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Abstract: The light-weighting of a robotic arm is an important aspect of robot research. In the opera-
tion of existing welding robots, excessive vibrations in the welding actuators have been observed,
which lead to reduced welding precision and work efficiency. The direct connection between the
forearm and the welding actuator is a key component that affects vibrations. Based on this, a study
on light-weighting the forearm is proposed. Using the theory of topology optimization with variable
density structure, the structural dimensions, shapes, and geometric parameters of the forearm are
optimized. The material removal methods of “hole cutting” and “local hollowing” are employed to
reconstruct the forearm structure model. Static, modal, and transient simulations were performed
on the forearm model pre-optimization and post-optimization. The optimization results show that
the mass of the forearm is reduced by 19.8%. The static simulation comparative analysis shows that,
under the same constraints and load conditions, the maximum total deformation of the optimized
forearm is reduced by 3.6%, the maximum stress is reduced by 3.2%, and the maximum equivalent
elastic strain is reduced by 5.7%. The optimized forearm structure is more reasonable and exhibits bet-
ter mechanical performance. Modal simulation comparative analysis shows that the first and second
natural frequencies of the optimized forearm are increased by 9.8% and 7.0%, respectively. Transient
simulation comparative analysis demonstrates that, under the maximum operating condition, the
vibration frequency and amplitude of the optimized welding robot forearm are reduced by 19.4%
and 26.9%, respectively. The maximum amplitudes of the maximum equivalent stress curve and
maximum equivalent elastic strain curve are reduced by 51.0% and 46.0%, respectively. This study
provides a guarantee for reducing vibrations in welding actuators, improving welding precision, and
enhancing the work efficiency of the welding robot.

Keywords: welding robot; robotic forearm; light-weighting; simulation analysis

1. Introduction

The robotic arm is a crucial component of robots, and its mass has a significant impact
on the overall performance of the robot. Light-weighting is a key research area in robotic
arm design, and researchers from both domestic and international communities have em-
ployed various design methods to achieve light-weighting. For instance, Albuschaffer et al.
replaced traditional metal materials with high-strength carbon fiber to reduce the total mass
of the DLR robot [1]. HAIBIN YIN et al. proposed a design method based on a CFRP/AA
(Carbon Fiber-Reinforced Plastic and Aluminum Alloy) hybrid structure to reduce the
mass of the robotic arm, resulting in a lighter overall structure of the robot [2]. Gokge
Mehmet Genger et al. directly combined the aluminum alloy (AA7075) with composite
material (glass fiber reinforced PA66) to manufacture a hybrid structure with scarf joint
configuration, achieving light-weighting and reduced vibrations compared to the single-
material robotic arm [3]. Considering that light-weighting materials are often expensive
and difficult to process [4], researchers tend to utilize topology optimization methods for
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their light-weighting design [5]. Jiguang Jia et al. proposed an integrated optimization
method that combines topology and size parameters (TPOM). By setting key variables that
link topology layout with size characteristics, the structural mass of the robotic arm was
reduced while maintaining structural stiffness [6]. Yin et al. proposed a light-weighting
method for the robotic arm with parameterized design variables of structural size and
the transmission system. The optimization results demonstrated the effectiveness of this
method in reducing the mass of the robotic arm [7]. Mingxuan Liang et al. applied topology
optimization with light-weighting as the design objective and total displacement of the
robot arm end as the constraint. They combined a flexible multibody dynamics model,
finite element method, and topology optimization theory to optimize the robotic arm struc-
ture [8]. Jiguang Jia et al. proposed a topology and size parameter-integrated optimization
method (TPOM), which establishes a connection between the topology layout and size
features by setting key variables. This method reduces the structural mass of the robotic
arm while maintaining structural stiffness [6]. Luo H proposed a design method for the
plunger structure of a Friction Stir Welding (FSW) robot based on finite element analysis. By
considering the static and dynamic characteristics, the plunger structure was optimized to
achieve a lightweight design, thereby improving the welding accuracy of the FSW robot [9].
Mingxuan Liang et al. aimed at lightweight design and used the total displacement of the
end effector as a constraint. They combined flexible multibody dynamics, finite element
analysis, and the topology optimization theory to perform topology optimization of the
robotic arm [8]. Topology optimization does not simply modify existing structures but
provides new structural layouts. It enables rapid identification of optimal material distri-
bution under specified conditions [10] and maximizes stiffness under mass constraints,
thereby effectively shortening product development cycles [11]. Topology optimization
methods mainly include homogenization methods [12], density-based methods [13], evo-
lutionary structural optimization (ESO) methods [14], level-set methods [15], deformable
void methods, and moving morphable void (MMV) methods [16].

