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Abstract: This article aims to optimise the structure of a press machine to enhance its stability and
accuracy, as well as reduce the frame deformation during processing. The outer supporting frame
of the JH31-250 press machine (Zhejiang Weili Forging Machinery Co., Ltd, Shaoxing, China) is
used as a typical sample for exploring optimisation. Commercial software is utilised to conduct a
finite element analysis on the three-dimensional model of the press machine frame. A topological
optimisation algorithm using the solid isotropic microstructures with penalisation (SIMP) method
is then applied to improve the structure of the press frame. The size of the topological structure is
further refined with the response surface method and particle swarm optimisation method to ensure
it is more relevant to engineering application. The analysis results indicate that the initial frame’s
deformation under the static conditions is 0.4229 mm, and after optimisation, the deformed structural
displacement is 0.2548 mm, a decrease of 39.75%. Additionally, a simplified experimental method is
designed to effectively validate the simulation and the proposed design.

Keywords: press frame design; finite element analysis; topology optimisation; response surface
method; stereo lithography appearance

1. Introduction

In the 21st century, the manufacturing industry places great value on forging machin-
ery, which is essential for producing components by the plastic deformation of materials [1].
This process changes the external shapes or sizes of the materials and modifies their perfor-
mances using external forces. As the workpieces and machine tools are tightly in contact
with each other during the process, the reduced deformation and improved stiffness of
machine tools have practical implications for manufacturing accuracy and product qual-
ity [2—4]. It is essential for forging equipment to be simple, reliable and of high stiffness
to meet increasingly complex technological requirements. As a result, the high-precision
design of press machines has become a focus of research internationally [5-7].

Mechanical structure design is the inverse problem of structural analysis. The press
machine’s final requirements are functional availability, quality stability, processability, and
an extended service life. Under these conditions, the load capacity of kernel components,
as well as their strength, stiffness, and operational accuracy, will be improved. Figure 1
illustrates the general design process for industrial products. If the performance of the
conceptual configuration cannot be comprehensively evaluated, mechanical engineers may
need to repeatedly modify and iterate over multiple stages. In practical mechanical engi-
neering, which emphasises efficiency, it is difficult to obtain self-innovative configurations
with improved performance. This article focuses on the effective design of conceptual con-
figurations and associated technologies. Mechanical structure conceptual design involves
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optimising a structure’s topology, size, and shape. Topology optimisation involves optimis-
ing the layout and structure of materials by defining rules within a given design space. This
concept can be traced back to Michell’s truss design theory [8]. Schmit et al. [9] proposed
size optimisation as a technique for optimising the various parameters of a structure, while
Zienkiewicz and Campbell [10] first proposed shape optimisation for box structure design.
Shape optimisation involves optimising the boundary or shape of a structure. Topology
optimisation is an innovative technology used for structural optimisation. It employs a
performance-driven forward design mode and is widely used in this field [11]. Topolog-
ical optimisation is widely regarded as one of the most innovative and effective design
methods [12,13].
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Figure 1. General design process for industrial products.

The topology optimisation method follows a performance-driven design scheme and
can generate a structure with a reasonable material distribution, excellent performance
conditions, and light-weight requirements. Ahmadi et al. [14] proposed a hierarchical con-
struction method for optimising press performance. The method incorporates overhang con-
straints and support structure requirements into topology optimisation, making it suitable
for high-resolution topology optimisation. Canelas et al. [15] proposed a precise quadratic
topological expansion optimisation method based on a Kohn—Vogelius-like functional to
solve the problem of anti-axisymmetric electromagnetic levitation. Guillen et al. [16] devel-
oped a framework for the topological optimisation of finned heat exchangers that combines
fluid dynamic optimisation programmes to reduce the drop in pressure in the heat ex-
changer during operation. Lin [17] applied topological optimisation methods to facilitate
the design of nonmanufacturable design features and ensure their reliability. Duan [18]
used SIMP methods to conduct topological optimisation on a high-speed hydraulic press,
achieving a structure with better quality and higher stiffness. Raz et al. [19] used different
commercial optimisation tools (Tosca, Nastran, and Frustum) to create a new design of
crossbeams for mechanical forging presses. Son et al. [20] proposed a design for a thermal
forging machine structure based on impact control methods, optimising its transient dy-
namic stiffness. Yan et al. [21] proposed a buffer structure design for stamping machine
tools to reduce the impact load on the dynamic and noise effects of the machine tools. In
summary, structure optimisation methods offer theoretical guidance for structure design
and are an efficient means of optimisation. However, because of the numerous internal
components of a press, few studies have considered the concept of innovative structural
topology design practically. Stereolithography apparatus photocurable plastics have ex-
cellent stiffness properties and are widely used for exploring and developing innovative
structures for the quasi-static support of small deformation structures [22-24]. Therefore,
we aimed to fully utilise the advantages of this technology to establish a closed-loop in-
dustrial design process that is more easily implementable for specific problems. This will
expand the role of topology optimisation methods in the structural optimisation design of
industrial equipment such as presses.
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This article explores the use of structural topology optimisation in the high-precision
design of press machine frames, as shown in Figure 2. In Section 2 of the article, the finite
element analysis of the press frame based on the design scale definition is presented. In
Section 3, topology optimisation is used to enhance the design of the support structures
on both sides of the frame, resulting in a conceptual configuration design. In Section 4,
to reduce the complexity caused by the topology model and numerical simplification,
the manufacturing process is considered, and the size design with a plate and reinforce-
ment is obtained. The response surface method and particle swarm optimisation method
are employed to optimise the size of the simplified results. In Section 5, an experimen-
tal method based on stereolithography apparatus is designed to effectively validate the
simulation and the proposed design. Considering the effective design of the conceptual
configurations and associated technologies, a closed-loop industrial design process is more
easily implementable for specific problems. The combination of the methods provides
complementary benefits. The investigated design example reduces the deformation of the
frame and improves its stiffness while ensuring an efficient manufacturing process.
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Figure 2. Closed-loop design process based on structural optimisation and additive manufacturing.

