupler point acceleration.
couplerPointPos Calculate the position of the coupler point.

couplerPointVel 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 Sl 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, calculatedhgular acceleration of other links.

Parameters

theta An array of double data type with angles of links.

omegaAn array of double data type with angular velocities of links
alpha An array of double data type with angular accelerationsriksli

Return Value
None.

Description

Given the angular acceleration of input link, this functmaiculates the angular acceleration of the remain-
ing moving links of the Stephenson (l) sixbdhetais a one-dimensional array of size 6 which stores the
angle of each linkomegais a one-dimensional array of size 6 which stores the angslacity of each link.
alphais a one-dimensional array of size 6 which stores the angulegleration of each link. The result of
calculation is stored in arraglpha

Example

A Stephenson (1) sixbar linkage has parameters: 12m,ro = 4m,rg = 12m,ry = Tm,rs = 1lm,rg =
9m, rp2 = 6m, rp4d = 10m, 6, = 10°, 63 = 70°, 55 = 15°, 5} = 30°, rp = 5m, andd = 30°. Given the
anglef,, the angular velocityws, and the angular acceleration, calculate the angular acceleration of the
other links.
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* This example is for calculating the angular *

* accelerations of link3, link4, link5, and *

*  |ink6. *
* * kKA /

#include<stdio.h>

#include<sixbar.h>

int main()

{
double r[1:6];
double theta_1[1:6], theta_2[1:6], theta_3[1:6], theta_
double omega_1[1:6], omega_2[1:6], omega_3[1:6], omega_
double alpha_1[1:6], alpha_2[1:6], alpha_3[1:6], alpha_
double thetal, theta2, omega2, alpha2;
double rp2, rp4;
double betaP2, betaP4, rp, delta;
CStevSixbarl stevbar;
int i

[* Specifications for the Stephenson | sixbar linkage. */

rM1] = 12; r[2] = 4; r[3] = 12; r[4] = 7; r[5] = 11; r[6] = 9;

rp2 = 6; rp4 = 10;

thetal = 10*M_PI/180; theta2 = 70*M_P1/180;
betaP2 = 15*M_P1/180; betaP4 = 30*M_PI/180;
rp = 5; delta = 30*M_PI/180;

omega2 = 10*M_PI/180; /* rad/sec */

alpha2 = 8*M_PI/180; /* rad/sec™2 */

theta_1[1]
theta_2[1]
theta_3[1]
theta_4[1]
omega_1[2]
omega_2[2]
omega_3[2]
omega_4[2]

thetal; theta_1[2]
thetal; theta_2[2]
thetal; theta_3[2] = theta2;

thetal; theta_4[2] theta2;

omega2; alpha_1[2] = alpha2;
omega2; alpha_2[2] = alpha2;
omega2; alpha_3[2] = alpha2;
omega2; alpha_4[2] = alpha2;

theta2;
theta2;

[* 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_1);
stevbar.angularVel(theta_2, omega_2);
stevbar.angularVel(theta_3, omega_3);
stevbar.angularVel(theta_4, omega_4);
stevbar.angularAccel(theta_1, omega_1, 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("1st Solution Set:\n");

printf("\talpha3 = %.3f(%.2f), alpha4 = %.3f(%.2f),\n",
alpha_1[3], alpha_1[3]*(180/M_PI), alpha_1[4], alpha_1

printf("\talpha5 = %.3f(%.2f), alpha6 = %.3f(%.2f),\n\n"
alpha_1[5], alpha_1[5]*(180/M_PI), alpha_1[6], alpha_1

printf("2nd Solution Set:\n");

printf("\talpha3 = %.3f(%.2f), alphad = %.3f(%.2f),\n",
alpha_2[3], alpha_2[3]*(180/M_PI), alpha_2[4], alpha_2

printf("\talpha5 = %.3f(%.2f), alpha6 = %.3f(%.2f),\n\n"
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alpha_2[5], alpha_2[5]*(180/M_PI), alpha_2[6],

printf("3rd Solution Set:\n");
printf("\talpha3 = %.3f(%.2f), alpha4 = %.3f(%.2f),\n",

alpha_3[3], alpha_3[3]*(180/M_PI), alpha_3[4],
printf("\talpha5 = %.3f(%.2f), alpha6 = %.3f(%.2f),\n\n"
alpha_3[5], alpha_3[5]*(180/M_PI), alpha_3[6],

printf("4th Solution Set:\n");
printf("\talpha3 = %.3f(%.2f), alpha4 = %.3f(%.2f),\n",

alpha_4[3], alpha_4[3]*(180/M_PI), alpha_4[4],
printf("\talpha5 = %.3f(%.2f), alpha6 = %.3f(%.2f),\n\n"
alpha_4[5], alpha_4[5]*(180/M_PI), alpha_4[6],

return 0;

}
Output

1st Solution Set:
alpha3 = -0.009(-0.50), alpha4 = 0.075(4.28),
alpha5 = 0.052(2.96), alpha6 = -0.016(-0.92),

2nd Solution Set:

alpha3 = -0.009(-0.50), alpha4 = 0.075(4.28),
alpha5 = -0.008(-0.44), alpha6 = 0.060(3.45),
3rd Solution Set:

alpha3 = 0.015(0.84), alpha4 = -0.069(-3.94),
alpha5 = 0.042(2.40), alpha6 = 0.097(5.54),
4th Solution Set:

alpha3 = 0.015(0.84), alpha4 = -0.069(-3.94),
alpha5 = 0.079(4.52), alpha6 = 0.024(1.39),

alpha_2

alpha_3

alpha_3

alpha_4

alpha_4

CStevSixbarl::angularPos

[6]*(180/M_PI)):;

[4]%(180/M_P1));

[6]*(180/M_P1)):;

[4]%(180/M_P1));

[6]*(180/M_PI));

CStevSixbarl::angularPos

Synopsis
#include <gearedfivebar.h>

void angularPogdouble theta 1[1:6], doubletheta 2[1:6], double theta.3[1:6], double theta4[1:6]);

Purpose

Given the angle of input link, calculate the angle of othekdi.

Parameters

thetal 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 solutio
theta.3 A double array with dimension size of 6 for the third solution

theta4 A double array with dimension size of 6 for the fourth solatio

Return Value
None.
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Description

Given the angular position of the input link of a Stephen ifikage, this function computes the angular
positions of the remaining moving linkgheta 1 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 secoludican of an-
gular. theta 3 is a one-dimensional array of size 6 which stores the thihdtism of angular.theta4 is a
one-dimensional array of size 6 which stores the fourthtswiwof angular.

Example

A Stephenson (1) Sixbar linkage has parameters: 12m,ry = 4m,r3 = 12m,ry = Tm,r5 = 11lm,rg =
9m,rp2 = 6m,rpd = 10m, 0, = 10°,6, = 70°, 85 = 15°, 8} = 30°,rp = bm,andd = 30°. Given the
anglef,, calculate the angular positions of the other links.

I‘ * *kkk

* This example is for calculating the angular *

*  positions of link3, link4, link5, and *

*  |ink6. *
* * * /

#include<stdio.h>

#include<sixbar.h>

int main()
{
double r[1:6];
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;
CStevSixbarl stevbar;
int i;

[* Specifications for the Stephenson | sixbar linkage. */

rMa] = 12; r2] = 4; r[3] = 12; r[4] = 7; r5] = 11; r[6] = 9;
rp2 = 6; rp4 = 10;

thetal = 10*M_PI/180; theta2 = 70*M_PI1/180;

betaP2 = 15*M_P1/180; betaP4 = 30*M_PI/180;

rp = 5; delta = 30*M_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;

[* Perform analysis. */
stevbar.setLinks(r, rp2, rp4, betaP2, betaP4, thetal);
stevbar.angularPos(theta_1, theta_2, theta_3, theta_4) ;

[* Display the results. */
printf("1st Solution Set:\n");
printf("\ttheta3 = %.3f(%.2f), theta4 = %.3f(%.2f),\n",

theta_1[3], theta_1[3]*(180/M_PI), theta_1[4], theta_1 [4]*(180/M_PI));
printf("\ttheta5 = %.3f(%.2f), theta6 = %.3f(%.2f),\n\n" ,
theta_1[5], theta_1[5]*(180/M_PI), theta_1[6], theta_ 1 [6]*(180/M_P));

printf("2nd Solution Set:\n");
printf("\ttheta3 = %.3f(%.2f), thetad4 = %.3f(%.2f),\n",

theta_2[3], theta_2[3]*(180/M_PI), theta_2[4], theta_2 [41*(180/M_P));
printf("\ttheta5 = %.3f(%.2f), theta6 = %.3f(%.2f),\n\n" ,
theta_2[5], theta_2[5]*(180/M_PI), theta_2[6], theta_2 [6]*(180/M_PI));
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printf("3rd Solution Set:\n");
printf("\ttheta3 = %.3f(%.2f), thetad4 = %.3f(%.2f),\n",

theta_3[3], theta_3[3]*(180/M_PI), theta_3[4], theta_3 [4]*(180/M_PI));
printf("\ttheta5 = %.3f(%.2f), theta6 = %.3f(%.2f),\n\n" ,
theta_3[5], theta_3[5]*(180/M_PI), theta_3[6], theta_3 [6]*(180/M_PI));

printf("4th Solution Set:\n");
printf("\ttheta3 = %.3f(%.2f), theta4 = %.3f(%.2f),\n",

theta_4[3], theta_4[3]*(180/M_PI), theta_4[4], theta_4 [4]*(180/M_PI));
printf("\ttheta5 = %.3f(%.2f), theta6 = %.3f(%.2f),\n\n" ,
theta_4[5], theta_4[5]*(180/M_PI), theta_4[6], theta_4 [6]*(180/M_P));
return O;
}
Output

1st Solution Set:
theta3 = 0.459(26.31), thetad = 1.527(87.48),
theta5 = -0.206(-11.82), theta6 = 0.855(49.01),

2nd Solution Set:
theta3 = 0.459(26.31), thetad

= 1.527(87.48),
theta5 = 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), theta6 = -0.110(-6.28),

4th Solution Set:
theta3 = -0.777(-44.52), thetad
theta5 = -0.391(-22.43), theta6

-1.845(-105.70),
-2.305(-132.06),

CStevSixbarl::angularVel

Synopsis
#include <sixbar.h>
void angularVel(double theta[1:6], double omega[1:6);

Purpose
Given the angular velocity of one link, calculate the angutocities of other links.

Parameters
theta A double array used for the input angle of links.
omegaA double array used for the angular velocities of links.

Return Value
None.

Description
Given the angular velocity of the input link, this functioalculates the angular velocities of the remaining
links of the Stephenson (1) linkagthetais an array for link positionsomegais an array for angular velocity
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of links.

Example

A Stephenson (I) Sixbar linkage has link lengths= 12m,ry = 4m,r3 = 12m,r4 = Tm,r5 = 1lm,rg =
9m,rp2 = 6m,rpd = 10m, 0, = 10°,6, = 70°, 85 = 15°, 8} = 30°,rp = bm,andd = 30°. Given the
anglef, and the angular velocity,, determine the angular velocities of the other links.

