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ABSTRACT

Some didactic issues associated with the computation of
degrees-of-freedom (d.o.f.) are herein discussed. Iniqart
lar, the paper reports different definitions and method@segf
computation of this important parameter. It is also propbs@
analytical approach to the d.o.f. computation of planar fegi
subjected to unilateral constraints. Mechanisms with abié
kinematic structure are included in the present analysism&
ambiguities in the d.o.f. definition are pointed out.

1 Introduction
The concept of degree of freedom (d.o.f.) is of practical
use, but it must be acknowledged that has its own limitatian.
fact, for its computation important simplifying hypothsster
the modeling of the mechanical system under analysis must be
introduced. These hypotheses may cause a significantetiffer
between the model and actual mechanism behavior. For testan
there is large class of mechanisms (denotedwesconstrained
mechanismswhose mobility is due to precise proportions of
their parts, inputlinks, geometric configuration. Moreguader
certain (singular) configurations, due to a sudden d.orfatian,
numerical results of computer programs may be unreliabknwh
precautions are not taken. Finally, joint tolerances tigliig of-
ten play a determinant role in the mechanisms mobility.
Kinematics is the science of constrained motion. Thus, it
is of practical interest to determine how many independent i

*Address all correspondence to this author.

puts must be prescribed in a mechanism in order to obtain-a col
strained motion of all the links.

This type of analysis can be preliminarily carried out by
means of simple formulas requiring only the knowledge of the
number of linksl, the numberj and nature of kinematic pairs.
In particular these formulas are usually obtained sulitrg¢he
number of constraints imposed by the kinematic pairs froen th
degrees-of-freedom of the free moving links. However, tinay
fail to provide the correct answer.

Thus, the training of a mechanical engineer should mak
him/her aware:

of the hypotheses introduced when investigating the mobil
ity of a mechanism or when computing its d.o.f.;

of the theoretical limits of some topological formulas;

of the causes and numerical effects due to the d.o.f. varie
tion;

of some guidelines useful to identify idle or redundantfd;,.o
on how to recognize and identify the critical configuration
of a mechanism,;

on how to compute the d.o.f. of an overconstrained mecha
nism;

In some simple cases the engineer should be trained to cempt
the link proportions that ensure the mechanism mobilityvafre
constrained linkages.

Despite the importance of the topic, standard textbooks o
theory of machines (e.g. [1, 3]) usually dedicate veryditbace
on methodologies for completing the listed tasks.

Copyright (© 2005 by ASME



Table 1. Classification of kinematic pairs according to their d.o.f.

On the contrary, the scientific literature records impdrtan
(Adapted from [22])

monographies (e.g. [4, 5]) entirely dedicated to the topig.(
[4,5]). However, the higly specialized nature of these dbot

1]
tions does not always help to an elementary and didactictafée 8 § 85 ] § Khemettper
introduction to the subject. §‘§ Ltjg £g| Name Form Force
The main purpose of this paper is to report the choices and 5] | £ closure closure
experiences of the authors when teaching this topic at a sec- 5| 3 | 2 |Sphere-plane
ond year mechanical engineering course and call the aitenti
on some contradictory definitions of d.o.f. The authors hibpé 3 | 1 |Sphere-groove
the paper contents may give hints on more effective didagtic 4
proaches to the d.o.f. computation. 2 | 2 |cylinder-plane
Somewhat novel analytical approaches of mobility analysis
for planar figures subjected to unilateral constraints aarthble 3 | 0| Spheric

kinematic structure mechanisms, are also discussed.
Considered the tutorial purpose of this paper, are omitted

those treatments requiring a knowledge outside the comhen t

oretical background of an undegraduate engineering studen

The paper is divided in the following parts: > fllj%tetlgg

Sphere-slotted
3 2 1 cylinder

1 2 Planar

Y@ 0 s dReE
O RN

- Review of some definitions of d.o.f. PR Toric
- Review of frequently used topological formulas and of thei 5

extensions. 1| 1| cylindric
- State the mathematical bases for the matrix d.o.f. aralysi
- Proposal of an analytical method for computing the d.d.f. o ;| 4 | Slotted

mechanisms with variable kinematic structure. cylinder
- Comparison of the effectiveness of different definitions 1| o | Revolute

when the d.o.f. of a mechanism is assessed. 1
- Mobility analysis of planar figures with unilateral con- o | 1| Prismatic

straints.
- Case-studies.
- Conclusions

The following nomenclature is herein adopted: 2 Kinematic structure and kinematic pairs classifica-

tion

- F :degrees-of-freedom of the mechanism (d.o.f.); Through thekinematic structuranalysis are gathered all the
- fi : degrees-of-freedom of th& kinematic pair; essential informations about which link is connected torthe
- | : number of links (frame included); maining links and to the nature of kinematic joints. This is a
- Ling :number of independent circuits; the first step in mechanical systems analysis. For this task t
- j : number of kinematic pairs; correspondence between graphs and mechanisms seems-very
- ji : number of kinematic pairs withdegrees-of-freedom; propriate.

