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Abstract

In this paper, a biconcave-lens shaped metastructure unit cell with a large
value of negative Poisson’s ratio (NPR) is designed and analyzed. By filling
viscoelastic damping materials inside in this metastructure, a novel vibration
isolator with adaptive damping characteristics is designed and analyzed. The
advantage of this novel design of vibration isolator is that its high damping
characteristics for the low-frequency vibration isolation can be achieved in a
small volume without affecting its high-frequency vibration isolation effect.
The negative Poisson’s ratio of the metastructure causes its amplified lateral
deformation, which will then lead the inside filled viscoelastic materials to
have enlarged compression or tension along the lateral direction during the
vibration process. As a consequence, the viscoelastic materials can effec-
tively dissipate energy, thereby improving the damping characteristics and
the overall performance of the vibration isolator. Finite element simulation
is performed to predict the static and dynamic characteristics of the nega-
tive Poisson’s ratio vibration isolator, and characterize the hyperelastic and
viscoelastic properties of the damping rubber. Finally, a vibration isolation
platform based on four negative Poisson’s ratio vibration isolators is designed
and installed for the frequency-sweep testing to prove our proposed negative
Poisson’s ratio vibration isolator.
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1. Introduction

High-precision instruments and devices [1] play an increasingly important
role in many science and technology fields, e.g. precision machining and man-
ufacturing, microelectronics, optical imaging, precision positioning, biology
detection, and space structures etc [2, 3, 4, 5, 6]. Micro-vibrations are gener-
ated either from external working environment or internal driving (rotating)
elements often disturb the accuracy, performance or even normal operation
of high-precision instruments [7]. Herein, the micro-vibration refers to low-
amplitude vibration with frequency up to 1 kHz [8]. Developing an isolation
system that can largely and effectively suppress micro-vibrations is essential
to prevent the instruments being disturbed and further increase their accu-
racy. To meet the increasing precision standards in industry, there remains
ongoing research interests to develop novel, effective, lightweight and small-
size vibration isolation systems. This research aims to develop a metastruc-
ture based passive vibration isolator with adaptive damping characteristics,
which can effectively suppress resonance amplitude and simultaneously main-
tain the vibration isolation effect at high-frequencies. To achieve this goal, a
novel integrated use of the metastructure with negative Possion’s ratio (elas-
tic element) and viscoelastic materials (damping element) is proposed and
designed in this work.

Compared with active control methods, passive vibration isolators can
effectively reduce the structural response under dynamic loads [9]. Passive
vibration isolator is one of the main approaches for structural vibration con-
trol at present. It has the advantages of low cost, reliable operation without
additional energy consumption [5]. In general, a passive vibration isolator is
composed of elastic elements and damping elements [10, 11]. The essence for
the design of a passive vibration isolator is to properly design stiffness and
damping elements. In particular, the damping element of a vibration isola-
tor normally determines its resonance magnification and energy dissipation
capacity [11], both of which are the key parameters affecting the vibration
isolation performance. According to the energy dissipation principle, passive
dampers can be divided into hysteresis, viscoelastic, mass damper, viscous,
magnetic negative stiffness devices, and resetting passive stiffness devices, etc
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[12]. Nevertheless, the design of elastic elements is usually uncomplicated,
for which the volume and the weight of elastic elements can be effectively
tailored using a structural optimization process. In order to reduce the res-
onance magnification of vibration isolators as much as possible, the energy
dissipation capacity of the damping element should be designed to achieve a
maximum. On the other hand, it is usually more complicated and difficult to
control its volume and weight to achieve high damping coefficients for damp-
ing elements. For example, a fluid viscous damper requires a sealed cavity,
piston and damping liquid to form a damping force, and there is a risk of
liquid leakage [13]. A variety of different types of fluid viscous dampers have
been developed for seismic isolation in bridges [13] or the micro-vibration
isolation in satellites [4]. However, the complexity and large weight of fluid
viscous dampers are often unavoidable. Mass dampers need the use of mass
blocks and mass amplification mechanisms to achieve high damping char-
acteristics [14]. Therefore, the design of mass dampers is also complicated
and it is very difficult to achieve lightweight and minimization. Hysteresis
dampers require large relative displacements to function [15], and are only
suitable for the applications with large-amplitude vibrations, but are diffi-
cult to apply to micro-vibration isolation applications. Therefore, designing
vibration isolation systems for high-precision instruments that requires high
quality, lightweight within a limited volume is a very challenge task.

