
x1 

Abstract -   Reducing weight of components in a manipulator 
is the need of robotic industry, not only to save cost by 
reducing the material but also to optimize the power 
consumption. Hence, topology optimization of manipulator 
links has wider scope to research and deliver the best possible 
solutions to design a system. The paper focus on investigating 
the performance of the link using topology optimization and 
dynamic modeling. In this work, topology optimization is 
utilized to generate optimum shape and size of link, finite 
element approach is adopted in finding the inertia of the given 
body, deflection with stress and followed by kinematic 
modeling. Further trajectory planning is done and Lagrange-
Euler formulation is applied to find out required joint-torque 
values for each increment of motion.  

Keywords: Robotic/Manipulator-link, Mass reduction, Joint-
Torque reduction, Topology optimization, SIMP. 

I. INTRODUCTION

     Research on joint torque minimization for manipulators 
has received considerable attention in recent years. For this 
aim, various methodologies are proposed using the concept 
of flexible manipulator or introducing the light mechanisms 
for links [1-5]. These methodologies involves complexities 
in the modeling as well as require the change in the control 
strategy of the manipulator. To overcome these issues, 
another method of reducing joint-torque is proposed in the 
presented paper. Here, the weight of the manipulator link is 
subject to mass reduction, which in turn reduces the inertial 
component, and hence the joint torque requirement. In order 
to reduce the weight of the manipulator-link, the help of 
topology optimization is taken. Topology optimization is a 
newly introduced method for material minimization in the 
design of structures and machine components. In this 
process, the designer specifies desired conditions such as 
amount of material to be removed, overall material domain, 
forces and other boundary conditions. The basic topology 
optimization method produces the optimal topology for 
these given conditions. It is a large-scale optimization of the 
material within the predefined material zone. Various 
topology methods are developed by the researchers, in 
which SIMP (Solid Isotropic Microstructure with 
Penalization), ESO (Evolutionary Structural Optimization) 
and Level Set methods are the largely applied methods [6]. 
These methodologies combine other small algorithms to 
capture the numerical instability in the solution [6, 7]. 
Finally, the basic topology is generated for other subsequent 
process towards manufacturing of optimized component.  

     In the presented paper an example of 1-DOF (degree of 
freedom) link is taken to show the reduction of joint torque 
using topology optimization. The manuscript is organized in 
following way. Section two discribes the modeling of 1-
DOF link. The topology optimization pprocedure of the link 
is elaborated in section three. The resuls and discussion for 
the reduction in joint torque is given in section four, and 
finally conclusion is drawn. 

II. MODELING OF 1-D ROBOTIC LINK

     The application of topology optimization method on the 
manipulator link is illustrated on a 1-DOF link as shown in 
Fig.1. The kinematic, dynamic modeling, and trajectory 
planning is presented in this section.  

A. Kinematic and Dynamic Modeling
The frame assignment of the link is presented in Fig. 2.

Here, Denavit-Hartenberg convention is used for the 
kinematic modeling [9]. Based on this frame assignment, 
the kinematic model of 1-DOF manipulator link is given in 
equation (1), in terms of the homogeneous transformation 
matrix 0T1. 

Fig. 2 Frame assignment of the link 
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The dynamic model of 1-DOF manipulator is prepared 
using Lagrange-Euler formulation [9]. The final dynamic 
model is represented in equation (2). 

Fig. 1 1-DOF manipulator link 
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where, τ is the joint torque, L is the link length, and g is the 
acceleration due gravity. The dynamic model is utilized to 
compute the joint torque for different angular motion of the 
link. 
 
B. Trajectory Planning 
     In order to get smooth motion the trajectory planning is 
performed for the selected link. The constraint involved in 
the trajectory planning are, joint velocity and acceleration 
are assumed as zero at the initial and final point. The 
angular motion of the linked is assumed from zero to 1800 
in 5 seconds. 
  a5×t5 + a4×t4 + a3×t3  

  5× a5×t4 + 4× a4×t3 + 3× a3×t2  

  20× a5×t3 + 12× a4×t2 + 6× a3×t  

After employing the constraints, trajectory equations take 
following form [10], 

  0.006×t5 - 0.0754×t4 + 0.2513×t3            (3) 

  5×0.006×t4 - 4×0.0754×t3 + 3×0.2513×t2         (4) 

  20×0.006×t3 -12×0.0754×t2 + 6×0.2513×t       (5) 

where, t is time in seconds, and θ is the joint motion angle. 
Based on the above trajectory, dynamic modeling is 
employed to observe the joint-torque requirement for each 
increment of the motion. In order to analyze the effect of 
mass reduction for the link, these calculations will be 
repeatedly performed and the significance of the mass 
reduction can be seen. As stated earlier, the mass reduction 
is performed using topology optimization method which is 
detailed in the next section. 
 