- m : i independent, scalar, displacement variable of mecha-
nisms (associated with the relative displacements at §join

: ) . degrees-of-freedom (see Table 1).
- M total number of independent, scalar, displacement vari-

ables;

- pi : number of kinematic pairs which introducdegrees-of-
constraint; 3 Some definitions of the term degree-of-freedom

- A: (mobility number) degree-of-freedom of space within The mobility analysis requires a correct and complete def
which the mechanism operateg. (=3 for planar and spher- inition of what is meant with the terrdegrees-of-freedorof a
ical space), (=6 spatial space); mechanical system.

- Ai: number of independent, scalar, loop-closure equations The following list of definitions has been compiled from
associated with th&" independent loop. textbooks:

2 Copyright (© 2005 by ASME
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Definition 1 :

“If (dq1,0qp,...,00n) are arbitrary infinitesimal increments of
the coordinates in a dynamical system these will define a pos-
sible displacement if the system is holonomic, while for nion
holonomic systems a certain number, sayf equations must

be satisfied between them in order that they may correspaad to
possible displacement. The numijer- m) is called thenumber

of degrees of freedoof the system.” ( [2], p.34)

Definition 2 :

“The number of degrees of freedom of a system is the number of
independent variables that must be specified to define coafyple
the condition of the system. In the case of kinematic chéiis,
the numbeF of independent pair variables needed to completely
define the relative positions of all links.” ( [6], p.133)

Definition 3 :

“By degrees of freedom we mean the number of independent
inputs required to determine the position of all links of thech-
anism with respect to ground.” ([3], p. 16)

Definition 4 :

“Griibler was the first to study the relationship betweenrtioe Figure 1. Some critical configurations of the slider-crank mechanism

bility of a plane four-bar linkage and the degrees of freed@dm

the individual members and joints. The degrees of freedom in  hjice ofM, one can always calculate from equation (1) (for

plane kinematic chain can be found by adding the number of de- e associated discrete particle model).” ( [7], p.265)266
grees of freedom for the links in the mechanism taken seglgirat  pefinition 6 -

and then subtracting the degrees of freedom lost as thedirks

...the number of parameters needed to specify the configarat
assgr_n-bled." ([9], p.103) of a mechanism, in terms of the number of links and joints anc
Definition 5 : _ o _ _ the freedom of movement allowed at each joint. This number i
“In general, there will beN explicit equations of constraint as- e degree of freedoror mobility of the mechanism. Changing
sociated with a given system; they may be expressed in the for e yalues of these parameters changes the configuratiom of t
mechanism. Thus, if we view the set of all configurationslavai
F (W d2,....0m,t) =0 (i=12...,N) 1) able to the mechanism as a manifold in a higher dimensionz
space, then the mobility of the mechanism is the dimension o
Lagrangian coordinates may be chosen in a wide variety oéway  this manifold. ([10], p.67)
However, for holonomic systems the minimum number of such We can divide the mobility criteria of a mechanism into two
variables needed to define the position of every particlhén t  categories:
system ispy definition thedegree of freedom F--- When we
use more Lagrangian variables than the minimum required for
complete set, we say we are using redundant coordinates. For
each redundant coordinate introduced, there exists onleiéxp  Mobility criteria based on mechanism topology allow to cartep
equation of constraint.-- If M Lagrangian variables are cho-  the mobility depending solely on the number of links, joiatsi
sen for a system with a maximum @findependent equations  joints type.
of constraints among them, it is possible, in principle, done The analytical criteria require a more sophisticated ap-

puteC of the coordinates from a knowledge of the otfidr— C) proach, often based on calculus and geometry.
coordinates. Accordingly, the system has

- topological;
- analytical.

