Computer-Aided Design of Mechanical Linkages

Victor Rappaport, United Aircraft Research Laboratories, East Hartford, Conn.

An interactive computer-aided design
system for kinematic analysis of
mechanical linkages in three-dimen-
sional space is described. The design
system affords the designer a wide
range of capabilities including the
conceptual definition of a linkage by
its linkage bodies, constraints, and
loops, the visualization of a linkage
by means of wire frame representa-
tions of linkage components, and the
performance of position analyses of a
linkage's motions. The system makes
use of computer graphics in an inter-
active environment to provide the
output and visual displays which con-
tribute to the comprehension and
analyzation of a linkage. The system
has been adapted to assist in the de-
sign of mechanical linkages with con-
straints and configurations particu-
larly suitable for analysis under the
present system's capabilities. This
has proven to be a significant tech-
nological advancement over previous
methods of designing a linkage in a
production environment in which many
manual drafting layouts were required
to check out the operation and proper
functioning of a given design.
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INTRODUCTION

Mechanical linkage design is
readily adaptable to the use of in-
teractive computer graphics for
several reasons, The linkage is an
assembled set of mechanical devices
such as levers, cams, rollers, gears,
pistons which are attached to each
other and constrained to a defined
course of motion as a result of their
combined geometries. Therefore, the
design and analysis of a linkage re-
quire visualization of positions and
placements of its various component
devices, and being a mechanical
system, it requires analysis of the
movements of the linkage '"bodies' and
evaluation of the entire system for
proper operation and functioning.

The design of a linkage involves many
calculations which are very lengthy
when performed manually.

By using a graphic display de-
vice, the designer may request a rep-
resentation of the linkage to be
displayed on the display screen, view
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the linkage from any orientation, ex-
ercise a linkage, and request results
of position computation to be dis-
played on the screen. Should modi-
fications to the design be desired,
the user can alter the linkage data
base directly on-line at the CRT and
evaluate the new design immediately.
Kinematic analysis of mech-
anical linkages is one engineering
application for which computer-aided
design techniques provide consider-
ably more powerful methods of linkage
design than other modes of operation.
The approach taken in implementing
the design capabilities specified
above has fully utilized all of the
available features of interactive

graphics.

MECHANICAL LINKAGE DESIGN SYSTEM

The linkage program which has
been developed is specifically in-
tended to serve as a computer design
aid in the position analysis of mech-
anical linkages. The program is a
graphical interactive system employ-
ing an IBM 2250. Features of the IBM
2250 include a cathode-ray-tube,
graphical display capability, pro-
grammable function keys, an alpha-
numeric keyboard, and a light pen.
The user communicates with the cen=-
tral processor of an IBM 360 by send-
ing interpretable interrupts from
the IBM 2250. A schematic drawing of
the program's architecture is given
in Figure 1. The control program de-
cides which segments of the system
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should currently be processed. The
primary segments of the system in-
clude a language processor (for build-
ing the data structure representing
the linkage), a position analysis
module (for computation of displace-
ments of linkage bodies due to input
displacement), and a display pro-
cessor (for creating display images
and outputting to a display device).

GENERAL SOLUTION FOR POSITION
ANALYSIS

Because of many variations of
complex linkages, it is impractical
to develop unique solution procedures
for each possible linkage. The pro-
blem of position solution of linkages
may be defined in terms of a general
system, A characteristic of a
general system is that a general al-
gorithmic method is defined for han-
dling any particular input case.

It has been found that the
position solution problem of linkages
can be simplified to a step-by-step
solution of each integral part of the
whole linkage. According to the
physical concepts of linkages, a
given input at one end of the linkage
will cause a predictable output at
another end of the linkage. By
solving for the positions of the
given input links to the linkage, the
input positions of the next links in
sequence may be determined by knowing
how those links are constrained to
move within the linkage. Each link
of the linkage is solved from the in-
formation supplied by its surrounding
links. The problem of a complex
linkage can, therefore, be reduced to
the problem of solving individual
"loops" of a series of links connected
to one another. This basic "loop"
concept has been previously identified
in IBM's Kinematic Analysis Method
(KAM) (1,2). The analytical position
solution approach employed in that
system was that its "loops'" could be
mathematically reduced to a series of
simultaneous equations which could be
uniquely solved. The "loops", in
effect, describe the flows of motion
through the linkage. This method of
solution has given rise to the de-
finition of a linkage in terms of the
"loops" of the linkage, where a
"loop" is defined as a series of con-
straints of motion.

