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Abstract - The structural elasticity and the vibrations in
the links are two leading causes that significantly affect the
performance of the Robotic Arm. This study aims to design a
structurally stable Robotic arm with higher natural
frequencies and low mass. Finite Element Analysis (FEA) is
used to find the modal frequencies. Response Surface Method
(RSM) is used to optimise the process variables. The result
findings show that link 1 thickness has a more significant
effect on the natural frequencies and the mass of the Robotic
Arm than the thickness of link 2. Second, to increase the
structural strength of the Robotic Arm, link 2 may be designed
lighter in weight than link 1.
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1. INTRODUCTION

In this study, a Robotic Arm is designed for tracking and
force control for education purposes. The design objectives
for the complete arm include three degrees of freedom, a
large (0.98 m to 1.8 m) workspace, 4 kg payload capacity,
electrical actuation and mechanical simplicity. Specific
design objectives arising from the proposed application
include the following 1) Precise joint level torque control; 2)
High structural vibration frequencies; 3) High stiffness; 4)
Low weight; 5) High static strength. The inclusion of the
robot structural strength constraint in the optimisation
helps in reducing mass effectively. It also addresses the
fatigue limit, a significant concern in robot systems, by
conducting fatigue simulation in FEA module [1]. The robotic
arm’s structural elasticity and the torque ripple of
permanent magnet motors degrade the fidelity of joint level
torque control and cause oscillations in the position and
force control loops [2]-[6]. [6] suggested that careful motor
design and structural design optimisation [7][8] can lead to
arm design exhibiting superior force and position tracking
performance. When the operating frequency of the system is
near the natural frequency is one of the reasons for the
system's vibration [9]. Therefore, designing the robtic arm
with a high natural frequency is essential. Arm design
possessing high structural vibration frequencies while
carrying a gripper payload also satisfies the objectives of low
mass, high stiffness and high strength [10]. However, it is not
clear whether high structural vibration frequencies will
automatically optimise the mass of both links. As a result, in
this study, high structural vibration frequencies and mass
are selected as the response variables. This research aims 1)
To present the mechanical design and supporting structural

FEA data for a new high-performance robot arm; 2) to
Maximise the Robotic Arm’s natural vibration frequencies; 3)
to Minimise the mass of the Robotic Arm. This study aims to
contribute to the literature on the Robotic Arm's design,
analysis, and optimisation.

2. KINEMATIC MECHANISM

The band-drive mechanism is chosen for the Robotic Arm.
This design provides excellent vibrational characteristics at
all joint positions. Moreover, it can be optimised to exhibit
fundamental modes that are nearly identical at all joint
positions. Second, the design is mechanically simple and easy
to fabricate. Third, an optimised band drive design will be
significantly lighter than the alternative designs [10]. In this
design, both motors are mounted directly on the base to
reduce their gravitational and inertial coupling. Link1, the
proximal link is directly operated by motor 1 and link 2, the
distal link is actuated by motor 2 through 1:1 pre tensioned
steel band and pulley arrangement.

3. MECHANICAL DESIGN

3.1 MOTOR DESIGN

The electric motor design task is simplified by selecting
NEMA 23S stepper motors to drive both the links. It has
2500 rpm, holding torque at peak current of 1.3 Nm, step
angle of 1.8° and weighs 0.80 kg.

3.2 LINK DESIGN

The length of the two links is selected as 0.49m. The cross-
sections of both the links are chosen to be square tubular. The
outer cross-sectional dimensions of linkl and link 2 are
chosen to be 0.13m and 0.94m, respectively. The pulley
diameter is 0.16m. The materials used for the links and the
pulleys is aluminium-6061 and steel, respectively. Fig. 1
shows the Robotic Arm assembly without a gripper. The finite
element method (FEM) based design optimisation procedure
described in the next section dictates the local wall thickness
of both links.
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Fig -1: Robotic Arm without a gripper
3.3 FINITE ELEMENT MODEL (FEM)

