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Abstract
This paper deals with the problem of optimum balancing of 
planar 3-RRR parallel robots for fast manipulation. It is known 
that in fast robots shaking forces on the frame vary greatly during 
a cycle of operation. Such forces can cause vibrations having 
various negative impacts. Several balancing techniques have 
been developed to solve this problem in planar 3-RRR parallel 
robots. However, it is known that the manipulators after complete 
shaking force balancing become very heavy, which leads to the 
significant increase of input torques and dynamic loads in the 
joints. This is why in the present study an analytically tractable 
solution for optimum shaking force balancing of planar 3-RRR 
parallel manipulators is proposed. The proposed balancing has 
been carried out by only three counterweights mounted on the 
input links and having constant masses but adjustable locations. 
The efficiency of the suggested solution has been illustrated via a 
numerical simulations carried out by using ADAMS software.

Keywords: Optimum balancing, Shaking force, Parallel 
manipulator, Adaptive counterweight system.

Introduction 

A fast robot with unbalance shaking force/moment transmits 
substantial vibration to the frame. Thus, a primary objective of 
the balancing is to cancel or reduce the variable dynamic loads 
transmitted to the frame and surrounding structures. Hence, the 
balancing problems are of continued interest to researchers and 
various design concepts for balancing of robot manipulators are 
available in the literature [1-6].

The review of methods devoted to the shaking force balancing of 
manipulators has shown that the following principal subgroups 
can be distinguished.

i) Shaking force balancing by adding counterweights in order to 
keep the total centre of mass of moving links stationary. In the 
case of open-chain manipulators, it is necessary to start from the 
outermost link and add a counterweight to it to bring the center 
of mass of this link on the immediately preceding joint axis. 
Such a balancing process must be repeated sequentially until 
the center of mass of the whole chain is fixed of the base pivot 

[4,7-9]. With regard to the parallel manipulators, the approach is 
the same: adding counterweights to keep the total centre of mass 
of moving links stationary [10,11].

ii) Shaking force balancing by adding auxiliary structures. 
Different approaches have developed in order to keep the total 
centre of mass of moving links stationary by adding auxiliary 
structures. 

In Agrawal & Fattah [8,12,13], the parallelograms were used as 
auxiliary structures in order to create the balanced manipulators. 
As is shown in Fattah & Agrawal [12], the three scaled lengths 
are added to form parallelograms and are then used to identify 
the center of mass. For the 3-link mechanism, the system 
consists of parallelograms in two layers: the first layer has two 
parallelograms while the second layer has one. As is mentioned 
in the cited paper, this procedure can be extended to n links.

The pantograph has also been used in order to balance the 
shaking force. Different solutions were proposed for shaking 
force and shaking moment balancing of Delta robot by adding 
a pantograph to each leg or by adding a pantograph connected 
with the center of mass localized by using the parallelograms 
[14,15].

iii) Shaking force balancing by elastic components. These studies 
are focused on optimum force balancing of a five-bar parallel 
manipulator by a combination of a proper distribution of link 
masses with springs connected to the driving links [16,17]. 
The force balancing is formulated as a numerical optimization 
problem in such a way that the root-mean-square values of 
bearing and spring forces are minimized. 

iv) Shaking force balancing by adjustment of kinematic 
parameters. These studies deal with the synthesis of the balanced 
five-bar mechanism via changing the geometric and kinematic 
parameters of the mechanical structure [18,19]. The shaking 
force balancing leads to the conditions which are traditionally 
satisfied by the redistribution of moving masses. In the mentioned 
studies, the mass of the link is considered unchanged and the 
length and the mass center of the links are determined in order 
to carry out the shaking force balancing. Thus, a new kinematic 
chain is obtained which is fully force balanced. This approach was 
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also applied on the design of a spatial three-degree-of-freedom 
parallel manipulator [20].

v) Shaking force minimization via centre of mass acceleration 
control. In Briot & Arakelian [21,22] a resourceful solution was 
developed, which is based on the optimal control of the robot 
centre of masses. The aim of the suggested method consists in 
the fact that the manipulator is controlled not by applying end 
effector trajectories but by planning the displacements of the 
total mass centre of moving links. The trajectories of the total 
mass centre of moving links are defined as straight lines and are 
parameterized with “bang-bang” motion profiles. Such a control 
approach allows the reduction of the maximal value of the centre 
of mass acceleration and, consequently, leads to the reduction in 
the shaking force.