By limiting the types of loops
and types of constraints which are
commonly encountered in practical de-
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sign applications, it was determined
that a generalized step-by-step
solution algorithm could be develop-
ed. It was also determined that any
meaningful system for linkage design
ought to include the following types
of constraints. (In its precise de-
finition a constraint refers to a
reduction of the degrees of freedom
of a linkage pair or joint. However,
in this system "constraint" has been
used in some instances to refer to
the physical pair itself. Although
the terms are not truly interchange-
able, it is felt that its meaning
will be readily understandable by the
context in which it appears.) These
constraints are: pin (rotation in a
plane), pivot (ball joint), roller on
a flat surface, piston in a cylinder,
cam with ball follower, and gear

(and rack) (Figures 2-8).

By considering only physically
workable linkages, it has been deter-
mined that in general, all linkages
can be broken down into loops of
several basic categories. In this
paper, the term "loop'" has been ex-
tended beyond itscommon usage in
kinematic literature to mean a series
of constraints and attached links,
regardless of closure of the loop,
for which the positions of one or
more of the constraints are uniquely
determinable from the positions and
geometries of the remaining con-
straints and links of the loop. The
word "loop'" has been preserved be-
cause it is employed as the basic
element in the position solution al-
gorithm which is similar to its usage
in the algorithm described in the KAM
system, However, whereas a loop in
the KAM system was solved by a vector
algebra approach for a set of vector
equations which each loop could be
reduced to, a loop in this system is
solved by calculating geometrical in-
tersections involving planes, circles,
spheres, and lines inherently defined
by the linkage configurations., In
the present system configuration,
three simple "loop" types have been
required for the analysis of a wide
class of linkages. These loops are
directly solvable by methods of
analytical geometry. One loop is
made up of a pin, roller on a flat,
and a pin (Figure 9). 1Its position
is determined by solving for the in-
tersection of a circle and a plane.

A second loop contains a pin (or
pivot) and a piston in a cylinder
(Figure 10). This loop is solved by
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using the intersection of a circle
(or sphere) and a straight line.

The third loop involves a pin, pin
(or pivot), and pin (or pivot)
(Figure 11) and its solution involves
the intersection of a circle and
sphere.

There are certain complex loops
which cannot be classified according
to the types described above.
Peculiar to these loops is the fact
that there does not exist a simple
analytical geometry solution for the
calculation of their positions but
they can be solved by an iterative
technique to converge to the correct
result, Mathematical methods have
been developed to facilitate the
solution of these loops. A partic-
ular instance of this type loop is
defined by the series of constraints
roller on a flat, roller on a flat,
pin, piston in a cylinder (Figure 12).
In the illustration, A is the position
of the pin, B is the position of one
roller, and C is the position of the
second roller. The positions of both
flat surfaces are known. It is re-
quired to find the positions of A, B
and C. By taking an initial guess
for A, the position of B (dependent
on the choice for A) may be determined
from the requirement that the roller
must be in contact with the flat sur-
face at B. (All positions of A lie
on line parallel to the axis of the
cylinder.) The position of C is then

ROLLER/FLAT
[

determinable by its known relative
positions to A and B. The distance
from this position of C to the flat
surface is calculated. A "Secant/
False Position" Method is used until
the distance from the roller at C to
the flat at C converges within a
prescribed tolerance.

The general method of position
solution which has been developed may
be referred to as a "stick" solution,
It is called a "stick" solution be-
cause the linkages involved may be
modeled from a set of ''sticks". The
"sticks'" are straight line segments
between the center points of the con-
straints. The analysis of the link-
age has been done without considera-
tion to the surfaces of the con-
straints. Pins, pivots, and rollers
are considered as point centers of
zero radius, To detect possible in-
terferences between the actual bodies
of the linkage once the position has
been determined by the "stick" solu-
tion, the display scope is used. A
line drawing of the linkage is dis-
played on the screen. In addition to
lines defining the "sticks", the
user may define lines to represent
the contours of the bodies (or links)
of the linkage. By manipulating the
display to view the linkage from
different orientations, the user can
visually determine if interferences
occur,

Figure 12.
(Roller/Flat-Roller/Flat-Pin-Piston/Cylinder)
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A basic concept used in the
position solution algorithm is that
of a "body". A "body" is a set of 3
or more points fixed relative to each
other. Throughout the solution
process, whenever a point has been
determined, a check is made to find
out if 3 noncollinear points have
been solved for the body containing
the particular point. If 3 such
points are found, all remaining
points of the body are solved for be-
cause of their constant relation-
ship to the "known'" points.

