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Thin-walled parts primarily comprise the entire piece of rough machining, and the material removal rate can surpass 95%.
Numerous components with thin-walled structures are preferred in the aerospace industry for their light weight, high strength,
and other advantages. In aerospace thin-walled workpiece machining processes and practical applications, they are excited by
the vibration. The preload changing the modal stiffness of the part is found and this change causes continuous changes in the
natural frequency. Researching on the influence of pretightening force on dynamic characteristics of thin-walled components is
highly significant for controlling vibration. In this study, the typical aviation thin-walled part is the research object. Finite element
numerical simulation and experimental verification are employed to analyze the dynamic characteristics of 7075 aluminum alloy
thin-walled plates under different preloads for exploring the relationship between natural frequency and preload.The relationship is
validated by comparative results. Both the simulation and experimental results show that the natural frequencies of plates increase
following the augmentation of the preload. Thus, this research introduces the method where vibration of aerospace thin-walled
parts is reduced by preload. For practical engineering application, a program showing the relationship between natural frequency
and preload is written using Visual Basic language.

1. Introduction

With higher performance requirements of aircraft and space-
crafts, the monolithic components are extensively applied in
aerospace industry. The aviation monolithic components are
in the possession of many advantages such as lower height,
higher assembly quality, and higher structural efficiency.
However, these components are large in size, complex in
structure, and often thin-walled [1–4].The thin-walled struc-
tures flexibly induce higher amplitude oscillations by any
disturbance. This phenomenon could result in malfunctions
in application and machining process. Vibration, a classical
phenomenon, indicates operating accuracy and stability of
the structures, and long-term vibration may cause fatigue
damage to the structures and reduce their service life [5–11].

Given the importance of vibration, scholars analyzed the
vibration of structures and explored various controlmethods.
Two different approaches can be taken to solve the vibration
problem. The first series of approaches are to make the

structure stiffer or add damping in proper locations [12–
16]. These approaches are called passive vibration control
methods. The other methods named active vibration are
to suppress the vibration amplitude actively [17–21]. Active
approaches are more effective in comparison with passive
methods, because the vibration frequency and amplitude are
measured in real time, and an accurately calculated reaction
force or moment is applied to the structure in active control
process. However, some disadvantages exist in applications of
these active vibration control methods, such as the required
electrical power, size, and price of required sensors and actu-
ators and the limited disturbance rejection range in which the
closed-loop system remains stable [22]. Therefore, to explore
a simple and reliable engineering method is meaningful.

Many factors affect vibration such as materials, assembly
method, surface behaviors, and shape [23–27]. Researchers
consider that vibration can be affected by preload in the
machining and application processes of aerospace thin-
walled parts [28–32]. In engineering practice, dynamic
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Figure 1: Transverse and longitudinal vibrations of a thin-walled
plate.

characteristic parameters of the workpieces under differ-
ent preloads should be considered to analyze the effect of
vibration on their functions. Although a series of studies
on the dynamic characteristics of preload system have been
conducted, research on the dynamic characteristics of thin-
walled components under different preloads remains lacking.
To fill this gap, this study explores the relationship between
the dynamic characteristics of thin-walled aviation work-
pieces and preload. Thus, the vibration can be controlled by
changing the preload within the licensed conditions.

2. Vibration Analysis of Thin-Walled
Plates under Preload

Two kinds of vibration forms, namely, transverse and longi-
tudinal, are shown in Figure 1. Regarding the vibration forms
of thin-walled plates, this study only discusses the transverse
vibration because it is an important influencing factor in
engineering.

According to Kirchhoff ’s classical plate theory, the free
vibration equation for the lateral motions of a homogeneous,
isotropic, linear elastic thin plate is given by

𝐷(𝜕4𝑤𝜕𝑥4 + 2 𝜕
4𝑤𝜕𝑥2𝜕𝑦2 + 𝜕

4𝑤𝜕𝑦4 ) + 𝜌ℎ𝜕
2𝑤𝜕𝑡2 = 0. (1)

Here, 𝑤(𝑥, 𝑦, 𝑡) is the lateral displacement of the plate
middle surface, with 𝑥, 𝑦-axes forming the plate plane, and𝑡 is the time, ℎ is the thickness, 𝜌 is the mass density, 𝐷 =𝐸ℎ3/12(1 − 𝜇2) is the flexural stiffness, and 𝐸 and 𝜇 represent
the Young modulus and Poisson ratio, respectively [33].

Suppose the principal mode of vibration of a thin plate
is 𝑊(𝑥, 𝑦); then the principal vibration can be written as
follows:

𝑤 (𝑥, 𝑦, 𝑡) = 𝑊 (𝑥, 𝑦) sin (𝜔𝑡 + 𝜑) , (2)

where𝜔 is the natural frequency.When (2) is substituted into
(1), the free vibration equation of thin plate can be expressed
as follows:

𝐷(𝜕4𝑊𝜕𝑥4 + 2 𝜕
4𝑊𝜕𝑥2𝜕𝑦2 + 𝜕

4𝑊𝜕𝑦4 ) − 𝜌ℎ𝜔2𝑊 = 0. (3)
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Figure 2: Boundary conditions of a plate.

