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Sensitivity analysis and response surface methods were employed to optimize the structural modal of SUV doors. A finite element
numerical simulation model was established and was calibrated by restraint modal tests. To screen out highly sensitive panels, a
sensitivity analysis for the thickness of door panels was proposed based on the fifth-ordermodal frequency of the door. Data points were
obtained by a faced central composite design with the design variables from the thickness of the highly sensitive panels, and a second-
order explicit response surface function of the fifth-order modal frequency of the vehicle door was established. An optimization model
was established according to the response surface method.+e final results demonstrate that the modal-frequency matching of the door
and body in white was optimized after changing the thicknesses, with a 5.74% material reduction.

1. Introduction

A modal analysis is an important method to study the per-
formance of automotive noise, vibration, and harshness
(NVH). Modal matching is based on the modal analysis of the
reasonable distribution of structural modal frequencies. Modal
frequency distribution is an important part of a vehicle body
and has a great influence on its dynamic performance. When
the modal frequency matching between the door and the body
is unreasonable, the modal coupling between the structures is
stronger to increase the body structural vibrations.+erefore, it
is important to match the modal frequencies of the door and
the body for the design of the door structure. For example, Shin
et al. [1] suggested a design flow for topology, size, and shape
optimization methods to improve the automotive door
structure for better performance. Fang et al. [2] proposed a
multiobjective reliability-based design optimization procedure
to develop the design of the vehicle door. Sun et al. [3]
employed a compromise programming approach and mean-
frequency method to handle multiobjective optimization of an
automotive door, which involves stiffness and natural-fre-
quency criteria for multiple load cases. Lee and Kang [4]

combined the kriging interpolation method with a simulated
annealing algorithm for the design of a frontal door. Zhu et al.
[5] integrated a finite element analysis, artificial neural network,
and genetic algorithm for the optimal design of an inner door
panel. Cui et al. [6] developed amultimaterial configuration for
a lightweight design by combining a multiobjective genetic
algorithm with an artificial neural network. +e majority of
door studies only analyses and optimizes the performance of a
certain aspect of the door [7, 8]. +ere are few studies that
comprehensively consider the structural modality, stiffness,
and weight reduction of the door.

In the field of engineering design research, establishing
high-fidelity models requires numerous resources. An ap-
proximate model of a response is established and used to
analyse the response. +e response surface method (RSM)
combined with the finite element method can effectively cal-
culate and optimize structural modal problems. An article by
Box andHunter [9] describes the rationale for RSM, which is to
fit response surface functions related to inputs and outputs
using a small number of strictly selected data sets in the design
space. RSM has been applied in many research areas, such as
experimental design and engineering structural analysis to
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optimize modal or vibration problem [10–13]. Lee et al. [14]
employed structural optimization to design the domains and
thicknesses of the door for better stiffness. Although the RSM
has been successfully applied to reduce the structural vibration
[15, 16]; literatures about the optimization of panel thickness
for the control of structural vibration are handful. For example,
Lee and Kang [4] optimized the thicknesses of the parts to
reduce the weight, and the RSM is not used.

In this study, according to the modal analysis results of a
door, a sensitivity analysis of the thickness of each panel is
conducted. +e key panels affecting the modal performance
of the door are selected as design variables to perform faced
central composite design (FCCD). RSM is employed to
establish the approximate model and optimize the door. +e
modal matching of the door and the body in white is op-
timized to improve the door modal performance while
achieving a lightweight door.

2. Theory of the Response Surface Method

RSM is based on employing statistical and experimental
techniques, when reasonably applied, to address more
configurations of the input parameters to be tested and
explore deeply the domain of the problem’s solutions. +e
response surface function is a smooth, explicit, and analytic
form obtained simply by carrying out limited experimental
runs and regression analyses.+e construction process of the
response surface function is illustrated as follows.

