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Abstract: Magnetorheological elastomeric (MRE) material is a novel type of material that can adap-
tively change the rheological property rapidly, continuously, and reversibly when subjected to
real-time external magnetic field. These new type of MRE materials can be developed by employing
various schemes, for instance by mixing carbon nanotubes or acetone contents during the curing
process which produces functionalized multiwall carbon nanotubes (MWCNTs). In order to study
the mechanical and magnetic effects of this material, for potential application in seismic isolation,
in this paper, different mathematical models of magnetorheological elastomers are analyzed and
modified based on the reported studies on traditional magnetorheological elastomer. In this regard,
a new feature identification method, via utilizing curvelet analysis, is proposed to make a multi-
scale constituent analysis and subsequently a comparison between magnetorheological elastomer
nanocomposite and traditional magnetorheological elastomers in a microscopic level. Furthermore,
by using this “smart” material as the laminated core structure of an adaptive base isolation system,
magnetic circuit analysis is numerically conducted for both complete and incomplete designs. Mag-
netic distribution of different laminated magnetorheological layers is discussed when the isolator
is under compressive preloading and lateral shear loading. For a proof of concept study, a scaled
building structure is established with the proposed isolation device. The dynamic performance of
this isolated structure is analyzed by using a newly developed reaching law sliding mode control and
Radial Basis Function (RBF) adaptive sliding mode control schemes. Transmissibility of the structural
system is evaluated to assess its adaptability, controllability and nonlinearity. As the findings in this
study show, it is promising that the structure can achieve its optimal and adaptive performance by
designing an isolator with this adaptive material whose magnetic and mechanical properties are
functionally enhanced as compared with traditional isolation devices. The adaptive control algorithm
presented in this research can transiently suppress and protect the structure against non-stationary
disturbances in the real time.

Keywords: MRE with MWCNTs; curvelet identification; magnetic circuit analysis; compressive and
shear effect; adaptive isolator design; reaching law control; RBF adaptive control

1. Introduction

Magnetorheological elastomer (MRE) is a type of composite material whose magnetic
field-dependent particles are suspended within non-magnetic elastomer matrix [1–3], and
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is considered a “smart” material. Magnetic field effect can cause variations in stiffness and
damping properties and make this material more adaptive and controllable, thereby creat-
ing a wide range of prospects for the application of this type of vibration isolation [4–6].
The MREs have an ability to change their mechanical properties with the external mag-
netic field [7–14]. Limited and narrow working frequency bandwidth is regarded as the
biggest disadvantage of traditional MR absorbers. To improve the performance of energy
dissipation, an MRE-based absorber was studied to enhance shift-frequency property and
vibration absorption capacity [15]. An active-damping MRE-based vibration absorber
was presented and theoretically analyzed [16]. A frequency tunable passive absorber was
developed to suppress vibration and provide good controllability of structures [17]. An
axial semi-active MRE-based dynamic vibration absorber was designed to achieve good
vibration absorption capacity [18]. The resonance shift property of MRE was studied
to verify the nonlinearity and adaptability of the absorber, which had wider effective
frequency bandwidths [19]. Due to energy absorption and damping characteristics of
MRE absorbers, it is concluded that this material has potential application in seismic iso-
lation [20–23]. Some scholars have carried out a series of investigations and reviews on
MRE Isolators. A proposed variable stiffness and damping isolator was developed by
appropriately designing a magnetic circuit optimally passing through MRE layers [24]. An
innovative MRE-based isolator was designed with adjustable lateral stiffness to protect
structures against near- or far-fault earthquakes [25]. The shear forces were forecasted
in real-time and the hysteretic behavior was characterized from the test data of an MRE
isolator [26]. An adaptive isolator was developed when a suitable preload and magnetic
field were applied together [27]. An MRE isolation system was developed to attenuate
the severe vibration of inertial measurement units in three directions [28]. A new variable
stiffness and damping isolator was verified in a scaled building with a Lyapunov-based
control scheme [29]. The effectiveness of an MRE-based isolation device was proved by
implementing it in a single story building structure with fuzzy logic control under seismic
excitation [30]. An improved semi-active variable stiffness control law was proposed to
achieve better efficiency than traditional on-off control law. The inverse dynamics of an
MRE-based isolator was established based on optimal general regression neural network,
and an LQR controller was utilized for real-time semi-active vibration control [31]. As
a brief review of the literature on the application of MRE materials for seismic isolation
indicates, several studies have also been conducted regarding the fabrication and imple-
mentation of MRE materials for utilization in civil and mechanical structures. However, to
the best of the authors’ knowledge, limited work has been reported on the novel MRE with
multiwall carbon nanotubes (MWCNTs), which is a new approach to functionally enhance
the magnetorheological behavior of traditional MRE. Compared to traditional MRE, MRE
with MWCNTs was developed by mixing carbon nanotubes or acetone contents during
the curing process. With such additives, the magnetic-induced property of MRE could be
enhanced and improved [32,33]. The MRE with MWCNTs will be a novel MRE adaptive
seismic isolator, which is the focus of the study presented in this manuscript.