F=M-C (2) 4 A review of some topological formulas for comput-
ing the degrees of freedom
degrees of freedom. If there is any doubt about the number of i Due to space limitations, only the formulas that are betieve

dependeritexplicit constraint equations associated with a given to be most useful for didactic purposes are herein mentioned

Gribler formula (1883)

1 _— . . The Grubler formula is likely one of the oldest relation for
A more formal determination of the number of independentaéqns of

constraint is given by the rank of the Jacobian matrix forrfrech Egs. (1).

3 Copyright (© 2005 by ASME



computing the degrees of freedom of a linkage, although
Grubler himself recognized in his writings that both Cheby
shev (1869) and Sylvester (1874) were aware of equivalent
relations.

F=3(1-1)-2j1—j2. 3
The formula is valid for planar mechanisms only.
Somov-Malyshev formula (1923)
F=6(-1)—5ps—4ps—3ps—2p2—p1 - 4)

In this form, the formula is valid for spatial mechanisms.
Interesting variations of (4) to accommodate redundant con
straints mechanisms are discussed by Ruzinov [18].
Kutzbach formula (1933)

F:)\(I—j—l)+ifi. (5)

The formula can be applied both to planar and spatial mech-
anisms by choosing properly the valuexof

Sometime in a mechanism there are degrees-of-freedom
which do not have any effect on the mathematical relation-
ship between input and output links. These are caltiiésl

or passivedegrees of freedom. For example, a binary link
connected to adjacent spherical joints (S-S) can rotagdyfre
about the axis through the centers of the spheres. However,
such movement has not influence on the motion of the re-
maining links.

Let C represent cylindrical paifs, plane pair,R, revolute

pair andS spherical pair. The Table 2 summarizes some
cases of binary links whose motion can be associated with
passive d.o.f.

Kutzbach’s formula can be modified as follows [19]

Fx(ljl)fp+ifi, 6)

wherefy are the passive d.o.f. in the mechanism. Passive
d.o.f. may appear also in spatial mechanisms such as the
RSSR mechanism.

Buchsbaum-Freudenstein (1970)

This formula is valid for gear drive mechanisms [12] only.
Substituting in (5) [8]

Lind:jflﬁle
je = Lind ,

(7)
(8)

Table 2. Binary links and passive d.o.f.

Adjacent Passive d.o.f.

kinematic pairs

SS Rotation about the axes
through the centers of spheres.

SC Rotation about the axis of the cylindric
pair through the center &

SE Rotation about the axis to E
through the center &.

EE Translation along an axis parallel to the
axis common to botk planes.
There are 3 passive d.o.f. when the planes
are parallel (1 rotation and 2 translations.)

one obtains

F=jr—lc, 9)
wherejr andjg are the number of geared and revolute pairs,
respectively.

Freudenstein-Alizade (1975)

The value of is computed as a difference between the num-
ber of independent scalar displacement variables and inde
pendent scalar closure equations:

F-ymo 3

In order to simplify the application of (10) three partiaula
cases can be considered:

(10)

1. Displacement variables are in 1:1 correspondence witl
kinematic pairs d.o.f.
The following equality hold:

2. The number of independent scalar loops is the sam
for each mechanism circuit.
The following equality hold:

(11)

)\i :)\ (I :1525"';Lind) (12)

Copyright (© 2005 by ASME



3. Previous conditions hold simultaneously.
The equation (10) can be rewritten as follows

j
F=Y fi—ALind.
5"

Considered (7), from (13), one obtains (5).

(13)

5 Matrix method of d.o.f. analysis

Let us consider a finite number of generalized coordi-
nategyx (k=1,---,n), which define the positions of all the links
of a mechanism, and lgv the number of independent equa-
tions that can be established between the infinitesimatranis
(801,302, -+ , 80ln).

Then, according to Whittaker [2], the mobility of a mechan-
ical system is obtained from

F=n-p. (14)
This expression requires the computatiorpof
If the set of equations
W1(Ge, G2, ,0n) =0
W2 (q1, G2+ Gn) =0 (15)

Um (1, G2,---,0n) =0

can be established between the coordingtethen the following
theorem hold [14}

Theorem. Given m compatible functions; (j =1, 2,---,m) of
any number n of variablesygk=1, 2, --- | n), if the rank of
the Jacobian matrix is r, then there are-ar relations (and not
more) between thgy; which do not involve the.g

As a corollary, if the functions are independemng( r = m)
there exists not any relation between them.

The theorem just stated supply us a criterion for testing the

existence of functions of the type

F(l‘lJla l-IJZa"'7l-|Jm):O' (16)

involving they's only and not they's.