Autodesk Inventor Professional 2016 software’s design,
simulation and solution modules are used for the FEM
analysis. The first mode of the fundamental frequencies of the
Robotic Arm free to rotate will be approximately three times
higher than the cantilever case (locked). Therefore, the
conservative approach to modelling joints is locked for the
FEA simulation. Both the motors are modelled as rigidly
connected (cantilever) to the base. The base is modelled as
cantilevered to the ground. To simplify, the fixed base of the
Robotic Arm is not used in the FEA. A fixed constraint is
applied at the end of link1. The spring elements representing
the pre-tensioned steel band are also cantilevered. The
validity and appropriateness of these boundary conditions of
this model are addressed in [11][12]. Fig. 2, Fig.3 and Fig. 4
shows the FEA results of the Robotic Arm model with link 1
and link 2 joint angles at 0°, 45° and 90°, respectively.
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F1g4 Robotic Arm model with link 1 and link 2 joiri"t
angle at 90°

4. OPTIMISATION
4.1 Optimisation invariants

The following parameters are invariant,1) link 1 and link 2
each of length 0.49m; 2) link 1 and link 2 material is
aluminium-6061; 3) link 1 and link 2 have square tubular
cross-section; 4) link 1 and link 2 cross-sections are 0.13m
and 0.094m respectively.

4.2 Optimisation variable

The thickness link 1 and link 2 are optimised to maximise
the first natural frequency and minimise the mass of the
Robotic arm for the overall structure with a 4kg gripper
payload. This approach is similar to [13] for the single-link
manipulator. The Robotic Arm is analysed for the robot
gripper carrying no load and the robot gripper carrying a
4kg payload. Although fundamental frequencies are
independent of joint 1 (between the base and link 1), the
entire range of the joint 2 (between link 1 and link 2)
positions are explored as shown in Fig. 2, Fig. 3 and Fig.4.
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4.3 Parameters, Levels and Responses

Table 1 shows the level settings of the thicknesses of link 1
and link 2 of the robotic arm. The first natural frequency
(Hz) and the mass (kg) of the robotic arm is selected as the
response.

Table -1: Process parameter levels

Process Parameter Low High
Level Level
Link 1 (mm) 4 16
Link 2 (mm) 4 11

4.4 Response Surface Method (RSM)

Minitab 2019 software is used to design the run order for
the Response Surface Method (RSM) . The Central Composite
Design (CCD) consists of 8 factorial points and six centre
points or 14 points (Run 1-14) with one replicate and two
blocks. The CCD is shown in Table 2.

Table -2: Central composite design of RSM

Run Order Link 1 (mm) | Link 2 (mm)
1 18.49 7.5
2 10 7.5
3 10 7.5
4 1.51 7.5
5 10 7.5
6 10 12.45
7 10 2.55
8 10 7.5
9 4 4

10 10 7.5
11 16 4
12 16 11
13 10 7.5
14 4 11

4.5 Procedure

The Robotic Arm assembly is transferred to the Stress
Analysis environment in Autodesk Inventor Professional
2016 to perform modal analysis. Aluminium-6061 is selected
as the material for the Robotic Arm. A fixed constraint is
applied at the end of link 1. Gravity load is applied to the
Robotic arm. Mesh element size is 0.025 to get accurate
results. In the first run, the thicknesses of link1l and 2 are

selected as per Table 2. The simulation result of first
vibration frequency and the mass of the Robotic Arm is
recorded. Similarly, the response values are recorded for all
the run orders. Afterwards, Minitab software is used to
analyse the response surface design with a confidence level
0f 95% (a=0.05). The residual plots showed that the errors
are random, independent, normally distributed and have
constant variance across all factor levels.