III. TOPOLOGY OPTIMIZATION 
 
     Topology optimization is a powerful tool for the 
material, mass or volume minimization for structural or 
machine components [6, 7]. There are several 
methodologies available for topology optimization. In the 
present case the one of the methodology i.e. Structural 
Isotropic material with Penalization (SIMP) is utilized. 
According to SIMP, the topology optimization problem is 
defined in equation (6) [6, 7] 
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where, C is the compliance value, K0 is the basic stiffness 
matrix, ui’s are the element displacements vector, n is the 
total number of elements. Vf represents the required total 

volume, and p is the penalization power, kept as three [6, 7].  
For the present problem, the initial material domain is 

defined as a rectangular are with two holes to facilitate the 
joint assemble, as shown in Fig.3. 
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Fig. 3 Dimensional details of the manipulator link for topology 
optimization.  

 
A MATLAB code it written for topology optimization 
process [8-10]. The results of topology optimization and 
joint-torque values are discussed in the next section. 
 

IV. RESULTS AND DISCUSSION 
 
     Topology optimization process is applied for the 
compliance value as objective function and the volume 
fraction as the constraint value. Here the compliance values 
refers to the amount of strain energy stored in the 
component. Also, it is referred to the inverse of the rigidity 
of the structure [6, 7]. Hence, for the present case the 
compliance values should be as minimum as possible to 
provide the maximum flexibility to the link. However, due 
to high section modulus of the link, the maximum 
deflection of the mean remain in a negligible domain. 
Deflection values are also mention in the results. The 
volume fraction denotes the fraction of the material which 
has to be retained after the topology optimization 
comparing to the initial material domain. (Fig. 3). The 
values of compliance for different volume fraction is shown 
in Fig. 4 (a). 
     To analyze the effect of mass reduction of the flexibility 
of the link through the deflection, the maximum deflection 
of the link is also provided in Fig. 4(b). With the mass 
reduction, the strength also reduced hence it is also required 
to observe the maximum stress acting on the link. For this 
purpose, the maximum Von-Mises stress on the link is 
shown in Fig. 4(c). It can be seen, that for lower values of 
volume fraction, the compliance, and deflection decreases 
and Von-Mises stress increases. 
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Fig.4 Different values of (a) compliance, (b) deflection, and (c) Von-Mises 
stress for the volume fracition values 

 
     With the increasing number of optimization iteration, 
their values get stabilized. It can also be observed that when 
the volume fraction values is high, the stabilization occurs 
more quickly compare to lower values of volume fraction. It 
is because of the optimization characteristics. 
     To analyze and compare the different optimal topologies 
as each volume fraction, the optimal topologies with its 
corresponding compliance, deflection and stress values are 
given in Table 1. From this table, the optimal topologies can 
be referred with its properties. It can be observed that, with 
decreasing values of volume fraction, the compliance, 
deflection and Von-Mises stress increases. From the 
topology, it is seen that at lowest values of volume fraction, 
the topology tends to become a truss like structure. Using 
these results, the required joint-torque of the manipulator 
link can be computed. For this purpose, the dynamic model 
with trajectory is utilized and the joint-torque for the 
different topologies are found out for a payload of 10N. The 
obtained joint-torque variation curves  are  presented in  
Fig. 5. 
 
