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The dynamic behavior of a body-in-white (BIW) structure has significant influence on the noise, vibration, and harshness (NVH)
and crashworthiness of a car. Therefore, by improving the dynamic characteristics of BIW, problems and failures associated with
resonance and fatigue can be prevented. The design objectives attempt to improve the existing torsion and bending modes by
using structural optimization subjected to dynamic load without compromising other factors such as mass and stiffness of the
structure. The natural frequency of the design was modified by identifying and reinforcing the structure at critical locations.
These crucial points are first identified by topology optimization using mass and natural frequencies as the design variables. The
individual components obtained from the analysis go through a size optimization step to find their target thickness of the structure.
The thickness of affected regions of the components will be modified according to the analysis. The results of both optimization
steps suggest several design modifications to achieve the target vibration specifications without compromising the stiffness of the
structure. A method of combining both optimization approaches is proposed to improve the design modification process.

1. Introduction

The dynamic characteristics of a body-in-white structure of
a car are important in the design phase. Initially, for most
structures undergoing dynamic loading, it is essential to
know the natural frequencies and the corresponding mode
shapes [1, 2]. The dynamic behavior of a structure can be
predicted by knowing the characteristics. By understanding
how a structure would react under certain frequency, a
number of improvements can be implemented in a design.
In such cases like the BIW, the modification of the body
needs to be considered in NVH while also focusing on the
ride [3], handling [4], and safety of the user. Failures could
occur due to resonance or fatigue which can be avoided by
identifying the resonance regions and operating frequency of
the structure [5].

There are a number of cases where optimization was used
to modify smaller parts of the vehicle such as rocker panels,
mounting brackets, pillars, seat frames, suspension rings, and
steering knuckles. Large parts such as engine blocks, chassis,
and whole car bodies have also been used as the basis for
optimization. The effectiveness of a car body as a whole was
shown to be improved by replacing the baseline material and
optimizing the design of the structure [6]. There was also a
method introduced to properly design the hood of a car to
safely prevent head injuries of a pedestrian in a vehicle-to-
pedestrian collision [7].

In this paper, normalmodes analysis was used to calculate
the natural frequency and the corresponding mode shape
of a BIW design. Free-free boundary condition is used to
be consistent between results and the high repeatability.
This approach is common in determining the global body
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stiffness of a structure with modal analysis tests [8]. It is
then compared to the operating frequency of the structure
depending on the vibration that may be induced by a number
of factors such as engine vibrations, road conditions, and
suspension system [9].

Structure dynamic modifications are executed by using
topology optimization with the mass of the structure as the
objective. The mass is minimized as to satisfy one of the
objectives to develop a fuel-efficient car. Consequently, the
frequency of the first bending and torsion modes was used as
constraints to suppress vibration [10]. The design variable for
the optimization would be the thickness of the components
where the basic design of the bodywould not be influenced by
the alteration. This is important as not to affect other factors
contributing to the BIW design such as crashworthiness,
components placements, and design space [11]. From the
optimization, regions where reinforcement is needed can
be identified. These regions may also pose other drawbacks
such asmanufacturing infeasibility or excessivemass increase
which can be alleviated by introducing additional processes.

Size optimization [12] was then utilized to ease the
manufacturing constraint of the optimization results. The
thickness of the specific components can be entirely changed
instead of adding little reinforcing support material onto
the original structure. The new thickness not only will
improve dynamic characteristics of the structure but also will
change the behavior under different conditions. Therefore,
the amount of changes introduced in the design must be
monitored throughout the process to prevent significant
drawbacks due to the modifications.

Previously, most approaches on improving the dynamic
characteristics of a structure employed trial-and-error meth-
ods either physically or virtually (computermodels) based on
creativity, previous design, or experience. By using structural
optimization, the process can be fully utilized even in the
design stage without the need of any fabrication. Previous
works such as Wang et al. [13] and Jang et al. [11] involve
optimization of the dynamic characteristics of an automobile
body by maximizing the first torsion and/or bending modes
separately. The improvement in the natural frequency for
torsion mode in the latter work [11] also demonstrates the
ineffectiveness of the method where it required an additional
10% of the original mass to increase the frequency by 2Hz.
The proposed method employs structural topology opti-
mization by considering both bending and torsion modes,
simultaneously followed by a size optimization step. An
attempt to maximize a parameter without constraining the
other will produce a questionable design. The best practice is
to set a target value that will still improve the structure while
avoiding overcompensation of the reinforcement.Three other
factors are considered in this paper in addition to the dynamic
characteristics, the original design of the model, the total
mass added after the process, and the manufacturability of
the components.