/
* This example is for calculating the angular *

* velocities of link3, link4, link5, and *

*link6. *

#include<stdio.h>
#include<sixbar.h>

int main()

{
double r[1:6];
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[1:6];

double thetal, theta2, omega2;
double rp2, rp4;

double betaP2, betaP4, rp, delta;
CStevSixbarl stevbar;

int i

[* Specifications for the Stephenson | sixbar linkage. */

rMi] = 12; 2] = 4; r[3] = 12; 4] = 7; r5] = 11; r[6] = 9;
rp2 = 6; rp4 = 10;

thetal = 10*M_PI/180; theta2 = 70*M_P1/180;

betaP2 = 15*M_P1/180; betaP4 = 30*M_PI/180;

rp = 5; delta = 30*M_PI/180;

omega2 = 10*M_PI/180; /* rad/sec */

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,;
omega_2[2] = omegaz,;
omega_3[2] = omega2;
omega_4[2] = omega2;

[* 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_1);
stevbar.angularVel(theta_2, omega_2);
stevbar.angularVel(theta_3, omega_3);
stevbar.angularVel(theta_4, omega_4);

[* Display the results. */
printf("1st Solution Set:\n");
printf("tomega3 = %.3f(%.2f), omegad = %.3f(%.2f),\n",

omega_1[3], omega_1[3]*(180/M_PI), omega_1[4], omega_1 [41*(180/M_P));
printf("\tomega5 = %.3f(%.2f), omega6 = %.3f(%.2f),\n\n" ,
omega_1[5], omega_1[5]*(180/M_PI), omega_1[6], omega_1 [6]*(180/M_P));

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_PIl), omega_2[4], omega_2 [4]*(180/M_PI));
printf("tomega5 = %.3f(%.2f), omega6 = %.3f(%.2f),\n\n" ,
omega_2[5], omega_2[5]*(180/M_PI), omega_2[6], omega_2 [6]*(180/M_P));

printf("3rd Solution Set:\n");
printf("tomega3 = %.3f(%.2f), omegad = %.3f(%.2f),\n",

omega_3[3], omega_3[3]*(180/M_PI), omega_3[4], omega_3 [41*(180/M_P));
printf("tomega5 = %.3f(%.2f), omega6 = %.3f(%.2f),\n\n" ,
omega_3[5], omega_3[5]*(180/M_PI), omega_3[6], omega_3 [6]*(180/M_P));

printf("4th Solution Set:\n");
printf("tomega3 = %.3f(%.2f), omegad4 = %.3f(%.2f),\n",

omega_4[3], omega_4[3]*(180/M_PI), omega_4[4], omega_4 [41*(180/M_P));
printf("tomega5 = %.3f(%.2f), omega6 = %.3f(%.2f),\n\n" ,
omega_4[5], omega_4[5]*(180/M_PIl), omega_4[6], omega_4 [6]*(180/M_PI));
return O;
}
Output

1st Solution Set:
omega3 = -0.020(-1.14), omega4 = 0.079(4.51),
omega5 = 0.052(2.98), omega6 = -0.039(-2.22),

2nd Solution Set:

omega3 = -0.020(-1.14), omega4 = 0.079(4.51),
omegab = -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), omega6 = 0.085(4.90),

4th Solution Set:
omega3 = -0.005(-0.29), omegad4 = -0.104(-5.93),
omega5 = 0.067(3.85), omega6 = 0.006(0.32),

CStevSixbarl::animation

Synopsis
#include <sixbar.h>
int animation (int branchnum ... /* [int animationtypestring_t datafilenamg*/);

Syntax

animation(branchnuny

animation(branchnuny, animationtypg
animation(branchnumanimationtypedatafilenamg

Purpose
An animation of a Stephenson (1) Sixbar mechanism.

Parameters

branchnuman 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 amima
datafilenamean optional parameter to specify the filename of output.

Return Value
This function returns 0 on success and -1 on failure.

Description

This function simulates the motion of a Stevson Sixbar meiga. branchnumis an integer number which
indicates the branch you want to drawnimationtypeis an optional parameter used to specify how the
animation should be outputtednimationtypecan be either of the following macros:

QANIMATE OUTPUTTYPEDISPLAY, QANIMATE OUTPUTTYPEFILE,

QANIMATE OUTPUTTYPESTREAM. QANIMATE_OUTPUTTYPEDISPLAY displays an animation
on the screen. QANIMATEDUTPUTTYPEFILE writes the animation data onto a file.

QANIMATE _OUTPUTTYPESTREAM outputs the animation to the standard a#tafilenamas an op-
tional parameter to specify the file name of output if you wardutput the data to a file.

Example

For a Stephenson Sixbar linkage with parametgrs= 12m,ro = 4m,r3 = 12m,ry = Tm,r; =
11m,r¢ = 9m,rp2 = 6m,rpd = 10m,0; = 10°, wy = 5rad/sec, andas = 0, simulate the motion
of the sixbar linkage. Also trace the curved generated byrtbton of the coupler attached to link 6 with
parameters;,, = 5m andd = 30°.

/
* This example is for simulating a Stephenson *
* () sixbar linkage. *
* * * /

#include<stdio.h>
#include<sixbar.h>

int main()
{
double r[1:6];
double theta_1[1:6], theta_2[1:6], theta_3[1:6], theta_ 4[1:6];

double thetal, theta2;

double omega2, alpha2;

double rp2, rp4;

double betaP2, betaP4, rp, delta;
CStevSixbarl stevbar;

int i;

[* Specifications for the Stephenson | sixbar linkage. */
rMa] = 12; r2] = 4; r[3] = 12; r[4] = 7; r5] = 11; r[6] = 9;
rp2 = 6; rp4 = 10;

thetal = 10*M_PI/180; theta2 = 70*M_PI1/180;

betaP2 = 15*M_P1/180; 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_LINKS®6, rp, delta, TRAC

stevbar.setNumPoints(50);

E_ON);

stevbar.angularPos(theta_1, theta_2, theta_3, theta_4) ;

stevbar.animation(1);
stevbar.animation(2);
stevbar.animation(3);
stevbar.animation(4);

return O;

}
Output
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Synopsis
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#include <sixbar.h>
double complex couplerPointAccdiint couplerLink double theta[l:], 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 coupteattached to.
theta An array ofdoubletype used to store the angular position values of each link.
omegaAn array ofdoubletype used to store the angular velocity values of each link.
alpha An array ofdoubletype used to store the angular acceleration values of ealch li

Return Value
The acceleration of the coupler point.

Description
This function calculates the coupler point acceleratidme feturn value is of typdouble complex

Example

A Stephenson (1) Sixbar linkage has link lengths= 12m,ry = 4m,r3 = 12m,ry = Tm,r5 = 11lm,rg =
9m,rp2 = 6m,rpd = 10m, 6, = 10°, 85 = 15°, B = 30°, rp=5m, andd = 30°. Given the angles,
angular velocityws and angular acceleratiom,, calculate the coupler point acceleration for each circuit
respectively, if the coupler is attached to link 6.

/

* This example is for calculating the coupler *

*  point acceleration. *
/

#include<stdio.h>
#include<sixbar.h>

int main()

{
double r[1:6];
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[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;
double complex Ap[1:4];

CStevSixbarl stevbar;

int i;

[* Specifications for the Stephenson | sixbar linkage. */

rMi] = 12; 2] = 4; r[3] = 12; r[4 = 7; r[5] = 11; r[6] = 9;
rp2 = 6; rp4 = 10;

thetal = 10*M_PI/180; theta2 = 70*M_PI1/180;

betaP2 = 15*M_PI1/180; betaP4 = 30*M_PI/180;

rp = 5; delta = 30*M_PI/180;
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omega2 = 10*M_PI/180; /* rad/sec */
alpha2 = 8*M_PI/180; /* rad/sec™2 */

theta_1[1]
theta_2[1]
theta_3[1]
theta_4[1]
omega_1[2]
omega_2[2]
omega_3[2]
omega_4[2]

thetal; theta_1[2]
thetal; theta_2[2]
thetal; theta_3[2] = theta2;

thetal; theta_4[2] = theta2;

omega2; alpha_1[2] = alpha2;
omega2; alpha_2[2] = alpha2;
omega2; alpha_3[2] = alpha2;
omega2; alpha_4[2] = alpha2;

theta2;
theta2;

[* Perform analysis. */

stevbar.setLinks(r, rp2, rp4, betaP2, betaP4, thetal);
stevbar.setCouplerPoint(COUPLER_LINKS, rp, delta);
stevbar.angularPos(theta_1, theta_2, theta_3, theta_4)
stevbar.angularVel(theta_1, omega_1);
stevbar.angularVel(theta_2, omega_2);
stevbar.angularVel(theta_3, omega_3);
stevbar.angularVel(theta_4, omega_4);
stevbar.angularAccel(theta_1, omega_1, 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[1] = stevbar.couplerPointAccel(COUPLER_LINK®G, theta
Ap[2] = stevbar.couplerPointAccel(COUPLER_LINK®G, theta
Ap[3] = stevbar.couplerPointAccel(COUPLER_LINK®G, theta
Ap[4] = stevbar.couplerPointAccel(COUPLER_LINK®G, theta

[* Display the results. */
printf("1st Solution Set:\n");
printf("\t Ap = %.3f\n", Ap[1]);
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", Ap[4]);

return O;

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

Lo

omega_1, alpha_1);
omega_2, alpha_2);
omega_3, alpha_3);
omega_4, alpha_4);

N

CStevSixbarl::couplerPointPos

Synopsis
#include <sixbar.h>
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void couplerPointPogint 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 coupteattached to.
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 themeupoint.

Return Value
None.

Description

This function calculates the position of the coupler poaatuplerLinkis a macro specifies the link with the
coupler. theta2is the input anglep[1:4] are the four solutions of the coupler point position, retipely,
each of which is a complex number indicates the vector of tupler point.

Example

A Stephenson (I) Sixbar linkage has link lengths= 12m,ry = 4m,r3 = 12m,r4 = Tm,r5 = 1lm,rg =
9m,rp2 = 6m,rpd = 10m, 6; = 10°, B4 = 152, 8} = 30°, rp=5m, andd = 30°. Given the angl&,
and the fact that the coupler is attached to link 6, calcutaeosition of the coupler point for each circuit,
respectively.

I‘ * *

* This example is for calculating the position *

* of the coupler point. *
* * * /

#include<stdio.h>

#include<sixbar.h>

int main()
{
double r[1:6];
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];
CStevSixbarl stevbar;

int i;

[* Specifications for the Stephenson | sixbar linkage. */

rMa] = 12; r2] = 4; r[3] = 12; r[4] = 7; r5] = 11; r[6] = 9;
rp2 = 6; rp4 = 10;

thetal = 10*M_PI/180; theta2 = 70*M_PI1/180;

betaP2 = 15*M_P1/180; betaP4 = 30*M_PI/180;

rp = 5; delta = 30*M_PI/180;

theta_1[1] = thetal; theta_1[2] = theta2;
theta_2[1] = thetal; theta_2[2] = theta2;
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theta_3[1]
theta_4[1]

thetal; theta_3[2]
thetal; theta_4[2]

theta2;
theta2;

[* Perform analysis. */

stevbar.setLinks(r, rp2, rp4, betaP2, betaP4, thetal);
stevbar.setCouplerPoint(COUPLER_LINKS, rp, delta);
stevbar.angularPos(theta_1, theta_2, theta_3, theta_4)
stevbar.couplerPointPos(COUPLER_LINK®G, theta2, P);

[* Display the results. */
printf("1st 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 O;

}
Output

1st Solution Set:

P1 = 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::couplerPointVel

CStevSixbarl::couplerPoint\Vel

Synopsis
#include <sixbar.h>

double complex couplerPointVefint couplerLink doubletheta[1:], double omega[1:);

Purpose
Calculate the velocity of the coupler point.