2. Finite Element Analysis

This article discusses the process of structural optimisation by an evaluation of the
finite element numerical simulation’s performance. The main objective of frame topologi-
cal design is to find a reasonable overall structural stress transmission path, rather than
focusing on local stress concentration. To achieve this, it is necessary to create a reasonable
engineering structural mechanics model and simplify it according to the mechanical perfor-
mance requirements of the press. We first analysed the structural form and working state
of the JH31-250 press. Then, we used the Saint Venant principle to simplify details such as
chamfers and bolts [25-27]. After, we performed the structural finite element simulation
modelling and analysis.

2.1. Functional Overview of JH31-250 Press

This paper focused on the JH31-250 press [28], depicted in Figure 3a. This press frame
has straight sidewalls that are easy to assemble, good vibration absorption, and is more suit-
able for mass production. The JH31-250 press comprises a frame, workbench, transmission
structure, clutch, brake, and other components. The press operates by transforming the
circular motion of the crankshaft into the vertical reciprocating motion of the ram through
the slider—crank mechanism. The slide holds the upper die of the mould, whereas the
worktable holds the lower die. The slide’s upper and lower linear movements complete
the mould’s closing, forcefully pressing the workpiece to cause the plastic deformation
or fracture of the metal material. This process enables the production and processing
of parts. The press load in the forging process is a short-term impact load. The motor
drives the flywheel to accelerate the rotation and store energy during idle periods. The
flywheel decelerates during working periods to release energy and form the force required
for forging.
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Figure 3. The JH31-250 press: (a) image of the overall press object; (b) slider—crank mechanism of
the press.

Figure 3b illustrates the slider—crank mechanism of the press, where point O denotes
the centre of rotation, point A represents the connection between the press frame and the
crankshaft, and point B represents the connection between the connecting rod and the
slider. The radius of the crankshaft is denoted by OA, and the length of the connecting rod
is denoted by AB. When the crankshaft rotates at an angular velocity of w, the slider moves
up and down in a straight line at a speed of v.

The sidewalls are the primary supporting components of the press and also the largest.
Their mass accounts for over 60% of the entire machine. They support all the deformation
force generated by the press in the working state and ensure the running accuracy of the
slide, which are crucial to the performance of the entire machine. The press’s optimal
design necessitates a reasonable distribution of mass and structure in the press frame. This
results in reduced deformation and displacement of the frame, as well as improved stiffness
and working accuracy of the press.

2.2. Finite Element Modelling of JH31-250 Press

The JH31-250 press’s main technical parameters were used to create a three-dimensional
solid model of the frame. This model was then imported into finite element software to cre-
ate a finite element model. The mechanical properties of the structure, including strength,
stiffness, and natural frequency, were analysed after the boundary conditions were added
and the mesh was divided. This analysis provides a reference for the subsequent structural
optimisation design of the frame.

Because of the large size of the press frame, the reinforcement structure is mostly
welded or bolted. Since these details have little influence on the overall strength and
stiffness of the frame, they were ignored in the modelling of the real frame [17]. We
smoothed the small round holes, filler holes, rounded corners, and chamfers, which do not
have a significant influence on the structural performance; unnecessary raised parts, such
as welds and small edge parts, were removed; threaded holes, rivet holes, oil holes, etc.,
were deleted. The simplified 3D solid model and the finite element model are shown in
Figure 4.

The main support of the press consists of the frame and the workbench. The frame is
welded with a Q235 steel plate and for the workbench with a QT500-7. Accordingly, the
relevant materials were created in the software material library, and the material properties
were defined for the numerical simulation. The specific material parameters are listed in
Table 1.
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Figure 4. Modelling of the press frame: (a) three-dimensional solid model; (b) finite element model.

Table 1. Main material parameters of the press machine.

. . , . Young'’s Modulus/ Density/ Yield Strength/
Part Material Poisson’s Ratio MPa Kg mm3 MPa
Frame 0.274 2.10 x 107° 7.83 x 1077 235
Workbench QT500-7 0.293 1.62 x 1075 7.00 x 1077 320

The JH31-250 press frame is constructed entirely from thick plate material, so the three-
dimensional solid element is used for the grid meshing of the discretising. As the aspect
ratio of the wall thickness and the frame is very small, a flexible 10-node quadrilateral
tetrahedral element was selected to improve the calculation accuracy. The mesh size was
set to 50 mm. The mesh grid of the frame is shown in Figure 4b. After meshing, there were
90,633 elements and 169,521 nodes.

During operation, the press may experience frame deformation, which can impact
the accuracy of the workpiece and potentially damage the die. To ensure robustness, the
frame is designed to withstand a maximum nominal pressure of 2.5 x 10° N under worst
working conditions. The surfaces supporting the crankshaft were coupled to two reference
points (RP1 and RP2) separately, while the top surface of the workbench was coupled to
RP3. The stiffness of the frame is defined as the ratio of the force to frame deformation.

(1) Displacement boundary condition

The press frame was fixed to the ground by bolts. To simulate the displacement of the
frame, the base of the frame was constrained in the X-, Y-, and Z-axis directions, and its
displacement was set to zero to prevent the rigid body motion of the press frame.

(2) Load boundary condition

Working loads were assigned at the crankshaft and the workbench, as a pair of
interaction forces. According to the maximum nominal pressure, the working load had a
magnitude of 1.25 x 10® kN and a positive direction along the Y-axis at the reference points
(RP1 and RP2) of the two crankshaft holes. The force at the reference point (RP3) on the
workbench was 2.5 x 10% kN, and the direction was negative direction along the Y-axis, as
shown in Figure 5a. Considering the large mass of the frame, the effect of gravity could not
be ignored. Therefore, the gravity load must be set, as shown in Figure 5b.
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(a) (b)

Figure 5. The load on the press frame: (a) working load; (b) self-weight load.

2.3. Static Analysis of the Press Frame

On the basis of the established model and parameter settings, an overall static analysis
of the press frame was conducted. The equivalent stress contour and the displacement
contour of the press frame were obtained, as shown in Figure 6.

von Mises Stress/MPa Magnitude
- 8.532x101 Displacement/mm
+7.821x10"
+7.110x10*
+6399x10"
+5.688x10"

(b)

Figure 6. Static analysis results on the initial frame: (a) stress contour; (b) displacement contour.

