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This paper deals with the solutions of the problem of the shaking force and sha
moment balancing of planar mechanisms by different methods based on the genera
the movements of counterweights. Some special cases are examined, such as ba
methods based on the copying properties of pantograph systems that carry the co
weights (formed by gears or by toothed-belt transmissions). The pantograph syste
ecutes a movement exactly opposite to the movement of the total center of the m
link masses. Such a solution provides the conditions for dynamic balancing with a
tively small increase of the total mass of the movable links. The methods are illustrat
many examples.@DOI: 10.1115/1.1829067#
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1 Introduction
In high-speed machines, mass balancing of the moving li

brings about a reduction of the variable dynamic loads on
frame and, as a result, a reduction of vibrations. This consider
minimizes the noise, wear and fatigue characteristics of machi
and improves their performance. Many high-speed machines
tain planar mechanisms and the problem of their mass balanci
of continuing interest to machine designers. Different approac
and solutions have been developed and documented@1# but, de-
spite its long history, mechanism balancing theory continues
develop and new approaches and solutions are constantly b
reported.

A review of the balancing methods based on the differ
movements of the counterweights is presented later. Prev
work on this problem may be arranged in the following grou
~Table 1!.

Balancing by counterweights mounted on the movable link
the mechanism. The balancing methods based on the redistribut
of mass of the mechanism by adding counterweights to links
well known2. Some schemes for such balancing are shown
Table 1. In the case of complete shaking force balancing
approach is generally limited to simple mechanisms having o
revolute joints. In particular, it is difficult to apply to mechanism
with a slider because the conditions for complete shaking fo
balancing bring about a serious increase in the total mass o
balanced mechanism.

Harmonic balancing by two counter-rotating masses. These so-
lutions are based on harmonic analysis. The reduction of ine
effects is primarily accomplished by the balancing of certain h
monics of the shaking forces and shaking moments. Unbalan
forces and moments are approximated by Fourier series~or
Gaussian least-square formulation! and then each frequency com
ponent is studied. This solution has found wide application a
may be accomplished by attaching balancing elements to
crank ~Table 1!.

1Retired.
2More information about these methods can be found in Ref.@1#.
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This approach has been used successfully for engine balan
@11,12#. For example the balancing shafts~Fig. 1! are used for
balancing the second harmonic of the shaking force of an in-
four-cylinder engine.

Tsai and Walter@13# have suggested balancing the second h
monic of shaking force and shaking moment by using an Oldha
coupling balancer. The advantage of such an approach is tha
balancer mechanism turns with the same velocity as the in
unbalanced system.

Balancing by opposite movements~Table 1!. The addition of an
axially symmetric duplicate mechanism to any given mechan
will make the new combined center of mass stationary~Fig. 2!
and thus balances the shaking force. This approach involves b
ing self-balanced mechanical systems, in which two identi
mechanisms execute similar but opposite movements. In this
the shaking force is cancelled together with the shaking mom
@15#. A partial balancing is also possible by this approach. F
example, in the in-line four-cylinder engine only the first ha
monic of the shaking forces is balanced and the second harm
is eliminated by the previous approach.

Kamenski@18# first used the cam mechanism for balancing
linkages. In his work the reduction of inertia forces was p
formed by means of a cam carrying a counterweight and it w
shown how cam-driven masses may be used to keep the
center of mass of a mechanism stationary.

Balancing by added dyads~Table 1!. The parallelogram loop
consisting of the initial links of the mechanism and the add
dyad transfers the motion of the coupler link to a shaft on
frame, where it is connected to a counterweight of considera
reduced mass@15#.