Parameters

couplerLink An int value specifying a macro to indicate which link the coupteattached to.

theta An array ofdoubletype used to store the angular position values of each link.

omegaAn array ofdoubletype 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. Theeire value is of typalouble complex

Example

A Stephenson (I) Sixbar linkage has link lengths= 12m,ry = 4m,r3 = 12m,r4 = Tm,r5 = 1lm,rg =
9m, rp2 = 6m,rp4 = 10m, 6, = 10°, g5 = 15°, 8} = 30°, rp=5m, andy = 30°. Given the anglé, and
angular velocityw,, calculate the coupler point velocity for each respectiveud 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[1:6];
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[1:6];

double thetal, theta2, omega2;
double rp2, rp4;

double betaP2, betaP4, rp, delta;
double complex Vp[1:4];
CStevSixbarl stevbar;

int i;

[* Specifications for the Stephenson | sixbar linkage. */

rMi] = 12; r2] = 4; r[3] = 12; «r[4] = 7; r5] = 11; r[6] = 9;
rp2 = 6; rp4 = 10;

thetal = 10*M_PI/180; theta2 = 70*M_PI1/180;

betaP2 = 15*M_P1/180; betaP4 = 30*M_PI/180;

rp = 5; delta = 30*M_PI/180;

omega2 = 10*M_PI/180; /* rad/sec */

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,;
omega_2[2] = omega2;
omega_3[2] = omegaz,;
omega_4[2] = omega2,;

[* Perform analysis. */

stevbar.setLinks(r, rp2, rp4, betaP2, betaP4, thetal);
stevbar.setCouplerPoint(COUPLER_LINKS, rp, delta);
stevbar.angularPos(theta_1, theta_2, theta_3, theta_4)
stevbar.angularVel(theta_1, omega_1);
stevbar.angularVel(theta_2, omega_2);
stevbar.angularVel(theta_3, omega_3);
stevbar.angularVel(theta_4, omega_4);

Vp[1] = stevbar.couplerPointVel(COUPLER_LINKS, theta_1 , omega_1);
Vp[2] = stevbar.couplerPointVel(COUPLER_LINKS®, theta_2 , omega_2);
Vp[3] = stevbar.couplerPointVel(COUPLER_LINKS®, theta_3 , omega_3);
Vp[4] = stevbar.couplerPointVel(COUPLER_LINKS, theta_4 , omega_4);
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[* Display the results. */
printf("1st Solution Set:\n");
printf("\t Vp = %.3f\n", Vp[1]);
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", Vp[4]);

return O;

}
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 theta2 double theta3 double theta4 double theta double theta§ ... /* [int
outputtypd, [char * filenam§] */);

Syntax

displayPositiontheta2 theta3 theta4 thetah thetaq
displayPositiontheta? theta3 theta4 theta thetaq outputtypé
displayPositiontheta2 theta3 theta4 thetah thetaq outputtypefilenamé

Purpose
Givend,, 03, 64, 65 andfg, display the current position of the Stephenson (1) sixldalge.

Parameters

theta2 0, angle.

theta3 03 angle.

theta4d 6, angle.

theta5 05 angle.

thetab 0z 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 0 on success and -1 on failure.

Description

Givend,, 03, 84, 05, andfg display the current position of the Stephenson (1) sixbadge.outputtype

is an optional parameter used to specify how the output ghoeihandled. It may be one of the following
macros: QANIMATEOUTPUTTYPEDISPLAY, QANIMATE OUTPUTTYPEFILE,

QANIMATE OUTPUTTYPESTREAM. QANIMATE OUTPUTTYPEDISPLAY outputs the figure to the
computer terminal. QANIMATEOUTPUTTYPEFILE writes the ganimate data onto a file.

QANIMATE _OUTPUTTYPESTREAM outputs the ganimate data to the standard out strelemame

is an optional parameter to specify the output file name.

Example
A Stephenson (I) sixbar Iinkage has link lengths= 12m,ry = 4m,r3 = 12m,r4y = Tm,r5 = 6m,rg =
9m, 61 = 10%, ry = 6m, B4 = 15°, ry = 10m, B} = 300 and coupler propertle@ — 5m andd = 30°

attached to Imk 6 Given the angﬂ?@ dlsplay the Stephenson () sixbar linkage in its currersigom for
one branch.

/
* This example is for displaying the positon  *
* of the Stephenson (l) sixbar linkage. *

/

#include<stdio.h>
#include<sixbar.h>

int main()
{
double r[1:6];
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];
CStevSixbarl stevbar;

int i

[* Specifications for the Stephenson | sixbar linkage. */

rMa] = 12; r2] = 4; r[3] = 12; 4] = 7; r[5] = 11; r[6] =
rp2 = 6; rp4 = 10;

thetal = 10*M_PI/180; theta2 = 70*M_P1/180;

betaP2 = 15*M_PI1/180; betaP4 = 30*M_PI/180;

rp = 5; delta = 30*M_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;

[* Perform analysis. */

stevbar.setLinks(r, rp2, rp4, betaP2, betaP4, thetal);

stevbar.setCouplerPoint(COUPLER_LINKS, 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 O;
}
Output
W ELIES
[ Wext || Prev | 5iz i[Go | Stes | Fash | Siaw |
Stephenson (I} Sixbar
= =

CStevSixbarl::setCouplerPoint

Synopsis
#include <sixbar.h>
void setCouplerPoin{(int couplerLink doublerp, delta ... [int trace */);

Syntax
setCouplerPoini{couplerLink rp, betg
setCouplerPoin{couplerLink rp, beta trace)

Purpose
Set parameters for the coupler point.

Parameters
couplerLink An int value specifying a macro to indicate which link the coupteattached to.
rp A double number used for the link length connected to the lesuint.

delta A double number specifying the angular position of the ceupbint relative to the link it is attached
to.

it trace An optional parameter aht type specifying either macro TRACBFF or TRACEON 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
seeCStevSixbarl::couplerPointPog).

CStevSixbarl::setLinks

CStevSixbarl::setAngularVel

Synopsis
#include <sixbar.h>
void setAngularVel(double omega2,

Purpose
Set the constant angular velocity of link2.

Parameters

omega2A double number used for the constant angular velocity ¢fin
Return Value

None.

Description
This function sets the constant angular velocity of link2.

Example
seeCStevSixbarl::angularVel().

CStevSixbarl::setLinks

Synopsis
#include <sixbar.h>
void setLinks(doubler[1:6], rp2, rp4, betaP2, betaP4, thet3l

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,.

rp4 A double number for the length of,.

betaP2 A double number for the angle between lirlkand horizontal.
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betaP4 A double number for the angle between lirfkand horizontal.

Return Value

Description

This function sets the lengths of the links, includidgandr), and angle#,, 5, andj;.

Example
seeCStevSixbarl::angularVel().

CStevSixbarl::setNumPoints

Synopsis
#include <sixbar.h>
void setNumPointgint numpoint;

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
seeCStevSixbarl::animation().

CStevSixbarl::uscUnit
Synopsis
#include <sixbar.h>

void uscUnit(bool unit);

Purpose
Specify the use of Sl or US Customary units in analysis.

Parameters

unit A boolean argument, wheteue indicates US Customary units are desired taide

units.

Return Value
None.
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Description
This function specifies the whether Sl or US Customary unidsused.Ifunit = true , then US Cus-

tomary units are used; otherwise, Sl units are used. By Heflwnits are assumed. This member function
shall be called prior any other member function calls.
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Appendix |

Class CStevSixbarlll

CStevSixbarlll

The header filsixbar.h includes header filinkage.h. The header filsixbar.h also contains a declaration
of classCStevSixbarlll. The CStevSixbarlll class provides a means to analyze Stephenson (lll) Sixbar
linkage within a Ch language environment.

Public Data
None.

Public Member Functions

Functions Descriptions

angularAccel Given the angular acceleration of one link, calculate trgaubar acceleration of other links.
angularPos Given the angle of one link, calculate the angle of otherdink

angularVel Given the angular velocity of one link, calculate the angukocity of other links.
animation Stephenson (lll) linkage animation.
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couplerPointAccel Calculate the coupler point acceleration.
couplerPointPos Calculate the position of the coupler point.

couplerPointVel Calculate the coupler point velocity.
displayPosition Display the position of the Stephenson (lll) 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 Sl 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, calcutateangular acceleration of other links.

Parameters

theta An array of double data type with angles of links.

omegaAn array of double data type with angular velocities of links
alpha An array of double data type with angular accelerationsridli

Return Value
None.

Description

Given the angular acceleration of the input link, this fumttcalculates the angular acceleration of the re-
maining moving links of the Stephenson (111) sixb#retais a one-dimensional array of size 7 which stores
the angle of each linkomegais a one-dimensional array of size 7 which stores the angelacity of each
link. alphais a one-dimensional array of size 7 which stores the angdeeleration of each link. The
results of the calculation are stored in aredgha

Example

A Stephenson (lll) sixbar linkage has parameters= 9m,ro = 4m,rs = 10m,ry = 6m,r5 = 8m,rg =
9m,r7 = 12m, r = 3m, B3 = 20°, 6, = 0°, 65 = 15°, O = 25°, 3 = 30°, andrp = 5m. Given the angle
2, the angular velocitw, and the angular acceleratier, calculate the angular acceleration of the other
links.

#include<stdio.h>
#include<sixbar.h>
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int main()

{

{
printf("Solution #%d:\n", i);
printf("\t alpha3 = %.3f rad/s™2 (%.2f deg/s"2), alpha4 = %.
alphali][3], M_RAD2DEG(alphali][3]),
alpha(i][4], M_RAD2DEG(alphal[i][4]));
printf("\t alpha6 = %.3f rad/s™2 (%.2f deg/s"2), alpha7 = %.
alphali][6], M_RAD2DEG(alphali][6]),
alpha[i][7], M_RAD2DEG(alphal[i][7]));
}
return O;
}
Output
Solution #1:

double r[1:7];
double rP3, beta3,
rp, beta;
double theta[1:4][1:7], omega[l1:4][1:7], alpha[l:4][1:

7],

double thetal = 0, theta5 = M_DEG2RAD(15), theta2 = M_DEG2RA

double omega2 = M_DEG2RAD(10), alpha2 = 0;
CStevSixbarlll stevlll;
int i;

[* Define Stephenson (lll) Sixbar linkage. */
My =9; r2] = 4

r[3] = 10; r[4] = 6;

5] = 8 16 = 9;

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] = theta5;
omega[i][2] = omegaz;
}

[* Perform analysis. */

stevlll.setLinks(r, rP3, beta3, thetal, thetab);
stevlll.setCouplerPoint(rp, beta);
stevlll.angularPos(theta[1], theta[2], theta[3], theta
stevlll.angularVel(theta[1], omega[1]);
stevlll.angularVel(theta[2], omega[2]);
stevlll.angularVel(theta[3], omega[3]);
stevlll.angularVel(theta[4], omega[4]);
stevlll.angularAccel(theta[1], omega[l], alpha[l]);
stevlll.angularAccel(theta[2], omegal[2], alpha[2]);
stevlll.angularAccel(theta[3], omega[3], alpha[3]);
stevlll.angularAccel(theta[4], omegal[4], alpha[4]);

[* Display results. */
for(i = 1; i <= 4; i++)

alpha3 = 0.027 rad/s™2 (1.55 deg/s™2), alpha4 = 0.047 rad/s”
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alpha6é = -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), alpha4 = 0.047 rad/s” 2 (2.72 deg/s"2),
alpha6é = 0.018 rad/s™2 (1.03 deg/s™2), alpha7 = -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 /"2 (-4.25 deg/s"2),
alpha6é = -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),
alpha6é = 0.026 rad/s™2 (1.52 deg/s™2), alpha7 = 0.001 rad/s” 2 (0.03 deg/s"2)

CStevSixbarlll ;:angularPos

Synopsis
#include <sixbar.h>
void angularPogdouble theta 1[1:7], doubletheta 2[1:7], double theta 3[1:7], double theta4[1:7]);

Purpose
Given the angle of input link, calculate the angle of othekdi.

