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Computer-Aided Linkage Synthesis
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CALS is a program designed to perform synthesis calculations and animate the resulting linkage.
A user-friendly interactive menu system provides a logical method of designing four-bar and
stider linkages for path, motion and function generation and teaches the user the basics of linkage
synthesis theory. CALS uses the standard form loop-closure equations in complex number
notation and the compatibility method to solve for four precision poinis. The many features of this
nrnornm mn.lm H‘ a g._l_ggﬁ't.r leqac }uno _mn.f m un.rfﬂmrn(funm COUHFses Jn mec, i:u__._,___ anaivsiy 5;_);5!
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1. The paper discusses material for a course in: 10. The material is/is not covered in the text. The
Appiied Linkage Synthesis. jiscussion in the text is different in the foiiow-
Applied Link Synth disc n in the text 1s dir t1n the 10ll

2. Students of the following departments are ing aspects:
taught in the course: No equivalent computer program for linkage
Mechanical and Industrial Engineering. synthesis is presented in the text.

3. Level of the course:

Fourth year (graduating class).
/

4. Mode of presentatlon INTRODICTION
Lectures, model demonstration and computer e
pirvriladie
simuiation. i i

. . . TE |

5. s the materialpresencd n o reglarorinan COMPUTERS hve ploed, on, vl
elective course: P
Elective engineering, especially in the field of linkage

6. Class hours required to cover the material: ana]ysns a;l% synthesis. Llnkl?ge synthesis is the
Three hours per week. process of Afsﬂlgnmg a mechanism to exef:PAtha
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7. Student homework and revision hours stied motion or fas e folding of airc
required for the materials: landing gear, the sliding motion of a piston con-
Five to six hours per week. :lected :10 a rotam:g crar;kshaft alnd thff: fold1r11g ofa

. awn chair are ical examples of employin,

8. Description of the novel aspects presented in 12y Chair are typical examples of employing
the paper llll-l\aEUD v aviuvye ol I.(I.lll CULLLLLIVLL LADDRD. AVl
CALS is an interactive, user-friendly program though these linkages may have different types and
for linkage synthesis and animation of a four- ?;;Trﬂ?;r: ;f l(lin!fséitrl:ey t‘fl" ;Zgi?:eglg?n"; f: gz::g
bar or a slider linkage with four precision lan a Oh el cef s 2 sh r Sf d to
points, making it ideal for demonstration and planar mechanism, it can easily be adapted
tanrhing miirnneae Tha 1ear Anae nnt naad an Computer llnkage SyntheS]s programs for educa—
t\va\;lu,lls PUIPUDUD- 41w WOVl UuUwD 1LIUVL 1IveU all .
in-depth knowledge of linkage synthesis to use tlo’?"ﬁia%ﬁ?ﬁiﬁ?t‘)ns required to design a linkage are
the program T utomates m f
the gif(:'igcruit t:Zig:ep ogram automates most o long and tedious and do not demonstrte how the

9. The standard text recommended for the lmkage will operate under real life constraints. The

course, in addition to authors’ notes:
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purpose of the computer program, CALS, is to
pcn form these calculations and animate the result-
ing linkage. Furthermore, the program has an inter-
active menu system that provides a logical method
for solving design problems and teaches the user

Thic allawe tha ngar with
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ahnt linkbaga gcynthagic
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minimal knowledge of the synthesis theory to begin
designing different types of linkages and observe
their motion.

Some similar software packages such as ‘LINC-
AGES, ‘LINKS', ‘ADAMS’ and ‘IMP’ are avail-
able [1]. ‘LINCAGES’ and ‘LINKS’ provide both
analysis and synthesis of a linkage for three or more
precision points but without the animation.
‘SIMUL’ [2] is another program developed solely
for the animation of a particular type of linkage: an
in-line slider linkage. On the other hand, CALS can
perform both the synthesis and animation of any
four-bar or slider linkage with four precision
points. Uniike CALS, these programs are aimed

for relatively advanced users who must nr‘mnre

Iviauytary auvaaltl LoLis WL 2288 aL=s

substantial knowledge of the theory before de&agn-
ing llnkage:. CALS is specially intended for the
educationai purpose of puiiing theory to use in
practical applications. A program with a similar
purpose is also developed by Bartlett, Smid, and
Strang [3]- Their program only deals with four-bar
linkages and three precision points while CALS
can synthesize and animate both slider and four-
bar linkages with four precision points.