As can be seen from the figure, on the working load of the press, the stress distribution
of the frame was symmetrical. There were concentrations of stress at the crankshaft support
hole, inner plate of the frame, and front plate, and the maximum equivalent stress of
the frame is 85.32 MPa. The square hole and the upper area of the frame were largely
deformed, and the crankshaft support points had the largest magnitude displacement in
the frame, with a maximum total displacement of 0.5702 mm, which had a great impact on
the frame’s stiffness.

Table 2 shows the maximum relative displacement of the space node RP1 correspond-
ing to the crankshaft support hole and the centre node RP3 of the workbench surface, which
was used as an indicator to measure the quantity of the relative deformation of the frame
on the machining accuracy under working conditions. It is evident that the stress around
the crankshaft support hole exceeded that of around the workbench. There was a slight
difference in the magnitude of the deformation of the crankshaft support hole in three
directions. The displacement in the Y-axis direction was larger than in the other directions
due to the pressure direction of the slide block.
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Table 2. Maximum relative displacement between RP1 and RP3 of the initial frame model.
Direction Displacement of Displacement of Relative
RP1/mm RP3/mm Displacement/mm
X-axis —2.801 x 10! —4.636 x 1073
Y-axis 2.746 x 1071 —3275 x 1072 4249 x 1071
Z-axis —1.010 x 107! —2.255 x 107°

To ensure the effectiveness and scalability of the method described in this article for
industrial use, numerical simulation and optimisation iteration procedures are required
to be time-saving. We input the analysis task into commercial software using a personal
computer with a hardware environment of an Intel i7 10700 K and 32 GB RAM (without
GPU acceleration), and the runtime cost was 3 min and 43 s. Therefore, this indicates that
the simulation process is efficient and controllable.

3. Structural Topology Optimisation

The above analysis indicated that the press experiences deformation during operation,
which impacts the stiffness of the frame, causes mould deformation, and, ultimately, affects
the manufacturing accuracy of the workpieces. In order to meet the assembly requirements
and ensure the machining accuracy, it is necessary to optimise the structure of the frame [29].

The topological optimisation method is based on the conception that the material
distribution is variable, and the structural optimisation is solved by deleting the elements
that have little influence on the structural stiffness. In this paper, the SIMP method [30-32]
is used to find the optimal mass distribution in the conceptual design stage by planning
the stress transmission path in the structure. By redistributing materials (described as
pseudo-density) in the design space, the extremum structure topology that meets the
design requirements can be obtained [33,34].

3.1. Mathematical Modelling of Maximum Structural Stiffness

In this example, the most appropriate index for stiffness evaluation is the ratio of
the working load to the displacement between the workbench and the crankshaft sup-
port point. This can be written as the design objective function, which is the maximum
¢(X) =F/(u; — up). Given that the working load quantities at these two points are equal
as the force and the reaction force, it can also be expressed as the minimum f(X) = [F, —F]
x [uy,up] T = UTKU (where column vector F denotes the applied external force, column
vector U represents the deformation displacement, K is the stiffness matrix, and they are
subjected to the finite element equation F = KU). The latter expression is more commonly
used in structural optimisation problems [35], because the finite element equation can be
fully compatible with more complex load situations, since the working load is often not
in the form of a point load when applied to the machine tools. Considering the multi-
objective structural optimisation problem under multiple working load distributions on
the worktable plane during normal operation of the machine tool, it is sufficient to specify
the distribution form of the distributed force F. However, if the ratios of the different
load conditions are inconsistent or the design objectives are not uniformly optimal, it is
necessary to consider the corresponding multiple optimisation problems and draw the
Pareto frontier to obtain more reasonable design results. Considering the stability of the
forging station during operation, we will not discuss the details on this matter.

The design domain for topology optimisation includes the two replenished side walls.
The column formulas for topology optimisation are as follows [36]:

find X =[xq,xo,-- -,xn]T
min  f(X) = FTU
V<V* 1
subject to¢ F = KU
X;i€{0,1}i=1,23,--,n
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where the design variable is the structure’s pseudo-density represented by x, and n repre-
sents the number of elements. The objective of optimisation, f(X), represents the compliance
of the structure’s frame, and it can be proved that minimum compliance means maximum
global stiffness. In addition, V is the volume of the optimised structure, and V* is the
volume of the structure to be optimised. The constraint condition is set as the volume
fraction to ensure that the optimised model’s structural volume matches that of the model’s
before optimisation.
The interpolation expression of the elastic matrix is given as:

E(x;) = Emin + X/ AE i € [1,n] 2)

n
K =Y (Epin + X' AE)k; 3)
i=1
The penalty factor, p, is used in this equation. The penalty factor can cause the design
variable to tend toward 0 or 1. Additionally, the equation includes the elastic modulus
of element i, E(x;); the elastic modulus of the excavated part, Enin; the elastic modulus of
the remaining entity, Eg; and AE = Ey — Enin. The stiffness matrix, K, and the stiffness
matrix of the i-th element, k;, are also included. During the optimisation process, the
structure’s pseudo-density, x, is continuously updated. The final result is a material with a
pseudo-density of 1, while any material with a pseudo-density of 0 is removed, resulting in
the optimised structure.
The optimisation problem could be solved using several different approaches [37]. For
conciseness, we demonstrate the flow of the standard optimality criteria (OC) method [38]
to be used, as shown in Figure 7.

.. .. Iculati f dati f
initialization finite element finite element calcuia ! on o sensitivity upaa 1.ng °
of parameters model analysis compliance filterin, design

p Y and sensitivity & variables(OC)

A
no
convergence? >« . res.ult'
visualisation

Figure 7. Flow of the structural topology optimisation for coding and numerical analysis.

3.2. Establishing the Design Domain for Optimising

The topology optimisation analysis of the frame was based on its static analysis.
According to the selected frame design domain, the subsequent optimisation area of the
frame was filled. Then, the frame structure optimisation model was established, and the
material properties of each part of the frame were defined in the preprocessing module
based on the material type of the static analysis. As the frame structure optimisation model
has a relatively regular shape, a hexahedral structured grid was used to improve accuracy.
This type of mesh is of good quality and creates smooth regions, with a boundary fitting
that closely matches that of the actual model. It is suitable for calculating surface stress
concentration and other related aspects [39]. Figure 8 shows that the filled, complete finite
element frame model had a mesh size of 35 mm, with 63,001 mesh cells and 79,865 nodes.