In Ref. @5#, Shchepetilnikov suggested minimizing the imba
ance of the inertia force moment by transferring the rotation a
of the counterweight mounted on the input crank. In his work
first harmonic of the shaking moment is eliminated by attach
the required input link counterweight, not to the input shaft itse
but to one suitably offset that rotates with the same angular
locity. This approach is original in that, while maintaining th
static balance of the mechanism, it is possible to create an a
tional balancing moment, thereby reducing the shaking mom
This approach was developed in Refs.@20#, @21#, where the con-
ditions for balancing are formulated by the minimization of t
root-mean-square value of the shaking moment.

the
d
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Partial balancing may be achieved by the generation of an
proximate straight-line movement of a counterweight mounted
the added dyad@22,23#.

Among several works may be distinguished also the study
Hilpert @25# in which a pantograph mechanism is used for t
displacement of the counterweight. The symbiosis of this
proach and balancing by added dyads allows the developmen
new method. The aim of this approach is to balance the me
nism by using the copying properties of the pantograph form
from the links of the initial mechanism and added links. The p
tograph carries a counterweight that achieves the condition ne
sary for shaking force and shaking moment balancing. This
proach may be easily applied to the balancing of multib
mechanisms since many complex mechanical systems are b
on the simple four bar linkage.

Some applications of such a balancing method are now ex
ined.

2 Shaking Force and Shaking Moment Balancing of
Slider-Crank Mechanisms Based on the Copying Prop-
erties of the Pantograph

2.1 Complete Shaking Force and Partial Shaking Moment
Balancing of Off-Set Slider Crank Mechanisms

2.1.1 Shaking Force Balancing Using the Copying Propert
of the Pantograph. Figure 3 shows an off-set slider-cran
mechanism with a toothed-belt transmission. The two gearsG8
andG9) are carried on the crank 1. The gearG8 is connected to
the coupler link 2 and gearG9 is connected to the counterweigh
4. This system may be called a pantograph transmission beca
has the same characteristics as a pantograph.

The principle of the shaking force balancing is as follows.
selecting, for constructional reasons, the magnification facto
the pantograph ask5 l OA / l OC and by static substitution of the
massm2 of the coupler by point massesmA and mB , we deter-
mine the mass of the counterweight 4

Fig. 1 Balancing shaft arrangement for an in-line four-cylinder
engine

Fig. 2 Self-balanced slider-crank system †19‡
Journal of Mechanical Design
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m45k~m2l AS2
/ l AB1m3! (1)

wherem2 and m3 are the masses of the coupler link 2 and t
slider 3,l AS2

is the distance of the joint centerA from the center of
massS2 of the coupler link andl AB is the distance between th
centers of jointsA andB. ~A similar notation is used throughou
this paper.!

Thus, the center of mass of counterweight 4 executes a mo
that is similar but opposite to the motion of slider 3. This allow
balancing of the slider mass by a counterweight with a sim
translating motion. The advantage of this balancing scheme is
there is no additional sliding~prismatic! pair for realization of the
translation motion and the increase in the total mass of mova
links is relatively small.

After the cancellation of the inertia forces of slider 3, the b
ancing of crank 1, taking into account the massm2(1
2 l AS2

/ l AB) of coupler link 2, presents no difficulty and can b
carried out by a counterweight connected to the crank with a st
moment given by

mCW1
r CW1

5~m1l OS1
1m2l OA~12 l AS2

/ l AB!! (2)

wheremCW1
is the mass of the counterweight,r CW1

is the distance
of the joint centerO from the center of massSCW1

of the coun-
terweight, andm1 is the mass of the crank 1.

Thus, the shaking force balancing of the slider-crank mec
nism is achieved.

2.1.2 Partial Shaking Moment Balancing.After this redistri-
bution of mass and assuming that the crank has a constant
angular velocity, the moment of the inertia forces will be rep
sented by the following expression

M int52~ I S2
1I S4

2m2l AS2
l BS2

!~ ẅ2!262j~ ẍB!~m2l AS2
/ l AB1m3!

(3)

whereI S2
is the moment of inertia of the coupler link 2,I S4

is the
moment of inertia of counterweight 4,ẅ2 is the angular accelera
tion of the coupler link 2,j is the eccentricity of slider guides, an
ẍB is the linear acceleration of the slider 3.