This study contributes to the literature on the optimization of the welding robot
forearm. In contrast to previous studies, this research introduces a novel approach by incor-
porating the density-based topology optimization method to achieve the lightweight design
of the welding robot forearm, thereby improving its mechanical performance and vibration
characteristics. Initially, the forearm undergoes topology optimization using the density-
based method. Subsequently, based on the analysis results, the model is reconstructed by
removing unnecessary materials through “voiding” and “cutting” procedures to optimize
its physical properties. This paper conducts a comparative analysis through static and
dynamic simulations pre- and post-optimization to assess enhancements in the static and
dynamic performance of the welding robot forearm. The results indicate that the integra-
tion of the density-based topology optimization method leads to a significant reduction in
the weight of the forearm and improves both its static and dynamic performance.

The structure of this study is as follows: the second section introduces the principle
of the density-based topology optimization method; the third section applies the density-
based method to optimize the structure of the welding robot forearm; the fourth section
conducts a comparative analysis through simulations pre- and post-optimization based on
the analytical results.

Current industrial welding robots often exhibit excessive vibrations in the welding
actuators during operation, which not only reduces welding efficiency and precision but
also decreases overall stability and service life. The welding robot mainly consists of a base,
upper arm, joint axes, forearm, wrist, and welding actuators, as shown in Figure 1, provided
by an enterprise. The forearm, directly connected to the welding actuator, plays a vital role
in the welding efficiency and precision of the welding robot. The forearm consists mainly of
the shaft and the main body of the forearm. Therefore, this study aimed to achieve the light-
weighting of the forearm by utilizing the variable density method to optimize the structural
dimensions, shape, and topology parameters. Static, modal, and transient simulations were
conducted to compare and analyze the forearm pre- and post-optimization, with the goal of
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achieving light-weighting, improved mechanical characteristics, and dynamic performance
of the forearm.

Axis joint

Big arm

Figure 1. General structure of the welding robot.

2. Topology Optimization Theory Analysis of the Forearm

Based on the structural characteristics of the forearm, the density-based topology
optimization method is adopted. The forearm is discretion into several finite elements,
and design objectives and constraints are given to determine the optimal distribution
and transmission path of structural materials in the forearm [17] in order to optimize the
structure’s quality and performance. The material interpolation model is defined as follows:

E(pi) = (pi)pEo 1

In the equation, E(p;) represents the interpolated elastic modulus of the forearm, EO
is the elastic modulus of the solid material of the forearm, p is the penalty factor for the
forearm material, and p; represents the relative density of the i-th element. The density-
based method assumes that the stiffness matrix of each element depends on the variation
in the penalty factor p and the relative density p;, establishing a nonlinear relationship
between the relative density and the elastic modulus of the material. By introducing the
penalty factor p to adjust the intermediate density value p; of the material, the stiffness of
the structure is gradually penalized, causing intermediate density to converge towards the
ends of 0~1, thus changing the elastic modulus E of the elements and subsequently altering
the stiffness matrix K of the material. This ultimately enables the planning of material
distribution and transmission paths. According to the theory of mechanical vibration, the
forearm of the welding robot can be regarded as a vibrating system, with its basic dynamic
equation given as follows:

Mx" + Cx' + Kx = F(t) ()

In the equation, M represents the mass matrix of the forearm, C is the damping matrix,
K is the stiffness matrix, F(t) is the externally applied force, x” is the acceleration vector, x’
is the velocity vector, and x is the displacement vector of the forearm.

