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A special periodic strut is developed to reduce the helicopter cabin noise in this paper. The strut exhibits unique dynamic
characteristics which can isolate the gearbox vibrations from transferring to the fuselage and radiating noise. Modeling, simulation,
and experimental research are carried out to explore its characteristics and performance. A theoretical model of the strut is firstly
established, with particular emphasis on correlating the passband and stop band behaviors with the damping and a series of
boundary conditions. Then, through simulations, it is shown that both the damping and boundary conditions have significant
influences on the stop band, including the beginning and end frequencies and attenuation effects. Based on these analytical
simulations, experimental analyses are conducted with the newly developed strut. Inspiring performances are validated under
different conditions. Considering that the helicopter vibration in practical applications ismuchmore complex, further experimental
investigations are carried out on a helicopter model, which generates prominent gear mesh tones similar to a real helicopter. The
experimental results show that the compounded periodic strut can significantly attenuate the vibrations transmitted to the fuselage.
Compared with the plain strut, attenuations in excess of 40 dB are measured in the frequency range from 300 to 2000Hz.

1. Introduction

Noise in a helicopter cabin is usually an annoyance for both
passengers and pilots. From the perspective of frequency
analysis, mid-frequency and high-frequency harmonic vibra-
tions generated by meshing gear pairs are a significant source
of helicopter cabin noise because they can have a great
influence on the subjective reaction of a human [1–3]. The
typical frequency range is between 500Hz and 2000Hz [1].
Part of gear mesh excitation vibration is transmitted through
the air into the helicopter cabin as sound, and the other
part is transmitted through the support structure between
the main gearbox and the fuselage, thereby entering into
the airframe and finally radiating structure-borne sound into
the cabin [4]. Comprehensive analysis has shown that the
latter path is dominant [5]; thus, the cabin noise can be
controlled by suppressing the vibration transferred to the
fuselage. Currently, two main methods are used to address
this problem.

One method is to actively isolate the gear mesh vibration
using actuators installed on the supported struts or nearby the
mount points of the struts as secondary forces. In 1997, the
Institute of Sound and the Vibration Research at the Univer-
sity of Southampton cooperating with Westland Helicopters
investigated experimentally an EH101 support strut under
realistic loading conditions [6]. Three magnetostrictive actu-
ators were clamped to the strut to introduce secondary forces
that finally realized attenuation in the range of 30–40 dB in
the kinetic energy of vibration over the frequency range of
250–1250Hz. In addition, Eurocopter Deutschland and the
EADS Corporate Research Center introduced smart struts to
control the structure-borne sound transmitted via the struts
to the fuselage [7, 8]. The smart strut consists of piezoelectric
actuators that are directly bonded to the BK117 support struts
and provides good effectiveness at controlling the noise of
multiple gear mesh frequencies in a flight test. In addition,
the Sikorsky Aircraft Corporation and the Boeing Company
each utilized different point force actuatorsmounted near the
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support struts [3, 9]. The active noise control (ANC) system
uses cabin noise as feedback and produces a high capability to
reduce the primary gearmesh tone over awide range of steady
and transient flight conditions. Lu and Ma in Nanjing Uni-
versity of Aeronautics and Astronautics presented an active
structural acoustic control (ASAC) system to reduce the noise
of multiple gear mesh frequencies [10]. The researches on the
helicopter gearbox/fuselagemodel showed that the algorithm
can effectively control noise of multiple gearbox harmonic
frequencies in a cabin.

In the present study, active methods canmanage multiple
gear mesh frequency components effectively; however, its
broadband reduction ability is very limited. In addition, sev-
eral inherent problems are presented, such as actuator/sensor
location optimization, stability of active control algorithms,
and high cost [11, 12].

An alternative is to embed in the gearbox strut with a
metal/rubber periodic structure, that is, a type of structure
with geometrical discontinuity or material discontinuity.
Periodic structures have unique dynamic characteristics of
restrictingwave propagationwithin specific frequency bands,
called “stop bands.” With proper design, the periodic strut
can realize broadband vibration attenuation from the gearbox
to the fuselage. A considerable number of studies have been
performed by the University of Maryland and Pennsylvania
State University. At the University of Maryland, Asiri et al.
developed a new class of gearbox periodic struts containing
five metal and elastomer cells for helicopter cabin noise
reduction [13]. The broadband attenuation effect of the peri-
odic strut has been preliminarily verified experimentally with
a principle model of the gearbox system. At Pennsylvania
State University, Szefi et al. presented a helicopter gearbox
isolator using elastomer layers for gearbox vibration isolation
[2, 14–17]. The research results showed that the range of stop
bands can be designed by parameter optimization.

