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Abstract

Objective: A Compliant Joint of humanoid robot is a spring-loaded assem-
bly, which is used to interact safely with the environment, and it helps
to stabilized sudden shock and vibration in the robotic system. At the
moment, compliant joints are required to optimize their size and dimen-
sions which result into optimized weight and factor of safety of humanoid
robot. Methods: Analysis is carried out using Response Surface Methodology
(RSM) and Multi-Objective Genetic Algorithm (MOGA) using ANSYS. The cur-
rent study employed goal-driven optimisation using ANSYS Workbench to min-
imise weight and achieve the required factor of safety range for the compli-
ant joint. To find out range of variables such as rim thickness, shaft diameter,
base thickness, module thickness and spoke thickness affecting on responses
such as factor of safety and geometrical mass of compliant joint single factor
single response parametric analysis is carried out. Findings: Based on trend
of preliminary analysis variable range and combinations are selected to study
interaction effect of parameters to obtain favorable factor of safety and low
geometrical mass. The optimized compliant joint is compared with various
design and validated through the developed actual module. Novelty: Eventu-
ally, the geometry mass of the compliant joint was reduced from 0.8604 kg to
0.6449 kg, resulting in a lighter weight (24.06% reduction) with a 1.7533 factor
of safety and more compact in size (outer diameter is shrink from 142 to 126
mm).

Keywords: Compliant joint; Goal driven optimization; Response surface
optimization; Design of experiment; Humanoid robot

1 Introduction

Whenever, a robot shares working space with humans and possibilities of robot-human
interactions, safety of humans is the most important issue to address. Human body joint
has attractive characteristics — “Compliance”. Due to compliance in joints, a human can
crash an aluminium and at same time able to pick very soft object like flower. It is also
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able to perform very stiff and accurate motions or moving softly to reduce possible injuries in case of unexpected collisions.
Moreover, it permits to store energy and release it quickly, for example, throwing an object or jumping, etc. compliance in robot
joints will increase safety of humans whenever there is robot-human interactions.

Many researchers have studied these characteristics deeply and develop robotic joints with compliance (compliant joint).
Compliant joints of robot are contributing an important role to ensure safety of humans (). The compliant robotic joints can be
categorized in three categories: 1) Passive 2) Active and 3) Variable Impedance Actuator (VIA). Passive elements (springs) in
passive compliant joint, are arranged into the joint to improve safety but joint performance is largely affected. Active compliance
obtained by controlling rigid joints such as to emulate compliant behaviour. The principal disadvantage of this approach is
that energy cannot be stored, and some safety issue cannot be completely solved. Variable Impedance Actuator (VIA) actively
controls passive compliance. VIA characterized in such a way that passive elements inside the device can be controlled in order
to vary the joint compliance. This approach looks to be the best thread-off between safety, capabilities and performance ®.

Series Elastic Actuator (SEA), a type of Variable Impedance Actuator (VIA), is an actuator which receives much attention as
the next-generation actuator ®). Since it was first introduced in 1995, SEA has been currently recognized in the robotics field as
an actuator system to implement a high-performance torque control @ ®). A SEA is comprising of motor, spring, gear and load.
With different kind of arrangements of these elements various types and configuration of mechanism have been developed
as SEAs to satisfy many requirements necessary for the applications. SEAs are categorised into Force-sensing SEA, Reaction
Force-sensing SEA and Transmitted Force-sensing SEA based on the relative location of the spring®.

Couple of baby humanoid robots have developed using certain joints as compliant joints: cCub (Biped)”® and
COMAN® (0) These developments have shown excellent stability control and other performance with compliant joints.
However, they are not full-sized humanoid robots. Moreover, few of joints are not compliant joints due to complexity and
space requirements. A full-sized humanoid will require more energy to be stored and better stability control. An optimised
design of compliant joint will help to develop full-sized humanoid robot with compliant joints.