The position solution algorithm
that is used in this system is based
on the approach described in the KAM
system but with several modifications
in addition to the different method
of loop solution discussed earlier.
The position solution algorithm is a
search and solve procedure driven by
a list of constraints whose positions
have been determined. Initially, a
list of input constraints, those con-
straints whose positions are deter-
minable from the given input motion
to the linkage is created. Also in-
cluded in this list are all con-
straints which are fixed to some ex-
ternal mounting or frame (which, in-
cidentally defines the reference
system of the linkage). For each con-
straint on the list, each loop re-
ferencing this constraint is investi-
gated to see if there is enough in-
formation at the current stage in the
search procedure by which to solve
the loop. 1If a loop is solved, all
the constraints of the loop are in-
serted at the end of the list of the
constraints (if they do not already
exist on the list). As each con-
straint becomes known (its position
is solved), both bodies containing
this constraint are searched (for 3
noncollinear known points) in an
effort to fix the positions of the
bodies. When a body's position is
determined, the coordinates of all
points on the body are calculated and
all constraints involving this body
are inserted on the list of con-
straints. Control passes back to pro-
cessing the next constraint on the
list. 1If at the end of the list any
constraint's position has been deter-
mined as a result of the search down
the 1list, the process is repeated
from the beginning of the list,.
Otherwise, the solution procedure for
the position of the linkage is com-
pleted. The linkage has been deter-
mined as much as possible and appro-
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priate messages are printed out if
any unknown positions exist,

GRAPHICAL DISPLAY INTERFACE

The graphical interface re-
presents the entire range of options
available to the user of the system
during any session at the display
scope. The program provides the
following major capabilities: de-
finition of a linkage, display link-
age, manipulate linkage display, and
exercise linkage.

The user defines a linkage by
means of linkage modelling statements
which may be punched on cards and
entered by a batch run or typed in
from the CRT keyboard. The statements
contain the logical information ne-
cessary to describe a model of the
linkage to the computer. A linkage
is defined by bodies (links), con-
straints, loops, bodylines, points
and initial positioning statements.
Bodies define the sets of points
which remain fixed relative to each
other, Constraints describe the
physical connections between two
bodies or links, Loops define the
ordered sets of constraints required
for the position analysis and initial
placement of the linkage's bodies and
constraints, Bodylines describe the
line segments to be displayed on the
bodies of the linkage. Different
priority lines may be defined per-
mitting different levels of complex
displays for the linkage. The
simplest pictures might correspond to
"stick" diagrams. Point statements
define the coordinate values of points
of the linkage. The coordinates are
defined within the reference systems
of the bodies they lie on. Initial
positioning statements define the co-
ordinates of points within the hous-
ing reference system which represent
the inputs to the linkage. 1In
addition, approximate position state-
ments are used to resolve ambiguous
solutions when loops are solved for
the first time. The ambiguity is re-
solved by choosing the solution
closest to the coordinate values of
the point determined by the approxi-
mate position statement,

The modelling statements for both
batch run and CRT entry contain the
same data in slightly different for-
mats, The advantage of the CRT mode
is that the user is informed immedi-
ately of any errors in syntax and
logical content that he may have made