Although good vibration attenuation effects of periodic
struts and periodically layered isolators have been presented,
the feasibility of engineering application is not considered;
thus, the structures cannot function properly under realistic
rotor pull-pull loading conditions. To solve this problem, in
Wang and Lu’s group, a series/parallel compounded gear-
box periodic strut for helicopter cabin noise reduction was
proposed with modeling, parameter analysis, and simulation
verified studies [18]. Note that the influence of damping
and boundary conditions were not considered in [18]. Later,
research found that the impact of these factors on the design
of compounded periodic strut should not be neglected. The
vibration characteristics of the strut also require further
experimental investigations. Based on the above reasons,
this paper presents poststudy on the compounded gearbox
periodic strut with simulations and experiments.

This paper is organized into six sections. Section 1 gives
a brief introduction. In Section 2, with the damping and
boundary conditions introduced, a more complete dynamic
model of the compounded periodic strut is presented.
Section 3 analyzes the influence of the parameters. A com-
pounded periodic strut is developed for a certain helicopter
model in Section 4. Section 5 demonstrates the broadband
vibration attenuation characteristics of the strut and evaluates
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Figure 1: Schematic illustration of a compounded periodic strut for
a gearbox.

the effect of precompression. In this section, two experi-
mental systems are presented, including a shaker broadband
excitation system and a gearbox excitation system. Section 6
summarizes the conclusions of the present study.

2. Dynamics Modeling

2.1. Overview. Figure 1 shows the schematic drawing of the
compounded periodic strut [18].The strut can be divided into
three parts: joints, a cylindrical shell, and a compoundedperi-
odic structure that is embedded inner cylindrical shell. The
compounded periodic structure is mainly composed of two
types of cells, called a-cells and b-cells, with series-parallel
connections along the 𝑧-axis. For illustrative convenience, the
periodic structure composed of𝑁 a-cells in series is defined
as the upper cylinder, the periodic structure composed of𝑀
b-cells in series is defined as the lower cylinder, the upper and
lower cylinders in series compose the inner cylinder, and the
outer cylindrical shell is defined as the outer cylinder.

Based on the Spectral Finite Element (SFE) method, the
strut can be divided into various subcells with different geo-
metric dimensions or material parameters. For illustration,
the subcells in Figures 1(a) and 1(b) numbered 1, 2, 3, and 4
are used to form a-cells and b-cells. In the case of the stiffness
characteristic, the joints can be neglected. Each remainder
subcell can be approximately regarded as a one-dimensional
rod.
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In this section, the emphasis is placed on studying the
dynamics of the compounded periodic strut alone. The
dynamic model of subcells is established first using the
complex damping assumption and the SFEmethod, and then
the dynamic model of the entire periodic strut is established
considering the series-parallel connection relationship of
these subcells. The different boundary conditions are given
to determine the transfer relationship of the strut in detail.

2.2. Dynamics of the Subcell. Based on the SFE method, the
dynamic stiffness matrix of a subcell can be described as
follows [13]:

Ksub = 𝐸𝐴𝑙 𝑖𝑘𝑙(1 − 𝑒−2𝑖𝑘𝑙) [
1 + 𝑒−2𝑖𝑘𝑙 −2𝑒−𝑖𝑘𝑙
−2𝑒−𝑖𝑘𝑙 1 + 𝑒−2𝑖𝑘𝑙] , (1)

where 𝑘 = 𝜔√𝜌𝐴/(𝐸𝐴) is the longitudinal wavenumber,
related to vibration frequency 𝜔. 𝐸 and 𝜌 are the elastic
modulus and mass density of the material, respectively. In
addition,𝐴 and 𝑙 are the cross-sectional area and longitudinal
length of the subcell, respectively. Subscript sub defines the
parameters of a subcell.