2.1. Construction of Response Surface Function. +e rela-
tionship between the system response of interest denoted by
y and design factors denoted by vector x � (x1, x2, . . . , xn) is

y � f x1, x2, . . . , xn(  + ε, (1)

where ε is the random experimental error term and its mean
value is zero and f(x1, x2, . . . , xn) is a function of x whose
elements consist of powers and cross products of powers of
x1, x2, . . . , xn up to a certain degree. For many practical
engineering applications, the order of polynomial
f(x1, x2, . . . , xn) is not more than three [15, 17–19]. In
terms of the second-order response surface function,
f(x1, x2, . . . , xn) is expressed as

f(x, α) � α0 + 
n

i�1
αixi + 

n

i�1
αiix

2
i + 

n

i�1

j<i

αijxixj. (2)

To estimate the unknown parameter vector
α � (α0, α1, . . . , αn, α11, . . . , αnn, α12, . . . , α(n− 1)n), a series of
experiment runs are conducted, and the corresponding
responses y are measured. At the kth experimental run, the
design factor x is set to xk � (xk

1, xk
2, . . . , xk

n), and yk denotes
the corresponding response value. We then have

y
k

� f x
k
1, x

k
2, . . . , x

k
n  + εk

� α0

+ 
n

i�1
αix

k
i + 

n

i�1
αii x

k
i 

2
+ 

n

i�1


n

j<i
αijx

k
i x

k
j + εk

.
(3)

Equation (3) can be rewritten in the matrix form as

y � Xα + ε, (4)

X �

1 x1
1 · · · x1

n x1
1( 

2
· · · x1

n( 
2

x1
1 x1

2 · · · x1
n− 1 x1

n

⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮
1 xk

1 · · · xk
n xk

1( 
2

· · · xk
n( 

2
xk
1 xk

2 · · · xk
n− 1 xk

n

⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮
1 xm

1 · · · xm
n xm

1( 
2

· · · xm
n( 

2
xm
1 xm

2 · · · xm
n− 1 xm

n

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

, (5)

in which X is a matrix of order
m × p(p � (n + 1)(n + 2)/2), y � (y1, y2, . . . , ym)T, and
ε � (ε1, ε2, . . . , εm)T, respectively. Equations (4) and (5)
indicate that the number of unknown coefficients α is
(n + 1)(n + 2)/2. +us, an equal or greater number of ex-
periments (i.e., m≥p) is required to estimate these pa-
rameters. +e coefficient vector α is estimated by the
ordinary least-squares estimator [20] given by

α � XTX 
− 1
XTy. (6)

2.2. Design of Experiment

2.2.1. Faced Central Composite Design. +e design of a series
of experimental runs allows highly relevant information data
that reflect the design goals withminimal resources and time to

be obtained. For the design of the experiment, it is important to
select a set of data points within the design domain. A set of
poor data points affects the accuracy of the established RSM.
Compared with the central composite design [15, 21], the axis
points of the FCCD are set to levels 1 or − 1, which limits the
design variables to the design domain. Compared with the full-
factorial design, the FCCD requires fewer data points without
significantly affecting the accuracy. For example, as to a
problem having the four-factor-three-levels, the number of
experimental runs of the full-factorial design is 3n � 81,
whereas it is 2n + 2n + 1 � 25 for FCCD. +e number of re-
quired simulations and the computational costs are reduced
drastically by adopting FCCD.

2.2.2. Model Validation. +e RSM can replace the actual
system equivalently if the actual responses are fitted well by
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the established RSM. +e adjusted coefficient of multiple
determination is usually employed to verify the RSM in
engineering, and the mathematical formulations are given
by [22]
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2
, (10)

where yk and yk are the modal frequency responses cal-
culated using the finite element method and response sur-
face function, respectively, in the kth experimental run and y

is the geometric mean of y. According to equations (7)–(10),
the formulation of adjusted coefficient of multiple deter-
mination is

R
2
adj � 1 −

Sc

Sz

fz

fc

. (11)

For a good fit, R2
adj should be closer to 1.

