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Periodic isolator is well known for its wave filtering characteristic. While in middle and high frequencies, the internal
resonances of the periodic isolator are evident especially when damping is small. This study proposes a novel aperiodic
vibration isolation for improving the internal resonances control of the periodic isolator. The mechanism of the internal
resonances control by the aperiodic isolator is firstly explained. For comparing the internal resonances suppression effect of the
aperiodic isolator with the periodic isolator, a dynamic model combing the rigid machine, the isolator, and the flexible plate is
derived through multi subsystem modeling method and transfer matrix method, whose accuracy is verified through the finite
element method. The influences of the aperiodicity and damping of the isolator on the vibration isolation performance and
internal resonances suppression effect are investigated by numerical analysis. The numerical results demonstrate that vibration
attenuation performances of the periodic isolator and aperiodic isolator are greatly over than that of the continuous isolator in
middle and high frequencies. The aperiodic isolator opens the stop bandgaps comparing with the periodic isolator where the
pass bandgaps are periodically existed. The damping of the isolator has the stop bandgap widening effect on both the periodic
isolator and the aperiodic isolator. In addition, a parameter optimization algorithm of the aperiodic isolator is presented for
improving the internal resonances control effect. It is shown that the vibration peaks within the target frequency band of the
aperiodic isolator are effectively reduced after the optimization. Finally, the experiments of the three different vibration
isolation systems are conducted for verifying the analysis work.
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1. Introduction

Vibration isolation technology is commonly utilized in en-
gineering for vibration suppression. A vibration isolator is a
resilient component connecting the machine and the foun-
dation, reducing the mechanical vibration energy trans-
mitted to the foundation by regulating the dynamic
parameters of the isolator. The review [1] on the design and
application of the vibration isolator showed that the ideal
vibration isolator could reduce the vibration at a rate of
12 dB per octave within the isolation frequency band, based
on the assumption that the isolator is a massless spring
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element. In real application, vibration isolator could hardly
meet the requirement of vibration control in high frequency
due to the mass effect of the realistic isolator [2] and the
elasticity of the flexible foundation [3-7]. The internal re-
sonance [8] generated from the mass effect [9] of a realistic
vibration isolator is also called wave effect. The influences
of internal resonances on the vibration transmissibility of the
isolation system are critical, that cause 20-30 dB increase in
the vibration transmission and sound radiation at the internal
resonance frequencies [10-12]. The high frequency vibration
could be reduced by inserting an intermediate mass in the
isolator, which is wildly known [13,14] in vibration isolation
technology. Compared with single-layer isolators, double-
layer isolators could reduce the vibration at a rate of 24 dB
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per octave within the isolation frequency band.

The application of periodic structure (also called meta-
material) achieves the notable physical characteristic like
pass bandgap and stop bandgap [15]. Researchers [16] found
that in the stop bandgap, the wave propagation direction is
perpendicular to the incident direction, where the mode is
antisymmetric and the wave cannot be excited in the re-
sponse spectrum. The artificially designed periodic struc-
tures could regulate stop bandgap by adjusting the materials
and geometries of periodic cells. According to the theory of
the periodic structure, the wave could be attenuated ex-
ponentially in the stop bandgap and be propagated in the
pass bandgap. The concept of introducing the periodic
structure theory to the vibration isolator is available. The
periodic vibration isolators have been designed in the form
of periodic layered isolators [17,18], rods and beams with
periodic insertions [19,20], and lattice structures [21-23].
These researches showed that a periodic vibration isolation
system could greatly improve the isolation performance due
to its special stop bandgap characteristics. However, the
periodic structure is ineffective on the control of the internal
resonances.

The effective control of the internal resonances could
decline the vibration transmission and sound radiation. For
reducing the impact of the internal resonances on the vi-
bration transmission and sound radiation from the vibration
isolation system, scholars present several control methods
[24-27], such as isolators with additional vibration absorbers
and active-passive isolation control. Sun et al. [24] pre-
sented a vibration isolator with a pivot arm to reduce the
internal resonances from suspension of rail vehicles, which
based on the mechanism of using an arm to provide a re-
action force to offset the internal resonances. Du et al. [25]
proposed a method to suppress the internal resonances of the
vibration isolator utilizing passive and hybrid dynamic vi-
bration absorbers. Dylejko et al. [26] investigated the ap-
plication effect of transmission absorbers instead of
vibration absorbers to minimize the internal resonances with
the optimization method. Their results showed that the
transmission absorbers could effectively decrease the vi-
bration transmissibility at internal resonance frequencies.
Most previous methods to control the internal resonances
are proposed based on generating a negative force to offset
the internal resonances. The combination of the above in-
ternal resonances control method and periodic vibration
isolation system is complex. To overcome this problem, a
simple isolator design to control the internal resonances
based on the periodic isolator is required.

This study proposes a novel aperiodic vibration isolator
with the aim of reducing internal resonances. Firstly, the
mechanism of the internal resonances control by the aper-
iodic isolator is demonstrated. The dynamic vibration iso-
lation model combining the rigid mass, the aperiodic

523535-2

isolator, and the flexible foundation is established through
the subsystem method and the transfer matrix method. Finite
element models of the three vibration isolation systems are
developed for validating the reliability of the proposed nu-
merical method. The power flows of the vibration isolation
systems and the real part of the transfer constants of the
isolators are calculated and compared. For improving the
internal resonances control effect, an optimization algorithm
based on the particle swarm optimization (PSO) method is
designed to optimize the lengths of the aperiodic isolator.
The internal resonances control effect of the optimization
algorithm on the designed aperiodic isolator is studied. Fi-
nally, vibration isolation experiments are carried out and
discussed.

