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Abstract

A novel method for nonlinear dynamic response topology optimization is proposed using the equivalent static loads (ESLs)
method. The ESLs are the loads that generate the same response field of linear static analysis as that of nonlinear dynamic analysis
at each time step. In the proposed procedure, nonlinear dynamic analysis is performed, ESLs are made and linear static topology
optimization is carried out with the ESLs. The process cyclically proceeds until the convergence criterion, which is specifically
defined for this problem, is satisfied. Since the density method for topology optimization is utilized, the low-density finite elements
can cause mesh distortion in nonlinear dynamic analysis. Transformation variables are introduced for a new update method for
the incorporating process of the topology results into nonlinear dynamic analysis. Also, a new objective function is proposed to
minimize the peaks of the time dependent transient responses. A couple of standard problems and a practical problem are solved
to validate the proposed method.
© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

Topology optimization finds the optimal layout of a structure by determining the distribution of the material in
the design region [1]. There are two methods for topology optimization: the homogenization method [2] and the
density method [3]. Commercial software systems for topology optimization such as NASTRAN [4], GENESIS [5]
and OptiStruct [6] adopt the density method and the density method is employed in this research. Mostly, topology
optimization has been carried out with linear finite element (FE) analysis. However, structural problems have various
nonlinearities under dynamic loads in the real world. Thus these nonlinearities and dynamic characteristics should
be accommodated in topology optimization. The nonlinearities are related to geometry, material, and contact. FE
analysis techniques regarding nonlinear dynamic behavior have been developed very well [7,8]. Performing structural
optimization using nonlinear analysis is quite expensive due to heavy computational time for function and sensitivity
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analyses. Moreover, including dynamic characteristics in optimization is even more difficult because transient
behavior in the time domain should be considered. Thus it is extremely complicated to consider nonlinearities and
dynamic responses simultaneously in topology optimization.

Other than the cost, there are two representative obstacles in nonlinear dynamic response topology optimization.
First, topology optimization in the time domain frequently uses the summation of the compliance in the entire time
range as the objective function [9,10]. In this case, although the overall compliance is minimized, the compliance
at some local specific time points can be rapidly increased. Therefore, the values of the compliance at specific time
points should be considered when defining the objective function. Another obstacle is the mesh distortion problem
when nonlinear analysis is utilized in topology optimization. Elements with low-density may appear in topology
optimization based on the element density. Low-density elements can cause excessive mesh distortion in nonlinear
analysis, and deteriorate the convergence of the topology optimization process. The first problem is due to the dynamic
behavior and the second one is from nonlinearity.

Many researches have been developed for topology optimization with dynamic or nonlinear characteristics.
Recently, nonlinear dynamic response topology optimization is performed for crashworthiness optimization by some
researchers. Internal energy [11,12] or internal energy density [13] is used as the objective function for topology
optimization of the structure in a crash situation. In these researches, optimization is conducted for the responses at
the final time steps. However, the general response of a structure with nonlinear dynamic behavior fluctuates during
the time duration. Therefore, the values of the responses in the entire time range should be included in the objective
or constraint functions. Recently, some researches have been carried out to overcome the mesh distortion problem
by proposing new types of elements or convergence relaxation method [14—18]. The methods can control the mesh
distortion problem quite effectively. Although the ideas are quite good, the process may not converge with these
methods, or many function calculations are required in nonlinear response topology optimization.

A new topology optimization strategy for the dynamic and nonlinear characteristics is proposed by using the
equivalent static loads method for nonlinear static response structural optimization (ESLSO). The equivalent static
loads (ESLs) are the loads that generate the same response field of linear static analysis as that of nonlinear dynamic
analysis at each time step. A nonlinear dynamic response optimization problem is converted into sequential use of
linear static response optimization with ESLs. It is noted that optimization is carried out using linear analysis. The
idea of ESLSO was initially proposed for linear dynamic response size and shape optimization by Choi and Park in
2002 [19]. ESLSO was expanded for nonlinear static response [20] and nonlinear dynamic response [21] size and
shape optimization. Topology optimization for linear dynamic system using ESLSO was proposed by Jang et al.
[10,22]. Nonlinear static topology optimization strategy using ESLSO is researched by Lee et al. [18].