 
 
 
 

TABLE I OPTIMAL TOPOLOGIES FOR VARIOUS VOLUME 
FRACTION VALUES 

Volume 
fraction 

& 
weight 
(gm) 

Optimal topology 

0.5 
 

82.67 

 C*:0.0196, D:0.00231, S: 10.62 
0.4 

 
66.136 

 C: 0.0259, D:0.00303, S: 13.79 
0.3 

 
49.60 

 C: 0.0392, D:0.00463, S: 21.88 
0.2 

 
33.07 

 C: 0.0971, D:0.01109, S: 45.28 
*C: Compliance, D: Max. Deflection (mm), S: Max. Von 

Mises Stress (N/mm2) 
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(d) 

Fig.5 Joint-Torque curves for volume fraction (a) 0.5, (b) 0.4, 

(c) 0.3, (d) 0.2 
 
From Fig. 5, the different joint-torque requirement for the 
different volume fraction value can be observed. With 
decreasing volume fraction (or mass) value, the joint torque 
values also decreases. The trend or patterns of the joint 
torque value remains same in all cases. The presented 
analysis is helpful to select the volume fraction values based 
on the offered values of compliance, deflection and stress. 
 

V. CONCLUSION 
 
     Present work focuses opon the effect of mass reduction 
of maipulator link on the joint torque values. For this 
purpose a combined methodology of manipulator modeling 
with topology optimization scheme was proposed. The 
methodology was illustrated using a 1-DOF manipulator. It 
is observed that by reducing the mass of link by 80% the 
maximum deflection reaches up to 11.09µm, and by 
reducing the mass by 50% the maximum deflection reaches 
up to 2.31µm. Correspondligly the requireed joint-torque 
value also reduces by a large extenet without having any 
effect on its trend. Hence, the methodology is helpful to 
reduce the inertial load or dynamic loading on the 
manipulator, and hence the energy requirement. In addition, 
by reducing the inertial load the accuracy of the mnaipulator 
can be further increased.  

 

 

 

 

 

REFERENCES 
 

[1] Feliu V., Ramos F., Strain gauge based control of single-link 
flexible very lightweight robots robust to payload 
changes. Mechatronics. 2005;15:547–571. 

[2] Merlet J.P. Parallel Robots. 2nd ed. Springer; Dordrecht, The 
Netherlands: 2006. 

[3] Albu-Schaffer A., Haddadin S., Ott Ch., Stemmer A., 
Wimböck T., Hirzinger G., The DLR lightweight robot: Design 
and control concepts for robots in human environments. Ind. 
Robot Int. J. 2007;34:376–385. 

[4] Hagn U., Nickl M., Jorg S., Passig G., Bahls T., Nothhelfer A., 
Hacker F., Le-Tien L., Albu-Schaffer A., Konietschke R., The 
DLR MIRO: A versatile lightweight robot for surgical 
applications. Ind. Robot: Int. J.2008; 35:324–336. 

[5] Samer Y., Mahmoud M., and Haider A. F., Joint Torque 
Reduction of a Three Dimensional Redundant Planar 
Manipulator, Sensors (Basel). 2012;12:6869–6892. 

[6] Bendsøe M. P. and Kikuchi N., "Generating Optimal 
Topologies in Structural Design using a Homogenization 
Method”, Computer Methods in Applied Mechanics and 
Engineering, 1988;71:197-224. 

[7] Bendsøe M. P. and Sigmund O., Topology Optimization: 
Theory, Methods and Applications, Berlin, Springer, 2003, pp. 
2-68. 

[8] Mittal R.K., and Nagrath I.J., Robotics and Control, New 
Delhi:  Tata McGraw Hill, 2003, ch. 1-4. 

[9] Javed, A., Rout, B.K., Tolerance range section of topologically 
optimized structure using combined array design of 
experiments approach, Proceedings of the Institution of 
Mechanical Engineers, Part C: J. of Mech. Engg. 
Science, 2013;227:2023–2038. 

[10] Javed, A., Rout, B.K., Investigation on parametric sensitivity of 
topologically optimized structures, Proceedings of the 
Institution of Mechanical Engineers, Part C: J. of Mech. Engg. 
Science, 2012;226:2791-2804. 

[11] Javed, A., Rout, B.K., "Parametric Sensitivity of Topologically 
Optimized Structures using RBTO Technique ", In Proceedings 
of Third Asian Conference on Mechanics of Functional 
Materials and Structures (ACMFMS 2012), Indian Institute of 
Technology, Delhi, India, December 5-8, 2012, pp. 252-255. 

Aditya Kulkarni and Arshad Javed

50AJEAT Vol. 3 No. 2 July - December 2014