As the topology optimisation of the press frame structure relies on the results of the
static analysis, it is crucial that the contact and boundary conditions parameters used in the
model before the optimisation are consistent with the parameters set in Section 2.
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Figure 8. Model for topology optimisation: (a) complete finite element model; (b) design domain.

3.3. Parameter Settings for Topology Optimisation

The aim of optimising the structure of a press body is to enhance its stiffness, strength,
and other performance characteristics, as well as to ensure the press runs accurately during
operation. After the finite element parameters are initialised in the optimal model with the
numerical parameters, the optimisation process starts automatically, and the topological
optimisation of the frame is carried out. The process of structural topology optimisation
involves three main steps.

(1) Creating the optimisation tasks: Topological optimisation aims to maximise the
utilisation rate of materials in the design domain, so the definition of the domains are
crucial. For the purpose of structural optimisation, we identified the design domain of the
support structure on both sides of the frame. The pseudo-density of the grid cells in the
design domain was set as the design variable, with the minimum density set as 0.001, the
maximum density set as 1, and the change amount of each design cycle set as 0.02. The
topology optimisation design aims to achieve an element density distribution of roughly
0/1 by penalising intermediate density values. The penalty parameter’s effectiveness
improves as its p-value increases. However, if the p value is too large, matrix singularity
may occur, leading to errors in the optimisation result. Therefore, the selected p-value is
3 [36].

(2) Assigning the objective function: The objective function was set as the minimum
compliance (i.e., maximum global stiffness). The optimisation response was defined as
the global variable under the volume constraint. The volume fraction before and after
optimisation was set as the constraint condition, and it was set to 34.8%, which was the
same as the volume ratio of the initial frame structure.

(3) Executing the optimisation tasks: Geometric constraints should be set to execute op-
timisation tasks on the frame design domain. To improve the accuracy of the optimisation,
the non-optimized domain of the frame, excluding the design domain, should be created
as a freezing domain. The optimisation process can then proceed to complete the task.

3.4. Optimal Structural Topology

The design domain of the structural frame was optimised, and the optimised concep-
tual topology configuration is shown in Figure 9. The iterative process converged after
60 steps, taking a total of approximately 3 h. The figure displays the material distribution
(as pseudo-density) of the topologically optimised structure, which is similar to the stress
transmission path inside the initial structural frame. Additionally, the figure presents the
quantified distribution of materials. The inner panel area on both sides has a dense material
distribution, indicating high force in this region. The supporting holes of the two sidewalls
mainly retain material on the lower side, with a small amount distributed at the connecting
points above the holes. The distribution of material on the vertical sides of the square hole
is greater, and there are reinforcements on both the upper and lower sides.
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Figure 9. Display of the topologically optimised frame in the design domain: (a) iterations of the
optimisation process; (b) pseudo-density contour; (c) von Mises stress contour.

Table 3 shows the relative deformation and displacement of the frame extracted from
the optimised conceptual topology configuration. The table shows that the conceptual
topology optimisation configuration of the structure’s frame, when subjected to external
load, experienced a 26.06% decrease in the relative displacement along the Y-axis direction
compared to the initial model. Additionally, the overall relative deformation of the frame
decreased to 0.2371 mm, which is a 44.20% decrease compared to the initial model.

Table 3. Maximum relative displacement between RP1 and RP3 of the topological optimised
frame model.

Direction Displacement of Displacement of Relative
RP1/mm RP3/mm Displacement/mm
X-axis 4.152 x 1073 ~1.583 x 1072
Y-axis —3.344 x 1072 1.933 x 107! 2371 x 107!
Z-axis 1.158 x 10~* —6.627 x 1072

It is also evident that the displacement of the support hole in the topology structure
was smaller in all three directions when loaded compared to the structural static analysis
of the initial frame model. Additionally, the overall topological structure of the experiences
reduced these relative deformations and displacements, meeting the target requirement of
increased frame stiffness.

4. Structural Size Optimisation Based on Optimal Topological Structure

The topological optimisation method is a conceptual design approach that optimises
material distribution based on constraints, providing the designer with a rough concep-
tual layout. The optimisation results must then be reconstructed and the design domain
regularised to clarify in detail the shape, position, direction, and size of the structure.
This ensures that the structure is in line with engineering specifications and enhances the
manufacturability. In structural size optimisation, ensuring the optimality for solutions is
also important. However, the explicit relationship between structural size and performance
is not obvious. Therefore, the response surface surrogate model method is used to approx-
imate this mapping relationship. As the response surface function is a quantity-valued
function with lower dimensions of input variables, solving its extremum points is relatively
easy. Therefore, we used the efficient biomimetic algorithm of particle swarm to search the
response surface briefly.

4.1. Regularity of the Topological Structure

For engineering applications, topology optimisation results may be too abstract to
be processed using plate reinforcement materials. Therefore, it is necessary to regulate
the topology configuration to meet engineering requirements. During this process, it is
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important to consider the impact of the optimised design on maintenance, part replacement,
and scalability, and to organise it reasonably. Given that the press frame is constructed
from thick welded metal plates, we converted the topology configuration into a reinforced
structure with a consistent reinforcement height. This facilitates the placement of metal
skin on the outer side.

On the basis of the optimised conceptual topology configuration and the stress trans-
mission path, the two side walls of the frame were reconstructed, as shown in Figure 10.
Square plates were added to connect the crankshaft support holes and square holes in the
inner area of the walls. The supporting reinforcements were positioned vertically at the
high stress points on the two sides of the square hole. A connecting reinforcement was
added to the upper end of the crankshaft support hole to connect the upper cover of the
frame. The remaining external outline is welded with thin iron sheets.

== Width of

connecting

reinforcement
)

Wall-
thickness of

square
plates (x)

Width of
supporting
Width of r(;l;lforcement
supporting
reinforcement

Figure 10. Parametric model of the frame: (a) initial model for size optimisation; (b) design variables
in design domain.