for each statement as he enters it.
The disadvantage of the CRT mode
rather than batch is that it becomes
tedious and very time consuming for
large cases involving hundreds of
modelling statements. An example of
the input for a linkage containing
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0ARB12 AB13
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6AA3 0.7300 2.5000 0,5800
6AAL 0.7300 2.,5000 11,7800
6AAS 3.4800 2.0000 11,7800
6AAL 3.4800 1.0000 1.7800
6AAT 3,4800 1,0000 0,.5800
678 0.,0000 0.00600 -0,6000
6AH9 0.,0000 0.0000 0,.,6000
6ARL0 ~1.3200 0.0000 0,0000
6AB11 -1.3200 0.3300 0,0000
6AB12 =1,5000 0.3300 0.1800
6AB13 -1.1400 0.3300 0,1800
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6AC17 0,0000 0,0000 -0.6000
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6AC19 =1.5600 0.0000 10,0000
6AC20 =1.5600 00,2500 0.0000
6AC21 =1,7400 0.2500 -0,1800
bAC22 =1.,3800 0.2500 ~0,1800
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6AD2Y 040000 0.0000 -0,6000
6AD29 0.0000 0.0000 0.6000
6AES0 0.0000 1.,0000 0.0000
6AESL 0.0000 0.0000 0,0000
6AES2 0,0000 0.0000 =1,2060
6AE33 0.0000 0.0000 -1,2000
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0 Apl2 245000 1.0000 1436
0 AB13 2.8600 1.0000 1.36
7 BC AD 1.

0 AD23 1.,9200 1.2500 1.18
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the complex loop depicted in Figure 12
is given by the modelling statements
shown in Figure 13. Each statement
has a corresponding integer code
entered in the first two columns by
which the input processor recognizes
it. In the illustration, codes 1,2,

AN2 AR 2. AB8
AB 3. AB11
AC 3. AC20
AAY AD 2. AD28
AC17 AE 2. AE34
AF31 AE32 AA 3. AAS
RC
AR11 ABL2 AB13 AB11
AC20 Ac21 AC22 AC20
AN2S AD26 AD27

Figure 13, Example of Input Modelling Statements
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3,4,5,6,7, and 10 represent linkage,
constraint, loop, body, bodyline,
point, exact position and approximate
position statements, respectively, and
code 0 designates a continuation of
the previous statement. Codes 8 and
9 are used to input rotational and
sliding motions and are presently in-
put only at the CRT keyboard. This
description has been given to provide
the reader with a general idea of how
a linkage is input and for the purpose
of this discussion it is not necessary
to describe the exact formats re-
quired.

Once the linkage model has been
input to the computer, the linkage
may be modified on-line from the CRT

by typing in altered modelling state-
ments, Several linkages may be
stored in the library of linkage
cases within the computer and each
may be analyzed one at a time from
the CRT terminal, The library ca-
pability permits updating and
addition of linkage cases both on-
line and off-line.

The display linkage capability
allows for displaying different com-
plexity pictures of a linkage. To
illustrate this capability, an ex-
ample is given in Figure 14. A de-
tailed display of two particular
bodies connected by a roller on flat
constraint is shown along with a
"stick" diagram of the entire linkage.

3
B ————— s —
B ——————————— 00V

DISPLAY PANE(

MODIFY DISPLAY
MANIPULATE { INKAGE
EXERCISE L INKAGE
POINT-B0DY REFERENCE
TRUE DISTANCE

G D-HNEd POSITIGN

Figure 14,
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This display corresponds to the
initial position (zero displacement)
of the particular linkage. Different
complexity diagrams of particular
bodies may be intermixed throughout
the display. "Stick" diagrams would
most likely be modelled initially con-
taining the minimum number of
functional points. More detailed
pictures would be defined should it

be desirable to visualize approximate
surface definitions of the linkage.
Individual lines or bodies or levels
of priority display may be removed
from the display of any linkage.
line contained in the display of a
linkage may be detected on with the
light pen., Upon detection, the link-
age name, body name, line name, and

Any

Figure 15.
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priority level of display for that
line will be displayed on the screen.
In addition, the names of points and
coordinate values of the points may
be requested to be shown on the
screen. The capability for hard copy
output is also provided. CalComp
plots may be obtained for any link-
age display., A printout listing may
be requested for the coordinate values
of any and all points for any ex-
ercised position of the linkage.

A split screen feature exists to
enable the simultaneous display of a
linkage from two different orienta-
tions. This feature contributes to
the improved visualization of the
linkage as can be seen in Figure 15.
The displayed linkage may be rotated
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by any specified angle about the
horizontal, vertical, diagonal, or
normal axes of the display screen.
Translation of the linkage display
may be done in any amount up, down,
left, right, or in a diagonal dir-
ection., The linkage display may be
magnified by any amount. All mani-
pulation capabilities, rotation,
translation and magnification, may be
applied separately to the left and
right sides, or to both sides to-
gether.

