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Abstract
Background The resonant-frequency-tunable vibration isolator based on Shape Memory Alloys (SMAs) combines the pri-
ority of passive and active vibration isolators, expands its engineering application, and improves the efficiency of vibration 
isolation. However, the special characteristics of SMAs and the complexity of the resonant-frequency-tunable vibration 
isolator result in the difficulty in finite-element analysis.
Methods This article employs the ABAQUS subroutine and presents the finite-element analysis for this resonant-frequency-
tunable vibration isolator, which simulates the thermomechanical responses of SMA wires and the mechanical behaviors 
of the vibration isolator.
Results The pseudoelasticity characteristics of SMA wires were simulated and validated. The mechanical characteristics of 
the vibration isolator, such as the temperatures, martensitic volume fractions, displacements, and equivalent stresses, were 
obtained and verified.
Conclusions The results show that the finite-element analysis method presented is appropriate for simulating mechanical 
behaviors of the resonant-frequency-tunable vibration isolator. The analysis results reveal in detail the mechanical charac-
teristics of the vibration isolator.

Keywords Finite-element simulation · Resonant-frequency-tunable · Vibration isolator · Shape memory alloy

Introduction

A vibration isolator is an effective way to attenuate structural 
vibration and protect the equipment and humans from harm-
ful vibration to maintain precision and comfort [1, 2]. Con-
ventional isolators are linear and passive [3], which keeps 
their characteristics unchanged throughout their entire ser-
vice life and generally effectively suppresses low-frequency 
vibrations [4]. Isolators of this type have a limited range 
of application [5, 6], especially in the aerospace industry, 
where people and equipment are exposed to harmful vibra-
tions with broadband spectra [7]. To expand the range of 
isolation, many approaches have been proposed, including 

isolation systems with multiple degrees of freedom, varia-
ble-stiffness isolators, etc. In an effort to suppress vibration 
in three directions simultaneously, the Quasi-Zero stiffness 
multi-direction vibration isolation system has been devel-
oped, which includes symmetrically scissor-like structures 
in horizontal directions and a spring–mass–damper sys-
tem in the vertical direction [8]. Ye et al. [9] designed an 
integrated translational–rotational vibration isolator with 
quasi-zero stiffness using a cam–roller mechanism that can 
provide high-static-low-dynamic stiffness in two directions 
simultaneously. Zhang et al. [10] devised a torsion-transla-
tional quasi-zero-stiffness isolator with a convex ball–roller 
mechanisms for attenuating torsion and translational vibra-
tions along the shaft systems. Zhou et al. [11] constructed 
a quasi-zero stiffness vibration isolation platform with six 
degrees of freedom employing a new quasi-zero stiffness 
strut, which widens the vibration isolation band and has 
higher efficiency in a low-frequency range. Xu et al. [12] 
proposed a multi-directional Quasi-Zero-Stiffness vibration 
isolator with linear time-delayed active control. Their results 
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showed that the isolation efficiency of the isolator for differ-
ent directions can be adjusted.

Melentjev et al. [13] studied an adjustable vibration iso-
lator by changing the radius of curvature and the angle of 
coverage of the elastic element. The aim was to develop a 
method for calculating the load characteristics of controlled 
vibration isolators. Zhao et al. [14] proposed a bio-inspired 
semi-active vibration isolator with the dielectric elastomer 
based on a variable-stiffness element. The notable relative 
change in the stiffness of the elastomer could be achieved by 
increasing the pre-stretching and/or choosing the dielectric 
materials with the combination of a higher permittivity and a 
lower modulus of elasticity. Yan et al. [15] studied a nonlin-
ear variable-stiffness vibration isolator with several axially 
asymmetric permanent magnets. Wu et al. [16] investigated 
systems with an adjustable stiffness by varying the effective 
spring length. Yan et al. [17] presented a bistable isolator 
with multiple ring permanent magnets and used nonlinear 
electromagnetic shunt damping. Analytical, numerical, and 
experimental efforts have shown that the proposed isolator 
could increase the isolation band and improve vibration iso-
lation performance. Le et al. [18] developed a low-frequency 
vibration isolator that can adjust configurative parameters by 
a mechanism, offering a wide range of isolation, ensuring a 
load-bearing capacity and maintaining isolation efficiency.

However, all of the vibration isolators mentioned above 
are heavy, complicated and take up a lot of space, and all 
these adjustable approaches are implemented by mechani-
cally changing the structures or shapes of the associated 
components. Recently, with the development of smart 
materials, such as shape memory alloys (SMAs), magne-
torheological materials, etc., the resonant-frequency-tunable 
vibration isolators (RFTVIs) have been developed using 
smart materials whose stiffnesses can be actively adjusted 
[19–21]. In particular, SMAs exhibit different values of 
Young’s modulus at high and low temperatures, which 
makes it possible to use them in RFTVIs. Meanwhile, the 
use of SMAs as elements of isolators has the advantages 
of compactness, lightness, high-energy density, and cost-
effectiveness. However, only little literature was devoted to 
the use of SMAs as vibration elements [22, 23]. Shen et al. 
[23] introduced an RFTVI using SMA wires and metal rub-
ber. This isolator can provide variable stiffnesses and tunable 
resonant frequencies. They focused on theoretical analysis 
and experimental verification. However, in practical engi-
neering applications, experimental testing is complex, time-
consuming, and costly, greatly delaying the design progress, 
which can be avoided by means of Finite Element Analysis 
(FEA). Due to the special characteristics of the nonlinear 
thermomechanical properties of SMAs, none of commercial 
FEA software packages available for SMAs can be applied 
to simulate their mechanical behaviors. Qidwai and Lagou-
das [24] presented a numerical analysis that was based on 

a unified thermomechanical constitutive model and used 
return mapping algorithms. Roh et al. [25] developed an 
incremental formulation of a 3D constitutive model to pre-
dict the thermomechanical characteristics of SMA strips, in 
which the finite-element program coded with FORTRAN 
was used to simulate the SMA strips.

