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Abstract. With the rapid development of modern industry and Robotics, industrial robots are
widely used in manufacturing. However, because of the high price of industrial robot systems on
the market, industrial robots are limited to the production of small and medium-sized enterprises.
Against this background, this paper fully investigates the development process and research
status of industrial manipulators at home and abroad, and designs a six-degree-of-freedom
economic industrial manipulator. ANSYS Workbench software is used to analyze the statics of
the arm and the whole machine, and the equivalent stress cloud map and the displacement and
deformation cloud chart are obtained. The static strength and stiffness of the large arm and the
whole machine are analyzed, and the reliability of the structure is verified. Then adopting the
optimization module in the software, the multi-objective optimization design of the large arm is
carried out. The size of the structure is reduced and the quality is reduced by 14.7% in the case
that the large arm meets the requirements of the allowable stress and the maximum displacement.
The target of the optimization design is realized.
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1. Introduction

The emergence of industrial robots has significantly improved human production levels and efficiency.
Industrial robots can adapt to hazardous work environments [1-4]. To meet the needs of small and
medium-sized enterprises, there has been a focus on lightweight design for industrial robots [5, 6].
Extensive research has been conducted on mechanical arm structure design and structural optimization
by scholars and institutions worldwide. For instance, Wang Yang from Beijing Jiaotong University has
designed a modular, lightweight mechanical arm and performed topology optimization based on
structural analysis [7, 8]. Similarly, Lin Yizhong and colleagues from Guangxi University have
conducted finite element analysis and sensitivity analysis on a welding robot's upper arm, optimizing its
structure for weight reduction and improved performance [9-12]. The optimization of mechanical arm
structures is crucial for enhancing the production efficiency and adaptability of industrial robots. This
paper aims to explore the methods and techniques of structural optimization, contributing to the
advancement of industrial robots.

© 2023 The Authors. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
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2. Statics analysis of the high arm

2.1 Basic theory of finite element analysis

To import a 3D model, create a large arm 3D model in SolidWorks. Simplify the model by removing
unnecessary circular holes and chamfers. Import the simplified 3D model into ANSYS Workbench
software and set the material properties.

In the past, steel and its alloys were used to ensure robotic arms had sufficient stiffness and strength.
However, with the development of lightweight robotic arms, lightweight materials (Al, Mg, Ti alloy and
CFRP) have become mainstream [13]. Table 1 lists the density, specific stiffness and specific strength
values of these materials. Mg alloy has low density and high specific strength, but relatively low specific
stiffness. CFPR has low mechanical property density, but high cost and difficult forming. Al alloy
material has excellent light weight and is more widely used in robotic arms. Define the requirements for
lightweight and economic properties of the material, and select Al alloy as the boom material.

Table 1. Density(p), specific stiffness (Rs) and specific strength(Ro) values of the material.

Material p(kg/m°) Rs(MPa-m®Kkg) Ro(MPa-m®/tone)
Steel 7930 25 44

Ti alloy 4400 26 205

Al alloy 2700 25.5 79.6

Mg alloy 1780 23 100
CFRP 1700 42 326

Grid division is a crucial step in creating a finite element model. Start by controlling the global mesh
and selecting a tetrahedral mesh division. Set parameters like global cell size, correlation center,
smoothness, and mesh transition. Then, refine the local mesh.

2.2 Boom statics analysis

By solving and calculating with ANSYS Workbench software, the equivalent stress cloud map and
displacement cloud map of the boom were obtained, as shown in Figure 1. It can be seen from Figure 1.
that due to the effect of external load, the maximum deformation occurs at the front end of the
manipulator, and the maximum displacement is 0.0431mm, which is a small value, may cause significant
displacement at the end of the robotic arm due to its series structure.

Equivalent Stress. Total Deformation "
Type: Equivalent {von-Mises) Stress Type: Total Deformation
Unit: MPa Unit: mm
Time: 1 Time: 1

14.02 Max
| R W 038365
10.447 003357
8.6606 0028774

| 68743 gy 00279

M 5088 0019183
& 33017 = 0014387

00095914

H 0.0047957
0 Min

0.043161 Max

17138
H 088111
0.0052172

z z

0.00 100.00 200.00 (mm) 0.00 100.00 200.00 (mm)
— )

5000 150.00 5000 150.00

Figure 1. The stress and displacement results of arm.

2.3. Multi objective optimization design of the boom

Multi-objective optimization is a design that optimizes parameters by establishing a parameterized
model that includes structural size parameters, material performance parameters, load parameters, etc.
[14].
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2.3.1 Sensitivity analysis of the boom. Under the condition of ensuring that the maximum stress of the
boom does not exceed the allowable stress of the material, while also ensuring that the maximum
displacement and deformation of the boom are small, the design parameters of the boom structure are
optimized.

The sensitivity analysis of the boom is shown in Figure 2. The degree of impact on the quality of the
large arm ranges from large to small: the thickness of the main body of the large arm, the thickness of
the side rib plate, and the thickness of the convex boss at the joint connection.
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Figure 2. The sensitivity analysis of arm.

2.3.2. Analysis of the relationship between design variables and target variables. The 3D relationship
between the design variables (thickness of the main body of the boom, thickness of the side rib plate,
thickness of the joint boss) and the target variables (maximum stress, maximum displacement, mass) in
the optimization of the boom structural parameters can be obtained through ANSYS Workbench
software, as shown in Figure 3 to Figure 5. It can be seen that the three target variables of the boom are
difficult to achieve simultaneously. The maximum displacement and deformation of the large arm are
not greater than 0.05mm, which is set as the highest priority.
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Figure 4. The relationship between the design variables and the displacement of the arm.
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Figure 5. The relationship between the design variables and the mass of the arm.

2.3.3 Multi objective optimization design and analysis of the boom. By combining the previous
sensitivity analysis results with the priority order of optimization objectives, the priority levels of three
objective variables are set in the Optimization module of ANSYS Workbench software in order of
priority. Through optimization calculation, three optimization result schemes for the boom are obtained.
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Figure 6. The stress and displacement results of the optimized arm.

From the optimization results, it can be seen that the maximum equivalent stress of the optimized
boom has increased compared to before, but it is still far less than the maximum allowable stress of the
material. After optimization, the maximum displacement of the boom has increased compared to before,
but it is less than the required maximum displacement deformation of 0.05mm.

2.4. Complete machine statics analysis

Due to the numerous structural details of the robotic arm, the impact of chamfers, threaded holes, and
other structures on the overall robotic arm is not significant, so it is simplified during modeling. Import
the simplified model of the robotic arm into the ANSYS Workbench software, as shown in Figure 7.
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Figure 7. The simplified model of whole manipulator.

As shown in Figure 8, the maximum displacement of the entire machine occurs at the forefront of
the robotic arm, with a value of 0.1952mm. The displacement deformation at the end of the robotic arm
is formed by the accumulation of deformation in each component, so the structure of parts with larger
stress and deformation can be improved to improve strength and stiffness. At the same time, the
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structural size of parts with a smaller load-bearing capacity can be reduced to reduce their own weight
and improve the positioning accuracy of the robotic arm.
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Figure 8. The displacement nephogram of whole manipulator.

3. Conclusions

ANSYS Workbench software is used to carry out finite element analysis on the boom of the mechanical
arm and analyze its static characteristics. The results show that the stress and deformation of the boom
meet the requirements, and there is a large margin. On this basis, a multi-objective optimization design
was carried out on the boom. While meeting the design requirements, the boom mass was reduced by
14.7%, achieving the goal of optimization. The reliability of the structure is verified by Statics analysis
of the whole manipulator.
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