In the present paper an optimum shaking force balancing of 
planar 3-RRR parallel manipulators by means of an adaptive 
counterweight system is discussed. The proposed balancing is 
carried out by only three counterweights mounted on the input 
links and having constant masses but adjustable locations.

Optimum Shaking Force Balancing of Planar 3-RRR 
Parallel Manipulators
The moving platform of a planar 3-RRR parallel manipulator 

is connected to its legs by three revolute joints ( ) 1,2,3kP k =  
(Figure1). Each leg comprises two links connected by revolute 

joints kA  ( ) 1,2,3k =  and they are mounted on the frame by 

revolute joints kO ( ) 1,2,3k = . The input parameters of such a 

manipulator are defined by the joint angles kq ( ) 1,2,3k =  of 
each leg and the output parameters by the pose of the moving 
platform, i.e. its orientation f  and position of one point of the 
moving platform, by example, the centre of mass of the moving 
platform ( x , y ).

Let us consider the complete shaking force balancing of the planar 
3-RRR parallel manipulator. For this purpose it is necessary to 
add counterweights in order to change the mass redistribution. 
The traditional way to balance the shaking forces of the planar 
3-RRR parallel manipulator is to add seven counterweights 
(Figure 2), which leads to the uniform redistribution of masses 
in the manipulator [4]. 

Please note that all axes of revolute joints are parallel, i.e. this is a 
mechanism in which all points of the links describe paths located 
in parallel planes.

The complete shaking force balancing is based on the following 
consideration. The first counterweight added on the platform 
permits to substitute the mass of the moving platform by three 

equivalent point masses located at the points ( ) 1,2,3kP k = of legs. 
Then, each leg of the manipulator can be balanced independently 
by two counterweights. After such a redistribution of masses, 
all moving masses of the manipulator can be replaced by three 
fixed masses located at the axis of the fixed joints kO ( 1,2,3).k =  
Thus, the centre of mass of the manipulator remains motionless 
for any motion of links and hence, the manipulator transmits no 
inertia loads to its base [23]. However, the added masses lead 
to significant incising of the moving masses and as a result, to 
incising of the input torques and the dynamic loads in the joints. 
Therefore, in the present study a partial balancing approach is 
proposed. It is carried out by only three counterweights having 
constant masses but adjustable locations.

Let us consider the proposed balancing technique. 

Figure 3 shows the proposed adaptive counterweight system 
for optimum shaking force balancing of planar 3-RRR parallel 
manipulators. 

The shaking force of this manipulator can be written as follows: 
x yF = F + F , where xF  and yF  are the components of the 

shaking force relative to the fixed system of coordinates O1xy 

Figure 1: Planar 3-RRR parallel manipulator

Figure 2: Fully force-balanced planar 3-RRR parallel 
manipulator

Figure 3: Partially force-balanced planar 3-RRR parallel 
manipulator with adaptive counterweight system
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(Figure3). Let CWk CWk CWkS m r=  ( )1,2,3k =  be static moment of 
the counterweight, where CWkm  is the mass of the counterweight 
mounted on the input link of the corresponding leg, and CWkr  is 
the distance of its center of mass from the fixed axes kO . 

The statement of the problem is the following: find such a 
selection of counterweights’ parameters CWiS  for which the 
root-mean-square (RMS) values of the unbalanced force is the 
least, i.e.

2

1

/ min
CWk

N

CW ki i S
i

N
=

→∑ F + F , ( )1,2,3k =                                   (1)

where ( ),x y
i i iF FF  is the shaking force of the manipulator for 

the given trajectory of the gripper, ( ),
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x y
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created by the counterweight and N is the number of calculated 
positions. 