2.2.3. Vehicle Door Optimization Procedure. +e establish-
ment of the vehicle door finite element model is conducted
in HYPERWORKS software. +e flowchart of the iteration
procedure is shown in Figure 1. A second-order explicit
response surface function of the fifth-order modal frequency
of the vehicle door is established based on the sensitivity
analysis and FCCD. +e design variables, constraint func-
tions, and objective functions are set in the Isight software,
and the sequential quadratic programming method is se-
lected to continuously seek the optimal solution. +e design
is a single-objective multiconstraint problem, and the op-
timal solution of the design variables is obtained.

3. Numerical Model and Validation of the
Vehicle Door

+e preprocessing of the finite element model is conducted
in HYPERWORKS software, and the model is computed
usingMSC.NASTRAN software.+e vehicle door comprises
thin-walled parts (including inner and outer panels, support
panels, interior panels, and glass) meshed using the shell
element of four modes or three nodes. To avoid the model
stiffness becoming too large to be accurate, the number of
three-node shell elements is restricted to not more than 3%
in the finite element model. +e material of the vehicle door
structure is ordinary steel (Young modulus
E � 2.1 × 105 MPa, mass density ρ � 7.8 × 103 kg/m3, Pois-
son’s ratio μ � 0.3, and no damping) and glass (Young
modulus E � 6.9 × 104 MPa, mass density
ρ � 2.5 × 103 kg/m3, Poisson’s ratio μ � 0.3, and no damp-
ing), respectively. Spot welding is used to connect the door

parts, which is simulated with the element ACM2 (i.e., six-
sided solid element and interpolation constraint element).
+e bonding material is adhesive (Young modulus
E � 50MPa, mass density ρ � 1.2 × 103 kg/m3, Poisson’s
ratio μ � 0.49, and damping coefficient 0.1). +ere are 34186
elements and 981 (2.87%) three-node shell elements in the
vehicle door. +e constrained mode of the vehicle door
model is computed using the modal superposition method.
In the finite element model, rotation around the Z-axis at the
hinge of the door is released, and translation in the Y-di-
rection of the door-lock installation is constrained. +e
coordinate system of the finite element model is consistent
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Figure 1: Flowchart of the optimization procedure.
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with the vehicle coordinate system of the vehicle. To reduce
the truncation error of the modal superposition method, the
end frequency of the modal method is at least twice that of
the upper limit of the calculated frequency.

A door constraint modal test was carried out to verify the
accuracy of the established numerical simulation model. For
the structure of the door, 50 points of vibration data are
acquired by a single-point excitation single-point mea-
surement method. +e results of the numerical simulation
and modal test are listed in Table 1. +e simulation mode is
demonstrated to be consistent with the experimental mode
shape, and the relative error is within the acceptable range.
+is indicates that the numerical simulation model can
simulate the dynamic performance of the actual door
structure well, and the numerical simulation model has
higher precision.

+e fifth-order mode shape of the door is shown in Fig-
ure 2.+emode shape is mainly the local vibration of the inner
panel of the door.+e vibration is in the left inner plate and the
right inner plate of the door. +e door is fixed on the body in
white through the rotating hinge and the door closing. +e
eighth-order frequency of the body in white is 54.56Hz
(Figure 3), which is close to the fifth-order modal frequency of
the door and easily generates structural resonance. +e modal
frequency distributions of the door and the body in white have
an interval of more than 2Hz, which realizes modal separation.
+e fifth-order mode of the door and the body-in-white mode
are not well matched and need to be improved.

4. Response Surface Model of Modal Frequency

4.1. Sensitivity Analysis of Modal Frequency with respect to
Panel :ickness. +e door structure is connected by nu-
merous thin-walled structures, and the modal distribution of
the door structure can be improved by optimizing the
thickness-matching of the plates. Before optimizing the
thickness of the door panel, the sensitivity of the door modal
frequency to the thickness of the door panel is first studied.
Sensitivity is used to calculate the sensitivity of structural
response to each design variable, to reflect the influence of
structural design variables on structural performance, and to
find themost sensitive parts.+is method is more targeted in
obtaining design variables and greatly improves the opti-
mization efficiency.