The basic idea of density-based methods is to assume the existence of density-variable
material elements that do not exist in actual engineering. It combines the concept of discrete
topology optimization modeling. In this method, the density of material elements is set as a
continuous variable, with values ranging from 0 to 1. Additionally, a function relationship
between the density of material elements and the physical properties of the material needs
to be defined to express the density function of material elements.
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In topology optimization, the aim is to maximize the stiffness of the forearm. To
achieve this goal, the relative density of material elements in the welding robot forearm can
be treated as a design variable, while the volume fraction of material optimization serves
as a constraint. By seeking a rational material distribution, the optimization of the forearm
structure can be achieved. In the process of topology optimization, the lower limit of the
relative density of material elements is set between 0 and 1. If the relative density of a
material element is lower than the lower limit, it indicates that the material contribution to
the stiffness of the forearm at that location is the forearm and can be removed. Conversely,
if the relative density of a material element is higher than the lower limit, it indicates that
the material contribution to the stiffness of the forearm at that location is significant and
should be retained [18].

Taking the example of topology optimization for continuous structures with a global
volume constraint, the model for the topology optimization problem based on the density-
based method can be described as follows:

Find :p = {p1,02,03...,0n}" € Q
Minimize :C = FTU
Subjectto :V* < fV (3)
:F = KU
0 < pmin < pi <1(i=1,2,3...,n)

In the equation, p represents the relative density of the material element, which is
the design variable in the topology optimization problem. Its value is a continuous value
between [pmin, 1], where pmin is typically set to a forearm value close to “0” (e.g., 0.01). This
is performed to avoid singularity in the stiffness matrix during the finite element calculation.

In the field of topology optimization, two commonly used density interpolation models
are SIMP (Solid Isotropic Material with Penalization) and RAMP (Rational Approximation
of Material Properties). In terms of the penalty effect on intermediate density, the SIMP
interpolation model performs slightly better than the RAMP interpolation model. In this
study, the solution method for the topology optimization problem of continuous structures
was mainly derived under the SIMP modeling method [19]. It used the power exponent P of
artificial material density to penalize the intermediate density, aiming to make the density
of the material in the optimization process tend towards “0” or “1” as much as possible.

In the SIMP material interpolation model, the density of the artificial material element
is represented as follows:

o(x;) = xP,x; € [¥min, 1], =1,2,3...,n 4)

Assuming the material is isotropic, and Poisson’s ratio for the material is a constant
independent of the material density, the relationship between the density of the artificial
material element and the elastic modulus of the material can be established as follows:

E(xi) =Emin + Qb(xi) (E - Emin) )
=Emin + AEx;¥,AE = E — Epin, i =1,2,3...,n

To ensure numerical stability, the minimum value of the elastic modulus E min is set
to E/1000, and it satisfies 0 < Epnin < E(x;) < E, where E(x;) represents the elastic modulus
of element i in the structure, E is the elastic modulus of the material element with density
“1”, Emin is the elastic modulus of the low-strength material element, and x; represents the
relative density of each element.

To ensure the accuracy of the optimization results and consider the maneuverability
of the forearm, a penalty factor P is introduced in the SIMP (Solid Isotropic Material with
Penalization) model to adjust the intermediate material density. The adjusted material
density values converge more quickly towards “0” or “1”, allowing the SIMP model
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to better approximate the topology optimization model based on discrete variables. In
Equation (5), the elastic modulus of any material element in the structure is determined
by the material density interpolation function ¢(x;), where different penalty factors P
and different intermediate densities xi jointly determine the convergence of the material
element’s elastic modulus towards 0 or E.

Considering the global volume constraint, the topology optimization problem for
continuous structures is formulated based on the minimum compliance (maximum stiffness
or minimum strain energy) criterion. The compliance function for continuous structures is
derived based on the SIMP model as follows:

n
C(x;) =FU=U"KU =Y ulku; (6)
i=1

Here, Ein << E, Equation (5) can be transformed into the following:
E(x;) = Emin + xf(E — Emin) = xfE ?)

The value k* for the material unit stiffness matrix k put forward its own modulus
of elasticity E(x;) to obtain the unit stiffness matrix, ko; for the density of the material for
“1” unit stiffness matrix, its elastic modulus is E, which combined with Formula (7) then
produces the following:

ki = E(x;)k* = 2V EK* = xl'kg (8)

By substituting Equation (8) into Equation (6), the function form of the compliance of
the structure after finite element discretization can be obtained:

n
C(xi) = Z xfuiTkOui 9)
i=1

Based on the SIMP material interpolation model, the topology optimization problem
for flexibility minimizing continuum structures under structural volume constraints can be
described as follows:

Find : X = {xq,x2, x3, . ..,xn}TQ

n
Minimize :C(x) = FTU = UTKU = Y_ xl'ul kou;
i=1
n 10
Subjectto :2 xjv;— fV <0 (10)
i=1
:F = KU

0<Xmin<x<1,(=123,...,n)

In Equation (10),

X—material element relative density, which serves as the design variable for the entire
optimization model.

