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The present paper modifies and extends the recently developed equivalent static load method for the optimization
of dynamically loaded linear elastic finite element systems with a huge number of degrees of freedom. In the
equivalent static load method, dynamic loads have been transformed into equivalent static loads. This leads to an
equivalent static response optimization with multiple loading conditions instead of a dynamic optimization problem.
In the present paper, the equivalent static load algorithm is modified and extended by introducing a fatigue analysis
in the iterative optimization procedure, where damage is used as suitable termination criterion of the iteration, as well
as for the determination of a single and meaningful equivalent static load that leads to maximal damage in the
structure. During the evolution process the structure is systematically stiffened by using the solid isotropic
microstructure with penalization approach until a user-defined damage level is reached. Three standard examples
from literature and an industrial application with a large number of degrees of freedom (600,000) demonstrate the

computational efficiency of the proposed method.

1. Introduction

OPOLOGY optimization has been developed to optimize the

material distribution within a fixed design domain for a
structure with a given set of constraints and loads. Because of the
economically driven requirements of increasing product quality and
decreasing product costs, topology optimization has gone through an
extensive development. Particularly in the framework of the finite
element formulation, various different optimization methods have
been published in the last decades.

Several methods are either based on the homogenization
(microstructure) approach, originally described by Bendsge and
Kikuchiin 1988 [1] or on the so-called solid isotropic microstructure
with penalization (SIMP) approach, introduced by Bendsge in 1989
[2]. The SIMP, or power law approach, does not use discrete
microstructures, but rather a continuous design parameter b;
(0 < b; < 1) that represents the relative mass density of each finite
element. Furthermore, Young’s modulus of each finite element is
given as its relative density raised to some power, times the reference
Young’s modulus [3,4]. In the following years, different approaches
have been published, following either the homogenization method
[5,6] or the SIMP approach [7,8]. A comprehensive review has been
published by Eschenauer and Olhoff [9].

A common motivation for optimization in automotive, aerospace
or aircraft industry is the reduction of weight. A lighter structure
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tends to have lower natural eigenfrequencies, which are more easily
excited under common loading conditions. Therefore, it may be
essential to regard inertia effects during the optimization procedure
of dynamically loaded components. One of the earliest approaches
on structural optimization under dynamic loads has been introduced
by Fox and Kapoor [10]. In the latter approach, a minimum-weight
problem is formulated together with certain constraints on
deformation and stresses. Diaz and Kikuchi [11] proposed a
solution strategy for the maximization of the fundamental frequency,
which is based on the homogenization method. The problem is
formulated as a reinforcement problem in which a given structure is
stiffened by additional material.

To avoid the high computational effort of a direct mathematical
optimization in a dynamic response optimization problem, the
concept of equivalent static loads has been introduced in the literature
(see, e.g., [12-14]). The basic idea of the latter concept is the
transformation of dynamic loads into a series of equivalent static
loads (ESL). This leads to a static response optimization with
multiple loads instead of a dynamic response optimization, for which
second-order algebro-differential equations would have to be solved.
Kang et al. [15] have linked this concept to flexible multibody
dynamic simulations, which leads to an iterative structural
optimization procedure of dynamically loaded elastic components
with an acceptable computational effort.

However, the latter publication concluded with some doubts,
whether the procedure could be applied to huge structures. In the
present paper, we propose an efficient algorithm for structural
optimization of huge and dynamically loaded FE models, which can
be integrated in multibody dynamic systems (MBS) in a
straightforward manner. Large FE models are needed in case of
complex design spaces with given edges, bores, and the like, as this is
common for advanced applications in industry. The presented
method is derived from the ESL approach, but, instead of a stress
constraint, a damage constraint is applied, which leads to several
advantages: Damage can be used as a quite natural termination
criterion in the iterative procedure of an optimization process, due to
the fact that it integrates the effects of load induced stress over the
time, and it is a proper value for the indication of structural failure.
Moreover, and this is the main point in our presentation, the area with
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the highest damage value gives a criterion for a single and meaningful
ESL. In this respect, we will use the mode-based approach of the FE
method, together with an effective method for the damage analysis.
In the present contribution we use the commercial codes
MSC.Adams [16] and FEMFAT [17] (see Sec. IL.C for details). In
contrast to a costly global optimum search, in the following the SIMP
approach [18] is used for a systematic reinforcement of the structure
until a desired damage level is obtained. The disadvantage of not
having a mathematical proof for a strictly global optimum thereby
should be compensated by the excellent computational efficiency.
Because of the fact that the content of the present contribution does
not provide a new set of formulas, but a novel and advantageous
combination of existing methods, the first section of our paper gives a
short review of the three key methods, on which the proposed method
is based. In the next section, the problem description is illustrated in
detail, and a flowchart of the proposed algorithm is presented. The
paper ends with four numerical examples. One generic example is
given for the sake of illustration. Another example, which is taken
from [15], is retreated in order to show the significant increase of
lifetime of an optimized FE structure, which is integrated in a
multibody system. In a third example, the proposed algorithm is
compared to an alternative method known from the literature [11],
where the optimization objective was the global search of the
maximum of the first eigenvalue. Finally, a successfully optimization
of aFE model of a dynamically loaded vehicle frame component with
a complex design space [600,000 nodal degrees of freedom (DOF)]
gives further evidence for the efficiency of the procedure.