It should be noted that the productm2l AS2
l BS2

must be added
because of the static substitution of the coupler mass by p
masses.

The shaking momentM int may be balanced by a counterweig
on crank 1. By a parallel displacement of the axis of rotation
this counterweight ~see Fig. 3! from center O to center
O* (x* ,y* ), the balancing of the shaking force of the slider-cra
mechanism will be maintained but a supplementary momen
produced@5#

M* 5mCWr CW~ ẇ1!2~x* sinw12y* cosw1! (4)

wherew1 andẇ1 are the angle of rotation and the angular veloc
of crank 1, respectively.

Fig. 3 Complete shaking force and partial shaking moment
balancing
MARCH 2005, Vol. 127 Õ 335
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The balancing of the shaking momentM int by this supplemen-
tary moment may be achieved by using the approximation met
@20,21# based on the minimization of the root-mean-square~rms!
value

rms5A(
i 51

N

~Mi
int1Mi* !2/N (5)

where N is the number of calculated positions of the slide
mechanism in one cycle.

For the minimization of the rms, it is necessary to minimize t
sum

D5(
i 51

N

~Mi
int1Mi* !2→ min

x* ,y*
(6)

For this purpose, we shall impose the conditions

]D/]x* 50 and ]D/]y* 50 (7)

from which we obtain

mCWr CW~ ẇ1!2S y* (
i 51

N

cos2~w1! i2x* (
i 51

N

sin~w1! i cos~w1! i D
5(

i 51

N

Mi
int cos~w1! i (8)

mCWr CW~ ẇ1!2S x* (
i 51

N

sin2~w1! i2y* (
i 51

N

sin~w1! i cos~w1! i D
52(

i 51

N

Mi
int sin~w1! i (9)

From these expressions and taking into account the cond
( i 51

N sin(w1)i cos(w1)i50 for wP@0;2p#, we determine the coordi
nates of the rotation axisO*

x* 52(
i 51

N

Mi
int sin~w1! iY mCWr CW~ ẇ1!2(

i 51

N

sin2~w1! i

(10)

y* 5(
i 51

N

Mi
int cos~w1! iY mCWr CW~ ẇ1!2(

i 51

N

cos2~w1! i

(11)

Numerical example. Table 2 shows the shaking force and sh
ing moment variations of a slider-crank mechanism with init
parameters: ẅ1520.94 s21 ~200 rev/min!, l OA50.2 m, l AB

50.3 m, m152 kg, m252.2 kg, m354.5 kg, I S2
50.02 kg m2.

The individual graphs are for the following states of slide
crank mechanisms: unbalanced, shaking force balanced, and
ing moment minimization of fully force balanced by the sugges
method (x* 520.01 m, y* 520.22 m).

2.2 Complete Shaking Force and Shaking Moment Bal-
ancing of In-Line Slider-Crank Mechanisms

2.2.1 Shaking Force Balancing Using the Copying Propert
of the Pantograph. Figure 4 shows an in-line slider-cran
mechanism with gear transmissions. The three gears (G28 , G49 ,
andGO) are carried on crank 1. The gearG28 is connected to the
coupler link 2 and meshes with gearGO mounted on the rotation
axis of the crank 1. The gearG49 is connected to counterweight
and also meshes with gearGO . The resulting mechanism is
pantograph system with well-known copying properties.

The principle of the shaking force balancing is as follows.
selecting, the magnification factor of the pantograph ask51
336 Õ Vol. 127, MARCH 2005
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( l OA5 l OC , r 285r 49) and by static substitution of the massm2 of
the coupler by point massesmA and mB , we determine the pa-
rameters of the counterweight 4

l CS4
5~m2l AS2

1m3l AB!/~m21m3! (12)

m45m2l BS2
/~ l CD2 l CS4

! (13)

wherel CS4
is the distance of the joint centerC from the center of

massS4 of counterweight 4,m4 is the mass of counterweight 4
andl BS2

5 l AB2 l AS2
; l CD5 l AB ~sincek51). Thus, complete shak

ing force balancing is achieved by means of counterweight 4
the resulting mechanism is a self-balanced force system.