2. Theory

In this section, a type of aperiodic isolator consisting un-
equal-length metal rod and unequal-length rubber rod is
designed. The concept of using the aperiodic isolator to
suppress the internal resonances of the vibration isolation
system is demonstrated. The dynamic model of the aperiodic
vibration isolation system with supporting plate is estab-
lished.

2.1 Aperiodic isolator

This study proposes an aperiodic vibration isolator based on
one kind of design of periodic isolator [26]. Figure 1 shows
the structure design diagrams of the different vibration
isolators, which respectively are the continuous isolator
(Fig. 1a), the periodic isolator (Fig. 1b), and the aperiodic
isolator (Fig. 1c). Figure 1a is a commonly used continuous
isolator which is a resilient mounting made of rubber ma-
terial. Figure 1b is a periodic isolator. The design idea of
periodic isolator is connecting equal intermediate mass
elements and equal resilient elements in series. This kind of
periodic isolator is similar with the isolator with inter-
mediate masses, which has been proposed to strengthen the
high frequency vibration isolation performance [27]. Figure
lc is an aperiodic vibration isolator. The difference between
the aperiodic vibration isolator and the periodic vibration

a b C

Figure 1 Structure design of a continuous isolator, b periodic isolator,
and c aperiodic isolator.
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isolator is that aperiodic vibration isolator combines unequal
intermediate mass elements and unequal resilient elements.
In the design of the periodic isolator and the aperiodic iso-
lator, the resilient element and the intermediate mass ele-
ment are respectively designed as rubber rod and the metal
rod.

2.2 Internal resonances suppression by aperiodic iso-
lator

The previous researches mainly focus on the vibration iso-
lation ability of the periodic vibration isolator system. The
periodic vibration isolator has a given frequency range stop
bandgap, which attenuates wave propagation in the stop
bandgap. However, the stop bandgaps of the periodic iso-
lator are interrupted as the internal resonances occur, where
the pass bandgaps exist. The study proposes an idea to ex-
pand the stop bandgaps by bonding different unit cells in
series to form an aperiodic isolator. The material and geo-
metrical parameters in each unit cell of the aperiodic isolator
are different. As the internal resonances of the isolator di-
minish due to the diversification of the standing wave in the
aperiodic isolator, the stop bandgap of the isolator would be
broadened.

Figure 2 schematically shows periodic isolator, aperiodic
isolator and their corresponding longitudinal standing wave
in each isolator. The longitudinal standing wave effect in the
rod element is associated with the longitudinal length and
material according to the classical mechanical wave theory.
In Fig. 2, there are only two kinds wavelength standing
waves in the periodic isolator as it has equal metal rods and
rubber rods, and multiple kinds wavelength standing waves
in the aperiodic isolator as it has varied metal rods and
rubber rods. The standing wave effect causes the internal
resonances in vibration response of the isolator. The internal
resonances’ energy in the vibration response of the aperiodic
isolator is dispersed at different frequencies as the number
of the standing wave are increased. Hence, the periodic
isolator generates unwanted internal resonances. This pro-
blem could be overcome by the aperiodic isolator.

H&
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Figure 2 Longitudinal standing wave phenomenon in the periodic iso-
lator and the aperiodic isolator.
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Figure 3 respectively shows the physical models of the
periodic isolator and the aperiodic isolator consisting the
machine, the isolator and the flexible supporting. The phy-
sical model of the periodic isolator in Fig. 3a is composed of
the same mass units with parameters (4, £, /4y, p;) and the
same elastic units with parameters (4,, E,, H,, p;). Figure 3b
shows the physical model of an aperiodic vibration isolator,
where the isolation unit has varied mass units and elastic
units with parameters (4;, E;, &;, p;).

The longitudinal motion equation of a single continuous
rod [28] with density of p and complex Young’s modulus of
E* is

02 _p 0 -
e 0) ~ g su(x) =0, (1

where u(x,f) is the displacement amplitude of longitudinal
wave, and complex Young’s modulus of E* is

E* = E(1+i¢), 2

where ¢ is the loss factor. The Voigt material damping model
is used as viscoelastic damping model in the rubber and
metal components. As shown in Eq. (2), the real part re-
presents elastic property, and the imaginary part represents
damping property. Considering a separating variables solu-

tion of Eq. (1) as u(x,) =U (x)ei“”, o is the angular fre-
quency. The longitudinal motion equation of the continuous
rod in the separating variables form is given as

Ux)+k*U(x) =0, (3)
where k is the longitudinal wave number expressed as

k=w/\E"/p; the solution U(x) could be written in the
form of the superposition of wave traveling along +x
direction and wave traveling along —x direction as
U®x) = Ue ™+ Uye™.

The longitudinal wave propagation characteristic of the
continuous rod in the transfer matrix form is defined as

a b
Al’ El’ hl’pl C “ l Al’ El’ hl’ pl
Celll — el —
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Periodic | | Aperiodic ! |
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Flexible supporting Flexible supporting

Figure 3 Dynamic models for a the periodic isolator and b the aperiodic
isolator.
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{FL}:K{UL}: ki kg {UL}’ (4)
Fp Ur kyy ks || Ur

where U; and Uy are the displacements of the left and right
ends of the rod, respectively; F; and F are the forces of the
left and right ends of the rod. As the longitudinal length of
the rod is L, the displacement of the boundary condition is
defined as U, = U (x = 0) and Uy = U (x = L). According to
reciprocity and symmetry, &, = ky, and ky, = k; are required.
The definition of the stiffness of the rod is the ratio of force
to displacement of the rod, through fixing the displacement
of one end of the rod, as Uy = 0 and U; = Au. The stiffnesses
are defined as

knzAF_(L]’ (5)

k12=§_§]~ (6)
The force of the rod is

F-EAY. %)
The displacement boundary conditions are

U =U,+ U, (3)

Up = Uge M+ U,e* =0. 9)

By inserting Egs. (7)-(9), the dynamic stiffness matrix K
of the rod gives

(1-e4kLyik e 3kL(] —e2kL)ikL

by ko| B4l (1-ey (1-e 2Ly’
ky ko L 2e 3L(] — e2ikL)ikL (1—e 4kL)ikL ¥
(1—¢ 2Ly’ (1—¢ 2Ly’

(10)
where L is the longitudinal length. Rearrange Eq. (4) and
redescribe the dynamic motion in transferring the state
variable of the left end of the rod U; and F; to that of the
right end of the rod Uy and Fy by the transfer matrix T,
which is defined as

U, U tiy s || U,
S LA R b a1

FR FL tz] t22 FL
where 1), = —kiy 'k, ty = —ki st = —kpky Tk, By =

-1
kkin™.