II. Brief Review on the Three Key Methods
of the Proposed Algorithm
A. Brief Review on the Equivalent Static Load
The equation of motion of a FE model can be formally written as

M(b)3(1) + K(b)y(r) = r(1) (M

where M and K are the (n x n) mass and stiffness matrices, which
depend on the (e x 1) design variable vector b representing the
relative mass density of each finite element. The (n x 1) vector r(t)
represents the time-varying external load, ¢ denotes the time, and the
(n x 1) vector y contains the nodal DOF (usually displacements) of
the FE model. The (n x 1) vector  is the second derivative of y with
respect to time. The scalar quantities n and e represent the number
of nodal DOF and elements of the FE model, respectively. The FE
formulation (1) can be incorporated into MBS codes in a standard
manner, which allows us to restrict ourselves in the following to the
simple form presented in Eq. (1).

By performing a discretization of the time interval of interest [0, 7]
into ¢ time grid points, Eq. (1) can be rearranged to

K(b)yu:r(tu)_M(b)ym MZI,...,q, tl:O’ t,=T

2

The index u represents the number of the time grid point. As a result
of a transient analysis, the displacement vector y, is known at each
time grid point #,. Using the definition that the ESL induces the same
displacement field in a flexible body as would be induced by a
dynamic load at a certain time, the (n x 1) ESL vector at time ?,,, feq,
can be obtained as

fég = K(b)y., u=1,....q9 3)

where the displacement vector y,, which is already known due to the
transient analysis, is substituted. In contrast to the external load
vector r(f), which typically acts at a few nodes of the FE model only,
the ESL is a distributed load, which acts on the entire structure. That
is, the ESL is applied to all degrees of freedom of the structure and
can only be obtained after having performed a transient analysis of
the structure. Since the time interval of interest is divided into g time
grid points, after the transient analysis ¢ displacement fields y, are
knownu =1, ..., g [see Eq. (3)]. According to Eq. (3), it is possible
to compute for each displacement field y, the corresponding

equivalent static load f¢;, from which the most damaging will be
selected for optimization (see below). Thus, the objective of the ESL
is the static generation of a known displacement vector caused by
dynamics during an optimization procedure. For a more detailed
description of the underlying ESL method, the reader is referred to
[13.19].

B. Brief Review on the Static Optimization Using the SIMP Method

The SIMP method was proposed under the term artificial density
approach by Bendsge [2] over two decades ago. This method
assumes that Young’s modulus and the density of each finite element
can be used as intermediate design variables. The most significant
advantage of the SIMP method is its computational efficiency in
terms of CPU time, since only one free variable is used per element.
The SIMP formulation is based on the minimization of the total
compliance C (the maximization of the overall stiffness) with respect
to a volume constraint. This can be formulated as

mbin C(b) = yTK(b)y 4)

subject to
Kb)y=r ®)]

with the constraints

S bV~ Vg S0, (Vea=BVa).  (0<B<D) (©
i=1

where the symbols b; and V; are the relative mass density and the
volume of element i, respectively, and 8 denotes the volume fraction
of available material and is given by V,4/Vq, where Vg is the
volume of the admissible design domain €2. A detailed description of
the formulation described above can be found in [20]. Pedersen
[21,22] showed that the minimum compliance problem [Eqs. (4-7)]
is equivalent to a structural optimization, which targets a uniform
stress distribution within the optimized structure.