In this paper, the unified SMA constitutive model pre-
sented by Lagoudas et al. [26] was adopted to simulate 
the responses of SMA wires in the RFTVI, and the basic 
theoretical formulas were presented. Then, the mechanical 
characteristics of the main components of the isolator were 
analyzed in detail, which revealed the mechanical behaviors 
of these components.

The paper is organized as follows. “Introduction of the 
RFTVI with SMA wires” section briefly introduces the 
design and philosophy of the RFTVI. “Material subroutine 
principle for SMA” section presents the unified SMA consti-
tutive model, an inverse mapping algorithm, and consistent 
tangent stiffness moduli. In “Demonstration of UMAT Sub-
routine for SMAs” section, the parameters contained in the 
basic model are determined, and the UMAT (user-defined 
material mechanical behavior) subroutine for SMA wires is 
implemented and verified. In “Simulating the mechanical 
behavior of the RFTVI” section, the finite-element model 
of the RFTVI is established in ABAQUS, a key connec-
tor among the components is set, and the analysis steps are 
defined. In “Experimental verification of the RFTVI” sec-
tion, the vibration experiments were carried out to demon-
strate the isolation performance of the RFTVI. The simu-
lation and experimental results are given and discussed in 
“Results and Discussion” section. Finally, some conclusions 
are summarized in “Summary and Conclusion” section.

Introduction of the RFTVI with SMA Wires

Structure of the RFTVI

The structure of the RFTVI is shown in Fig. 1. Figure 1a, b 
is the isometric view and sectional view, respectively. The 
components of the RFTVI include one base support, one 
inner support, one spring, two annular metal rubbers, one 
upper plate, one movable spindle, six SMA wires, twelve 
SMA wires fixers, and three guide bolts. The materials of 
these components consist of four types: Ni (49.4 wt.%)-Ti 
(50.6 wt.%) alloy wire with 1 mm diameter for SMA wires, 
0Cr18Ni9 alloy wire with 0.15 mm diameter for annular 
metal rubbers, 60Si2Mn alloy wire with 2 mm diameter for 
spring, and 30CrMnSi for other components. The properties 
of 30CrMnSi are listed in Table 1. The stiffness coefficient 
of the 60Si2Mn spring is 36 N/mm. The properties of the 
metal rubbers were determined by the following test. The 
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special mechanical characteristics of SMA wire will be dis-
cussed in Sect. 3.

The assembly sequence of the RFTVI is from the bottom 
to the top and from the inside to the outside. The assembly 
process is described as follows: First, the inner support was 
inserted into the base support through the central hole. Sec-
ond, one metal rubber was placed on the top surface of the 
inner support. Third, the thicker end of the movable spindle 
was put in the central hole of the assembled metal rubber. 
Fourth, another metal rubber was placed on the platform of 
the movable spindle. Fifth, the spring was sleeved on the 
outer cylinder of the base support. Sixth, the upper plate was 
laid over the upper metal rubber. Seventh, the guide bolts 
were assembled between the base support and upper plate 
and tightened to compress the spring to produce a displace-
ment of 0.4 mm in Z-axis direction. Finally, six pre-strained 

SMA wires were fastened between the base support and the 
upper plate with fixers.

The Principle of an RFT Vibration Isolator

This RFTVI can perform two resonant frequencies, low 
resonant frequency and high resonant frequency, by tun-
ing the state of SMA wires. At a low resonant frequency, 
pre-strained SMA wires are in a martensitic state with a 
low Young’s modulus. Whereas a high resonant frequency 
is achieved by heating the SMA wire, which can activate 
the transformation from martensite into austenite with a 
high Young’s modulus. Due to the phase transformation, 
the SMA wires shrink and compress the annular metal rub-
bers and spring, which results in the generation of internal 
stress in the metal rubbers and spring. Then, the stiffness of 
the metal rubbers is improved. Stop heating, the SMA wires 
will transform from austenite with high Young’s modulus 
into martensite with a low Young’s modulus, so that the 
spring can resist the strain of SMA wires and metal rubbers. 
Consequently, the resonant frequency of the RFTVI returns 
to the original low resonant frequency.