To design small, lightweight and high quality vibration isolation systems
for precision instruments, the metamaterials and metastructures provide at-
tractive solutions due to their small sizes, lightweight and extensively des-
ignable properties [16]. Metamaterials, which are constructed by artificially
designed and additively manufactured structural architectures, can exhibit
various distinct or unusual properties, such as high strength and stiffness at
ultra-low weight [17], negative effective mass density [18], negative elastic
stiffness [19], zero/negative Poisson’s ratio [20, 21], and negative thermal ex-
pansions [22] etc. In recent years, many research works have designed various
types of metamaterials that possess extraordinary capability of broadband
vibration attenuations [23, 24]. One typical example is to use buckled/curved
beams based unit cells acting as the negative stiffness elements in vibration
isolators [25, 26]. Many further research works have developed various types
of quasi-zero stiffness (QZS) isolators through designing particular unit cells
with negative stiffness and assembling the unit cells in appropriate man-
ners [24, 26, 27, 28]. The metamaterials based vibration isolators with the
QZS properties and small sizes will be appropriate in the applications of
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precision instruments or microdevices [26]. Moreover, for the purpose of re-
sponsing the changes of external environment and working conditions, many
programmable/tunable QZS vibration isolators with switching mechanical
properties and vibration isolation effect are also developed based on 4D print-
ing technology [21, 24, 29]. In particular, Wang et al. [30] proposed a tunable
digital metamaterial to broaden the frequency range of bandgaps leading to
the potentials of developing intelligent vibration isolation systems. Neverthe-
less, designing the vibration isolation capability of metamaterials solely based
on their micro-structural architectures limits the potentials, in particular for
exploring the advantageous damping mechanism.

Viscoelastic dampers that use viscoelastic materials for the energy ab-
sorption had been widely applied in the vibration control of many engi-
neering fields, e.g., buildings, bridges, machinery and precision instruments
[31, 32, 33, 34], due to its advantages of lightweight, simple form, low cost,
and having no risks of leakage and performance degradation. After many
years of development, there are three main forms for viscoelastic dampers,
namely free layer damping, constrained layer damping and shear deforma-
tion damping [35, 36]. A large number of studies have shown that the energy
dissipation effect of viscoelastic materials is much better when shear defor-
mation occurs, as such, the shear deformation type is the most commonly
used form for viscoelastic dampers [35, 36]. In engineering applications, a
typical example of a shear-type viscoelastic damper is that a viscoelastic
damper installed between the center pole of the solar wing and the Hubble
Space Telescope (HST) [37]. The basic principle is to provide a viscoelastic
material layer between rigid elements. When the relative displacement oc-
curs between the rigid elements, the viscoelastic material layer will undergo
shear deformation and dissipate energy. Although the shear deformation type
viscoelastic damper has been approved to have excellent damping character-
istics, its shortcomings are also very obvious [38]. Firstly, in order to achieve
high energy dissipation characteristics, the thickness of the viscoelastic shear
damping layer should be reduced as much as possible, and the area of the
viscoelastic shear damping layer should be increased. As a result of small
thickness and large area of the viscoelastic shear layer, the damper will have
very large rigidity, and it is very difficult to suppress the vibration at low fre-
quencies. Secondly, the viscoelastic shear damping layer needs to be bonded
to the rigid part, which is not conducive to the lightweight design of the
damper, and the integrated design of damper and elastic element becomes
very difficult. Thirdly, due to the small amplitude of the micro-vibration, the
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shear strain of the viscoelastic material is too small to dissipate the vibra-
tion energy, effectively. Therefore, for the micro-vibration isolation, it is very
necessary to magnify the shear strain of the viscoelastic material, whilst, in
the meantime, suppress the vibration peak at the resonance frequency.

In summary, as a damping material, viscoelastic materials have simple
structural forms and efficient damping characteristics, however, it is also nec-
essary to combine it with a well-designed structural element to achieve proper
damping characteristics. To meet the demands for micro-vibration isolation
in precision instruments and devices, this paper proposes a novel vibration
isolator with adaptive damping characteristics, lightweight and small size, by
filling the viscoelastic materials into a negative Poisson’s ratio elastic metas-
tructure. With the finite element simulation, this paper first approves the
basic design principle and working mechanism of this novel vibration isola-
tors and its adaptive damping characteristics. Next, the energy dissipation
characteristics, statics and dynamics characteristics of this novel vibration
isolators are analyzed using both finite element simulation results and ex-
perimental testing results. Finally, a vibration isolation platform using four
negative Poisson’s ratio vibration isolators is designed and installed to carry
out the frequency-sweep testing to further verify its vibration isolation effect.

