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ABSTRACT

The structure optimization design under thermo-mechanical coupling is a difficult problem in the topology
optimization field. An adaptive growth algorithm has become a more effective approach for structural topology
optimization. This paper proposed a topology optimization method by an adaptive growth algorithm for the
stiffener layout design of box type load-bearing components under thermo-mechanical coupling. Based on the
stiffness diffusion theory, both the load stiffness matrix and the heat conduction stiffness matrix of the stiffener
are spread at the same time to make sure the stiffener grows freely and obtain an optimal stiffener layout design.
Meanwhile, the objectives of optimization are the minimization of strain energy and thermal compliance of the
whole structure, and thermo-mechanical coupling is considered. Numerical studies for square shells clearly show
the effectiveness of the proposed method for stiffener layout optimization under thermo-mechanical coupling.
Finally, the method is applied to optimize the stiffener layout of box type load-bearing component of the machining
center. The optimization results show that both the structural deformation and temperature of the load-bearing
component with the growth stiffener layout, which are optimized by the adaptive growth algorithm, are less than
the stiffener layout of shape ‘#’ stiffener layout. It provides a new solution approach for stiffener layout optimization
design of box type load-bearing components under thermo-mechanical coupling.
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1 Introduction

Stiffened structures are applied widely in aeronautics, machine tool, automobile, and so on.
These structures are composed of an unstiffened structure (plate or shell element) and stiffeners
(Beam elements). The proper distribution of stiffeners on the structure can improve the structural
mechanical performance effectively [1]. Recently, with the requirements of the products’ precision
increasing, the accuracy of the machining center has become extremely severe. The deformation of
the machining center body (Box type load-bearing component) is the key factor that influences the
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accuracy of the machining center because it will be amplified by dimensional chain transmission
from the body to the cutter. The deformation of the body mainly comes from load and temperature
during work. In mechanics, the deformation can be controlled by improving the structure stiffness
with increasing stiffener. In thermotic, the heat generated by the manufacturing process will lead
to local deformation of the body, which is controlled by heat conduction optimization. Meanwhile,
design objection of advanced machining center not only strive for excellent mechanical performances
but also seek economic advantages for customers [2—4]. Thus, controlling the deformation under
thermo-mechanical coupling without substantially increasing materials has been done to develop
methodologies and approaches.

The internal structure optimization of box type support load-bearing component is the stiffener
layout optimization design, essentially. In traditional, the stiffener layout design is usually referring to
the regular shape, such as shape ‘#’, shape “x’, shape X’, and so on. It is no doubt that the regular
shape stiffener layout is simple to design and easy to manufacture, but actually, the stiffener layout
design is still blind because it is difficult to improve both mechanics and thermotics of load-bearing
components for requiring stiffness and material savings effectively. Therefore, a new optimization
method for stiffener layout design should be developed, especially for the structure under thermo-
mechanical coupling.

Actually, stiffener layout optimization is the problem for searching optimal material distribution
[5], and topology optimization has become the most popular tool for stiffener layout design [6].
The advantage of structure topology optimization is using the same material to obtain better
mechanics and thermotics performance [7]. According to the evolutionary and degeneration in natural
phenomena, topology has developed two kinds of principles: one is the degeneration principle, which
is filling adequate materials into the microstructure before optimization, then the microstructure will
be filtered and deleted to obtain optimal microstructure layout; the other is the evolutionary principle,
which is developed a series potential link element (stiffener) in the structure firstly, then calculate the
contributions of different link element (stiffener) for structure and choice the link elements (stiffener)
which contribution is larger than others, on this basis, continue to grow link element (stiffener) and
choice again, finally, completing link element (stiffener) grow by iteration to obtain optimal structure.
The processing shows the survival of the fittest.

The homogenization method and the density method as the traditional structure topology opti-
mization methods are adopted frequently [§]. Bendsoe et al. [5] developed the homogenization method,
which converted the topology optimization problem to the dimensional optimization problem to seek
the optimal distribution in the material space, then the structure satisfies load and other conditions.
The defects of the homogenization method are too many design variables and the checkerboard
phenomenon. Based on their homogenization theory, a lot of excellent research results for the optimal
topology of stiffened plate structures have been obtained. Krog et al. [9] proposed an approach to
deal with topology optimization of statically loaded or freely vibrating disk and plate structures.
Ansola et al. [10] presented a combined shape and reinforcement layout optimization method of
shell structures, the geometry of shell mid-plane and the layout of surface stiffeners on the shell are
optimized simultaneously. Afonso et al. [11] presented an integrated design tool that includes devel-
opments, integration, and applications for the structural optimization of variable thickness plates and
free-form shells to obtain optimum designs. This approach overcomes the drawbacks of both topology
optimization and structural shape optimization procedures. Variable density method assumed that the
material is composed of several elements whose densities are from 0 to 1. Then, seeking materials
distribution for optimal performance of structure under a certain material. Mao et al. [12] applied
the Solid Isotropic Material with Penalization (SIMP) method to design the battery rack in an AUV,