Micro and macro mechanical properties have always been the focus of scholarly re-
search, which can help us better reveal the physical behavior of materials under stress.
The physical phenomenon of MRE is similar to MR fluids. The magnetizable particles are
arranged in different ways based on different needs, such as chain and uniform arrange-
ment. The polymer with different particle arrangement is usually regarded as isotropic
and anisotropic body. A wide range of applications for this type of MRE has been reported
in the literature [34–37]. A series of investigations and reviews of MRE-type modeling
have also been carried out. Mechanical and magnetic properties were simulated and
developed by establishing a mechanism of the distribution of magnetic effect [3]. The
mechanical response of nanocomposites filled with carbon nanotubes was studied with a
viscoelastic interface model [4,5]. A few research studies on theoretical models of MREs
were conducted by considering several determinant factors such as magnetic strength,
strain amplitude, and loading frequency [6–11]. With the excitation of both compressive
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and shear loading, experimental work was further implemented to modify and validate the
conventional magnetorheological model which only took shear effect into account [12,13].
In order to investigate the viscoelastic property of MRE under wider amplitude and vari-
able frequencies, a new revised nonlinear rheological Bouc-Wen model was proposed to
consider displacement-, velocity- and acceleration-dependent behavior [14]. These research
results show that the mechanical properties of MRE affects the frequency, temperature,
magnetic strength, and field dependence modulus. Extensive work on modeling MREs has
not been carried out in the literature due to the complexity of this problem. Based on the
available MRE models, an MRE with MWCNTs model is studied in this manuscript.

One of the objectives of this paper, is how to assess different constituencies of these
materials by using energy distribution. This is a particularly important problem that
has not been adequately or methodically addressed, and remains an important research
question. A proposed approach to address this problem is to collect microscale images
of polymers and analyze them by image recognition methods. The micro-scale image of
the edge of mixture is multisingular. In order to solve the shortage of two-dimensional
wavelet transform in identifying the Linear Singularity of the edge, a new anisotropic
and multiscale curvelet transform is proposed. This approach offers a mapping method
which maps a two-dimensional function to a group of two-dimensional directional plane
wavelets to obtain curvelet coefficients. Different components of the microstructure of MRE
composites need to be clearly differentiated to reveal the weights of each constituen. This is
an important task that helps to develop and identify an MRE isolator that is most suitable for
seismic application. One of the effective tools that has been employed for feature extraction,
in several disciplines, such as structural health monitoring, is wavelet analysis [38–43].
Among the wider range of wavelets, the wavelet, proposed by geophysicist J. Morlet in
1981, is an advanced signal processing tool that can adaptively extract features of signals
in the time-frequency domain with multiresolution analysis. Due to its unique capability
of “zoom lens with an adjustable focus”, it has been widely applied to damage detection
and system identification in civil, mechanical and aerospace engineering [44–46]. For
instance, considering the influence of original defect of structures, wavelet coefficient
differences were employed to detect damage locations and quantify specific damages
of a beam structure by choosing an optimal scale. As a further development, curvelet
performs a better identification efficiency and accuracy in that its anisotropic behavior
allows it to “track” the behavior of singularities along curves. This means it can identify an
abnormal signal with various scales, spaces and orientations [47]. Curvelet was successfully
applied to the identification of non-stochastic surfaces [48], and it was demonstrated that
different curvelet scales reflect different energy distribution and features. For the images of
MRE in the microscopic level, it is sometimes hard to clearly differentiate mixture types.
Therefore, curvelet identification may provide a novel way to explore the features and
detailed information of the structure of MRE. Therefore, the curvelet analysis is used to
discriminate different material constituents as a new type of “microscope”. To the best of
the authors’ knowledge this is the first time that curvelet transform is utilized in this novel
application field, i.e., structural health monitoring of composites [49,50].

This study focuses on a comparative study of feature identification of traditional MRE
and MREs with MWCNTs, MRE-based isolator design, and the implementation of these
“smart” materials in a scaled structure with developed control algorithms. The main focus
of this research includes:

(1) Investigation and modification of parametric models of traditional MRE with func-
tionally enhanced multiwall carbon nanotubes.

(2) Curvelet identification and feature comparison of MRE and MRE composite structures
to MWCNTs using a multiscale Curvelet analysis.

(3) Adaptive seismic isolator design and magnetic circuit analysis with a novel MRE
laminated core structure when the damping system is subjected to both compressive
and lateral loading. Development of a reaching law-based sliding mode control and
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adaptive RBF sliding mode control algorithm for a scaled prototype structure and
verification of adaptability, controllability and nonlinearity of the control schemes.