Parameters

thetal 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 solutio
theta.3 A double array with dimension size of 7 for the third solution
thetad A double array with dimension size of 7 for the fourth solatio

Return Value
None.

Description

Given the angular position of the input link, this functioongputes the angular positions of the remaining
moving links.theta 1 is a one-dimensional array of size 7 which stores the firsitienl of angulartheta 2

is a one-dimensional array of size 7 which stores the seaantian of angulartheta 3 is a one-dimensional
array of size 7 which stores the third solution of angullaeta 4 is a one-dimensional array of size 7 which
stores the fourth solution of angular.

Example

A Stephenson (ll) Sixbar linkage has parametgrs= 9m,ro = 4m,r3 = 10m,ry = 6m,rs = 8m,rg =
9m,r7 = 12m,r = 3m, 01 = 0°,05 = 15°, 65 = 15°, B3 = 20°, rp = 5m, andf = 30°. Given the angle
5, calculate the angular positions of the other links.

#include<stdio.h>
#include<sixbar.h>

int main()
double r[1:7];
double rP3, beta3,
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rp, beta;
double theta[1:4][1:7];

double thetal = 0, theta5 = M_DEG2RAD(15), theta2 = M_DEG2RA

CStevSixbarlll stevlll;
int i;

[* Define Stephenson (lll) Sixbar linkage. */
My = 9; r2] = 4
r[3] = 10; r[4]
r5] = 8  16]
r[7] 12;

rP3 = 3; beta3 = M_DEG2RAD(20);
rp = 5; beta = M_DEG2RAD(30);
for(i = 1; i <= 4; i++)

6;
9;

{
theta[i][1] = thetal;
theta[i][2] = theta2;
theta[i][5] = theta5;
}

[* Perform analysis. */

stevlll.setLinks(r, rP3, beta3, thetal, thetab);
stevlll.setCouplerPoint(rp, beta);
stevlll.angularPos(theta[1], theta[2], theta[3], theta

[* Display results. */
for(i = 1; i <= 4; i++)
{
printf("Solution #%d:\n", i);

printf("\t theta3 = %.3f radians (%.2f degrees), theta4 = %.

theta[i][3], M_RAD2DEG(thetali][3]),
theta[i][4], M_RAD2DEG(thetali][4]));
printf("\t theta6 = %.3f radians (%.2f degrees), theta7
theta[i][6], M_RAD2DEG(thetali][6]),
theta[i][7], M_RAD2DEG(thetali][7]));

}

return O;

}
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 = 0.769 radia
theta6 = -1.423 radians (-81.51 degrees), theta7 = -2.457 ra
Solution #3:

theta3 = -0.860 radians (-49.28 degrees), theta4d = -1.378 ra

0.769 radia
2.211 radia

theta6 = 1.479 radians (84.76 degrees), theta7 = 2.507 radia
Solution #4:

theta3 = -0.860 radians (-49.28 degrees), thetad = -1.378 ra
theta6 = -1.130 radians (-64.77 degrees), theta7 = -2.158 ra

%.

CStevSixbarlll ;:angularVel

D(25);

3f radians (%.2f degrees),\n",

3f radians (%.2f degrees)\n",

ns (44.05 degrees),
ns (126.69 degrees)

ns (44.05 degrees),
dians (-140.78 degrees)

dians (-78.97 degrees),
ns (143.64 degrees)

dians (-78.97 degrees),
dians (-123.65 degrees)

CStevSixbarlll ::angularVel
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Synopsis
#include <sixbar.h>
void angularVel(double theta[1:7], double omega[1:7);

Purpose
Given the angular velocity of the input link, calculate timgyalar velocity of other links.

Parameters
theta A double array used for the input angle of links.
omegaA double array used for the angular velocities of links.

Return Value
None.

Description
Given the angular velocity of the input link, this functioalculates the angular velocities of the remaining
moving links of the sixbarthetais an array for link positionsomegais an array for angular velocity of links.

Example

A Stephenson (lll) Sixbar linkage has link lengths= 9m, ro = 4m,rs = 10m,r4 = 6m,r5 = 8m,rg =
O9m,r7 = 12m, 75 = 3m,0; = 0°,0; = 15°,605 = 25°, B3 = 20°, rp = 5m, andB = 30°. Given the angle
f, and the angular velocity,, 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[1:4][1:7], omega[l1:4][1:7];
double thetal = 0, theta5 = M_DEG2RAD(15), theta2 = M_DEG2RA D(25);

double omega2 = M_DEG2RAD(10);
CStevSixbarlll stevlll;
int i;

[* Define Stephenson (lll) Sixbar linkage. */
My =9, 12] = 4

3] = 10; r[4] = 6;

5] = 8 16 = 9;

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] = theta5;
omega[i][2] = omegaz;
}

[* Perform analysis. */
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stevlll.setLinks(r, rP3, beta3, thetal, thetab);

stevlll.setCouplerPoint(rp, beta);

stevlll.angularPos(theta[1], theta[2], theta[3], theta [4D);
stevlll.angularVel(theta[1], omega[1]);

stevlll.angularVel(theta[2], omega[2]);

stevlll.angularVel(theta[3], omega[3]);

stevlll.angularVel(theta[4], omega[4]);

[* Display results. */
for(i = 1; i <= 4; i++)

{
printf("Solution #%d:\n", i);
printf("\t omega3 = %.3f rad/s (%.2f deg/s), omega4 = %.3f ra d/s (%.2f deg/s)\n",
omegali][3], M_RAD2DEG(omegali][3]),
omega[il[4], M_RAD2DEG(omegali][4]));
printf("\t omega6 = %.3f rad/s (%.2f deg/s), omega7 = %.3f ra d/s (%.2f deg/s)\n",
omegali][6], M_RAD2DEG(omegali][6]),
omega[i][7], M_RAD2DEG(omegali][7]));
}
return O;
}
Output
Solution #1:
omega3 = -0.046 rad/s (-2.64 deg/s), omegad4 = 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), omegad4 = 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 animationtypestring_t datafilenamg*/);

Syntax
animation(branchnuny
animation(branchnum datafilenamg

Purpose
An animation of a Stephenson (lll) Sixbar mechanism.

Parameters

branchnuman 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 amima
datafilenamean optional parameter to specify the output file name.

Return Value
None.

Description

This function simulates the motion of a Stephenson (llld@8ixmechanismbranchnunis an integer num-
ber which indicates the branch you want to dramimationtypes an optional parameter used to specify
how the animation should be outputtethimationtypecan be either of the following macros:

QANIMATE OUTPUTTYPEDISPLAY, QANIMATE OUTPUTTYPEFILE,

QANIMATE OUTPUTTYPESTREAM. QANIMATE_OUTPUTTYPEDISPLAY displays an animation
on the screen. QANIMATEDUTPUTTYPEFILE writes the animation data onto a file.

QANIMATE _OUTPUTTYPESTREAM outputs the animation to the standard a#tafilenamas an op-
tional parameter to specify the output file name.

Example

For a Stephenson (lll) Sixbar linkage with parameters= 9m,ro = 4m,rg = 10m,ry = 6m,r; =
8m,r¢ = 9m,r7 = 12m, 1 = 6m, B3 = 20°,0; = 0°,05 = 15°, wy = brad/sec, andas = 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, theta5 = M_DEG2RAD(15);
CStevSixbarlll stevlll;
int i;

[* Define Stephenson (lll) Sixbar linkage. */
My =9 r2] = 4

3] = 10; r[4] = 6;
r5] = 8; re] = 9;
7] =

12;
rP3 = 3; beta3 = M_DEG2RAD(20);
rp = 5; beta = M_DEG2RAD(30);

[* Perform analysis. */

stevlll.setLinks(r, rP3, beta3, thetal, thetab);

stevlll.setCouplerPoint(rp, beta, TRACE_ON);
stevlll.setNumPoints(NUMPOINTS);

stevlll.animation(1);

stevlll.animation(2, QANIMATE_OUTPUTTYPE_FILE, "tempd ata");
stevlll.animation(3);

stevlll.animation(4);

return O;
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CStevSixbarlll ::couplerPointAccel

Output
g EIEIE % BIE]E
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Stephenson (III} Sixbar Steph C(IID) Sixb
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| Next. || Prev_| [ ALL |- Siep T | S ‘ Next H Prev H ALl |- Stap i Fash i Show

Stephenson {IIT} Sixbar

Stephenson {III} Sixbar

N

CStevSixbarlll ::couplerPointAccel

Synopsis
#include <sixbar.h>

double complex couplerPointAccdldouble theta[1:7], double omega[1:7] double alpha[1:7]);

Purpose
Calculate the acceleration of the coupler point.

Parameters

theta An array of typedoubleused to store the angular positions of the links.

omegaAn array of typedoubleused to store the angular velocities of the links.
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alpha An array of typedoubleused to store the angular accelerations of the links.

Return Value
The acceleration of the coupler point.

Description
This function calculates the coupler point acceleratidme feturn value is of typdouble complex

Example

A Stephenson (lll) Sixbar linkage has link lengths= 9m, ro = 4m,rs = 10m,r4 = 6m,r5 = 8m,rg =
9m,r7 = 12m,r = 3m, 6, = 02, 65 = 15°, B3 = 20°, rp=5m, and3 = 30°. Given the angld,,
angular velocityw, and angular acceleratiom, 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[1:4][1:7], omega[1:4][1:7], alpha[l:4][1: 7;
double thetal = 0, theta5 = M_DEG2RAD(15), theta2 = M_DEG2RA D(25);

double omega2 = M_DEG2RAD(10), alpha2 = 0;
double complex Ap[1:4];

CStevSixbarlll stevlll;

int i;

[* Define Stephenson (lll) Sixbar linkage. */
rMi] = rMe] = 4
r[3] r4]

0; = 6
5] = 8 r1[6] = 9;

9
1
8
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] = theta5;
omega[i][2] = omegaz;
}

[* Perform analysis. */

stevlll.setLinks(r, rP3, beta3, thetal, thetab);

stevlll.setCouplerPoint(rp, beta);

stevlll.angularPos(theta[1], theta[2], theta[3], theta [4D);
stevlll.angularVel(theta[1], omega[1]);

stevlll.angularVel(theta[2], omega[2]);

stevlll.angularVel(theta[3], omega[3]);

stevlll.angularVel(theta[4], omega[4]);

stevlll.angularAccel(theta[1], omega[l], alpha[l]);
stevlll.angularAccel(theta[2], omegal[2], alpha[2]);
stevlll.angularAccel(theta[3], omega[3], alpha[3]);
stevlll.angularAccel(theta[4], omegal[4], alpha[4]);

Ap[1] = stevlil.couplerPointAccel(theta[1], omega[l], a Ipha[1]);

432



Chapter I: Stephenson (Ill) Sixbar Linkagesixbar.t> CStevSixbarlll ::couplerPointPos

Ap[2] = stevlll.couplerPointAccel(theta[2], omega[2], a Ipha[2]);
Ap[3] = stevlll.couplerPointAccel(theta[3], omega[3], a Ipha[3]);
Ap[4] = stevlll.couplerPointAccel(theta[4], omega[4], a Ipha[4]);

/* Display results. */
for(i = 1; i <= 4; i++)

{
printf("Solution #%d:\n", i);
printf("\t Ap = %.3\n", Apli]);
}
return O;
}
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 couplerPointPogdouble theta2 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 themeu point.
Return Value

None.