2.2.2 Complete Shaking Moment Balancing.After this redis-
tribution of mass and assuming that the crank has a constant i
angular velocity, the shaking moment will be given by the follow
ing expression

M int52~ I S2
1I S4

2m2l AS2
l BS2

!~ ẅ2!2 (14)

which may be balanced by the moment of inertia of gearGO
taking into account the conditionẅO52uẅ2 , where u is the
transmission ratio of the gear train@3#.

3 Complete Shaking Force and Shaking Moment Bal-
ancing of the Four-Bar Linkage Based on the Copying
Properties of the Pantograph

The four-bar linkage is a common element in high-speed m
chines. The methods for balancing@1# can be arranged into thre
classes: Complete shaking force balancing@6,18,25#; Complete
shaking force and shaking moment balancing@26–31#; Optimum
shaking force and shaking moment balancing@32,33#.

The principal schemes for complete shaking force balancing
four-bar linkages are presented in Fig. 53. In Fig. 5~a! shaking
force balancing is achieved by two counterweights connecte
crank 2 and to rocker 4@6#. An alternative method that is les
frequently applied is shown in Fig. 5~b! @6#.

The parallelogram structure has been successfully applied
shaking force balancing of the four-bar linkage@Fig. 5~c!# @24#.
The parallelogram loop ABEF transfers the motion of a coup
link to a shaft on the frame where two counterweights balance
masses of the moving links and the resultant force transmitte
the frame is zero.

Figure 5~d! shows the balancing of a four-bar linkage by mea
of a pantograph mechanism which copies the motion of the t
mass center of the four-bar linkage and balances the shaking f
@25#.

Let us consider a solution to the problem of complete shak
force and shaking moment balancing of four-bar linkages ba
on the copying properties of the pantograph. This approach

3In Fig. 5 the self-balanced scheme using two opposed four-bar linkages@18# is
not included.

Fig. 4 Complete shaking force and shaking moment balancing
Transactions of the ASME
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been used previously@15,27# and in the first part of the presen
paper for the balancing of slider-crank mechanisms. Here i
applied for the balancing of four-bar linkages.

The difference between the method developed by Hilpert@25#
and the present suggested solution lies in the manner of the
mation of the pantograph system. In Hilpert’s method@Fig. 5~d!#
the pantograph is separated from the four-bar linkage and fo
an independent unit allowing only shaking forces to be balanc
In the present solution, however, the pantograph is compose
an additional dyad and the existing links of the four-bar linkag
This solution is simpler in design and easily applicable. Furth
more, it permits not only complete force balancing but also
complete shaking moment balancing. It will now be examined
detail.

3.1 Complete Shaking Force Balancing. Figure 6~a!
shows a four-bar linkage ABCD and an articulation dyad EF
connected to it. This dyad forms a pantograph with the links of
initial mechanism.

The conditions for balancing this system are determined as
lows. By static substitution of massesm2 , m4 , andm5 by point
masses at the centers A and B, C and D, E and F, we obta
mechanical system model in which there are only two conc
trated masses

Fig. 6 Shaking force balancing based on the copying proper-
ties of the pantograph
Design
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M5m2l AS2
/ l AB1m31m4l DS4

/ l CD1m5l FS5
/ l EF

(15)
and M* 5m5l ES5

/ l EF1m6

wheremi ( i 52, . . . ,6) are the masses of the corresponding link
Such a mechanical model will be balanced if the values of th

masses are determined from the equationM /M* 5k, where k
5 l AG / l AB is the magnification coefficient of the pantograph.