C. Brief Review on Fatigue Analysis

For introducing fatigue analysis, the damage parameter according
to Lemaitre [23] is adopted. In the latter publication, a scalar value D
was introduced for a representative volume element (RVE) at an
arbitrary structural point. The value of D is bounded by zero and one,
where D = 0in the undamaged RVE, and D = 1, if the RVE material
is fully damaged. Furthermore, a material depending critical damage
value D, is introduced, which defines the initiation of microcracks.
Increased loadings tend to enlarge an existing microcrack and this
will finally lead to the rupture of the whole RVE. For different reasons
it is not advantageous to use the damage parameter D for structural
optimization. The computation of crack propagation in the
framework of FE analysis is quite complex, and in many technical
applications an existing microcrack already must be interpreted as
structural failure. Moreover, it seems not to be necessary to
incorporate the crack propagation at the early design stage, in which
topology optimization is applied. Therefore, for the subsequent
studies, a normalized damage parameter D, , is introduced that is
defined as

Dc,n = (8)

For the proposed topology optimization technique the relevant range
of D, is delimited by zero and 1. Consequently, D., =0
characterizes an undamaged structure and D, = 1 indicates local
crack initiation. A value in between these boundaries ensures that
structural failure will not occur.

For the fatigue analysis, the commercially available software
package FEMFAT [17] is used subsequently. The latter software
computes D, , for each node of the FE structure. The fatigue software
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FEMFAT is based on the linear accumulation of damage fatigue
following the Palmgreen—Miner rule (see [23-25]). Because the
focus of this presentation is on topology optimization using fatigue
and not on fatigue itself, just a brief review on the latter fatigue
concept is given next. For a comprehensive presentation of how the
latter method is implemented in FEMFAT, the reader is referred to
[17.26.27].

1) In a first step, FEMFAT imports the FE model of a structure, the
FE stress distributions due to certain loads, load histories, and
material data.

2) In a next step, synthetic SN curves are computed for each node
of the FE model. The term synthetic means that a SN curve, which is
gained by mechanical experiments with standardized specimen, is
automatically adapted according to local parameters like mean stress,
notches, material temperature, and others. This SN curve holds a
relationship between the endurable number of load cycles until a
crack is initiated and an according stress amplitude.

3) Based on the imported stress distributions and the according
load histories a time-varying stress is computed for each node of the
FE structure.

4) For the computation of a damage value according the
Palmgreen—Miner rule the theoretical endurable number of load
cycles from the SN curve of step 2 is compared with the actual
counted load cycles at a certain stress amplitude from step 3. This is
done for each FE node of the structure.

It is emphasized that any other software capable of computing a
reduced damage parameter could be used in the present
methodology. It is furthermore noted that damage has been
suggested for static topology optimization problems by Dannbauer
etal. [28] (see also [29]). The present paper represents an extension to
dynamic topology optimization for large FE models. A preliminary
formulation has been presented by the first author in [30].

The efficiency of the transient fatigue analysis is dependent on the
quality of flexible body’s representation in the FE models. Typically,
the deformations of the FE model are computed by a linear
superposition of a suitable set of Ritz vectors, commonly called
modes. Formally, this can be written as

y(1) = Ps(r) &)

where the modes are collected in the (n x m) modal matrix ® and
the time-varying scaling factors are collected in the (m x 1) vector
s(1). The number of considered modes is m. The stress state at each
time ¢, which is relevant for the fatigue analysis, can be efficiently
reconstructed by a superposition of modal stress shapes (see [31]).
The scaling factors for the resulting stress and deformation are
identical [namely, s(#)], and they are a result of the time integration.
This can be expressed as

o =ETy=ET®s() =Y s(t) (10)

where the (w x 1) vector o corresponds to a vector representation of
the stress tensors of the relevant finite elements, E represents a matrix
representation of the elasticity tensor, I contains differential
operations necessary for computing the strains. Note that all matrices

can gathered in the (w X r) matrix X, which contains » modal stress
shapes. The matrix X is typically a byproduct of the FE analysis,
which is necessary anyway in order to compute the modal
deformation shapes ®.

From the point of view of FEMFAT, the necessary stress
distributions are given by ¥ and the required load histories are given

by s(#).