ESLSO is expanded for nonlinear dynamic response topology optimization by using a newly defined flow and the
two previously mentioned problems are overcome. A newly defined objective function, which is to minimize the peaks
of the compliance in the time domain, is utilized to prevent the phenomenon that the compliances of some specific
times are abnormally increased. In ESLSO, mesh distortion does not occur during the optimization process because
linear analysis is utilized in topology optimization. However, we can have mesh distortion during nonlinear analysis
where the results of optimization are incorporated. A technique to prevent mesh distortion is utilized by introduction
of the transformation variables and a new updating scheme of design variables for nonlinear dynamic analysis.

Two examples are solved to validate the proposed method. First, topology optimization of a plate fixed along the
two ends is carried out by adopting a newly defined objective. The second example is a practical problem with a
crash box for crashworthiness design. The objective function is to maximize the maximum absorbed energy of the
structure in the time domain. Nonlinear dynamic or crash analysis is carried out by ABAQUS [23] or LS-DYNA [24],
GENESIS [5] is utilized for linear static response topology optimization and NASTRAN DMAP (direct matrix
abstraction program) [25] is used for calculating the ESLs. A program to interface the commercial systems and the
automatic process of the proposed method is developed by the C++ language [26].

2. Topology optimization issues with nonlinear dynamic characteristics

As mentioned earlier, the density method is employed in this study. Topology optimization methods for linear
static characteristics have been successful in many applications while topology optimization with nonlinear dynamic
characteristics has some issues. These issues are described in this section.
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2.1. Definition of the objective function

In topology optimization, various responses have been used as the objective function and constraints: compliance,
displacement, stress, etc. The purpose of topology optimization is often maximizing the stiffness of the structure that
is used in this paper. Maximizing stiffness is equivalent to minimizing the compliance of the structure. Thus, the
objective function is to minimize the compliance of the structure with a specific volume. The general formulation in
the density method for linear static response topology optimization is as follows:

Find b e R" (1a)
to minimize 'z (1b)
subjectto Kz—f=0 (1¢)
vib<V (1d)
00 <bmin<b; <10: i=1,...,n (le)

where the design variable vector b is the artificial density of finite elements, n is the number of elements (design
variables), Tz is the compliance, K is the stiffness matrix, z is the linear static displacement vector, f is the external
load vector and v is the volume vector of the finite elements. V is the specific volume of the structure defined by the
designer and is called volume fraction. b; is the ith design variable and bp;j, is the lower bound of the design variable.

When nonlinear dynamic response topology optimization is performed, the compliance is evaluated in the time
domain by the following equation:

6. e, @): u=1,...,1 2

where 0, (z) is the 2nd Piola—Kirchhoff stress tensor at the uth time step, €, (z) is the Green—Lagrange strain tensor
at the uth time step and / is the total number of time steps in the time domain. Thus, the summation of the compliance
in the entire time domain is utilized as the following objective function:

l

Zwu<ou(z)T£u(z)>: u=1,...,1 3)

u=1

where w, is the weighting factor. Some researchers used the above objective function in linear dynamic response
topology optimization [9,10]. In this case, the summed compliance can be reduced in the optimized model, however,
the compliance at some particular time steps can be rapidly increased, and the structure can have a large deformation
at those time steps. In other words, the compliance at each time step may not be fully controlled.

To overcome the above difficulty, a new objective function is proposed for nonlinear dynamic response topology
optimization. When the compliance is evaluated in the time domain, there are peaks on the compliance profile. The
new objective function is defined by the weighted summation of the compliances near the peaks as follows:

p

Zwu(ou(z)Tsu(z)): wu=1,....p @)

u=1

where p is the number of time steps near the peaks when the total number of time steps is /. Thus, p is always smaller
than /. In this case, the average of the compliance of the optimized model might be large. However, the compliance
at the peak point will be decreased and the compliance is evenly distributed in the entire time range [22]. If we select
only the largest peak point in Eq. (4), the compliance at the other points can be increased during the optimization
iteration. Also, if only the peak points are included in Eq. (4), the points near the peaks can be increased. Therefore,
the values of multiple time steps near the peaks are included in the objective function of Eq. (4). This technique has
been used in size and shape optimizations using linear dynamic analysis [27]. During the optimization process, the
number of peaks can be changed. Then p is changed at each optimization cycle.