2. Investigation of Five Parametric Models

As the first objective of this theoretical analysis, it is very important to study the
physical behavior of MRE materials. MRE is a solid material, and its working mode is
mainly shear and tension pressure mode. After the particles are magnetized, they produce
a magnetic force. This load causes the matrix rubber to compress. When the particles
are stretched or compressed, the interaction force between magnetized particles is related
to the displacement between particles. Herein, the constitutive model of the polymer is
investigated, which is conducted based on modification of various parametric models of
MRE. The following sections present the details of this study.

2.1. MRE Models

Magnetorheological material is a type of smart material that consists of micron-sized
magnetic particles dispersed in an elastomer matrix with specific additives. Its rheological
features such as stiffness and damping can change and be controlled reversibly and rapidly
by an externally applied magnetic field. If the particles inside the elastomer are uniformly
distributed, this material is called isotropic MRE, which is unstructured, while if they have
a magnetic-induced, aligned, chain-like columnar structure, it is an anisotropic MRE. In
the latter case, a field-dependent aligned particle structure forms and becomes locked in
place in the polymer composite during crosslinking processes. To investigate important
parametric models derived from Maxwell (a spring and dash-pot in series) and Kelvin
(a spring and dash-pot in parallel) models, Laplace transform is employed to present five
mathematical expressions of models. Some of the models can be appropriately presented
in the time-domain form while others in the frequency domain form. Figure 1 shows these
model schematics and the corresponding mathematical expressions are given in Table 1.

Figure 1. Parametric Model. (a) M1 (b) M2 (c) M3 (d) M4 (e) M5.
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Table 1. Parametric Model of MRE.

No. Mathematical Expression

M1 [6] τ =

[
(k1kb+k2kb+k1k2)[(k1+k2)

2+c2
2ω2]+c2

2ω2k2
1

(k1+k2)[(k1+k2)
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2ω2]
+ i c2ωk2

1
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2ω2

]
γ (1)

M2 [7] τ = G1γ +
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η+G2t +
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2
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(2)
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[(

Gm(H) + G0
(
1 + ηαωα cos

(
απ
2
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2
))]

γ (3)

M4 [9] τ =

[(
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(
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2
)) 2(ε0/εc)
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)]
γ (4)

M5 [12]
τ =

[
G0 + 3µ0µmφCβ2H2

0

(
dp
d0

)3 1
(1−ε)3

(
4−6γ2

A2
1(1+γ2)7/2 +

12Cβ(dp/d0)
3
(1−ε)−3γ2

A3
1(1+γ2)10/2 + 5

B2
1(1+γ2)7/2 +

6Cβ(dp/d0)
3
(1−ε)−3

B3
1(1+γ2)10/2

)]
γ

A1 = 4 + Cβ
(

dp
d0

)3 1
(1−ε)3

1
(1+γ2)3/2 , B1 = 2− Cβ

(
dp
d0

)3 1
(1−ε)3

1
(1+γ2)3/2

(5)

Note: In these models, shear strain is the explicit time or frequency-domain function of shear strain or compressive pre-strain. More
detailed physical meaning of parameters of these models can be found in the corresponding references.

The basic assumptions and applicability of these models include:

(1) The viscoelastic property is modeled by Maxwell and Kelvin models, and Payne effect
is modeled by modified Kraus model.

(2) The steady state response of shear stress–strain curve is obtained from a harmonic
strain excitation γ = γ0sin(ωt + ϕ), where γ0 is the strain amplitude, ϕ is the phase
angle, which is the phase angle difference between the input and the output and ω is
the driving frequency.

Model 1 (M1) is a simple linear viscoelastic model. The model is based on the mag-
netic fluid material three-parameter model. Different from the matrix of magnetic fluid
material, the matrix of MRE material is an elastomer, and the effect of matrix deformation is
considered. The four-parameter linear viscoelastic model is composed of a three-parameter
standard solid model with additional spring element as shown in Figure 1a. In this
model, the viscoelastic characteristics of modulus and damping capability is modeled by
a three-parameter standard solid model, and the introduced spring element represents
field-induced modulus [6]. Model 2 (M2) is a refined model considering the slip between
particles and matrix. It consists of three parts: (a) the viscoelasticity of the polymer com-
posite, (b) the magnetic-field-induced mechanical properties, and (c) interfacial slippage
between the matrix and the particles. M2 includes a standard linear solid model, a stiffness
variable spring, and a spring-Coulomb friction slider as shown in Figure 1b. In this model,
the standard three-parameter solid model describes the viscoelasticity of the polymer
composite. Magnetic field-dependent property is indicated by various stiffness spring
elements by considering the dipole interaction between magnetic particles within the chain,
and the interfacial slippage between particles and matrix is modeled by a slider with a
threshold of interfacial bond strength [7].