III. Proposed Dynamic Response Optimization
for FE Models Using Fatigue as Key Quantity

A. Some Motivation for the Use of Damage in the Optimization
Procedure

The presented research was originally motivated by the absence of
a method for efficient topology optimization of huge FE models
undergoing dynamic loads by means of commercially available
software packages. To the best knowledge of the authors, the
topology optimization procedures known from the literature are
not capable for these kinds of problems, mainly due to the huge
CPU time that is needed. These methods for dynamic topology
optimization are typically characterized by the use of certain stress
restrictions as termination (constraint) criteria in the iterative
procedure. But in structures, which are subjected to dynamic loads,
the stresses will vary with respect to time, and so the stress constraint
has to be satisfied over the entire time range. An attractive alternative
reducing the computational effort is to replace the time-varying
constraint by damage, because it takes into account the entire load
history in an integrative manner [24]. The integration of a damage
restriction into the topology optimization procedure instead of stress
is a key feature of the proposed method and leads to an algorithm,
which can be efficiently used for large structures and long time series.
A qualitative comparison of a stress restriction based approach and
the proposed damage restriction based approach is given in Table 1.

In general, a dynamic optimization problem can be written as

min ¢(b) (1)

subject to

M)y, + KDy, =rt,). u=1....q (12)

with the constraints

8iu(b,y,, V) <0, j=1,...k, u=1,....,q (13)
where ¢(b) represents a cost function, and g, is the jth constraint at
the uth time grid point. In contrast to static response optimization,
where algebraic equations need to be solved, dynamic response
optimization leads to differential-algebraic equations of second
order. A direct solution of the latter equation is economically not
possible for a large number of DOF. This is a strong restriction due to
the fact that given design spaces can be geometrically very complex
because of given edges, bores, and the like.

However, for solving the general dynamic response optimization
problem [Egs. (11-13)], the algorithm introduced by Choi and Park
[14] can be used. In the latter algorithm, the differential-algebraic

Table 1 Comparison of a stress restriction based approach and a damage based restriction approach

Stress as a constraint

Damage as a constraint

Stress characterizes just one time instant.

Stress is a quantity that needs to be interpreted carefully.
Consequently, the most stressed area may not necessarily
be the most critical area.

In case of several time steps with comparable maximum stress

Damage integrates the entire load history because it characterizes how the
stress effects a structure.

Damage is a meaningful quantity that summarizes the stress level,
load history, material properties, local characteristics, etc.

The damage analysis enables the determination of one meaningful ESL.

distributions, several ESL need to be considered, which leads
to a static topology optimization with multiple loads.

The iterative optimization procedure is terminated in case of a
converged material distribution. This may be a costly
requirement.

This leads to a static topology optimization with only one single load case.

Because of the fact that a damage value smaller than 1 ensures the absence of
structural failure, damage can be used directly as natural termination
criterion.
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equations are transformed into algebraic equations by the use of the
previously introduced ESL method (see Sec II.A). This method leads
to a series of static optimization problems with multiple loading
conditions. It has been verified by Park et al. [32] that the solution
obtained satisfies the necessary Karush—Kuhn—Tucker conditions
and is an optimum solution of the original dynamic response
optimization.

In the present paper, our goal is the minimization of the volume of a
structure, using an upper bound for damage D, as a constraint.
Formally, this can be written as

mbin V(b) (14)

subject to
M(b)y, + K(b)y, = r(t,), u=1,....q 1s)
with the constraint

VxeN: Da.n(x’ T) = Duserﬁ Duser <1 (16)
where V represents the volume depending on the volumetric material
densities of each element, which are collected in the relative design
variable vector b. The constraint of the optimization problem is given
by the inequality Eq. (16), where D, (x,T) is the normalized
damage value at the node number x of the structure at time 7', and
Dy, is a user-defined upper bound for damage. For practical
situations, the user will select D, < 1 for safety reasons. N
represents the subset of all FE nodes that are evaluated with respect to
fatigue. By using a user-defined upper bound for damage, the lifetime
of the generated structure is automatically ensured. Compared to
stress constrains, which have to be satisfied over the given range of
time, the damage constraint of the optimization is easy to handle.

Instead of a global optimum search of the cost function, an iterative
procedure is suggested, where each optimization cycle represents a
SIMP optimization with a given end volume

Vp+l = Vp + ﬁp-HVQ (17)

In the subsequent examples, the commercial code TOSCA [33,34]
has been used for the SIMP optimization. For a more detailed
description of the underlying SIMP technique, the reader is referred
capabie_ﬁ; the SIMP-computation could have been used instead of
TOSCA.
The index p represents the optimization cycle number. Thus, the
pth cycle can be written as
min Cby1) =" - £ (18)

eq.p

subject to
K(bp+l)y :,fé‘q‘p (19)

with the constraints

YobVi=V, =0, (Vo =V, +B,1Va) (20
i=1

0<(b)<1 (21)

This procedure has to be iteratively repeated with a successive
increasing end volume V., and an adopted ESL f& ,, until
DY, (x,T) < Dy, forall nodes x of the set N. This can be interpreted
as a systematic reinforcement of the structure, by adding in each
optimization cycle the predefined amount of material 8, Vg, until
the defined damage level is reached. The next paragraph is devoted to
the open issue of defining the ESL f¢, .