4.2. Response Surface Modelling

The response surface method (RSM) is a statistical technique used to determine the op-
timal combination of input parameters and to obtain the optimal system output. It involves
establishing a mathematical model to represent the relationship between the system input
and output. It involves establishing a mathematical model of the relationship between
system input and output, which can be solved using simple polynomials with a small
amount of experimental data. This makes it an easy-to-implement and -operate method for
the optimal experimental design and analysis of complex systems. Compared to topology
optimisation, stress transmission path material distribution is directly determined through
response surface design and particle swarm optimisation. This approach is more suitable
for optimising structure shape and size according to actual manufacturing requirements.

Figure 10b shows the parameterised geometric dimensions of the structured reinforced
slab. The design variables of the frame include the thickness of the inner square plate
(x1), the width of the right reinforcement of the square hole (x;), the width of the left
reinforcement of the square hole (x3), and the width of the connecting reinforcement at the
upper end of the support hole (x4). The output variable of the response surface design is
selected as the maximum relative deformation displacement between the points RP1 and
RP3 in the frame.

The response surface method requires constructing a target approximation function
using partially determined experimental sample data [40]. To quickly and effectively
select sample points, the DoE experimental design can be employed. The experimental
design utilises the central composite design (CCD) method [41], which involves additional
levels in the experimental process. This approach enhances prediction accuracy and
improves efficiency.

When designing the CCD experiment, it is important to consider the number of
independent variables. The number of experimental samples required can be calculated
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using the formula M = 2" + 2n + 1, where n is the number of independent variables. To
ensure a reasonable quadratic polynomial fitting, the number of samples, M, must be
greater than N = (n + 1)(n + 2) /2. For the size optimisation problem in this paper, the design
variables are x1, x5, x3, and x4. Considering the volume constraint, one of the variables is
passive, so n = 3, resulting in M = 15 and N = 10, satisfying M > N. The following numerical
discussion shows that it is sufficient in this case. Otherwise, an alternative design method
for the experiment would be adopted. Please refer to Table 4 for the range of experimental
design variables.

Table 4. Ranges of design variables.

Parameter Minimum Value/mm Maximum Value/mm
X 70 100
X3 45 75
X4 30 60

The reinforcement structure must connect the cover plate reinforcement and the
crankshaft support hole reinforcement. Therefore, the width of the upper end of the x4
support hole reinforcement must be greater than or equal to 30 mm. The study employed
the central composite experiment method to design the experimental variables. The cor-
responding structure frame model was reconstructed with 3D modelling software using
different experimental parameters. The model was then imported into finite element soft-
ware for numerical simulation, which yielded the relative deformation and displacement
of the frame under different parameters. The numerical simulation results are presented in
Table 5.

Table 5. Parameter values of central composite design and numerical simulation results of the frame.

Design Variables Relative Displacement
CCD No.
x1/mm (Passive) Xp/mm x3/mm xg/mm U/mm
1 86.71 59.02 60.00 45.00 0.263052
2 86.39 70.00 45.00 60.00 0.256535
3 72.38 100.00 45.00 30.00 0.264296
4 50.79 110.98 60.00 45.00 0.270708
5 67.52 100.00 45.00 60.00 0.268385
6 66.29 85.00 60.00 70.98 0.255213
7 90.75 70.00 45.00 30.00 0.255638
8 73.48 70.00 75.00 30.00 0.261181
9 85.98 85.00 34.02 45.00 0.265501
10 68.67 70.00 75.00 60.00 0.262959
11 74.68 85.00 60.00 19.02 0.251085
12 70.59 85.00 60.00 45.00 0.253207
13 50.70 100.00 75.00 30.00 0.256296
14 51.95 85.00 85.98 45.00 0.260777
15 45.27 100.00 75.00 60.00 0.260738

The objective function of the press’s body size optimisation is transformed into a
quadratic polynomial using the response surface method, making it easy to solve. The
variables are fitted with the target parameters using the polynomial least squares method.
This shows that the quadratic polynomial fits well, and the resulting polynomial is shown
in Formula (4). The error analysis of the response surface fitting results indicates an R?
value of 0.9904, demonstrating a good fitting. Figure 11 displays the response surface.

U =107 x (37379 — 249.9x; — 51.84x3 — 19.96x, + 2x3 @
+1.45x% — 0.0341x2 — 1.5341x3x3 + 0.3253x7x4 + 0.0686x3x4)
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45 70

Figure 11. Slice of the response surface in 3 dimensions (x; and x4 are fixed).

The optimisation problem is formulated as shown:

flnd X = [x1, X2,X3, x4]T
min U = U(X) ()
subject to V(X) < V*

Because of the low dimensionality of the independent variable, obtaining a slice of
the response surface is easy. Nongradient algorithms, such as biomimetic algorithms (e.g.,
particle swarm optimisation algorithm, PSO), can quickly provide numerical solutions for
this optimisation problem.

4.3. Response Surface Model Searching by PSO

The corresponding minimisation problem posed by the response surface equation is a
typical unconstrained nonconvex optimisation problem, which can be solved using many
mature numerical methods. In this case, the particle swarm optimisation algorithm is used
to solve the problem. Throughout the iteration process of the algorithm, optimal particle
information is transmitted to other particles via a particle speed to facilitate information
sharing and ultimately find the optimal solution to the problem. This method offers
several benefits, including strong memory, fast search rates, and good convergence. The
variable parameters are dynamically optimised using quadratic polynomials with response
surface visualisation.

The particle swarm optimisation algorithm utilises the concepts of ‘swarm’ and ‘evo-
lution’. It employs bulk and mass-free particles that fly at a certain speed in the search
space to find the global optimal solution based on flight experience and swarm flight. The
evolution equation’s expression is also used [42]:

Vij(n+1) = wVij(n) 4 c1rj [Pij — xij(n) ]| + caraj[Pyj — xi5(n)] (6)

xij(n+1) = x;5(n) + Vjj(n + 1) 7)

The variables used in this study were as follows: i represents the particle label, j repre-
sents the particle dimension, n represents evolutional generation, V;; represents particle
velocity, and w represents weight. The space position of the particle is denoted by x;;,
whereas P;; and Pg; represent the optimal coordinates of individual particles and particle
space, respectively. Additionally, ¢; and c; are learning factors, and r1; and r5; are random
numbers between 0 and 1.