2The tight connection between the d.o.f. definition of E.T.ittdker and the
following theorems is also by witnessed by the fact that theitidker himself
recommended the complete translation of the Italian teXt bévi-Civita Lezioni
di calcolo differenziale assolutd4].

Once the absence of relations of the type (16) has been a
certained, one can proceed to the computatiop of
For this purpose let us partitidthe vector{q} in

1. dependentoordinates

W={viy2- ym}',

2. independentoordinates

b ={x1x2 X }T )

The theorem of existence of implicit functions states that 16]

Theorem. Let Y1, Wo,---,Pm denote real single-valued com-
patible functions of a finite number of variabl@s, d2, - ,qn).
If the following conditions hold simultaneously

-
1, {q<o>} _ {X<10> NCINCOIV IV yr(g)} is a solu-
tion of the system of equations

l'lJl q:(|_0)7 q(ZO)a e aql('IO)

0 0 0
l.lJZ qj(l_)v q(z)aaqr('l) =0

’ 17
qu (q:(I_O)a q(20)7 e 7q$10)) =0 ;

2. theys, Yo, -+, Py and all their first partial derivatives are
continuous over a neighborhoe{dq“” };
3. the determinant of the Jacobian

0 gy oYy
%o

J(M) — doy1 9y» O0ym (18)
y17~~-,ym Cee e e e
oy1 0y 0Ym

is different than zero;
then the (15), within a neighborhood of{q(m} define
(Y1, Y2, ,Ym) a@s single-valued functions @f1, x2,--- ,Xg).

If the conditions mentioned by the previously stated theore
are all satisfied, then

p=m, (19a)

3At the beginning the value df is conjectured. The subsequent analysis is
aimed to verify the conjecture.
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Transition interval

Y

Figure 2. Approximation to Heaviside step function when X = Xg

else,

p=r, (19b)

when (18) has rank Although its reliability is higher than for-
mulas based on topology, at the textbook level, this apfrbas
been rarely reported [7, 17].

The matrix approach can evidence how geometry, link posi-
tions, and input link affect the degree of freedom of a medmn

Since the criterion discussed in this section requiresihk e
uation of constraint equations derivatives, the conchusian the
d.o.f. value are limited to a given configuration and limited
infinitesimal displacements.

The configurations of a mechanism without a full rank of the
Jacobian are namaeditical. If rank deficiency is maintained for
a finite range of movement, then the critical form is gaélma-
nent otherwisdnstantaneous

6 Degrees of freedom analysis of variable kinematic
structure and intermittent motion mechanisms

In this section it is hinted the use of logical functions for
d.o.f. computation of mechanisms with variable kinematiecs
ture or intermittent motion. We assume that the matrix meiko
adopted.

Logical functions are an useful mathematical tool for medel
ing the kinematics and the dynamics of intermittent andalde
kinematic structure mechanisms. For our purposes, theroccu
rence of discontinuities of kinematic structure can betéady
introducingad hoclogic conditions that regulate the type and the
number of kinematic constraints that must be taken into@aaico
Let L(x) be a continuous function

038

0,6

04] 8
02 4
0 - o
1 2 3 4 5 X 6 ) 2 2 6 IVEEL
a) b)

Figure 3. Plots of L(X) and L' (X) when Xa = 3,n=3,& = 10?2

0 x<0
2n+1 >~
LX) :} |x| M w2 B % e
2 |X|2n+1+ % |X* 8|2n+17 (X* 8)2n+1} 1 x>
(20)

wheree > 0 is the amplitude of th&ansition interval(see Fig-
ure 2) from one state to another ands chosen so as to assure
continuity of any derivative, of ordet, which will be true if

2n+1>d. (22)
Equation (20) approximates the ideal Heaviside step fancti
H(x)

H(x) (22)

_JO sex<O
)1 sex>0.

The first and second derivatives of (20) give an approximaifo
thed Dirac’s and doublet functions, respectively. The step func
tion at absciss& = x; is obtained substituting in (20x — x) at

X. Several investigations confirmed the reliability and aacy

of dynamic analysis results through the use of logical fiomst

7 Case studies
The double slider-crank
By means of the theorem on the existence of implicit functjon
one can find the dimensions of the linkage which ensure a perm:
nent critical form of the mechanism. Alternatively, one izl
both dimensions and configuration for an instantaneousaiit
form.