Egs. (2)—(4) show the compliance for nonlinear dynamic response topology optimization. As mentioned earlier,
nonlinear dynamic response topology optimization is carried out by using nonlinear dynamic analysis and linear static
topology optimization. p in Eq. (4) is determined from nonlinear dynamic analysis. Linear static topology optimization
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is conducted with p and the following equation as the objective function:

p

Zwu(fzzu>: u=1,...,p )

u=1

where f, is the magnitude of the load vector, z,, is the displacement vector at the uth time step and szu is the linear
compliance at the uth time step. This will be explained in Section 3.

2.2. Mesh distortion problem

As mentioned earlier, mesh distortion occurs due to low-density elements in nonlinear analysis. In the conventional
element density approach, some elements can have a value of the lower bound during or after the topology optimization
process. When nonlinear analysis is performed during nonlinear topology optimization, the tangent stiffness matrices
of the low-density elements may be zero or negative. In this case, the low-density elements undergo extreme mesh
distortion and have negative volumes. This mesh distortion phenomenon leads to many Newton—Raphson iterations
or divergence. Some methods were proposed to overcome the mesh distortion problem [14-17].

In ESLSO, optimization is carried out by using linear analysis and the design variables are updated by the
optimization results. The updated results are utilized in nonlinear dynamic analysis. Thus, mesh distortion does not
occur during the topology optimization process due to the characteristics of linear analysis. If a design variable has
a lower bound after topology optimization, it is replaced by zero. Then the corresponding element is eliminated in
nonlinear analysis and the mesh distortion problem is avoided in nonlinear analysis.

The above issues are solved in the newly proposed method and explained theoretically in detail in the next section.
The proposed theory will be validated via some examples in Section 4.

3. Proposed method for nonlinear dynamic response topology optimization

As mentioned earlier, the ESLs are defined as the linear static loads that generate the same displacement fields in
linear static analysis as those of nonlinear dynamic analysis at an arbitrary time [21]. The ESLs are calculated by the
results of nonlinear dynamic analysis. Dynamic characteristics (inertia effects) are included in the ESLs generated
from the results of nonlinear dynamic analysis in ESLSO. When we design structures to improve the dynamic
characteristics, we can use some positive methods such as anti-resonance or change of supports. If we do not use
such positive methods, we may say that we are using a quasi-static method. However, such positive methods cannot
be used in optimization at the present time. That is, optimization cannot create anti-resonance or change the supports.
It only changes the structural dimensions. In the optimization community it is called dynamic response optimization.
Many of the conventional methods [4,9,27] and the Refs. [19,21,22] performed dynamic response optimization in this
manner. Therefore, topology optimization using the ESLs is called nonlinear dynamic response topology optimization
in this paper.

The original ESLSO is modified for nonlinear dynamic response topology optimization. The newly proposed
ESLSO overcomes the issues described in Section 2.

3.1. Calculation of equivalent static loads

The equilibrium equation of a structure with nonlinear dynamic behavior is
M(b)zn (1) + C(b)zn (1) + Kn(b, 2n(1))zn (1) = £(2) (6)

where M is the mass matrix, C is the damping matrix, Ky is the nonlinear stiffness matrix, zn(¢) is the displacement
vector, Zx(t) is the velocity vector, Zn(?) is the acceleration vector and 7 is the time. The subscript ‘N’ means that the
response is obtained from nonlinear dynamic analysis. f(¢) is the external load vector in the time domain and zn(#) at
all the time steps is obtained from Eq. (6). The equivalent static loads are defined as:

foq(s) = Kp(b)an(t): s=1,...,1 (7
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Fig. 1. Flowchart of topology optimization considering nonlinear dynamic characteristics using ESLs.

where f; is the sth time step of the integration process of Eq. (6) and / is the total number of time steps in the time
domain. The subscript ‘L’ means that the values are from linear static analysis. Thus, Ky is the linear stiffness matrix.
The ESLs vector feq (s) is evaluated by multiplying Ky, and zx(#). Because zn(#) is generated from nonlinear dynamic
response analysis, feq(s) includes the inertia effect even if feq(s) is a linear static loads set.

If the ESLs are used as external loads in linear static analysis, then the equilibrium equation is

Ki(b)zp(5) = feoq(s): s=1,...,1 (8)

The nodal displacement vector zp (s) in Eq. (8) has the same values as the nonlinear dynamic nodal displacement
vector zx(¢) in Eq. (6) at an arbitrary time #;. The overall process of ESLSO is illustrated in Fig. 1. If the ESLs
are used as external loads in linear static response topology optimization, the same displacements as the nonlinear
dynamic response can be considered at the beginning of the linear static response topology optimization process.