2. Design and analysis of the metastructure unit cell

2.1. Design a unit cell with negative Poisson’s ratio

Many previous research works of mechanical metamaterials have shown
that, with an appropriate design of microstructures, an elastic structure can
exhibit a negative Poisson’s ratio (NPR) macroscopically, which is an useful
feature applying for vibration isolation [39, 40]. Inspired by many previous
designed mechanical metamaterials and metastructures, a basic structural
unit cell with negative Poisson’s ratio for vibration isolators is first designed
in this paper, as shown in Fig. 1. The metastructure is composed of a
biconcave-lens shaped structure, which naturally exhibits a negative Pois-
son’s ratio and will be filled with damping rubber materials inside. The
negative Poisson’s ratio property for this metastructure is achieved due to
the two inwardly arc-shaped sheets, which will deform laterally when they
are compressed or stretched longitudinally. When the two arc sheets are
stretched longitudinally, their lateral spacing will expand, whilst when they
are compressed longitudinally, their lateral spacing will shrink. Therefore,
the entire structure exhibits a negative Poisson’s ratio property.
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When the initial bending curvature of the arc-shaped sheet is properly
designed, the transverse deformation of the arc-shaped sheet will be much
greater than its longitudinal deformation, and the absolute value of the
Poisson’s ratio for this structure can be greater than 1. When the nega-
tive Poisson’s ratio structure produces longitudinal tension and compression,
the enlarged lateral deformations of the arc sheets make the internally filled
damping rubber material effectively squeezed or stretched along the lateral
direction, which in turn increases the overall damping ratio of this metas-
tructure.

2.2. Modelling and testing of the metastructure unit cell

The finite element model is built to simulate and study the deformation
characteristics of the negative Poisson’s ratio structure. The negative Pois-
son’s ratio structure is modeled by shell elements S4. The geometry and
the dimensions are shown in Fig. 4(a). In the finite element analysis, the
length of the negative Poisson’s ratio structure is set as l = 40mm, the width
w = 20 mm, and the height h = 10 mm. The length l, width w and height
h are denoted in Fig. 4. In the follow-up experiment, a prototype of this
biconcave-lens shape based metastructure is fabricated by a 3D printer. The
material used in 3D printing is PLA plastic (E = 3 GPa, µ = 0.3), and
the diameter of the nozzle of the 3D printer in this experiment is 0.4 mm.
Therefore, the thickness of the arc-shaped sheet is t = 0.8 mm, which equals
the thickness of the two layers of materials. After fixing the bottom of the
metastructure and applying a vertically displacement-controlled load on the
top, the simulation curve that represents the lateral deformation at the cen-
ter of the metastructure with respect to the vertical deformation is plotted
and shown in Fig. 4. The results of the finite element analysis show that
the lateral deformation at the center of the metastructure is much larger
than its vertical deformation under the vertical tensile or compressive loads.
When the chord height ∆h of the arc-shaped sheet is decreased, the lateral
deformation at the center of the metastructure will be increased, resulting in
more obvious nonlinear characteristics in the curve of the lateral deformation
vs. the vertical deformation of metastructure.

In order to verify the finite element model of this NPR metastructure, an
experimental testing is carried out on a 3D printer fabricated prototype, as
shown in Fig. 5(a). After obtaining the experimental results from the stan-
dard mechanical testing, the curve of longitudinal tensile force vs. vertical
displacement for this NPR metastructure is plotted, as shown in Fig. 5(b).
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The experimental curve matches very well with the finite element simulation
results. It also shows that this NPR metastructure exhibits a nonlinear struc-
tural behaviour. Fig. 5(b) also shows that this NPR metastructure possesses
increasing longitudinal stiffness with the increase of tension force (positive
values of Load in Fig. 5(b)), and decreasing stiffness with the increase of
compression force (negative values of Load in Fig. 5(b)).

2.3. Damping materials

Because the stress of viscoelastic material lags behind the strain, it can ef-
fectively dissipate energy during the vibration process and can act as a damp-
ing element in a vibration system. In this paper, butyl rubber is adopted as
the damping material of the vibration isolator. Butyl rubber has high dy-
namic stiffness and low static stiffness, and has obvious creep characteristics
under static load. In this paper, ABAQUS is used to simulate viscoelas-
tic materials, for which the properties of hyperelastic materials are adopted.
The 2-parameter Mooney-Rivlin model is applied to model the hyperelastic
materials, and the prony series are used to characterize the viscoelastic prop-
erties of the material. The viscoelastic material parameters in the simulation
are shown in Table 1. The Mooney-Rivlin model parameters given in Table
1 are fitted using the experimental testing results, which will be discussed in
Section 3.1. Fig. 2 shows the force-displacement curve of a viscoelastic ma-
terial with a volume of 10 mm cubic under periodic stretching. Based on the
material properties in Table 1, the stress-strain curve and shear relaxation
curve of the viscoelastic material are shown in Fig. 3. The force-displacement
curve of the viscoelastic material in Fig. 2 forms a closed loop, and the area
of the closed loop is the energy consumed by the viscoelastic material in one
vibration cycle. The analysis results of different vibration rates in Fig. 2
show that the energy dissipation characteristics of viscoelastic materials are
related to the loading rate. The energy dissipated by a viscoelastic material
per cycle when vibrating at low frequencies is significantly greater than the
energy dissipated per cycle when vibrating at high frequencies. Therefore,
when viscoelastic materials are used as damping elements, their damping
ratios will gradually decrease as the vibration frequency increases. For a vi-
bration isolation system, the ultimate design goal is to have high damping
ratios at low frequencies to reduce the magnification of the vibration isola-
tion system at the resonance frequency, and at the same time, to have lower
damping ratios at high frequencies to improve the vibration isolation effi-
ciency, namely adaptive damping characteristics. Therefore, the viscoelastic
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materials with the damping ratios that are decreasing with the increase of
frequency are the ideal damping materials for vibration isolation systems.