Thus, for prescribed parameters of links 2–5, the parameter
link 6 which ensure the conditions for complete shaking for
balancing are the following

m65M /k2m5l ES5
/ l EF

(16)
and l FS6

5~m2l AS2
l BC / l AB1m4l DS4

l BE / l CD

1m3l BS3
1M* l FG!/m6

The balancing of a four-bar linkage with an asymmetrical co
pler is shown in Fig. 6~b!. In this case the disposition of the poin
E is changed because the center of mass of the coupler 3 is n
the line BC and as a consequence the concentrated mass M d
mined by the expression~15! is also not on the line BC.

The application of a pantograph with parallel links is comp
cated if in the mechanical system there are links that rotate c
pletely about their axes. In such a case it is more reasonab
apply another type of pantograph system. Figure 6~c! shows a
four-bar linkage with a toothed-belt transmission as a poss
solution. The two gears~38 and 68! are located on the crank 2. Th
gear 38 is connected to the coupler link 3 and gear 68 is connected
to counterweight 6. This system has the same properties as
pantograph mechanism shown in Fig. 6~a!.

3.2 Complete Shaking Force and Shaking Moment Bal-
ancing. The principal schemes for complete shaking force a
shaking moment balancing of four-bar linkages are presente
Fig. 7 Principal schemes for complete shaking force and shaking moment
balancing of four-bar linkages
MARCH 2005, Vol. 127 Õ 337
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Fig. 74. In Berkof’s approach@29# @Fig. 7~a!# the mass of the
connecting coupler 3 is substituted dynamically by concentra
masses located at joints B and C. Thus, the dynamic model o
coupler represents a weightless link with two concentra
masses. This allows for the transformation of the problem of fo
bar linkage dynamic balancing~shaking force and shaking mo
ment! into a problem of balancing rotating links carrying conce
trated masses.

The parallelogram structure@Fig. 7~b!# has also been applie
for complete shaking force and shaking moment balancing
four-bar linkages@24#.

Ye and Smith@26#, Feng@30#, and Berestov@31# @Figs. 7~c! and
7~d!# have proposed methods for complete shaking force
shaking moment balancing by counterweights with planetary g
trains. Esat and Bahai@34# @Fig. 7~e!# used a toothed-belt trans
mission to rotate counterweights 5 and 6 intended for shak
force balancing which also allowed shaking moment balancin

Another approach applied by Kochev@28# @Fig. 7~f!# was to
balance shaking moment~in the force balanced mechanism! by a
prescribed input speed fluctuation achieved by noncircular g
or by a microprocessor speed-controlled motor.

In practice all the known methods for complete shaking fo
and shaking moment balancing of four-bar linkages face ser
technical problems. The schemes presented in Figs. 7~a!–7~d!
have a common disadvantage which is the connection of gea
the rocker. The resulting oscillations of the rocker create con
erable noise unless expensive antibacklash gears are used.
in high-speed systems it is inadvisable to use gears connect
oscillating links. In the solution presented in Fig. 7~e!, this prob-
lem is solved partially by the use of toothed-belt transmission
the oscillations still cause serious technical problems. The me
of active balancing@Fig. 7~f!# always presents great engineerin
difficulty requiring the development of a special type of drive
generator to achieve the prescribed input speed fluctuation.

Later is discussed the complete shaking force and shaking
ment balancing of four-bar linkages based on the copying pro
ties of the pantograph. Such a solution is applicable to high-sp
machinery.

Figure 8~a! represents the suggested balancing scheme.
balancing conditions will be determined from the following co
siderations. With the dynamic substitution@27,29# of the massm4
of the rocker 4 by two concentrated massesmC andmD located at
the centers of joints C and D, we obtain a dynamic model of
rocker that represents a weightless link with two point masses.
that it is sufficient to connect a counterweight to the rocker
Then, by using the copying properties of the pantograph, we
ance the shaking force. In this case the pantograph system is
posed in the following manner. The three gears~38, 5, and 68! are
mounted on crank 2. The gear 38 is connected to coupler link 3
and it meshes with gear 5 mounted on the rotation axis of cran
The gear 68 is connected to the counterweight 6 and also mes
with gear 5. The resulting mechanical system is a pantograph
well-known copying properties. We shall not deal with the sha
ing force balancing of this system as it is similar to the preced
case~see balancing scheme of Fig. 8!.