As rubber is a viscoelastic material, part of the vibra-
tion energy dissipates in the form of heat energy under the

excitation. The obvious mechanical behavior is that stress
has a phase lag with regard to strain [19]. Thus, the elastic
modulus can be expressed as the plural form:

𝐸 = 𝐸 + 𝐸 = 𝐸 (1 + 𝑖𝜂) , (2)

where 𝐸, 𝐸, and 𝜂 are the storage modulus, loss modulus,
and loss factor of material, respectively.

The forces at the ends of the subcell are related to
displacements by the following relation:

[𝐹U𝐹L] = [
𝐾UU 𝐾UL𝐾LU 𝐾LL

][𝑢U𝑢L] , (3)

where 𝐹 and 𝑢 define the longitudinal force and longitudinal
displacement vectors, respectively, with subscripts U and L
denoting the upper and lower sides, respectively.

2.3. Dynamics of the Entire Periodic Strut. The compounded
periodic strut can be regarded as a series-parallel complicated
structure consisting of multiple subcells. Based on the former
dynamics of the subcell, the damped dynamics of the entire
periodic strut can be derived.

The dynamics stiffness matrix of 𝑛 subcells in series gives

K𝑠 =
[[[[[[[[[
[

𝐾1UU𝐾1LU0
...
0

𝐾1UL𝐾1LL + 𝐾2UU𝐾2𝑑𝑢...
0

0
𝐾2UL𝐾2LL + 𝐾3UU...
⋅ ⋅ ⋅

⋅ ⋅ ⋅
⋅ ⋅ ⋅
⋅ ⋅ ⋅

𝐾(𝑛−1)LL + 𝐾𝑛UU𝐾𝑛LU

0
0
...

𝐾𝑛UL𝐾𝑛LL

]]]]]]]]]
]

. (4)

Moreover, the dynamics stiffness matrix of 𝑛 subcells in
parallel gives

K𝑝 = K1sub + K2sub + ⋅ ⋅ ⋅ + K𝑛sub. (5)

As 𝑁 a-cells and𝑀 a-cells in series form the upper and
lower cylinder, respectively, the different dimension caused
by the stiffness matrix cannot be derived using (4) and (5).
Here, a new calculationmethod of the compounded structure
is given.

First, the dynamics of a subcell as determined from (3)
can be rearranged to take the following form [13]:

[𝑢L𝐹L] = [
−𝐾−1UL𝐾UU 𝐾−1UL

−𝐾LU + 𝐾LL𝐾−1UL𝐾UU −𝐾LL𝐾−1UL][
𝑢U𝐹U] , (6)

where the transfer matrix can be denoted as Tsub in (6).
The transfermatrix of 𝑛 subcells in series can be computed

as

T𝑠 = T𝑛sub ⋅ ⋅ ⋅T2subT1sub. (7)

Using the transformation given in (6), the transfer matrix
can be transferred into the dynamics stiffnessmatrix.Thenew
dynamics stiffness matrix of 𝑛 subcells in series becomes

K𝑠 = [[
− (𝑇12)−1 𝑇11 (𝑇12)−1

−𝑇21 + 𝑇22 (𝑇12)−1 𝑇11 −𝑇22 (𝑇12)−1
]
]𝑎
, (8)

where the dimension transforms into 2× 2, which is different
from (4). Next, it can be easily adapted to obtain dynamics
stiffness matrix of each part of the periodic strut with the
same dimension.

Combining (5) and (8), the damped dynamics matrix of
the entire periodic strut gives

[𝐹U𝐹L] = [K𝑑] [
𝑢U𝑢L] , (9)

where the dynamics matrix can be denoted as K𝑑.

2.4. Transfer Characteristics. Considering the influence of
the boundary conditions on the transfer relationship of
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the periodic strut, three classical boundary conditions are
introduced. Next, the structural responses and the transfer
characteristics can be obtained under harmonic excitation.

Free-Free. The boundary conditions for the strut that is free
at both sides and is excited at its upper side by a harmonic
longitudinal force can be expressed as follows:

𝑢U ̸= 0,
𝐹U = 𝐹0;
𝑢L ̸= 0,
𝐹L = 0,

(10)

where 𝐹0 is the amplitude of the force. According to (9), the
relationship of the displacement and force at the two ends of
the strut can be obtained:

𝑢L = (− [𝐾𝑑]11 [𝐾𝑑]21−1 [𝐾𝑑]22 + [𝐾𝑑]12)−1 𝐹0,
𝑢U = −[𝐾𝑑]21−1 [𝐾𝑑]22 𝑢L.

