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Abstract

As a critical component of demolition robots, the rotary joint supports the entire manipu-
lator arm and operates under severe loading conditions, rendering it highly susceptible
to fatigue failure. To address this challenge, topology optimization is integrated into the
structural design to simultaneously enhance fatigue life and achieve lightweighting. In this
work, multiple working conditions of the demolition robot are considered and analyzed to
identify the extreme operating condition. By extracting the resultant stress on the rotary
joint from the assembled structure under the extreme condition, an equivalent model of
the independent rotary joint is established. Given that topology optimization based on the
original structure could not yield a usable structure, two topology optimization strategies
based on resetting the design space are proposed, including topology optimization based
on the partially filled design space and topology optimization within the fully filled design
space. By performing topology optimization under different schemes, the optimized rotary
joint models are reconstructed through geometric fusion. Numerical results demonstrate
that the optimized rotary joints exhibit significant improvements in fatigue performance,
with fatigue life doubled compared to the original design. Concurrently, the structural
mass is effectively reduced. This proposed method achieves the dual objectives of fatigue
life enhancement and lightweight design. Furthermore, the results reveal that resetting the
design space when topology optimization fails to obtain a usable structure yields superior
topology optimization outcomes, providing a valuable new insight for future structural
optimization design processes in similar engineering scenarios.

Keywords: demolition robot; topology optimization; fatigue life; lightweight; design
space resetting

1. Introduction
In recent years, demolition robots have attracted extensive attention and application

in hazardous environments such as metallurgy, mining, nuclear facility decommissioning,
and building demolition [1–3]. These robots can replace manual operations in dangerous or
hard-to-reach areas, providing higher safety and demolition efficiency [4–6]. Being the most
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critical component of the demolition robot, the rotary joint connects the base and the manip-
ulator arm. It must withstand the impact force transmitted from the hydraulic breaker, the
lateral force generated by material manipulation, and the gravity of the manipulator itself.
Its structural performance directly affects the overall performance, working efficiency, and
reliability of the demolition robot. However, current rotary joint designs often suffer from
limited fatigue life, excessive weight, and low material utilization, which restrict the service
life and working capability of the robot [7]. Therefore, a redesign of the rotary joint is
necessary to enhance its fatigue life while reducing its mass. However, traditional structural
design approaches are generally based on market feedback and designer experience to
optimize structural performance. Although these methods may improve local strength to
a certain extent, they often fail to enhance the global structural performance or the fully
stressed material utilization [8–10].

The topology optimization (TO) has attracted both attentions from both academic and
industry owing to its capability to generate structures with high strength to density ra-
tios [11–14]. Compared to traditional TO approaches, the stress-constrained TO holds great
practical significance in engineering applications [15]. This is because the stress-constrained
TO method can avoid local stress concentrations, which lead to fatigue damage or structural
failure [16]. Consequently, this method has been found to be extremely useful in fields
such as aerospace, automotive manufacturing, and architectural engineering [17–19]. For
the perspective of engineering applications, strength index is paramount [20]. TO offers
significant advantages in the structural design of industrial robots [21]. Through multi-
objective optimization design of robots, their initial and operating costs can be effectively
reduced [22]. Addressing complex dynamic working conditions and global performance
requirements, scholars have significantly enhanced the dynamic accuracy and adaptability
of robots and effectively reduced joint driving torques by employing methods such as topo-
logical superposition, global workspace optimization, and the introduction of time-varying
inertial loads [7,23–25]. Regarding critical stress constraints, relevant studies have achieved
multiple optimizations in sensing sensitivity, structural safety, and boundary smoothness by
constructing robust models, introducing geometric nonlinearity, and adopting isogeometric
analysis [26–28].

In this work, the stress-driven TO method is applied to the rotary joint, aiming to
simultaneously prolong structural fatigue life and achieve a lightweight design. Through
global optimization of material distribution, this approach ensures the reliability and
durability of the structure while effectively reducing the mass of the rotary component.
The study focuses on the anode-demolition robot used in aluminum electrolysis, and rotary
joint models with partially filled and fully filled design spaces are established, respectively,
to conduct research on two TO strategies. Finite element analysis (FEA) is conducted on
the rotary joint under severe loading conditions, and the variable density TO method is
adopted to optimize the design of the rotary joint. By comparing the results of the two
optimization strategies, the advantages and limitations of each approach are identified,
providing valuable reference for selecting the most effective design strategy.