Description

This function calculates the position of the coupler poititeta2is the input angle.P[1:4] are the four
solutions of the coupler point position, respectively,featwhich is a complex humber indicates the vector
of the coupler point.

Example

A Stephenson (Ill) Sixbar linkage has link lengths= 9m, ro = 4m,rs = 10m,r4 = 6m,r5 = 8m,rg =
9m,r7 = 11lm,r5 = 3m, 6, = 0%, 65 = 15°, B3 = 20°, rp=5m, and3 = 30°. Given the angld,, calculate
the position of the coupler point for each circuit, respaii.
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#include<stdio.h>
#include<sixbar.h>

int main()
{
double r[1:7];
double rP3, beta3,
rp, beta;
double theta[1:4][1:7];

double thetal = 0, theta5 = M_DEG2RAD(15), theta2 = M_DEG2RA

double complex P[1:4];
CStevSixbarlll stevlll;
int i;

[* Define Stephenson (lll) Sixbar linkage. */
Ml =9; r2] = 4

3] 0; r[4] = 6

5] ;o r[6] =9

7] 2;

rP3 3; beta3 = M_DEG2RAD(20);

rp = 5; beta = M_DEG2RAD(30);

for(i = 1; i <= 4; i++)

9
1
8
1

{
theta[i][1] = thetal;
theta[i][2] = theta2;
theta[i][5] = theta5;
}

[* Perform analysis. */

stevlll.setLinks(r, rP3, beta3, thetal, thetab);
stevlll.setCouplerPoint(rp, beta);
stevlll.angularPos(theta[1], theta[2], theta[3], theta
stevlll.couplerPointPos(theta2, P);

/* Display results. */
for(i = 1; i <= 4; i++)

{
printf("Solution #%d:\n", i);
printf("t P = %.3f\n", PJi]);
}
return O;
}
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)

CStevSixbarlll ::couplerPointVel

D(25);

[4D;

CStevSixbarlll ::couplerPointVel
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Synopsis
#include <sixbar.h>
double complex couplerPointVe{double theta[1:7], double omega[1:7);

Purpose
Calculate the velocity of the coupler point.

Parameters
theta An array of typedoublethat stores the angular positions of the links.

omegaAn array of typedouble that stores the angular velocities of the links .

Return Value
The velocity of the coupler point.

Description
This function calculates the coupler point velocity. Theeire value is of typalouble complex

Example

A Stephenson (lll) Sixbar linkage has link lengths= 9m, ro = 4m,rs = 10m,r4 = 6m,rs = 8m,rg =
9m,r7 = 12m,rs = 3m, 01 = 0°, 5 = 15°, B3 = 20°, rp=5m, and3 = 30°. Given the angl&, and
angular velocityw,, calculate the coupler point velocity for each respectiveud.

#include<stdio.h>
#include<sixbar.h>

int main()

{
double r[1:7];
double rP3, beta3,

rp, beta;
double theta[1:4][1:7], omega[1:4][1:7];
double thetal = 0, theta5 = M_DEG2RAD(15), theta2 = M_DEG2RA D(25);

double omega2 = M_DEG2RAD(10);
double complex Vp[1:4];
CStevSixbarlll stevlll;

int i

[* Define Stephenson (lll) Sixbar linkage. */
Ml =9, 2] = 4

r[3] = 10; r[4] = 6;

5] = 8 16] = 9;

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] = theta5;
omega[i][2] = omegaz;
}

[* Perform analysis. */
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stevlll.setLinks(r, rP3, beta3, thetal, thetab);

stevlll.setCouplerPoint(rp, beta);

stevlll.angularPos(theta[1], theta[2], theta[3], theta [4D);
stevlll.angularVel(theta[1], omega[1]);

stevlll.angularVel(theta[2], omega[2]);

stevlll.angularVel(theta[3], omega[3]);

stevlll.angularVel(theta[4], omega[4]);

Vp[1] = stevlll.couplerPointVel(theta[1l], omega[1]);

Vp[2] = stevlll.couplerPointVel(theta[2], omega[2]);
Vp[3] = stevlll.couplerPointVel(theta[3], omega[3]);
Vp[4] = stevlll.couplerPointVel(theta[4], omega[4]);

[* Display results. */
for(i = 1; i <= 4; i++)
{
printf("Solution #%d:\n", i);
printf("\t Vp = %.3\n", Vpli]);
}

return O;

}
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 theta2 double theta3 double theta4 double thetag double theta? ... /* [int
outputtypd, [char * filenamg] */);

Syntax

displayPositiontheta2 theta3 theta4 thetag thetai
displayPositiontheta? theta3 theta4 thetag theta? outputtypé
displayPositiontheta? theta3 theta4 thetag theta? outputtypefilenamé

Purpose
Givend,, 03, 84, 65, andfz, display the current position of the Stephenson (I1l) sidb&kage.

Parameters
theta2 0, angle.

theta3 05 angle.
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theta4 0, angle.

thetab 65 angle.

theta7 0; 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

Givenfsy, 03, 0,4, 65, andd, display the current position of the Stephenson (I1) sitindiage. outputtype

is an optional parameter used to specify how the output dhmeihandled. It may be one of the following
macros: QANIMATEOUTPUTTYPEDISPLAY, QANIMATE OUTPUTTYPEFILE,

QANIMATE OUTPUTTYPESTREAM. QANIMATE_ OUTPUTTYPEDISPLAY outputs the figure to the
computer terminal. QANIMATEOUTPUTTYPEFILE writes the ganimate data onto a file.

QANIMATE _OUTPUTTYPESTREAM outputs the ganimate data to the standard out strelemame

is an optional parameter to specify the output file name.

Example

A Stephenson (1) sixbar linkage has link lengths= 9m, ry = 4m,r3 = 10m,ry = 6m,r5 = 8m,rg =
9m,r7 = 12m, 0; = 10°, 5 = 3m, B3 = 20°, and coupler properties, = 5m and/ = 30°. Given the
angled-, display the Stephenson (lll) sixbar linkage in its curneosition for one branch.

#include<stdio.h>
#include<sixbar.h>

int main()
{
double r[1:7];
double rP3, beta3,
rp, beta;
double theta[1:4][1:7];
double thetal = 0, theta5 = M_DEG2RAD(15), theta2 = M_DEG2RA D(25);
double complex P[1:4];
CStevSixbarlll stevlll;
int i;

[* Define Stephenson (lll) Sixbar linkage. */
M =9 M2 = 4

3] = 10; r[4] = 6;

5] = 8 rl6] = 9;

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] = theta5;

}
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[* Perform analysis. */
stevlll.setLinks(r, rP3, beta3, thetal, thetab);
stevlll.setCouplerPoint(rp, beta);

stevlll.angularPos(theta[1], theta[2], theta[3], theta [4D);
stevlll.displayPosition(theta[1][2], theta[1][3], the ta[1][4], theta[l1][6], theta[1][7]);
return O;
}
Output
hd ganimate
| Hext || Prew | 139 | Go | Bres D Fasn 1 Bles |
Stephenson (III} Sixbar

CStevSixbarlll ::setCouplerPoint

Synopsis
#include <sixbar.h>
void setCouplerPoin{doublerp, beta, ... /* [int trace] */);

Syntax
setCouplerPoin{couplerLink rp, betg
setCouplerPoinf{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 aht type specifying either macro TRACBFF or TRACEON to indicate
whether the coupler curve should be traced during animation

438



Chapter I: Stephenson (Ill) Sixbar Linkagesixbar.t>

Return Value
None.

Description
This function sets the parameters for the coupler point.

Example
seeCStevSixbarlll ::couplerPaointPog).

CStevSixbarlll ::setLinks

CStevSixbarlll ::setAngularVel
Synopsis
#include <sixbar.h>

void setAngularVel(double omega2,

Purpose
Set the constant angular velocity of link2.

Parameters

omega2A double number used for the constant input angular velaxfitink?2.

Return Value
None.

Description
This function sets the constant angular velocity of link2.

Example
seeCStevSixbarlll ::angularVel().

CStevSixbarlll ::setLinks

Synopsis
#include <sixbar.h>
void setLinks(doubler[1:7], rP3, beta3, thetal, thetg5

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,.

beta3 A double number for the angle between lirfkand horizontal.
thetal A double number for the angle between linkl 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, includirigand angle®, 65 andjs.

Example
seeCStevSixbarlll ::angularVel().

CStevSixbarlll ::setNumPoints

Synopsis
#include <sixbar.h>
void setNumPointgint numpoint};

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
seeCStevSixbarlll ;:animation().

CStevSixbarlll ::uscUnit

Synopsis
#include <sixbar.h>
void uscUnit(bool unit);

Purpose
Specify the use of Sl or US Customary units in analysis.

Parameters

unit A boolean argument, wheteue indicates US Customary units are desired &aige
units.

Return Value
None.
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Description
This function specifies the whether Sl or US Customary unitsused.Ifunit = true , then US Cus-

tomary units are used; otherwise, Sl units are used. By Heflwnits are assumed. This member function
shall be called prior any other member function calls.
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Class CCam

CCam
CCam

The header fileam.hincludes header filinkage.h. The header fileam.h also contains a declaration of
classCCam. TheCCam class can be used to design cams with translating or ogug|dtat-faced or roller
followers, with either harmonic or cycloidal follower moti. The follower position, follower velocity, fol-
lower acceleration, and transmission angle for the systamlze plotted or returned to the user directly. In
addition the cam/follower system can be animated and CN€ tmdmanufacturing the cam can be gener-
ated and saved to a file.

Public Data
None.

Public Member Functions

Function Description

CCam() Class Constructor. Creates and initializes new ins@nt¢he class.
“CCam() Class destructor. Frees memory associated with an resiafithe class.
addSection) Add a cam section to a previously declared instance of &éne cass.
angularVel() Set the cam angular velocity.

animation() Display an animation of the cam.

baseRadiug) Set the cam base radius.

CNCCodg) 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 genamatio
deleteCam) Remove data from a previously used instance ofGf&am class.
feedratg() Set the feedrate for CNC code generation.

followerType() Set the cam follower type.

getCamAngle) Get the cam angular position data.

getCamProfilg()

Get the cam profile data.
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getFollowerAccel)
getFollowerPog)
getFollowerVel)
getTransAnglg)
makeCam()
plotCamProfile()
plotFollowerAccel()
plotFollowerPoy)
plotFollowerVel()

Get the cam follower acceleration data.

Get the cam follower position data.

Get the cam follower velocity data.

Get the cam transmission angle data.

Generate the cam data and write CNC code to a file.

Plot the cam profile data.

Plot the cam follower acceleration vs. the cam angulaitipos
Plot the cam follower position vs. the cam angular positio
Plot the cam follower velocity vs. the cam angular positio

plotTransAngle()  Plot the cam transmission angle vs. the cam angular positi

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. Tli 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., 199%echanism Design Analysis and Synthegid. 1, 3rd ed., Prentice
Hall, Englewood Cliffs, NJ.
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CCam::addSection

Synopsis
#include <cam.h>
int addSection(double duration, double displacementint motion.type;

Purpose
Add a cam section to a previously declared instance of thedtass.