The three types of synthesis—path, motion and

function generation—require different input para-

meters which will be explained later. CALS directs
the user to respond to the appropriate parameters.
As ihe user synthesizes different types of linkages,
he learns the required parameter for each synthesis

type. There are a number of features of the
program that help to gurde the user through the
design process. Features like context-sensitive help
and the interactive menu system allow the user to
return at any point and change the input para-
meters, making CALS very user friendly to oper-

ata Th 4 +h H i
ate. These and other major features will be

discussed further in the program features section.

as a ternary link which consrsts of a rigid triangular

fram T +1 +
frame. In other cases, the coupler can be a binary

link similar to the input or the output link. The
a_ngular rotations of the input, coupler, and output
iink, measured from the initial position to a jth

h()clflr\n are renrecented hv the faollowine symbols:

...... Givivpivoviiivu Uy usv iUy 5y i lsas,

s Qs ¥, respectwely
In general there are three types of lmkage

byllultblb pam mO[lon anCl Iunctlon gcnerduuu
For each type of generation, different parameters

of linkage motion are prescnbed In path genera-
tion, the path traced by a fixed point on the coupler

and tha fmmid Bl cdndl o nen cmcncasibead Qisi_

anG uic l.l.l.lJuI. lllu\ I1ULdLIUll 41T plChLllUCU cuuu-
larly, motion generation also prescribes the coup-
ler path, but the coupler rotation is of interest

rather than the input link rotation. For function
Df:‘ﬂpl"nhnn t!1“_' uluh ne af tha innn ut ! k and the
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Fig. 1. A four-bar linkage.

output link are related by a mathematical function
and thus attention is drawn to these two rotations.
There are several graphical and analytical
methods of synthesis. This particular program
employs the complex number method which repre-
sents each link’s magmtude and direction by a
vector. Figure 2 shows a vector pair called a dyad.
This dyad consists of an inut (or output) link and a
coupler which are rcprescnted by the vectors W

and Z respectively. That means a four-bar iinkage
an ha narcaivad ac two dvads while a slider-crank

can oc perceived as two dyads wiht'c d Siacr ank
mechanism is made up of one dyad only.
As a dyad moves from an initial posmon ajth
S

position, a closed loop consisting of five vector
formed as shown in FID 3.

AT QS SRR 222 2

The following equanon describes this closed
loop.

V)

W(eb—1)+Zex—1)=9 (1)
where

W = input link or output link vector
Z= coupler link vector

- oupler rotation
=2, 3 or 4 for up to four precision points

~

This equation is known as the standard-form loop-

closure equatlon which is srmply the vector sum
around the loop formed by one dyad at the initial

AlUULIU LIV IUVY fVi v aaw a4t 18I0 A4

and the jth position. All the angular rotations are

Fig. 2. A vector dyad.
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Fig. 3. A vector loop diagram.

measured counterclockwise with respect to the
initial position.
For a four precision

point synthesis, there are a

total of four prescnb ed po ositions mcludmg the
initial one. As a result, only three vector equations
whisnh dacasilha tha matine ~AF tha halbaga fram tha
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initial to the second, third and fourth positions are
generated. These are:

W(eh:— 1)+ Z(ei= — 1) = &, @)
W(e# — 1)+ Z(e'» — 1) = 0, 3)
W(eh:— 1)+ Z(elx— 1)= 0, 4)

All the symbols bear the same meanin

standard-form equation.
As mentioned above, different types of synthesis
have different prescribed parameters. Depending
on the synthesis type, 6, and either B, or a; are
known. For instance, in monon-generanon the
path traced by the coupler, q, and the coupler

ratatinn 2. are nracrihad Since there are three
ALy Io‘j alw l—l’l\.ﬁ,lll.l\/\ln WLV LAV W Gl % AR W

vector equations (six scalar equations), and seven
unknowns (both. the magnitude and dlrectlon of

vectors, W and Z, and the angles f3,, 3, and j,),
one of the unknowns must be chosen nrhltmnlv in

order to solve for the other six unknowns. In
practice the first input link rotation 3, is usually
- . g

pl(.,lﬂt:l.l as an dIUllIdIy (.ll.UlLl‘.' .)u[umuy', accor Ulllg
to the definitions of path and function generation,

S =

6, and B are prescnbed, and a, becomes the
arbitrary choice.
Aftar chancing ana Af tha 1inbknaume arhitrarily
g tiiw buuuauls Ul UL LU ULIRIIUYILD alulul alu],
there are only six unknowns with six scalar equa-
tions. Thus, the problem is solvable. Unfortunately,
these six scalar equations are non-linear because of

the es¥xnonential funection invalved For examnle. in

ains vnyvu;vutum ACRIAVLAVEL MAVULY U A UL LAGIIIPIT, 2aa

motion-generation, the unknown angular rota-
tions, B; and B, must be solved first to make the

equauons unear lﬂlS lS aone US].l'lg Il'le IOllOWlIlg
cnmnutah]lltv equ uation.
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A =—A,—A;— A, (6)