The exercise capability permits
the user to enter input displacements
and request the resultant position of
the linkage to be calculated and dis-
played on the screen. Input motions

may be specified by angular or linear

DrSeay

TANIE AT
et

Figure 16.

displacement of a constraint position
or by actual coordinate positions of
transformed points. To aid in the
visualization of the displacements

of the linkage' components, two
successive positions of a linkage

may be displayed together on the
screen, This feature is considered
desirable because displacements are
readily recognizable when viewed by
comparing superimposed pictures con-
taining only slightly altered
positions. Several examples illus~
trating this feature and showing com-
puter solutions using the mathematical
approach described above for different
linkage configurations are given in
Figures 16 through 18. The figures
show a linkage involving a simple

BOO DO
D=0 .0
R AT

Two Superimposed Exercised Positions of a Linkage with Detailed

View of Roller/Flat Constraint
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roller/flat constraint, a linkage
with a complex loop of the type des-
cribed in Figure 12, and a complex
'""droop reset” linkage containing ten
links and twenty-two constraints.
This third linkage has five inputs
and includes a four-bar loop and
three complex parallel loop types,
one of which requires a double itera-
tion procedure for its position
solution, A sample printout of the
exercised position for the linkage
illustrated in Figure 17 is given in
Figure 19, The coordinates of each
input point on every body have been
printed out in this case. Several
calculations may be performed at the
user's request with the results dis-
played on the screen. These include

the following: calculate linear or
angular displacement of a point or
lever from its previous position,
obtain coordinates of any specified
point in dimensioning system of any
other body, and calculate true dis-
tance between any two points on the
screen.

CONCLUSION

As it currently exists, the
Mechanical Linkage Design System can
be used initially to exercise the
preliminary design of linkages (re-
presented by "stick" diagrams) and to
determine their correct functional
operation, During this phase, the
system would be used to check lever

U
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Figure 17.
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Complex Parallel Loop

409



ratios of the linkage, that is,
lengths of '"sticks'" necessary to meet
the desired requirements, and to
modify the lengths of "sticks" until
a satisfactory operation is obtained.
As the design progresses, body sur-
face definitions (implicitly defined
by '"bodylines") can be added and in-
terferences can be checked out at
gross levels by rotating the linkage
and viewing the linkage from various
directions.

The system does not have a built-
in design synthesis functional ca-
pability. That is, the program cannot
determine which types of constraints
and which series of constraints should
be used to achieve a desired output

from a specified input. The user
must define the particular constraints
and designate (by loops) the correct
sequences of constraints defining the
motion of the linkage. He may then
test the linkage by exercising it to
see if its performance is suitable,
Should changes be necessary in the
design of the linkage, modifications
may be made at the graphics terminal.
Thus, the system provides the tools
by which a trial and error procedure
may be used for designing a linkage.
The Mechanical Linkage Design
System described in this paper fully
utilizes all available interactive
graphics features as a part of a com-
puter-aided design system for linkage

S
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DISPLAY PANEL
DIFy DISELAY
NIPULATE CTNRAGE
ERCTSE L THRAGE
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Figure 18.
constraints are shown.
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Two positions of a complex linkage with ten links and twenty-two
The linkage configuration consists of a

four-bar loop and three complex parallel loops.



POSLTION OF POINTS
OPTICAN 1 CHOSEN - PRINT ALL POINTS OF LINKAGE
LINKAGE ACCPS8F3
PRINTEU CARD OuTPUT
ROTATE BODY AD ABOUT CONSTRAINT BD BY 10. DEGREES
RUTATE B0ODY AB ABOUT COUNSTRAINT BA BY -5. DEGREES
% gk ok e Aotk Aot ok ok ok o o ke ok okl ok o ok o Bk o e o ook e g ol ol ook g ok ok oo o o o e e kb sk ke