The ESLs generate the same displacement fields in a linear static analysis and a nonlinear dynamic analysis.
However, as the process proceeds in linear static response optimization, the two fields become different. Moreover,
the sensitivities of the two systems are not the same. The whole procedure is cyclically repeated to compensate the
differences until the convergence criteria are satisfied. This cyclic process is explained in detail in the next section. It
has been validated that the differences are zeros when the process converges [21,28]. The cyclic procedure is defined
as a ‘cycle’ and it is different from ‘iteration’ in linear static topology optimization.

3.2. ESLSO for nonlinear dynamic response topology optimization

The process of ESLSO for nonlinear dynamic response topology optimization consists of nonlinear dynamic
analysis of Eq. (6), calculation of ESLs in Eq. (7), linear static response topology optimization, and updating the
design results for nonlinear dynamic analysis of the next cycle as illustrated in Fig. 1. In linear static response topology
optimization, the ith design variable b; is the value of the artificial density between 0 and 1. After linear static response
topology optimization is performed, all the elements have continuous values from zero to one. The artificial density
value means the intermediate design variable for a finite element (FE). Hence the material properties of the elements
are updated by the artificial density for the nonlinear FE model in the next cycle. When nonlinear dynamic analysis
is carried out with the FE model which is updated according to the values of the artificial density, mesh distortion
should not occur. Transformation variables and a new updating method are introduced to prevent the mesh distortion
problem, and this will be explained later.
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The steps of the proposed nonlinear dynamic response topology optimization process are as follows:

Step 1.
Step 2.
Step 3.

Step 4.
Step 5.

Step 6.

Step 7.

Set the initial design variables and parameters (cycle number: k = 0, design variables: b®) = b(© separation
parameter: a certain value €1, convergence parameters: small numbers ¢, and £3).

Perform nonlinear dynamic analysis with b®) in Eq. (6).

Check the response profile of the compliance in the nonlinear dynamic system that is O‘Zsu, u=1,...,lin
Eq. (2), and find the number of peak points in the profile. The time steps for the peaks and the number of peak
points are evaluated (they can be changed at each design cycle).

Generate ESLs using Eq. (7) at the time steps near the peaks that are obtained by using Eq. (2) in Step 3.
Solve the linear static response topology optimization problem with ESLs as follows:

Find b® e R" (9a)
p

to minimize Z wy (fgzu) cu=1,...,p (9b)
u=1

subjectto  Kp (b®)zp () — foqu)=0: u=1,...,p (9¢)

vib<V (9d)

0.0 <byn<b; <10: i=1,...,n. (9e)

The summation of the compliance of the p loading conditions in Eq. (9a)(c) is considered as the objective
function in Eq. (9a)(b). p is determined in Step 3.
Transform the values of the design variables into the values of the transformation variables as follows:

i=1,...,n (10)

~_JO whenb; <ep
“=1o when b; > g1 °

where b; is the ith optimum design variable obtained in Step 5. «; is the transformation variable for b;.
The total number of the transformation variables is the same as that of the design variables. The separation
parameter ¢ is a certain value between by, and 1, which is defined by the user. After the linear static response
topology optimization in Step 5, most of the design variables have values close to by, or 1. But some design
variables may be far from bp, and 1. In this case, the transformation variables in Eq. (10) are exploited. If the
value of a design variable is smaller than the separation parameter, the corresponding transformation variable
has a value of 0. Otherwise, the corresponding transformation variable is regarded as 1. Therefore, all the
transformation variables have the value of 0 or 1.

Update the FE model for nonlinear dynamic response analysis using the transformation variables in Step
6. If «; is 1, the corresponding finite element remains in nonlinear dynamic response analysis. Otherwise,
the corresponding element is removed. Therefore, the mesh distortion problem is eliminated because the
elements with small b; in Step 5 are removed in nonlinear dynamic response analysis. If ¢; in Eq. (10) is
too small, few elements are removed and the total number of cycles might be increased. If ¢; is large, the
number of removed elements can be too many. Then the FE model, which has a much smaller volume than the
specific volume defined in Eq. (1a)(d) or (9a)(d), can be made. Depending on the value of ¢, disconnection
between neighboring finite elements might occur in the updated FE model. Thus, the percentage in the volume
constraint (volume fraction) of topology optimization is recommended for ;. However, this technique does
not always work well and additional research is needed for the decision of ¢;. For example, Step 6 can be
applied to the FE model that could be generated by using the post-processing or filtering technique [29] for
the results of linear static response topology optimization in Step 5.