2. Analysis of Typical Working Conditions
2.1. Determination of Loads and Working Conditions

The demolition robot is a robot used to break the anode white materials in aluminum
electrolysis, which features high motion performance requirements and complex structural
characteristics. The structural compositions of the robot are illustrated in Figure 1, together
with the two typical working conditions, i.e., vertical and horizontal loads. When the robot
is in operation, each segment of the manipulator arm is driven by the hydraulic system to
complete various functional actions. Among them, the rotary joint, as a key component
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connecting the arm frame and the base, needs to drive the entire manipulator arm to swing,
bearing the vertical and horizontal reaction forces generated during demolition and turning,
as well as the gravity of the manipulator itself [29].

Figure 1. Simplified model of the demolition robot, two boundary conditions, and meshing of the
rotary joint.

Then typical working conditions of the demolition robot are modeled and analyzed
to obtain the distribution of the stress in the demolition robot under the extreme working
condition during practical engineering operation, which provides the necessary data foun-
dation for obtaining the resultant stress at each hinge joint of the rotary joint under extreme
conditions in subsequent analyses.

In the demolition process, the piston rod of the hydraulic breaker periodically experi-
ences a normal impact reaction force F1 from the working surface, as shown in Figure 1.
This reaction force is transmitted through the breaker to the joints and structural members
of the manipulator, with a periodicity equal to that of the breaker operation. Additionally,
during practical operation, the demolition robot must rotate the aluminum anode using the
manipulator arm, which results in a lateral reaction force F2, as shown in Figure 1.

According to the law of action and reaction, this impact force can be estimated from
the impact energy of the hydraulic breaker. Since the elastic modulus of the initial prebaked
anode is 5.5 GPa and the generated inhomogeneous anode residue ranges from 2 GPa to
4 GPa, both of which are far smaller than the 220 GPa elastic modulus of structural steel,
the deformation mainly occurs in the anode residue, allowing for a simplified calculation.
Given that the breaker’s single impact energy is 785 J and the piston stroke is 75 mm,
the impact reaction force is calculated as F1 = 10.47 kN. Then we assuming that the rod
tip rotates the anode to the left, the process can be approximately equivalent to rotating
a rectangular column in the vertical plane. Given the approximate mass m = 2000 kg
and the friction coefficient between the anode and the ground µ = 0.35, the maximum
static friction force can be calculated as Ff = 6.86 kN. When the applied force reaches
6.86 kN, the anode begins to rotate, and at this moment, the tip of the hydraulic breaker
rod is subjected to an equal and opposite reaction force directed to the right, F2 = 6.86 kN.
Considering load fluctuations during breaking and rotating, by multiplying by a safety
factor of 1.8, the equivalent lateral reaction force applied to the rod tip during analysis is
F1

′ = 18.85 kN, F2
′ = 12.35 kN. During the demolition process, the F1

′ and F2
′ have the large

torque when manipulator arm reaches its maximum travel position which is chosen for the
later calculation.
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2.2. Establishment and Analysis of the Finite Element Model

To ensure computational efficiency and the accuracy of FEA, the model can be sim-
plified based on the principle of equivalent stiffness. The simplified model removing
components such as hydraulic assemblies, pipelines, fittings, and ferrules are removed and
minor structural features such as fillets, chamfers, process edges, and threaded holes are
filled or smoothed is used [30,31], as shown in Figure 1. Then the global mesh adopts solid
elements, primarily tetrahedral meshes, with refined meshing applied to contact regions,
and the maximum element size of the obtained global model is 1.69% of the structural size,
with the meshing results of the rotary joint shown in Figure 1. Later, for the demolition
robot made of structural steel, the corresponding material properties are listed in Table 1.

Table 1. Material properties of structural steel.

