
 

 

 
Abstract—Designing manipulation systems where the 

gripper has predetermined initial and final positions is an 

important practical consideration in modern robotics; in 

other words, achieving the objective of moving the payload 

along a  non-imposed trajectory between two given 

positions, with the ability to change these positions 

periodically. One solution to the problem is to create a one-

degree-of-freedom system with adjustable parts. This 

approach is considered optimal in terms of its simplified 

control and minimum energy expenditure. The merit of the 

solution is that manipulation systems of this type with 

cyclic control have only one actuator; the simple design 

and the control system improve the operational reliability 

of the mechanical system while greatly reducing the cost of 

it. The present work proposes a new design concept for a 

planar 5R symmetrical parallel manipulator. The aim of 

the proposed design principle is that the two input links of 

the manipulator are interconnected. The last one is 

determined in such a way that the initial and final 

positions of the gripper are ensured. Thus, the obtained 

mechanical system, having only one actuator, ensures the 

movement of the gripper between predetermined initial 

and final positions. The dynamics of the manipulation 

system, in particular the balancing of shaking force and 

shaking moment to reduce vibration in the frame, are 

considered in addition to the purely kinetic aspects. 

Numerical simulations are used to illustrate the proposed 

design concept.  
Keywords—design, fixed-sequence manipulators, planar 

5R parallel mechanism, shaking force, shaking moment. 

I. INTRODUCTION 
he problem of the synthesis of the manipulation systems 
by the predetermined positions of the gripper can be 

solved by two ways: 1) by creating mechanical systems with 

  

several degrees of freedom allowing precise reproduction of 
different positions of the gripper. In this case, the initial and 
final positions can be modified by the choice of the input 
parameters for each degree of freedom; 2) by synthesis of a 
mechanism with one degree of freedom allowing precise 
reproduction of a limited number of predetermined gripper 
positions. In this case, when modifying the initial and final 
position of the gripper, it is essential to adjust certain 
parameters of the mechanical system. The second method is 
considered to be the most optimum from the point of view of 
simplified control and minimum energy expenditure. It widens 
the field of application of fixed-sequence manipulators and 
permits to use efficiently the theory of geometrical kinematics 
applied to mechanism synthesis. In order to better illustrate 
what has been mentioned, let us consider the fixed-sequence 
manipulation with the Bennett mechanism developed at the 
Institut de Productique de Besançon (Fig.1). Bennett linkage 
(mechanism) is a spatial version of four-bar linkage with 
hinged joints that have their axes angled in a particular way 
that makes the system movable [1], [2]. It performs previously 
set manipulating functions: provides the predetermined 
trajectory of the manipulated object through three 
predetermined positions of the gripper. The choice of three 
positions of the manipulated object is motivated by the fact 
that they correspond to three processing steps: loading of 
blank (i), machine working (ii) and removal of finished        
part (iii). Such gripping movements can be observed quite 
often during automation tasks.  

The merit of this solution resides in that such a manipulating 
system with cyclic control is equipped with one actuator only. 
A simplified design of this type and the control system 
improves the operational reliability of the mechanical system 
and reduces steeply the cost of this latter. 
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Fig. 1. Fixed-sequence manipulator with Bennett mechanism. 

It should be noted also that when designing such 
manipulating system, links with variable parameters are often 
introduced therein [3], thus permitting to reproduce not a 
trajectory but a set of curves. Figure 2 illustrates such a fixed-
sequence manipulator, which works as follows.  

 

Fig. 2. Fixed-sequence manipulator permitting to reproduce a set of 
gripper trajectories. 

When the actuator 2 is running, the crank 8 rotates the 
spherical joint 9. Thus, the spatial mechanism consisting of 
links 4, 5, 10 provides a trajectory of the joint 12 described by 
an accurate reproduction of a limited number of predetermined 
positions or an approximate reproduction of an unlimited 
number of predetermined positions [4], [5]. The gripper 13 by 
means of two parallelogram systems 3 and 7 copies the 
trajectory of the spherical joint center. Using the device 14, the 
axial movement of the shaft with the crank 8 is regulated and 
the different curves are reproduced by the gripper 13. Another 
similar fixed-sequence manipulator has been proposed in [6]. 
The problem relating to precise reproduction of three and four 
positions of the gripper was treated on the example of RRRSR 
spatial mechanism. It was suggested to use approximation 
synthesis methods [4], [5] for the design of spatial fixed-
sequence manipulation systems reproducing the spatial 
trajectories given by N positions of the gripper.  

The present paper proposes a new design concept of fixed-
sequence planar 5R symmetrical parallel manipulators. 