When a viscoelastic material is used as the damping material in a single
degree of freedom vibration isolator, the simplest design is that the elastic el-
ement and the viscoelastic material in the vibration isolator are connected in
parallel. For the micro-vibration isolation of precision instruments, because
the vibration magnitude is usually in the micron-meter level, it is difficult
for viscoelastic materials to produce sufficient deformation. As a result, the
deformation will mainly be elastic deformation, and its viscoelastic energy
dissipation capacity is difficult to be fully exerted. When the pure shear de-
formation of viscoelastic materials is used for the main energy consumption
mechanism [41], the thickness of the viscoelastic damping layer must be made
as small as possible, so as to achieve great shear strain in a micro-vibration
environment. However, a smaller thickness of the damping layer will cause
the shear dynamic stiffness of the damping layer to become too large, and
the shear deformation of the damper will decrease under the same vibration
excitation. Furthermore, if the dynamic stiffness is too high, it will affect
the vibration isolation efficiency of the vibration isolator. For the micro-
vibration isolation of precision instruments, in order to increase the energy
dissipation capacity of viscoelastic materials, it is necessary to increase the
amount of deformation of viscoelastic materials during the vibration process.
Therefore, in this paper, a viscoelastic material is directly embedded into a
NPR elastic element, in doing so, the deformation of the viscoelastic material
is amplified through the NPR effect of the elastic metastructure to achieve
high damping characteristics.

3. Finite element analysis of the high damping vibration isolator

In order to achieve high damping characteristics for the vibration isolator,
in this work, the above designed NPR metastructure is filled with uncured
butyl rubber, as shown in Fig. 1. The uncured butyl rubber used herein is
mixture from butyl rubber, polyisobutylene and other raw materials, which
have self-adhesive and good elongation properties. Hyperelastic elements
C3D8RH (An 8-node linear brick element using reduced integration with
hourglass control, and hybrid with constant pressure) are used to model the
butyl rubber in the finite element model for the vibration isolator. The
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hyperelastic element is based on the 2-parameter Mooney-Rivlin model [42],

W = C10(Ī1 − 3) + C01(Ī2 − 3) +
1

D1

(J − 1)2 (1)

where W is the strain energy per unit of reference volume, and C10, C01,
D1 are temperature-dependent material parameters; Ī1 and Ī2 are the first
and second deviatoric strain invariants. The instantaneous elastic modulus
of butyl rubber is 4.5 MPa. We assume that the material parameters C10 =
4C01[43], and 6(C10 + C01) = 4.5 MPa, the material parameters C10 and
C01 can be easily determined. The material parameters D1 is determined
by D1 = 1/ (2(C10 + C01)). The obtained material parameters C10, C01, D1

are presented in Table 1. Butyl rubber is a viscoelastic material, and its
mechanical response is related to the deformation rate and time. In Abaqus
model, the time-varying shear stress of a viscoelastic material is expressed
as,

gR(t) = GR(t)/G0 (2)

where gR(t) is the dimensionless shear relaxation modulus, GR(t) is the shear
relaxation modulus, and G0 is the instantaneous shear modulus. The expres-
sion for the stress takes the following form as,

τ(t) = G0

∫ t

0

gR(t− s)γ̇(s)ds (3)

In this paper, we use the prony series to define the dimensionless shear re-
laxation modulus as,

gR(t) = 1−
N
∑

i=1

ḡPi

(

1− e−t/τG
i

)

(4)

where N , ḡPi , τ
G
i (i = 1, 2, · · · , N) are material constants. N = 3 is selected

in the finite element simulation. In order to obtain the parameters gi, ki and
τi, we used a tensile testing machine to measure the hysteresis curve of this
proposed vibration isolator, and adjust the parameters gi, ki and τi according
to the hysteresis curve. The obtained parameters are presented in Table 1.
In the test, the vibration isolator was loaded cyclically at a uniform speed,
and the loading rates were 1mm/min and 20mm/min, respectively. Based on
the parameters provided in Table 1, the comparison between the hysteresis
curves of the vibration isolator obtained by the finite element simulation and
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that given by the experimental testing is shown in Fig. 6. It can be seen
that the finite element model can accurately reproduce the experimental
testing results for the hysteresis curve of the vibration isolator. Both finite
element simulation and experimental testing show that the vibration isolator
as a whole has obvious hysteretic damping characteristics. Fig. 7 compares
the deformations of the same shape butyl rubbers within and without the
NPR metastructure, respectively, when they are under longitudinal tension
and compression loads. Under the longitudinal tension and compression,
the butyl rubber with the NPR metastructure is further compressed and
stretched due to the effect of the negative Poisson’s ratio along the transverse
direction. As a result, the lateral deformations of the butyl rubber within the
NPR metastructure are approximately 10 times of that of the butyl rubber
under free stretching state.

