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forces for static and dynamic modes of operation. It was shown that a significant reduction in input 

torques can be achieved by the suggested balancing mechanism: the reduction of the root-mean-square 

value of the input torque due to the gravitational forces is 99.5% and the maximum value is 92%. 

 

 

 
 

 

Fig. 1. CAD model and prototype of the balancing mechanism implemented in the structure of the 

Delta robot. 

 

The positioning errors of the unbalanced and balanced parallel manipulators have been provided. It was 

shown that the elastic deformations of the manipulator structure due to the payload, change the altitude 

and the inclination of the platform. A significant reduction in these errors has been achieved by using 

the balancing mechanism (from 86.8% to 97.5%). The theoretical results obtained by numerical simu-

lations were confirmed by experimental study carried out by means of the developed prototype.  

It should be noted that the gravity compensation for the manipulators in which the vertical motion is 

decoupled from other Cartesian degrees of freedom has also been studied. In the latter situation, only 

one degree of freedom needs to be gravity compensated in order to eliminate actuator torque due to the 

weight of the moving parts and the payload. The specificity of this technique it is easy to see on the 

example of the PAMINSA manipulator developed at the INSA of Rennes. An energetic analysis shows 

that the gravity work of a body moving in the horizontal plane is equal to zero (the gravitational forces 

are always perpendicular to the displacements). But the work of the same force moving along the vertical 

axis is other than zero (the gravitational forces are parallel to the displacements). This phenomenon is 

used in the design of the hand operated manipulators, in which the horizontal displacements of the pay-

load are carried out manually and the vertical displacements are actuated. This principle is also applied 

in the design of the parallel manipulators called PAMINSA (Parallel Manipulator of the INSA) (Briot 

et al., 2009).  

Let us consider the mechanical architecture of this manipulators. The aim was to develop a parallel 

architecture in which displacements of the platform in the horizontal plane are independent of its vertical 

displacements. For this purpose, the pantograph linkage is used as a leg. The pantograph is a mechanical 

system with two input points Ai and Bi and one output point Ci (Fig. 2a).  These input points linearly 

control the displacement of the output point Ci. Thus, one linear actuator connected with input point Bi 

can control the vertical displacement of the output point Ci and one other linear actuator with horizontal 

axis is able to control its horizontal displacements. Please note that these motions are completely decou-

pled, i.e. they can be carried out independently.  

Now let us connect three Scheiner pantograph linkages with the base and the platform as shown in Fig. 

2b. In the obtained structure, one vertical actuator Mv controls the vertical displacement of point Bi of 

the pantograph linkages, resulting in the vertical displacement of joints Ci of the moving platform. The 

generation of motion in the horizontal plane is achieved by the actuators M1, M2 and M3 moving the 

input joints Ai.  

Among the obvious advantages of the suggested manipulator architecture, we would like to note the 

following: 

(i) the decoupling of the control powers into two parts, making it possible to raise an important payload 

to a fixed altitude with powerful actuators and then to displace it on the horizontal plane with less 

powerful actuators;  
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(ii) a great accuracy in the horizontal positioning because the payload can be locked in the horizontal 

plane using mechanical architecture of the manipulator (in other words, if the position of the vertical 

actuator is fixed, the altitude of the platform cannot change); 

(iii) the cancellation of the loads of gravity on the rotating actuators which displace the platform in the 

horizontal plane;  

(iv) the simplification of the vertical control which is based on linear input/output relationships. 

 

 

 

  

Fig. 2. PAMINSA: a) kinematic chain of each leg; b) 3D view. 

  
 

Fig. 3. The prototype of PAMINSA developed at the I.N.S.A. of Rennes. 

 

The design concept has been validated via experimental tests carried out on the prototype (Fig. 3). The 

curves with and without payload (200N) for the 3 rotating actuators have been superposed. It has been 

shown that they are similar. Regarding the vertical actuator, it supports the payload and the increase of 

the input force is significant.   

Workers in industries such as manufacturing and assembly, frequently manipulate heavy objects. How-

ever, manual processing is often repetitive and becomes tedious, it reduces efficiency and leads to back 

pains, injuries and musculoskeletal disorders. It is obvious that traditional robot installations can offer 

several benefits compared to manual operation: improved repeatability, increased precision and speed. 

However, industrial robots still have many weaknesses compared to humans. For example, currently 

industrial robots have a limited ability to perceive their surroundings, which requires costly safety ar-

rangements in order to avoid serious injury. These safety arrangements are particularly important and 

costly when working with installations of large and powerful industrial robots. It is obvious that serial 

robots have a poor payload-to-weight ratio. For a six-degrees-of-freedom general-type serial robot, it is 

less than 0.15. For example, a robotic arm handling an object of 50𝑘𝑔 must have a weight of at least 

350 𝑘𝑔. The purchase, installation and operation of such a robot are quite expensive. In addition, the 

200 N 
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heaviness of the robot and of the payload complicates the dynamics of the system, making it difficult to 

move accurately and quickly. This becomes especially noticeable during assembly processes, when 

heavy parts must be installed on a surface with guiding pins. In such a case, the robotic arm has to move 

smoothly and any sudden movement may damage the mechanical surface of the part.  

 

 
 

Fig. 4. Coupled «Balancer-lightweight robot» system. 

Such a task is not easy to achieve. Thus, 

autonomous manipulation does not al-

ways provide expected reliability and 

flexibility. Balancer – robot systems 

such as power assist robotic systems 

may be perfectly used for heavy object 

manipulation. The combination of mo-

tion programming of a lightweight ro-

bot and simplicity of a hand-operated 

balanced manipulator (HOBM) may 

make the system far better than the ap-

plication of an individual robot arm. 

Detailed descriptions of gravity com-

pensation methods can be found in the 

monography (Arakelian & Briot, 2015). 

 

CONCLUSIONS 
Despite its ancient history, gravity compensation methods continue to develop and new approaches and 

solutions are constantly being reported. It seems promising the development of new gravity compensa-

tion solutions for the exoskeletons, rehabilitation devices and walking assist devices. The use of active 

and passive actuations allows a significant reduction of the size and weight of walking assist devices 

with bodyweight support. However, the several error sources in the practical implementations decrease 

the efficiency of the gravity compensation in robotics systems. Errors are mainly caused by the non-

linearity of the springs due to the manufacturing tolerance. Often the nominal values of the calculated 

springs are different to the real values. Other error sources are the manufacturing tolerances of equili-

brator’s links, their stiffness and clearance in joints. In the case of auxiliary linkages, the balancing is 

carried out for discrete positions due to the non-linearity of transmission characteristics, which leads to 

an approximate balancing.   
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