Considering the aperiodic rods composing N rods, the
transfer matrix T, is the product of the transfer matrix of
each rod, given as
T,=TT, - Ty. (12)

The eigenvalues A of transfer matrix T, represent the state
variable transfer ratio on both sides of the aperiodic rods.
The wave propagation characteristic is associated with the

eigenvalues of the transfer matrix. When the wave transfer
in structure, it has two results. One is transfer without at-
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tenuation, and the other is transfer with attenuation. The
case 4 = 1 denotes that the state variables of the left and right
ends of the rod have identical magnitude, which represents
the pass bandgap with no wave attenuation. The opposite
case 1 # 1 denotes that the state variables of the left and
right ends of the rod have different magnitudes. For the case
A <1 signify wave attenuates in the forward direction. For
the case 4 > 1 signify wave attenuates in the backward di-
rection [29]. A can be defined as

J=et=e"P (13)
where u is the wave propagation constant; a is the amplitude
(real part) of the wave propagation constant A; § is the phase
(imaginary part) of the wave propagation constant. Simi-
larly, the cases o = 0 and a # 0 corresponding to the cases A
=1 and 4 # 1 signify the pass bandgap and the stop bandgap,
respectively. When using the exponential form, it is easier to
determine the wave attenuation band if the amplitude (real
part) of the wave propagation constant is larger than 0. The
stop bandgap of the isolator could be determined based on the
positive value of the real part of the wave propagation constant.

2.3 Dynamic model

Figure 4a shows the dynamic motion analysis diagram of the
flexible plate supported vibration isolation system. Figure

a
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Figure 4 Motion analysis for a vibration isolation system and b isolator
cell.
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4b illuminates the dynamic motion analysis of the isolator
cell. The dynamic model in this study is set up through the
muti-subsystem method in which the flexible plate sup-
ported vibration isolation system divides into three main
substructures: the rigid machine, the isolator mounts, and
the supporting flexible plate. The three individual sub-
structures are modeled in the form of the mobility or im-
pedance matrix and are connected with others through the
state variables of junction points. In the muti-subsystem
method, the force and velocity of different substructures are
transferred at the junctions. The machine is the vibration
source which established as a rigid mass component. The
continuous isolator mount is modeled as an elastic rod
component. The periodic isolator mount and aperiodic iso-
lator mount are modeled as elastic rod components com-
bined in series. The plate is the flexible supported structure
considering the elasticity effect. For ease of the dynamic
isolation system analysis, only the plane motion of the mass,
isolators, and the plate in the x-z plane are considered. The
number of isolators is two.

In Fig. 4a, the velocity and force vectors of the machine
vu and fy,, the plate vp and fp, and the two isolator mounts v,
and f] are respectively written as

T
VM = [VyM’VZM’ wxM] s

(14)
o = [EymsFzms TxM]T,
and
Vp = [Vyp,VZp, a)xp]T, (15)
fo=[Fyp,Fzp, Txp]",
and
IR RS R N R L
v, = [vyI L, VZ[, X[, VY[, VZ[ , 0] ] ,
(16)

T
£ = Fyl P2, T By P2l T

where vy and vz are the linear velocities with respect to y-
and z- axes; wx is the linear angular velocity around the
direction of x-axis; Fy and Fz are the linear forces in the
direction of y- and z- axes; Tx is the angular moment around
the x-axis; the subscripts M, P, and I denote the machine,
plate, and isolator, respectively; the superscripts 1 and 2
denote the two different isolators, respectively.

The relations of the velocity and force vectors of the
machine and the plate are associated through the dynamic
mobility matrix of the rigid mass and flexible plate, which
could be expressed as

vu = Myfye vp = Mpfp, (17)

where My and M, are the mobility matrixes of the rigid
mass and the flexible plate, respectively. Then, My, is shown
as

My = VyH 'Fy, (18)
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where
10 0
01 (4=¢,)/2
_10 0 1
YW=l 0 ’
0 1 ~(L—4,)/2
00 1
jom 0 0
H=| 0 jom 0 |
0 0 joI
1 0 0 1 0 0
Fy=| 0 1 0 0 1 0.
L2 (L=¢,)2 1 L2 —(l,—¢,)/2 1

In the matrix of Vy, H, and Fy;, /; and /, are the dimen-
sions of the rigid machine; ¢, is the diameter of the isolator;
m is mass; / is the moment of inertia about the x-axis; w is
the angular frequency; and j is the imaginary unit.

The dynamic motion of the isolator mounting could be
expressed with an impedance matrix in the form of

f,=Zv, (19)

where Z,; is the impedance matrix of the isolator mounting,
which is represented as ref. [28]

z ZI(I’I) ZI(LZ)
=
7,00 7,09
Zuyl Fy1 0 Zuyl Tx! Zuyle2 0 Zuyl Tx?
0 Z, g 0 0 Z 2 0
_ Zt‘)xlel 0 Zt‘)xlTxl Zt‘)xleZ 0 Zt‘)xlsz
Z w2 Fy! 0 VA w? T VA W Fy? 0 VA w? Tx2
0 Zuzzel 0 0 Zuzze2 0
ngsz1 0 Zy2pd Zyszyz 0 Zy2r2

(20)
where the elements in the impedance matrix Z; are ex-
pressed in Appendix A.