The updated FE model is utilized for nonlinear dynamic response analysis in Step 2 and calculating ESLs in
Step 4. In the updated FE model, some elements do not exist due to the values of the transformation variables.
If the updated FE model is utilized again in linear static response topology optimization, the eliminated
elements cannot be recovered in the next cycle because the eliminated elements are not defined as design
variables. Therefore, the updated FE model is not used in Step 5. Instead, the model with full finite elements
is used for linear static topology optimization in Step 5.
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Fig. 2. Problem description of a plate fixed along both ends.
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Fig. 3. Material profiles of a plate fixed along both ends.
Step 8. When k = 0, k = k + 1 and go to Step 2 for the next cycle. Otherwise, if

countif (

al.(k)—al.(k_l)‘zez>§nxe3: i=1,...,n (1T)

then terminate the process. The convergence parameter &, is an arbitrary value between 0 and 1 because «;
has a value of 0 (non-existent element) or 1 (existent element). €3 is a certain percentage. The number of
transformation variables, which are changed more than &, between the adjacent cycles, is counted. If the
counted number is smaller than (n x €3), the process terminates. Otherwise, k = k + 1 and go to Step 2.

4. Examples
4.1. Example 1: a plate fixed along both ends

A plate illustrated in Fig. 2 is selected. The width is 1.6 m, the length is 0.2 m and the thickness of the plate is
0.001 m. This example is used as a standard example in many studies on linear static response topology optimiza-
tion [30,31]. Also, the results can be easily evaluated and compared. Fig. 3 illustrates the strain—stress curve of the used
material, and the material density is 7850 kg/m?>. In the analysis, the quadrilateral fully integrated finite-membrane-
strain elements are employed for the FE model and these elements allow transverse shear deformation. No spurious
membrane or bending zero energy modes exist because the stiffness of the elements is fully integrated. All the shell
elements use bending strain measures which are approximations to those of the Koiter—Sanders shell theory [32], and
the strain method based on the Hu—Washizu principle is employed.

Fig. 4 presents the applied dynamic load profile (5 Hz). The natural frequency of the structure in Fig. 2 is 2.119 Hz.
When the natural frequency is very large (the structure is stiff), a structure is affected little by dynamic external loads.
If the structure has larger natural frequency than the frequency of the force, the behavior of the structure is similar to
the static case [33]. However, when the natural frequency of the structure is smaller than the frequency of the force,
or the natural frequency is similar to the frequency of the applied force, we should consider the dynamic effects [33].
Thus, the dynamic characteristics (inertia effect) should be considered in this example because the frequency of the
force in Fig. 2 is larger than the natural frequency. Topology optimization is carried out with the initial model in
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Fig. 4. Load profiles of a plate fixed along both ends.

which all the design variables corresponding to the finite elements have a value of 1. During the process of topology
optimization, the natural frequency of the structure could be reduced because the mass of the structure is decreased.
Therefore, although the natural frequency of the initial model and the frequency of the force are similar, the natural
frequency of the structure becomes smaller and the dynamic effect is important. Designers should pay attention to the
relationship between the frequency of the force and the natural frequency to justify the dynamic response topology
optimization process.

The example considers geometric, material and both nonlinearities, respectively. The material properties in the
elastic range in Fig. 3 are utilized for the example that only considers the geometric nonlinearity. As illustrated in
Fig. 4, the maximum magnitude of the applied load is 20 kN and the total number of time steps is 4000.

The total number of the finite elements is 5000 and the number of design variables is equal to the number of
elements. The objective function to be minimized is the weighted summation of the compliances near the peaks
as in Eq. (9a)(b). The compliance profile of the initial FE model is checked by Eq. (2), and the number of peaks
is 4. Five time steps near each peak are selected. Thus, p in Eq. (4) is 20 and this value is used for linear static
response topology optimization in Eq. (9a) at the first cycle. As mentioned earlier, the number of peaks can be changed
during the optimization procedure. Hence the number of peaks should be checked at each design cycle. The peaks are
automatically checked by using a program developed for the automatic ESLSO process. The weighting factors w,, of
Eq. (9a)(b) are set to 1.0 and the volume fraction in Eq. (9a)(d) is 30%.