Superelastic C10 C01 D1

600000 150000 8e-8
Viscoelastic gi ki τ1

0.935 0 0.01
0.0487 0 1
0.0162 0 20

Table 1: Superelastic and viscoelastic model parameters of the butyl rubber in the finite
element simulation

The energy consumption of the vibration isolator under cyclic loading
at different frequencies is analyzed using the finite element model, and is
compared with that of the butyl rubber under freely deforming state (un-
restrained). A sinusoidal function based longitudinal displacement cyclic
loading d = 0.5 sin(2πft)mm is applied to the vibration isolator and the
unrestrained rubber. The creep dissipation energies of both the high damp-
ing vibration isolator and the unrestrained rubber after 3 cyclic loadings are
obtained and shown in Fig. 8. Under different cyclic loading frequencies,
the creep loss energy of both the high damping vibration isolator and the
unrestrained rubber varies in the same trend. However, the creep dissipa-
tion energy of each cycle of the damping rubbers (both within the vibration
isolator and under the unrestrained state) in the low-frequency vibration
process is greater than the creep dissipation energy of each cycle in the high-
frequency vibration. In the vibration isolator, due to the large lateral defor-
mation of the damping rubber with the constraint of the NPR metastructure,
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the creep dissipation energy of the damping rubber in the vibration isolator
is much greater than that of the damping rubber under unrestrained state
at all frequencies. From the results shown in Fig. 8, it approves that the
NPR metastructure based vibration isolator proposed in this paper exhibits
much higher damping characteristics during the vibration process compared
with the conventional vibration isolator in which the elastic element and the
damping rubber are simply connected in parallel.

4. Dynamic characteristics of the vibration isolator

In order to study the vibration isolation effect of the proposed vibration
isolator, its free vibration behaviour is first analyzed using the finite element
model. The obtained numerical results are compared with the conventional
vibration isolator using the same damping rubber and the spring with the
same elastic stiffness. The prototypes for the finite element model of the
NPR metastructure based vibration isolator and the conventional vibration
isolator are illustrated in Fig. 9(a). In the finite element model, a coupling
constraint is set between the top of the vibration isolator and a reference
point, and the inertial mass is set at the reference point. In order to simulate
the conventional vibration isolator with linear spring and damping rubber,
the spring connection is directly used in the finite element model to simulate
the linear spring, and the end of the linear spring is coupled with the damping
rubber. If the inertial mass on the top of the NPR vibration isolator is set to
10 kg, the fundamental frequency of the vibration isolator is 44.2 Hz, which is
predicted by the finite element simulation. If the stiffness of the linear spring
is set to 755000 N/m, the fundamental frequency of the linear spring isolator
is identical with that of the NPR vibration isolator, i.e. 44.2 Hz. For the
finite element simulation process: (1) Firstly, the bottoms of these two kinds
of vibration isolators are fixed; (2) Next, an initial vertical displacement is
applied to the inertial mass point on the top of each vibration isolator using
a static analysis step; (3) Subsequently, the displacement constraint of the
mass point is released in an implicit dynamic analysis step, with which the
free vibration of the mass point is analyzed. The free vibration analysis
results for the linear spring vibration isolator and the NPR vibration isolator
are obtained and shown in Fig. 9(b). The analysis results clearly approve
that, with the use of same damping rubbers, the damping characteristic of
the NPR metastructure based vibration isolator is significantly better than
that of the linear spring vibration isolator.
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Since the damping rubber is a non-linear material and the NPR metas-
tructure is a variable stiffness structure, in order to analyze the vibration
isolation effects of the NPR vibration isolators and the linear spring vibra-
tion isolator at different frequencies, implicit dynamics analysis is carried
out. The analysis step analyzes the response of the two types of vibration
isolators using a sweep frequency excitation. In order to simulate the sinu-
soidal sweep frequency excitation with constant acceleration, the excitation
wave is generated using Eq. (5), with which tabular values for the excitation
amplitude and frequency are computed and applied for the implicit dynamics
analysis using the tabular amplitude function (Tabular Amp) in ABAQUS.