2. Modal Analysis

For the modal analysis, real eigenvalue analysis was done
using Altair-Hyperworks to find the natural frequencies and

Figure 1: Original BIW model.

the corresponding mode shapes ignoring the damping [14].
The results can be used to predict the dynamic behavior of
the structure.

The model used for this paper is a compact 5-door
hatchback with the BIW of the car shown in Figure 1. While
the researchmainly covers dynamic response of the structure,
a static test was also conducted for validation purposes in
regard to the other factors.The consistency of the analysis can
also be checked, because the dynamic analysis will rely only
on the mass and stiffness of the model same as in a simple
static analysis. Figure 2 shows the validation strategy for the
model before employing any modification.

Static torsion and bending tests were done to verify the
stiffness of the body on which the durability of the entire
car would depend. The test was conducted by calculating the
deflection at specific location of the body when the loads
were applied. In both cases, the structure was constrained
in all degrees of freedom at the rear wheel axle center line.
Figure 3 shows the result from both static test based on the
displacement of each elements. For torsion stiffness test, the
center of the front axle was also constrained in the vertical
direction. The moment was applied along the front axle with
the force far enough to avoid any influence on the deflection
result. The position of the wheel base was used as the point
of interest in the test. During stiffness test for bending, the
front wheel centerline was also constrained in all degrees of
freedom except for the horizontal direction. The force was
applied at the center base of the quarter panel at each side
in the vertical direction towards the ground. The position
of the side frame-door mechanisms was assessed as the
deflection point [15].Thedurability of the structure affects the
crashworthiness for cars, because of the deformation of the
body under dynamic loading. Hence, it may also influence
the New Car Assessment Program (NCAP) crash rating for
the car.

The simulated values for static bending and torsion were
10395N/mm and 5483.53Nm/deg, respectively. These values
were subsequently evaluated in comparison to the values
given by the manufacturers which were 10663N/mm for
torsion stiffness and 5421.76Nm/deg for bending stiffness.
The difference between the values, which were less than
3%, was because of the change in the elements order when
different solvers were utilized [16]. The model was updated,
smoothed, and cleaned from the original provided by the
manufacturer to ensure the compatibility in terms of the
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Figure 2: Flow diagram for BIWmodel optimization strategy.
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Figure 3: Static torsion (a) and bending (b) analysis.

solver. Therefore, the results from the model used for this
research are slightly different from themanufacturer’s though
still acceptable.

Modal analysis was then done to find the natural fre-
quency for the first torsion and bending modes under free-
free boundary condition. The mass can also be calculated
from the model to be used for the optimization analysis.
A number of natural frequency values were taken from the
modal analysis where the modes were selected based on the
shape formed by the displacement of the elements.

Figures 4 and 5 show the results from the analysis.
The modes are distinguished by the deflection shape of the
structure. The natural frequency is found to be significantly
below the target value.Therefore, structural optimizationwill
be applied to the model to increase the frequency for both
modes by pinpointing the locations that need reinforcement
using topology optimization.

3. Structural Optimization

Mathematically, structural optimization can be formulated
by identifying the design variables, objective function, and
constraints of the study. Basically, the general optimization

problem [17] can be expressed with the following for a single
objective function:

Minimize 𝑓 (𝑥)

such that 𝑔𝑗 (𝑥) ≥ 0, 𝑗 = 1, . . . , 𝑛𝑔,

ℎ𝑘 (𝑥) = 0, 𝑘 = 1, . . . , 𝑛𝑒,

(1)

where 𝑥 denotes a vector of the design variables. ℎ𝑘(𝑥)
denotes the equality constraint which is used when a con-
straint is set at a specific value. 𝑔𝑗(𝑥) is the inequality
constraint and is used when the constraint needs to be within
a certain limit. The inequality constraints are introduced in
this study, where the natural frequency of certain modes
needs to be increased to a specified value.