(11)

Therefore, the transmissibility of the two ends of the strut
can be derived as follows:

𝑇𝑍𝑍 = 
𝑢L𝑢U
 =

−[𝐾𝑑]22−1 [𝐾𝑑]21 . (12)

Free-Fix. The boundary conditions for the strut fixed at the
lower side and excited at its upper free side by a harmonic
longitudinal force can be expressed as follows:

𝑢U ̸= 0,
𝐹U = 𝐹0;
𝑢L = 0,
𝐹L ̸= 0.

(13)

According to (9), the relationship of the displacement and
force at the two ends of the strut can be obtained:

𝑢U = [𝐾𝑑]11−1𝐹0,
𝐹L = − [𝐾𝑑]21 [𝐾𝑑]11−1𝐹0.

(14)

Therefore, the transmissibility of the two ends of the strut
can be derived as follows:

𝑇𝑍𝐺 = 
𝐹L𝐹0
 =

− [𝐾𝑑]21 [𝐾𝑑]11−1 . (15)

Free-Base. The boundary conditions for the strut freed at the
upper side and the base excited at its lower side by a harmonic
longitudinal displacement can be expressed as follows:

𝑢U ̸= 0,
𝐹U = 0;
𝑢L = 𝑢0,
𝐹L ̸= 0,

(16)
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Figure 2: Curves of influence of damping on the vibration transmis-
sibility.

where 𝑢0 is the amplitude of the displacement. According to
(9), the relationship of the displacement and force at the two
strut ends can be obtained:

𝑢U = −[𝐾𝑑]11−1 [𝐾𝑑]12 𝑢0,
𝐹L = (− [𝐾𝑑]21 [𝐾𝑑]11−1 [𝐾𝑑]12 + [𝐾𝑑]22) 𝑢0.

(17)

Hence, the transmissibility of the two ends of the strut can
be derived as follows:

𝑇𝑍𝐵 = 
𝑢U𝑢0
 =

−[𝐾𝑑]11−1 [𝐾𝑑]12 . (18)

Clearly, the dynamic stiffness matrix is a symmetric
matrix; thus, (15) and (18) have the same result. Hence, the
structure transmissibilities of the free-fix and the free-base
boundary conditions are equal. Comparing (12) with (15),
the structure transmissibilities of the free-free and free-fix
boundary conditions are unequal. Thus, it is necessary to
provide further analysis of the influence of the boundary
conditions.

3. Parameter Effect Analysis

3.1. Overview. Numerical analysis of damping and boundary
conditions are presented here to demonstrate the importance
of providing the compounded periodic strut with proper
parameters.

3.2. Damping Effect. Figure 2 shows the transmissibilities for
different compounded periodic struts with changing loss fac-
tors of rubber.The damping loss factors of natural rubber are
in the range from 0.05 to 0.15. The other material parameters
and geometry are the same as [18]. Figure 2 indicates clearly
that damping can effectively inhibit the response amplitudes
of the resonant frequencies of the compounded periodic
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Table 1: Material characteristics.

Material Elastic modulus
(GPa)

Density
(kg/m3) Poisson’s ratio Loss factor Allowable stress

(MPa)
Nitrile rubber 0.005 1000 0.49 0.3 3
45# steel 210 7860 0.3 \ 355

strut. Furthermore, the degree of inhibition is more obvious
with the increase in damping and frequency. Therefore,
the amplitudes of the resonant frequencies in the range of
2000–2500Hz are largely attenuated when considering the
effect of damping. Consequently, the stop band range of the
periodic strut is effectively broadened.

3.3. Boundary Condition Effect. The stop bands of a one-
dimensional periodic structure can usually be determined
using the classical transfer matrix method. The method,
however, neglects the effect of the boundary conditions.
Therefore, it is very necessary to analyze its effect on the
periodic strut, a finite one-dimensional periodic structure. In
this section, the influence of the boundary conditions to the
beginning frequencies is mainly analyzed, as the stop band
range is the important design objective of the compounded
periodic strut and its unapparent end frequencies with
damping.