For the minimization of the RMS, it is necessary to minimize 
the sum:
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where 2 cos sinki ki ki ki kia q q q q= +  , 2 sinki ki kib q q= − coski kiq q

, kiq , kiq  and kiq  are, respectively, the angular displacement, 

velocity and acceleration of input link k ( )1,2,3k =  for the given 
position i. 

For minimization of the root-mean-square values of the 
unbalanced force, we shall achieve the conditions: 
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From which we obtain the following system of linear equations:
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Thus, from (5) we determine the static moment of 
counterweights:
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Then, taking into account that the masses of counterweights (

CWkm ) are constant, we determine the locations of counterweights 
( CWkr ).

Let us consider an illustrative example in order to show the 
efficiency the suggested balancing approach. 

Illustrative example and numerical simulations
The geometry and mass distribution parameters of the links are 

listed in Table 1, where 
kOX and 

kOY  are the coordinates of the 

fixed joints  ( 1,2,3)kO k = ; 2 k kk O Al l=  ( 1,2,3)k = are the lengths 

of the links jointed with the frame (see Figure 2); 
iiPAi ll =3  
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( 1,2,3)k = are the lengths of the links jointed with the platform 

(see Figure 2); 
kPx  and 

kPy  are the coordinates of the points 

kP  ( 1,2,3)k =  of the platform; 2km  are the masses of the links 
jointed with the frame; 3km  are the masses of the links jointed 

with the platform; 
22 k kS k O Sr l=  is the distance of the centre of 

mass 2kS  of the link 2k from the joint centre Ok, 33 k kS k A Sr l=  
is the distance of the centre of mass 3kS  of the link 3k  from the 
joint centre Ak .

Table 1: Parameters of the manipulator modeled via ADAMS software 

Parameter
Leg

1 2 3

kOX (m) 0 0.46 0.22

kOY (m) 0 0 0.4

2kl  (m) 0.18 0.18 0.18

3kl  (m) 0.18 0.18 0.18

kPx  (t=0) (m) 0.18 0.28 0.22

kPy  (t=0) (m) 0 0 0.087

2km  (kg) 2 2 2

2S kr  (m) 0.09 0.09 0.09

3km  (kg) 1 1 1

3S kr  (m) 0.09 0.09 0.09

The platform of the examined manipulator is an equilateral 
triangle with a mass of 3kg.

The drivers are given by the expressions [24]: 

( )( )2 sin 2k k ka b t T t Tq p p p= + −

( )1,  2,  3k = , where 3/11 =a , 3/42 =a , 3/103 =a        ,    6/11 =b , 

6/12 −=b , 12/13 =b        , 3.0=T sec. 

Thus, from equations (9) - (11), we determine the static moments of 
counterweights and assuming that 1 2 3 3 ,CW CW CWm m m kg= = =  

we obtain 
1 11 CWCW O Sr l= = 0.1 ,m

2 22 0.09
CWCW O Sr l m= =  and 

3CWr =
3 3CWO Sl =  0.062 .m

The variations of shaking forces before and after balancing are 
given in Figures 4, 5 and 6. 

The obtained results showed that a reduction of 35% of the 
shaking force has been achieved. It can seem that this is not 
significant since a complete shaking force balancing can provide 
a full cancellation of dynamic loads on the frame. 

However, it is important to draw attention to the price that must 
be payed for complete shaking force balancing. 

To balance the same manipulator via full cancellation of the 
shaking force, it is necessary to apply three counterweights 
with masses 31 32 33CW CW CWm m m= = =  3kg (when 

31 32 33 0.09CW CW CWr r r m= = = , see Fig. 2) and then three other 
counterweights with masses 1 2 3   12CW CW CWm m m kg= = =  

Figure 4: Shaking force of the manipulator before balancing  
(solid line) and after balancing (dashed line)

Figure 5: Shaking force along x-axis before balancing (solid line) 
and after balancing (dashed line)

Figure 6: Shaking force along y-axis before balancing (solid 
line) and after balancing (dashed line)

10/3
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(when 1 3 CW CWr r= =  3 0.09CWr m= ). 

Thus, we can note that the total mass of the unbalanced 
manipulator is 12kg and the total mass of a fully balanced 
manipulator is 57kg. The increase in total mass is significant 
which leads to the increase in input torques. 