Fig. 1  Structure of the RFTVI: 
a isometric view; b sectional 
view

(a) (b)

SMA wire fixer

Movable spindle

SMA wire

Guide bolt

Spring

Upper plate

Base support

Annular metal rubber

Inner support

SMA wire

Upper plate

SMA wire fixer

Movable spindle

Spring

Base support

Table 1  Materials properties of alloy 30 CrMnSi

Material 
type

Density, ρ Poisson’s 
ratio, υ

Young’s 
modulus, E

Tensile 
strength, σb

30CrMnSi 7.85 g/cm3 0.3 210 GPa 980 MPa

Fig. 2  Photos of a metal rubber 
and b test fixtures

(a) (b)
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Metal rubbers

Press plate
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Determination of the Mechanical Properties 
of Annular Metal Rubbers

Annular metal rubbers assembled in the vibration isolator 
are made of 0Cr18Ni9 stainless steel wire with a density 
7.93 g/cm3. Figure 2a is the photo of a metal rubber. The 
dimensions of a metal rubber, including the outer diameter, 
inner diameter, and height, are 16, 8, and 5 mm, respectively. 
Because the mechanical properties of annular metal rubber 
depend on their relative density ratio and the wire diam-
eter, the properties of metal rubbers should be determined 
experimentally. In this work, the relative density ratio of the 
metal rubber is 20%, which is calculated by the following 
expression:

where �r is the relative density ratio; r0 , l , and � are the 
diameter, length, and density of stainless steel wire, respec-
tively; R , r , and h are the outer diameter, inner diameter, and 
height of the metal rubber.

To obtain the mechanical parameters of a metal rubber, 
quasi-static compression tests were carried out with a uni-
versal testing machine UTM13307. Corresponding to the 
practical state in the vibration isolator, two metal rubbers 
stacked together were tested at the same time. In addition, 
two press plates were employed to uniformly distribute the 
compressive load on the metal rubbers. Figure 2b shows 
the test fixtures. During the test, first, a displacement of 
0.103 mm was applied to the metal rubbers to ensure that 
their surfaces were in sufficient contact with the press plates. 
Second, the two metal rubbers were pressured at the rate 

(1)�r =
�r2

0
l�

�(R2−r2)h�
,

1.67 ×  10−2 mm/s until the displacement was 1 mm. Finally, 
the pressure was released at the same velocity. During the 
loading–unloading process, the data of forces and displace-
ments were recorded. Based on the experimental data, a 
force–displacement curve for two metal rubbers was plotted, 
as shown in Fig. 3. As can be seen. With the forces increas-
ing, the displacements increase nonlinearly in the loading 
process, while the displacements decrease almost linearly 
with force decreasing in the unloading process. In addition, 
there is a hysteresis loop between the loading and unloading 
curves, which represents the dissipative energy.

Material Subroutine Principle for SMA

SMA Constitutive Model

The unified SMA constitutive model proposed by Lagoudas 
et al. was developed through constructing the Gibbs free 
energy function of a volume element, which was constrained 
by the second law of thermodynamics [24, 26]. Meanwhile, 
the yield surface of SMA phase transformation was defined. 
This unified constitutive model is briefly presented here. 
Gibbs free energy is chosen as the thermodynamic potential, 
which contains a thermoelastic part and a nonlinear trans-
formation strengthens part. First, the transformation strain 
tensor �t and the volume fraction martensitic ξ were chosen 
as internal state variables. Then the Gibbs free energy has 
the following form:

where σ is the Cauchy stress tensor, �t is the transformation 
strain tensor, ξ is the martensitic volume fraction, T is the 
current temperature, T0 is the reference temperature. S, α, 
ρ, c,s0 , u0 are the effective compliance tensor, the effective 
expansion tensor, the density, the effective specific heat, the 
effective entropy at reference state and the effective specific 
internal energy at reference state, respectively. The func-
tion f (�) is a transformation hardening function. The above 
material parameters correspond to the mixing rule, which 
can be written as

(2)
G
(

�, T , �, �t
)

= −
1

2�
� ∶ S ∶ � −

1

�
� ∶

[

�
(

T − T0
)

+ �t
]

+ c

[

(

T − T0
)

− Tln

(

T

T0

)]

− s0T + u0 +
1

�
f (�),

(2.1)S = SA + �
(

SM − SA
)

= SA + �ΔS

(2.2)� = �A + �
(
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)
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Fig. 3  Displacement–force curve for two metal rubbers
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where the superscripts M and A denote the martensitic phase 
and austenitic phase respectively. The prefix ∆ indicates the 
difference in the amount of austenite and martensite. The 
relation between Gibbs free energy and internal energy can 
be obtained using the Legendre transformation as follows:

where the sign (:) represents the double dot product opera-
tion between the two tensors σ and ε. Substituting the Eq. 
(3) for the Gibbs free energy and the internal energy into the 
first law and the second law of thermodynamics, expressed 
in the Clausius–Planck inequality, the following expression 
is obtained:

where the sign (˙) indicates the material time derivative 
operation. Using the method of fixing all but one variable, 
the constitutive relation can be obtained

Formulation Eq. 5 indicates that total strain consists of 
elastic strain, thermal expansion strain, and phase transfor-
mation strain. In this model, the martensitic volume fraction 
ξ and transformation strain �t are internal state variables, 
which have the following relation:

where the Λ is the transformation tensor, which defines the 
direction of the transformation and has the following form:

where Η is the maximum transformation strain under uni-
axial loading and σ′ is the deviatoric stress tensor defined 
by the formula

σ′ is the effective stress, which can be written as

Furthermore, �t−r is the transformation strain and �̄�t−r is 
the effective transformation strain at the point of reverse 

(2.4)s0 = sA
0
+ �

(

sM
0
− sA

0

)

= sA
0
+ �Δs0

(2.5)u0 = uA
0
+ �

(

uM
0
− uA

0

)

= uA
0
+ �Δu0,

(3)G(�, T , �, �t) = u −
1

�
� ∶ � − sT ,

(4)−𝜌Ġ − �̇� ∶ 𝜀 − 𝜌sṪ ≥ 0,

(5)� = −�
�G

��
= S ∶ � + �

(

T − T0
)

+ �t.