Note that after the transient analysis of the pth structure, the stress
field history o, ,(x, t,) is given for all time grid points u =1, ..., q.
Based on this, the structural normalized damage values of the pth
optimization cycle D?, (x, T) can be computed for each node x of the

set N. The critical node x, is the node with the highest damage and
can be determined as

D?,(x.,T) = max(D?,(x,T)), x€N,— x, (22)
X

For the determination of the critical time grid point ¢, ., the equivalent

stress, on which the damage computation is based, is evaluated at

node x, as

aE.p(xC’ tu.c) = nltaX(GF,]) (xC’ tll))’ - tu,z‘ (23)

The ESL that generates the significant critical displacement field with
respect to damage is consequently defined as

tp = Kby, 24)
This single ESL is necessary to characterize the already known
critical displacement field during a static optimization procedure.
Since, there is one critical time grid point, there is only one critical
displacement field in each iteration: namely, that which causes the
highest damage to the structure. It is worth mentioning that the
location and the time where and when the highest damage occur can
change during a dynamic simulation, but it is clearly defined when
the entire simulation time is evaluated in terms of fatigue damage.
However, by performing a static optimization procedure as described
in Eq. (18-21), in which the latter single ESL is used as a design-
oriented static load, the topology of the structure changes by adding
material in order to stiffen the structure. If the user-defined damage
level is not achieved, another iteration (optimization cycle) has to be
performed. This yields, due to the change of the topology of the
structure, a different critical displacement field and thus, after each
static optimization cycle, in which the structure is reinforced by
adding a predefined amount of material, the single ESL of Eq. (24)
has to be updated.

B. Flowchart of the Proposed Damage-Based Optimization Process

Subsequently, we give a flowchart of the proposed algorithm:

Step 1: Set p = 0 and b,,. Define V), D, Vg, and the set N.

Step 2: Generate a base structure with the end volume V,, by
solving an optimization problem with representative static loads.

Step 3: Compute the structures modes ® and o, the corresponding
modal stress distribution [® and ¢ according to Egs. (9) and (10)].

Step 4: Based on the displacement mode shapes of step 3, a
transient dynamic analysis is performed, which gives the modal
participation factors s(¢) as a result.

Step 5: Based on the stress distributions of step 3 and the modal
participation factors of step 4, a mode-based fatigue analysis is
performed.

Step 6: If

¥V x€N: D, ,(x.T) < Dyer 25)

then stop.

Step 7: Determine the critical time grid point 7, . for the significant
ESL according to Eq. (23).

Step 8: Determine the significant equivalent static load with
respect to damage according to Eq. (24).

Step 9: Define 8, ;.

Step 10: Determine a reinforced structure by solving a static
response optimization problem according to Eqs. (18-21).

Step 11: Set p = p 4 1, and go to step 3.

For the sake of clarity, step 2 is described in the following in more
detail. The generated base structure of step 2 needs to be an
undersized structure, due to the fact that in each optimization cycle
material is added. This undersized structure has not to be necessarily
generated by solving an optimization problem with representative
static loads as described in step 2 of the proposed algorithm, but
rather can be a given core structure as it is demonstrated in the third
example of the next section. Another approach for the determination
of the core structure would be the solution of a static optimization
problem with representative static loads as it is demonstrated in the
first example of Sec. IV. From the external load vector
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r(t) ={r(0),....r;(),....r,(D}T, i=1,...,n (26)
a representative static load vector r,, can be defined as

7w = {max(7,(?)), ..., max(r;(¢)), ..., max(r, (1)}
' ' ' 7
i=1,...,n

Obviously, several strategies can be applied to achieve a core
structure.

From step 3 to step 11, one optimization cycle is completed. The
procedure is executed and the structure is systematically reinforced
until the user-defined damage level is achieved.