For 2-DOF (Ankle joint) and 3-DOF (Thai joint) for full-sized humanoid robot, it cannot be directly used because it is large
in size and heavy in weight. Therefore, it is required a new arrangement for the more DOF or need to optimize compliant
joint for small in size and light in weight. Parametric optimization techniques, which is used to help designers determine the
optimal shape and dimensions of a structure. By using black box model, the different optimization techniques like a DOE,
Response surface, Goal driven can be implemented using ANSYS are explained in!"). The response surface optimization can
be performed in ANSYS using the Design of experiments, Response surfaces, and objective and constrains. Before the DOE,
parameter selection and range of parameter selection is main criteria to perform optimization process. In DOE, the suitable
method needs to be selected for DOE table preparation. Response surface methodology and finite element analysis with particle
swarm optimization (PSO) algorithm result accurate optimization for Compliant Rotary Joint1?). Further, response surfaces
can be generated which shows the sensitivities from graphs using the available methods. As per the objective and constrains
decided by authors, the best candidate point is generated at the end of the MOGA (1) (14),

This paper explains design of compliant joints used in humanoid robot and its optimization process. The response surface
method, the design of the experiment, and multi-objective genetic optimization with ANSYS are used to obtain an optimised
design of a compliant joint of a humanoid robot.

2 Methodology
2.1 Design of Compliant Joint and its Fea

2.1.1 Three spoke compact SEA design

A compact series elastic actuator (SEA) for small humanoid is presented in”). This novel and compact design suggests three
spoke spring coupling arrangements. A compliant joint to transmit maximum 120 N-m torque (requires for leg joints of full-
sized humanoid) is designed based on this suggested design. The outer circular disk used as the input of the compliant joint
and is connected to the output of the reduction drive preferably harmonic drive. The three spoke element rotates on bearings
with respect to the circular base and is coupled with it by means of six springs as shown in Figure 1. The three spoke component
forms the output of the compliant joint and the mounting base of the output link. The six linear springs when inserted in the
arrangement shown in Figure 1 experience a pre-contraction equal to half of the maximum acceptable deflection.

2.1.2 FEA of suggested design
Finite element analysis (FEA) is performed to evaluate the strength of the suggested compliant joint for full-sized humanoid
under the maximum load conditions. Static structural module of ANSYS Workbench is used for the FEA. The CAD model is
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Outer Wheel
Spoke Wheel

Fig 1. CAD Model of compliant joint

developed in CREO 5.0 and is directly imported into ANSYS workbench 2020 R2 with no data loss. Aluminium 6061-T6 is
considered as the material for outer wheel and spoke wheel as it has better weight-to-strength ratio and good machinability
properties. The material properties considered in the analysis is shown in Table 1.

Table 1. Material Properties of components of the compliant joint
Sr.No. Young’s Modulus (GPa) Poisson’s ratio  Yield Strength (MPa) Tensile Strength (MPa)
1 68.9 0.33 276 310

000 50.00 100.00 (mm)

25.00 75.00

Fig 2. External force applied on each Spoke

A compliant joint assembly has two parts as spoke wheel and outer wheel as shown in Figure 1. This connection between
spoke wheel and outer wheel is considered as frictionless contact and revolute joint for the FEA analysis. ANSYS software
provide a facility to select spring element and work as an actual spring by taking data of spring stiffness, preload, free length
and material from users. A model is designed for 120 Nm torque capacity. For that, externally force is applied on spoke wheel,
which is divided by three spokes and applied individually in same direction as shown in Figure 2. Six holes on the outer wheel
which are used to mount compliant joint on reduction gear (harmonic drive) are constrained. Meshing is done individually
for all the parts of assembly using multi-zone methods. Quadrilateral and tetrahedron meshing types are created and further
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Fig 3. Meshing of each component of compliant joint

refinements is done using face and size meshing methods to improve the mesh quality. The average value of element quality is
nearer to one, which indicates the best quality of mesh shown in Figure 3. The FEA results factor of safety equals to 3.54. The
total weight of compliant joint is 0.8604 kg. Von-Mises stresses are shown in Figure 4. The maximum Von-Mises stress is 89.798
MPa.

 £9.198 Mo
79.822

69.816
59.87

49,59
30.919
20,003
19,967
92,0006
0.014667 Min

0.00 45,00 90,00 (1))
[ Eaaa— ES—) ZA

2250 67.50 %

Fig 4. Von-Mises Stress in compliant joint

2.2 Optimization of Compliant Joint

2.2.1 Sensitivity Analysis for parameter selection

The optimization process shall be start with the selection of design variables (parameters). For the selection of design variable,
sensitive analysis is performed in ANSYS to understand effect of variation in individual key parameters on total weight of
compliant joint and factor of safety. The selected parameters for analysis are shaft diameter, base thickness, module thickness,
spoke thickness, rim thickness, spoke length and pitch circle diameter as shown in Figure 5. Rest of the dimensions of the
compliant joint have parametric relation/s with these parameters. Sensitivity analysis suggests that out of these seven parameters,

https://www.indjst.org/ 2274


https://www.indjst.org/

Damor & Patel / Indian Journal of Science and Technology 2024;17(22):2271-2282

five parameters are sensible for total weight of compliant joint and factor of safety.