Model 3 (M3) introduces fractional derivative. The stress of time domain is trans-
formed into a complex modulus (storage modulus and dissipation modulus) by Fourier
transform. This is different from the traditional Newton pot (Figure 1a,b), which can only
express the behavior of viscosity. The fractional order introduces frequency into the storage
modulus, so the viscoelastic behavior becomes the spring pot in Figure 1c. The spring
pot can express the behavior between elasticity (called storage modulus) and viscosity
(called dissipation modulus), which is more consistent with the actual physical experimen-
tal behavior. M3 is a parametric magneto–viscoelastic model that includes four parallel
elements, i.e., a spring element, a fractional derivative dashpot element, a nonlinear spring
element and an additional analogous dashpot element, as shown in Figure 1c. In this
model, the spring element together with the fractional derivative dashpot element repre-
sent the viscoelasticity of the matrix. Magnet field-dependent phenomenon is indicated by
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a nonlinear spring, and the damping variance with induced magnetic field is represented
by the analogous dashpot element [8].

Model 4 (M4) is a model describing the experimental physical phenomenon that the
polymer strain falls when it reaches a certain value. This physical phenomenon is called
the Payne effect. When strain increases, the structural mesh is destroyed rapidly, and the
elastic model decreases rapidly. M4 is an extended fractional derivative model with further
modification of M3, as shown in Figure 1d. In this macroscopic model, the spring element
represents static and elastic shear modulus. Viscosity coefficient along with fractional order
element are considered determinant factors of viscosity of composite. The variable and
nonlinear stiffness and damping elements describe magnetic-induced behavior. In addition,
Payne effect is taken into consideration with a modified Kraus model that describes the
influence of Van Der Waals interactions and friction between particles and matrix on
breaking and rebuilding processes [9]. M2 is a mathematical model in the time domain.
M1, M3 and M4 are mathematical models represented with Laplace transform, where the
real and imaginary parts of the expression respectively represent the storage modulus and
loss modulus of the complex modulus.

Model 5 (M5) considers the pre-strain under the action of magnetic field. Starting from
the chain structure of particles in the matrix, the dipole theory of the linear chain is used
for modeling. The magnetic field direction is vertically upward, and the center distance
of the dipole (magnetized particles) arranged along the magnetic field direction is d0, as
shown in Figure 1e. When the dipole is deformed to the dotted circle position of Figure 1e,
the two dipoles will generate energy. The conversion of magnetic field energy and matrix
strain energy results in magnetic-induced modulus (including magnetic-induced Young’s
modulus and magnetic-induced shear modulus). Its size is related to particle spacing,
particle volume ratio and saturation strength of magnetic field. So M5 is a microscopic
model that simultaneously includes the effects of magnetic energy density, shear strain and
pre-strain [12]. The parameters in these models have been identified and verified using an
objective function based on the data from analytical and experimental work.

2.2. Model Attribute

From Table 2, a comparative study on different kinds of model attributes is further
discussed based on the research conducted by previous scholars [6–13]. M1-M4 are macro-
scopic models denoting the viscoelastic properties of MRE. These models can show the
relationship between shear stress and shear strain, and are functions of magnetic field,
strain amplitude and loading frequency. However, none of them can consider the effect of
pre-strain, and only M4 can incorporate the Payne effect due to the consideration of the
element of modified Kraus model.

Table 2. Model Attribute.
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1 # # # # 5 # 5 # 5

2 # # # # 5 # 5 # 5

3 # # # # 5 # 5 # 5

4 # # # # # # 5 # 5

5 5 # 5 5 # # # 5 #
Note: # denotes the model has this type of attribute, while 5 represents the model does not have this type
of attribute.
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Specifically, as shown in Figure 2a, M5 reveals the relationship between magnetic-
induced modulus ∆G versus lateral shear strain γ and compressive pre-strain ε. It is
obviously found that ∆G is positive with the shear strain γ increasing, while the gradually
increasing compressive prestrain ε has a positive effect on the magnetic-dependent modu-
lus. However, if the lateral shear effect is considerably large, such as seismic effect with
large acceleration and random vibration, the dynamic strain will cause decreasing dynamic
stiffness and growing energy dissipation. In this case, the elastomer has a large deformation
and the breakdown of filler networks initiates. At the same time, the interaction of particles
attenuates as the distances of particles within and between chains increase, which gives
rise to a decreasing trend of both storage modulus and loss modulus.

Figure 2. Microscopic Model.

This phenomenon is more visually indicated in Figure 2b. The magnetic-induced
modulus ∆G becomes zero and even negative in the large shear-deformation area (γ = 1.2
in the extreme case). Therefore, M5 is more suitable for comprehensively considering both
Payne effect of shear loading and pre-stress in the micro scale when MRE is simultaneously
subjected to external magnetic excitation, lateral shear and vertical compression.