Amp =

{

0.1t
(40×2π)2

× sin (40× 2πt), t = 0 ∼ 5s

A sin
(

2π
∫

40× 2
t−s

60 Rdt
)

t = 5 ∼ 65s
(5)

where A is the amplitude of acceleration, A = 0.1 m/s2, R is the frequency
sweep rate, R = 2 otc/min. t represents the time that the implicit kinetic
analysis step takes. When the excitation acceleration is set to 10 mg (the unit
mg denotes micro stand gravity, 1 mg = 0.001× 9.8 m/s2), the acceleration
excitation curve generated by Eq. (5) is shown in Fig. 10. In the first 0 to
5 seconds of the frequency sweep process, the excitation frequency remains
unchanged at 40 Hz, and the excitation amplitude linearly increases from
0 to 10 mg; in the next 5 to 65 seconds, the excitation amplitude remains
unchanged at 10 mg, and the excitation frequency is changed from 40 Hz to
160 Hz with an increasing speed of 2 otc/min.

Under the excitation that is shown in Fig. 10, the acceleration response
results of the two types of vibration isolators (as given in Fig. 9) installed
with two different inertial masses of 10 kg and 3.3875 kg are predicted using
the finite element analysis, and the data curves are presented in Fig. 11.
The results clearly show that, at the resonance amplitude, the vibration
amplitude of the linear spring vibration isolator is much greater than that of
the NPR vibration isolator. Moreover, the response curve for the linear spring
vibration isolator exhibits an obvious beat phenomenon near the resonant
peak. When different masses are installed on the top of the vibration isolator,
the peak response amplitudes and the corresponding frequencies of the two
types of vibration isolators are compared and presented in Table 2. The
damping characteristics of the NPR vibration isolator near the resonance
frequency is much greater than that of the linear spring vibration isolator.
When the excitation frequency is increased up to 160 Hz, the acceleration

12



response curves for the two vibration isolators almost completely overlap. It
indicates that, under high frequency excitation, the damping characteristics
of the NPR vibration isolator are almost the same with those of the linear
spring vibration isolator. When the masses are 10 kg and 3.3875 kg, the
resonance frequency analysis results of the NPR vibration isolator under 10
mg excitation are 43.7 Hz and 74.2 Hz, respectively. For a single degree of
freedom undamped vibration isolator with the resonance frequencies of 43.7
Hz and 74.2 Hz, the vibration transmission rate is computed by,

TUD1DOF = 20 log10











√

√

√

√

√

1
(

1−
(

f
1/fresonance

)2
)2











(6)

where f is the excitation frequency, and fresonance is the resonance frequency
of the single-degree-of-freedom undamped vibration isolator. The vibration
transmission rate of the NPR vibration isolator for the frequency response
curves shown in Fig. 11 is computed via,

TNPRV I = 20 log10 [(aresponse)/(10mg)] (7)

where aresponse is the response acceleration of the system with respect to the
input excitation 10 mg. The vibration transmission rate of the NPR vibra-
tion isolator given by Eq. (7) is compared with that of the undamped single
degree of freedom vibration isolator calculated by Eq. (6), as shown in Fig.
12. The comparison results in Fig. 12 clearly show that the vibration mag-
nification of the NPR vibration isolator at the resonance frequency can be
effectively suppressed, and the vibration transmission rate at the high fre-
quency is the same with that of the undamped linear vibration isolator with
the same stiffness. Therefore, this unique damping characteristics of the NPR
high damping vibration isolator can effectively suppress its resonance mag-
nification, but do not have any obvious effect on its high-frequency vibration
isolation efficiency, namely achieving an adaptive damping characteristics.

5. Experimental testing of the vibration isolator

By applying 4 NPR high damping vibration isolators, a vibration isolation
platform, as shown in Fig. 13, is designed, installed and tested in this paper.
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M=10kg M=3.3875kg

LS Isolator NPR Isolator LS Isolator NPR Isolator
Maximum

943 91 1223 152
Acceleration(mg)

Resonance
44.5 43.7 75.2 74.2

Frequency(Hz)

Table 2: Comparison of the Resonance Response between LS (linear spring) Isolator and
NPR (Negative Poisson’s Ratio) Isolator

The upper part of the vibration isolation platform is made of aluminum alloy
thick plate, weighing 0.75 kg. The vibration isolation platform is placed on
a large-scale shaking table, which is used to carry out the frequency-sweep
testing and measure the vibration transmission rate of the vibration isolation
platform. In the frequency-sweep testing, the frequency range is set to 15
Hz ∼ 300 Hz, and the sweep rate is chosen as 2 otc/min. In the testing, two
different masses of 12.8 kg and 3.8 kg are placed on the vibration isolation
platform, respectively. As such, the corresponding total mass of the top of
the vibration isolators is 13.55 kg and 4.55 kg, respectively. In the test, the
vibration isolator will be pre-compressed under the influence of the weight
of the installed mass. In order to analyze the influence of gravity on the
fundamental frequency of the vibration isolation platform, we first use the
“*VISCO” step in ABAQUS to analyze the deformation of the vibration
isolation platform. Since the damping rubber in the vibration isolator is a
viscoelastic material, the deformation of the vibration isolator will increase
nonlinearly with the increase of time and gradually become stable. The curve
for the static compression deformation of the vibration isolation platform
varying with respect to time is plotted and shown in Fig. 14. When the
compression deformation of the vibration isolation platform is stabilized, the
fundamental frequency of the vibration isolation platform is re-analyzed. The
analysis results are presented in Table 3. It is observed that the fundamental
frequency of the vibration isolation platform has dropped slightly.