In contrast to the original conceptual formulation [see Eqs. (14—
16)], where the volume of the structure has been minimized, the
presented procedure (see step 3—step 11) reinforces the base structure
of step 2 by adding a predefined amount of material 8, V, in each
optimization cycle. Thus, the solution does not necessarily represent
the lightest possible structure, but this can be accepted due to the
overall efficiency of the procedure, which is demonstrated in the
following numerical examples.

IV. Numerical Example

Four examples will be presented to illustrate the proposed
algorithm, to compare the results with the literature, and to show its
efficiency in the framework of an industrial application. In the first
example, an optimization of a simple two-dimensional plate problem
is presented in order to get a general overview of the flow of the
optimization process. This example demonstrates that the presented
algorithm can handle dynamic systems, in which more than one
natural frequency is exited. The second example deals with the
optimization of a single bar, which is integrated in a multibody
system four-bar mechanism. The latter example is taken from [15].
Although the objectives of the optimization tasks are different from
[15], the subsequent results illustrate the potential of the proposed
topology algorithm. Finally, a vehicle frame component with a large
number of degrees of freedom is successfully and efficiently
optimized. Even for the large problem, the optimization process leads
to a comparatively low computational effort.

A. Two-Dimensional Plate Problem

A rectangular structure, which is supported at the left upper and
left lower corners, is loaded by a point load of sine wave type, which
is applied on the top right corner (see Fig. 1). The sine wave is defined
as a sweep, where the amplitude is constant (15,000 N), and the
frequency increases linearly with respect to time from 400 to
1000 Hz. Consequently, all structural modes of the frequency band
are exited. The FE model of the design domain (300 x 150 mm)
consists of 7200 four-node plane quadrilateral finite elements with
7381 nodes. Furthermore, the design domain is filled by a
homogenous isotropic iron type material with Young’s modulus of
210,000 N/mm?, Poisson’s ratio of 0.3 and a mass density of
7850 kg/m?. For the overall mode-based dynamic response
computation, an overall modal damping ration of 1% has been used,
and the necessary parameters to be predefined for the optimization
have been defined as

e

120 x 60
elements

-
<
wuw (S [

—

300 mm ——————
Fig. 1 Design space and boundary conditions/loadings of example 1.

b,—o=7850 kg/m3,
Duser = 0'15

V():O.Z'VQ,
T=0.5s,

,31 = ﬁz = 53 =0.025
g = 10000

After three cycles the optimization process is successfully
terminated and the computed design occupies 27.5% of the original
design domain. Table 2 contains the evolution history of the structure
according to the optimization cycle. The proposed optimization
procedure is briefly visualized in the images in Table 2. At the zeroth
optimization cycle, a core structure is generated by performing a
static topology optimization. Using the Eq. (27), the representative
static load of the latter optimization is simply a constant point load
with amplitude of 15,000 N, which is applied on the top right corner.
The resulting structure has two natural frequencies in the frequency
band of interest: namely, at 493 and 963 Hz. Both of them are excited
during the dynamic response computation, but the second one is
determined as the critical one with respect to damage. Consequently,
an ESL has been determined that reproduces the displacement field
of the second eigenform. The subsequent static optimization based
on the latter ESL, with an additional 2.5% available material delivers
the structure outlined in the second line of Table 2. This structure has
its first natural frequency at 515 Hz, which leads to another
optimization loop and to the structure in the third row of Table 2.
There is again a structural eigenform at 953 Hz, which requires an
additional optimization cycle. The final structure has its first natural
frequency at 1399 Hz, which is no longer in the frequency band of
excitation. The dynamic response computation together with the
modal based fatigue analysis delivers a maximal normalized damage
value (less than 0.1), which leads to a successfully termination of the
topology optimization process. The optimization process is repeated
with different values for B, and the resulting topologies of the
optimized structures are quite similar. This yields to the conclusion
that the optimization process is stable.

B. Four-Bar Mechanism

This test problem is taken from [15]. A four-bar mechanism,
shown in Fig. 2, consists of three flexible links that are connected
to each other and the ground by rotational joints. The three links
have a mass density of 2757 kg/m? and Young’s modulus of
68950 N/mm?. The length of link 1 (1,), link 2 (/,), link 3 (I3) and
link 4 (/) are 0.3048, 0.9144, 0.762, and 0.9144 m, respectively.
Link 1 rotates at a constant angular velocity @ of 107 rad/s. The goal
of the optimization in [15] was to minimize the mass of the
mechanism by varying the diameters of the three links, with the
bending stress constrained to a maximum of 27.58 N/mm?,

In contrast to the latter optimization, we consider a reinforcement
problem for link 2. The dynamic excitation of link 2 is due to the fact
that link 2 is included in a multibody system simulation. Hence, the
first natural frequency of link 2 is excited. Note that the approach
in [15] and the present one are quite different. Therefore, this
example is not intended to be a comparison, but an illustration of the
characteristics of the presented algorithm.