(6)�̇�t = Λ�̇�,

(7)Λ =

{

3

2
H

𝜎�

�̄��
, �̇� > 0

H
𝜀t−r

�̄�t−r
, �̇� < 0

(8)�
�

= � −
1

3
tr(σ)1.

(9)�̄�
�

=

�

3

2
‖𝜎

�
‖

2
.

transformation (austenite to martensite). The relation 
between �t−r and �̄�t−r has the following form:

The thermodynamic force π can be obtained by combin-
ing the Eqs. (3), (4), (5), and (6), which is written as

To capture the forward and reverse martensitic transforma-
tion, a transformation function Φ is introduced, such that

Note that Y is a material constant that is a measure of inter-
nal dissipation due to phase transformation. In addition, the 
constraints on the martensitic volume fraction are introduced 
for both forward and reverse phase transformations

For constitutive model presented by Boyd and Lagoudas 
[24], the transformation hardening function f (�) takes the fol-
lowing form:

The quantities bM , bA , �1 , and �2 are material constants that 
can be determined experimentally or from micromechanics 
evaluations.

Tangent Moduli Tensor of Continuum

The increments of the constitutive model can be written as the 
form of increment of the stress tensor

where Γ is the tangent stiffness tensor and Θ is the tangent 
thermal moduli tensor. By means of the differential form 
of the transformation function and constitutive relation (5), 
the relationship between the stress, strain and temperature 
is obtained as
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Then, the tangent stiffness tensor and the tangent thermal 
moduli tensor are obtained as follows:

where the sign “ ± ” represents the forward (austenite to mar-
tensite) or reverse (martensite to austenite) phase transfor-
mation, respectively.

Finite‑Element Analysis Algorithms for the SMA 
Constitutive Model

Based on the above SMA constitutive model, return map-
ping algorithms are used to calculate the stress increment. 
A User Material Subroutine (UMAT) of SMA is then pro-
grammed, which numerically simulates the mechanical 
behavior of SMA. Nonlinear thermomechanical prediction 
of transformation evolution can be divided into a thermoe-
lastic prediction problem and a transformation correction 
problem in accordance with the constitutive relation.

First, the thermoelastic prediction is considered. It 
is assumed that the increment of the martensitic fraction 
is zero, i.e., Δ� = 0 . Considering the time interval [0, t]
,tn ∈ [0, t] , tn+1 ∈ [0, t] and tn+1 > t

n
 , the thermoelastic pre-

diction can be expressed in the following form:

where Δ�n+1 , ΔTn+1 are the strain tensor and temperature 
increments, respectively, over the time step [tn, tn+1] . The 
superscript “(0)” represents the values obtained in the pre-
diction stage.

Second, the transformation correction is analyzed. The 
increment of strain tensor is given by

(18)Γ = S−1 −
S−1 ∶ 𝜕𝜎Φ⊗ S−1𝜕𝜎Φ

𝜕𝜎Φ ∶ S−1 ∶ 𝜕𝜎Φ ± 𝜕𝜉Φ

(19)Θ = −Γ ∶ � − �TΦ
S−1∶��Φ

��Φ∶S−1∶��Φ±��Φ
,

(20.1)�n+1 = �n + Δ�n+1

(20.2)Tn+1 = Tn + ΔTn+1

(20.3)�tr
n+1

(0)
= �tr

n

(20.4)�
(0)

n+1
= �n

(21)�
(0)
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= S−1

n
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(

Tn+1 − T0
)

− �t
n

]

(22)Φ
(0)

n+1
= Φ

(

�
(0)

n+1
, Tn+1, �n

)

,

where the increment of the compliance tensor is expressed as 
ΔSn+1 = Δ�n+1ΔS . The increment of the thermal expansion 
coefficient is Δ�n+1 = Δ�n+1Δ� . Then, the increment of the 
stress tensor for kth iteration is calculated as follows:

The derivative of the transformation function with respect 
to the stress tensor is given by

By linearizing the transformation function, the following 
consistency condition is obtained as:

Using the above equations, we can derive the increment 
of martensitic volume fraction for kth iteration

where the sign “ ± ” denotes the forward and reverse trans-
formations, respectively. The transformation function is then 
used to update the transformation strain and martensitic frac-
tion for ( k + 1)th iteration.

Demonstration of UMAT Subroutine 
for SMAs

Determination of Material Parameters

The material parameters required for the UMAT subroutine 
include direct and indirect parameters. The direct parameters 
can be tested experimentally, while indirect parameters need 
to be calculated from direct parameters. Direct parameters 
include martensite start and finish temperatures and aus-
tenite start and finish temperatures at zero stress Ms , Mf ,As , 
Af  , Young’s moduli of martensite and austenite EM , EA , the 
maximum transformation strain H, initiation and completion 
stresses of martensitic transformation �Ms , �Mf , initiation and 
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completion stresses of austenitic transformation �As , �Af . The 
indirect parameters include stress influence coefficient�Δs0 , 
thermal expansion coefficients of martensite and austenite�M
,�A . The methods for determination of these parameters are 
briefly described below.