Fig. 15 shows the vibration transmission rate curve when different masses
are installed on the upper part of the vibration isolation platform. Table 4
presents the maximum vibration magnification and corresponding frequency
under differently installed mass conditions. The experimental testing results
show that the maximum magnification of the vibration isolation platform
gradually decreases with the increase of the excitation amplitude. Under the
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Fundamental Frequency (Hz)
Total Mass = 13.55 kg Total Mass = 4.55 kg

FEA
Without gravity 75.1 129.4
With gravity 69.2 125.0

Experiment
70 124

(Excitation = 10 mg)

Table 3: Numerical predictions and experimental testing results for the fundamental fre-
quency of vibration isolation platform

influence of the nonlinear characteristics of the vibration isolator, when the
installed mass is 13.55 kg, the resonance frequency of the vibration isolation
platform gradually decreases with the increase of the excitation amplitude.
Under 10 mg excitation, the corresponding frequencies at the resonant peaks
of the vibration isolation platform with the 13.55 kg and 4.55 kg installed
mass blocks are about 70 Hz and 124 Hz, respectively, which are consistent
with the finite element analysis results, as shown in Table 3.

Excitation Amplitude
10 mg 20 mg 30 mg 40 mg

Total Mass Mag. Freq. Mag. Freq Mag. Freq. Mag. Freq.
13.55 kg 4.009 70 Hz 3.699 124 Hz 3.500 66 Hz 3.385 64 Hz
4.55 kg 4.179 124 Hz 4.149 124 Hz 3.971 124 Hz 3.786 124 Hz

Table 4: Maximum vibration magnification

In order to calculate the equivalent damping coefficient of the vibration
isolation platform, the vibration isolation platform is simplified as a sin-
gle degree of freedom vibration isolation system. The analytical solution of
the vibration transmissibility of a single-degree-of-freedom vibration isolation
system is [44],

Transmissibility = 20 log10

[
√

k2 + c2ω2

(k −mω2)2 + c2ω2

]

(8)

where k is the equivalent stiffness of the vibration isolation system, c is the
equivalent damping coefficient, and ω is the angular frequency. In order
to estimate the equivalent stiffness and damping coefficient of the vibration
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isolation platform, we first assume that the resonance frequency f of the vi-
bration isolation platform without damping, with which the equivalent linear
stiffness of the vibration isolation platform is given as k = (2πf)2m. Substi-
tuting the hypothetical value of k, the resonance frequency and amplification
factor, which are obtained from the experimental testing, into Eq. (8), the
equivalent damping coefficient can be determined by solving Eq. (8). For
a linear vibration isolation system, when the damping coefficient c is large,
the resonant peak of the damped vibration isolation system will shift to the
left compared with the resonant peak of the undamped vibration isolation
system. In other words, there is a slight decrease of the resonance frequency
of the damped vibration isolation system under the influence of damping.
When the installed masses are 13.55 kg and 4.55 kg, assuming that the res-
onance frequency f of the vibration isolation platform without damping is
greater than the resonance frequency measured from the experimental test-
ing, e.g., we take f = 71.5 Hz and f = 126 Hz, and the corresponding
equivalent stiffness is k = 2734709 N/m and k = 2851755 N/m, respectively.
The equivalent damping coefficients calculated based on the experimental
measurement results are c = 1568 Ns/m and c = 900 Ns/m, respectively.
The comparison between the vibration transmission rate curve of the equiv-
alent linear vibration isolation system and the experimentally testing results
is shown in Fig. 16. The comparison between the test results and the linear
damping vibration isolation device shows that the large damping vibration
isolation platform proposed in this paper exhibits high damping character-
istics at the resonance frequency, which are c = 1568 Ns/m and c = 900
Ns/m, respectively. When the frequency is lower, the vibration amplitude
of the NPR vibration isolator is larger, which causes greater deformation of
the damping rubber inside the isolator, and leads to more energy dissipa-
tion. Consequently, the effective damping coefficient for the platform with
installed mass of m = 13.55 kg is greater than that of the equivalent damping
coefficient when m = 4.55 kg.