+e sensitivity of the door modal frequency to the
thickness of the door panel is

S
f

X
  �

zf(X)

zX
, (12)

where f(X) � f(x1, x2, . . . , xn) is the structural modal
frequency of the door, which is a function of the plate
thickness variable X � (x1, x2, . . . , xn), and xi is the
thickness of the ith panel. +en, the sensitivity of the jth-
order modal frequency with respect to the thickness of the
ith panel is

Sji �
zfj(X)

zxi

�
zfj x1, x2, . . . , xi, . . . , xn( 

zxi

. (13)

It is customary to use differential equations to ap-
proximate the partial differential in engineering, and then
the central differential expression of the sensitivity of the jth-
order modal frequency with respect to the thickness of the
ith panel is

Sji �
zfj(X)

zxi

≈
1

2Δxi

fj x1, x2, . . . , xi + Δxi, . . . , xn( 

− fj x1, x2, . . . , xi − Δxi, . . . , xn( .

(14)

+e sensitivity of the fifth-order modal frequency of the
door to the thickness of the panels is studied based on this
theoretical methodology.+e primary selection variables are
the right inner panel thickness t1, left inner panel thickness
t2, inner reinforcing panel thickness t3, window-frame
vertical-reinforcing panel thickness t4, outer panel thickness
t5, window-frame horizontal-reinforcing panel thickness t6,
and side-impact beam thickness t7. To reduce the influence
of the difference in each panel mass on the sensitivity, the
sensitivity solved by equation (14) is divided by the original
mass of each panel (sensitivity value of the frequency per
unit mass with respect to the panel thickness), Δxi � 0.05xi,
in equation (14). By using equation (14) and the door finite
element model, the sensitivity results of the calculated fifth-
order modal frequencies with respect to the thickness of the
panel are summarized in Table 2. It can be seen that the
sensitivity results of the fifth-order modal frequency of the
door on the right inner panel, left inner panel, inner rein-
forcing panel, window-frame vertical-reinforcing panel, and
the outer panel are large with respect to the thickness of the
panel—29.71, 3.79, − 0.33, 0.50, and − 1.43Hz/mm,
respectively.

Per unit mass, the sensitivity values of the modal fre-
quencies of the right inner panel, left inner panel, inner
reinforcing panel, window-frame vertical-reinforcing panel,
and outer panel are relatively large with respect to the thickness
of the panel—8.25, 1.40, − 1.04, and 1.09Hz/mm·kg, respec-
tively. +is indicates that changing the thickness of these plates
per unit mass changes the value of the fifth-order modal
frequency significantly. Among them, the sensitivities of t1, t2,
and t4 are positive numbers; it is indicated that, within a certain
range, the fifth-order frequency f5 of the door gradually in-
creases with increasing panel thickness, and the increasing
speed is more obvious. +e sensitivity of t3 is negative; it is
indicated that, within a certain range, the fifth-order frequency
f5 of the door gradually increases with decreasing plate
thickness, and the increasing speed is more obvious. t1, t2, t3,
and t4 are selected as the design variables (respectively, labelled
as x1, x2, x3, and x4). By changing the thickness of the panel,
the fifth-order modal frequency of the door can be effectively
improved under the premise that the door mass does not
increase significantly. Optimize thematching between the door
mode and the body in white mode. +e key panels are selected
from many structural panels through a sensitivity study of the
fifth-order modal frequency f5 on the thickness of the panel;
this better targets the variables to be optimized and reduces the
scale of the model to be optimized.
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4.2. Design Variables. Considering the processing require-
ments of each panel, the thickness ranges of the panels are
designed as summarized in Table 3.

4.3. Design of Experiment for Modal Frequency. To establish
the response surface functions of the modal frequency, FCCD
is developed to generate an efficient set of data points and the

Table 1: Comparison of modal results of simulation and experiment.