Density
(kg/m3)

Elastic Modulus
(MPa) Poisson Ratio Yield Strength σs

(MPa)

7850 2.2 × 105 0.3 250

The lower part of the base embedded in the foundation is defined as a fixed support,
and the gravitational acceleration is applied vertically downward to the entire robot, as
illustrated in Figure 1. The manipulator arms and hydraulic cylinders of the demolition
robot are connected through pins and bushings, while different pin-bushing pairs operate
under varying lubrication conditions. In high-fidelity modeling, to simulate the poor
lubrication or wear state of the pin-bushing throughout the full life cycle, all hinge contact
surfaces are modeled as frictional contacts with a coefficient of friction µ = 0.2 [30,32]. The
equivalent impact reaction force F1

′ and the equivalent lateral reaction force F2
′ at the

extreme position are applied as force boundary conditions, and the boundary conditions
for these two loading cases are shown in Figure 1.

The equivalent stress contour plots for normal force and lateral force are shown in
Figures 2a and 2b, respectively. From the equivalent stress distribution contours, it can
be observed that the maximum equivalent stresses throughout the robot are all lower
than the allowable stress of structural steel. Under normal force loading, the maximum
equivalent stress occurs at the junction between the boss of the boom’s lower hinge hole
and the reinforcing rib. The equivalent stress contour of the rotary joint under this loading
condition is shown in Figure 2c, and the maximum equivalent stress is located at the
intersection between the lower hinge hole and the bottom plate of the rotary joint. Under
lateral force loading, the maximum equivalent stress appears at the intersection between
the upper hinge hole of the rotary joint and its side surface, as shown in Figure 2d.

It can be concluded that under lateral force loading, the overall load on the robot is
significantly greater than that under normal force loading. This indicates that the load
acting on the rotary joint is also much higher than in normal force loading. Therefore,
lateral force loading is identified as the extreme working condition during the operational
cycle of the demolition robot’s rotary joint. The boundary conditions corresponding to this
working condition are used for the subsequent analysis and optimization design of the
rotary joint, and the results obtained under this condition can satisfy the other working
conditions encountered during the robot’s operation.
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Figure 2. Equivalent stress contour plots under two loading conditions: (a) global equivalent stress
contour plot under normal force loading; (b) global equivalent stress contour plot under lateral
force loading; (c) equivalent stress contour plot of the rotary joint under normal force loading;
(d) equivalent stress contour plot of the rotary joint under lateral force loading.

3. Establishment and Analysis of the Equivalent Model of the
Rotary Joint

Based on the previous analysis of multiple typical working conditions of the demo-
lition robot, the extreme working condition has been determined. Here, an equivalent
model of the rotary joint is independently established. The resultant stresses at each hinged
joint of the rotary joint under this condition are extracted and applied as force boundary
conditions to the corresponding positions on the independent rotary joint. The rotary joint
is then analyzed separately for its stress distribution and fatigue life.

3.1. Establishment of the Equivalent Model

The model of the overall demolition robot involves nonlinear contacts and a large
number of nodes. Performing TO directly on the rotary joint within the assembly envi-
ronment would not only be computationally intensive but also prone to singularities [32].
Therefore, the rotary joint must be modeled independently before TO.

Boundary conditions need to be applied to the hinged regions of the independent
rotary joint; meanwhile, to ensure reliable connections in the hinged regions after opti-
mization, the rotary joint is divided into a design space and a non-design space as shown
in Figure 3a, with no TO performed on the non-design space. Regarding the application
of boundary conditions for the independent model, the force distribution on the hinged
contact surfaces of the rotary joint is highly non-uniform due to the lateral force and the
gravity of the manipulator arm, affecting the load transmission path of the design space.
Consequently, to simulate this non-uniform loading, the contact surfaces are refined when
extracting the resultant stress of the hinged contact surfaces. Since the rotary joint is in a
state of equilibrium, only the resultant stress of the contact surfaces connecting the rotary
joint and the manipulator arm need to be extracted. Thus, these contact surfaces are uni-
formly divided into 32 geometric surfaces, and the nodal forces on each geometric surface
are integrated to obtain the resultant stress force, and the resultant stress components in
the Cartesian coordinate system are extracted.
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Figure 3. Division of the design space, setting of boundary conditions, and contour plots of analysis
results for the rotary joint: (a) division of the design space; (b) setting of boundary conditions;
(c) stress contour of the design space from the overall analysis; (d) stress contour of the design space
from the independent analysis; (e) fatigue life contour of the design space from the overall analysis;
(f) stress contour of the design space from the independent analysis.