The four transformation temperatures Ms,Mf ,As , Af  were 
determined from a Differential Scanning Calorimeter test. 
The Young’s moduli EM,EA , the maximum transformation 
strain and four critical transformation stresses �Ms,�Mf  , �As , 
�Af  were obtained from a uniaxial pseudoelastic test. The 
stress influence coefficient �Δs0 was calculated from trans-
formation function in one-dimensional model. The thermal 
expansion coefficients�M , �A were determined from the 
slopes of the strain–temperature plot in the fully martensitic 
and austenitic states, respectively.

The material parameters of the SMA wire used in this 
paper are listed in Table 2.

Numerical Simulation for SMA Wire Based 
on the UMAT Subroutine

According to the numerical algorithms for the SMA con-
stitutive model, the UMAT subroutine was coded in FOR-
TRAN. Then a finite-element model of the SMA wire was 
created to simulate its pseudoelasticity. The analysis results 
were compared with the experimental results.

The finite-element model of SMA wire is shown in Fig. 4. 
The elements used in this model are 3D 20-node solid ele-
ments C3D20R. The material parameters adopted in the sim-
ulation are taken from Table 1. The SMA wire has a diam-
eter of 1 mm and a length of 50 mm. One end of the SMA 
wire is fixed and the other end is loaded with an axial tensile 
force P. Initially, the SMA wire is in the fully austenitic state 

and at a temperature of 343 K higher than Af  . The loading 
cases include loading and unloading. First, an axial tensile 
force, from zero to maximum stress of 550MP, was applied 
on the SMA wire. During this procedure, the martensitic 
transformation took place until the fully martensitic sate 
was achieved. Meanwhile, the maximum transformation 
strain H was obtained. Then, the tensile force was released 
to zero, which resulted in the recovery of the transformation 
strain. The same analysis was conducted at a temperature of 
348 K. To verify the simulations, uniaxial tensile tests were 
performed correspondingly. The experimental results were 
compared with simulation results, as shown in Fig. 5.

Figure 5a, b is the stress vs. strain curve obtained at 
temperatures of 343 and 348 K, respectively. As can be 
seen, the stress–strain curves of simulations are consistent 
with the experimental results, either at a temperature of 
343 K or 348 K, which exhibit the mechanical characteris-
tics of pseudoelasticity of SMA wire. In addition, the four 
critical transformation stresses can be obtained from the 
curves. At the temperature of 343 K, the values of �Ms , �Mf  , 
�As , and �Af  are 336, 415, 148, and 63 MPa, respectively, 
while at the temperature of 348 K, are 371, 438, 194, and 
106 MPa, respectively.

The detailed simulation results at the temperature of 
343 K are shown in Figs. 6, 7, 8, 9. Figure 6a, b shows the 
stress and martensitic volume fraction distribution, respec-
tively, at the beginning of the forward transformation. It 

Table 2  Material parameters for 
SMA wire

No Material parameters Value

1 Martensite start temperature Ms 302 K
2 Martensite finish temperature Mf 291 K
3 Austenite start temperature As 326 K
4 Austenitic finish temperature Af 336 K
5 Young’s martensitic modulus EM 2 ×  104 MPa
6 Young’s austenitic modulus EA 4 ×  104 MPa
7 Poisson’s ratio (equal for both phase) υ 0.33
8 Coefficient of thermal expansion for the martensite �M 2.2 ×  10–5

9 Coefficient of thermal expansion for the austenite �A 2.2 ×  10–5

10 Maximum transformation strain H 0.034
11 Stress influence coefficient (equal for both phase) �Δs0 –0.3131
12 Stress for initiation of martensitic transformation (at 343 K) �Ms 336 MPa
13 Stress for completion of martensitic transformation (at 343 K) �Mf 415 MPa
14 Stress for initiation of austenitic transformation (at 343 K) �As 148 MPa
15 Stress for completion of austenitic transformation (at 343 K) �Af 63 MPa

P

Fig. 4  Finite-element model of SMA wire
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is seen that the distributions of stress and the martensi-
tic volume fraction are uniform. In addition, the value 
of the martensitic volume fraction is zero, which is in 
good agreement with the theoretical value. The stress is 
331 MPa, which has a relative error of 1.49% in compari-
son with the experimental result of 336 MPa.

Figure 7a, b shows the stress and martensitic volume 
fraction distribution, respectively, at the end of the for-
ward transformation. As can be seen, the stress and the 
martensitic volume fraction distribution are approximately 
uniform with a value of 408.3 MPa and 1.02, respectively. 
The relative error of stress is 1.61% compared to the 
experimental result of 315 MPa, while the relative error 

of martensitic volume fraction is 2.0% compared to the 
exact solution of 1.

Figure 8a, b shows the stress and martensitic volume 
fraction distribution, respectively, at the beginning of the 
reverse transformation. As can be seen from these figures, 
the stress value is approximately 146.8 MPa, which has a 
relative error 0.81% compared to the experimental result 
of 148 MPa. The martensitic volume fraction is 1.016 with 
a relative error of 1.6% compared to the exact solution of 
1.