The response surface polynomial (4) was used as the objective function, and the
particle swarm optimisation algorithm was employed to solve the optimisation problem.
The optimal solution was x* = [76.27, 81.95, 57.91, 30.38], and the minimum value of the
maximum relative displacement of the frame was 0.25204 mm. The variable value of x*,
corresponding to the optimal solution obtained by the response surface and particle swarm
optimisation algorithm, was used for parametric modelling. Commercial FEM software
was used to conduct a static structural analysis on the three-dimensional model. The
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resulting diagrams in Figure 12 show the equivalent stress cloud and overall displacement
of the optimised frame structure. The cloud image shows that the maximum equivalent
stress of the optimised frame structure decreased to 82.09 MPa, and the overall maximum
displacement of the frame decreased to 0.2672 mm, which is an improvement compared to
the initial press frame structure.

Magnitude

Displacement/mm
+2.672x101  ©
+2.450x10

von Mises Stress/MPa

+8.209x10"
+7.525x10"

+5.473x10"
+4.789x10"
+4.105x10"
+3.421x10"
+2.736x10"
+2.052x10"
+1.368x10"

+6.841
+4.963x10

(b)

Figure 12. Static analysis results for the optimised frame: (a) stress contour; (b) displacement contour.

Table 6 shows the maximum relative displacement between the crankshaft support
hole of the press body and the surface of the workbench after optimisation under working
conditions, which was extracted from the output of the postprocessing task of the finite
element analysis results. The optimisation results demonstrate a 40.03% decrease in the
maximum relative displacement of the frame compared to the initial frame.

Table 6. Maximum relative displacement between RP1 and RP3 of the particle-swarm-optimised

frame model.

Direction Displacement of Displacement of Relative
RP1/mm RP3/mm Displacement/mm
X-axis —1.557 x 1073 —2.224 x 1073
Y-axis 2.018 x 1071 —3.582 x 1072 2548 x 1071
Z-axis —9.197 x 1072 1.460 x 107°

By comparing the maximum relative displacement of the frame obtained by particle
swarm optimisation with the finite element analysis data, it is evident that the difference
between the two values is 1.1%. This finding confirms the reliability of the response surface
design combined with particle swarm optimisation.

The optimised frame model underwent a modal analysis, and the results are presented
in Table 7. Considering the frequency of the external excitation source, it is evident that the
low-order natural frequency of the frame is much higher than that of the excitation source,
thus preventing resonance.

Table 7. Natural frequency of the particle-swarm-optimised frame model.

Order 1 2 3 4 5
Frequency/Hz 19.631 51.325 55.999 85.043 104.98

5. Experimental Validation

By analysing the static structure of the press frame, it is possible to obtain the stress
distribution, overall displacement, and relative deformation displacement of the initial
structure. On the basis of the analysis results, the design structure area of the frame is
determined, and the static structure of the design area is optimised using the topology
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optimisation method to obtain the optimal frame structure. To confirm the superiority of
the design scheme, this paper utilised an electronic universal testing machine to construct
a test bench for the structure frame experiments. The finite element analysis results were
converted into 3D printing models as test parts, from which the mechanical property
advantages of the press frame design scheme was verified.

5.1. Experiment on the 8228 Resin Standard Specimen

Stereo lithography appearance (SLA) is a technology that utilises the monomer in the
photocuring polymer material. The monomer molecules are induced to polymerise the
liquid photocuring material by light, usually ultraviolet light, resulting in the formation
of a polymer material [43]. After years of development, SLA is currently the only rapid
prototyping technology capable of printing large-scale models, which provides unique
advantages [44].

The resin material sample is displayed in Figure 13. The mechanical properties
of the product were altered, to some extent, because of the differences in 3D printing
methods among manufacturers. To enhance the accuracy of the body model simulation, we
conducted a unidirectional tensile test on the 8228 resin sample. The sample was 100 mm
in length and 18 mm in width, with varied thicknesses of 1.5 mm, 2 mm, and 2.5 mm. We
obtained the actual mechanical property parameters from the test.

Figure 13. The 8228 resin specimens’ tensile test.

The 34TM-kN electronic universal material testing machine was chosen as the ten-
sile test equipment. It had a maximum load capacity of 50 kN and a tensile speed of
2.5 mm/min. Figure 14 shows the tensile stress—strain curve of the sample, and Table 8
displays the performance parameters of the 8228 resin.

stress-strain curve of 8228 resin standard specimen force-displacement curve of 2.5mm standard specimen

70 3.0

60 2.5

50

104 (2. 0004, 2. 0238)

stress/MPa
force/kN

30 4

20

0.5
10

0 0.0
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0.00.5 1.0 1.5 2.0 2.53.03.540 455055 6.06.5 7.0 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0

strain/ % displacement/mm
(a) (b)

Figure 14. Tensile curves of the 8228 resin specimens: (a) stress-strain curves of 8228 resin standard
specimens; (b) force-displacement curve of 2.5mm standard specimen.
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Table 8. Material performance characteristics of the 8228 resin specimens.
. Young's Yield Strength . , . Density
Material Modulus/MPa /MPa Poisson’s Ratio /Kg mm 3
8228 resin 1378 50-58 0.3 1.15 x 107°

During the formation of liquid materials, certain phenomena such as uneven internal
filling and defects may occur. However, as shown in Figure 14, the slopes of the specimens
with varying thicknesses were consistent during the elastic stage. This paper selected the
material parameters of the elastic stage for numerical simulation to study the stiffness of the
frame structure under normal working conditions. This lays the foundation for subsequent
numerical simulations of the frame model.

5.2. Simulation of the 8228 Resin Standard Specimen

To ensure the reliability of the finite element simulation, we established a sample model
using the finite element software and conducted a tensile test, as depicted in Figure 15.

N S Magnitude
Displacement/mm

+1.011
+8.428x101!
+6.742x101

(@) (b) (c)

Figure 15. Numerical simulation of the 8228 specimens: (a) boundary conditions of load and
displacement; (b) finite element model; (c) deformation result with static analysis.

The following specific operations were carried out:

1.  Establishment of a finite element model: The sample used in the tensile experiment
had the geometric parameters of a 100 mm length, 18 mm width, and 2.5 mm thickness.
The distance between the upper and lower ends of the sample held by the fixture
during the tensile exercise was 20 mm. Therefore, the model’s length during the
numerical simulation was set to 60 mm.