2.3. MRE with MWCNTs Models

Carbon nanotubes are small sized materials that have low density and high aspect
ratio. The bonding between elastomers and magnetic particles can be generally improved
with reinforcing MWCNTs, thus the corresponding MR effect is higher. Experimental
study was conducted to modify the previously discussed parametric models. With the
dispersed MWCNTs in the liquid elastomer with sonication, which was later mixed with
magnetic particles, the curing process could be completed under a steady magnetic field.
Carbonyl iron powders with average diameter of 8 µm were used as magnetic particles,
and silicone rubber was as elastomer. Iron particles are chosen in MRE because of their
high permeability, low remnant and saturated magnetization ability. MWCNTs with a
diameter of 10 nm and length ranging from 10–15 µm and 95 wt% purity were used as
additives. About 30 wt% of iron particles and 1.5 wt % of MWCNTs were mixed in the
solution and fabricated in the matrix. The mixture molds were placed between permanent
NdFeB bar magnets to form stable polarized structured particle chains under the field
strength of 1.35 T.

For M1 to M4, a parallel spring element (τ = GMWCNTγ) is added to modify
the aforementioned MRE models by considering the effect of MWCNTs, which functionally
enhance the traditional magnetorheological elastomer. Model 5 can be improved by
modifying relative permeability of matrix µm. As shown in Figure 3, the shear stress-strain
curves for magnetorheological elastomer nanocomposites are measured at the magnetic
field 1 T, strain amplitude 11% and loading frequency 1 Hz. In Figure 3, for MRE, the elastic
part of the curve represents initial modulus, i.e., 1.74 MPa, 1.81 MPa, 1.62 MPa, 2.13 MPa
and 1.96 MPa for M1-5, respectively. Compared with initial stiffness at the strain amplitude
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of 0.11, the modulus for M4 and M5 are 1.95 MPa and 1.81 MPa, which show, respectively,
8.45% and 7.65% loss of initial modulus. For MRE with MWCNTs, the values of modulus
for the elastic parts are 1.94 MPa, 2.03 MPa, 1.77 MPa, 2.38 MPa, 2.17 Mpa, respectively,
for modified M1-M5. Compared with initial stiffness at the strain amplitude of 0.11, the
modulus for M4 and M5 are 2.15 MPa and 2.01 MPa, which show, respectively, 9.66% and
7.37% loss of initial modulus.

Figure 3. Stress-Strain Curve of Initial modulus from M1-M5, (a) for MER are1.74, 1.81, 1.62, 2.13, and 1.96 MPa, (b) for
MER with MWCNTs are 1.94, 2.03, 1.77, 2.38, and 2.17 MPa.

These models are modified due to the fact that stronger interaction between fillers and
matrix has larger positive effect on the storage modulus, and the loss factor or damping is
more influenced by the friction between particles and matrix molecular chains that leads to
more degrees of molecular mobility and energy dissipation. Payne effect can be obviously
observed in macroscopic M4 and microscopic M5. Large magnetic field effect and strain
effect will increase the energy of magnetic particles, which move away from each other and
thus, reduce the interaction and cause breakage of physical bonding. In general, with strain
amplitude increasing, both storage modulus and loss factor show a descending trend. This
phenomenon is in accordance with the Payne effect.

When the applied magnetic field increases, MRE and MR nanocomposites perform
better storage modulus and loss factor, which indicates stronger MR effect. MR nanocom-
posites generally show higher MR effect than conventional MRE under the same condition.
With applied current increasing, the increased magnetic field will form stronger magnetic
flux density which results in enhanced storage modulus with related to stiffness and
loss modulus related to damping property. Moreover, storage modulus decreases with
increased magnetic intensity. On the contrary, loss modulus has consistent trend of change
in regard to magnetic intensity. These magneto-viscoelastic properties and related models
have been tested and verified and will be later applied to modeling viscoelastic behavior of
MRE material as a core structure of the isolator [12,32,33,51].

Other experimental work was to test the change of magnetization effect when the
traditional MRE is enhanced by multiwall carbon nanotubes. In the experiment, vibrat-
ing sample magnetometer was used to acquire magnetization curves of MRE and MRE
nanocomposite. The externally applied magnetic field varied between 0–1.5 T. Hysteretic
curve for MRE and MRE nanocomposite samples were measured as shown in Figure 4.
The saturation magnetization curve shows the relationship between magnetic strength
H and magnetic induction B for MRE and MR nanocomposite during the magnetization
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process. It can be denoted that the saturated magnetic induction for MRE and MRE with
MWCNTs is 1.296 T and 1.316 T, respectively.