II. STATEMENT OF THE PROBLEM  

Figure 3 is illustrates a kinematic scheme of the planar 5R 
parallel manipulator. The output axis  , ,P x y  which 
corresponds to the axis of the gripper,  is connected to the base 
by two legs, each of which consists of three revolute joints and 
two links. The two legs are connected to a common axis P with 
the common revolute joint at the end of each leg. In each of the 
two legs, the revolute joint connected to the base is actuated. 
Such a manipulator can position the gripper freely in a plane 
xOy .  

 
 

Fig. 3. The planar 5R parallel manipulator. 

In the given planar 5R symmetrical parallel mechanism each 
actuated joint is denoted as iA ( 1,2)i  , the other end of each 

actuated link is denoted as iB ( 1,2)i   and the common joint of 
the two legs is denoted as P , which is also the axis of the 
gripper. A fixed global reference system Oxy  is located at the 

center of 1 2A A  with the y -axis normal to 1 2A A  and the x -axis 

directed along 1 2A A . The lengths of links are denoted as 

1 1 1l A B 2 2A B , 2 1l B P 2B P and 0 1 2l OA OA  . Now 
consider that the links 1 and 2 are connected by means of gears 
1 , 5 and 2 (Fig. 4). Two added gears, 1 , 2 , were attached to 
links 1 and 2, transforming the planar 5R parallel mechanism 
with two degrees of freedom into a mechanism with one degree 
of freedom. The solution to the problem can therefore be 
expressed as: calculation of the gear transmission ratio to 
determine the trajectory between the given initial and final 
positions of the gripper. The gear ratio must be adjusted, of 
course, when the initial and final positions of the gripper are 
changed. 
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Fig. 4. The fixed-sequance planar 5R parallel manipulator. 

However, this study does not cover the technical aspects of 
this kind of regulation. Note that the adjustment system will 
depend on the specific task to be carried out, in accordance with 
the frequency of changes to the prescribed positions of the 
gripper, which may involve continuous or discrete variations of 
the transmission ratio. Since the system will move quite quickly, 
the inertia forces should be balanced to reduce vibrations of the 
frame. 

III. KINEMATIS OF FIXED-SEQUENCE PLANAR 5R _   
SYMMETRICAL PARALLEL MANIPULATORS 

When considering the kinematics of the fixed-sequence 
manipulator, it is assumed that the initial and final positions of 
the gripper are given, i.e. the initial and final positions   and   
of the gripper are known. Thus, if the positions of output axis   
is known, the angles   and   can be obtained as [7]: 

            12tanjk ikz  ,  1,2j  ,   ,k i f                     (1) 

where, 

2 4

2
jk i jk jk jk

jk

jk

b b a c
z

a

  
           (2) 

   
22 2 2

1 1 0 2 0 12k k k ka l y x l l x l l        (3) 

1 14k kb y l   (4) 

   
22 2 2

1 1 0 2 0 12k k k kc l y x l l x l l        (5) 

   
22 2 2

2 1 0 2 0 12k k k ka l y x l l x l l        (6) 

2 1 14k k kb b y l    (7) 

   
22 2 2

2 1 0 2 0 12k k k kc l y x l l x l l        (8) 
 
with 1 1  , 2 1    corresponding to the configuration of 
the manipulator shown in Fig. 3. Then, knowing the input 
angles 1  and 2 , the position of the output axis  ,P x y of 
the manipulator is determined via forward kinematics.  

Consequently, knowing the initial and final values 1 1, i f   

and 2 2, i f  of the angles 1  and 2  , it is easy to determine the 

rotation angle 1  from angles 1i  to 1 f  and the rotation 

angle 2  from angles 2i  to 2 f . Then, it would be necessary 

to adjust the transmission ratio 1 2U    in the fixed-sequence 
manipulator in order to obtain the calculated 1  and 2 . 
Thus, by the rotation of the link 1, the gripper will ensure the 
trajectory between the given initial and final positions: , i ix y  
and , f fx y . It is obvious that when changing the initial and final 

position of the gripper, the transmission ratio 1 2U    must be 
adjusted. However, in this study, the technological aspects of 
such regulation will not be considered. It should be noted that 
this adjustment system will depend on the specific task to be 
solved. It will depend on the frequency of changes in the 
prescribed trajectory of the gripper. It can be with continuous or 
discrete variations of the transmission ratio 1 2U   .  

IV. SHAKING FORCE BALANCING OF FIXED-SEQUENCE 
PLANAR 5R SYMMETRICAL PARALLEL MANIPULATORS 

The issue of shaking force balancing also required 
consideration since the fixed-sequence manipulator proposed 
is intended for regular use in high-speed systems. 