CMES, 2023, vol.135, no.2 1703

and obtained the optimization results under different ratios of force and thermal loads. The results
demonstrated that topology optimization could reduce the temperature gradient of the battery rack
structure while bearing the force load. Although this method cannot be validated which is global
optimality, it improved the larger variables problem of the homogenization method and simplicity
of operator. The chess board problem is still in existence. The traditional optimization methods are
simple and easy to operate, but have a disadvantage that the design procedure may fail if the layout is
not formed a stiffener-like pattern.

To overcome the disadvantage of traditional optimization methods, some new methods were
developed. Bojczuk et al. [13] presented a method to optimize the layout and shape of stiffeners in
plates. The heuristic algorithm is used to find optimal reinforcement, both loaded in a plane and in
bending Kirchhoff’s plates are considered. In addition, the minimization or maximization of arbitrary
objective functions of displacements, strains, stresses, or reactions with the constraint imposed on the
structure cost is also considered. Kimmel [14] developed Level Set Method (LSM), the low dimensional
curved line or surface is described implicitly. The advantages of LSM are: both shape and topology
are optimized simultaneously, no checkerboard phenomenon, without intermediate density units and
so on. The defections of LSM method are converging slowly and computational efficiency is low.
Steven et al. [15] proposed the Evolutionary Structure Optimization (ESO) method, which is based on
the concept of gradually removing redundant material to achieve an optimal design. Ding et al. [16,17]
proposed a new topology optimization method for the generation of stiffener layout based on the
growth mechanism of branching systems in nature, and named the bionic growth method. Then,
Li et al. [18] presented a multidiscipline topology optimization method to produce the stiffener layout
for plate/shell structures, which simulated the emergence of complex branching patterns copying the
self-optimization of leaf veins, and on this basis, developed a novel approach for designing the stiffener
layout inside machine tools [19].

In the structure optimization for heat conduction, it is still focus on cross-sectional area optimiza-
tion [20] and interval of heat dissipation channel [21], including density penalty function method [22],
Evolutionary Structure Optimization (ESO) method [23] and Level Set Method (LSM) method [24,25].
The thermal compliance is an objective function [26], and the optimal heat conduction coefficient
distribution of structure is obtained the thermal compliance is minimum. Some researchers use the
temperature variance to evaluate the uniformity of the whole structure temperature distribution
[27]. Zhang et al. [28] proposed evaluating indicators of structure heat dissipate performance by
geometric average temperature. Zuo et al. [29] deduced the governing equations and optimization
model for topology optimization under thermo-mechanical coupling, and an adjoint method is used to
calculate the sensitivity of structure’s response. Takezawa et al. [30] developed a structure optimization
method based on SIMP. Zhang et al. [31] linked reliability design with topology optimization design,
Yan et al. [32,33] and Chen et al. [34] carried out topology optimization design for multi-material
mechanisms. Recently, to satisfy the green manufacturing, increasing material developed fast, and
topology optimization based on the increasing material principled is derived. This method uses a
material increasing method on the key position of structure to achieve structure optimally. This
work developed an adaptive growth algorithm based on increasing material principle for topology
optimization of stiffener layout design under thermo-mechanical coupling.

To optimal stiffeners layout pattern of box type load-bearing component, this paper is organized
as follows: Firstly, constructs the equivalent model of box type support of the machining center under
thermo-mechanical coupling, then the stiffness diffusion theory is extended to the load and heat
conduction model to develop structure adaptive growth algorithm. Secondly, extends the optimization
objective to minimum strain energy and thermal compliance, then an adaptive growth algorithm is
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developed to optimize stiffener layout under thermo-mechanical coupling. Thirdly, to evaluate the
method, the stiffener layout of square shell under thermo-mechanical coupling is optimized by the
adaptive growth algorithm. Finally, the adaptive growth algorithm is used to optimize the stiffener of
box type support.

2 Adaptive Growth Algorithm under Thermo-Mechanical Coupling

The principle of adaptive growth algorithm under thermo-mechanical coupling is the calculation
of two parallel levels of the objective function, load, and heat conduction. The two parallel levels of
objective function and optimization are connected by stiffener.