Figure 4. The saturated magnetic induction: MRE and MRE with MWCNTs is 1.296 T and
1.316 T respectively.

Figure 5 illustrates the samples of traditional MRE and MRE filled with MWCNTs
with a scanning electron microscope (SEM). The dashed arrow denotes the direction of
applied magnetic field when particles in the matrix are energized. As can be seen, with
the addition of MWCNTs, nanocomposites wrap up iron particles, forming a more stable
bonding property between the matrix and the particles.

Figure 5. SEM Image at 1000×magnification.

3. Curvelet Identification of MRE and MRE with MWCNTs

In this section, curvelet transform is introduced as a novel image characteristic identi-
fication tool to reveal different constituents of both fabricated conventional MRE and MRE
with multiwall carbon nanotubes.

3.1. Curvelet Transform

Curvelet transform is a mapping principle expressed as a transform f → Γf (a, b, θ) of
a function f (x1, x2) on R2 into a transform domain regarding a specific scale a > 0, location
b ∈ R2, and orientation θ ∈ [0, 2π). The function assumed herein is on the two-dimension
plane R2 with spatial variable x, frequency-domain variable ξ denoted with r and ω polar
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coordinates. Radial and angular windows are respectively expressed as W(r) and V(r).
They satisfy admissibility conditions:∫ ∞

0
W(ar)2 da

a
= 1, ∀r > 0 (6)

∫ 1

−1
V(u)2du = 1 (7)

A family of analyzing elements can be constructed using these windows. At scale
a, the family is generated on the basic element γa00 with different levels of transition
and rotation.

γabθ(x) = γa00(Rθ(x− b)) (8)

Accordingly, the Polar Fourier coordinates (r, ω) at the scale a are defined as:

γ̂a00(r, ω) = W(ar)V
(
ω/
√

a
)
a3/4 (9)

Thereby, the support of γabθ can be expressed as combination of polar “wedge” shapes
with scale-dependent radial and angular windows in different directions.

Continuous curvelet transform Γf can be defined with different scales, locations and
directions in space.

Γf (a, b, θ) = γabθ , f a < a0, b ∈ R2, θ ∈ [0, 2π) (10)

Assuming V and W satisfy admissibility conditions, the Calderón-like reproducing
formula for high-frequency functions is expressed as:

f (x) =
∫

Γf (a, b, θ)γabθµ(dadbdθ) (11)

where a Parseval formula for high-frequency functions is:

‖ f ‖2
L2 =

∫ ∣∣∣Γf (a, b, θ)
∣∣∣2µ(dadbdθ) (12)

Assuming Φ is a band-limited radial function in L2

Φa0,b(x) = Φ(x− b), thus (13)

f (x) =
∫
〈Φa0,b, f 〉Φa0,b(x)db +

∫ a0

0

x
〈 f , γabθ〉γabθµ(dadbdθ) , and (14)

‖ f ‖2
L2 =

∫
〈Φa0,b, f 2〉db +

∫ a0

0

x
〈 f , γabθ〉2µ(dadbdθ) (15)

Therefore, the “full” curvelet transform consists of the fine-scale directional elements
and coarse-scale isotropic father wavelets.

Conventional Fourier transform can map a function to a combination of a series of
trigonometric bases with limited frequency domain information. Wavelet transform can
identify horizontal, vertical and diagonal details with poor directional selection ability
but may lose the feature of edges with changing orientations and angles. Thus, it cannot
effectively deal with line singularity. The biggest advantage of curvelet transform is that it
can extract spatial and directional feature information with optional-scale multiresolution
analysis. Curvelet has a good property of representing border lines with highly directional
anisotropy and sensitivity regarding various locations, orientations and scales of curved
morphological structures at the same time, rather than just simple thresholding.

As shown in Figure 6, the spatial Cartesian grid is related to a specific scale and
orientation, while in the Fourier space, curvelet is supported near a “parabolic” wedge
indicated with a shaded area in the frequency plane.
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Figure 6. Curvelet Transform Domain.

3.2. Curvelet Identification

Due to various and complex morphological patterns of features of images, sparse rep-
resentation in the curvelet domain is required so that one type of feature can be identified
via one or several related decomposed terms. The maximum number of decomposed scales
is log2 N− 3 for an N× N image. Three steps are implemented for feature extraction. First,
an image is decomposed via curvelet transform into multiple scales with different orienta-
tions and angles. Second, different regular main features of decomposed components in
the transform domain are grouped and clustered at large scales while irregular and isolated
dots or noise denoting other features are obtained and classified into other groups. Finally,
inverse curvelet transform is applied for reconstruction of features based on different scales.
The SEM image of MRE and nanocomposite has the size of 128 pixel × 128 pixel. The
maximum number of decomposition scale via curvelet is log2 128−3 = 4. Figure 7 shows
the absolute values of coefficients of curvelet transform, where coefficients in different
scales are distinguished by interval gray bands indicating no curvelet coefficients. Areas in
lighter color represent larger value of coefficients, which means more energy is distributed.