The resultant stress components extracted above are applied sequentially to the cor-
responding positions on the independent rotary joint, while the hinged contact surfaces
between the rotary joint and the fixed housing are set as frictionless supports. The boundary
conditions are shown in Figure 3b. The material of the rotary joint is structural steel, and
its material properties are shown in Table 1.

The independent rotary joint model is meshed. The global mesh adopts solid elements,
primarily tetrahedral elements. As shown in Figure 4, nine sets of finite element models
with different mesh densities were established, and the equivalent stress values at the same
point for each model were extracted and compared. When the mesh was further refined, at
a mesh count of 373,282, the variation in the stress of the structure tended to stabilize with a
difference of no more than 2%, indicating that the solution had achieved mesh convergence.
Finally, the determined element size is 0.62% of the overall structural dimensions.

Figure 4. Mesh convergence for equivalent stress.

Based on the above boundary conditions, FEA is carried out, and the equivalent stress
and fatigue life distributions are obtained. Since TO is performed only on the design
space, it is only necessary to verify whether the stress distribution in the design space of
the independent rotary joint is equivalent to that in the assembly. The equivalent stress
contour of the rotary joint from the independent analysis is shown in Figure 3d, with a
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maximum stress of 119.69 MPa. Compared with the equivalent stress contour of the rotary
joint design space obtained from the overall analysis of the demolition robot in Figure 3c,
the load transfer paths are identical, and the maximum stress differs by only 7.06 MPa
from that of the overall analysis, 112.63 MPa, resulting in an error of merely 6.27%. Since
the maximum stresses in both cases appear at the connection between the upper hinged
platform surface and the main body, it can be considered that the stress conditions are the
same. In addition, the fatigue life distributions shown in Figure 3e,f are identical, and the
minimum life is slightly lower than the value from the overall analysis, making the design
more conservative. Therefore, the equivalent model is established.

3.2. Initial Fatigue Life Analysis

The rotary joint is repeatedly subjected to lateral and normal impact loads during
operation, resulting in periodic variations of internal stress, which easily leads to fatigue
failure [33]. It can be seen from the above analysis that the stress acting on the rotary joint
during operation is lower than its yield strength, and the material remains within the range
of linear elastic deformation, where stress fatigue usually occurs [34]. Therefore, the S-N
curve method is adopted in this study to predict the fatigue life.

Meanwhile, the complex configuration of the rotary joint and the impact caused by
stress concentration at the welds are also considered. According to the fitting of the stress
amplitude σa = 252.67 MPa at N = 104 and σa = 81.41 MPa at N = 106 and other data in a
logarithm coordinate system for the actual structural steel welded joint, the material based
corrected S-N curve can be obtained [35–41]. The corrected S-N curve is expressed in the
Basquin form, where the fatigue strength coefficient is σf

′ = 2885.922 MPa, and the fatigue
strength exponent is b = −0.246. Accordingly, the corrected S-N curve of the structural steel
material is given as:

σa = σ′
f (2N)b = 2885.922MPa · (2N)−0.246. (1)

Fatigue analysis is performed after the static analysis results of the independent
rotary joint. Since the manipulator arm causes the rotary joint to experience a symmetric
cyclic alternating load while rotating the aluminum anode, a fully reversed load with a
proportional factor of 1 is applied. Meanwhile, since the gravity acting on the rotary joint
introduces a constant static stress component, forming a static stress bias and resulting in a
stress ratio that is not strictly −1, to consider the effect of mean stress, the Goodman mean
stress theory is applied to analyze the fatigue life of the rotary joint after correction [42].
Simultaneously, one cycle period is defined as the manipulator arm completing one left-
and-right pushing motion to reset the anode.

Based on the fatigue life distribution of the rotary joint, it can be seen that the minimum
fatigue life occurs at the connection between the upper hinged platform surface and the
main body, with about 2.087 × 105 cycles. The fatigue life at the connection between the
rotary cylinder hinged platform surface and the main body is also only 3.225 × 105 cycles,
these two locations are the most likely to experience fatigue failure. Therefore, optimization
design of the rotary joint is needed to optimize the load transfer path, improve the local
fatigue life, and enhance the overall service life of the component.