1 r4 3 4 T/

A, =feas — NS, — (eas — 1\, (7
=2 L\ LJva \> *JY3 A
A — foa. — INA _ faa. — INVA 7Q\
Oz = (e~ 1)0, ™ 1)y (o)
— 1 s 13 8 700
Ny = (e“ —1)03— (€% — 1)0; (¥)

The A’s are known because tney contain Only th

Lknown innut data Thic comnatihility pqnnhnn can
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be solved by an analytical solution based on geo-
metric construction. This analytical solution is
shown as foliows {4]:

A=A+ A (10)
2 2
COSG;=A 4 A (I
' 2AA
sin@.=1/t1 —cos2B > (12)
sin€, =|J(1 — c0s*8,)|Z 0 (12)
B — A L O oA 712
P3= GIgn T U3 — argii, (19)
AZ —_ A A'.’
cosf, = ——— (14)
2AA
sin @, = |J(1 — cos?6,)| = 0 (15)
B,=argA— 6, — argh, (16)
After B, and B, are determined using the above
equations, all the unknown angles are defined.
Now, both the direction and magnltude of the link
vectors, W and Z can be solved using any two of the

standard egs. (2), (3) and (4).
The above procedure only synthesizes for one
dyad. Therefore, to complete the synthesis for the

aarnnd dvad Af a fanr-har inkaga thic faleulatinn
aLLuUIIu U]au UL ailvulTuval 1uu.\l15\.¢, LIS valvuiauwvia

must be repeated. Note that the unknown angular
rotations of the first dyad become the known angles
for the second dyad and a new arbitrary anguiar

choice must be selected. Since a total of two

CHULLT  1IIUST UL STALLITA. Jaalh 4 Al

arbitrary choices are picked to produce one four-
bar linkage, there will be two ‘infinites’ of solution
associated with each mechanism synthesis.

PROGRAM IMPLEMENTATION AND
FEATURES
AT O . L TDRRARATDM . 2lad . o ¢ =
CALS runs on an IBM PC or compatible with at

15t tes ry. A hard disk is not
necessary as the p g am occupies only
300 Kbytes on a diskette. High quality graphics are

Aienlavad ~n tha chrann nging VA ~ard Th
ulbdpiaycu U1l uic sCreen UDLIE a vun Cara. 1nd

program is written using the Borland TURBO
C++°® programming language. This language was

chosen because of its popularity and easy manipu-

latinn nf oranhice
atien of giapanls.

The user does not require special training to use
the program because it is menu-driven and con-
tains many contexi-sensitive help messages. The
emphasis of the program is on teaching the user,

who may have little familiarity with the above
theory, to demgn a lmkage subjcct toa gwcn set of

e o Sk mrniaem kD man s nooict tha sioae
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to learn how small changes in input parameters
affect the movement of the linkage.

Tha nraogram ctarte with tha surcear highlichting
11[\, }_}l Usj CALLL DLAL LY VYLILLL LIV LUlOouUlL 1115111 Elltllls

the ‘Introdution’ on the menu bar. Figure 4 shows a
picture of the screen with the main menu, the

introductory puii-down menu and a heip message.
In addition to the hpln m\_mn in the ‘Introduction’

ain Qlaaaaton: L s (= L LR Lo 1R L0 0 0 00

section, context-sensitive he]p is available for every
aspect of the program by pressing the (F] ) key The
rest Ul [ﬂC l'ﬁa].rl menu l\ UlVlUCU lﬂi.o DCLU]J 1v1uuc5 N
‘Problem Definition’, ‘Synthesis’, ‘Output’ and
‘Program’. The selection is made using the cursor
keys or by pressing the highlighted letters, first in
the main menu bar then in the pull-down menu.
The following is a list of each main menu heading
and the options in each pull-down menu. Note that

the bold face letters COI’TCSPODG to the hlghllgﬂled

| LT R avs PRpArS Catisen R~ dAo
pitrvuauc vl W lul! LYRUUICS
main menu angular mode

useable keys decimal places

general procedure

Synthesis

P! Cbl\ltlll P(}llll\

Problem Definition

WOTK area

print tables new linkage

quit
The menu system is arranged insucha way s0 as
ourage a logical approach to probiem-
g First, the user may set up the type of

gular measurement and accuracy desued, and
then input the data which defines the problem The
‘Problem Definition’ includes defining the space
constraints (i.e. ‘Work Area’) and a frame of refe-
rence (i.e. ‘Origin’) within that space. Any obstacles
or points will be defined relative to the user-

defined arioin Thancar muct alen dafina tha tuna nf
GEIINCG OTigih. 1 1S USEer MuUst a:5C Geiine ine type o1

linkage, slider or four-bar, and the type of synthesis
to be performed, path, motion or function genera-
tion.