Figure 9a, b shows the stress and martensitic volume frac-
tion distribution, respectively, at the end of the reverse trans-
formation. It can be seen that the stress value is 61.7 MPa 
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Fig. 5  Stress–strain curves of SMA wires obtained at a 343 K and b 348 K

(a) (b) 

Fig. 6  Results of a stress distribution and b Martensitic volume fraction distribution obtained at the beginning of the forward transformation at 
343 K



2119Journal of Vibration Engineering & Technologies (2022) 10:2111–2128 

1 3

with a relative error of 2.06% compared to the experimental 
result of 63 MPa, while the martensitic volume fraction is 
5 ×  10–4 with a relative error of 0.05% compared to the exact 
solution of zero.

Figures 10, 11, 12, 13 show the simulation results at a 
temperature of 348 K. Figure 10a, b shows the stress and 
martensitic volume fraction distribution, respectively, at the 
beginning of the forward transformation. It is seen that the 
stress value is approximately equal to 363 MPa, and the mar-
tensitic fraction is zero. The relative error of stress is 2.16% 
compared to the experimental result of 371 MPa, while the 
martensitic fraction is equal to exact solution.

Figure 11a, b shows the stress and martensitic volume 
fraction distribution, respectively, at the end of the forward 
transformation. It can be seen that the stress value is approxi-
mately 443 MPa, and the martensitic fraction is 1.02. The 
relative error of stress is 1.14% compared to the experimen-
tal result of 438 MPa, while the relative error of martensitic 
volume fraction is 2% compared to the accurate solution 
of 1.

Figure 12a, b shows the stress and martensitic volume 
fraction distribution, respectively, at the beginning of the 
reverse transformatioin. These results show that the stress 
value is approximately 189 MPa, and the martensitic volume 

(a) (b) 

Fig. 7  Results of a stress distribution and b Martensitic volume fraction distribution obtained at the end of the forward transformation at 343 K

(a) (b)

Fig. 8  Results of a stress distribution and b Martensitic volume fraction distribution obtained at the beginning of the reverse transformation at 
343 K



2120 Journal of Vibration Engineering & Technologies (2022) 10:2111–2128

1 3

fraction is 1.025. The relative error of stress is 2.58% com-
pared to the experimental result of 194 MPa, while the rela-
tive error of martensitic volume fraction is 2.5% compared 
to the accurate solution of 1.

Figure 13a, b shows the stress and martensitic volume 
fraction distribution, respectively, at the end of the reverse 
transformatioin. It can be seen that the stress value is 
104 MPa with a relative error of 1.89% compared to the 

experimental result 106 MPa, while the martensitic volume 
fraction is approximately 8 ×  10–4 with a relative error of 
0.08% compared to the exact solution of zero.

The above results show that the simulation accuracy can 
meet the application of SMA wires in engineering. The 
finite-element analysis method adopted is valid in simulat-
ing the mechanical behavior of SMA wires.

(a) (b)

Fig. 9  Results of a stress distribution and b Martensitic volume fraction distribution obtained at the end of the reverse transformation at 343 K

(a) (b)

Fig. 10  Results of a stress distribution and b Martensitic volume fraction distribution obtained at the beginning of the forward transformation at 
348 K
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Simulating the Mechanical Behavior 
of the RFTVI

Model of the RFTVI

The thermomechanical behavior of an RFTVI is simulated in 
ABAQUS environment, and its three-dimensional finite-element 
model is shown in Fig. 14a. To simplify the simulation, the inner 
support and the base support are considered as a whole compo-
nent. Figure 14b shows the TRANSLATOR CONNECTOR and 
SPRING elements. Here, the TRANSLATOR CONNECTOR 

elements were employed to simulate the two metal rubbers, 
which were constructed between the base support and the mova-
ble spindle and between the upper plate and the movable spindle. 
The mechanical properties of the TRANSLATOR CONNEC-
TOR element are given by the test data of metal rubbers. The 
SPRING element was employed to simulate the spring between 
the upper plate and the base support with an elastic stiffness of 
36 N/mm. The properties of SMA wires were defined by the 
UMAT subroutine, where the initial martensitic fraction and 
the initial transformation strain are 0.6 and 0.02, respectively, 
in accordance with the experiments.

(a) (b)

Fig. 11  Results of a stress distribution and b Martensitic volume fraction distribution obtained at the end of the forward transformation at 348 K

(a) (b)

Fig. 12  Results of a stress distribution and b Martensitic volume fraction distribution obtained at the beginning of the reverse transformation at 
348 K
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Load Steps for Mechanical Simulation

Two load steps are defined to simulate the assembly and work-
ing procedures of the RFTVI, respectively. The first load step 
is a mechanical load, which is applied on the guide bolts and 
induces a compressive displacement of 0.4 mm in the z-axis 
direction of the guide bolts. Thus, the upper plate is driven 
to compress each metal rubber to produce a displacement of 
0.2 mm. Meanwhile, a pressure is gradually applied on the 
lower surface of the upper plate to simulate the reaction force 
of the spring until the maximum value of 0.82 MPa is reached.

The second step is a thermal load, which is applied on 
the SMA wires to simulate their activating process. During 
this process, the SMA wires are thermally insulated from 
their adjacent parts, and their temperatures were raised from 
280 to 400 K. With the increase of temperature, the SMA 
wires transform from the martensitic sate into austenitic 
sate, which induces the contraction of SMA wires. Thus, 
the spring and two metal rubbers are further compressed, 
and the structural stiffness of the RFT vibration isolator is 
increased.