C(x)—objective function.

F—load vector.

U—material element displacement column vector.

f—remaining material percentage.

V—volume of the structural material.

v;/—the relative volume of the material element.

Xmin—Minimum material element density, typically set to 0.01.

Xmax—Maximum material element density.

x;—relative density of the element under consideration.

K—stiffness matrix of the material element with density “1”.
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3. Lightweight Topology Optimization of the Forearm
3.1. Geometric Dimensions and Material Characteristics of the Forearm

The geometric dimensions of the robot forearm are shown in Table 1. The upper arm
is made of Ai5083 material, and its material properties are listed in Table 2.

Table 1. Geometric dimensions of forearm.

Geometric Dimensions

Length in X direction (mm) 727.39
Length in Y direction (mm) 258.69
Length in Z direction (mm) 274.28

Volume (m?) 0.0027

Table 2. Characteristics of forearm materials.

Ai5083 Material Characteristics

Density (kg/m?) 2800
Young’s Modulus (MPa) 70,300

Poisson’s Ratio 0.33

Tensile Yield strength (MPa) 230

Compressive Yield strength (MPa) 230

Tensile Ultimate strength (MPa) 320
Mass (kg) 7.493

3.2. Boundary Conditions and Optimization Parameter Settings

Constraints are applied at the front end of the forearm connecting shaft, while a force
load is applied at the end of the forearm (in practical applications, the weight of the welding
actuator is <150 N, taken as the maximum value). Except for the constrained and loaded
regions, the remaining positions of the forearm are designated as the optimization area. The
objective function, C(p), is defined for minimization using a density-based optimization
algorithm. The penalty factor, p, for density, is typically set between 3 and 5. In this
optimization, p is set to 3. The minimum normalized density of the material element is
set to 0.001, and the convergence criterion is set to 0.1%. The density threshold, p, is set
to 0.01. The maximum number of iterations in the iterative calculation process is set to
500. Among other conditions, the minimization of compliance and minimum equivalent
stress are considered. The optimization region is defined using the constraint of mass as
the response, with a retention percentage of 50%.

3.3. Topology Optimization Results and Structural Model Reconstruction

Using the ANSYS Workbench platform, the forearm model was meshed, and topol-
ogy optimization for light-weighting was performed. After iterative convergence of the
objective function, the optimization region was calculated, and all set objectives were
achieved near the convergence criteria and stabilized. The obtained density distribution
of the optimized forearm is shown in Figure 2. Regions with high density indicate areas
where material must be retained, while regions with low density indicate areas where the
material can be removed. According to Figure 2, the redundant material distribution of the
forearm is observed, with a concentration of weight reduction in locations ) and @). In
order to reduce the mass of the welding robot’s forearm and to remove material from the
optimized position of the structural topology, this paper uses the methods of “hole-cutting”
and “local cavity excavation “with the aim of being able to reduce the mass according to
the exact position and to reduce the stress concentration”. Based on the methods of “hole
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cutting” and “local cavity excavation,” the forearm model was reconstructed to remove the
redundant volume. At location (1), hole cutting was employed to remove a portion of the re-
dundant material. At location (2), where the load was relatively forearm, a local cavity was
excavated. At location (3), hole cutting and internal material excavation were performed.

202312411 9:55

[I Remove (0.0t0 0.4)
D Marginal (0.4 to 0.6)

000 200.00 (mm) >< A
[ e
100.00 4

Figure 2. Topological density distribution.

Considering the practical needs of mechanical processing technology and assembly
space layout, the reconstructed forearm structural model is shown in Figure 3. At location
( in Figure 3, hole cutting was performed, resulting in a shape composed of a semicircle
with a radius of 35 mm and a rectangle measuring 138 mm in length and 70 mm in width.
At location @) in Figure 3, a local cavity with a radius of 56.42 mm and a height of 37.5 mm
was excavated, including the connected bolts. At location 3 in Figure 3, hole cutting with
a diameter of 52 mm and internal material excavation were performed.

Figure 3. Structural model of forearm after reconstruction.