2. Material parameter setting: the material parameters of the finite element model of the
sample were set using the data in Table 8.

3. Model discretising and grid meshing: The model was divided using a structured grid
with a grid size of 1 mm. The resulting model consisted of 3348 units and 4788 nodes.

4. Load and displacement boundary condition setting: on the basis of the tensile test, the
model was fixed with zero degrees of freedom in the three directions at the bottom
and subjected to a surface load of 2 kN at the upper end.

Figure 15¢ shows that the sample model deformed by 2.023 mm under a tensile force
of 2 kN, which is consistent with the solid sample’s tensile result. This indicates that the
material properties of 8228 were correctly set and the finite element simulation’s results
are effective.

5.3. Experiment on the 8228 Resin’s Optimised Model

The SLA technology was utilised to reduce the frame models of the two presses by
1/10 at the same scale. The 8828 high-strength resin material was used, and the same
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printing parameters were set to print out the resin model of the structure before and after
optimisation. The performances of the frame model structure before and after optimisation
were observed by a force analysis of the two solid models. The specific model is shown
in Figure 16a. The frame model on the left is pre-optimised, while the one on the right
is optimised.

D at
e -
-»}.LJ{
(a) (b)

Figure 16. Quasi-static experiment of resin frame model: (a) solid, resin frame model by SLA;
(b) initial structure; (c) optimised structure.

To assess the performances of the optimised frame structure’s model and the initial
frame model, tensile experiments were conducted on both models before and after opti-
misation. The experiments were carried out using a universal electronic testing machine
with the same load direction setting as the simulation. Please refer to Figure 16b,c for the
specific clamping mode and tensile direction.

The electronic universal testing machine was set to a tensile speed of 0.5 mm /min.
Forces were applied to both frame models, and their corresponding deformations were
recorded in real time using sensors. The resulting curves for the forces and deformations
are shown in Figure 17.

force-displacement curve of resin press frame

— Model after optimising
34 —— Model before optimising b

force/kN

||||||||||||||||

0
0.00.20.40.60.81.01.21.41.61.82.02.22.42.6 2.83.03.23.4
displacement/mm

Figure 17. Tensile test force—displacement elastoplastic curves of the resin press frame.

By comparing the curves, it is evident that the frame is in an untensed state before the
pulling force reaches 0.5 kN. When the pulling force exceeds 0.5 kN, the frame deforms
and displaces gradually with the increase in the pulling force. In this tensed section, the
stiffness of the structure can be determined by calculating the slope of the deformation and
displacement curves in the linear elastic stage. The results demonstrate that the optimised
frame model experiences less deformation and displacement than the pre-optimised frame
model when subjected to the same tension. This provides evidence that the frame structure
optimisation scheme is correct and did, indeed, improve the frame stiffness. Specifically,
at a 3 kN force, the optimised model deformed by 1.145 mm, whereas the pre-optimised
model deformed by 1.299 mm.
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5.4. Simulation of the 8228 Resin’s Optimised Model

For the analytical simulation of the optimised press frame model of the resin, the
following specific operations were performed:

1.  Establishment of a finite element model: the initial frame model and the statically
optimised frame model were reduced by 1/10 and imported into commercial software.

2. Material parameter setting: the relevant materials were established based on the
material performance parameters obtained from the specimen tensile test, and the
material parameters of the frame model were set accordingly.

3. Model discretising and grid meshing: The initial and optimised frame models were
divided using a tetrahedral mesh. The mesh size was set to 5 mm. The initial frame
model consisted of 103,287 elements and 184,779 nodes, whereas the optimised model
had 90,906 units and 169,717 nodes. The initial frame model consisted of 103,287
elements and 184,779 nodes, whereas the optimised model had 90,906 units and
169,717 nodes.

4. Load and displacement boundary conditions setting: The load and boundary condi-
tions were set for the simulated solid-frame experiment, with a 1500 N force applied at
the characteristic points of the two crankshaft support holes. The boundary conditions
were also established. To achieve complete constraints, the freedom of movement in
all three directions of the workbench area was set to zero.

A static structural analysis was conducted on the resin frame model before and after
static optimisation. The resulting cloud map of frame stress and deformation is shown in
Figure 18.
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Figure 18. Static analysis of the resin frame model: (a) deformation contour before optimisation;
(b) deformation contour after optimisation.

The analysis of the initial resin model’s static structure shows that the overall deforma-
tion of the frame was U = 1.367 mm, which differs by 4.97% from the experimental result.
The optimised resin model’s static analysis shows that the overall deformation of the frame
was U = 1.185 mm, which differs by 3.38% from the experiment. The validity of the finite
element simulation results for the frame can be verified by considering the experimental
and calculation errors comprehensively.

6. Discussion

During the press’s operation, the majority of the force is borne by the frame, resulting
in deformation. The displacement of the frame crankshaft support hole relative to the
workbench can cause damage to the mould and even affect the accuracy of the product.
Therefore, the evaluation standard for the frame load deformation was based on the
relative displacement between the space node of the support hole and the centre node of
the workbench RP3. To ensure the reliability of the press frame optimisation scheme with
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real materials, we compared the simulation results of the 8228 resin frame model with those
of the initial Q235 material.

The initial frame model’s relative displacement by static analysis is shown in Table 9.
It can be compared with the relative displacement of the 8228 resin frame model in Table 10.

Table 9. Maximum relative displacement between RP1 and RP3 of the initial frame model of resin.

Direction Displacement of Displacement of Relative
RP1/mm RP3/mm Displacement/mm
X-axis —4.950 x 1071 —7.985 x 1073
Y-axis 5.055 x 1071 —5.507 x 1072 7.631 x 1071
Z-axis —1.770 x 1071 —3.934 x 10~°

Table 10. Maximum relative displacement between RP1 and RP3 of the size-optimised frame model

of resin.
Direction Displacement of Displacement of Relative
RP1/mm RP3/mm Displacement/mm
X-axis 1.480 x 1073 ~3.935 x 1073
Y-axis 3.701 x 1071 —5.839 x 102 4.563 x 1071
Z-axis —~1.569 x 107! —4.909 x 1077

Comparing the data in Tables 9 and 10, it is evident that the load-relative deformation
of the initial frame model was 0.7631 mm, whereas the optimised load-relative deformation
of the frame model was 0.4563 mm. This indicates a decrease of 40.2% in the relative
deformation and displacement of the frame, with a difference of A = 0.3068 mm.