3.1. Topology Optimization. Under topology optimization,
the material element density was set between 0 and 1 for
all the elements by describing the elements as being void or
solid, respectively [18]. The stiffness of the material would be
assumed to change linearly according to the density of the



4 The Scientific World Journal

X

Contour plot
Eigenmode (mag)
Analysis system

6.530E + 00

5.808E + 00

5.085E + 00

4.362E + 00

3.640E + 00

2.917E + 00

2.194E + 00

1.472E + 00

7.490E − 01

2.629E − 02

No result

Max = 6.530E + 00

Global 4302
Min = 2.629E − 02

Global 14615Y

Z

(a)

Contour plot
Eigenmode (mag)
Analysis system

6.530E + 00

5.808E + 00

5.085E + 00

4.362E + 00

3.640E + 00

2.917E + 00

2.194E + 00

1.472E + 00

7.490E − 01

2.629E − 02

No result

Max = 6.530E + 00

Global 4302
Min = 2.629E − 02

Global 14615
XY

Z

(b)

Contour plot
Eigenmode (mag)
Analysis system

6.530E + 00

5.808E + 00

5.085E + 00

4.362E + 00

3.640E + 00

2.917E + 00

2.194E + 00

1.472E + 00

7.490E − 01

2.629E − 02

No result

Max = 6.530E + 00

Global 4302
Min = 2.629E − 02

Global 14615XY

Z

(c)

Contour plot
Eigenmode (mag)
Analysis system

6.530E + 00

5.808E + 00

5.085E + 00

4.362E + 00

3.640E + 00

2.917E + 00

2.194E + 00

1.472E + 00

7.490E − 01

2.629E − 02

No result

Max = 6.530E + 00

Global 4302
Min = 2.629E − 02

Global 14615XY

Z

(d)

Figure 4: Torsion mode at 38.4Hz.

elements. In general, optimal solution would result in inter-
mediate density areas in the structural domain. Such solu-
tion would cause solution difficulties [19] such as complex
material distribution of a given topology.The technique used
to relax the problem uses continuous variables introducing
penalization to force intermediate values close to the discrete
values such as using solid isotropic material penalization
model [20]. This model uses penalization technique by
expressing the elements using “power law representation of
the elasticity properties” as

𝐾(𝜌) = 𝜌𝑝𝐾, (2)

where 𝐾 and 𝐾 represent the penalized and real stiffness
matrix of the elements, respectively. The 𝜌 is the density and
𝑝 is the penalty factor which is greater than 1. The material
density of the elements 𝜌MAT was calculated by subtracting
the void area from the design such as the shell elements with
𝑎 and 𝑏 as the void sizes

𝜌MAT = 1 − (1 − 𝑎) (1 − 𝑏) . (3)

The material density was used as the density design
variable where the effective material property is linearly
dependent on the element density. Therefore, a set value of a
particular element density can be set as a benchmark to find
which equates to the most alterations.

The topology optimization was conducted using Altair-
Hyperworks/Optistruct with the thickness of the compo-
nents as the design variable. The thickness is set to be
able to increase until 4mm from its original thickness. The
component thickness was selected as the design variable,
because the standard sheet metal used to reinforce body
panel is between 0.2mm and 1mm [21] and the original
maximum thickness is 3mm. The responses used are the
natural frequency for the two modes and the mass of the
whole structure. The natural frequencies are then set as the
constraints and the mass is set as the objective.

Referring to (1), the objective 𝑓(𝑥) was set to minimize
the mass of the whole BIW structure of the car. The opti-
mization would be confined by the inequality constraints of
the frequency of the modes which are to be greater than 40
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Figure 5: Bending mode at 51.5Hz.

Table 1: Topology optimization criteria settings.

Variable Thickness of all shell elements, 𝑇 (original
thickness < 𝑇 < 4mm)

Constraints First torsion mode >40Hz, first bending
mode >60Hz

Objective Minimize mass

and 60 for first torsion and bending modes, respectively. The
design variable is the thickness of the shell elements where
the value of 0 represents the original thickness and the value
of 1 represents 4mm of thickness.