The optimized diameter values of link 1 and link 3 have been taken
over from [15] as 33.5 and 16.9 mm, respectively. An important
difference is that the links here are not modeled by some beam
elements, but with a considerable number of hexahedra elements.
The initial diameter for the first optimization cycle and the designable
domain of link 2 are 4.7 and 35 mm, respectively, and are shown in
Fig. 3. The FE model of the design domain is generated by using
103,500 hexahedra elements, which leads to 103,500 DOF for the
optimization procedure and to 650,072 nodal DOF for the FE
analysis. The flexible multibody dynamic analysis is performed by
using the first 20 normal modes. The number of load cycles for the
damage analysis is based on the assumption that the operating time of
the mechanism is 10 years.

During three optimization cycles material is added and a
representative cross section can be seen in Fig. 4. Note that the cross
section is varying along the longitudinal axes of the link. The
generated structure tends towards a beam with an I cross section,
which has to be expected due to the fact that the critical mode is the



1344 SHERIF ET AL.

Table 2 Evolution history of the structure in example 1

D

Cycle no. Optimized structure en Excited and damage-relevant mode Mode no.  Frequency of mode, Hz
0 > 1 2 963
1 > 1 1 515
1 953

<0.1

>
el
>

first bending mode. Because the presented algorithm and the one of
[15] are different, it is impossible to compare both results directly.
However, the evolution of the structural damage versus the structural
mass can be seen in Table 3. An advantage of the proposed algorithm

Fig. 2 Damage constrained four-bar mechanism.

design space
(935 mm)

core structure (04.7 mm)

Fig. 3 Crosssection of the given structure and the designable domain of
link 2.

is that the material is stressed more uniformly than in [15]. This leads
to a large damage reduction by a factor 36,682. However, we deal
with the same structural mass, and the lifetime of the mechanical
structure has consequently been increased specifically. The total
number of needed cycles (three cycles) is smaller than that in [15].
Furthermore, during the three cycles, the total number of inner
iterations was 15.

Even though the optimization has to deal with about 10° DOF and
the MBS dynamics is fully considered, the computational time is
comparatively low. The optimization needed about 6 h CPU time on
common computers.

C. Two-Dimensional Two-Bar Truss Structure

The proposed algorithm is applied to the first example treated
in Diaz and Kikuchi [11]. The target in [11] was the global
maximization of the first natural frequency of the given structure by
adding a prescribed amount of material as reinforcement. As outlined

Material added at:
31 cycle —p

st cycle —-}

[ / N )
core structure ——p | |
\ N L /

2 cycle @ ”

Fig. 4 Representative cross section of the optimized structure.
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Table 3 Comparison of the optimization results with the result of [15]

No. of cycles Mass, kg

D

cn No. of inner iterations

Proposed algorithm

0 (core structure) 0.04356
1 0.5047
2 0.7637
3 1.0659
16 1.0657

> 1 15
3.84 15
1.52¢ — 05 15
2.17e — 07 15
7.96e — 03 2

Table 4 Comparison with results from Diaz and Kikuchi [11]

Design space added

6.4% 11.4%

21.4% 31.4%

Proposed algorithm

A R

A= 6.5%, A =7.61

A R

A =9.5, =10.8%,

Diaz and Kikuchi [] 1]

A = 4.0k A = 7.8k

%, = 8.7 A, = 12.04,

in Fig. 5, a given structure (dark elements) is surrounded by the
rectangular design space (light elements), which can be used to
maximize the first natural frequency. The original structure occupies
23.6% of the (1000 x 1600 mm) domain. As mentioned above, in
this example, a core structure is already given, and therefore step 2 of
the flowchart of the proposed algorithm has been omitted. In contrast
to the procedure of [11], a relevant ESL needs to be computed.
Exciting the first natural frequency of the given structure leads to an
ESL, which exactly represents the first eigenmode (see Fig. 6).

Analogous to [11], various amounts of material have been
provided for the optimization (6.4-31.4% of the design domain). The
results are summarized in Table 4. For a comparison, the reader is
referred to Fig. 7 of Diaz and Kikuchi [11]. The first eigenvalue of the
given structure is denoted as A, and A, is the first eigenvalue of the
reinforced structure.