Using this redistribution of mass and assuming that crank 2
a constant input angular velocity, the shaking moment of
force-balanced mechanism may be represented by the expres
M int5( i 53

6 Ki ẅ i @29#, whereKi ( i 53, . . . ,6) are thecoefficients
depending only on the mass distribution of the corresponding
and ẅ i ( i 53, . . . ,6) are theangular accelerations of the corre
sponding links.

In this case, the rocker 4 represents a weightless link with
point massesmC and mD . The first concentrated massmD is
stationary and the second concentrated massmC may be consid-

4The schemes presented in Fig. 7 are simplified by assuming that the input s
is constant. Thus, the gears for shaking moment balancing of the input cran
eliminated.
338 Õ Vol. 127, MARCH 2005
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ered as a point mass located on the coupler 3. Thus, the sha
moment may be balanced by the moment of inertia of gea
taking into account the conditionẅ55uẅ3 (ẅ35ẅ6), whereu is
the transmission ratio of the gear train@26#.

Figure 8~b! represents one version of a practical design for
suggested balancing scheme. It should be noted that for the ro
which is in rod form, it is enough to extend it by a lengthl CD/2.
This extension allows the accurate dynamic substitution of
rocker mass by two concentrated masses located at the centr
joints C and D.

4 Conclusions
This paper presents a review of the shaking force and sha

moment balancing methods based on the generation of diffe
movements of counterweights. The balancing of different mec
nisms is demonstrated using the pantograph copying proper
The advantage of such a balancing method is to achieve the
ditions of complete shaking force and shaking moment balanc
of the mechanism with a relatively small increase of the total m
of the movable links. In the case of four-bar linkage balancing,
dynamic substitution of the rocker mass by two concentra
masses is used. The principal advantage of such a balan
method is the elimination of balancing gears connected to
rocker. Oscillating gears driven by the rocker can cause ser
vibration of the mechanism and shock loading between the te
In the proposed solution, however, the gears driven by the cou
suffer no such sudden reversals so that this problem is alm
eliminated and a favorable reduction in shock and vibration
achieved. This very important practical aspect makes possible
application of this balancing approach without serious techn
problems. It should be noted that the proposed solution for co
plete shaking force and shaking moment balancing of four-
linkage has been patented@35#.
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Fig. 8 Suggested balancing scheme
Transactions of the ASME
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et Pratique Auto., Paris,1, pp. 25–30.

@13# Tsai, L. W., and Walter, R., 1984, ‘‘Evaluation of the Oldham-Coupling Ty
Balancer on a 2.5 Liter In-Line Four-Cylinder Engine,’’ SEA paper 84045
SEA International Congress and Exposition, Detroit, MI.

@14# Davies, T. H., 1968, ‘‘The Kinematics and Design of Linkages, Balanc
Mechanisms and Machines,’’ Machine Design Eng.,40, pp. 40–51.

@15# Arakelian, V., 1998, ‘‘Equilibrage Dynamique Complet des Me´canismes,’’
Mech. Mach. Theory,33~4!, pp. 425–436.

@16# Turbin, B. I., Koropetz, A. A., and Koropetz, Z. A., 1978, ‘‘The Possibility o
the Shaking Force Balancing in the System With Oscillating Links,’’ Mec
Mach. Theory,7, pp. 87–90.

@17# Koropetz, A. A., 1979, ‘‘Shaking Force and Shaking Moment Balancing of
Mechanisms of Machines for the Scouring Grain,’’ Moscow, Ed. NTVIM,13,
pp. 62–71.