In the adaptive growth algorithm of structure load optimization, the objective of the optimization
is to find the stiffener which can be minimized the whole strain energy. In adaptive growth considering
thermal loads, the objective of the optimization is to find a layout of the heat conduction rod to a
minimum heat dissipation of structure.

The adaptive growth algorithm of this paper can construct the connection between the adaptive
growth algorithm of structure and heat conduction structure, and the unit of connection is the growth
stiffener. The growth stiffeners under thermal coupling are improved in terms of structural stiffness
and heat dissipation. In terms of load, it is equivalent to adding a stiffener. At the heat level, it is
equivalent to adding a high thermal conductivity rod.

After the stiffener growth, both the stiffness matrix and heat conduction stiffness matrix are
updated based on the stiffness diffusion theory. The stiffness matrix updated under thermo-mechanical
coupling is shown in Fig. 1.

Struct_K1
Ground structure under P g
thermo-mechanical coulping
Struct_K2
S

Growth stiffener under
thermo-mechanical coulping

Struct_K --- Stiffness matrix of structure
Heat K —— Stiffness matrix of Heat conduction matrix
%
9"9 Heat_K1
%
o
\ l +Link

Heat K2

Figure 1: Stiffness matrix updated under thermo-mechanical coupling

The interrelationship between the high heat conduction rod and stiffener is considered during
the stiffener growth. The flow chart of growth stiffener layout under thermo-mechanical coupling is
shown in Fig. 2.
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Figure 2: The flow chart of growth stiffener layout under thermo-mechanical coupling

Considering the influence of thermo-mechanical coupling, the weighting factor is used to rep-
resent the influence of compliance and heat dissipation. The optimization goal is to optimize the
comprehensive performance of the stiffener, and the density of the stiffener is the design variable.
Under the condition of a given volume constraint, find the stiffener distribution of the best structure.
In the multi-objective topology optimization problem, the topology optimization model is as follows:

find : x=[x;,x,...,x,]
Min: f=wE+ (1 -w)Q

s.t. KU=F
K:T=p (1)
V - ZX,»V,-
i=1

0<xmin§xi§1
where w represents weighted coefficients, representing the proportion of heat dissipation weakness
and compliance; Xx; is the design variable (the relative density); £ and Q are the objective functions of
structural flexibility and heat dissipation weakness; f is the topology optimization objective function;
K, and K are stiffness matrix and heat conduction stiffness matrix; v is the volume of the design
domain.

The flow of the adaptive growth algorithm under thermo-mechanical coupling is as follows:

(1) Set the specific size of the box type load-bearing component, and the correlation coefficient of
material properties, including elastic modulus, Poisson’s ratio, and thermal conductivity.

(2) At the structural level and the heat level, the upper surface of the box type load-bearing
component is divided into grids. The grid division at the structural level and heat level is
completely consistent, this is, keeping the same grid size.

(3) The overall stiffness matrix Struct_K of the base structure divided by free quadrilateral element
grid and the overall stiffness matrix Heat_K of the base structure divided by free quadrilateral
element grid are calculated.

(4) Selected seed growth points at the selected structural level and at the heat level.

(5) The structural seed growth point and the heat conduction seed growth point grow at the same
time, and the mutual influence relationship is considered during the growth process.

(6) Stiffness diffusion is carried out on the stiffener at the structural level. At the same time, the
growth stiffener generated at the heat level is replaced by the stiffener at the same position. Then
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introduce the stiffener to the structural level, and stiffness diffusion for the stiffener. Finally,
the overall stiffness matrix updated at the structural level is obtained.

(7) Stiffness diffusion is carried out on the high heat conduction rod of the heat level. At the same
time, the growth ribs generated at the structural level are replaced by high thermal conductivity
rods in the same position and introduced to the heat level. Then stiffness diffusion for the high
thermal conductivity rods. Finally, the overall stiffness matrix of the updated at the heat level
is obtained.

(8) When the growing rib grows out of the boundary or the total volume of the growing rib reaches
the predetermined upper limit, the growth is stopped. Otherwise, the growth is continued.

(9) Finally, the structural layout of the growth rib under the action of thermo-mechanical coupling
is obtained.

3 The Stiffener Layout Optimization Design of Square Shell

The square shell is shown in Fig. 3. The size is 480 mm x 480 mm x 5 mm, heat conductivity is
ko = 40 W /(m - K). There is a uniform heat source on the plate and the heat flux is 100 W /m?, the
edges of square shell are heat insulation. The heat radiation is from the middle point of one edge, O,
which is kept at a constant temperature, 0°C. The material thermal conductivity of growth stiffener is
k=100 W /(m- K). In addition, a vertical load is applied on the center of plate and the edges of plate
are fixed. The stiffener will be grown adaptive under thermo-mechanical coupling.