(a) (b)

Fig. 13  Results of a stress distribution and b Martensitic volume fraction distribution obtained at the end of the reverse transformation at 348 K
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Fig. 14  a Three-dimensional model of the FRTVI and its components. b TRANSLATOR CONNECTOR and SPRING elements
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Experimental Verification of the RFTVI

The isolation performance of the RTFVI is evaluated by the 
force transmissibility T, which is defined as the ratio of the 
response amplitude to the base excitation amplitude. Since 
the base excitation and response have the identical angu-
lar velocities, the force transmissibility is also equal to the 
ratio of their acceleration amplitudes. Under the condition 
of simple harmonic excitation, the vibration transmissibility 
is equal to the acceleration ratio, as follows:

where Ta is the acceleration transmissibility, Bd is the 
response amplitude, v is the base excitation amplitude, aout 
is the response acceleration, and ain is the base excitation 
acceleration.

The experimental platform were set up to verify the vibra-
tion isolator performance of the RFTVI. Figure 15 shows 
the schematic of the experimental setup. A shaking table 
was adopted as vibration source. A 1 kg mass was installed 
on the top of the RFTVI. Acceleration sensor 1 placed on 
the shaking table and sensor 2 placed on the mass were 
employed to acquire the acceleration of the shaking table 
and mass, respectively. The vibration controller was used 
to receive the data from the two acceleration sensors and 
transmitted the data to the computer after processing. The 
power amplifier amplified the control signal and input it to 
the shaking table. A DC power supply was applied to acti-
vate the SMA wires through Joule heat, so as to tune the 
resonant frequency of the RFTVI. During the test, a sinusoi-
dal sweep test ranging from 5 to 500 Hz was implemented by 
the shaking table. The acceleration ain and aout were gathered 
by the sensor 1 and sensor 2, respectively. Then, the accel-
eration transmissibility can be calculated by Eq. (28) and 
the transmissibility vs. frequency curves were derived. For 
comparison, two transmissibility vs. frequency curves were 
plotted: one was obtained without tuning the resonant fre-
quency of the RFTVI, and the other was under the condition 
that the resonant frequency of the RFTVI is tuned.

(28)T = Ta =
Bd

v
=

aout

ain

Shaking 

Table

RFTVI

Power 

Amplifier
Computer

Acceleration 

Sensor 2

DC Power Supply

Acceleration Sensor 1

Vibration 

Controller

Mass

Fig. 15  Experimental platform

                             
(a) (b)

Fig. 16  Simulation results of a displacement in axis direction and b equivalent stress for the first load step
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Results and Discussion

The First Load Step

Figure 16a, b shows the displacement in the axial direction 
and the equivalent stress distribution, respectively, for the 
first load step. It can be seen that the guide bolts contracted 
0.4 mm in axial direction, and the upper plate produced 
a corresponding displacement of 0.4 mm. The maximum 
equivalent stress of 34.8 MPa is generated at the contact area 
between the guide bolts and the upper plate, which verifies 
that the tensile strength 980 MPa of the guide bolts meets 
the application requirements.

Based on the simulation results, a force–displace-
ment curve of metal rubbers was plotted and compared 
with experimental results, as shown in Fig. 17. Since the 
force–displacement curves of the two metal rubbers are iden-
tical, this figure can represent the performance of either of 
the two metal rubbers. It can be seen that with the increase 
of force, the displacement increases gradually until it reaches 
the maximum value of 0.2 mm. In addition, we can see that 
the curve is in good agreement with the experimental results, 
which demonstrates that it is reasonable to use the TRANS-
LATOR CONNECTOR elements to simplify metal rubbers. 
By calculating the tangent slope of each data point of the 
cure, we can obtain the tangent stiffness of metal rubber is 
37 N/mm at the end of the first load step. If a 1 kg mass is 
installed on the top of the movable spindle, it can be calcu-
lated that the natural frequency of the RFTVI is 42.6 Hz.

The Second Load Step

Figure 18a–d shows the temperature, martensitic volume 
fraction, displacement in axis direction, and equivalent stress 

distribution, respectively, for the second load step. It can be 
seen from Fig. 18a that the temperature of the SMA wire 
is 400 K, while the temperatures of other components are 
maintained at 280 K.

The martensitic volume fraction distribution of SMA 
wires is shown in Fig. 18b. Because the temperatures of 
SMA wires rose from 280 to 400 K, the SMA wires trans-
formed from martensite to austenite, which leads to the 
decrease in the martensitic volume fraction. As can be seen, 
the martensitic volume fraction is only 1.3 ×  10–3 at 400 k. 
It can be said that the SMA wires are almost in a fully aus-
tenitic state.

In addition, we can see that the maximum displacement 
of the upper plate is 0.9 mm, of which the displacement of 
0.5 mm is induced by the contraction of the SMA wires. 
Then, the total displacement of the upper plate is obtained 
by adding 0.5–0.4 mm of the first load step. After the sec-
ond load step, due to the separation of the guide bolts and 
the upper plate, the elastic force of the spring acts on the 
SMA wires with the help of the upper plate. Furthermore, 
the equivalent tensile stress of the SMA wires is increased 
to 350 MPa, as shown in Fig. 18d.