4. Rotary Joint Topology Optimization Design
4.1. Topology Optimization Based on the Variable Density Method

The rotary joint of the demolition robot is a continuous structure and can be opti-
mized using the solid isotropic material with penalization (SIMP) method to lead to an
optimal value for certain structural metrics, such as volume and mass [7,43]. Meanwhile,
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stress constraints are added to reduce the maximum stress value and improve its fatigue
life [44,45]. This method assumes that the material density is variable, changing between 0
and 1 to simulate material removal and retention. By establishing the relationship between
material properties and element density, with element density as the design variable and
structural strain energy as the optimization objective, the mathematical model for TO is
constructed [46]. The mathematical model can be represented as

Find : x = (x1, x2, · · · , xn)
T , (2)

minC(x) = FTU = UTKU =
n

∑
i=1

[
Emin + xp

i (E0 − Emin)
]
· uT

i k0ui, (3)

Subject to



V =
n
∑

i=1
vixi = f V0 ≤ V∗,

gσ(x) =

[
1
N

N
∑

j=1

(
σvM,j(x)

σallow

)q]1/q

− 1 ≤ 0,

KU = F,
0 < xmin ≤ xi ≤ 1, (i = 1, 2, · · · , n)

(4)

where x is the design variable, i.e., the relative density of the element; n is the total number
of design area elements; C is the structural compliance; F is the nodal load vector; U is the
nodal displacement vector; K is the global stiffness matrix; E0, Emin are the maximum and
minimum material elastic moduli, respectively; p is the penalty factor, set to p = 3 in this
model; ui is the nodal displacement vector for the i-th element; k0 is the stiffness matrix of
the base element; V is the total volume of the current design structure; vi is the volume of
the i-th element in the design area; f is the set volume fraction of the final optimized model;
V0 is the initial total volume of the model; V∗ is the set upper volume limit of the optimized
model. N is the total number of elements involved in stress computation; σvM,j(x) is the
Von Mises equivalent stress of the j-th element; σallow is the set Von Mises stress constraint;
q is the exponent of the aggregation function, set to q = 6 in this model; xmin is the lower
bound for the element relative density, set to xmin = 1.0 × 10−3 in this model.

In this paper, based on the above SIMP TO theory, the TO design of the rotary joint
is performed after FEA. The optimization design process is shown in Figure 5. After
completing FEA and TO, the design model is no longer based solely on geometric data but
is represented as the optimal solution in the form of solid elements. Therefore, a specialized
surface-smoothing method is required to smooth such fractal surface solutions, accurately
identify the external surface of the object, and convert the shape optimization data into a
geometry-based CAD model. The solid model is then reanalyzed through FEA to verify
the reliability of the design [9,47].

According to the reverse engineering technique, geometric reconstruction is performed
on the data obtained after TO, as shown in the geometric reconstruction section of Figure 5.
The TO result model is extracted in the form of triangular element node coordinates, and
the obtained point cloud data are used as the input file [47].The imported surface model is
repaired to fix issues such as missing parts, overlaps, mesh defects, and sharp corners. Then,
disconnected small facets are separated and deleted. Subsequently, geometry shrinking is
performed to remove sharp spike surfaces and generate uniform triangular facets. After
surface smoothing, the number of facets is reduced. Finally, the processed surface model is
converted into a solid model. The hinged holes of the solid model are trimmed, assembled
with the solid model of the non-design space part, and then merged into a single solid
through Boolean operations to complete the geometric reconstruction.
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Figure 5. Topology optimization process.

4.2. Topology Optimization Design Based on the Original Model

The original rotary joint structure is shown in Figure 6a. After performing FEA on the
independent rotary joint, the design space of the rotary joint is subjected to TO. During the
optimization process, the constraint conditions are set as follows: a mass response constraint
to retain 40% of the original mass, and a stress response constraint with stress ≤ 250 MPa.
In the SIMP TO model, these constraints are expressed as f = 0.4 and σallow = 250 MPa. In
addition, a symmetric design constraint is applied on the XOY plane of the rotary joint. The
above constraints are used to adjust the solving strategy of the SIMP TO model, in order to
obtain appropriate hollow structures and dimensions, while ensuring that the optimized
result of the component remains symmetric about the XOY plane.