The loop constraint equations for this mechanism are

r1cosb; +rp1c00; — S3
r1SinBy +ro1sinB,
r1cosf; —ropcoso,
r1SinB1 —rossinB; — 4

{W}= (23)

Copyright (© 2005 by ASME



Figure 4. Double slider-crank in &) permanent and b) instantaneous crit-
ical form

The determinant of the Jacobian matrix is

Wi, Wo, W3, Wy

= 25Sin0, coP1 4 r»1SiN6B; coH7
01,02,53,%4

(24)
This will be always zero whemp, = rp1 and0; + 6, = 21t It
must be observed that (24) is fulfiled when the normals to the
trajectory paths of pointsl, B andC simultaneously converge in
only one pointP (center of instantaneous rotation). The coupler
will have an instantaneous mobility. Applying Euler-Savar

|J|=\

equation, one conclude that the mobility can be up to second

order infinitesimal displacements whaivl = POMZ/M’M.

Mobility of a figure subjected to unilateral constraints

An interesting problem is the assessment of the degree of con
straint of a planar figure. The problem received a graphialts
tion by Reuleaux [13,17]. The matrix method for computing th
d.o.f. is herein applied. Without loss of generality, letassume
that the planar figure:

- is an ellipse with

XM =acost  yv =bsim, (25)

as parametric equation;
- has initially three points of tangency with straight lines

Our purpose is to investigate the slopag my and mg of the
three straight lines which fully constrain the ellipse.

The coordinatesy; , ym, of tangency points are located solv-
ing the equations

b
tant; = “am (26)

w.r.t. T (i = 1,2,3) and making use of (25).

A moving Cartesian system is attached to the ellipse. The
origin (Xo, Yo) is in the center of ellipse and the moving axes are
directed as shown in Figure 7 and initially aligned with fixeees
(i.e.0=0).

The absolute coordinates of the tangency points are

Xm; = Xo =+ Xwm; 0SB — Y, Sind

YMi :YO+YMi Sine—f—yMi cosd (' =12, 3)

(27)

When the points on the figure are initially in contact with the
straight lines, any infinitesimal displacement of the figomest
satisfy the following kinematic conditions:

()
where {n} = {ny ny } is the versor of the normal to thé’
straight line oriented toward the inside of the figure. Theadq
ity sign holds when thé" contact point is required to maintain

contact with the straight line.
In matrix notation, eq. (28) can be rewritten as follows

X
Vi

nxi

Ny; (28)

}20,G=LZ$

N, Ny, (Ny,8C0ST1 — Ny, bsinTy) OXo
Ny, Ny, (Ny,&COST2 — Ny,bsIiNT?) oYo p > {0} (29)
Nyz Ny, (Ny,@C0OST3 — Ny, bSiNT3) o0

When the above linear inequalities system does not haveeany f
sible solution, then the figure is fully constrained.

A noteworthy case is when equalities apply and the coeffi-
cient matrix of (29) does not have a full rank. From the appli-
cation of theorem of existence of implicit functions we deelu
that the figure may have an infinitesimal displacement. Tégc
is depicted in Figure 7 a) where the slopes of the straiglkeslin
arem, =1, mp = —1 andmg = 0. The normals to the velocities
of M1, M2 and M3 simultaneously converge in only one point
(center of instantaneous rotation).
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Figure 5. The Yale pin tumbler lock mechanism [21].

In the case depicted in Figure 7 b), (29) has the following
solution

X <0, (30a)
M <0, (30b)
gzzsxo - gavo < 76921915880 (30c)
gzaxo + gavo < —.76921915880 (30d)

A geometric interpretation of the result obtained is shown i
Figure 7. The feasible area of a center of instantaneousawnta
of the figure is within the grey area and only c.c.w. rotations
are admittedi(e.56 > 0). In particular, the last two equations of
egs. (30) are the equations of the dotted straight linesigiriv,
andMs,. This result is consistent with the graphical construcion
described by Reuleaux.

The Yale type lock mechanism
The cylinder lock, shown in Figure 5, has five pins which are cu
through. When the proper key is inserted in the lock these cut
all line up allowing the cylinder to be rotated and the loclbto
opened.

A simplified planar model of this mechanism is shown in
Figure 7 The kinematics of this mechanism can be described by

8

A

I

means of the following constraint equations

[1-Li(s—ro)] (8~
[1—Li(s—ro)](s—p(t))
Li(s—ro)(8—a(t))
Li(s—ro)(s—%0)

(W)= (31)

where logic functions are used. The first two constraintsalid
when the cylinder is not allowed to rotate.

8 Discussion
The d.o.f. definitions and computation criteria reviewed in
this paper can be divided in two broad categories:

1. those based only on kinematic structure analysis;
2. those based on analytical criteria.