The main influence factors of the vibration attenuation
characteristics of the compounded periodic strut include
material parameters, geometric dimensions, the number of
cells, and damping. By analysis, the factors that largely
influence the beginning frequencies are the elastic modulus
of rubber, density of metal, rubber/metal’s length and length
ratio, and diameter of the inner cylinder [18].

Figure 3 displays the changing curves of the differences of
the first beginning frequency with the variation of the param-
eters. The difference is computed by the first beginning fre-
quency of free-fix boundary conditions minus the frequency
of free-free boundary conditions. It is clear from the figures
that the difference increases with increases in the rubber’s
elastic modulus and rubber/metal’s length ratio. However,
as the metal’s density, rubber and metal’s length increases,
and the difference narrows. It can also be noticed that the
frequency difference increases first and then decreases with
an increase of the inner cylinder’s diameter, reaching the
largest value at 0.75.

The comparison shown in Figure 3 suggests that the
influence of boundary conditions is significant for a finite
periodic strut; the difference of the first beginning frequency
can exceed 100Hz, which should not be ignored in the design
of the strut. Whereas the influence of boundary conditions
is weakened when the periodic strut approaches an infinite
periodic structure.

4. Sample Strut Development

4.1. Overview. The goal of this section is to develop a sample
of the compounded periodic strut that significantly reduces
the gearbox vibration transmitted to an existing helicopter
model.

4.2. Design Requirements. Based on the working charac-
teristics of the strut on the helicopter model, the primary
requirements pursued to reach this goal were as follows:

(1) Vibration attenuation requirements: the stop band
ranges from 300 to 2000Hz. The targeted tones
mainly occur at 360Hz and 900Hz.

(2) Support stiffness requirements: the axial stiffness of a
strut is required to be 0.6MN/m, which can ensure
the proper alignment of the engine-transmission
shafts and drive shaft.

(3) Intensity requirements: the stress under realistic load-
ing conditions is less than the allowable stress of the
material. The compressive deformation of rubber is
less than the maximum permissible deformation.

(4) Space requirements: the total length is less than
240mm, and the diameter is less than 130mm.

4.3. Design Parameters

4.3.1. Materials. The entire periodic strut consists of two
materials, as shown in Figure 1. One material is 45# steel,
and the other material is nitrile rubber, which has excellent
oil-resistance and heat-resistance properties, a high damping
characteristic, and good adhesion to metal. The physical
properties of these materials are given in Table 1.

The maximum permissible compressive deformation
ratio of nitrile rubber at the static state is 15%.

4.3.2. Geometric Properties. Based on the design process of
the compounded periodic strut [18], a group of dimension
parameters that meet the design requirements is obtained.
The main geometric properties of the upper and lower
cylinders are given in Table 2. In addition, the numbers of
cells are𝑁 = 1 and𝑀 = 2.
4.3.3. Precompression Deformation. The total compression
deformation of rubber is 5mm, which enables rubber to
remain at the state of compression under both tensile and
compressive loading conditions.

4.4. SimulationAnalysis. Based on the dynamicsmodel of the
entire periodic strut in Section 2, the analytical transmissibil-
ity for the sample strut under free-fix boundary conditions is
presented in Figure 4.Thefigures clearly indicate that the stop
bands include the frequency ranging from 300 to 2000Hz,
and the maximum reduction from one side to the other side
of the strut exceeds 50 dB, thereby satisfying the requirement
of vibration attenuation. Based on the simulation results, the
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Table 2: Main geometric dimension.

Structure Material Length
(mm)

External diameter (mm) Inner diameter (mm)

Upper cylinder Rubber 30 70 35
Metal 22 70 35

Lower cylinder Rubber 30 70 /
Metal 22 70 /
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Figure 4: Transmissibility of the compounded periodic strut for the gearbox.

Figure 5: Image and cutaway view of a sample periodic strut.

fabrication of the sample strut will be performed in the next
step.