After 16 iterations of optimization, the convergence accuracy reaches 0.1%. The
evolution of the topological structure is shown in Figure 6b. The result of the 16th iteration
is adopted as the final topology structure as shown in Figure 6c for geometric reconstruction.
It is observed that the optimal structure obtained under such relaxed stress constraints
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exhibits large-scale voids between the supporting plates. Furthermore, surface defects
are prone to occur during the reconstruction process, making it difficult to implement the
reconstruction and impossible to achieve the goal of improving fatigue life.

Figure 6. Topology optimization of original rotary joint: (a) axonometric view of the structure before
optimization; (b) evolution of the topological structure with corresponding variations in stress and
mass; (c) axonometric view of the optimized topological structure.

The results of TO performed based on the original model are unsatisfactory. The
limited design space defined by the original model affected the outcome of the TO to some
extent [9]. To reduce this influence, the original model was gradually filled to change the
design space, thereby obtaining better optimization results. As shown in Figure 7, without
affecting the fit between the rotary joint and other components, the spaces between the
supporting plates and the internal cavities of the rotary joint were gradually filled to change
the design space for TO.

Figure 7. Stepwise filling of rotary joint model: (a) the original model; (b) interplate filling model;
(c) completely filled model.

4.3. Topology Optimization Design Based on the Inter-Plate Filled Model

Firstly, based on the original model as shown in Figure 7a, the spaces between the
plates were filled to expand the inter-plate design space as much as possible, obtaining the
filled model as shown in Figure 7b. Subsequently, the design and non-design spaces were
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defined. The non-design space of the filled model is the same as that shown in Figure 3a,
while all other regions are defined as design space.

The specific structure of the filled rotary joint is shown in Figure 8a. Boundary
conditions as shown in Figure 3b are applied to the rotary joint. After performing FEA,
the design space of the rotary joint is subjected to TO. During the optimization process,
the constraint conditions are set as follows: a mass response constraint to retain 75% of
the original mass, and a stress response constraint with stress ≤ 90 MPa. In the SIMP
TO model, these constraints are expressed as f = 0.75 and σallow = 90 MPa. In addition,
a symmetric design constraint is applied on the XOY plane of the rotary joint, and a
minimum element size constraint of 30 mm is applied to the entire design space. The above
constraints are used to adjust the solving strategy of the SIMP TO model, in order to obtain
appropriate hollow structures and dimensions, while ensuring that the optimized result of
the component remains symmetric about the XOY plane.

 

Figure 8. Topology optimization of inter-plate filled rotary joint: (a) axonometric view of the structure
before optimization; (b) evolution of the topological structure with corresponding variations in stress
and mass; (c) axonometric view of the geometrically reconstructed structure.

After 12 iterations of optimization, the convergence accuracy reaches 0.1%. The evolu-
tion of the topological structure is shown in Figure 8b, and the result of the 12th iteration is
adopted as the final topology structure for geometric reconstruction and further study.

According to the geometric reconstruction process shown in Figure 5, by fixing the
imported surface, wrapping using a shrink geometry with a gap size of 2 mm, performing
smoothing with an angle threshold of 180◦, and reducing triangular facets with parameters
of a maximum deviation of 0.5 mm and a reduction ratio of 60%. The above parameters are
used to control requirements such as fillets and curvature of the structure after geometric
reconstruction. Finally, trimming the hinged holes and merging other parts. The recon-
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structed structure of the rotary joint is shown in Figure 8c. The mass of the reconstructed
rotary joint is 368.94 kg, compared with 391.34 kg before optimization, achieving a weight
reduction of 22.4 kg, thus realizing the goal of lightweight design.

4.4. Topology Optimization Design Based on Full Filling Model

Based on the inter-plate filled model as shown in Figure 7b, the internal cavities were
further filled to achieve the maximum design space, obtaining the fully filled model as
shown in Figure 7c. Subsequently, the design and non-design spaces are set. The non-
design space of the filled model is the same as that shown in Figure 3a, while other regions
are defined as design space.