Based on the simulation results, the strain vs. temperature 
and martensitic volume fraction vs. temperature curves are 
plotted, as shown in Fig. 19a, b, respectively. According 
to the variation of the slope of the curves, the two curves 
can be divided into five stages. In the first stage, the strain 
increases slowly with the increase of temperature, which is 
caused only by the thermal expansion of the SMA wires, 
as shown in Fig. 19a. In this process, the martensitic vol-
ume fraction remains unchanged, because the temperature is 
lower than As , as shown in Fig. 19b. When the temperature 
rises to 328 K, which is higher than As , the reverse transfor-
mation from martensite to austenite occurs, resulting in the 
contraction of SMA wires. Therefore, the strain and mar-
tensitic volume fraction decrease simultaneously until the 
temperature reaches 331 K. This process is the second stage. 
When the temperature is higher than 331 K, the contrac-
tion of SMA wires are restricted, because the fixers of SMA 
wires are blocked by the upper plate. Thus, the decreasing 
rates of strain and martensitic volume fraction slow down 
until the temperature rises to 374 K, which is called the third 
stage. When the temperature is higher than 374 K, the strain 
and martensitic volume fraction are decreased sharply until 
the temperature rises to 381 K, which is the fourth stage. 
This stage is formed by the separation of contact between 
guide bolts and the upper plate caused by the increasing of 
contraction force of SMA wires. When the temperature is 
380 K, all martensite has transformed into austenite, that 
is, the martensitic volume fraction is zero. Thereafter, with 
the increase of temperature, the martensitic volume fraction 
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remains zero (see Fig. 19b), while the strain of SMA wires 
increases gradually due to the influence of thermal expan-
sion until the temperature rises to 400 K (see Fig. 19a). The 
last process is called the fifth stage.

The force vs. displacement curve of the metal rubbers for 
the second load step is plotted, as shown in Fig. 20, in which 
the corresponding experimental data are also depicted for 
comparison. It is observed that the displacement increases 
gradually with the increase of force until it reached the maxi-
mum value of 0.45 mm. The variation trend of displacement 
with force is consistent with the experimental data. By cal-
culating the tangent slope of each point of the curve, it can 

be obtained that the tangent stiffness of the metal rubber is 
312 N/mm at the end of load step. If a 1 kg mass is installed 
on the top of the movable spindle, it can be calculated that 
the natural frequency of the RFTVI is 122.7 Hz, which is 
higher than the frequency 42.6 Hz at the end of the first 
load step.

Isolation Performance of the RFTVI

Figure 21 shows the acceleration transmissibility vs. fre-
quency cures of the RFTVI under different states. The 
blue solid curve with circle points was obtained before the 

(a) (b)

(c) (d)

Fig. 18  Simulation results of a temperature, b martensitic volume fraction, c displacement in axis direction, and d equivalent stress for the sec-
ond load step
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resonant frequency tuning, and the red solid cure with square 
points was after the resonant frequency tuning.

It can be seen from the figure that the resonant frequency 
before frequency tuning is 41 Hz, while the resonant fre-
quency after frequency tuning is 121 Hz, which verifies 
that the resonant frequency of the RFTVI is tunable and the 
FEA of the RFTVI is feasible. The two resonant frequencies 
obtained from the test are lower than the analysis results 
of 42.6 and 122.7 Hz, respectively, because the stiffness 
of the RFTVI in the test is lower than that in the FEA. In 
addition, the peak value of the acceleration transmissibility 
after frequency tuning is great than that before frequency 
tuning, which is caused by the reduction of the damping of 
the RFTVI. When the resonant frequency is tuned, the metal 
rubbers in the RFTVI are compressed, so that the relative 

sliding among metal wires becomes more difficult. Thus, the 
efficiency of energy absorption through the sliding of metal 
wires decreases, resulting in the reduction of the damping 
of the RFTVI.

Summary and Conclusion

To simulate the mechanical behaviors of the RFTVI with 
SMA wires, the UMAT subroutine was programmed 
based on the unified SMA constitutive model and imple-
mented in the ABAQUS environment. The validation of 
the UMAT subroutine was demonstrated by simulating the 
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pseudoelasticity of SMA wires. Then, a 3D model of the 
RFTVI was created. The TRANSLATOR CONNECTOR 
elements and corresponding nonlinear mechanical charac-
teristics were adopted to simulate the mechanical behaviors 
of the two metal rubbers. The SPRING element and the cor-
responding mechanical characteristics were adopted to simu-
late the mechanical behavior of the spring. A martensitic 
volume fraction of 0.6 and an initial transformation strain 
of 0.02 of the SMA wires were initialized. Then, two-load 
steps were defined to simulate the mechanical behaviors of 
the tightening process of the guide bolts and the activation 
process of the SMA wires, respectively. The mechanical 
characteristics, such as displacements, equivalent stresses, 
temperatures, and martensitic volume fractions, are calcu-
lated, which reveal the mechanical behaviors of the RFTVI. 
Meanwhile, the isolation performance of the RFTVI was 
investigated and demonstrated.

For all of the above results, the following conclusions 
can be drawn. The UMAT subroutine, based on the uni-
fied SMA constitutive model, is valid for simulating the 
mechanical characteristics of the SMAs. The TRANSLA-
TOR CONNECTOR elements and SPRING elements can 
be used to substitute the components of metal rubbers and 
springs, respectively. The two-load step procedure is suit-
able for simulating the mechanical behavior of the tighten-
ing process of the guide bolts and the activating process of 
the SMA wires. The results reveal the mechanical behav-
iors and isolation performance of the RFT vibration isolator. 
The simulation methods adopted in this paper are useful for 
designing RFTVIs.
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