It is demonstrated in Table 4, that the resulting topologies and
eigenvalues of the proposed algorithm are different from the results
presented in Fig. 7 in [11]. Possible reasons are:

1) A systematic difference between [11] and the presented
approach is the different discretization of the design space. Because

e—— 1000 mm —

1600 mm

160 x 100
elements

Fig. 5 Given structure and the designable domain.

of the finer discretization in the presented work (a grid of 160 x 100
elements was used) thinner trusses can be achieved as with the grid of
64 x 40 elements, which has been used in [11].

2) Another remarkable difference between [11] and the presented
approach is the usage of completely different optimization strategies.
The explicit main goal in [11] is the maximization of the first natural
frequency by changing the topology of a given structure by adding a
prescribed amount of material. In contrast, the target of the presented
algorithm is a structural reinforcement until a user-defined damage
level is obtained.

However, it is remarkable that in some cases a higher A, is
achieved than in [11].

D. Vehicle Frame Component

An industrial application has been chosen to underline the
efficiency of the proposed topology optimization method for large

Fig. 6 First natural mode.
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frame structure

Fig. 7 Entire original model.

and complex FE models. The FE model under consideration
represents a virtual test bench for a vehicle component; see Fig. 7 for
an image of the entire structure. A tank is connected to a frame
structure via a so-called bracket. The frame is mounted on a vibrating
table that imposes lateral and vertical accelerations on the frame,
which leads to tensions in the bracket due to the inertia of the tank.
The goal of this optimization is the computation of a bracket with a
damage level below 0.001 by minimum weight.

The available design space is outlined in Fig. 8. A FE model of the
design domain is generated by using 180,450 hexahedra elements,
which leads to 180,450 DOF for the optimization procedure and to
587,979 nodal DOF for the FE analysis. However, the number of
nodal DOF of the full FE model is 1.4e + 6. Furthermore, the design
domain is filled by a homogenous isotropic material, where the
properties of the material correspond to aluminum cast, which is
characterized by Young’s modulus of 75,000 N/mm?, Poisson’s
ratio of 0.3, and mass density of 2700 kg/m?>. Note that geometric
shape of the design space is rather complex due to the prescribed
boundary conditions, like bores interfaces, edges and the like. For
the mode-based dynamic response computation, an overall modal

Fig. 8 Full designable domain.

Fig. 9 Layout solution after smoothing.

D, (x.,T) Mass [kg]
‘\
AY
le-1 + \ 4
le-2 — — 3
~
~
\\
le-3 —+ S -2
N, damage
.- -~ -
led = BRRb P S
0 i i 0
0 1 2 3

Optimization cycle

—@—  mass evolution during proposed algorithm
--@® - damage evolution during proposed algorithm

Fig. 10 Damage evolution with respect to additional mass.

damping ration of 5% has been used and the necessary predefined
parameters used for the optimization are defined as

Bi=B,=p5;=0.025
q="7600

b,—o=2700kg/m’, V,=0.165-Vg,
Dy =10e—4, T=18s,

After three cycles the iterative optimization process is successfully
terminated. The final structure occupies 24% of the original design
domain. Figure 9 shows the final result after an automatically
preformed smoothing of the shape of the obtained design.

Figure 10 contains a diagram that indicates the successive decrease
of a meaningful damage. Note that the ordinate for D, is
logarithmic.

The latter optimization has been performed in order to compare
the results with an already existing and implemented bracket, which
was designed without topology optimization. The damage of the
optimized structure decreases, for the same weight, about a factor of
1000 with respect to the implemented design (from 0.1 to 1.0e — 4).

The entire optimization procedure needed approximately 50 h of
CPU time. Each dynamic response computation has been performed
on an Intel Pentium 4 processor with 3 GHz. All other computations
have been performed on standard UNIX/Linux workstations.
However, the conventional design loop needed several weeks.

V. Conclusions

In the proposed algorithm for dynamic topology optimization,
damage is used as natural termination criterion of the iterative
optimization procedure, as well as for the determination of a single
meaningful ESL. This enables the formulation of an efficient
algorithm for structural optimization of huge and dynamically loaded
FE models. The numerical examples show either a good correlation
with previously reported examples or a significant improvement in
terms of structural damage. An industrial example (Sec. IV.D)
underlines that the proposed algorithm enables the optimization of
large and complex structures undergoing transient deformations.
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