The specific structure of the filled rotary joint is shown in Figure 9a. The boundary
conditions shown in Figure 3b were applied to the rotary joint. After performing FEA, the
design space of the rotary joint was subjected to TO. During the optimization process, the
constraint conditions were set as a mass response constraint retaining 50% of the mass and
a stress response constraint of σ ≤ 120 MPa, corresponding to f = 0.5 and σallow = 120 MPa
in the SIMP TO model. At the same time, a symmetry design constraint was applied on the
XOY plane of the rotary joint, and a manufacturing constraint with a minimum element
size of 40 mm was set. These constraints were used to adjust the solution strategy of the
SIMP TO model to obtain better hollow shapes and dimensions, while ensuring that the
optimization result of the component remained symmetric about the XOY plane.

Figure 9. Topology optimization of fully filled rotary joint: (a) axonometric view of the structure
before optimization; (b) evolution of the topological structure with corresponding variations in stress
and mass; (c) axonometric view of the geometrically reconstructed structure.

After 17 iterations of optimization, the optimization result satisfied the convergence
accuracy of 0.1%. The evolution of the topological structure and the variations in mass and
stress are shown in Figure 9b. The 17th iteration optimization result was finally adopted, and
this topological structure was used for geometric reconstruction and subsequent research.
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After the TO was completed, the model was expressed in terms of material density.
According to the geometric reconstruction process shown in Figure 5, operations were
performed by fixing the imported surface, wrapping using a shrink geometry with a
gap size of 2 mm, performing smoothing with an angle threshold of 180◦, and reducing
triangular facets with parameters of a maximum deviation of 0.5 mm and a reduction
ratio of 60%. The above parameters were used to control requirements such as fillets and
curvature of the structure after geometric reconstruction. Finally, the hinged holes were
trimmed and other parts were merged. The reconstructed structure of the rotary joint is
shown in Figure 9c. The mass of the reconstructed rotary joint was 344.00 kg, which is
47.34 kg lighter than the rotary joint before optimization, 391.34 kg, representing a weight
reduction ratio of 12.10%, thereby achieving the goal of lightweight design.

4.5. Analysis of Topology Optimization Results

The different combinations of volume fraction, stress constraints, and symmetry
constraints are considered. Then the optimization outcomes are summarized as shown
in Figure 10. It can be clearly observed that the selected results lie on the Pareto frontier
of the mass-stress trade-off. The final determinations of the optimal solution as shown in
Figure 10 are chosen on the Pareto frontier by further considering practical manufacturing
constraints thus ensuring that the selected scheme balances both theoretical optimality and
engineering applicability and used for fatigue analysis.

Figure 10. The relationship between the structural mass and Von Mises stress of different optimiza-
tion results.

The inter-plate filled geometric reconstruction model was assigned the same boundary
conditions as the original model, as shown in Figure 3b. To obtain accurate calculation
results, the optimized model used three-dimensional solid elements and was finely meshed.
A static structural analysis was then performed, and the results are shown in Figure 11c.
The maximum stress was 96.34 MPa. The fatigue life of the optimized model was further
predicted based on the S-N curve method, and the same modified S-N curve derived from
the rotary joint material was used, applying a fully reversed constant-amplitude load with
a scale factor of 1. The Goodman mean stress theory was adopted to analyze the fatigue
life of the optimized rotary joint, and the results are shown in Figure 11d.

https://doi.org/10.3390/machines14020154

https://doi.org/10.3390/machines14020154


Machines 2026, 14, 154 14 of 17

Figure 11. Analysis results of the models: (a) equivalent stress distribution cloud diagram of the
original model; (b) fatigue life distribution cloud diagram of the original model; (c) equivalent stress
distribution cloud diagram of the inter-plate filled TO; (d) fatigue life distribution cloud diagram
of the inter-plate filled TO; (e) equivalent stress distribution cloud diagram of the fully filled TO;
(f) fatigue life distribution cloud diagram of the fully filled TO.