Module Shaft Diameter

Thickness

N

Rim Thickness

=

Spoke Length

Pitch Circle
Diameter
Spoke Thickness

Fig 5. Selected design variables
After sensitivity analysis, a response graph is plotted, which helps to select the range of parameters as well as find non-

significant parameters that can be made constant during further detailed analysis. Two graphs for each parameter shows the
comparison between geometry mass vs. parameter range and factor of safety vs. parameter range, respectively.

Response Chartfor P9 - Geometry Mass AEYS| Response Chart fo PLL - Safty Factor i

ive OverTme  /RVSYS)|

- GeometryMass —ay 24

9 - Geometry Mass (ko]

11 - Safety Factor Minimum Minimum Val

T TS g T
P17-ANS T3 P17 ANS TS

(a) (b)

Fig 6. Response analysis for Rim thickness for variation of 3 to 7 mm

Figure 6(a) and (b) show the response graphs for rim thickness in the range of 3 to 7 mm. Graphs depict that as the rim
thickness reduces, the geometry mass reduces. For the same range, the value of the factor of safety decreases with a decrease in
rim thickness. Therefore, spoke length can be fixed from the graphs. The graph shows that at the rim thickness of 4 mm, the
factor of safety is 2.4, which is well between our selected ranges of 3 and 7 mm.
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m
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Fig 7. Response analysis for shaft diameter for variation of 5 to 21 mm

Figure 7(a) and (b) show response graphs for shaft diameter in the range of 5 to 21 mm. Graphs depict that as the shaft
diameter reduces, the geometry mass reduces. For the same range, the value of the factor of safety increases with a decrease in
shaft diameter. The shaft with bearing will work as a locator for the spoke wheel. The minimum shaft diameter with bearing can
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be accepted as 12 mm (on an 8 mm shaft, HK 0812 RS bearing mounted). From the graphs, the shaft diameter is selected as a
design variable to further proceed to check the combined effects of all selected parameters.

Response Chart for P9 - Geometry Mass [SYS| Response Chart for P11 - Safety Factor

] [ [3 & 1 % £ [ I3

i g
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(a) (b)

Fig 8. Response analysis for Spoke length for variation of 43 to 50 mm

Figure 8(a) and (b) show response graphs for spoke length in the range of 43 to 50 mm. Graphs depict that as the spoke
length reduces, geometry mass reduces. For the same range, the value of Factor of Safety increases with a decrease in spoke
length. In between every block and spoke, a spring is placed for design perspective. Moreover, it requires a gap size 30 mm in
between them. Therefore, the spoke length should not be less than the existing dimensions. It is selected as a fixed target in
objectives.

AN
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Fig 9. Response analysis for Pitch Circle Diameter for variation of 17 to 27 mm

Figure 9(a) and (b) show response graph analysis for pitch circle diameter in the range of 17 to 27 mm. Graphs depict that as
the pitch circle diameter reduces, geometry mass remains constant. However, pitch circle diameter changes with shaft diameter,
and shaft diameter is selected as a design variable. Therefore, this parameter is considered as a design variable.
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Fig 10. Response analysis for Base Thickness for variation of 2 to 6 mm
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Figure 10(a) and (b) show response graph analysis in the range of 2 to 6 mm. Individual single factorial design analysis
indicates that the base thickness of the compliant joint module has a linear relationship with factors of safety and geometric
mass.

‘Response Chart for 79 - Geometry Mass OETS for P11 - Safety Factor Minmun VaueOverTme  J\VSYS|
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(a) ' (b)
Fig 11. Response analysis for Module Thickness for variation of 2 to 8 mm

Figure 11(a) and (b) shows response graphs analysis in range of response 2 to 8 mm variation. Individual single factorial
design analysis indicates that module thickness of compliance joint module have linear relation with factor of safety and
geometric mass.

" Response Chart for P9 - Geometry Mass. Response Chart for PLL - Safety Factor imum Value Over Time /\VSYS|
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Fig 12. Response analysis for Spoke Thickness for variation of 6 to 14 mm

Figure 12(a) and (b) shows response graph analysis of 6 to 14 mm for spoke thickness variation. The response of the graph
indicates that as the parameter value reduces geometry mass reduces and Factor of Safety decreases. It is always difficult to find
effect of multiple factors at one time on single response variable or multi response variable. Hence, for optimum compliance
design factor of safety and weight possess equal weightage. Table 2 shows initial value of the parameter and its range suggested
by sensitivity analysis.