@18# Kamenski, V. A., 1968, ‘‘On the Question of the Balancing of Plane Lin
ages,’’ J. Mech.,3~4!, pp. 303–322.
Journal of Mechanical Design

nloaded 23 Jul 2009 to 193.52.94.5. Redistribution subject to ASME lice
e

.

,’’

s

46.
ha-

he

er-
-

e
6,

ng

f
h.

he

k-

@19# Filonov, I. P., and Petrikovetz, I. P., 1987, ‘‘Balancing Device of Lever Mech
nisms,’’ Patent SU1296762, 1987-03-15.

@20# Arakelian, V., and Dahan, M., 2001, ‘‘Partial Shaking Moment Balancing
Fully Shaking Force Balanced Linkages,’’ Mech. Mach. Theory,36~11–12!,
pp. 1241–1252.

@21# Arakelian, V., Dahan, M., and Smith, M. R., 2001, ‘‘Complete Shaking For
and Partial Shaking Moment Balancing of Planar Four-Bar Linkages,’’
Multibody Syst. Dyn.,215~K!, pp. 31–34.

@22# Frolov, K. V., 1987,Theory of Mechanisms and Machines, Vishaya shkola,
Moscow, p. 496.

@23# Doronin, V. I., and Pospelov, A. I., 1991, ‘‘Balanced Slider-Crank Mech
nism,’’ Patent SU1627769, 1991-02-15.

@24# Bagci, C., 1982, ‘‘Complete Shaking Force and Shaking Moment Balancin
Link Mechanisms Using Balancing Idler Loops,’’ Trans. ASME,104,
pp. 482–493.

@25# Hilpert, H., 1968, ‘‘Weight Balancing of Precision Mechanical Instruments,’’
Mech.,3~4!, pp. 289–302.

@26# Ye, Z., and Smith, M. R., 1994, ‘‘Complete Balancing of Planar Linkages
an Equivalence Method,’’ Mech. Mach. Theory,29~5!, pp. 701–712.

@27# Arakelian, V. H., and Smith, M. R., 1999, ‘‘Complete Shaking Force a
Shaking Moment Balancing of Linkages,’’ Mech. Mach. Theory,34~8!, pp.
1141–1153.

@28# Kochev, I. S., 1992, ‘‘Active Balancing of the Frame Shaking Moment in Hi
Speed Planar Machines,’’ Mech. Mach. Theory,27~1!, pp. 53–58.

@29# Berkof, R. S., 1973, ‘‘Complete Force and Moment Balancing of Inline Fo
Bar Linkages,’’ Mech. Mach. Theory,8~3!, pp. 397–410.

@30# Feng, G., 1991, ‘‘Complete Shaking Force and Shaking Moment Balancin
17 Types of Eight-Bar Linkages Only With Revolute Pairs,’’ Mech. Mac
Theory,26~2!, pp. 197–206.

@31# Berestov, L. V., 1977, ‘‘Comparative Analysis of the Reactions in the Kin
matic Pairs of the Four-Bar Linkages for the Different Balancing Method
Mekhanika Machin, Nauka, Moscow, pp. 61–70.

@32# Berkof, R. S., and Lowen, G. G., 1971, ‘‘Theory of Shaking Moment Optim
zation of Force-Balanced Four-Bar Linkages,’’ ASME J. Eng. Ind.,93B, pp.
53–60.

@33# Wiederrich, J. L., and Roth, B., 1976, ‘‘Momentum Balancing of Four-B
Linkages,’’ Trans. ASME,98B~4!, pp. 1289–1295.

@34# Esat, I., and Bahai, H., 1999, ‘‘A Theory of Complete Force and Mome
Balancing of Planar Linkage Mechanisms,’’ Mech. Mach. Theory,34~6!, pp.
903–922.

@35# Arakelian, V., and Dahan, M., Patent FR2817008, 24 May, 2002.
MARCH 2005, Vol. 127 Õ 339

nse or copyright; see http://www.asme.org/terms/Terms_Use.cfm