The transfer matrix of the beam isolator can be obtained
by inversion processing of the mobility matrix of the beam
isolator
T, =

Zlu,l)(zl(z,l))" ZI(Lz)_ZI(L1>(Zl(2,1))’lzl(2,2)
(z,® 1))’1 -z, 1>)’1Zl<2,2>

In Fig. 4b, the N number aperiodic isolator rods are
combined together in series. The aperiodic isolator cells and
periodic isolator cells are transferred through the force and

e2))

velocity vectors v{ and f|. The transfer matrix of the aper-

iodic isolator is calculated by multiplying the multi isolator
cells
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T=TT,---Ty = (22)

2,1 2,2
Tl( )Tl( )

T, T{(l,z)l

Through mathematical calculation, the impedance form of
the aperiodic isolator is shown as follows:

7=
TN 1))’1 T2 (> 1))"TI @.2)
(1, 1))" (@ 1))"TI 2.2)

The dynamic motions of the machine and plate can be
grouped together in the form of
Vie = Mypfup, (24)

where the mobility matrix My, force vector fyp, and velo-
city vector vyp of the group subsystems are given as

_ VM
> uMP_ VP H (25)

(23)

where My; and Mp are mobility matrices of the machine and
plate, respectively; vy, vp, fy;, and f; are given in Egs. (14)
and (15). The mobility matrix of the plate M, is shown
as [28]

M, =
11 12
myp, 0 0 Mmypy 0 0
11 11 12 12
0 Myzrz Moyzry 0 myzr; uzTx
11 11 12 12
0 M oxrz M oxTx 0 Moxrz M ox7x
21 2 ’ (26)
Mg, 0 0 Mmpy, 0 0
21 21 22 22
0 M yzrz Moty 0 Myzpz Moyt

22 22

21 21
0 M oxrz M o7 0 M oxrz M oxTx

where the elements in the mobility matrix M, are expressed
in Appendix B.

The relations of vyp, fyp, and the excitation force qyp can
be obtained by

uyp = (T MypZ)M oy, 27

fyp = —Z(I+ MMPZI)M'MPqMP’ (28)

and the form of the excitation force, which only applied on
the machine, is written as

Anp = [Fyus Fzys Ty, 0, 0,07 . (29)
In Egs. (27) and (28), Myp is given as
r _IM 0

M\ = , 30
w0 (30)
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-1 0 0
where M =-V,H 'Land L=|0 -1 0|
0 0 -1
The vyp and fyp are associated with v; and f; according to
the continuity principle

Vi= Vi 31)
and equilibrium principle
f; = —fp (32)

The total input power due to the excitation of the machine
is given by

Lrefeliv e

and the power transmitting to the junction point of the plate
is given by

b, = 10log,, (33)

P, = 10l0g;q| 7Re(f 5V ) Pr .

(34)

where the reference power is Py = 1072 w.
The vertical mean square velocity level is defined as

Lv = 1010g10(vzz/vzoz), (3%

where the reference velocity is vzy = 107 m/s.

3. Optimization

Based on the Egs. (5)-(8) in Sect. 2.2, the vibration at-
tenuation bandgap of the isolator mainly depends on the
amplitude of the wave propagation constant a. According to
Eq. (5), the longitudinal length L, material Young’s modulus
E, and material density p are three parameters that could
adjust the stop bandgap of the aperiodic isolator. In the
optimization problem of this study, the longitudinal length L
is selected as the main design parameter as other parameters
are difficult to vary in general engineering applications. The
objective of the optimization is to find the optimal long-
itudinal lengths of the aperiodic isolator for suppressing the
internal resonances. The PSO optimization algorithm and
the flow chart of the optimization progress are clearly dis-
cussed in this section.

3.1 PSO optimization algorithm

The PSO algorithm is firstly proposed by Kennedy and
Eberhart. Compared to other iterative optimization algo-
rithms such as genetic algorithm, the PSO algorithm has the
advantage that only follows the optimal particle during the
search iteration process. Therefore, the information ex-
changed between feasible solutions is relatively simple, re-
sulting to converge easily and quickly. The PSO algorithm
could avoid problems such as parameter adjustment, con-
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straint condition setting, and iteration convergence diffi-
cultly.

According to the PSO algorithm, a particles’ group within
the feasible solution space is randomly initialized. Each
particle represents a potential optimal solution to the opti-
mization problem. The characteristics of the particles are
represented by their position x;, velocity v;, and fitness value
p;- The fitness value is determined by the fitness function of
the optimization problem. The searching process of the PSO
algorithm is given as

v =+ o x randl(pik *xik)
+Cyxrand py /), (36)
xik+l :xik +Vik+l’ (37)
iter
W= W er (38)

where superscripts k£ + 1 and & denote parameters at k£ and &
+1 iterations, respectively; p gk is the global best position in

the particle group; rand, and rand, are stochastic values
within [0,1]. The value w determines the searching areas
size of particles. The searching areas size of w is changing
from w; to w, according to Eq. (38). In the PSO algorithm,
we hope the searching areas size is getting smaller during
iterations. The iter is the current iteration number and
Max_iter is the max iteration number. In this study, C, = 0.5,
C,=0.5, w; =0.8, and w, = 0.2.