Table 2. Selected design variables and Suggested range

Design variables  Initial Value (mm) Suggested Range (mm)

Shaft Diameter 21 12to 21
Spoke Length 46.63 42.63 to 50.63
Base Thickness 4 2t06
Module Thickness 5 2t0 8

Spoke Thickness 10 6to14
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2.2.2 Design of Experiment for compliant joint

It is important to perform design of experiment and multi criteria decision-making to find interaction (combine) effect of
compliant joint variables on Factor of safety and weight. Response surface design and goal driven optimization is one of the best
solution, which helps to reduce possible interaction for performing the analysis. The design of experiments helps to calculate the
responses values for specifically defined upper and lower values of design variable. It is a time saving and low-cost activity 12 (1),
With combination of response surface modelling, to effectively map out a parametric design space using DOE helps to perform
minimum number of design combinations which saves resource and time. The face-centered method from Central Composite
Design Model (CCD) is performed for DoE which has three levels to divides the various modes of input parameters. Therefore,
each input parameter is divided into three levels between its maximum and minimum values. Hence, total 27 sample points
(experiments) are generated for five parameters. Table 3 shows all 27 experiments with resulted total mass of compliant joint
and factor of safety.

Table 3. Response Surface design for compliant joint

Expt. No. Shaft Diame- Spokelength Base Thick- Module Spoke Mass (kg) Safety Factor
ter (mm) (mm) ness (mm) Thickness Thickness Minimum
(mm) (mm)

1 16.5 46.63 4 5 9 0.798 0.483
2 12 46.63 4 5 9 0.768 0.255
3 21 46.63 4 5 9 0.832 3.170
4 16.5 42.63 4 5 9 0.766 0.479
5 16.5 50.63 4 5 9 0.833 0.466
6 16.5 46.63 2.5 5 9 0.741 0.288
7 16.5 46.63 5.5 5 9 0.855 0.477
8 16.5 46.63 4 2.5 9 0.676 0.476
9 16.5 46.63 4 7.5 9 0.925 0.470
10 16.5 46.63 4 5 6 0.760 2.622
11 16.5 46.63 4 5 12 0.835 2.712
12 12 42.63 2.5 2.5 12 0.617 1.517
13 21 42.63 2.5 2.5 6 0.595 0.568
14 12 50.63 2.5 2.5 6 0.579 1.259
15 21 50.63 2.5 2.5 12 0.711 1.883
16 12 42.63 5.5 2.5 6 0.635 3.015
17 21 42.63 5.5 2.5 12 0.763 4.019
18 12 50.63 55 2.5 12 0.771 2.854
19 21 50.63 5.5 2.5 6 0.755 0.545
20 12 42.63 2.5 7.5 6 0.768 1.348
21 21 42.63 2.5 7.5 12 0.898 2.103
22 12 50.63 2.5 7.5 12 0.907 1.347
23 21 50.63 2.5 7.5 6 0.892 0.539
24 12 42.63 55 7.5 12 0.936 3.224
25 21 42.63 5.5 7.5 6 0.946 0.571
26 12 50.63 55 7.5 6 0.955 2.668
27 21 50.63 55 7.5 12 1.120 4.2322

2.2.3 Response Surfaces of parameters

A response surface is generated from the DOE results for each output parameter. It gives the sensitivities of the output
parameters (responses) concerning to the input parameters!®. It has been observed that combined effect of shaft diameter
and base thickness (Figure 13) and shaft diameter and module thickness (Figure 14) has shown non-linear relationship which
are shown in Figure 13 and Figure 14 respectively.

2.2.4 Objective and Constraints
Ultimately, the optimisation problem is stated as follows, and to obtain an optimised design, the Multi-objective Genetic
Algorithm with ANSYS is employed.
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Fig 13. Response Surface for Safety factor vs. Shaft diameter (P17) and Base thickness (P19)

Fig 14. Response Surface for Safety factor vs. Shaft diameter (P17) and Module thickness (P20)
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Table 4.

Objectives

Constraints

1.
2.

Minimize [Total mass of compliant Joint] 1.