Table 1: Physical parameters of aluminum alloy 7075.

Properties Young’s
modulus/GPa

Poisson’s
ratio Density/kg⋅m3 Yield

strength/MPa
Value 75 0.33 2700 375

Setting 𝜕4𝑊/𝜕𝑥4 + 2(𝜕4𝑊/𝜕𝑥2𝜕𝑦2) + 𝜕4𝑊/𝜕𝑦4 = ∇4𝑊,
the natural frequency can be obtained as

𝜔 = √ 𝐷𝜌ℎ√∇
4𝑊𝑊 . (4)

Themain vibrationmode𝑊(𝑥, 𝑦) depends on the bound-
ary conditions, as the plate is fixed. The boundary conditions
of the rectangular plate under the preload parallel to the
middle surface direction are shown in Figure 2. One side of
the plate is fixed, and another side suffers from preload 𝐹.

At present, calculating the natural frequencies of thin-
walled plates under certain preloads is very difficult. Dif-
ferent constraint conditions and systems have their natural
frequencies that are difficult to calculate and solve precisely.
Therefore, we only discuss the influence of preload on natural
frequency. The particular corresponding relation of them
is needed to explore employing following simulation and
experimental methods.

3. Solution for Thin-Walled Plates Using FEM

Aluminum alloys possess many advantages, such as small
density, high strength, high corrosion resistance, high forma-
bility, and low cost. In the aviation, aerospace, shipbuilding,
nuclear and arms industries, and aluminum alloys possess
extensive application prospects and an irreplaceable status.
Aluminum alloy 7075 widely used by aerospace field is a
kind of superhard alloy that possesses an impressive compre-
hensive performance. Aluminum alloy 7075T7351 plates are
used in this research. Their physical specifications are listed
in Table 1, and their dimensions are 150 × 50 × 0.5mm.

The FEM providing approximate solution to a modal
problem is a powerful tool for assessing the potential vari-
ations caused by preload on thin plates. The FEM software
ANSYS is applied to measure the natural frequency of the
plates under different preloads.
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Figure 3: ANSYS simulation model of thin plates. (a) Loading simulation. (b) Dynamics simulation.

(a)

150

50

130

14

4 × Φ6

(b)

Figure 4: (a) Specimen. (b) Size and structure of specimen.

In the simulation, the isotropic thin plate with a preload
is replaced with the model whose one side is under displace-
ment constraint from all directions and whose other side
suffers from certain size pressure representing the size of the
preload, as shown in Figure 3(a). After applying the preload,
force occurs in the thin-walled plate because of the preload.
In dynamics simulation, two sides of the model are under
displacement constraints, and the force obtained from the
pressure is exerted on the plate, as depicted in Figure 3(b).
The holes in the picture are used to fix and load simulation
plates. Considering the influence of preload, modal analysis
is performed on the basis of thismodel.We obtain the natural
frequency and vibration mode under different preloads.

The finite element simulation analyzes thin plates under
different preloads from 0 to 100N, and 10N is the increase
gradient value of force. Each case analyzes the natural
frequencies and vibration modes of the first four orders. The
results of simulation are discussed in the following section.

4. Analyses of Experimental and
Simulation Results

The material of thin-walled part used in this experiment is
7075 aluminum alloy.The size and structure of the specimens
are shown in Figure 4. The holes are used to fix and
load experimental specimens. The material parameters of
experimental plates are listed in Table 1.

The comprehensive experiment platform is indepen-
dently machined and assembled by us. It includes a control

system and a loading system as described in Figure 5(a). The
scanning laser vibrometer is used to measure vibration of
thin aluminum alloy plates. The experiment platform and
vibrometer are shown in Figure 5(b).

The specific experimental steps are as follows:(1) The experimental apparatus includes experimental
equipment ofMCUdevelopment, a two-phase hybrid stepper
motor drive, a steppermotor, and an intelligent controller.We
set the instrument and adjust parameters to ensure that all
the instruments function properly and that the control system
can effectively control step motor rotation.(2) A scanning laser vibrometer is installed using the
manual, and a fixed tripod of the laser scanning head is
adjusted to position the laser perpendicular to the thin-
walled board, as described in Figure 5(b). This step is
especially important.(3)The thin plate is installed and fixed on the experimen-
tal platform, and the initial preload of the plate is 0N.(4)Through positive and negative buttons on the MCU
development board, a stepping motor is controlled to exert
different sizes of preload for thin-walled parts from0 to 100N,
and a force of 10N is added every time.(5)By exciting the thin platewith an elastic force hammer,
the dynamic characteristic parameters of thin-walled work-
pieces are obtained using control and analysis software PSV-
500.(6) Replacing the thin plate, steps (3) to (5) are repeated.
11 groups of data are received. Data contain the natural
frequencies of the first four orders in each group.
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Figure 5: (a) Comprehensive experiment platform. (b) Comprehensive test experiment platform and scanning laser vibrometer.
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Figure 6: Experimental natural frequency of first four orders of
thin-walled plates under a 50N preload.