3.2 Length optimization design of the aperiodic iso-
lator

As the aperiodic isolator has four cells, the optimization
variables are the position of particles in the vector form of x;
= [x1, X2, X3, X4, X5, Xg, X7, .X'g]T, where each particle’s position
represents the length of the aperiodic isolator cell. The total
length of the metal or rubber component of the aperiodic
isolator are set as 80 mm. The lengths of the metal rod and
the rubber rod are within [5,25] mm. The optimization
variables are shown in Fig. 5. According to the wave pro-
pagation theory in Sect. 2.2, the internal resonances are

- EE]
y X2

Figure 5 Length optimization parameters of the aperiodic isolator.
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decreased with the increase of the real part of wave propa-
gation constant a. The widest stop bandgap is achieved by
decreasing the occurrence times that the real part of wave
propagation constant o is smaller than a given positive
constant. Hence, the fitness function is the minimum oc-
currence times of a smaller than a constant value in the
target frequency band, which is given as

Fj= min > A4, (39)
e fy)

A=1,ifa(f) < Cyp 1€ (1)

| (40)
A=0, ifa(f) > Cp, f€ (1115 )

where fi-f; is the target frequency band, and Cj is the po-
sitive constant. This fitness function is established to try to
obtain an optimized transfer constant curve that amplitude
above C; in the frequency band fi-f,, which realizes the
internal resonances attenuation. Figure 6 shows the flow
chart of the proposed optimization algorithm based on the
PSO method.

4. Results

In this section, numerical investigations are carried out in-
cluding the numerical model verification, vibration isolation
performances comparison of the isolators, internal re-
sonances suppression by the aperiodicity and damping, and
parameter optimization of the aperiodic isolator through
optimization method. An experiment of the vibration iso-
lation systems is conducted. The above dynamic analyses

e

Define fitness function
(define optimization
frequency band)

Define input variables:
55055 5 coo 05y

Define variable
searching bands

‘ Iterative start

Particle swarm initialization
(position and velocity)

Calculate fitness values of
particle swarm

l

Update particle swarm velocity
and position

Update best individual position
and best global position

i+1 : JL
iterations 1\° /

Check termination

Figure 6 A flow chart of the optimization design for the aperiodic iso-
lator.
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focus on the dynamic characteristics of vibration isolation
systems within 1-5000 Hz.

4.1 Dynamic model verification with FEM method

For validating the reliability of the numerical method pro-
posed for the vibration isolation system, the finite element
models of the continuous isolator, periodic isolator and
aperiodic isolator are established with the same numerical
model parameters. The machine is a rigid mass with di-
mensions of 0.52 m % 0.3 m % 0.25 m. Its mass and moment
of inertia are 105.3 kg and 3.16 kg m’, respectively. The
dimensions of the supporting plate are 1m x 1.5m x
0.01 m. The material of the plate is aluminum. Its Young’s
modulus is 71 GPa. Its Poisson’s ratio is 0.33. Its loss factor
is 0.005. The diameters of the three isolators are 0.1 m. The
continuous isolator has a 0.08 m height. The periodic iso-
lator and aperiodic isolator have four sets of isolator cells.
Table 1 shows the dimensions of the periodic isolator and
aperiodic isolator. x is the length of the isolator cell. For the
rubber material, its Young’s modulus is 1 MPa, and its
Poisson’s ratio is 0.49. For the metal material, its metal
property is the same as the plate. Figure 7 shows the dia-
gram of the finite element model. The machine is set as a
rigid body. The isolator is established as a beam element.
The plate is modeled as an elastic element. The excitation
force is considered in the vertical direction. The flexible
plate is simply supported. The calculation frequency range is
1-5000 Hz. The vertical mean square velocity level at the
isolator foot obtained by the numerical method and the finite
element method are compared in Fig. 8. The vertical mean
square velocity level of the continuous isolator, periodic
isolator, and aperiodic isolator using the numerical method
are similar with that obtained from the FEM, which proves
the reliability of the numerical method in this study.

Table 1 Dimensions of the periodic isolator and aperiodic isolator.

Lengths X1, X X3, X4 X5, X6 7. %
Periodic isolator 20 20mm 20 20
(mm)
Aperiodic isolator 14mm 18 22 26

(mm)

Machine

- Isolator

Simply supported

Figure 7 FEM model of the vibration isolation system.
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4.2 Comparison of the vibration isolation systems

Figure 9 compares the total input power and total power
flow transfer into the plate of the three different vibration
isolation systems with continuous isolator, periodic vibra-
tion isolator and aperiodic isolator, respectively. P, is de-

Continuous isolator
140 : . .

1204

100 +

®©
(=}
!

(o
(=}
1

I
(=]
1

N
o
1

——FEM
- === The proposed analytic method

(=)
1

Vertical mean square velocity level (dB) =

%)
S

10 1 (I)O lOIOO
Frequency (Hz)

Periodic isolator

Vertical mean square velocity level (dB) =

801 —— FEM
=100 ---- The proposed analytic method
-120 T T T
1 10 100 1000

Frequency (Hz)

Aperiodic isolator

Vertical mean square velocity level (dB) &

807 —— FEM
-100 - --- The proposed analytic method
-120 T T T
1 10 100 1000
Frequency (Hz)

Figure 8 Vertical mean square velocity level at the junction of the plate of
a continuous isolator, b periodic isolator, and ¢ aperiodic isolator.
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fined as the total input power from the machine and P, is
defined as the power transmitting to the flexible plate
foundation. In these cases, the loss factor & of the rubber
material is defined as 0.05. The loss factor & of the metal
material is 0.005. P, of the continuous vibration isolation
system is 15dB lower than P, in the frequency band

a Continuous isolator
120 i T T T ]
—— Machine (P)
901 ---- Plate (P) 1
=)
=
St
5]
z
(=]
~
-60 4 o
-90 4 4
-120 4 g
1 10 100 1000
Frequency (Hz)
b Periodic isolator
120 i T T T ]
—— Machine (P)
90 + ---- Plate (P) b
=)
X
St
d L}
5 A
A 207 LA
-60- AL
Vi
-90 1 e
‘f‘l'f
-120 4 -
1 10 100 1000
Frequency (Hz)
c Aperiodic isolator
1201 ——Machine (P)
90+ ---- Plate (P) -
=)
i
S
L
z
S
~
N
90 'ﬁ'v:'r
it
-120 4 g
1 10 100 1000