4.5. Fabrication. Figure 5 shows an image and a cutaway
view of the sample strut, illustrating the structure connection
relationship and the locations of the components of the
assembly. Some improvements have been implemented to
allow for easy installation; for example, four bolt connections
are added in the outer cylinder to apply the precompression of

rubber. Because the bolt connection stiffness is much greater
than the rubber stiffness, it can be approximated as a rigid
connection.

5. Experimental Study

5.1. Overview. To demonstrate the broadband vibration
attenuation characteristics of the strut presented in Section 4,
shaker broadband excitation experimental investigations of
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a strut were conducted. This strut is then adjusted by the
bolt connections to evaluate the effect of precompression. In
addition, a gearbox excitation experiment is presented in this
section to further demonstrate the feasibility of the use of
the compounded periodic strut to suppress transfer of the
gearbox vibration to the fuselage.

5.2. Shaker Excitation

5.2.1. Experimental Facilities. Figure 6 shows the experimen-
tal setup of the sample strut considered in this study. The
vibration transfer characteristic of such a strut is obtained
under the shaker excitation, a type of broadwhite noise signal
in the range of 0–2000Hz generated by a DG1032Z signal
generator. Two PCB accelerometers are used here to collect
vibration signals on both ends of the strut.

5.2.2. Experimental Results. To easily observe the vibration
attenuation characteristics of the strut, the transmissibility is
defined as the transmitted acceleration amplitude 𝑎𝑜, divided
by the input amplitude 𝑎𝑖, and can be written as

𝑇 = 𝑎𝑜𝑎𝑖 . (19)

Figure 7(a) illustrates the frequency responses in the
range between 300 and 2000Hz on both ends of the strut.The
figure reveals that the vibration amplitude of the strut reduces
at approximately 350Hz, and the attenuation amplitude
increases with the frequency increasing. The acceleration is
approximately zero when the frequency exceeds 1000Hz.
Figure 7(b) shows the transmissibility curve of the strut; the
curve verifies the broadband vibration attenuation character-
istics of the compounded periodic strut, with the maximum
reduction exceeding 60 dB.

The experimental and analytical transmissibilities are
compared for the sample strut. The experimental results
show that the beginning frequency is 50Hz higher than
the analytical results because of the influence of rubber
precompression, the installation errors of accelerometers, and
so forth.

5.3. Precompression Testing. The influence of precompression
on the transmissibility is investigated. In Figure 8, the experi-
mental transmissibilities of the sample strut are plotted under

1–5mm rubber compression deformations. The figure shows
that the transmissibility curves have approximately the same
magnitude under different levels of rubber prestrain, includ-
ing the beginning frequency and the attenuation amplitude.
As the curves suggest, the transmission characteristics of the
compounded periodic strut appear to have little dependence
on minor precompression deformation in the frequency
range of 300–2000Hz.

5.4. Gearbox Excitation

5.4.1. Experimental Facilities. Normally, helicopter gearmesh
vibration is transmitted into the gearbox housing through the
shaft and bearing and then through the support struts into the
fuselage, where the structure-borne sound is finally radiated
into the cabin. Figure 9 shows the test facilities of the gearbox
system used to simulate the transmission path of helicopter
gear mesh vibration. The gearbox is driven by a motor, and
the gearbox support system is constructed with the plain or
sample periodic struts.

The test setup shown in Figure 9 is used to measure the
transmission characteristics of the struts from the gearbox to
the fuselage. Figure 10 displays the installation location of two
LC0111 three-axis accelerometers. When the rotational speed
of the motor is 900 rpm, the vibration response on both ends
of the strut can be obtained.

5.4.2. Gearbox Vibration. This section gives the test results
of the gearbox vibration used to determine whether the
frequency distribution meets the requirement of the exper-
imental conditions.

The numbers of teeth of the two gear pairs in the gearbox
are 60/80 and 32/40.The corresponding gear mesh harmonic
frequencies are 360Hz, 720Hz, 900Hz, 1080Hz, 1440Hz,
and 1800Hz at 900 rpm, where 360Hz and 900Hz are two
basic gear tooth passage frequencies.

Figure 11 shows the frequency responses on the attach-
ment points nearby the gearbox in the range between 0 and
2000Hz.The figure shows that both plain and periodic struts
have obvious gear mesh harmonic tones, along with other
frequency components of 450Hz, 540Hz, and 1350Hz,which
are caused by the wear of gears and so forth. In conclusion,
the vibration spectrum of the experimental gearbox can be
used to simulate the realistic helicopter gearbox excitation
conditions.