Frequency calculated fs (Hz) Frequency tested fs (Hz) Relative error e (%) Description of modal
42.72 40.92 4.4 Bending mode of the beam
51.52 49.67 3.7 1st bending mode
55.34 55.27 0.1 1st torsional mode
71.04 71.49 − 0.6 Bending and torsional model
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1.787E + 01
Mode#5, frequency = 5.534e + 001Hz

1.588E + 01

1.390E + 01

1.191E + 01
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Figure 2: Fifth-order structure mode of the door.
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2.158E + 00

1.439E + 00

7.194E – 01

0.000E + 00

Mode#8, frequency = 5.456e + 001Hz

Figure 3: Eighth-order structure mode of the body in white.

Table 2: Sensitivity of the fifth-order modal frequencies to panel thickness.

Panel thickness (mm) Mass (kg) S5i (Hz/mm) S5i/mi (Hz/mm·kg)

t1 3.60 29.71 8.25
t2 2.71 3.79 1.40
t3 0.32 − 0.33 − 1.04
t4 0.46 0.50 1.09
t5 4.84 − 1.43 − 0.30
t6 0.43 − 0.25 − 0.58
t7 1.48 0.36 0.25
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corresponding modal frequency responses y by using the
finite element method. Each design factor is set at three levels.
+us, a four-factor-three-level FCCD is developed (see Ta-
ble 4). +ere are 25 experimental runs, which are higher than
the number of unknown coefficients to be computed. +e
2nd–5th columns of Table 4 are the values of the design
factors at each experimental run, and the 6th and7th columns
are the corresponding modal frequency responses.

4.4. Second-Order Response Surface Model. According to
equations (2), (4), and (6) and the design of experiments
provided in Table 4, the second-order polynomial f(x, α) of
the 8th modal frequency is given as follows:

f(x) � f x1, x2, x3, x4( 

� 22.7832 + 40.6830x1 + 7.8626x2

+ 2.8563x3 + 4.6872x4 − 22.6137x
2
1

− 3.4887x
2
2 − 2.4033x

2
3 − 1.1137x

2
4 + 8.3750x1x2

− 0.5671x1x3 − 3.5312x1x4 − 0.0061x2x3

+ 0.8438x2x4 + 0.4299x3x4.

(15)

+e modal frequency responses are calculated according
to equation (15), and the results are presented in Table 4.+e
8th column of Table 4 shows the results of the relative errors
between the RSM and finite element method.+e expression
of relative error is presented in equation (16), where yFEM(i)

and yRSM(i) are the modal frequency response of the ith
experimental run calculated by the finite element method
and RSM, respectively. It should be noted from Table 4 that
the relative errors are small for all experimental runs, and
thus, the experimental points are fitted well by the modelled
second-order response surface function f(x).

εRE(i) �
yRSM(i) − yFEM(i)

yFEM(i)
× 100%. (16)

4.5. Verification of the Response SurfaceModel. +e accuracy
of the response surface function needs to be evaluated
before employing the response surface function for door
structural modal analysis and optimization. +e adjusted
coefficient of multiple determination is employed. +e
R2
adj value of the response surface function is obtained as

0.996 using equation (11); R2
adj is close to one. +is means

that the effectiveness of the response surface function is
good.

To illustrate the accuracy of the response surface func-
tion further, several trial data points are calculated, and the

results are presented in Table 4. +e relative errors εRE of all
trial experimental runs are small, and thus, the data points in
the design region can be fitted effectively by the response
surface function f(x). +e 6th and 7th columns of Table 4
are the calculation times of each experimental run on a 2.60-
GHz PC. +e calculation time for a single run by using the
RSM is substantially lower than that of the finite element
method. +is is because numerous coupled nonlinear
governing differential equations need to be triangulated and
calculated by using the finite element method, whereas the
calculation equation is a simple explicit form in the response
surface method.

+e calculated results of R2
adj show that the response

surface function f(x) is highly accurate. +e model re-
flects the relationship between modal frequency response
and design variables effectively. +erefore, it is feasible to
employ the RSM instead of the finite element model to
study the structural modal analysis and optimize the door
panels.