Pareto Chart of the Standardized Effects
(response is Natural Frequency-1 {Hz), o = 0.05)
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Fig -5: Significant parameters for natural frequency

The Pareto chart (Fig. 5) shows that the thickness of link 1,
the thickness of link 2 and the square of the thickness of the
link1l are significant at « = 0.05. The square of link 2
thickness and the interaction between the thickness oflink 1
and the thickness of link 2 are insignificant at a = 0.05. The
refined regression equation with R2=98.45% is,
Regression Equation

Natural = 107.11 + 15.58 Link 1 (mm) -
Frequency-1 4.307 Link 2 (mm)
(Hz) - 0.4559 Link 1 (mm)*Link 1 (mm)

Main Effects Plot for Natural Frequency-1 (Hz)
Fitted Means

Link 1 {mm) Link 2 {mmm)

Mean of Natural Frequency-1 (Hz)
g

Fig -6: Main effect of thicknesses of link 1 and link 2 on
Natural Frequency
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The main effect plots (Fig. 6) show that the link 1 thickness
has a non-linear relationship with the first natural
frequency. Second, link 2 thickness has a linear relationship
with the first natural frequency.

Contour Plot of Natural Frequency-1 (Hz) vs Link 2 (mm), Link 1 (mm)
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Fig -7: Surface plot of both links thickness with Natural
Frequency

The surface plots (Fig. 7) show a decrease in the link 2
thickness, and increased link 1 thickness leads to the higher
natural frequency.

Pareto Chart of the Standardized Effects
(response is Mass (Kg), a = 0.05)
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Fig -8: Significant parameters for mass

The Pareto chart (Fig. 8) shows that thickness of link 1,
thickness of link 2, square of thickness of link 1 and square
of thickness of link 2 significantly affect the mass at a=0.05.
The interaction between thickness of link 1 and thickness of
link 2 has insignificant affect on the mass at a = 0.05.

Main Effects Plot for Mass (Kg)
Fitted Means
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The main effect plots (Fig. 9) show that the link 1 and link
2 thickness have a non-linear relationship with the first
natural frequency.

Contour Plot of Mass (Kg) vs Link 2 (mm), Link 1 (mm)
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Fig -10: : Surface plot of both links thickness with mass

The surface plots (Fig. 10) show a increase in the link 1
thickness, and an increased link 2 thickness leads to an
increase in the mass.
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Fig -11: Optimised thicknesses of both the links

The optimisation graph (Fig. 11) shows that with link 1
thickness of 8.1994 mm and link 2 thickness of 4 mm, the
maximum natural frequency value obtained is 186.9499 Hz.
The minimum mass is 7.3539 kg.

Fig -9: Main effect of thicknesses of link 1 and link 2 on
mass
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6. DISCUSSION

The thickness oflink 1 has a non-linear relationship with the
natural frequency (Fig. 6) and the mass (Fig. 9). In addition,
the slope of the curves is steeper than the curves of the
thickness of link 2. It shows that link 1 thickness has a more
considerable effect on the natural frequency and mass of the
robotic arm than the thickness of link 2. Therefore, to
improve the performance of the Robotic Arm care may be
taken to design the link 1. Second, the optimisation graph
(Fig. 11) shows that higher natural frequency does notlead to
low mass. As a result, this finding is in disagreement with
[10]. Third, the gripper payload is applied as a pointload. The
results show that the payload did not affect the natural
frequencies. Fourth, the different orientations of the joint
angle between link 1 and link 2 did not affect the natural
frequencies. This finding is in agreement with [10]. Fifth, the
inverse relationship between the link 2 thickness and the
natural frequency indicates that link 2 may be designed
lighter in weight than link 1 to increase the structural
strength of the Robotic Arm.

7. CONCLUSIONS

This research reported the mechanical design of the Robotic
Arm links. The study also provided supporting modal
analysis data for the Robotic Arm. Detailed findings
presented in section 5 and section 6 are summarised here.

1) Link 1 may be designed carefully to improve the
performance of the Robotic Arm because the thickness of
link 1 has a more considerable effect on the natural
frequency and the mass of the Robotic Arm. 2) Higher
natural frequency does not automatically select the low mass
for the links. 3) To increase the structural stability of the
Robotic Arm, link 2 may be designed to be lighter in weight
compared to link 1. 4) Joint orientation of link 1 and link 2
did not affect the natural frequencies. Limitation of this
study is that kinematics and dynamics is not considered in
the optimsiation. A suggested direction for future research is
to perform the structural design optimisation of the Robotic
Arm under the dynamic loads.
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