Return Value
This function returns 0 on success and -1 on failure.

Parameters
duration The angular duration of the cam section in degree.

displacementThe change in position of the cam follower. Positive awayrfrine center of the cam, neg-
ative toward the center of the cam. Measured in inches foskating followers and in degrees for
oscillating followers.

motiontype 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 dedanstance of th€Cam class. Theduration

can be any positive number less than or equal to 360 or cant b@GAM _DURATION FILL .

CAM _DURATION _FILL gives the current section a duration equal to 360 minus threddithe previous
section durations and should be used to specify the lasbeeaaita cam. Thalisplacemenis the change in
the follower position over theuration of the section. this quantity is in inch for translating @llers and

in degree for oscillating followers. There are no restoics placed on the value of this parameter, however
an invalid value will result in an invalid cam profile. Thksplacements selected automatically to give a
continuous cam profile whedurationis CAM _DURATION _FILL . The motiontype describes the shape
of the displacement profile for the cam sectiondidplacemenis zero, this parameter has no effect.

Algorithm
See Algorithm section iI€Cam::makeCam().

Example
See example i€Cam::plotCamProfile().

CCam:.angularVel

Synopsis
#include <cam.h>
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void angularVel(double omeg3;

Purpose
Set the cam'’s angular velocity.

Return Value
None.

Parameters
omega The angular velocity of the cam in rad/s. Omega is positivelmckwise rotation of the cam.

Description

This function sets the angular velocity of the cam. The asguélocity, omega is specified in rad/s. A
positive value indicates that the cam is rotated clockwi8enegative 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_HARMO NIC);
cam.makeCam(steps);

cam.plotFollowerVel(NULL);

}
Output

Vel vs. Theta

velocity [in/s]

-0.5 |

15 F

2 ! ! ! ! ! ! !
0 50 100 150 200 250 300 350

theta [deg]

445



Chapter J: Canxcam.h> CCam::animation

CCam::animation

Synopsis
#include <cam.h>
int animation (int numframe... /* [int outputtype, §tring_t filenamé] */);

Syntax

animationfumframe
animationfumframe outputtypé
animationfumframe outputtypefilename

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 thieation.

outputtype An optional parameter to specify the output type of the ationa

filename An optional parameter to specify the output file name.

Description

This function uses th®uick Animation program to display an animation of the cam. The valuawh-
framespecifies the number of different cam positions (frames)l us¢he animation. Argumerdutputtype
can be either of the following macroQANIMATEOUTPUTTYPIDISPLAY,
QANIMATEOUTPUTTYPETREAMandQANIMATEOUTPUTTYPEILE .
QANIMATEOUTPUTTYPBISPLAY outputs the animation onto the computer terminal,
QANIMATEOUTPUTTYPETREAM outputs the animation to the standard output, and
QANIMATEOUTPUTTYPEILE writes the animation data onto a file. Optional argum@ahame

is used to specify the file name to store the animation datas flimction 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_HARMO NIC);
cam.makeCam(steps);

cam.animation(12);

446



Chapter J: Canxcam.h>

Output

[=I[B[x]

| Hext || Prev || All | Gtop 1 Fash

Biow |

Can

CCam::CNCCode

CCam::baseRadius
Synopsis
#include <cam.h>

void baseRadiugdouble baseradius);

Purpose
Set the cam base radius.

Return Value
None.

Parameters

baseradius The base radius of the cam.

Description

The base radius of the cam is the initial radius of the camrbedoy calls tocCCam::addSectior(). By

default, the base radius is 4.0 inches.

Example

See example i€Cam::plotCamProfile().
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See Also
CCam::addSectior();

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 createe 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_HARMO NIC);
cam.CNCCode("../output/CNCCode.txt");
cam.makeCam(steps);

}
Output

See Also
CCam::makeCam();

References
Vickers, G. W., Ly, M. H. and Oetter, R. G., 199Qumerically Controlled Machine Toql&llis 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 faetuing and is used during the creation of
the CNC code. This parameter does not effect the shape oathgmfile and only needs to be set if CNC
code will be generated. By default, the cut depth is 0.75.inch

Example
See example iI€Cam::CNCCodg).

See Also
CCam::CNCCodg), CCam::cutter(), CCam::cutterOffset(), CCam::feedratg)), andCCam::spindleSpeed).

CCam::cutter

Synopsis
#include <cam.h>
void cutter(double cutterradius, 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 manufacturiindp@® cam.

cutter length The length (in inches) of the cutter used for manufacturirgdam.
tool_.num The tool number of the cutter used.

Description

This function sets the parameters for the cutter used torgen€NC code. Figule8.5 illustrates the cutter
parameters. Theutterlengthshould be less than thaepthset inCCam::.cutDepth(). The CNC machine

to be used supports multiple tootspl humcan be used to specify the correct cutter. These parameters d
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not effect the shape of the cam profile and only need to be &N @ code is to be created. By default the
cutter radius is 0.125 in., the cutter length is 1.0 in., dredtool number is 1.

Example
See example iI€Cam::CNCCodg).

See Also
CCam::CNCCodg), CCam::cutDepth(), CCam::cutterOffset(), CCam::feedrateg(), andCCam::spindleSpeed).

CCam::cutterOffset

Synopsis
#include <cam.h>
void cutterOffset(double x_offset double y_offset double z_offse};

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 homgi@osloes not coincide with the de-
sired location of the cam center. As shown in Fiduré 6.6, ttradposition offset is measured from the old
home position to the new home position. It is important thase parameters be chosen properly, incorrect
selection can cause damage to the tools and CNC machinee phaesmeters do not effect the shape of the
cam profile and only need to be set if CNC code is to be createdieBault, all offsets are zero.

Example
See example iI€Cam::CNCCodg).

See Also
CCam::CNCCodg), CCam::cutDepth(), CCam::cutter(), CCam::feedratg(), andCCam::spindleSpeed).

CCam::deleteCam
Synopsis

#include <cam.h>
void deleteCam();
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Purpose
Remove data from a previously used instance ofGf&am class.

Return Value
None.

Parameters
None.

Description
This function frees all memory associated with previoudlgcated cam sections and data arrays. This
function allows for reuse of a single instance of @&am class to create multiple cams.

CCam::feedrate

Synopsis
#include <cam.h>
void feedrate(double feedratg;

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 isedaduring machining. This
parameter does not effect the shape of the cam profile andheelys to be set if CNC code is to be created.
By default, the feedrate is 18.3 in/min.

Example
See example iI€Cam::CNCCodg).

See Also
CCam::CNCCodg), CCam::cutDepth(), CCam::cutter(), CCam::cutterOffset(), andCCam::spindleSpeed).

CCam::followerType

Synopsis

#include <cam.h>

int followerType (int follower type ... /* [double €], [double e, double rf], [double m, doublef],
[double m, double A, doublerf] */);
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Syntax

int followerType (CAM _.FOLLOWER _TRANS_FLAT , double g)

int followerType (CAM _.FOLLOWER _TRANS_ROLL , double e, double rf

int followerType (CAM _FOLLOWER _OSC_FLAT , double m, doublef)

int followerType (CAM _.FOLLOWER _OSC_ROLL , doublem, double A, double rf)

Purpose
Set the cam follower type.

Return Value
This function returns 0 on success and -1 on failure.

Parameters
e For a translating follower, the distance from the cam cettighe line of follower motion, as shown in
FiguredG.]l anf 6l 2. By defauttjs zero.

rf The roller radius for a roller follower, as shown in Figufed 6nd&.¥. By defaultf is 1.0 inch.

f For a flat-faced oscillating follower, the follower face s#t measured from the follower pivot point, as
showin in Figurd613. By defaulf,is 4.0 inches.

A For an oscillating roller follower, the length of the arm oeating the pivot point and roller center, as
shown in Figurégl4. By defaul is 10.0 inches.

m For oscillating followers, the distance between the camiareand the follower pivot point, as shown in
Figured6.B anf8l4. By defaulhis 15.0 inches.

Description

This function is used to select the follower type and set tbeemsary related parameters. For a trans-
lating flat-faced followerg is positive for an offset to the right of the cam. For a tratistaroller fol-
lower, e is positive for offsets to the left of the cam. For oscillgtifollowers, m is positive when the
follower pivot point is to the right of the cam. All dimensi®mre 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;

cam.followerType(CAM_FOLLOWER_TRANS_FLAT);

cam.addSection(90, .5, CAM_MOTION_HARMONIC);
cam.addSection(90, -.5, CAM_MOTION_HARMONIC);
cam.addSection(CAM_DURATION_FILL, 0, CAM_MOTION_HARMO NIC);
cam.makeCam(steps);

cam.plotCamProfile(NULL);

Output
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Example 2

#include <cam.h>

int main() {

y [in]

class CCam cam;

int steps

cam.followerType(CAM_FOLLOWER_TRANS_ROLL, .5, 1);

.5, CAM_MOTION_HARMONIC);
cam.addSection(90, -.5, CAM_MOTION_HARMONIC);
cam.addSection(CAM_DURATION_FILL, 0, CAM_MOTION_HARMO NIC);
cam.makeCam(steps);

cam.plotCamProfile(NULL);

cam.addSection(90,

Output

Cam Profile
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Cam Profile

y [in]
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Example 3

#include <cam.h>
int main() {

class CCam cam;
int steps = 360;

cam.followerType(CAM_FOLLOWER_OSC_FLAT, 10, 1);
cam.baseRadius(5);

cam.addSection(60, 3, CAM_MOTION_CYCLOIDAL);
cam.addSection(120, -3, CAM_MOTION_CYCLOIDAL);
cam.addSection(CAM_DURATION_FILL, 0, CAM_MOTION_HARMO NIC);
cam.makeCam(steps);

cam.plotCamProfile(NULL);

Output
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Cam Profile

y [in]
o

Example 4

#include <cam.h>
int main() {

class CCam cam;
int steps = 360;

cam.followerType(CAM_FOLLOWER_OSC_ROLL, 10, 10, 1);
cam.baseRadius(5);

cam.addSection(60, 3, CAM_MOTION_CYCLOIDAL);
cam.addSection(120, -3, CAM_MOTION_CYCLOIDAL);
cam.addSection(CAM_DURATION_FILL, 0, CAM_MOTION_HARMO NIC);
cam.makeCam(steps);

cam.plotCamProfile(NULL);

Output
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Cam Profile

y [in]
o

CCam:.getCamAngle

Synopsis
#include <cam.h>
int getCamAngle(double angld:]);

Purpose
Get the cam angular position data.

Return Value
This function returns 0 on success and -1 on failure.

Parameters
angle A double array of sizsteps-1 for the cam angular position data.

Description

This function copies an internal array containing the aagplosition of the cam intangle The angle
array should be of sizeteps-1, wherestepsis the number of steps specified@Cam::makeCam(). This
function should only be called aft€@Cam::makeCam().

Example
#include <cam.h>
int main() {
class CCam cam;

int steps = 360;
double angle[steps+1];
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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_HARMO NIC);
cam.makeCam(steps);

cam.getCamAngle(angle);

}

See Also
CCam::getCamProfilg), CCam::getFollowerAccel()CCam::getFollowerPog), 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 0 on success and -1 on failure.

Parameters
x A double array of sizsteps-1 for the x coordinates of the cam profile.

y A double array of sizeteps1 for the y coordinates of the cam profile.

Description

This function copies internal arrays containing the canfilerinto x andy. Thex andy arrays should be
of sizesteps-1, wherestepsis the number of steps specified@Cam::makeCam(). This function should
only be called afteCCam::makeCam().