The results of nonlinear dynamic response topology optimization are illustrated in Fig. 5. Fig. 5(a) demonstrates
the results of linear static response topology optimization with Eq. (1a) using a commercial software system [5]. The
load for linear static response topology optimization is a static load of 20 kN which is the maximum magnitude of the
dynamic load. Figs. 5(b), (c) and (d) present the results of nonlinear dynamic response topology optimization using
ESLs. In Figs. 5(b) and (c), member A reduces the deflection of the structure in the time domain, and member B
prevents the deflection of the bottom part as well. In Fig. 5(c) where material nonlinearity is considered, the strain
of the bottom part is reduced by the fact that member C supports members A and B widely. In Fig. 5(d), when the
material and geometric nonlinearities are considered, the strain is very large and the tensile stress increases at the
points near the center. Member D prevents the deflection of the structure, and member E and member F reduce the
bending of the structure.

As shown in Table 1, the optimization process for geometric or both nonlinearities converges in 3 cycles. The
number of cycles is 4 for the problem considering material nonlinearity. The number of cycles is equal to the number
of nonlinear dynamic analyses. Table 2 shows the maximum strain energy of the structure when nonlinear dynamic
analysis considering geometric, material or both nonlinearities is performed with the results of topology optimization
in Fig. 5. Because the objective function is to minimize the peaks of the compliance, the maximum values of the
compliance function are compared. When nonlinear dynamic analysis with the results is performed, the FE models in
Fig. 5 are modified because the four FE models do not exactly have 30% volume. The thicknesses of the FE models
are tuned so that the volumes of the four results have the same values. In Table 2, each row shows the results of
topology optimization and each column shows the type of nonlinear dynamic analysis. As shown in Table 2, the
results of nonlinear dynamic topology optimization using ESLs are always better than those of linear static response
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(a) Linear response topology optimization.
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(b) Geometric nonlinearity.
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(c) Material nonlinearity.
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(d) Material and geometric nonlinearities.

Fig. 5. Results of topology optimization considering nonlinear dynamic characteristics for a plate (the maximum magnitude of applied
load = 20 kN, the forced frequency = 5 Hz).

Table 1
Optimization results for a plate fixed along both ends.
Linear Nonlinear dynamic optimization using ESLSO
optimization
Considering geometric Considering material Considering both
nonlinearity nonlinearity nonlinearities
No. of iterations 19 - - -
No. of cycles - 3 4 3
No. of nonlinear dynamic analyses - 3 4 3
Total CPU time (s) 52 3219 3852 3004

optimization. The results show that when there are nonlinear dynamic characteristics in the structure, linear static
topology optimization is not sufficient.

As the second case, nonlinear static topology optimization is carried out with the structure in Fig. 2 to compare
the results of nonlinear dynamic and static response topology optimization. The maximum magnitude of the applied
static load is 20 kN, and geometric and material nonlinearities are considered. The second case is solved by using the
method for nonlinear static response topology optimization in Ref. [18]. The results are shown in Fig. 6. Nonlinear
static response topology optimization converges in 4 cycles. As illustrated in Figs. 5(a) and 6(a), the results of linear
static topology optimization are the same regardless of the dynamic effects of the applied load. The results in Figs. 5(d)
and 6(b) are quite different because dynamic effects are not considered in the second case. As illustrated in Figs. 5
and 6, nonlinear dynamic response topology optimization should be carried out when the dynamic effect is important.
In Table 2, the results of Fig. 6(b) are analyzed by nonlinear dynamic analysis. The strain energy is improved when
the dynamic effect is considered in the optimization.
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Table 2
Maximum strain energy from nonlinear dynamic analysis for a plate fixed along both ends.

Maximum strain energy from nonlinear dynamic

analysis (J)
Considering Considering Considering both
geometric material nonlinearities
nonlinearity nonlinearity
Linear topology optimization 113.695 313.590 340.031
Nonlinear dynamic response topology Considering geom. nonlinearity 109.149
optimization (the maximum magnitude Considering mat. nonlinearity 289.941
of applied load = 20 kN, the Considering geom. and mat. 309.894
frequency of the applied load = 5 Hz)  nonlinearities
Nonlinear static response topology Considering geom. and mat. 319.316
optimization nonlinearities

(a) Linear response topology optimization.