Through the topology optimization and model reconstruction mentioned above, the
mass of the forearm was reduced from 7.493 kg to 6.007 kg, which is a significant reduction
of 19.8% in lightweight design.

4. Simulation Results Analysis
4.1. Static Analysis and Comparison

The loads and constraints applied to the forearm pre- and post-optimization of the
welding robot are consistent in terms of magnitude and direction. The constraints and
load directions are shown in Figure 4. According to the static condition of the welding
robot, a vertical downward load of 150 N is applied at the end of the forearm, as shown at
position A in Figure 4. Constraints are applied at the axis end of the welding robot forearm,
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as shown at position B in Figure 4. The standard Earth gravity direction is applied, as
shown at position C in Figure 4. After setting the boundary conditions, meshing and static
analysis simulations are conducted. The maximum total deformation of the forearm pre-
and post-optimization is shown in Figure 5, the maximum equivalent elastic strain pre-
and post-optimization is shown in Figure 6, and the maximum equivalent stress pre- and
post-optimization is shown in Figure 7.

- Force: 150. N
[B] Fixed Support
[€] Standard Earth Gravity: 98066 mm/s?

L: Static Structural
Static Structural
Time: 1.5

[ Force: 150.N

[Bl Fixed Support
[€] Standard Earth Gravity: 98066 mm/s?

Figure 4. Constraints and loads pre- and post-optimization.

Figure 5. Maximum total deformation diagram pre- and post-optimization.

000011818
59092e-5
24857e-10 Min

24436e-10 Min

Figure 6. Maximum equivalent force diagram pre- and post-optimization.
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Maximum deformation (mm)
.y

Maximum equivalent force (MPa)

L: Static Structural
Equivalent Stress

Type: Equivalent (von-Mises) Stress

Unit: MPa
Time:1s

36.331 Max
32294
28.257
24221
20.184
16147

1211

80736
40363
5.30%e-6 Min

F: Static Structural
Equivalent Stress
Type: Equivalent (von-Mises) Stress

6.1247e-6 Min

Figure 7. Maximum equivalent force diagram pre- and post-optimization.

The comparison of deformation, stress, and strain in static analysis is shown in Figure 8.
From the figure, it can be observed that the maximum total deformation at the end of the
forearm pre-optimization is 0.558 mm, while post-optimization is reduced to 0.538 mm,
resulting in a decrease of 3.6%. The maximum stress and strain are located at the connection
between the forearm and the axis. The maximum stress pre-optimization is 36.331 MPa, and
post-optimization is reduced to 35.169 MPa, resulting in a decrease of 3.2%. The maximum
equivalent elastic strain pre-optimization is 0.00053, and post-optimization is reduced to
0.00050, which is a decrease of 5.7%.

0. 0006

L [_|Pre-Optimization :l Pre-Optimization
0. 558 [ post-Optimization 0. 00053 [ Post-Optimization
0, 5 =
08 £ 0.0005 | 0, 00030
L g
@
=2
% 0.0004
r o
-
=
-2
@ 0.0003
[ N
3
=2
o
£ 0.0002 |
i 2
%
=
- ; 0. 0001 [
0. 0000
36. 331 :Ipm“pli'_m‘?‘“h_)" s b [ |Pre-Optimization
i 36. 3 5. 169 ] Post-Optimization 7,403 Post-Optimization|
[y
6+ 6. 007
~ 5k
=0 2
-
L i
24r
a3
L = .
3ir
L L
L b

Figure 8. Comparison of static analysis of the forearm.

4.2. Modal Analysis Results Analysis

The natural frequencies and vibration modes of the welding robot forearm have a
significant impact on the welding accuracy of the robot. The modal analysis of the forearm
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Q: Modal
Total Deformation

Type: Total Deformation
Frequency: 50.3
Unit: mm

21.227
18869
1651
14151
11.793
94343
70757
417
23586
0 Min

Q: Modal
Total Deformation 3

Type: Total Deformation
Frequency: 253
Unit: mm

Q: Medal

Total Deformation 5
Type: Total Deformation
Frequency: 357.62
Unit: mm

can provide insights into the dynamic characteristics of different modes and optimize the
vibration response within different frequency ranges. Generally, the vibration frequencies
of welding robots are relatively low, and resonance mainly occurs in the first and second
modes [20]. To avoid resonance phenomena during the low-frequency operation of the
forearm, it is crucial to increase the natural frequencies of the forearm in the lower modes.