When only the energy dissipation relying on the viscoelastic properties
of the damping rubber is considered, the comparison between the finite ele-
ment predictions for the vibration transmissibility of the vibration isolation
platform and the experimental testing results is shown in Fig. 17. The mag-
nification of the vibration isolation platform at the resonance predicted by
the finite element analysis is greater than that obtained in the experimental
testing, and the predicted vibration isolation efficiency at high frequencies
is also better than the testing result. Based on the analysis results of the
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dynamic response of the NPR high damping vibration isolator presented in
Section 3, when the energy is only consumed by the viscoelastic characteris-
tics of the damping rubber, the vibration isolation efficiency of the vibration
isolator at high frequencies is close to that of undamped vibration isolation
system. The comparison between the finite element analysis results and the
experimental testing results shown in Fig. 17 approves that, apart from
the viscoelastic damping of the rubber, there exists other energy dissipation
mechanisms for the NPR vibration isolator. Therefore, the vibration isola-
tion efficiency of the vibration isolation platform at high-frequency slightly
decreased in the experimental testing, and in the meantime, the magnifi-
cation is also reduced at the resonance frequency. In order to verify other
possible energy dissipation mechanisms that may exist, Rayleigh damping is
set for the negative Poisson’s ratio structure in the finite element model with
the chosen parameters of α = 0, β = 0.0008. After setting the additional ma-
terial damping, the finite element predictions and the experimental testing
results on the vibration transmission rate of the vibration isolation platform
are compared and shown in Fig. 17. It is observed that the finite element
predictions are almost completely consistent with the experimental results.

The comparison results shown in Fig. 17 approved that both of the ma-
terial damping in the NPR vibration isolator and the viscoelastic properties
of the damping rubber have an impact on its vibration transmission rate.
Moreover, the material damping will reduce the vibration isolation efficiency
of the vibration isolator at high frequencies. In order to achieve a vibration
isolator that has low resonant peak and high vibration isolation efficiency
simultaneously, the structural material damping of the vibration isolator
should be reduced as much as possible, and the resonant peak should be
suppressed only by means of the energy dissipation provided by viscoelastic
materials. The NPR vibration isolator has many possible parameters that
can be optimized, such as the viscoelastic properties of the damping rub-
ber, the Poisson’s ratio of the NPR structure, and the stiffness of the NPR
structure. The geometry parameters of the NPR vibration isolator in this
paper are only chosen by simulation and design experience, and have not
been optimized yet. By optimizing the geometric dimensions of the NPR
vibration isolator, the resonant peak of the NPR vibration isolator can be
further reduced. The main purpose of this paper is to verify the basic design
principle and working mechanism of NPR high damping vibration isolator,
and demonstrate its adaptive damping characteristics and high vibration iso-
lation efficiency. For the optimal design of this proposed NPR high damping

17



vibration isolator, however, it is out of the scope of this paper and will be
carried out in our future work.

6. Conclusion

In this paper, by filling viscoelastic damping material inside a nega-
tive Poisson’s ratio metastructure, a novel vibration isolator with adaptive
damping characteristics, simple structural form and small size is proposed,
designed and tested. The NPR metastructure can amplify its lateral de-
formation due to its negative Poisson’s ratio effect. As a consequence, the
viscoelastic material filled inside the metastructure has enlarged compression
and tension along the lateral direction during the vibration process, which
makes the viscoelastic rubber dissipate energy more effectively. It, thereby,
causes the overall damping characteristics of the vibration isolator to be im-
proved.

The finite element model is first applied to predict the static and dynamic
characteristics of the NPR high damping vibration isolator. The hyperelastic
and viscoelastic properties of the damping rubber are simulated and charac-
terized based on the 2-parameter Mooney-Rivlin model and the proney se-
ries. The static testing results determined the viscoelastic parameters of the
damping rubber for the finite element model. The simulation results of the
dynamic characteristics of the NPR vibration isolator show that the damping
characteristics of the NPR vibration isolator at the resonance frequency are
much better than that of the linear spring vibration isolator using the same
size damping rubber. At high frequencies, the vibration isolation efficiency of
the NPR vibration isolator is close to the undamped linear vibration isolator
with the same linear stiffness.

In this paper, a vibration isolation platform based on four NPR vibration
isolators is designed and installed for the experimental testing. The vibration
transmission rate of the vibration isolation platform is measured through a
frequency-sweep testing. The experimental results obtained from the sweep-
frequency testing verify the finite element simulation results, and prove that
the NPR vibration isolator has high damping characteristics at the resonance
frequency and low damping characteristics at the high frequency. This adap-
tive feature of damping characteristics of a passive vibration isolation system
is ideal for applying in precision instruments.
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(a) Total Mass m = 13.55 kg
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(b) Total Mass m = 4.55 kg

Figure 15: Experimental results (Transmissibility vs. Frequency) from the frequency-
sweep testing of vibration isolation platform.
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Figure 16: Comparison of the vibration transmission rate between the experimental testing
results of the vibration isolation platform and the equivalent linear vibration isolation
system
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Figure 17: Comparison of experimental results and Finite Element predictions on the
transmissibility of NPR vibration isolator
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