Figure 7. Absolute Value of Coefficients via Curvelet Transform.

Illustration of reconstructed image at each scale is shown in Figure 8. For both MRE,
and MRE with MWCNTs, the first scale reveals the coarse and overall characteristics of the
composites, the second and third scale reflects more concrete composition of the composites
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in the curvelet domain, and the forth scale shows the finest part and a few noise effects on
the image.

Figure 8. Curvelet Decomposition by Scales 1–4 (a–d) for MRE, Scale 1–4 (e–h) for MRE with MWCNTs.

Areas in strip-shape light color are denoted as iron particles, dark colors are silicon
rubber matrix, and cotton-like material with small clusters is the additives of MWCNTs.
Specifically, scale four of MR nanocomposite reveals MWCNTs closely wrap the scattered
iron particles, showing a distinct bonding between matrix and particles.

It can be seen from Figure 9 that the normalized energy distribution of curvelet coeffi-
cients at each scale is further studied by calculating the sum of squares of the amplitude of
curvelet coefficients, denoted as: E(a) = ∑b,θ |c(a, b, θ)|2.

Figure 9. Normalized Energy Distribution.
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Relative significance of each constituent of MRE or MRE with MWCNTs is measured
at each scale. Scales 1 to 4 have an increasing trend of energy distribution. MRE with
MWCNTs has relatively larger relative energy than MRE for almost all the scales. It
indicates the importance of MWCNTs for function enhancement of MRE, since they change
the energy distribution of curvelet coefficients.

From Figure 10, it can be seen that, as the scale increases from one to four, the variance
first increases and then gradually decreases. Large variance indicates the discrimination
degree of energy concentration is relatively obvious along specific directions, angles or a
few fractions of areas. Isotropic or stochastic characteristics of features are implied with
smaller variance. This phenomenon is clearly reflected at scale four, where the energy
variance is 0.62 for MRE with MWCNTs compared to 0.55 for MRE. The addition of
MWCNTs renders the particles aligned in parallel and the composite more structured.

Figure 10. Normalized Variance of Energy Distribution.

4. Design of an MRE-Based Adaptive Seismic Isolator

In this section a detailed description of an MRE-based adaptive seismic isolator
(damper), including its attributes, characteristics, design and phenomenological behavior
are discussed.

4.1. Design of Adaptive Seismic Isolator

An innovative design of a magnetic circuit is explored with the aim of energizing
the magnetic-induced isolator with novel MRE. By appropriately designing this new
type of isolator system, enhanced loading–carrying ability is expected due to adaptive
performance of variable stiffness and damping of novel MRE. Figure 11 shows a cross-
section axis-symmetry sketch of a designed base isolator consisting of external yoke, top
and bottom steel plates, magnetic coil, steel block, laminated MRE and steel layers.
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Figure 11. Adaptive Seismic Isolator.

The total device is a cylindrical structure, where smart MRE and steel layers are inside
the magnetic coils. By applying current to the coils, the coils will produce a magnetic
field and make the “smart laminates” coordinately work. When the system operates, the
magnetic lines driven by energizing coils pass through the “smart laminates”, steel block,
two steel plates and external yoke, which forms a closed loop shown by the dashed green
line. The conductive steel layers are laminated between MRE layers and the steel blocks and
are placed at the top and the bottom of the laminated structure. Due to the large volume of
silicon rubber, magnetic conductivity of laminated MRE is relatively low while the steel
layers have higher magnetic conductivity. Two steel plates at the top and bottom improve
the overall magnetic conductivity. With this design, sufficient magnetic flux is guaranteed
so that the overall magnetic conductivity and the permeability of the magnetic core are
improved, and MRE layers perform superior damping performance. A gap between the
top plate and the steel yoke is taken into consideration in that the inside laminate structure
may have lateral and compressive deformation when the device is subjected to external
loading [52].

Regarding component dimension, the radius of the inside laminate structure is
W1 = 50 mm. The distance between the inside laminate structure and the coil is W2 = 12 mm.
The thickness of the annular coil is W3 = 15 mm. The thickness of the yoke is W4 = 20 mm,
and the length of the extended steel plate is W5 = 15 mm. The MRE magnetic-induced core
has 50 layers with 49 bonded and laminated conductive steel layers. The thickness of MRE
is H1 = 1.2 mm, and the laminated steel layer is H2 = 1 mm. The steel block between the
plates and the laminate is H3 = 30 mm. The thickness of the top and the bottom plates
is H4 = 10 mm. The magnetic coil has 3500 turns and is made of magnetic wire with a
diameter of 1 mm, which is driven by a variable current excitation. The magnetic coil and
annular yoke have the same height H5 = 164 mm. The gap between the top plate and the
yoke is H6 = 5 mm.
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4.2. Magnetic Circuit Analysis