<

(b) Material and geometric nonlinearities.

Fig. 6. Results of topology optimization considering nonlinear static characteristics for a plate (the maximum magnitude of applied load = 20 kN).

For the third case, additional nonlinear dynamic response topology optimization is performed with the structure
in Fig. 2. The maximum magnitude of the applied load is 10 kN and the frequency of the force is 1 Hz. Because the
frequency of the force is smaller than the natural frequency of the structure, the dynamic effect can be very small
in the third case. Other conditions except for the maximum magnitude and the frequency of the force are the same
as those of the first case. The results of the third case are presented in Fig. 7. As illustrated in Figs. 5(a) and 7(a),
the results of linear static response topology optimization are the same regardless of the applied load. It is noted that
the magnitude of the load does not have any influence in linear static response topology optimization. The results in
Fig. 7(b) are almost similar to the results of linear static topology optimization because the applied load does not lead
nonlinearities and the occurrence of the inertia effect. The third case converges in 4 cycles. As illustrated in Fig. 7, if
the dynamic effect and nonlinearity are not large, a good solution can be obtained from linear static response topology
optimization. However, nonlinear dynamic topology optimization should be performed when those effects are crucial.

4.2. Example 2: a crash box for crashworthiness

Crashworthiness design is of special interest in the automotive industry and the transportation safety field. Topology
optimization in crashworthiness design has been attempted by finding an efficient solution algorithm [11-13].
In the event of a crash, the impact energy transmitted to the inside of the vehicle should be reduced by the
structural components that absorb energy for safety. The ultimate goal of crashworthiness optimization is to find the
structure that minimizes the injuries of passengers [34]. From this viewpoint, the purpose of topology optimization in
crashworthiness is to maximize the strain energy of the structure because the structure must absorb the impact energy
as much as possible [13,35].

RCAR (Research Council for Automobile Repairs) is an international organization that works towards reducing
insurance costs by improving automotive damageability, reparability, safety and security [36]. RCAR established a test
to evaluate the performance of crashworthiness. Fig. 8 shows the RCAR test of the frontal structure of an automobile.
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Fig. 7. Results of topology optimization considering nonlinear dynamic characteristics for a plate (the maximum magnitude of applied load

10 kN, the forced frequency = 1 Hz).
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(a) Linear response topology optimization.
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(b) Material and geometric nonlinearities.
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Fig. 8. RCAR test conditions for the frontal structure of the vehicle.

Rigid wall

15 km/h
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Side rail

Fig. 9. Finite element model for designing the crash box.

In this test, the speed of the vehicle is 15 km/h and it has a 40% offset with a rigid barrier angled at 10°. After the
first impact at the bumper rail, the residual energy which is not absorbed by the bumper rail is transmitted to the crash
box and the side rail. If the crash box cannot totally absorb the residual energy, the repair cost is increased due to the

damage of the side rail because th

e side rail is connected to the vehicle body. Therefore, the crash box must absorb

the residual energy completely. The crash box is selected as an example for crashworthiness design using topology

optimization.
Fig. 9 illustrates the FE model
design is extremely expensive, a s

for topology optimization with the crash box. Because using the full vehicle for
imple FE model with the side rail and the crash box is utilized. The width of the
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crash box is 0.2 m, the height is 0.15 m and the length in the x direction is 0.3 m. The fully integrated eight-node
hexahedron solid elements are utilized for the FE model in the analysis. Two types of steel material are used for the
crash box and the side rail. There is contact nonlinearity between the crash box and the rigid wall. Geometric and
material nonlinearities are considered as well.

The design domain is defined only on the crash box and the optimization formulation is as follows:

Find bi: i=1,...,6804 (12a)
P

to maximize Z strain energy, (12b)
s=1

subjectto  KL(b®)zp(s) —foq(s) =0: s=1,...,¢ (12¢)
6304
D wibi =V <0 i=1,...,6804 (12d)
i=1
dy < dl,allowable (12e)
dy < da, allowable (12f)
0.0l <bpmin <b; <1.0: i=1,...,6804. (12g)