Example

#include <cam.h>

int main() {
class CCam cam;
class CPlot plot;
int steps = 360;
double x[steps+1], y[steps+1];

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_HARMO NIC);
cam.makeCam(steps);

cam.getCamProfile(x, y);

plotxy(x, y, "Cam Profile", "x", "y", &plot);

plot.sizeRatio(-1);
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plot.plotting();
}

Output

Cam Profile

See Also
CCam::makeCam().

CCam::getFollowerAccel

Synopsis
#include <cam.h>
int getFollowerAccel(double accel[]);

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 sizateps-1 for the cam acceleration data.

Description

This function copies an internal array containing the follo acceleration data intaccel Theaccelarray
should be of sizsteps1, wherestepsis the number of steps specified@Cam::makeCam(). This func-
tion should only be called aft€eCam::makeCam().

Example

#include <cam.h>
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int main() {
class CCam cam;
class CPlot plot;
int steps = 360;
double angle[steps+1], accel[steps+1];

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_HARMO NIC);
cam.makeCam(steps);

cam.getCamAngle(angle);

cam.getFollowerAccel(accel);

plotxy(angle, accel, "Follower Acceleration”, "Angle", " in/s"2", &plot);
plot.plotting();
}
Output
Follower Acceleration
2
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See Also

CCam::getCamAngld), CCam::getCamProfilg), CCam::getFollowerPog), CCam::getFollowerVel, CCam::getTrans/
CCam::makeCam().

CCam::getFollowerPos
Synopsis
#include <cam.h>

int getFollowerPogdouble pog:]);

Purpose
Get the cam follower position data.

Return Value
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This function returns 0 on success and -1 on failure.

Parameters
pos A double array of sizeteps-1 for the follower position data.

Description

This function copies an internal array containing the folo position data intpos Theposarray should be
of sizesteps1, wherestepsis the number of steps specified@Cam::makeCam(). This function should
only be called afteCCam::makeCam().

Example

#include <cam.h>

int main() {
class CCam cam;
class CPlot plot;
int steps = 360;
double angle[steps+1], pos[steps+1];

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_HARMO NIC);
cam.makeCam(steps);

cam.getCamAngle(angle);

cam.getFollowerPos(pos);

plotxy(angle, pos, "Follower Position", "Angle", "in", &p lot);

plot.sizeRatio(-1);

plot.plotting();
}
Output

Follower Position
ZgO 360 3?;0 4[;0

See Also

CCam::getCamAngld), CCam::getCamProfilg(), CCam::getFollowerAccel), getFollowerVel),
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CCam::getTransAnglg)), CCam:makeCam().

CCam::getFollowerVel

Synopsis
#include <cam.h>
int getFollowerVel(double vel:]);

Purpose
Get the cam follower velocity data.

Return Value
This function returns 0 on success and -1 on failure.

Parameters
vel A double array of sizsteps-1 for the follower velocity data.

Description

This function copies an internal array containing the follo velocity data intovel. Thevel array should be
of sizesteps1, wherestepsis the number of steps specified@Cam::makeCam(). This function should
only be called afteCCam::makeCam().

Example

#include <cam.h>

int main() {
class CCam cam;
class CPlot plot;
int steps = 360;
double angle[steps+1], vel[steps+1];

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_HARMO NIC);
cam.makeCam(steps);
cam.getCamAngle(angle);
cam.getFollowerVel(vel);
plotxy(angle, vel, "Follower Velocity", "Angle", "in", &p lot);
plot.sizeRatio(-1);
plot.plotting();

}

Output
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Follower Velocity
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See Also
CCam::getCamAngld), CCam::getCamProfilg)), CCam::getFollowerAcce(), CCam::getFollowerPog),
CCam::getTransAnglg), CCam::makeCam().

CCam::makeCam

Synopsis
#include <cam.h>
int makeCam(int step3

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
steps The number of steps used in calculating the cam profile aret oisults.

Description

This function is called to perform the actual calculatioese@ssary to generate the results. It should be called
after all other member functions have been called excef @am::animation(), CCam::getCamAngld),
CCam::getCamProfilg), CCam::getFollowerAcce(), CCam:.getFollowerPog), CCam::getFollowerVel)),
CCam::getTransAnglg), CCam::plotCamProfile(), CCam::plotFollowerAccel(), CCam::plotFollowerPoy),
CCam::plotFollowerVel(), andCCam::plotTransAngle(). The cam is divided intgtepssegments, giving
steps-1 data points for the range of cam positions between 0 anddg§Q inclusive. The results are
stored in internal arrays for later plotting or access byuber. If a CNC file name was specified using
CCam::CNCCodg), CNC code is written to the specified file.

Algorithm
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When theCCam class is ready to calculate the cam profile, a loop is stafited.variablep starts ab° and
each time through the loop it is increased36y°/steps The loop ends just befokg exceeds the number of
degrees specified by tldeirationfor the section.

Each time through the loop (for each value of phi), the positivelocity, and acceleration of the follower is
calculated based on the type of motion specified by the usem@nic or cycloidal). This loop is repeated
for each section of the cam. The equations used in the ctitmdaare shown below wheteis the Lift over
the duration of the section (in inches for a translatingofekr and radians for an oscillating followep),is
the section duration (in radians) ands the cam position relative to the beginning of the sectiomgdians).

The equations for harmonic motion are: (Erdman and SangdoB7l-2)

L . (ﬂ'(b)
vo= 2—wsm —

- fhoa(3)

The equations for cycloidal motion are: (Erdman and Samgor372-3)

(- il ()

- bl

For translating followers the above equations produceitieaf position, velocity and acceleration of the
follower. For oscillating followers, the equations prodube angular position, angular velocity and angular
acceleration of the follower. Once the position, velodityd acceleration are calculated for a given value of
¢, the coordinates of the cam profile and cutter center areleddd.

For a translating flat-faced follower, the angle betweendihection of follower translation and the contact
point of the cam and follower is: (Erdman and Sandor, pp. 392)

f = arctan <l%)
Ldo
B v
= arctan <E>

The distance between the cam center and the point of costact i

L

R = cos 0

The coordinates of the cam profile with respect to the refereadial is:
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Team = R cos(Piotar +0)
Yeam = Rsin ((btotal + 9)

The angle between the direction of follower translation tedcenter of the cutter is:

= arctan (Rsin@)
T = L+Tc

The distance between the cam center and cutter center is:

L+r.
CoS 7y

C =

The coordinates of the cutter center with respect to theepte radial is:

Leutter — CCOS (7 + (btotal)

Yeutter = csin (7 + ¢total)

For an oscillating flat-faced follower, the angel betwees tiormal to the follower face and the point of
contact is: (Erdman and Sandor, pp. 394)

0 = arctan[( (d¢/do) ) m cos ( }

1— (d¢/de)) f—msin¢
B (v/w) ) m cos ¢ }
- aretan K(l —v/w)) F—msim¢
The distance between the cam center and the contact point is:
R _ f+msin(
cosf

The coordinates of the cam profile with respect to the refereadial is:

LTeam = R cos <¢toml + 6+ g + C)

Yeam = Rsin <¢total +6+ g + C)

The coordinates of the cutter center with respect to theerte radial is:

77 c
Teutter = 1/C2+ Cclcos <¢toml +60+ 5t ¢ — arctan c_:E)

Y

. m c
Yeutter = 1/C2 +C2sin ((btotal +60+ 5t ¢ — arctan C—:”)

Y
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where

¢z = R-+r.cosb

7. sin 6

Cy

For a translating roller follower the angle between the aohpoint of the cam and follower and the cam
center is:

L(dL/d) }

m? + L2 — m(dL/d¢)
Lv/w) ]

m?2+ L? — m(v/w)

a = arctan[

= arctan [

The pressure angle is:

where

Y = arctan(%)

The distance between the cam and follower centers is

F = VL?24+m?2

The coordinates of the cam profile with respect to the refereadial are:

Team = R:c2 + Ry2 COS((btotal + 1/1 + 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 tiferemce radial are:

Teutter = 1/C2+ cg cos(Grotar + ¥ + arctan(cy/cy)
Yeutter = 1/ Ca + C28in(Protar + 1 + arctan(c, /c;)

where
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g = F+(re—rf)cosa

cy = (ry—re)sina

For an oscillating roller follower, angle between the faler center and the cam/follower contact point is

(o) @]
L — (Acos~) (d¢/dg)

(o) o)) ]
L — (Acos7) (v/w)

a = arctan[

= arctan {

where

L = (A% +m®—2Amcos(())
v = arcsin(msin(¢)/L)

The initial follower angle is

G = cosH (A% +m® — (r, + 1))/ (2mA)

The pressure angle is

T
d = ’7—|—Oé+—§

The coordinates of the cam profile with respect to the refereadial are:

R

Team = /R + R cos[potar + 7 — v —( + arctan(R—z)]
. R

Yeam = /B3 + Rysin[orar +m —7—C+ arctan(R_y)]

T

where

R, = L—rfcosa

R, = rysina
The coordinates of the cutter center with respect to theente radial are:
C
Teutter = /€2 + 2 cos[rotar +T—7 —( + arctan(i)]
. C
Yeutter = \/ ngc + ng/ Sln[(btotal T == C + arctan(—y)]

Cx
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g = L+ (re—rf)cosa
cy = (ry—re)sina
References

Erdman, A. G. and Sandor, G. N., 199%echanism Design Analysis and Synthegid. 1, 3rd ed., Prentice
Hall, Englewood Cliffs, NJ.

CCam::plotCamProfile

Synopsis
#include <cam.h>
int plotCamProfile (CPlot *plot);

Syntax
plotCamProfile&plot)

Purpose
Plot the cam profile data.

Return Value
This function returns 0 on success and -1 on failure.

Parameters
&plot A pointer to a CPlot class variable for formatting the plotlué cam profile.

Description
Plot the cam profile. This function should only be called @@€am::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_HARMO NIC);
cam.makeCam(steps);

cam.plotCamProfile(&plot);

}
Output

467



Chapter J: Canxcam.h>

y [in]
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See Also
CCam::makeCam().

Cam Profile

CCam::plotFollowerAccel

CCam::plotFollowerAccel

Synopsis
#include <cam.h>

int plotFollowerAccel (CPlot *plot);

Syntax

plotFollowerAccel&plot)

Purpose

Plot the cam follower acceleration vs. the cam angular jposit

Return Value

This function returns 0 on success and -1 on failure.

Parameters

&plot A pointer to a CPlot class variable for formatting the plotlué cam follower acceleration.

Description

Plot the cam follower acceleration. This function shouldyydre called aftelCCam::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.addSection(CAM_DURATION_FILL, 0, CAM_MOTION_HARMO NIC);
cam.makeCam(steps);

cam.plotFollowerAccel(&plot);

}
Output

Acceleration vs. Theta
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See Also
CCam::makeCam().

CCam::plotFollowerPos

Synopsis
#include <cam.h>
int plotFollowerPos(CPlot *plot);

Syntax
plotFollowerPos&plot)

Purpose
Plot the cam follower position vs. the cam angular position.

Return Value
This function returns 0 on success and -1 on failure.

Parameters
&plot A pointer to a CPlot class variable for formatting the plotiaé cam follower position.

Description
Plot the cam follower position. This function should onlydadled afterCCam::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_HARMO NIC);
cam.makeCam(steps);

cam.plotFollowerPos(&plot);

Output
Position vs. Theta
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See Also

CCam::makeCam().