As shown in Figure 9 below, the first six orders of modal deformation diagrams of the
welding robot forearm before optimization are shown. Before performing modal analysis
on the optimized welding robot forearm, the boundary conditions are set to the same as the
pre-optimization modal analysis. Modal analysis is conducted to obtain the modal results of
the optimized forearm and compare them with the pre-optimization results. Table 3 shows
the first six mode natural frequencies of the welding robot forearm pre- and post-optimization,
and they are plotted in a line graph for comparison, as shown in Figure 10.

Q: Modal
Total Deformation 2
Type: Total Deformation

Frequency: 567
Unit: mm

21.048
18.709
1637

14032
11.693
9.3545
70158
46772
23386
0 Min

Q: Modal
Total Deformation 4

Type: Total Deformation
Frequency: 264.

Unit: mm

164.68 M
14638
12809
109.79
91.49
73.192
54894
36596
18.298

0 Min

Q: Modal
Total Deformation 6

Type: Total Deformation
Frequency: 435.
Unit: mm

72.504
64.448
56392
43.336
40.28
32224
24163
16112
8056

3 Min

Figure 9. Natural frequencies of the first 6 modes of the forearm.
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Table 3. Comparison of modes pre- and post-optimization of the forearm of the welding robot.

Frequency Pre-Optimization = Frequency Post-Optimization

Modal Order (Hz) (Hz)
First order 50.329 55.267
Second order 56.729 60.678
Third order 253.84 232.86
Fourth order 264.4 263.84
Five order 357.62 291.38
Six order 435.64 361.45
450 + = Pre-Optimization
7 * Post-Optimization n
400
350 I g :
N
<
= 300 - .
Q L
5 . ‘
8 250
= .
2
= 200
=
[}
%0150
LL‘ L
100 ~ /
50F 8 !
1 1 1 " 1 " 1 " 1 " 1

Firstorder ~ Second order ~ Third order ~ Fourth order  Fifth order Sixth order

Modal Order

Figure 10. Comparison of the sixth-order modal natural frequency of the forearm pre- and
post-optimization.

Through the comparative analysis, it can be observed that the natural frequencies
of the first and second modes of the welding robot forearm significantly increase post-
structural topology optimization, resulting in improved modal responses. Generally, the
lower the mode, the more significant the response and the more important it is. Therefore,
the increase in the natural frequencies of the lower modes can effectively avoid resonance
phenomena during the operation of the welding robot forearm, thereby improving welding
accuracy and enhancing the stability and performance of the robotic arm.

4.3. Transient Simulation Comparative Analysis

To analyze the effect of structural topology optimization on the vibration characteristics
and stress—strain behavior of the forearm under transient conditions, transient simulation
analysis is conducted. The changes in vibration frequency, vibration amplitude, and
stress—strain behavior of the welding robot forearm pre- and post-optimization are further
compared under maximum operating conditions.

4.3.1. Comparison of Vibration Amplitude and Frequency

The forearm of the welding robot experiences vibrations due to the impact load from
the welding actuator after it comes to a stop. Transient simulation is performed considering
the maximum operating condition of the welding robot forearm, with a rotational speed of
60°/s. The comparison of vibration frequency and amplitude in the direction of motion pre-
and post-optimization is shown in Figures 3-11. It can be observed that the forearm of the
welding robot continues to vibrate after coming to a stop under the maximum operating
condition. The pre-optimized forearm reaches a stable state at around 1.8 s, while the
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optimized forearm reaches stability at around 1.45 s, indicating a 19.4% reduction in the
vibration time post-optimization. Further analysis of the vibration amplitude shows that
the maximum amplitude pre-optimization is 0.13 mm, while post-optimization is reduced
to 0.095 mm, representing a 26.9% decrease in vibration amplitude. The transient simulation
comparison demonstrates that structural topology optimization results in reduced vibration
frequency and amplitude for the welding robot forearm.