The result after the optimization (Figure 6) shows the
locations where reinforcements are needed. Using the con-
tour of the result as a reference, spots in red show the locations
where changes in the components would result in significant
improvement to the natural frequency. Spots in blue locate
the region where no changes are necessary. A level set factor
of 0.5 was used for the element density in the beginning.This
means that only the elements that have a larger density than
0.5 would be chosen as elements for modification. A very
small portion, 4.87% of the total elements, would need to be
modified to satisfy the criteria.

With the modifications done using the suggestion from
the optimization, both the frequency for torsion and bending
modes were increased up to the proposed value. Further-
more, note that there is also an increase in the volume
and mass of the structure, though it is of minimum value
(Table 2).The extra load is the result of attempting to increase
the value of the frequency without presenting any significant
changes in the design.

Table 2: Result comparison of original and optimized model.

Parameter Model Difference %
Original Optimized

Torsion (Hz) 38.4 42.6 4.2 10.9
Bending (Hz) 51.5 60.0 8.5 16.5
Mass (kg) 275.0 294.0 19.0 6.9
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Figure 6: Optimization result by element density.

The static test is conducted again on the optimized
structure to predict the behavior of the body for the other
factors. In retrospect, the added mass is not a welcoming
solution to improve a BIW structure. The extra weight will
affect the overall performance of the car. Therefore, a more
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Table 3: Result comparison of using 3.2mm and 3.5mm thickness variable.

Max thickness 3.2mm 3.5mm
Parameters New frequency % difference from original New frequency % difference from original
Torsion (Hz) 42.5 10.7 42.6 10.9
Bending (Hz) 59.8 16.1 59.6 15.7
Mass (kg) 291.1 5.85 291.8 6.11
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Figure 7: Optimization result using 3.2mm (a) and 3.5mm (b) maximum thickness variable.

thorough topology optimization may be of interest when
finding the best arrangement for the structure.

One of the possible ways for optimization is performed
by changing the maximum thickness of the new design.
The use of 4mm as the final thickness may not be the
most ideal approximation for the optimization. The use of
a smaller value may induce a change in the position of the
reinforcement and may also reduce the added mass while
still achieving the aim. The new value would still need to be
above the largest original thickness of the components which
is 3mm, so the values of 3.2mm and 3.5mm are proposed for
the new variable.

By varying the thickness, the result of the optimization
is also changed as shown in Figure 7 and Table 3, though
the locations of improvement are still mainly the same. To
satisfy the design criteria, 6.25% of the elements need to
be changed for the thickness of 3.2mm which is 5.55% for
3.5mm thickness model. The same set factor of the element
density was used in the previous optimization. This means
that, with a smaller value for the maximum thickness, more
elements would require changes to achieve the optimization
objective. However, the comparison does show amuch better
result of the optimization with lower added mass and a
fairly close frequency for both modes. This explains that the
thickness of the reinforcement does not need to be large
to achieve a good result. Further thorough investigation is
needed to find the optimal thickness for the optimization to
lower the added mass.

3.2. Size Optimization. After completing the topology opti-
mization on the structure, the scattered elements that will
be used for reinforcement can further improve the structure.

The behavior of structural elements such as shells, beams,
rods, springs, and concentrated masses is defined by input
parameters, such as shell thickness, cross-sectional proper-
ties, and stiffness. These input parameters can be modified
in a size optimization process. The property of the material is
not the design variable itself but is defined as a function of the
design variable. It is defined by a design-variable-to-property
relationship which is a linear combination of design variables
such that

𝑝 = 𝐶0 +∑DV𝑖 ⋅ 𝐶𝑖, (4)

where 𝑝 is the property to be optimized and 𝐶𝑖 are linear
factors of the design variable, DV𝑖. However, for simple
gage optimization of shell structures, the relationship changes
where gage thickness will be identical to the design variable.