Factor of Safety [Between 1.5 to 2.5]

2
3.
4.
5

Shaft diameter: 12 to 21 mm
Spoke length: 46.63 mm
Base thickness: 2 to 6 mm
Module thickness: 3 to 8 mm
Spoke thickness: 6 to 14 mm
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3 Result and Discussion

The Trade-off chart shows feasible and infeasible points for Geometry mass vs. factor of safety in Figure 15. The best set of
samples is indicated in blue. The worst set of samples is indicated in red. The best candidate point is selected from these samples.

Tradeoff chart P9 - Geometry Mass vs P25 - Safety Factor Minimum AN Sy s
25 Feasible points
|
24 "L ]
]
n . u
23 B
- . [ . = nu n
E 22 m g =
g | | & & a L |
£
x 21 L B B - 3] . -
£ =
s 21 W .. L & -
‘E - n _ s |
S 19 LR
(%]
' H gy ] [
5 1.8 | ] n nm
| |
1.7 -
I . bt
16 ] L
"y -
n
TR BLE e i
06 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1
P9 - Geometry Mass [kg]

Fig 15. Trade off Chart: Geometry mass vs. Factor of safety

The Overall sensitivity chart shown in Figure 16 indicates the combined effects of all the selected parameters to the output
parameters. Rim thickness and pitch circle diameter have negligible effect hence they are discarded in further study. The module
thickness is highly sensitive for geometry mass comparatively to other parameters. The shaft diameter and spoke lengths are
highly sensitive for total deformation of model comparatively to other parameters. The shaft diameter, Spoke thickness and base
thickness are sensitive for safe design comparatively to other parameters.

Sensitivities

Sensitivities

3 - Geomatry Mass

Fig 16. Overall sensitivity of parameters
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After the optimization studies for set objectives and set constraints, results indicate that design variable shall be set to shaft
diameter: 12.003 mm, shaft length: 46.33 mm, base thickness: 3.5005 mm, rim thickness: 4.00 mm, spoke thickness: 6.857 mm
of compliant joint. The module gives best factor of safety 1.7533 and total weight of compliant joint 0.6449 kg.

3.1 Validation of Optimized Compliance Design

Parameters before and after optimization and parameters are rounded as per the acceptability are presented in Table 4. FEM
analysis is carried out to show the effect of optimized design using static structural analysis '), Figure 17 shows the von mises
stress distribution for optimized module by performing static structural analysis. It can be seen from the results that the mass of
the previous module is 0.8604 kg, which is reduced to 0.6449 kg. It shows that after the optimization, 24.06 % weight is reduced.
Outer diameter is shrieked from 142 to 126 mm which indicates compactness of optimized design. The factor of safety value is
lies in between the acceptable range.

ey
Equivslent Stress .
Types Equivalent (von-Mises) Stress
Unit: WP

Tiene: 1
26-03-2021 16:52

151.58 Max.
1M

nze

101.08

213

67372

50.531

3368

16849
0083455 Min

0oy 50,00 100,00 {mm) L
E— -
%00 75.00

Fig 17. Von Mises stress distribution for optimized module

Table 5. Result comparison Initial and optimized

Initial Optimized Rounded

Shaft Diameter 21 12.003 12

Shaft Length 46.63 46.63 46.63
Parameters (mm) Base thickness 4 3.5003 35

Module Thickness 5 3.5005 3.5

Rim Thickness 5 4 4

Spoke Thickness 10 6.8577 6.85
Response Geometry Mass (kg) 0.8604 0.6449 0.6534

Factor of Safety 3.2294 1.7533 1.9132

4 Conclusion

In this study, structural optimization and design of experiment methods were used in order to obtain an optimum and lighter
design of compliant joint. After finite element analysis was conducted for initial design of the compliant joint, it has seen
that compliant joint was over designed. The sensitivity analysis has suggested that rim thickness and pitch circle diameter
have negligible effect hence they are discarded in the study. The sensitivity analysis has further suggested range of remaining
parameters for design of experiments. 27 sample points (experiments) are generated for five parameters to observe their effect
on responses (factor of safety and total weight of compliant joint). Then, response surfaces have been generated to evaluate
combined effect of parameters. It has been observed that combined effect shaft diameter and base thickness (Figure 13),
and shaft diameter and module thickness (Figure 14) has shown non-linear relationship. Finally, two objective functions and
constraint (suggested by sensitivity analysis) are set for multi objective genetic algorithm (MOGA). The best candidate point
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is selected from trade-off chart generated by MOGA. FEA of the best candidate point results that 24.06% weight of compliant
joint is decreased with 1.7533 factor of safety. Outer diameter shrunk from 142 to 126 mm results into more compact design of
humanoid robot.
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