Heat insulation & Fixed

Concentrated force
F=100N

Heat source uniform

Heat insulation & Fixed
POXI,] 29 UOIJR[NSUI JBOF]

=0'C

Heat insulation & Fixed

Figure 3: Square shell case model

3.1 Temperature Distribution and Deformation under Thermo-Mechanical Coupling of Square Shell
with Initial Condition

The temperature distribution and thermo-mechanical coupling with initial condition are shown
in Fig. 4. The temperature distribution of the structure without stiffeners in Fig. 4 shows that the
maximum temperature is 118.592°C, and the maximum deformation of structure without stiffener is
0.84057 mm.
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(a) Temperature distribution

(b) Structural deformation
Figure 4: Temperature distribution and structural deformation with initial condition

3.2 Temperature Distribution and Structural Deformation under Thermo-Mechanical Coupling of
Shape “#” Stiffener Layout

The temperature distribution and structural deformation under thermo-mechanical coupling of
shape “#” stiffener layout are shown in Fig. 5. The temperature distribution of the structure without
stiffeners in Fig. 4 shows that the maximum temperature is 118.592°C, and the maximum deformation
of structure without stiffener is 0.84057 mm.
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(a) Temperature distribution

(b) Structural deformation

Figure 5: Temperature distribution and structural deformation of shape “#” layout under thermo-
mechanical coupling
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3.3 The Temperature Distribution and Structural Deformation of Stiffener Layout by Adaptive Growth
Algorithm under Thermal-Mechanical Coupling

Applying the proposed adaptive growth algorithm of this paper to stiffener layout design, the
growth situations from Step 1 to Step 30 are shown in Fig. 6. The conditions of stiffener growth stop

under thermo-mechanical coupling as follows:

i. The volume of growth stiffener exceed limit;

ii. The stiffener grows to a point beyond the pre-defined boundary;

iii.

The growth steps exceed preset.
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Figure 6: (Continued)
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Figure 6: Stiffener growth of square shell under thermo-mechanical coupling

After growth stiffener layout optimization, the temperature distribution and structure of growth
stiffener under thermo-mechanical coupling are analyzed by ANSYS, the results are shown in Fig. 7.

(a) Temperature distribution

Figure 7: (Continued)
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(b) Structural deformation

Figure 7: The temperature distribution of growth stiffener under thermo-mechanical coupling

Comparing the temperature distribution and the deformation of the structure without stiffener,
the structure with shape ‘#’ stiffener layout and the structure with stiffener layout, which is grown
by an adaptive growth algorithm. In the temperature distribution, the maximum temperature of the
structure without stiffener is 118.592°C, the structure with shape ‘#’ stiffener layout is 102.488°C, and
the structure with growth stiffener layout is 76.265°C. In the structural deformation, the maximum
deformation of structure without stiffener is 0.84057 mm, the structure with shape ‘#’ stiffener layout
is 0.83017 mm, and the structure with growth stiffener layout is 0.79382 mm.

From the results, we can conclude that using the adaptive growth algorithm to optimize stiffener
layout of square shell, both the maximum temperature and structural deformation are decreased
significantly. Compared with the analysis results of the structure with shape ‘#’ stiffener layout and
structure with growth stiffener layout, the maximum temperature and structural deformation with
growth stiffener layout are decreased 25.59% and 4.38%, respectively.

The results of square shell show the superiority of the adaptive growth algorithm for stiffener
layout optimization under thermo-mechanical coupling:

(1) Improving the structure stiffness and decreasing temperature simultaneously;

(2) Saving the material compared with the shape ‘#’ stiffener layout to obtain the same perfor-
mance;

(3) The adaptive growth algorithm is more efficient.

4 The Body of Machining Center Stiffener Layout Optimization under Thermo-Mechanical Coupling

Using adaptive growth algorithm of this paper proposed, the stiffener layout of the body (load-
bearing box type component) of M800 machining center is optimized. Before stiffener optimization,
the body is equivalent to a simple model. The simplified model of the body is shown in Fig. &.