The same objective function was implemented for the
optimization as shown in (1). Initially, every component of the
structure is considered as the designable property and there-
fore this process uses the same criteria as in Table 1. Since the
structure comprises 156 different components, the optimiza-
tion process uses sizable resource to complete, because each
part would need to be adjustedwith different design-variable-
to-property relationship. Using this approach, the natural
frequency of both modes increased successfully, but with a
mass increase of 335.1 kg. Although the result shows a very
reasonable consequence of the frequencies and the totalmass,
the substantial changes which involve almost all components
indicate thatmajormodifications and alterations are required
in the original structure. This in turn would also shift
the capability of the structure in another aspect such as
crashworthiness.
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Figure 8: Combination of size and topology optimization strategy.

Consequently, a method to avert this was to make use of
the result from the topology optimization. The optimization
criteria used are similar to the criteria set for the topology
optimization previously except for the design variable. Rather
than using all the elements as the design variable, only the
elements in the components that need reinforcements in the
topology optimization were used. As a result, the number of
elements or components that will be modified is significantly
less than before.

The objective function𝑓(𝑥)was set to minimize the mass
of the whole structure under the constraints of the frequency
of the first torsion and bending modes as shown in Table 4.
The thickness of the particular components will be the
design variable with the original thickness as the initial value
and 3.2mm or 4mm as the maximum thickness. The two
different thicknesses used for the maximum thickness will
assist in distinguishing the better combination of the two
optimizations.

The result of the optimization using a level set factor
of 0.5 from the topology optimization is shown in Table 5
where some components with intermediate elements were
also chosen as the design variable. Therefore, the chosen
components are moderately higher than the case where the
selected elements have element density closer to 1. There are
54 and 46 components that will be adjusted for the 3.2mm
and 4mm thickness optimization, respectively. After chang-
ing the thickness of the components, the frequencies of both
modes were increased to 40 and 60Hz as intended.Themass
was also increased to 335.6 kg for the 3.2mm and 337.4 kg for
the 4mm.These indicate that the size optimization using 0.5
element density will change the thickness of a considerable
number of components which in turn will significantly alter
the behavior of the whole structure. For that reason, an
optimization is performed using only the components where
the elements have a density closer to 1.

Size optimizationwas done again using a level set factor of
0.9 as the element density. This involves only 28 components
for the 3.2mm and 22 for the 4mm which is significantly

Table 4: Criteria of size optimization depending on topology
optimization.

Variable
Thickness of shell elements selected from
topology optimization, 𝑇 (original thickness
< 𝑇 < 3.2mm or 4mm)

Constraints First torsion mode >40Hz, First bending mode
>60Hz

Objective Minimize mass

less than the previous approach. From Table 5, it is shown
that the mass of the new structure has increased significantly
more than the structure optimization using 0.5 for element
density. While the objective of increasing the frequencies was
achieved, the large increase in mass is too unfavorable in the
construction of a vehicle body.

Using the result from all of the different approaches for
size optimization, it is shown that the added mass is notably
higher than from the topology optimization. This is because
it not only changes the elements intended for improving the
stiffness but also changes the entire component related to
the elements. By doing this, it may have increased the added
mass but it will increase its manufacturing feasibility. By
having a constant thickness throughout the parts, the same
manufacturing process can be used to create the component
without requiring any further process to add reinforcement
to the initial component.

3.3. Static Test of Optimized Models. Both static tests were
performed again for the recent models to check the validity
and quality of the optimization methods and results. The
models were examined on their torsion and bending static
stiffness test as previously executed for the original model.

In Table 6, the new models that aimed to improve the
dynamic property of the structure do not show an increase in
the static stiffness. Two out of the three approaches resulted
in a decrease of static stiffness pertaining to either bending
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Table 5: Size optimization result.

Max thickness 3.2mm 4mm
Element density New mass (kg) % difference from original New mass (kg) % difference from original
Factor of 0.5 335.6 22.04 337.4 22.7
Factor of 0.9 424.6 54.4 415.4 51.05

Table 6: Static test of models from optimization result.

Optimization method Static bending test Static torsion test
Result (N/mm) % change Result (Nm/deg) % change

Topology—3.2mmmax thickness 11989.0 15.33 4821.67 −12.07
Topology—4mmmax thickness 10860.1 4.47 5916.68 7.9
Size—all components 10073.5 −3.09 6230.19 13.6

or torsion stiffness.The only approach that shows an increase
in both is the model undergoing topology optimization with
maximum thickness of 4mm. The approach demonstrates
that the optimization may improve the dynamic charac-
teristic while reducing the static stiffness. It is therefore
recommended to check if the improvement impacts other
related properties and factors.