Let us carry out a comparative analysis between unbalanced, 
partially balanced and fully balanced manipulators (see Figures 
7, 8 and 9). 
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The obtained results showed that in the fully balanced 
manipulator the input torques are almost doubled, while the 

Figure 7: Torque variations of the first actuator for 
unbalanced (dashed line), partially balanced (slim line) 
and fully balanced (solid line) manipulators

Figure 8: Torque variations of the second actuator for 
unbalanced (dashed line), partially balanced (slim line) 
and fully balanced (solid line) manipulators

Figure 9: Torque variations of the third actuator for 
unbalanced (dashed line), partially balanced (slim line) 
and fully balanced (solid line) manipulators

increase of torques in the case of the partial balancing by means 
of the proposed solution is insignificant.

Conclusions
It is known that the manipulators after complete shaking force 
balancing become very heavy, which leads to the significant 
increase of input torques and dynamic loads in the joints. 
Therefore, in the present study, an analytically tractable solution 
for optimum shaking force balancing of planar 3-RRR parallel 
manipulators is proposed. It is carried out by only three 
counterweights mounted on the input links and having constant 
masses but adjustable locations, i.e. only the distances from 
fixed joints of the manipulator are adjustable. The means of the 
adjustment can be various. The technical solutions for variations 
of counterweights’ locations are not examined. This can be a 
pneumatic system with linear displacements, a motorized lead 
screw or another linear driving mode. Obviously, the adding of 
the mechanism for adjustment of counterweights’ locations will 
introduce some corrections taking into account the nature of 
the mechanical architecture. However, the masses of the added 
system can be easily reduced to the counterweights’ masses. 
Then, the minimization of shaking force should be performed 
in the same way. The efficiency of the suggested solution has 
been illustrated via a numerical simulations carried out by 
using ADAMS software. For the examined manipulator the 
reduction of the shaking force was 35%, while the increase of 
the input toques compared to the unbalanced manipulator was 
insignificant. Such a solution can find a wide application in the 
design of fixed-sequence manipulators.

References
1. Arakelian V, Dahan M, Smith M. A historical review of the evolution 

of the theory on balancing of mechanisms. In: Marco Ceccarelli, 
editor. International Symposium on History of Machines and 
Mechanisms - Proceedings HMM2000; 2000; Dordrecht / Boston / 
London: Kluwer Academic Publishers; 2000. p. 291-300.

2. Arakelian V, Smith M. Shaking force and shaking moment 
balancing of mechanisms: an historical review with new examples. 
Transactions of the ASME. J. Mech. Des. 2005; 127(2):334-339. 
doi:10.1115/1.1829067.

3. Arakelian V, Smith M. Erratum: Shaking force and shaking moment 
balancing of mechanisms: an historical review with new examples. 
Transactions of the ASME. J. Mech. Des. 2005; 127(5):1034-1035. 
doi:10.1115/1.1955537. 

4. Arakelian V, Briot S. Balancing of linkages and robot manipulators: 
Advanced methods with illustrative examples. Springer; 2015. 291 
p.

5. Lowen G, Tepper F, Berkof R. Balancing of linkages—an update. 
Mech. Mach. Theory. 1983; 18(3):213–230. doi:10.1016/0094-
114X(83)90092-7.

6. Lowen G, Berkof R. Survey of investigations into the balancing of 
linkages. ASME J. Mech. 1968; 3(4):221–231. doi:10.1016/0022-
2569(68)90001-3.

7. Filaretov VF, Vukobratovic MK. Static balancing and dynamic 
decoupling of the motion of manipulation robots. Mechatronics. 
1993; 3(6):767-783. doi:10.1016/0957-4158(93)90062-7.

8. Agrawal SK, Fattah A. Reactionless space and ground robots: 
novel design and concept studies. Mech. and Mach. Theory. 2004; 
39(1):25-40. doi:10.1016/S0094-114X(03)00102-2.



Citation: Vigen Arakelian, Anush Samsonyan, Narek Arakelyan (2015) Optimum Shaking Force Balancing of Planar 3-RRR Parallel Manipulators by 
means of an Adaptive Counterweight System. J Robot Mech Eng Resr 1(2): 36-41.