 
Fig. 5. Shaking force balancing of the fixed-sequance planar 5R 

parallel manipulator. 

Various design concepts and methods for shaking force 
balancing of robot manipulators are available in the literature 
[8]. The review of methods devoted to this problem has shown 
that the following main approaches can be distinguished: i) 
shaking force balancing by adding counterweights in order to 
keep the total center of mass of moving links stationary. It 
should be noted that the addition of counterweights leads to an 
increase in the total mass of the manipulator and in its overall 
size. However, it is a simple and reliable solution. ii) Shaking 
force balancing by adding auxiliary structures. Different 
approaches have developed in order to keep the total center of 
mass of moving links stationary by adding auxiliary structures. 
In [9], [10], the parallelograms were used as auxiliary 
structures in order to create the balanced manipulators. The 
pantograph has also been used in order to balance the shaking 
force. Different solutions were proposed for shaking force and 
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shaking moment balancing of Delta robot [11], [12].             
iii) Shaking force balancing via center of mass acceleration 
minimization. In [13]-[15], a resourceful solution was 
developed, which is based on the optimal control of the 
manipuator center of masses. The aim of the suggested method 
consists in the fact that the manipulator is controlled not by 
applying gripper trajectories but by planning the displacements 
of the total mass center of moving links. The trajectories of the 
total mass center 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 center of mass acceleration and, consequently, leads to 
the reduction in the shaking force.  Taking into account the 
structural peculiarity of the planar 5R parallel manipulator and 
the fact that both the shaking force and shaking moment 
require balancing, this was achieved by adding counterweights. 
It was expedient to balance the shaking moment by counter-
rotation since the fixed-sequence planar 5R manipulator 
already had gears to achieve the required movements (Fig. 5).  

The conditions of the shaking force balancing permitting to 
keep the total center of mass of moving links stationary are the 
following: 

                      1 1 3 3 1 1 1CW CW CWm r m m l m r    (9) 

                      2 2 4 4 1 2 2CW CW CWm r m m l m r      (10) 

                                  3 3 3 3CW CWm r m r  (11) 

                                  4 4 4 4CW CWm r m r  (12) 

where, the locations of the links’ centers of mass are denoted as 

1 11 A Sr l
2 22 A Sr l , 

1 33 B Sr l , 
2 44 B Sr l ; the mass of links are 

1m , 2m , 3m , 4m , respectively; the locations of the 
counterweights’ centers of mass are denoted as 

1 11 CWCW A Sr l , 

2 22 CWCW A Sr l , 
1 33 CWCW B Sr l , 

2 44 CWCW B Sr l ; the mass of 
counterweights are 1CWm , 2CWm , 3CWm , 4CWm , respectively. 

Now let us consider the shaking moment balancing of the 
manipulator.  

V. SHAKING MOMENT BALANCING OF FIXED-SEQUENCE 
PLANAR 5R SYMMETRICAL PARALLEL MANIPULATORS  

With regard to the shaking moment balancing of 
manipulators, the following main approaches can be 
distinguished: i) Shaking moment balancing by counter-
rotation. The concept of the shaking moment balancing by 
counter-rotation was studied for the first time for mechanisms 
with one degree of freedom. Then, it was applied to 
manipulators with several degrees of freedom [16]-[19].        
ii) Shaking moment balancing with modules based on 
dynamically balanced four-bar linkages. Such a balancing 
becomes possible thanks to the synthesis of fully balanced 
four-bar linkages. The various structures of manipulators are 

developed by special legs design with modules based on 
dynamically balanced four-bar linkages [20]-[22]. iii) Shaking 
moment balancing by generating optimal trajectories of 
moving links. Different methods have been developed in order 
to use the prescribed movements of the manipulator's links in 
order to reduce or cancel its shaking moment [17], [23]-[25]. 
iv) Shaking moment balancing by adding an inertia flywheel 
rotating with a prescribed angular velocity. Based on the 
property that after balancing the shaking forces, the shaking 
moment applied to the manipulator frame is constant relative 
to any point, it was proposed to balance the shaking moment 
by adding an inertia flywheel rotating with a prescribed 
angular velocity [26].  

Given the fact that the suggested fixes-sequence planar 5R 
manipulator already has gears to ensure the required 
movements, it seems advisable to apply the shaking balancing 
by counter-rotation.  

 
 

Fig. 6. Shaking moment balancing of the fixed-sequance planar 5R 
parallel manipulator. 