3.4. Combination of Size and Topology Optimization.
By examining the topology optimization results from
Figures 6 and 7, it is shown that there exist components that
need considerable change or modification. Some even show
that a lot of the elements need to be changed in a single
component. For that reason, these components may establish
a better solution when only experiencing size optimization
rather than the topology. In this case, the problem such
as stress concentration from the varying thickness can be
avoided. Therefore, a combination of optimization processes
is proposed where the components are distributed between
topology and size optimization. The strategy utilized to
combine the optimization processes is shown in Figure 8.
The set components were divided by calculating the
percentage of the changed element in a single component
after topology optimization. Hence, components with a
large number of changed elements will only undergo size
optimization. There may be better assumption methods to
group the components such as manufacturability analysis
[22].

As a trial run, a setup of the topology optimization with
maximum thickness of 4mm was used as the basis. From
the topology run, the components were separated into two
categories to be used in two different optimization processes.
The components with the most practical changes were Comp
5012021, Comp 5018020, and Comp 5018022, where these
three will only go through size optimization without any
change to the design.

Figure 9 shows the result from the optimization where
both size and topology were used. The new model illustrates
the points where reinforcement is needed except for the three

XY

Z

Contour plot
Element densities (density)

No result

1.000E + 00

8.900E − 01

7.800E − 01

6.700E − 01

5.600E − 01

4.500E − 01

3.400E − 01

2.300E − 01

1.200E − 01

1.000E − 02

Max = 1.000E + 00

2D 47637

Min = 1.000E − 02

2D 29609

Figure 9: Combination of size and topology optimization result.

components undergoing size optimization. The changes of
thickness for the three components are as follows:

(i) Comp 5012021: 0.75mm to 2.544mm,

(ii) Comp 5018020: 1.2mm to 1.99mm,

(iii) Comp 5018022: 1.5mm to 0.5297mm.

The new natural frequencies for torsion mode and bend-
ing mode were successfully increased to satisfy the objective
with value of 42Hz and 60Hz, respectively. The whole mass
also increased by about 7.5% from 275 to 295.7 kg.This reveals
that the method of combining both optimizations is accept-
able as it does satisfy the objective while maintaining the low
mass.Then, the static stiffness testwas also conducted to show
feasibility of the approach. The result for bending stiffness
shows an increase of 4.16% to 10827.2N/mm while torsion
stiffness shows an increase of 0.25% to 5497.23Nm/deg in
terms of stiffness. Thus, by combining the optimization
methods, themodel can be improved in regard to its dynamic
characteristics.
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Table 7: Mass and static stiffness results from each optimization approach.

Approach
Mass Static stiffness

Bending (N/mm) Torsion (Nm/deg)
Value % change Value % change Value % change

Original 275 — 10395 — 5483.5 —
Topology—4mm thickness 294 6.9 10860 4.47 5916.7 7.9
Size—all components 335.1 21.9 10074 −3.09 6230.2 13.6
Combination 295.9 7.45 10827 4.16 5497.2 0.25
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Figure 10: Highlight of reinforcement areas on outer quarter panel for 4mm and 3.2mm.

4. Discussions

It is shown that reasonable improvements can be achieved
for the torsion and bending modes natural frequencies. The
application of simultaneous optimization on both modes
was found to be efficient in obtaining the solutions that
satisfy both vibration modes. Additionally, the amount of
changes neededwasminimized, because the locations requir-
ing improvements were influenced by either one or both
modes. So, the required changes to the design depend on
the optimization process. It is evident that the topology
optimization using element thickness as the variable requires
minimum mass to reinforce the structure which in turn
increases the bending and torsion stiffness. The topology
optimization with different maximum thicknesses has shown
significant improvement in the dynamic characteristics of
the structure by a small increase in mass. However, the
modifications needed to reinforce the components would
introduce other problems such as manufacturability and
stress concentrations. It is shown that for all topology opti-
mization approaches, there are common components that
need reinforcement to increase the natural frequency. These
components can be used as the basis for the improvement of
the whole structure.