Table 3: Range of design variables of the corresponding panel.

Design variable Lower bound (mm) Original thickness (mm) Upper bound (mm)
x1 0.5 0.7 0.9
x2 1.2 1.4 1.6
x3 0.5 0.6 0.8
x4 0.6 0.8 1.0

Table 4: FCCD of the fifth-order modal frequencies to design
variables.

No.
+ickness of vehicle door panel Response y

(Hz) εRE
(%)x1

(mm)
x2

(mm)
x3

(mm)
x4

(mm) FEM RSM

1 0.5 1.2 0.5 0.6 49.54 49.68 0.28
2 0.5 1.2 0.5 1.0 50.73 50.62 − 0.21
3 0.5 1.2 0.8 0.6 49.46 49.59 0.26
4 0.5 1.2 0.8 1.0 50.68 50.59 − 0.19
5 0.5 1.6 0.5 0.6 50.86 50.79 − 0.13
6 0.5 1.6 0.5 1.0 51.86 51.87 0.03
7 0.5 1.6 0.8 0.6 50.78 50.70 − 0.16
8 0.5 1.6 0.8 1.0 51.81 51.83 0.05
9 0.9 1.2 0.5 0.6 56.33 56.35 0.03
10 0.9 1.2 0.5 1.0 56.65 56.73 0.14
11 0.9 1.2 0.8 0.6 56.24 56.19 − 0.09
12 0.9 1.2 0.8 1.0 56.55 56.62 0.13
13 0.9 1.6 0.5 0.6 58.69 58.80 0.19
14 0.9 1.6 0.5 1.0 59.48 59.32 − 0.27
15 0.9 1.6 0.8 0.6 58.55 58.64 0.16
16 0.9 1.6 0.8 1.0 59.31 59.21 − 0.17
17 0.7 1.4 0.6 0.8 55.34 55.37 0.06
18 0.5 1.4 0.6 0.8 50.91 50.95 0.08
19 0.9 1.4 0.6 0.8 58.04 57.99 − 0.09
20 0.7 1.2 0.6 0.8 54.49 54.31 − 0.33
21 0.7 1.6 0.6 0.8 55.99 56.16 0.30
22 0.7 1.4 0.5 0.8 55.38 55.36 − 0.04
23 0.7 1.4 0.8 0.8 55.25 55.26 0.02
24 0.7 1.4 0.6 0.6 55.24 54.95 − 0.52
25 0.7 1.4 0.6 1.0 55.43 55.70 0.49
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4.6. Structural Modal Analysis by Using the Response Surface
Model. +e response surface function is applied to study the
relationship between the fifth-order modal frequency of the
door and the design variables. +e results are shown in
Figures 4 and 5. It can be seen from Figure 4 that the fifth-
order modal frequency of the door changes significantly with
respect to x1 and x2, and the maximum and minimum
values are 58.92Hz (x1 � 0.9mm, x2 � 1.6mm) and
50.08Hz (x1 � 0.5mm, x2 � 1.2mm), respectively; in
Figure 4(b), the gradient direction of the contour line gives
the direction of convergence of the variable when optimizing
the modal frequency of the door from the side. It can be seen
from Figure 5 that the fifth-order modal frequency of the
door is insensitive to changes in x3 and x4; the frequency
variation range is 55.15–55.45Hz; and the door frequency
and the body-in-white frequency cannot be isolated with

optimization of only variables x3 and x4. Comparison of
Figures 4 and 5 shows that the changes in x1 and x2 are
sensitive to the fifth-order modal frequency of the door, and
this conclusion is in agreement with the sensitivity analysis
results in Table 2.

5. Vehicle DoorModal Frequency Optimization

Owing to the similarity of the fifth-order modal frequency
of the door and the eighth-order modal frequency of the
body in white, the door can be mounted on the body in
white to easily cause structural resonance. +erefore, the
door structure needs to be optimized to change the modal
frequency distribution so that the fifth-order modal fre-
quency of the door is staggered from the body-in-white
modal frequency, and the frequencies of the other modes
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Figure 4: Modal frequency responses with respect to design factors x1 and x2. (a) Colour map surface of modal frequency. (b) Contour lines
of modal frequency.