Due to their simplicity, the first type is always discussed an
cluded under various algebraic forms in textbooks. Thersgco
type is less frequently reported.

Although the approaches for computing the d.o.f. are base
on different simplifying hypotheses, it should be acknaiged
that there are significant differences in tiefinitionsof d.o.f.
herein reviewed. These affect the d.o.f. estimate.

For example, in the slider-crank shown in Figure 1, only one
variable is required to specify the relative positions ofiaks or
to determine theipositionsw.r.t. the ground link. Thus, accord-
ing to Definitions 2, 3 and 4, this linkage hias= 1 d.o.f.

However, since the slider-crank is in critical configurago
(see Figure 1), from Definitions 1 or 5, one would concludé tha
the mechanism has instantaneously 2 two d.o.f. In fact, for
a given infinitesimal displacement of the input link, timéini-
tesimal displacementsf the remaining links are not uniquely
defined.

This ambiguity follows directly from the different defini-
tions of d.o.f. and not from simplifying hypotheses.

REFERENCES
[1] Shigley, J.E., Uicker, J.J., 198Theory of Machines and
MechanismsMcGraw-Hill Book Company.

Copyright (© 2005 by ASME



[2] Whittaker, E.T., 1937A Treatise on the Analytical Dynam-
ics of Particles and Rigid Bodie€Cambridge University
Press, Fourth Edition.

[3] Sandor, G.N., Erdman, A.G., 198Advanced Mechanism
Design vol.l and Il Prentice-Hall Inc..

[4] Reshetov, L., 1982Self-aligning Mechanismsviir Pub-
lishers.

[5] Phillips, J., 1984Freedom in MachineryCambridge Uni-
versity Press, vol.l and Il.

[6] Hartenberg, R.S., Denavit, J., 196dnematic Synthesis of
Linkages McGraw-Hill.

[7] Paul, B., 1979Kinematics and Dynamics of Planar Ma-
chinery, Prentice-Hall.

[8] Paul, B., 1960, A Unified Criterion for the Degree of Con-
straint of Plane Kinematic ChainSME Journal of Ap-
plied Mechanicsvol.27, pp.196-200.

[9] Suh, C.H., Radcliffe, C.W., 197&inematics and Mecha-
nism DesignJohn Wiley and Sons.

[10] McCarthy, J.M., 1990)ntroduction to Theoretical Kine-
matics The MIT Press.

[11] Freudenstein, F., Alizade, R., 1975, On the Degree eéFr
dom of Mechanisms with Variable General Constraing-
ceedings Fourth World Congress on the Theory of Machines
and Mechanismd\New Castle Upun Tyne, vol.l, pp.51-56.

[12] Freudenstein, F., Buchsbaum, F., 1970, Synthesis io¢Ki
matic Structure of Geared Kinematic Chains and other
MechanismsJournal of Mechanismwol.5, pp.357-392.

[13] Reuleaux, F., 1876The Kinematics of Machinenpover
Publications, Inc., New York, p.98. (Reprint by Dover Pub-
lications, 1977)

[14] Levi-Civita, T., 1926,The Absolute Differential Calculus
Blackie and Son Ltd, (Reprint by Dover Publications, 1977)

[15] Freudenstein, F., 1962, On the Variety of Motions Gener
ated by Mechanism&SME Journal of Engineering for In-
dustry, B4 Series B, pp.156-160.

[16] Litvin, F.L., 1980, Application of Implicit Function Bstem
Existence for Analysis and Synthesis of Linkagégcha-
nism and Machine Theoryol.15, pp.115-125.

[17] Di Benedetto, A., Pennestri, E., 199Btroduction to
Mechanism Kinemati¢casa Editrice Ambrosiana, vol. I.
(in Italian)

[18] Ruzinov, L.D., 1968Pesign of Mechanisms by Geometric
TransformationsLondon lliffe Books Ltd.

[19] Tsai, L.W., 2001,Mechanism Design: Enumeration of
Kinematic Structure According to FunctipBRC Press.

[20] Soylemez, E., Logical Functional Design and Optirtiza
of Mechanisms and Mechanical Systems, Doctoral Disser-
tation, Columbia University, 1974.

[21] Web site http://www.yalelock.com

[22] Soni, A.H.,Mechanisms Synthesis and Analy$falabar,
FL: Krieger Publishing, 1986. Reprint of 1974 edition.

Copyright (© 2005 by ASME


https://www.researchgate.net/publication/239538229