Table 2: Average error of the natural frequency values of the first
four orders from simulation and experiment.

Natural
frequency order

The first
order

The second
order

The third
order

The fourth
order

Average error 2.9% 1.9% 0.9% 0.4%

The dynamic characteristic parameters of the thin-walled
part under preload 𝐹 = 50N are measured using a
comprehensive test experiment platform and a scanning laser
vibrometer (Figure 6).

The average error of the natural frequency values of
the first four orders obtained from the simulation and
experiment is expressed in Table 2. All the average error
values of natural frequency are small and the largest value
is only 2.9%. All of the average error values fall within the
acceptable range in engineering.

To intuitively show the distinction between the simula-
tion and experiment, contrast curves of the first four orders
of the simulation and experiment are compared, in Figure 7.
Based on the shape of the curves, both the simulation
and experiment show that the natural frequencies of thin
plates increase following the augmentation of the preload.
As described in the curve graphs, the change of the natural
frequency from experiments is more apparent than that in
simulations; nevertheless, they all increase. The shapes of the

simulation curves are approximately linear and more regular.
The experiment curves are relatively discrete, but the curves
of the experiment and simulation values are extremely close.
When preload is from 0N to 100N, the maximal variation
of natural frequency is 42.2Hz at third-order experimental
status. All curves indicate that the experiment values are
greater than the simulation values. This situation is realistic.

Equation (4) shows influence factors of natural frequency.
Boundary conditions can affect the main vibration mode of
thin-walled plate, and change of preload can alter the𝑊(𝑥, 𝑦)
to get different frequencies. However, the mathematical
expression of𝑊(𝑥, 𝑦) almost can not be calculated in detail,
so we interpreted it from another perspective. Assuming that
boundary conditions are invariable, increase of 𝐹 is equal to
the augment of stiffness for lateral vibration of plate andmain
vibrationmode is fixed.That is to say, it leads to augmentation
of elasticity modulus𝐸. According to𝐷 = 𝐸ℎ3/12(1−𝜇2) and
(4), the increase of 𝐹 enlarges the natural frequency of thin-
walled plate.

When the plates undergo a preload 𝐹 = 50N, the vibra-
tion modes obtained through simulation and experiment are
similar (Figure 8).

Given the aforementioned simulation and experiment
research for thin plates with different preloads, natural
frequencies can be estimated by writing a program. The
interface is exhibited in Figure 9. The software is used to
calculate the natural frequency of the thin-walled plate under
different preloads. This is important reference to control
the natural frequency to reduce vibration in employing
and manufacturing of aerospace thin-walled components.
Natural frequency values and vibration mode graphics of the
first six orders are provided in the picture.

A easy and practical engineering method controlling
vibration is found. Severe vibration occurs when the forcing
frequency is equal to natural frequency. The machining
process of thin-walled workpieces and the practical applica-
tion are influenced by the vibration. Changing the preload
varies the stiffness and it causes the natural frequency of
the system to change continuously. Resonance frequency of
system is changed and vibration of aviation thin-walled parts
is reduced via adjusting preload within effective range.
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Figure 7: Contrast curves of simulation and experimental values of the natural frequency of the first four orders. (a) First-order natural
frequency. (b) Second-order natural frequency. (c) Third-order natural frequency. (d) Fourth-order natural frequency.

5. Conclusions

(1) The finite element simulation analysis of the dynamic
characteristics of thin plates under pretightening force
includes a 3Dmodel andmodal analysis simulation.Through
simulation, the relationship between preload and modal
parameters, such as natural frequency and vibration mode,
is obtained.(2)Comprehensive experiment platform used tomeasure
dynamic characteristics of aviation thin-walled parts under a
certain preload is designed, and experimental modal analysis
of the parts is carried out. The law that natural frequency
increases with increasing preload is summarized based on
analysis of the numerical solutions and experimental solu-
tions of the dynamic characteristics.

(3)According to the results of simulation and experiment,
resizing preload to change the natural frequency of parts
is a highly effective approach to avoid strong vibration of
aerospace thin-walled workpieces.(4) On the basis of the finite element software ANSYS,
computing system of dynamic characteristic parameters of
thin-walled components under preload is developed adopt-
ing object-oriented development language. This software
simplifies treatment processes of finite element analysis,
shortens the analysis time, achieves parametric modeling,
and improves efficiency.
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Figure 8: Contrast graphs of simulation and experiment values of the vibration mode of the first four orders. (a) The first-order vibration
mode. (b) The second-order vibration mode. (c) The third-order vibration mode. (d) The fourth-order vibration mode.

Figure 9: Screenshot of the program and calculation results.
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