The fully filled geometric reconstruction model was assigned the same boundary
conditions as the original model, as shown in Figure 3b. The model was finely meshed and
subjected to static structural analysis, obtaining the stress distribution shown in Figure 11e,
with a maximum stress of 93.03 MPa. Then, using the same modified S-N curve derived
from the rotary joint material, a fully reversed constant-amplitude load with a scale factor
of 1 was applied to the optimized model. The Goodman mean stress theory was adopted to
analyze the fatigue life of the optimized rotary joint, and the results are shown in Figure 11f.

By comparing the minimum fatigue life of the rotary joint before optimization as
shown in Figure 11b, 2.087 × 105 cycles, the minimum fatigue life of the TO rotary joint
based on the fully filled model as shown in Figure 11f increased to 5.815 × 105 cycles. The
fatigue life at the junction between the upper hinge platform surface and the main body
of the rotary joint increased from 2.087 × 105 cycles to 31.05 × 105 cycles, while that at
the junction between the rotary cylinder hinge platform surface and the main body of the
rotary joint increased from 3.225 × 105 cycles to 610.6 × 105 cycles. The overall fatigue
life was significantly improved. Compared with the TO results based on the inter-plate
filled model as shown in Figure 11d, where the fatigue lives at the same locations were
20.67 × 105 cycles and 27.57 × 105 cycles, and the minimum life was 5.044 × 105 cycles,
the fatigue performance of this model was further improved. Furthermore, by comparing
Figure 11e with Figures 11a and 11c, it can be seen that the stress distribution of this model
is more uniform than that of the original model and the TO result based on the inter-plate
filled model, eliminating large areas of excessively high or low stress, indicating a more
efficient utilization of the material. In terms of lightweight design, the optimized model
obtained through this approach has a mass of 344.00 kg, which is lighter than the original
model 391.34 kg and the TO model based on the inter-plate filled 368.94 kg. It not only
improves the fatigue life but also achieves the goal of lightweight design.
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In terms of manufacturability, the complex geometric shapes resulting from TO are
suitable for the casting process, and the minimum member size constraint of 40 mm satisfies
the 11 mm minimum wall thickness requirement for cast steel parts, which ensures good
mold filling capability. Furthermore, the non-design space retains the original geome-
try, ensuring the compatibility of the workpiece with machine tool fixtures, facilitating
subsequent precision machining.

In summary, the TO model based on the full filled design space not only ensures a
significant improvement in fatigue life but also makes the stress distribution more uniform
and the structure lighter. Therefore, for large assemblies involving complex non-linear
contact, the sub-modeling technique can be effectively utilized to achieve this goal when
performing TO on a specific component. For heavy-duty cantilever rotary structures
characterized by roots subjected to massive overturning moments, limited installation
space, and high susceptibility to fatigue failure, prioritizing the filling of internal cavities
to reset the design domain can yield superior TO structures, thus better accomplishing
the design objectives of enhancing fatigue life and achieving lightweight performance for
the component.

The current research mainly focuses on the conceptual design and numerical ver-
ification stages, and the obtained conclusions rely mainly on high-precision numerical
simulation. Therefore, in the future, scaled prototypes and full-scale prototypes will be
manufactured for experimental validation to correlate the predicted fatigue life values with
experimental data.

5. Conclusions
The rotary joint of the electrolytic aluminum anode dismantling robot was taken as the

research object. A multi working condition analysis of the robot was conducted to identify
the extreme working condition during normal operation. The resultant stress forces at the
hinge joints of the rotary joint under this extreme condition were extracted to establish an
equivalent model of the independent rotary joint. Subsequently, based on both the original
model and the filled design space model with a reset design domain, TO and geometric
reconstruction aimed at improving fatigue life were performed, followed by analysis and
verification of the optimized structures. Addressing the problem that TO based on the
original model could not yield a usable structure, the TO result after resetting the design
domain not only yielded a usable structure, but also more than a two-fold improvement
in fatigue life and about a 12.1% reduction in mass. The stress distribution became more
uniform, with lower stress levels, longer fatigue life, and lighter weight, thus obtaining a
superior optimization result. The present study and its results provide an effective new
approach for various mechanical structures where TO design cannot be performed on the
original structure.
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