1712 CMES, 2023, vol.135, no.2

Figure 8: The simplified model of the body of M800 machining center

4.1 Constraint Condition

The load conditions of the body are shown in Fig. 9. Vertical loading applied on the surface which
connects with a column, is F = 1250 N, and on the surface which connects with a slider, is F =987.5 N.
It is shown in Fig. 9a. The edges of the top surface are fixed during stiffener optimization. It is shown
in Fig. 9b that the heat generation by guide way movement is considered, so the heat flow constraint
of guideway is added, hear flow = 120 W, which is applied on the top surface of the guide way. Fig. 9¢c
shows that the edges of the top surface are applied fixed temperature constraint, 22°C.

’@\S % T

(a) Loading condition (b) Displacement condition (c) Thermal condition

T

Figure 9: The constraint condition

4.2 The Stiffener Layout Optimization of the Body under Thermo-Mechanical Coupling

The optimization is from the top surface of body; the ground structure and thermal are built, and
the seed point and stiffness spread radius are set up. Then the stiffener is grown by an adaptive growth
algorithm. The processing of stiffener growth is shown in Fig. 10. It can be seen from Fig. 10 that as
the iteration progresses, a certain volume of growth stiffener is gradually filled into the structure, and
the maximum temperature and maximum deformation of the structure decrease.
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Figure 10: The processing of stiffener layout design under thermo-mechanical coupling

After the stiffener growth, the stiffener layout should be round to obtain the growth rhythm,
and simplified some repeat growth stiffener, the processing of simplified is shown in Fig. 11. After
simplification, the structure of the growth stiffener is shown in Fig. 12. The simplified growth stiffener
is remodeled, and the structure and heat dissipation are compared with the “#” stiffener.
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Figure 11: The processing of stiffener simplified
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Figure 12: The structure of body with growth stiffener

4.3 The Temperature Distribution and Structural Deformation of Machining Center Body with Growth
Stiffener

The models of the body with shape ‘#’ stiffener layout and with growth stiffener layout are shown
in Fig. 13.

(a) Shape ‘#’ stiffener layout (b) Growth stiffener layout

Figure 13: The models of the body with different stiffener layout

The temperature distribution and structural deformation of body with shape ‘#’ stiffener layout
and growth stiffener layout under thermo-mechanical coupling are shown in Figs. 14 and 15.

26,387 Max
25.89
25.392

0.0074159 Max
0.0065919
0.0057619
0.0049439
0.0041199
0.0032959
0.002472
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0.00082399

0 Min

24.894
24.397
23.899
23401
22.903
22.406
21.908 Min

(a) Temperature distribution (b) Thermal deformation

Figure 14: The temperature distribution and structural deformation of body with shape ‘#’ stiffener
layout
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Figure 15: The temperature distribution and structural deformation of body with growth stiffener
layout

Comparing the analysis results of temperature distribution and structural deformation with two
different stiffener layouts, shape “#” stiffener layout and growth stiffener layout, we can conclude that
the maximum temperature of the body with a growth stiffener layout by using an adaptive growth
algorithm decreased from 26.387°C to 25.965°C, dropping 1.6%. The structural deformation under
thermo-mechanical coupling is also decreased obviously. The maximum structural deformation of the
body with shape ‘#’ stiffener layout is 7.4159 um, and the maximum structural deformation of the
body with growth stiffener layout is 5.8492 um, dropping 1.5667 pm, 21.1%.

5 Conclusion

This paper developed an adaptive growth algorithm for stiffener layout design under thermo-
mechanical coupling based on the topology optimization theory of heat conduction and stiffening
structurally. Compared with the regular shape stiffener layout, both the temperature and structural
deformation of the structure with the growth stiffener layout is reduced obviously. The square shell
case shows the adaptive growth algorithm for stiffener layout design is more effective, practicable, and
applicable. Using this approach, the stiffener layout of box type load-bearing components is optimized,
and the temperature and deformation are reduced obviously compared with the traditional stiffener
layout.

From the numerical results, we can conclude as follows:

(1) The adaptive growth algorithm based on thermo-mechanical coupling can improve the stiffness
and heat dissipation performance of the structure through stiffeners. The maximum tempera-
ture and structural deformation of structure with growth stiffener layout are reduced obviously.

(2) The stiffener layout optimization of square shell shows that the maximum temperature and
the deformation under thermo-mechanical coupling of the structure with growth stiffener are
76.265°C and 0.79382 mm. Comparing the structure with shape ‘#’ stiffener, the maximum
temperature and deformation decreased by 25.59% and 4.38%, respectively.

The stiffener layout optimization of the machining center body shows the maximum temperature
and the deformation under thermo-mechanical coupling of the structure of the body with growth
stiffener are 25.965°C and 5.8492 um. Comparing the structure of body with shape ‘#’ stiffener, the
maximum temperature and deformation decreased by 1.6% and 21.1%, respectively.
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