Frequency (Hz)

Figure 9 Comparison of total input power from the machine and the
power transmitting to the plate of the vibration isolation system with a
continuous isolator, b periodic isolator, and ¢ aperiodic isolator.
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(150-5000Hz) as shown in Fig. 9a. In Fig. 9b and ¢, P, of the
periodic vibration isolation system and the aperiodic vibra-
tion isolation system show significant vibration isolation
performance, being 40-100 dB lower than P, in the fre-
quency band (150-5000 Hz). In the aperiodic isolation, more
modal peaks of P, are observed in the high frequency band.
The high frequency modal peaks of P, of the aperiodic vi-
bration isolation system attenuate more obviously than those
of the periodic vibration isolation system. Hence, the aper-
iodic vibration isolation system could degrade the internal
resonances of the isolator.

Real part of transfer constant is calculated through the
wave transmission analysis of the isolator, which represents
the wave attenuation performance. Figure 10 shows the
double Y-curves of the isolator in the periodic vibration
isolation system, which the solid-line curve and the dash-
line curve represent the power and the real part of the
transfer constant, respectively. The symbols “O” in the
dash-line annotate the sudden attenuation drop in frequency
bands, which are generated from the internal resonances of
the isolator. The internal resonances are changed with the
geometrical and material parameters of the isolator. The
symbols “0” in the solid-line corresponding represent the
internal resonances. The other peaks are caused by the
flexible plate. Figure 10 illustrates that internal resonances
are evident in the periodic isolator, which generates large
vibration peaks in middle and high frequencies. According
to Fig. 9c, the aperiodic isolator could overcome this pro-
blem.

4.3 The internal resonances suppression by the aper-
iodicity and damping

Aperiodic isolator has aperiodicity characteristics compared
with periodic isolator. The damping of the isolator could
attenuate the high frequency vibration due to its viscoelastic

100

N
=
S
50 z
(=]
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2 5
0 - [
E =
5 £
S -50- S
= &
S
[
o
-100 4 =
%}
=1

-150 ; : ; -2

1 10 100 1000
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Figure 10 Vibration peaks caused by the internal resonances in the per-
iodic isolator.
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property. Figure 1la-c compares the continuous isolator,
periodic isolator and aperiodic isolator under the same
damping, which proves the aperiodicity influence on the
internal resonances control. In Fig. 11a-c, the effect of the
aperiodicity on the control of the internal resonances is
apparent when the damping is small, and the effect of the
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aperiodicity on the control of the internal resonances is
small when the damping is large. In Fig. 11a, the number of
the internal resonances of the aperiodic isolator is increased
and the internal resonances are effectively controlled com-
pared with the periodic isolator, which confirmed the con-
jecture in the first paragraph in Sect. 2.2. Figure 11d-f
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z
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f 90 . . T
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304
2
= oy
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-604
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Figure 11 Power of the plate junction of the vibration isolation systems. a different isolators considering damping of isolator {=0, b different isolators
considering damping of isolator &=0.05, ¢ different isolators considering damping of isolator £&=0.1, d continuous isolator with different damping, e periodic
isolator with different dampings, and f aperiodic isolator with different damping.
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compares the vibration isolation systems with different
damping ¢ of 0, 0.05, and 0.1, which prove the damping
influence on the internal resonances control. From Fig.
11d-f, it could be seen that the high frequency modal peaks
of the vibration isolation system considering the damping of
the isolator (&=0.05 and ¢&=0.1) fail more distinctly than
those without damping of the isolator (¢=0). It demonstrates
that the damping of the isolator effectively degrades the
vibration peaks including internal resonances.

Figure 12 shows the first four orders of internal re-
sonances reduction effect by the aperiodicity and the
damping of the isolator. In Fig. 12a, the comparison of the
periodic isolator and aperiodic isolator signifies that the
internal resonances reduction effect of the aperiodic isolator
is significantly visible in the case of small damping & = 0;
the internal resonances reduction effect of the aperiodic
isolator is poor in the case of large damping ¢ = 1 with no
internal resonances reduction at modes 2 and 4. In Fig. 12b,
the comparison of the isolators with damping and without
damping suggests that the internal resonances reduction is
increased with the mode under the same damping; the in-
ternal resonances reduction is increased with damping under
the same mode.

4.4 The wave propagation characteristic in periodic
and aperiodic isolators

According to Sect. 2.2, the wave attenuation performance is
associated with the real part of the transfer constant. The
wave attenuates more as the real part of the transfer constant
gets larger. Figure 13a-c shows the wave attenuation per-
formance comparison of the periodic isolator and aperiodic
isolator under the same damping. In Fig. 13a, the periodic
isolator has periodic distributed stop band gaps, and the
aperiodic isolator has nonuniform distributed stop band
gaps. The internal resonances show periodically in the

a
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g ] |
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periodic isolator without damping. As the aperiodic isolator,
without damping opens stop bandgaps at middle and high
frequencies, the internal resonances are effectively de-
graded. In Fig. 13b and c, the wave attenuation performance
of the aperiodic isolator considered the damping behaves
better than that of the periodic isolator as it avoids some
large valleys in the whole frequency band. Figure 13d and e
show the wave attenuation performance comparison of the
same isolator with different damping. In Fig. 13d and e,
damping makes the valleys in the real part of transfer con-
stant curve raise in both periodic isolator and aperiodic
isolator. The damping of the isolator improves the wave
attenuation performance in middle and high frequencies, for
both periodic isolator and aperiodic isolator. Hence, the in-
ternal resonances of the isolator could be significantly
controlled by the aperiodicity and the damping of the isolator.