J Robot Mech Eng Resr 1(2).                                                                                                                                                                                             Page | 41

9. Bayer A, Merk G, inventor; KUKA Roboter GmbH, assignee. 
Industrial robot with a weight balancing system. EP 2301727. 2011 
Aug 24.

10. Liberté T, Gosselin CM. Static balancing of 3-DOF planar parallel 
mechanisms. IEEE/ASME Trans. on Mechatronics. 1999; 4(4):363-
377. doi: 10.1109/3516.809515.

11. Gosselin CM. Gravity compensation, static balancing and dynamic 
balancing of parallel mechanisms. In: Smart Devices and Machines 
for Advanced Manufacturing. Springer; 2008. p. 27-48.

12. Fattah A, Agrawal SK. Design and modeling of classes of spatial 
reactionless manipulators. Proc. of the Int. Conf. Robot. Autom. 
(ICRA); 2003 September 14-19; Taipei, Taiwan: Robotics and 
Automation; 2003. p. 3225-3230. 

13. Fattah A, Agrawal SK. Design arm simulation of a class of spatial 
reactionless manipulators. Robotica. 2005; 23(1):75-81. doi: 
10.1017/S0263574704000670.

14. Van der Wijk V, Herder JL. Dynamic balancing of Claver’s Delta 
robot. Proc. of the 5th International Workshop on Computational 
Kinematics: Springer; 2009. p. 315-322.

15. Herder JL, Van der Wijk V inventor. Force Balanced Delta Robot. 
patent NL2002839. 2010 Nov 11.

16. Alici G, Shirinzadeh B. Optimum force balancing with mass 
distribution and a single elastic element for a five-bar parallel 
manipulator. Proc. of the Int. Conf. Robot. Autom. (ICRA); 2003 
September 14-19; Taipei, Taiwan: Robotics and Automation; 2003. 
p. 3666-3671.

17. Alici G, Shirinzadeh B. Optimum force balancing of a planar parallel 
manipulator. Journal Mech. Eng. Sciences. 2003; 217(5):515-524. 
doi: 10.1243/095440603765226803.

18. Ouyang PR, Zhang WJ. A novel force balancing method for real-
time control-lable mechanisms. Proc. ASME Design Engineering 
Technical Conferences and Com-puters and Information in 
Engineering Conference; 2002 September 29–October 2; Mont-
real, Canada: 2002.

19. Ouyang PR, Zhang WJ. Force balancing of robotic mechanisms 
based on ad-justment of kinematic parameters. ASME J. Mech. 
Des. 2005; 127(3):433-440. doi:10.1115/1.1864116.

20. Zhang D, Gao F, Hu X, Gao Z. Static balancing and dynamic modelling 
of a three-degree-of-freedom parallel kinematic manipulator. Proc. 
of the Int. Conf. Robot. Autom (ICRA); 2011 May 9-13; Shanghai, 
China: Robotics and Automation; 2011. p. 3211-3217.

21. Briot S, Arakelian V, Sauvestre N, Le Baron JP. Shaking forces 
minimization of high-speed robots via an optimal motion planning. 
Proc. of the 18th CISM-IFToMM Symposium on Robot Design, 
Dynamics and Control; 2010 July 5-7; Udine, Italia.

22. Briot S, Arakelian V, Le Baron JP. Shaking force minimization 
of high-speed robots via centre of mass acceleration control. 
Mech. and Mach. Theory. 2012; 57:1-12. doi:10.1016/j.
mechmachtheory.2012.06.006.

23. Arakelian V, Smith M. Design of planar 3-DOF 3-RRR reactionless 
parallel manipulators. Mechatronics. 2008; 18(10):601-606. 
doi:10.1016/j.mechatronics.2008.05.002.

24. Geike T, McPhee J. Inverse dynamic analysis of parallel manipulators 
with 3 and 6 degrees of freedom. Proc. of the 14th CISM-IFToMM 
symposium; 2002; Italy: Springer Vienna; 2002. p. 49–58.