-0.55 | 0.55 -
—~ = |
£ 000 A H A \E/—o. 60 - 1]
bt n 3
2-0.65 \“ M £ 065
£ Mifite 3
A A s
g -0.70 ! m“ \‘M‘ ‘“ WA g-0.70
E= ‘ N =
1! |
rr £ ||
3 | \‘ | : 0.80
© -0.80 ‘ v ‘g -0.80
& ~ =
-0.85 -0.85
I 1 I 18 I I I 1 1.45 1 L
0.0 0.5 1.0 1.5 2.0 25 0.0 0.5 1.0 1.5 2.0 25
Figure 11. Amplitude curve pre- and post-optimization.
4.3.2. Comparison of Transient Stress and Strain
When the welding robot forearm rotates at a speed of 60°/s, the optimized forearm
exhibits significantly reduced stress and strain variations resulting from vibrations, as
shown in Figures 12 and 13. The maximum amplitude of the maximum equivalent stress
curve for the pre-optimized forearm is 15.3 MPa, while for the optimized forearm, it
is reduced to 7.5 MPa, which is a decrease of 51.0%. After the vibration stabilizes, the
maximum equivalent stress for the pre-optimized forearm is 55.357 MPa, while for the
optimized forearm, it is reduced to 42.002 MPa, which is a decrease of 24.1%.
75
o6 Pre-optimization 50 [49.497 optimization
5 or ’ ~ St
= =
? 65 | | g 46
(=] =}
Zeot | =44
% 5 S oo
5 55 3397 Sarf
L:lé El-éi() F
Es0f £
545 | ) =
s | St
10 BO-176 u 4483
1 1 1 1 1 1 1 1 1 1 1 1
0.0 0.5 1.0 1.5 2.0 2.5 0.0 0.5 1.0 1.5 2.0 2.5

Times (s) Times (s)

Figure 12. Stress curve pre- and post-optimization.

Similarly, when the welding robot forearm rotates at a speed of 60° /s, the transient
strain amplitudes of the optimized forearm are significantly reduced. The maximum
amplitude of the strain curve for the pre-optimized forearm is 0.00025, while for the
optimized forearm, it is reduced to 0.000135, which is a decrease of 46%. After the vibration
stabilizes, the maximum equivalent elastic strain for the pre-optimized forearm is 0.000895,
while for the optimized forearm, it is reduced to 0.000653, resulting in a decrease of 27.0%.
This indicates that structural topology optimization can effectively reduce the stress and
strain of the forearm during high-speed motion, thereby improving the stability and safety
of the mechanical structure.
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Figure 13. Strain curve pre- and post-optimization.

5. Discussion

Based on the optimization and comparative simulation results mentioned above, the
density-based structural topology optimization significantly reduces the weight of the
welding robot forearm, enhancing its static and dynamic performances and effectively
mitigating vibration effects. It is important to note that this study primarily utilized a single
optimization method for the objective, and the objective selection was stringent. Future
research could investigate alternative optimization methods like shape optimization, size
optimization, or a combination of methods to compare and assess their efficacy in order to
determine a more effective approach to lightweight forearm design.

6. Conclusions

To improve the production efficiency and working accuracy of the welding robot,
a density-based method was employed to perform structural topology optimization of
the forearm. Static, modal, and transient simulations were conducted to compare the
performance of the pre-optimized and optimized models. The following conclusions
were drawn:
(1) The lightweight design of the welding robot forearm was achieved, resulting in a
19.8% reduction in mass and material savings, leading to cost reduction.
Through static simulation comparative analysis, it was observed that the mechanical
performance of the optimized forearm was improved. The maximum total deforma-
tion decreased by 3.6%, the maximum stress decreased by 3.2%, and the maximum
strain decreased by 5.7%. The mechanical performance of the optimized forearm
exhibited better characteristics.
Modal simulation comparative analysis revealed that the natural frequencies of the
optimized forearm increased, especially for the first and second modes, which showed
significant improvements of 9.8% and 7.0%, respectively. This further reduced the
possibility of resonance occurrence in the forearm.
Transient simulation comparative analysis demonstrated that the optimized forearm
exhibited reduced vibration amplitudes and frequencies under maximum operating
conditions, with a decrease of 19.4% and 26.9%, respectively. The maximum ampli-
tudes of the equivalent stress and strain curves were reduced by 51.0% and 46%,
respectively.

@)

®)

4)

In conclusion, the structural topology optimization and lightweight design of the
welding robot forearm improves its mechanical performance and vibration characteristics,
which not only enhances its structural safety but also improves welding precision and
stability, providing better assurance for the efficient operation of the welding robot.
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