4.5 Optimization of the aperiodic isolator

In the optimized design of the aperiodic isolator, the length
parameters of the metal rod and rubber rod are set as design
parameters. The optimization method of the aperiodic iso-
lator is introduced in Sect. 3.2. In this section, three different
optimization cases are selected for verifying the effective of
the optimized method. The target frequency band and the
fitness function of the cases are shown in Table 2. The first
optimization case is to reduce the maximum modal peak in
the frequency band of 300-1000 Hz. The aim of the second
optimization case is minimizing the modal peak around
1000-2000 Hz. The aim of the last optimization case is de-
creasing the modal peak in 300-2000 Hz. The fitness func-
tions are determined according to the different objectives,
which are given in Table 2.

Figure 14 shows the comparison of the power response of
the three optimization cases. Figure 14a shows the P, of the
optimized aperiodic isolator has 28 dB modal peak reduc-

b
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Figure 12 Internal resonances control effect by a the aperiodicity and b the damping of the isolator.
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Figure 13 Real part of transfer constant of a periodic and aperiodic isolators considering damping of isolator & = 0, b periodic and aperiodic isolators
considering of isolator &= 0.05, ¢ periodic and aperiodic isolators considering damping of isolator ¢ = 0.1, d periodic isolator with different material damping,
and e aperiodic isolator with different material damping.

tion in the frequency band 300-1000 Hz compared to that
without optimized design. Figure 14b displays the modal
peak of P, of the optimized aperiodic isolator could reduce
11 dB in the frequency band 1000-2000 Hz. Figure 14c
shows the modal peak of P, of the optimized aperiodic
isolator drop 33 dB in the frequency band 300-1000 Hz and
14 dB in the frequency band 1000-2000 Hz, respectively.

Table 3 summarizes the optimized results of the three dif-
ferent cases, giving the optimal length dimensions of the
three aperiodic isolators and their corresponding optimized
effect. Table 3 illustrates that the modal peak reduction in
the objective frequency band could be achieved by a simply
length parameter adjustment of the aperiodic isolator using
the proposed optimization method.
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Table 2 The objective frequency and fitness function of the cases
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Case Target frequency (Hz) Fitness function
Fyy=min)" 4, f€ (300 Hz, 5000 Hz),
7
! 300-1000 A=1, ffa(f) <6, f€ (300 Hz, 1000 Hz),
A=0, ifa(f)> 6, € (300 Hz 1000 Hz),
A=0, f€ (1001 Hz, 5000 Hz)
Fy;=min)" A4, f€ (300 Hz, 5000 Hz),
f
2 1000-2000 A=1, ffa(f)<8, fe (1000 Hz, 2000 Hz),
A4=0, ifa(f)>8, f€ (1000 Hz 2000 Hz),
A=0, € (300 Hz 999 Hz), (2001 Hz, 5000 Hz)
Fyy=min)_ A, f€ (300 Hz, 5000 Hz),
S
A=1, ifa(f) <6, f€ (300 Hz 1000 Hz),
3 300-2000 A=0, ifa(f)>6, '€ (300 Hz, 1000 Hz),
A=1, ifa(f) <8, f€ (1001 Hz 2000 Hz),
A=0, ifa(f)>8, f€ (1001 Hz 2000 Hz),
A=0, f€ (2001 Hz, 5000 Hz)
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Figure 14 Optimization power response results of a case 1, b case 2, and ¢ case 3.
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Table 3 Optimization results of the cases
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Case Optimized dimensions

Optimization effect

1 [x1, 5, X3, X4, X5, X, X7, Xg]

128 dB (300-1000 Hz)

=[12,21,13,18,12,20,43,21] mm

2 [y, x5, X3, x4, X5, X6, X7, X5]

111 dB (1000-2000 Hz)

=[6, 16, 20,20, 9, 15, 45,29] mm

3 [X), X5, X3, X4, X5, X, X7, Xg]
=17,22,9,16,8,19,56,23] mm

133 dB (300-1000 Hz)
114 dB (1000-2000 Hz)

4.6 Experimental results

For verifying the vibration isolation performances of the
continuous isolators, periodic isolator, and aperiodic iso-
lator, vibration isolation experiments are taken. The layouts
of the vibration isolation test platform are displayed in Fig.
15. The experimental configuration combines a test com-
puter (software), data acquisition panel, impact hammer,
two acceleration sensors, and vibration isolation models.
The vibration isolation models are composed of the alumi-
num mass block of 16 kg, the aluminum plate with 0.8 m x
0.5 m x 0.005 m, and the isolators. Figure 15b shows the test
samples of the three isolators. The material of the con-
tinuous isolator is rubber. The materials made of the peri-
odic isolator and aperiodic isolator are aluminum and
rubber. The three isolators are cylinder-shaped with 0.1 m
diameter. The continuous isolator has a 0.08 m height. The
dimensions of the periodic isolator and the aperiodic isolator
are the same as in Table 1. The two acceleration sensors are

a

Impact hammer

-— -
Continuous isolator

respectively sticked to the upper panel and lower panel of
the isolator. The acceleration transmission loss of the vi-
bration isolation experiment is defined as the vibration ac-
celeration level difference of the two acceleration sensors.

Figure 16 shows the experimental results of the accel-
eration transmission loss of the three different isolators.
From Fig. 16, the acceleration transmission loss of the three
different isolators is generally increased with the frequency.
The acceleration transmission losses of the periodic isolator
and the aperiodic isolator are greater than that of the con-
tinuous isolator. This experimental result proves that the
periodic isolator and aperiodic isolator are effectively in
stopping wave propagation above 500 Hz comparing to the
continuous isolator. The difference between the periodic
isolator and the aperiodic isolator is small according to the
experimental results. According to the results discussion of
Figs. 11 and 13, this may be due to the large damping of the
isolator, which leads to the unobvious contrast between the
two isolators.