BUDY AA

%ok e e eof 3k A ol e 3 ok e ek ok % kool e e e s e o ol sk o e e e ek Rk

Bk B o ok ok ool A ok Rk ook Ao o ok ok ok ok o ok ok

BODY AB

B8ODYLINE LD1 PLEVEL = 1 NUMBER OF PQINTS = 6
POINT X Y A

ABl4 4,0C00 0.6700 1.18C0

ABL1O 2.585C 0.785C 1.1800

ABL1l 2.7138 1.1138 1.180D

ABl12 25345 1.1295 1.3600

ABl13 2.3931 1.C981 1.3600

ABl1l 2.7138 1.1138 1.1800

BODYL INE LD2 PLEVEL = 1 NUMBLER OF POINTS = 2
POINT X Y z

ABS 4.0000 0.6700 0.5800

ABY 4.0000 0.6700 1.7800

3 o od ok ok okt ool e ok ok B o e o g ok ot o e ok A o e ok o e ok e otk ok o ok o o Rk o ol ok o ok ok o ok e ok o ok ko o

BODY AC

BOOYL INE LD PLEVEL = 1 NUMBER OF POINTS = 6
POINT X Y z

AC18 3.4800 Ce9706 1.1800

AC19 l.3458 1.2533 1.1800

AC20 1.9911 1.4992 1.1800

AC21 l1.3141 1.531R8 1.0000

AC22 2.1682 l.4666 1.0000

AC20 1.9911 1.4992 1.1809

BODYL INE LD4 PLEVEL = 1 NUMBER OF POINTS = 2
FOINT X Y 7

ACl6 3.,4800 0.9706 1.7800

AC17 3.4200 0.9706 0.5800

A ok ok ok e e g of 0k SR o R ool kR o ok ek R R 3R o o i kol Rk e o e e e o e o o oo ok e e o

BODY AD

BODYL INE LOS PLEVEL = 1 NUMBER OF POINTS = 5
POINT X Y z

AD23 2.1190 1.4756 1.1800

AD24 20408 1.9188 1.12800

AD25 1.3613 1.7990 1.1800

AD26 l.2224 2.5868 1.1800

AD27 0.7300 2.5000 1.1800

BODYL INE LDS6 PLEVLL = 1 NUMBER OF POINTS = 2
POINT X Y 7

ADZ28 0.7300 25000 05800

AD29 0.7300 2.5000 1.7800

e A A e o Xk ek ok otk e ko ok A sk ok e 3k sk s sk ol o e e sl ke sk e sl e o ofe e o ek e s ol e ol ke o ok ke e fe e ok ol e e e $e e ¥ Kk
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Figure 19.
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Example of Printout for Position of Linkage



Figure 20, Mechanical Linkage, Design Layout
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design. The capabilities of the
system are being expanded to broaden
the types of linkages which can be
analyzed by the position solution al-
gorithm and to investigate the
addition of advanced computer aids.

A hidden line program based on
Loutrel's solution to the hidden line
problem (3) has been developed and is
being tested for its application to
linkage design. 1In addition, the in-
vestigation of a tablet as both an
input device and a digitizer to
facilitate the description of surface
definitions of bodies of the linkage
has been undertaken. A basic ca-
pability incorporating the position
analysis of a linkage with regard to
the forces propagated and the con-
sideration of deflections due to the
elasticity of the linkage components
is also being investigated.

The system's performance has
been evaluated by using it to analyze
several mechanical linkages represen-
tative of a typical linkage system,
An example of a particular subset of
such a linkage is illustrated in the
design layout in Figure 20. Estimates
of the man-hours and computer time re-
quired were made to compare the pre-
vious method of design and drafting
analysis with a method considering an
environment in which the interactive
graphics linkage design system is
fully utilized. Based on the use of
a digitizer to reduce the manual
effort involved in generating the in-
put required by the system, it was
determined that the Mechanical Link-
age Design System would result in a
savings in man-hours of approximately
30%. Deducting the costs due to the
increased computer time, a total cost
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savings of 257 was predicted. Addi-
tional estimates based on anticipated
results after the implementation of
major analytical capabilities, es-
pecially regarding forces and deflec-
tions, indicated an overall savings
in man-hours of 45% and a cost savings
of 35%. These statistics serve to
illustrate the fact that the system
which has been developed is a signif-
icant technological advancement in
the field of computer-aided design
over previous methods of designing
mechanical linkages which relied
heavily on manual drafting operations
for the various check out procedures
of a linkage design.
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