The numerical simulation analysis results of the sample model are consistent with
the tensile experimental data, verifying the correctness of the material parameters of 8228
and the effectiveness of the finite element simulation. Because the static analysis results
for the resin frame model were shown to be substantially consistent with the experimental
results for the solid resin frame, we can conclude that the numerical simulation method is
reliable and the static structure optimisation scheme of the frame under the resin material
is effective.

At the same time, the static optimisation of the 8228 resin frame resulted in a 40.2%
decrease in the maximum relative displacement of the fuselage. The results in Section 4.3
demonstrate a 40.03% decrease in the maximum relative displacement of the Q235 frame
after static optimisation. The difference between the pre- and postoptimisation values is
only 0.17%, indicating the feasibility of the static structure optimisation scheme using real
materials. These findings suggest that the airframe dynamic optimisation scheme using
real materials is also reliable. Table 6 shows the relative displacement obtained by static
analysis of the frame model after the optimisation outlined in Section 4.3, which was then
compared with the relative displacement of the initial frame model, as shown in Table 2 in
Section 2.3.

Upon comparing the data in the two tables, it is evident that the load-relative defor-
mation of the initial frame model was 0.4249 mm, whereas the optimised load-relative
deformation of the fuselage model was 0.2548 mm. This indicates a difference of 0.1701 mm
in the relative deformation and displacement of the frame, resulting in a decrease of 40.03%.

The results are consolidated in Figure 19. It can be seen that the displacement results
for the optimised frame models are superior to the initial model for both the resin and
steel models. The initial model exhibits symmetry in the z-direction, resulting in minimal
displacement in that direction. However, there is a significant displacement in the x-
axis direction (i.e., the front and rear directions of the machine) in addition to the larger
displacement of the body in the working load direction. The optimised structure achieved
a good balance by arranging materials in a reasonable manner along the x-axis. This is also
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a crucial factor in structural optimisation. Therefore, it can be concluded that the optimised
frame structure has greater static stiffness and meets the structural design requirements.

1
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Figure 19. Analytical comparison of the frame models made of resin/steel and before/after optimisation.

The experimental scheme described in this article is suitable for verifying the design
of static load-bearing structures. Although it provides preliminary support for simulation
and optimisation design, it is still recommended to conduct more extensive physical testing
to further verify the new design under actual load conditions. The simulation results
suggest that appropriate dynamic displacement sensors [45] (or indirectly derived from
velocity /acceleration sensors) can be chosen to measure the workbench deformation. Laser
interferometers can also be used for position accuracy detection [46,47]. Additionally, to
establish an accurate dynamic model of a pressure machine tool, it is necessary to measure
physical parameters such as mass moment of inertia, stiffness, and damping at key positions
of the system [48,49]. The implementation of an online state monitoring and analysis system
involves the use of various sensors, such as vibration sensors, swing sensors, pressure
sensors, pressure pulsation sensors, and speed sensors. The online vibration monitoring
instrument is a crucial tool for dynamic performance testing. It can trigger synchronous
parallel sampling across all channels.

7. Conclusions

Maintaining the high stiffness performance of the machine tool structure under differ-
ent working conditions is crucial for the structural design of the press. A stable and reliable
forging machine tool with high stiffness is an essential component of the construction of an
intelligent precision forging production line. This paper analysed and studied the JH31-250
forging press, which is the core piece of equipment on the production line, to improve its
structural stiffness and accuracy under working conditions. It also explores the optimal
design method of the press frame structure under specific working conditions. The main
conclusions are as follows:

(1) A simplified experimental verification method was proposed to verify the accuracy
of the finite element simulation of the press. The material sample and solid model of
the body before and after static optimisation were printed using light curing technology.
A static analysis was conducted to obtain the material characteristics of the 8228 resin
material. The reliability of the material parameters was verified by comparing them with
the simulation results. Secondly, a tensile test and static structural analysis were conducted
on the resin frame and finite element model, respectively. The numerical analysis results
were then compared with the solid test results to verify the validity of the numerical
simulation. Finally, the correctness and effectiveness of the frame structure optimisation
scheme for metal materials was verified by comparing it with the results for optimising
frame structures made of resin materials.

(2) This paper establishes a three-dimensional model of the frame based on the main
technical parameters of the JH31-250 press. The frame structure was then numerically
simulated and analysed in combination with the stress characteristics. On the basis of
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the analysis of the static structure, the primary stress of the frame was concentrated in
the support hole, the inner plate of the frame, and the front plate area. The frame’s
maximum equivalent stress was 85.32 MPa, while the overall maximum displacement and
relative displacement were 0.5702 mm and 0.4249 mm, respectively. This demonstrates
the usefulness of the method beyond its current application. The optimisation method
presented in this article has potential applications in improving other machine tools and
mechanical structures.

(3) This paper employed a topological optimisation method to statically optimise the
support structure area on both sides of the frame. The optimisation objective function
was set as the minimum compliance, with the volume fraction serving as the constraint
condition. A mathematical model for topological optimisation was established to perform
conceptual optimisation in the design domain of the frame. The regularised frame re-
inforcement structure’s geometric size was used as the optimisation parameter, and the
maximum relative displacement of the frame was the optimisation objective for the size
optimisation based on the optimised conceptual configuration. After optimisation, the
frame’s maximum relative displacement was 0.2548 mm, resulting in a 40.03% decrease in
deformation compared to the initial model. Additionally, the static stiffness of the frame
significantly improved.

Furthermore, this paper solely analysed and optimised the press frame structure from
a static perspective. Future studies should aim to comprehensively consider both the
static and dynamic structures and how to effectively combine them for overall structural
optimisation. Because of the limited experimental conditions, the solid resin model of
the optimised press body was established before and after the use of light-curing SLA
technology on the press body. This model may have certain errors compared to the real
metal material model. When conditions permit, conducting a real model experiment
can further improve the analysis accuracy. This work provides a reference for designing
high-stiffness structures for similar forging equipment.
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