55.15

55.19

55.24

55.28

55.33

55.37

55.41

55.46
55.48

x 4 (m
m)x3 (mm)

55.44

55.37

55.30

55.23

55.16

y_
RS

M
 (H

z)

0.5
1.0

0.9
0.8

0.7

0.6

0.6
0.7

0.8

(a)

55.31

55.19
55.23

55.40

55.44

55.27

55.36

0.5 0.6 0.7 0.8
0.6

0.7

0.8

0.9

1.0

Gradient direction

x 4
 (m

m
)

x3 (mm)

(b)
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of the door are spaced from the body-in-white modal
frequency. Moreover, the global Y-direction stiffness of
the door is not reduced significantly so as to meet the side-
impact requirements of the door. +e fifth-order modal
frequency RSM of the door can replace the finite element
model with high precision to study the numerical

relationship between the modal frequency and the
thickness of the plate. +us, a fifth-order modal frequency
response surface function component optimization model
of the door is applied. Considering x1, x2, x3, and x4 as
design variables, the upper and lower limits of the con-
straint variables are shown in Table 3. +e constraint

Table 5: Values of objective function and design variables with respect to iteration process.

Iteration number yobj (Hz)
Design variable (mm)

x1 x2 x3 x4

0 55.369 0.7 1.4 0.6 0.8
1 55.382 0.7007 1.4 0.6 0.8
2 55.376 0.7 1.4014 0.6 0.8
3 55.369 0.7 1.4 0.6006 0.8
4 55.371 0.7 1.4 0.6 0.8008
5 49.666 0.5 1.2 0.69044 0.6
6 49.679 0.5005 1.2 0.69044 0.6
7 49.671 0.5 1.2012 0.69044 0.6
8 49.665 0.5 1.2 0.69113 0.6
9 49.667 0.5 1.2 0.69044 0.6006
10 49.583 0.5 1.2 0.8 0.6
11 49.596 0.5005 1.2 0.8 0.6
12 49.588 0.5 1.2012 0.8 0.6
13 49.584 0.5 1.2 0.7992 0.6
14 49.585 0.5 1.2 0.8 0.6006
15 49.583 0.5 1.2 0.8 0.6

1 3 5 7 9 11 13 15
0.0

0.5

1.0

1.5

Pa
ne

l t
hi

ck
ne

ss
 (m

m
)

Iteration

x1
x2

x3
x4

(a)

1 3 5 7 9 11 13 15
49

50

51

52

53

54

55

56
Fr

eq
ue

nc
y 

(H
z)

Iteration

(b)

Figure 6: Values of objective function and design variables with respect to iteration process. (a) Values of design variables. (b) Values of
objective function.

Table 6: Results of computational times and relative errors at experimental runs.

No.
+ickness of door panel (mm) Calculation time (s) Response (Hz)

εRE (%)
x1 x2 x3 x4 FEM RSM FEM RSM

1 0.5 1.2 0.5 0.6 25.33 0.0231 49.54 49.68 0.28
2 0.5 1.6 0.5 1.0 24.78 0.0227 51.86 51.87 0.03
3 0.7 1.4 0.6 0.8 25.12 0.0219 55.34 55.37 0.06
4 0.9 1.4 0.6 0.8 25.06 0.0223 58.04 57.99 0.09
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condition is that the door weight must be less than that of
the original. +e optimization goal is that the fifth-order
modal frequency of the door differs from the eighth-order
modal frequency of the body in white. +e optimization
model can be expressed as

max f x1, x2, x3, x4(  − fBIW


,

s.t. 0.5≤ x1 ≤ 0.9

1.2≤ x2 ≤ 1.6

0.5≤ x3 ≤ 0.8

0.6≤ x4 ≤ 1.0

s1x1 + s2x2 + s3x3 + s4x4 ≤ s1x1ori

+ s2x2ori + s3x3ori + s4x4ori,

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(17)

where fBIW is the eighth-order frequency of the body in
white; s1 � 0.654m2, s2 � 0.247m2, s3 � 0.068m2, and s4 �

0.073m2 are the areas of the right inner panel, left inner
panel, inner reinforcing panel, and window-frame vertical-
reinforcing panel, respectively; x1ori � 0.7mm;
x2ori � 1.4mm; x3ori � 0.6mm; and x4ori � 0.8mm.