Vibration isolation model

Acceleration
sensor

Figure 15 a Experimental configuration of the vibration isolation model and b test samples of the three isolators.
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Figure 16 Acceleration transmission loss of the three different isolators
in vibration isolation experiment.

5. Conclusions

In this study, the vibration isolation performances of the
continuous isolator, periodic isolator, and aperiodic isolator
have been studied. The internal resonance suppression me-
chanism of the aperiodic isolator is firstly proposed. Muti-
subsystems method and transfer matrix method are utilized
to analyze the dynamic characteristic of the vibration iso-
lation system, which accuracy is proved by comparing with
finite element analysis. The lengths of the aperiodic isolator
are optimized based on the PSO method for enhancing the
internal resonances reduction effect. The vibration isolation
experimental results of the three isolators are discussed. As
the rod element is considered in this model, the deformation
in the lateral direction of the isolator is ignored, which
causes stiffness deviation of the isolator [30]. The study
would overcome this problem in future studies. The main
conclusions are given as:

(1) The periodic isolator and aperiodic isolator extremely
reduce the power transmitting to plate in the vibration iso-
lation system in the middle and high frequencies than that of
the continuous isolator. In the numerical cases of the study,
the power of the plate foundation of the periodic isolator and
the aperiodic isolator reduces 25-85 dB in the frequency
band (150-5000Hz) comparing to that of the continuous
isolator.

(2) The internal resonances of the isolator are generated
due to the mass effect of the isolator. The mechanism of the
internal resonances control of the aperiodic isolator is that it
increases the standing wave types and degrades the internal
resonances energy in the frequency spectrum. The internal
resonances control effect of the aperiodic isolator works
well when the damping of the isolator is small, and is not
visible when the damping of the isolator is large. The in-
ternal resonance reduction due to the damping of the isolator
is increased with modal order.
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(3) The length optimization method of the aperiodic iso-
lator is effective for internal resonances control. The opti-
mized method is available to improve the vibration peaks
control of the isolation system with the aperiodic isolator. In
the case study, the vibration peaks achieve 33 dB in the
target frequency band of 300-1000 Hz and 14 dB in the
target frequency band of 1000-2000 Hz.

(4) The experimental results verify that the vibration at-
tenuation effects of the periodic isolator and the aperiodic
isolator in middle and high frequency are apparent com-
paring with the continuous isolator.

Appendix A. Impedance matrix of the isolator
rod

The elements in the impedance matrix Z; of the isolator rod
[28] in Eq. (20) are expressed as

V4 w' R = 4

uy2 Fy2
jE *Ikﬂcos(hkf)sinh(hkf) + cosh(hk,-)sin(hk,-)]
- w[l - cos(hk/-)cosh(hk,-)] ’

(A1)

Zulex1 = Zt‘)xle1
JE“Tk 3sin(hky )sinh(hk,)
w[cos(hkf)cosh(hkf) - 1] ’

= 7Zuy2 2= 7ZHx2Fy2 =

(A2)
3 _JE*Ak cos(hky)
Zuzll':'zl - Zuzzl':'z2 - C()Sll’l(hkf) > (A3)
ZﬁxlTx1 = Zﬁszxz
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Zy' > = Ly 1y
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where E*, I, h, and A4 respectively denote the complex



Y. Liu, et al. Acta Mech. Sin., Vol. 41, 523535 (2025)

Young’s modulus, sectional inertia moment, length, and the
sectional area of the beam; K, and k; are flexural wave
number and longitudinal wave number, respectively.

Appendix B. Mobility matrix of the finite plate
with constraint boundary

The elements in the mobility matrix Mp of the finite plate
[28] in Eq. (26) are expressed as

m2l . Z inﬁf?,(xbyz)l;,”nf(xl,yl)
uyFy —
T AR e, (146 — o]

) ») (B1)
T i i ;{m,n(xbyZ))“l,m(xlﬂyl)
Jo >
w0170 Ao, (1+jé)~ ]
m Z Z ¢m n(x23y2)(pm n( 1>y1) (B2)
uze s
w1 Aop, (1+j6) ~ o)
(€3]
I & l//m,n(xzayz)(/’m,n(xla)’l)
M = jo Y, Y~ R (B3)
m=1n=1 A[a)fm’n(l +3&) a)]
(x)
Ll (Pm,n(xzy)b)l//m,n(xp)ﬁ)
muzlex= w Z Z 5 — S (B4)
w1t Ao, (1+j8) ~ o)
(x) (x)
. & & l//n1,n(x29y2)V/m,n(xl’yl)
mﬁleTx =Jo z Z (BS)

Ao}, (1+i8) -]
where A = psl,[/4 is the modal mass; P, s, I, and /, are
respectively the density, thickness, length, and width of the
plate. The m,nth modal longitudinal wave modal frequencies
®m, shear wave frequencies wg,,,, and flexural wave
/i, are respectively denoted as

E* : :
mT nm
S I oy B6
Cimn = (112 [ L ] [ly] ’ (59
G|(mn P 2
_ |G|(mn) ,(mm
a)sm,n - p [ lx + ly s (B7)
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[ 12p(1=v2) | L

® 50 )
m,n

s Y, and y,, ) are the m,nth

and ¢m,n> /1m,n
eigenfunctions,
nmy

O (X)) = sin” sm— (B9)
m,n N L,

250 0x,y) = cos(mmx /1, )sm(nny/l ) (B10)
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20, y) = sin(mmx /1, )cos(mny/l ) (B11)
V(5. Y) = _sm_mlnx cosnlﬂ (B12)
x ¥
W 0 (x,y) = I s smw (B13)
mn 7, CosTy ST

where E*, G, v, and ¢ are respectively the complex
Young’s modulus, shear modulus, Poisson’s ratio, and loss
factor of the plate [30].
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