So, size optimization was used to overcome the problem
by realizing the optimum change in the thickness of specific
components in whole rather than adding reinforcements.
Nevertheless, this approach would yield a larger increase in
mass compared to the topology optimization result.

Therefore, a practical and reasonable balance between
both optimizations is needed to find the best modifications
of the components to achieve the objective. In conclusion,
a combination of topology and size optimizations is found

to be a much better alternative to improve the dynamic
characteristics of a BIW structure while allowing minimum
added mass.

4.1. CommonComponents. Some components from the result
of the topology optimization show that the placement of
the reinforcement is miniscule compared to the size of the
component such as the outer quarter panel (Figure 10). Thus,
by applying size optimization and increasing the thickness of
the entire component, it may result in an unnecessary and
additional mass. So, it is wise to consider the implication of
either using size optimization on certain components or just
reinforcing the components at a specific area according to the
topology optimization as shown in Section 3.4.

However, it is shown that the modification of thick-
ness at specific areas of the component results in a stress
concentration in those areas [23]. The concentration may
induce other problems like fatigue crack initiation [24].
One possible way to alleviate stress concentration is to
change the thickness gradually. A smaller fraction of the
maximum thickness should also decrease the concentration.
Another method of preventing stress concentration is to use
additional reinforcing material instead of using components
with varying thickness. These additional materials may be
welded or bolted to the existing structure, although this may
create other problems such as weak welds [25] where cracks
may initialize. Hence, a thorough investigation is needed
prior to any application.

On the other hand, there are certain parts in the area
of fortification which covers the rear seat center member
and the rear floor extension. This area covers almost one-
third of the whole components as shown in Figure 11. Hence,
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Figure 11: Highlight of reinforcement areas on rear seat center member and rear floor extension 4mm and 3.2mm.

to improve such components, size optimization would be
the most suitable choice. Therefore, to achieve the objective
while still maintaining the practicability of a BIW of a car,
the best method would incorporate the result from both
topology and size optimization following the effectiveness of
the modification.

4.2. Comparison of All Results. After collecting all the
results and outcome from different approaches of opti-
mization, a comparison in terms of the new natural fre-
quency, mass, static stiffness, and manufacturability concern
was conducted. The assessment would express the vary-
ing benefits and drawbacks between different approaches
and should be chosen depending on the need of the
structure.

From the previous sections, it was revealed that all of
the optimization approaches were managed to improve the
dynamic characteristics of the structure to the specified value.
Both natural frequencies of the torsion and bending modes
were increased to exceed the target values which were 40Hz
and 60Hz, respectively. In spite of this, these several diverse
approaches were also employed to determine the effect of
the process on other factors. Table 7 shows the values of the
mass and static stiffness of the newmodels obtained from the
optimization processes.

The result from topology optimization only shows that
the newmodel is ideal because ofminimalmass additionwith
an increase in stiffness. The only drawback from topology
optimization was about the minor area of changes of thick-
ness in the components that may induce stress concentration
as explained in Section 4.1. To reduce the aforementioned
problem, size optimization was used to completely change
the thickness of the whole component rather than just part of
it. The result from the size optimization shows that the mass
increase is very significant and the bending stiffness was also
compromised because of it. For these reasons, a combination
approach where both topology and size optimization were
utilizedwas introduced.This newmethod resulted in amodel
with low added mass and still satisfactory static stiffness. It
also decreased the amount of small area changes needed to
the components of the structure.

5. Conclusion

The objective of increasing the frequency of both torsion
and bending modes to specified values was achieved by
using the proposedmethod.The approach of using structural
optimization to improve both bending and torsion modes
simultaneously was found feasible by setting constraints
for the predetermined vibration modes. The improvement
was done by either adding reinforcing material or changing
the thickness of the components. Moreover, the changes of
the BIW from the original were minimized by adjusting
the objective of the optimization to minimize the whole
mass. The structure after the modification also shows change
in the static stiffness in a small amount. Therefore, the
topology or size optimization or a combination yields a BIW
that produces a more balanced solution comprising higher
natural frequencies for the respective modes with minimal
drawbacks such as weight additions, manufacturability, and
stress concentrations.
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