The absorbed energy of the crash box is continually increased during the crash process. Therefore, the crash box
may absorb the maximum energy when the impact is almost finished. The objective function is defined to maximize
the strain energy of the crash box at some time steps near the end time of the impact. p in Eq. (12a)(b) denotes the
number of time steps near the end time of the impact, and p is 5 in this example. The first displacement constraint
in Eq. (12a)(e) is added to prevent damage to the interior components such as the radiator or head lamps in Fig. 7
because the purpose of the RCAR test is to reduce the repair cost. The crash box can maintain some stiffness due
to this displacement constraint. The damage of the side rail is eliminated by the second displacement constraint in
Eq. (12a)(f). V in Eq. (12a)(d) is 50% as the volume fraction. If the value of the volume fraction is too small, the
finite elements may remain only at the part where the crash box and the rigid wall collide. On the other hand, if it is
too large, it is difficult to determine the layout with the results of topology optimization due to many remaining finite
elements. The extrusion condition in the x-direction is considered for manufacturing because the bumper rail and the
side rail cannot be connected without the extrusion condition.

Fig. 10 presents the optimization results of the crash box. The optimization process converges in 7 cycles. As
illustrated in Fig. 10(b), the elements in the x-direction have the same value of design variables because the extrusion
condition is used. In Fig. 9, Part A is the primary contacted part when the crash box is impacted on the rigid
wall. The materials remain in Part A because the crash box should maintain stiffness due to the first displacement
constraint in Eq. (12a)(e). As illustrated in Fig. 10, a partition such as Part B exists in the middle of the crash box.
Because Part B and the outside panels are deformed together, the absorbed energy of the crash box is increased.
And the displacement constraints are satisfied by maintaining the stiffness of the structure. When there are contact
conditions in the structure, linear static response topology optimization cannot be carried out because of contact
nonlinearity. Thus, it is not possible to compare the results of Fig. 10 with the results of linear static topology
optimization.

Fig. 11 shows the force—displacement curve (f—d curve) when the crash analysis is performed with the results of
topology optimization in Fig. 10. In the f—d curve, the area under the curve means the absorbed energy. If the initial
peak in the f—d curve is generated rapidly and the reaction force at the initial peak is maintained during the crash, the
absorbed energy of the structure is increased because of the large area under the curve. In Fig. 11, it is shown that the
initial peak of the reaction force of approximately 9.38 kN occurs when the displacement is 3.28 mm. The maximum
displacement is 50 mm and the maximum reaction force is 9.49 kN when the displacement is 50 mm. If the maximum
possible absorbed energy based on the maximum displacement (50 mm) and the maximum reaction force (9.49 kN)
is assumed to be 100%, the area under the curve in Fig. 11 is 72.28%. The new crash box in Fig. 11 may absorb a lot
of the energy, however, manufacturing the product based on the results can be expensive. If a detailed design such as
size or shape optimization is performed with the topology optimization results, a reasonable design can be obtained.
A design flow for such a design has been proposed [37].
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Fig. 10. Optimization results of the crash box.
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Fig. 11. The force—displacement (f—d) curve of the crash event with the results of topology optimization.
5. Conclusions

Nonlinear dynamic response topology optimization is performed using ESLSO with the transformation variables
and the newly defined objective function. In ESLSO, nonlinear analysis is performed, ESLs are generated at each time
step, linear static response topology optimization is carried out the ESLs and the process cyclically proceeds until the
convergence criteria are satisfied. The transformation variables which correspond to the design variables are defined
to overcome the mesh distortion problem that is a typical obstacle in nonlinear response topology optimization. After
linear static response topology optimization, if the value of a design variable is smaller than a certain value, the
corresponding transformation variable is 0. Otherwise, the corresponding transformation variable is 1. The elements
for the transformation variables with zeros are eliminated in the FE model for nonlinear dynamic response analysis.
The proposed objective function is to minimize the weighted summation compliance near the peak points to prevent
a large deformation at a certain time. The newly proposed ESLSO is applied to two examples that are a simple plate
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structure and the crash box for the crashworthiness design. The results show that the proposed method provides quite
an excellent solution. It is well known that nonlinear dynamic response optimization is quite expensive for a large scale
structure. The results of the examples show that the process terminates in a few cycles with ESLSO. It means that
only a few nonlinear dynamic analyses are required. Additional research is needed as well. For example, a technique
to determine the separation parameter for the transformation variable should be established, or various responses such
as the stresses and eigenvalues should be considered in the objective function or constraints.
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