+e optimization process is calculated by employing the
sequential quadratic programming method in the Isight
software optimization component. +e optimal solution is
obtained after 15 iterations. +e values of the design vari-
ables and objective function at each iteration are provided in
Table 5 and Figure 6. Evidently, as the number of iterations
increases, x1 reduces from 0.7 to 0.5mm, x2 reduces from
1.4 to 1.2mm, x3 increases from 0.6 to 0.8mm, and x4
reduces from 0.8 to 0.6mm. +e objective function reduces
from 55.37 to 49.58Hz. As shown in Table 6, the calculation

time of the modal frequency optimization is 0.023 s, which is
significantly less than that of the value for a single run of the
finite element model. By using the optimization model (see
equation (17)), the calculation time is low because the op-
timization model is a simple explicit function with a low
number of iterations. In contrast, the computational time to
optimize the same modal problem using the FE method is
long because a large number of differential equations need to
be triangulated and computed. +e optimum solution of the
design variables and objective function are summarized in
Table 6. +e thickness of t1, t2, t3, and t4 is 0.5, 1.2, 0.5, and
0.6mm, respectively. +e final values are 0.5, 1.2, 0.5, and
0.6mm, respectively. +e fifth-order modal frequency of the
door is 40.50Hz after optimization.

To verify the side-impact performance of the door after
optimization, a force of 100N is loaded in the centre of the
outer panel of the door, in the Y-direction of the vehicle
coordinate system, to calculate the deformation of the front
and rear doors. +e result is shown in Figure 7. +e stiffness
of the initial model at the loading point is 36.2N/mm. After
optimization, the stiffness of the model at the loading point
is 35.3N/mm; the stiffness is reduced by 2.5%. +e Y-di-
rection stiffness of the optimized door at the weak point is
not significantly reduced and meets the requirements of side
impact of the door. After the thickness of the panel is op-
timized by the RSM, the total door mass is 26.12 kg, which is
5.74% less than the original total door mass of 27.71 kg. +e
optimization of modal-frequency matching not only im-
proves the dynamic performance of the structure but also
reduces material and realizes a lightweight structure. At the
same time, the side-impact performance of the door is not
significantly reduced.
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Figure 7: Displacement distribution before and after optimization under concentrated load. (a) Before optimization. (b) After optimization.
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6. Conclusion

+is paper proposed a sensitivity analysis method and re-
sponse surface method to optimize the structural modal of
an SUV door. A sensitivity analysis with respect to the
thickness of the door panels was employed to screen out
highly sensitive panels and identify the significant design
variables.+e FCCDwas employed to obtain the data points.
+en, the second-order response surface function was
established, and an optimization model for the modal
problem was proposed. From the results obtained, we can
draw the following specific conclusions:

(1) +e highly sensitive panel of the door was obtained
by using the approximate sensitivity calculation of
the central difference, and the corresponding panel
thicknesses were selected as the design variables to
more closely target the optimization of the door
modal frequency.

(2) +e response surface function of the fifth-order
modal frequency of the door was established by
obtaining a set of data points using the FCCD. +is
response surface function has a high fitting accuracy
and can be used as a good substitute for the finite
element model in the whole design domain, which
significantly improves the calculation efficiency and
saves calculation time.

(3) +e response surface function was employed to es-
tablish the explicit optimization model of the fifth-
order modal frequency of the door. +e modal
frequency of the door was optimized, the modal
frequency separation between the door and the body
in white was realized, and the door was made lighter.
+e side-impact performance was not reduced
significantly.
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