The scheme for shaking moment balancing was designed as 
follows. Gears 3 and 4  (Fig. 6) were fixed to links 3 and 4 
and mounted on rotation axes B1 and B2; they were linked 
kinematically with gears 6 and 7 mounted on axes A1 and A2. 
Note that while the transfer of movement in the manipulator 
was achieved with gears, it can also be achieved with a belt or 
other type of transmission [8]. Shaking moment balance was 
thus achieved by selecting the optimal axial moment of inertia 
for the gears. After shaking force balancing, the shaking 
moment applied on the frame of the manipulator is constant 
relative to any point, i.e. for a given position of the 
manipulator it has the same value for any point of the frame 
and can be expressed as: 

            
7 7

1 1

jAsh sh
i

i i

dHdH
M M

dt dt
 

     (j=1, 2) (13) 

where, 
jAH  (j=1, 2) is the angular momentum of the moving 

links with respect to jA . 

In order to have a shaking moment equal to zero for all 
trajectories, the sum of the angular momentum of the 
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manipulator must be constant over time. The angular 
momentum with added planetary gear trains can be written as: 

   

   
      

  

1 1 1 1 3 3 3 3

2 2 2 2 4 4 4 4

* * * * * * * * * *
1 3

* * * * * * * * * *
2 4

1 1' 1 3 3' 1 3 2 2' 2

4 4' 2 4 5 5 6 6 7 7

       

      

      

S S S S S S S S

S S S S S S S S

H m x y y x m x y y x

m x y y x m x y y x

I I I I I I

I I I I I

   

    

    

   

      

    

     (14) 

where, *
1 1 1;CWm m m  *

2 2 2;CWm m m  *
3 3 3;CWm m m   

*
4 4 4CWm m m  ; iI  (i=1,…7) and 1 2 3 4, , ,I I I I     are the axial 

moments of inertia of links and gears, respectively; i  are the 

angular velocities: i id dt  (i=1,…7), respectively; 
* * cos

j jS S jx r  ; * * sin
j jS S jy r  ; 

1 1

* *
1cos

j jS S jx r 
   ; 

1 1

* *
1sin

j jS S jy r 
   ;  *

jSr  is the distance of the center of mass   
*
jS  of the link  j  from the joint center Aj; 

1

*
jSr 

 is the distance 

of the center of mass   *
1jS   of the link  j  from the joint center 

Bj.  
However, taking into account conditions (11) and (12), as 

well as 
                      1 1 3 3 3 1 1 1CW CW CWm r m m m l m r     (15) 

                      2 2 4 4 4 1 2 2CW CW CWm r m m m l m r       (16) 

including the gear masses 3m   and 4m  , the following 
expression of the angular momentum for the manipulator can 
be obtained:   

   

   

   

  

2* 2 * *
1 1' 3 1 1 1 1 3 3'

2* 2 * *
1 3 2 2' 4 1 2 2 2

4 4' 2 4 5 5 6 6 7 7

      

      

H I I m l m r I I

I I m l m r

I I I I I



  

    

 
       
 

 
      

 

    

        (17) 

where,  6 63 1 3U    ;  7 74 2 4U    ; 5 51 1U  .  
Expression (17) can be rewritten as: 

          

 

 

   

1 1' 3 3' 51 5 63 6 1

2 2' 4 4' 74 7 2

3 3' 63 6 3 4 4' 74 7 4

       

      

H I I I I U I U I

I I I I U I

I I U I I I U I





 

 



 

      

    

    

   (18) 

from which, taking into account that 2 2 1 1U   , the 
conditions of shaking moment balancing can be written as 
follows [8]: 

       


 

5 1 1' 3 3' 63 6

21 2 2' 4 4' 74 7 51           

I I I I I U I

U I I I I U I U



 

      

    

           (19) 

         6 3 3' 63I I I U         (20) 

          7 4 4' 74I I I U      (21)                   

where, 2 1U    , 63U  , 74U   and 51U   are the transmission ratios 
between the respective gears. 

Thus, by optimal choice of the axial inertia moments of the 
gears, shaking moment balance will be achieved. 

To illustrate the proposed design concept, we looked at a 
numerical example with simulation results. 

VI. ILLUSTRATIVE EXAMPLE   
To create the CAD model, the following geometric 

parameters of the manipulator have been used: 1 0.36ml  ; 

2 0.3ml  ; 0 0.24ml  . The masses and the locations of the 
centers of mass of the moving links 3 and 4 are the following: 

1 2 1.2m m kg   3 4 1m m kg  , 1 2 0.18mr r  , 

3 4 0.15mr r  .  The trajectory of the gripper P is given by the 
initial position iP  with the coordinates 0.06mix   , 

0.45miy   and the final position fP  with the coordinates 

0.1364mfx  , 0.4878mfy  . The rotation of the input link 1 

of the manipulator is performed according to the polynomial 
laws of the fifth order.  