CCam::plotFollowerVel
Synopsis
#include <cam.h>

int plotFollowerVel (CPlot *plot);

Syntax
plotFollowerVel&plot)

Purpose
Plot the cam follower velocity vs. the cam angular position.
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Return Value

This function returns 0 on success and -1 on failure.

Parameters

CCam::plotTransAngle

&plot A pointer to a CPlot class variable for formatting the plotiué cam follower velocity.

Description

Plot the cam follower velocity. This function should only taled afterCCam::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,

cam.addSection(90, -1,

1, CAM_MOTION_HARMONIC);

CAM_MOTION_HARMONIC);

cam.addSection(CAM_DURATION_FILL, 0, CAM_MOTION_HARMO NIC);

cam.makeCam(steps);

cam.plotFollowerVel(&plot);

}
Output

0.5

velocity [in/s]
o

-0.5

See Also
CCam::makeCam().

Vel vs. Theta

0 50 100 150 200 250 300
theta [deg]

350

CCam::plotTransAngle

Synopsis
#include <cam.h>
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int plotTransAngle (CPlot *plot);

Syntax
plotTransAngle&plot)

Purpose
Plot the cam transmission angle vs. the cam angular position

Return Value
This function returns 0 on success and -1 on failure.

Parameters
&plot A pointer to a CPlot class variable for formatting the plotieé cam transmission angle.

Description
Plot the cam transmission angle. This function should oelgdlled aftelCCam::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_HARMO NIC);
cam.makeCam(steps);

cam.plotTransAngle(&plot);

}
Output

Transmission Angle vs. Theta

Transmission Angle [deg]

78 I I I I I I I
0 50 100 150 200 250 300 350

theta [deg]
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See Also
CCam::makeCam().

CCam::spindleSpeed

Synopsis
#include <cam.h>
void spindleSpeeddouble spindlespeedt

Purpose
Set the spindle speed for CNC code generation.

Return Value
None.

Parameters
spindlespeedThe spindle speed for the cutter in RPM (revolution per nehut

Description

The spindle speeds the rotational speed of the cutter in RPM. This parametesdhot effect the shape of
the cam profile and only needs to be set if CNC code is to beede8y default, the spindle speed is 3036
RPM.

Example
See example iI€Cam::CNCCodg).

See Also
CCam::CNCCodg), CCam:.cutDepth(), CCam::cutter(), CCam:.cutterOffset(), andCCam::feedratg).
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cam.ch

Synopsis

cam.ch[-acceleration

[-animate]

[-baseradiug

[-cncfile filenamé

[-cutter radius length nuh

[-depth depth

[-feedrate rate]

[-follower follower_type[€] [e rf] [m f] [m A ]
[-offsetx y 4

[-omegaomegd

[-output display]

[-position]

[-profile]

-stepsnum

[-sectionduration displacement motiatypd
[-spindle speedl

[-transangl€

[-velocity]

Syntax

As many of the optional arguments as desired can be used. Hi@um number of arguments required
to produce meaningful results asteps two sections and at least one of the output optionadeeleration
-animate, -position, -profile, -transangle, -velocity).

Purpose
This program provides a command line interface to the desigrabilities of theCCam class.

Return Value
This program returns 0 on successful completion, or -1 fiegh&an error.

Arguments
steps The number of steps used in calculating the cam.@@am::makeCam().

acceleration Plot the follower acceleration. S&Cam::plotFollowerAccel().
animate Animate the cam usinglinkage. SeeCCam::animation().

base The base radius of the cam. SB€am::baseRadius

cncfile The name of a file for CNC code output. SEEam::CNCCodg().
cutter The cutter parameters for CNC code generation.S@am::cutter ().
depth The cutter depth for CNC code generation. &&am::cutDepth().

feedrate The feedrate for CNC code generation. $gam::feedrate.
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follower The follower type and related parameters. S&am:.followerType().
offset The cutter home position offset CNC code generation. @gam::cutterOffset().
omega The angular velocity of the cam. S&&€am::angularVel().

output The output type for plots and animation. This carQ#ev _OUTPUT _DISPLAY or CAM _OUTPUT _STREAM.
File output is not supported.

position Plot the follower position. Se€Cam::plotFollowerPog).

profile Plot the cam profile. Se@Cam::plotCamProfile().

section The parameters for a new cam section. S&am::addSection).

spindle The cutter spindle speed for CNC code generation.(3aam::spindleSpeed).
transangle Plot the transmission angle. SE€am::plotTransAngle().

velocity Plot the follower velocity. Se€Cam::plotFollowerVel().

Description
The program functions as a command line interface to thegdesapabilities of th&CCam class. It was
developed primarily for use internally by the Web-based dasign tools.

Example 1

cam.ch -section 90 .75 CAM_MOTION_HARMONIC -section 90 -.7 5
CAM_MOTION_HARMONIC -section CAM_DURATION_FILL 0 CAM_MUON_HARMONIC
-steps 300 -profile -animate 30

Output

=] Chplot

Lind Cam Profile
y Lin

L= - T Y R L |
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J_‘LI xlinkage
| Hext || Prew || All | Srop i) Fast Shens
Can

Example 2

cam.ch -section 60 .5 CAM_MOTION_CYCLOIDAL -section 30 0

CAM_MOTION_CYCLOIDAL -section 210 -.5 CAM_MOTION_CYCLOI DAL -section
CAM_DURATION_FILL 0 CAM_MOTION_HARMONIC -follower CAM_PLLOWER_TRANS_ROLL
1 1.5 -base 4.5 -steps 500 -position

Output

[ Chplot

Pozition ve, Theta

position [ind
Eor

E.45 |
G.4 [
B35 |
E3F
E.25 |
6.2
E.15 |
E.1F

E.05 |

5 1 1 1 1 1 1 1

0 5 100 150 200 250 200 250

theta [degl
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See Also
CCam class.
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Appendix K

Solving Complex Equations

A complex equation can be expressed in a general polar form of

R1€i¢1 + RQEM)Q = 23 (K.1)
where z3 can be expressed in either Cartesian coordinates iys ascomplex(x3, y3) , or polar
coordinatesRze’?? aspolar(R3, phi3) . Because a complex equation can be partitioned into real and

imaginary parts, two unknowns out of four parametgis¢1, Ro, and¢g, can be solved in this equation.
To solve for these two unknowns, we first decompose equdidl) (nto the following real and imagi-
nary parts.
R cos ¢p1 + Ro cos ¢po = x3 (K.2)

Ry sin ¢ + Rasin ¢o = y3 (KS)

In equation[[KZIL), parameter3;, ¢, R, andg, are in positions 1, 2, 3, and 4, respectively. Depending on
the positions of unknowns, we can solve equationl(K.1) iffeflewing six cases.

Case 1l n; = 1,n0 = 2, Solve forR; and¢1, givenRg, ¢2, R3, @3 Or Ra, 3, x3, Y3. Where,n; andns

are the first and second positions of two unknowns on the ¢eftitside of equatiof (Kl.1), respectively.

From equationd{K]2) and equatiofs{K.3), we get

Ricos¢py =x3 — Rocosgo = a (K.4)
Rl sin (231 = Y3 — R2 sin (252 =b (K5)
Ry and¢; can be calculated as
Ry = Va?+b? (K.6)
¢1 = atan2(b,a) (K.7)

Case 2 n; = 1,n9 = 3, Giveng, and¢s, Ry and R, are solved.
Multiplying equation [K1) bye—*¢2 ande ! gives
Riei®1=%2) 4 Ry = Ryei(®3—92) (K.8)

Ry + R2ei(¢>2—¢>1) — Rsei(%—dﬁ) (K.9)
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Imaginary parts of equatioi{K.7) and equatibn{K.8) are

Rl sin(qﬁl - ¢2) = Rg Sin(¢3 — (252) (KlO)
R2 Sin(¢2 - ¢1) = Rg Sin(¢3 — (251) (Kll)
From equation{K10) and equatidn (Kl11) we get
Ry = R3 w (K.12)
Sln( ®2)
sin(¢s — ¢1)
Ry = Rs———————= K.13
e p— (K13)
Case 3 n; = 1,n9 = 4, Giveng, andRy, R andg¢, are solved.
From equation{KI2) we have
Ry = z3 — Ry cos ¢p (K.14)
cos ¢
substitute equatioh (K:14) into equati¢n{K.3) we get
(x3 — Rgcos ¢2) sin ¢1 + Ry sin ¢g cos ¢1 = y3 €os ¢ (K.15)
equation[[KIb) can be simplified as
sin(y — ) = 4291 = z3singr _ (K.16)
2
then
¢o = ¢ +sin~ ' (a)gg = ¢1 + 7 —sin”~' () (K.17)

If cos ¢ is larger than machine epsilen,R; can be obatined using equatién{K.14). Otherwigewill be
obtained using equatioh{K.3)

if (| cos ¢1)| > FLT_EPSILON

x3 — Ro cos ¢o

Ry = (K.18)
cos ¢
else Rosi
R, = Y3~ flasings (K.19)
sin ¢
Case 4 ny = 2,ny = 4, given Ry and Ry, ¢; andg, in equation[[KL) can be solved.
From equation[{KJ]1), we get
cos 1 = T3 T o8P [t cos ¢2, sin ¢ = Y3 — 2SOz Rta 5in 6 (K.20)
Ry Ry

Substituting these results into the identity equatiai? ¢; + cos? ¢, = 1 and simplifying the resultant
equation, we get
2 2 2 p2
r3+ys+ R — Ry
2Ry
from equation[(K.211), we can derive the formulas dgrand¢, as shown in Figure Kl 1.

(K.21)

Y3 8in ¢ + w3 COS Py =
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IX3%+ Y
Y3

W

X3 X

Figure K.1: Figure for solving the complex equation in case 5

tany = %,comﬁ = L,sirnﬁ B
s V@3 + 3 V@3 + 3

Equation [KZ1l) becomes,

T3 oy = BT US TR~ R
V23 + 93 2Rz /a3 + 43

a = sin 1 sin ¢g + cos 1 cos @2

Y3

sin 9 +

Let,
_ 73+ yi+ RE—RY
2R2\ / ZL'% + y32,
Becomes,

cos(p2 — ) =a

Py = wj:cos_l(a)

2 2 R2 _ RZ
= atan2(ys,x3) £ acos (3:3 R i 1)

2Ry /23 + y3

¢1 can be obtained using equati@n(K.20)

¢1 = atan2(sin ¢y, cos ¢1)

or use identity equation,

¢, 1—cos¢ ¢,  sing
tan(3) = —5 o tan(3) = 7055
¢:2tan_1(71—cos¢) Or<;5:2tan_1(7squ5 )
i 1+ cos¢

Case 5 n; = 2,n9 = 3, givenR; andg,, ¢; and R, are solved. This case is similar to Case 3.

Case 6 n; = 3,n9 = 4, givenR; and¢, Ry andg, are solved. This case is similar to Case 1.
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sliderVel 312
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CFourbar233
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animation[ 221
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couplerPointAccel 234
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displayPositiond, 260
forceTorque[Z281
forceTorqued, 283
getAngle[26b
getJointLimits[26b
grashof[ 268
plotAngularAccels[ 289
plotAngularPosd, 270
plotAngularVels[27P
plotCouplerCurvel 213
plotForceTorques$, 2¥4
plotTransAngled, 215
printJointLimits,[276
setAngular\Vel[ 277
setCouplerPoinf 278
setGravityCente[_2T9
setlnertia[ 22719
setLinks[Z8D
setMasd_280
setNumPointd 281
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