The next step is nrescribine the svnthesis nara-
e next p1s pr 1g the synthesis para

meters which are the precision points, angular
rotations and the arbi trary choices. These three
sets of variables coi 1‘11'01 the size, shape and motion
of the resulting mechanism. For example, increas-
ing the amount of angular rotation of a particular
link has the effect of shortening its length. After

avernting cunthocic nd ceping tha linkaga in
AL LULLLE  OYliuuivold ullu O\i\dllls i llllnasb 111

motion, the user may find that linkage needs some
changes to satisfy all constraints. An optimum

: 5
(\

origin angular rotations linkage with the desirablie link iengths and orienta
Qb_stac!es arbitrary ch(_)rceA tions for a particular task can thug be degigned by
linkage type execute synthesis Ol >

7 adjusting the appropriate synthesis parameters.

Output Program The user may not be able to see the effect of a very
refresh screen save small adjustment by looking at the graphical
tabular for load/restart representation. In this case the tabular output
Introduction | Setup Modes | Problen Definition [ Sunthesis [ Output | Program

nain nenu

general procedure

; :
£
d

| The menu bar across the top of the screen gives |
" access to a series of pull down menus. "l
" nenu option use the «1t4+ keys or tupe the highlighted ". .
" latter, {(Capital letter for the main nenu, s=nall "I

letter for oull doun menus) and press {enter.

To choose a

Press anuy key to continue.

Fig. 4. Main menu with pull-down.



~
o=

Introduction | Setup Modes | Problen

Pafinition | Sunthesis | Output | Progran

i Aepeat the linkao= l=m
" motion? (Y/7N) »¥ ||I|
EE——
] I
Fig. 5. Graphical representation.
provides a helpful quantitative means of describing CONCLUSION
the linkage as opposed to qualitative output from

the animation. The computer program, CALS, was developed
Fionra § chawe tha racenlting linkaga at tha fanr tn narfarm tha lanog and tadinne ecalenlatinne
i 15\.&1\, o LIV YYD LIV 1\.au1|.1115 llll_l'\(.l.s\f AL Lilv 1vul [Aw) }}\.41 AL |8 gL I.\_ul\_lu;) valvulaliviio

prescribed positions after animation has comple-
ted. This particular linkage would lift an object

from a iower conveyer beit to an upper beit whiie
rotatinoe the ohiect exactlv 90 deorees and movine

ARG RIE ML UULAL LAGLLLy TV LLEi VLS Gl dnLVILE

alonga spec1fic path.

The data storage scheme in the program is based
on the ASII format and both intermediate and final
linkage data can be saved for future use. In particu-

lar, the storage of intermediate data enables th
user to restart a problem from where he left, at any

tisman Te dthn Adosa £la anah vasialla Alan
LG, Ul UIC uaia lllC, €acn variaoic lb cigar

labelled to provide the user with a readable way of
interpreting and modifying the data outside ‘the
program itself. The data file can also be used as a

meancg of naccino nut nrohlame tn ctndante and
HILGIIS Vi pacouig Uul PRUUVIVIILS WU Stuluvins anu

receiving solutions for grading. This feature
enables the program to be easily incorporated in
mechanism analysis and synthesis courses, as a
very useful and efficient teaching tool.

“CE

lUlls «@aliva
required for linkage synthesis and to animate the
resulting linkage. Several features of CALS enable

it to become a vaiuabie teaching tooi. Even users
with minimal theorv backeround can start desien-

Aial drilialiadn LG Y Ualigaeinie Ll Sl LLaips

ing linkages with the help of the interactive menu
system. The menu- -driven system guides the user in
entenng the reqmreu pdl"d.lTlC[El"b and mOuuymg
the resulting linkage to meet the design criteria.
Through this process, the user learns the appro-
priate parameters associated with different synthe-
Sis ry'pes and how the variables interact. Also, the
animation assists the user in observing how a slight
change in the parameters can significantly affect the
resulting linkage. The ‘load’ and ‘save’ features

allaw tha necar ta madifv tha data antcide the
auuyy  uic ustl W ivUily ult Uaia Uusiuc uiv

program itself, and provide a means of distributing
and collecting assignments in the context of a
kinematic or synthesis course. All these features
enable CAI S to become a valuable fpar‘hlno tool

for undergraduate mechanism analysis and syn-
thesis in mechanical engineering,.
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