5.4.3. Transmission Characteristics. Figure 12 shows the
experimental transmissibilities of both plain and periodic
struts under gear mesh excitation in the frequency range
of 300–2000Hz. As the curves suggest, the transmission
magnitude of the compounded periodic strut is much
less than that of the plain strut, where the maximum
reduction can exceed 40 dB, which demonstrates its excellent
broadband vibration attenuation characteristic.
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Figure 7: Results of the shaker excitation experiment.
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Figure 8: Acceleration transmissibility for different compression deformations.

6. Conclusion

This paper presented the feasibility verification process of the
compounded periodic strut used to restrict vibration from
the gearbox to the fuselage.

The effects of damping and boundary conditions were
obtained based on simulation analysis. Damping can effec-
tively inhibit the response amplitudes at the resonant fre-
quencies of the compounded periodic strut and broaden
the stop band range of the strut. The boundary conditions
have an important influence on the stop band, especially on
the beginning frequency for a finite periodic strut; thus it
should not be ignored in the design of the strut. However, the

influence is weakened when the periodic strut tends towards
an infinite periodic structure.

The results from shaker excitation experimental inves-
tigations suggest that the compounded periodic strut has
broadband vibration attenuation characteristics, and the
maximum reduction exceeds 60 dB. The stop bands of the
compounded periodic strut appear to have little dependence
on precompression in the frequency range of 300–2000Hz.

The results from the gearbox excitation experimental
investigations suggest that the compounded periodic strut
can effectively restrict the vibration transmission from the
gearbox to the fuselage. The vibration attenuations in excess
of 40 dB are measured compared with the plain strut in the
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Figure 9: Experimental setup of gearbox excitation.
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Figure 10: Installation locations of the accelerometers.

frequency range from 300 to 2000Hz, verifying the feasibility
of the strut used on the helicopter.

Nomenclature

𝐴: Cross-sectional area, m2𝑎𝑜: Output acceleration amplitude, m/s2𝑎𝑖: Input acceleration amplitude, m/s2𝐷: Inner cylinder’s diameter, m𝐸: Elastic modulus, Pa𝐸: Storage modulus, Pa
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Figure 11: Frequency response on the gearbox attachment points.
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Figure 12: Experimental transmissibility of gearbox excitation.

𝐸: Loss modulus, Pa𝐸𝑒: Rubber’s elastic modulus, Pa𝐹U: Longitudinal force of upper cylinder, N𝐹L: Longitudinal force of lower cylinder, N𝐹0: Amplitude of excited force, N𝑖: Imaginary unit𝑘: Longitudinal wavenumber
Ksub: Dynamic stiffness matrix of a subcell
K𝑝: Dynamics stiffness matrix of 𝑛 subcells in

parallel
K𝑠, K𝑠: Dynamics stiffness matrix of 𝑛 subcells in

series
K𝑑: Damped dynamics matrix of the entire

periodic strut𝐿𝑒: Length of rubber, m

𝐿𝑚: Length of metal, m𝑙: Longitudinal length of the subcell, m𝑀: Periodic number of lower cylinder𝑁: Periodic number of upper cylinder𝜌𝑚: Density of metal, kg/m3𝜌: Mass density, kg/m3
T𝑠: Transfer matrix of 𝑛 subcells in series
Tsub: Transfer matrix of a subcell𝑇: Transmissibility𝑇𝑍𝑍: Transmissibility in free-free conditions𝑇𝑍𝐺: Transmissibility in free-fix conditions𝑇𝑍𝐵: Transmissibility in free-base conditions𝑢U: Longitudinal displacement of upper cylin-

der, m𝑢L: Longitudinal displacement of lower cylin-
der, m𝑢0: Amplitude of the excited displacement, m𝜔: Vibration frequency, rad/s𝑋: Lateral axis𝑋𝑌: Lateral axis 𝑌𝑍: Longitudinal axis.

Subscripts

𝑒: Rubber𝑚: Metal𝑛: Number of subcells
U: Upper cylinder
L: Lower cylinder𝑠: Series𝑝: Parallel.
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