The first step in the manipulator design is to determine the 
rotations of the angles 1  and  2 .  Therefore, from the values 
of the initial and final positions of  the  gripper,    the initial 
and final positions are calculated: 1 1.856 rad.i  , 

1 1.246 rad.,f   2 1.609 rad.i  , 2 1.141 rad.f   This 

allows one determine the rotation angles 1 0.609 rad.   and 

2 0.468 rad.   Considering these values, the transmission 
ratio between the gears 1  and 2  can be found: 2 1 0.768.U    In 
the next step, for the given value 1 0.14r m  , the radii of two 
connected gears 5 and 2  can be determined: 5 0. 790r m  and 

2 0.182r m  . 

 
Fig. 7. Trajectory of the gripper. 
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Fig. 8. Variations of the input angle θ1. 

      

Fig. 9. Variations of the angle θ2. 

Fig. 7 shows the trajectory of the gripper performed 
between its initial 0.06mix   , 0.45miy   and final 

0.1364mfx  , 0.4878mfy  positions. The variations of the 

input angle 1 , as well as the angle 2  generated via gears 1 , 
5 and 2  are given in figures 8 and 9.  

Let us now consider the shaking force balancing of the 
fixed-sequence manipulator. By selecting, for constructional 
reasons, 1 2 0.18CW CWr r m  and 3 4 0.15 ,CW CWr r m   the 
following parameters of the counterweighs are obtained: 

3 4 1CW CWm m kg  ;  1 2 5.2CW CWm m kg  . 

 
a) along x-axis 

       

a) along y-axis 

Fig 10. Shaking force (N). 

     

Fig.11. Shaking moment (Nm). 

 

Fig.12. Shaking moment after shaking force balancing. 

The variations of the shaking force and shaking moment are 
given in figures 10 and 11. 

Thus, after shaking force balancing of the manipulator, the 
masses of links are the following: * *

3 4 2m m kg  , 
* *
1 2 6.4m m kg  and the radii defining the locations of the 

centers of mass are the following:   * *
3 4 0r r   (i.e. on the 

axes of the joints B1 and B2), * *
1 2 0.1125r r m  . It should be 

noted that after shaking force balancing, the increase in 
shaking moment can be observed. Fig. 12 shows the shaking 
moment of the manipulator after shaking force balancing. Let 
us now consider it balancing. By choosing the following 
parameters for simulations: 3 4 6 7 0.18r r r r m     ; 

1 2 0.012I I  kgm²;  3 4 0.01I I  kgm²; 1 2 3I I I      

4 0.4I   kgm², the  required axial moments of inertia of gears 
5, 6 and 7 are found: 5 1.568I  kgm² and 6 7 0.41 kgm²I I  .  

In a fixed-sequence planar 5R parallel manipulator designed 
in accordance with the calculated parameters, the shaking 
moment was completely canceled. The results obtained were 
verified via simulations carried out on ADAMS software. 

VII. CONCLUSIONS 

This work tackles the problem of designing fixed-sequence 
planar 5R parallel manipulators to reproduce the 
predetermined initial and final positions of the gripper. It 
demonstrates how the manipulator can be designed and its 
shaking force and shaking moment canceled. For this purpose, 
the basic manipulator, which represents a parallel mechanism 
with two degrees of freedom, is transformed into a mechanism 
with one degree of freedom. An adjustable transmission 
system was added to the modified manipulator. These gears of 
the transmission system provided the required rotation angles 
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for two links mounted on the frame. The suggested 
methodology is considered optimal in terms of its simplified 
control and minimum energy expenditure. The merit of the 
solution is that manipulation systems of this type with cyclic 
control have only one actuator. Note that the control system 
improves the operational reliability of the manipulation system 
and greatly reduces the cost of it. The issue of balancing also 
requires consideration since the fixed-sequence manipulator 
proposed is intended for regular use in high-speed systems. It 
demonstrates how the shaking force and shaking moment in 
the designed manipulator can be canceled. The design 
methodology and balancing methods for the shaking force and 
shaking moment are illustrated by a numerical example carried 
out using ADAMS software. The author believes that the 
proposed solution is practical, feasible and cost-effective, and 
applications for it can be found in areas requiring fast 
manipulation. 
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