To study the magnetic circuit of the novel MRE isolator device, finite element analysis
via ANSYS is carried out to simulate and illustrate the effectiveness and the reliability of
this design. MRE models and their modified versions are used as isolator finite element
model parameters by taking the effect of MWCNTs into account. Figure 12 shows the
distribution of the magnetic flux inside the isolator when the applied current is 0.85: (a) is
the smart mesh with mesh level 4 (1 denotes finest mesh and 10 represents coarsest mesh),
(b) shows the distribution of the magnetic flux line, (c) is the magnetic flux density vector,
and (d) is the contour plot of the magnetic flux density.

Figure 12. Finite Element Modeling of Isolator.

The maximum magnetic flux density is 0.799 T for MRE and 0.823 T for MRE with
MWCNTs. The magnetic flux reaches strongest, both within the bottom plate, between steel
block and yoke. The magnetic flux line passes through the yoke and magneto-rheological
“smart layers”, which forms a closed loop. The strength of the magnetic flux density is
relatively uniform within the “smart layers” and weakens both near the air and the edges
of top and bottom plates. Based on this, the “smart layers” are designed in the center of
the angular magnetic coil with steel laminates and steel blocks as a whole to increase the
permeability. The key issue for designing the isolator is to form a stable, enclosed magnetic
path with “smart” materials of high permeability. By optimizing the design structure, the
energy loss of the magnetic field can be achieved at a reasonable level and in an efficient
way. A comparative study for complete and incomplete design is conducted to study the
importance of each part of the magnetic path.

Figure 13 shows the distribution of the contour of magnetic flux density for incom-
plete design. For incomplete design, magnetic flux density at the missing part has a fast
descending trend. The average value of the magnetic flux density of each “smart” layer
(50 MRE, or MRE with MWCNTs, and 49 laminated steel sheets in total) is measured, with
an external magnetic flux density of 0.85 T, and is shown in Figure 14. In this figure, CD
is the complete design. ICD1, ICD2 and ICD3 represent incomplete designs without the
upper steel block, yoke and upper steel plate, respectively.
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Figure 13. Incomplete Design.

Figure 14. Magnetic Flux Density for Different Design Schemes, (a) MRE and Steel Laminate, (b) MRE with MWCNTs and
Steel Laminate.

ML denotes the layer of MRE, MNL denotes the layer of MRE with MWCNTs, and SL
represents the steel sheet between laminated MRE. For all design schemes, the magnetic
flux density has a descending trend. This is due to the fact that the gap between the steel
yoke and the top plate increases the possibility of energy loss.

Thus, the closer the location is to the upper plate and the gap, the more magnetic
energy is dissipated. For a complete design, with the layer of MRE or steel sheet increasing,
the value of magnetic flux density decreases and weakens steadily. For all the areas of
incomplete design, magnetic flux density dramatically decreases.

The maximum magnetic flux density for the incomplete design is about 0.255 T and
0.26 T for MRE laminate and MRE with MWCNTs laminate, respectively. Specifically, for
ID1, the magnetic flux density first decreases and then has an abrupt rise. This is because
the missing of upper steel block makes the magnetic flux redistributed and it concentrates
the magnetic flux lines at the corner of the upper MRE layer. Therefore, a complete design
of MRE core area is laminated with steel sheets together with steel blocks attached at the
end of the laminated structure, which makes the magnetic flux circuit coherent as a whole.
This design can also shift the weakening magnetic field away from the MRE laminate core
area, and, at the same time, the narrow magnetic path between the yoke and the bottom
plate makes the magnetic circuit have stronger connection.
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4.3. Magnetic Distribution under Compressive and Shear Loading

Magnetic field is sensitive to mechanical change or the motion of the device and it
varies accordingly when external loading is applied. The location and the shape of MRE
(or MRE with MWCNTs) layers may displace and change under compressive and shear
loading. Under different shear (0 mm, 3 mm, 6 mm, 9 mm) and compressive (0 mm,
2 mm, 4 mm, 6 mm) displacement loadings, a comparative investigation of magnetic flux
density is conducted for both MRE and MRE with MWCNTs. When the MRE (or MRE with
MWCNTs) is sheared, Payne effect may occur as the strain achieves a threshold. When it is
subjected to compressive loading, MRE (or MRE with MWCNTs) layers will approach the
bottom plate where larger magnetic flux density occurs, and decreased distance between
the magnetic dipoles increases the magnetic energy. In order to explain the relationship
between strain and magnetic flux, a flux diagram of 5-layer MRE (or MRE with MWCNTs)
are shown in Figure 15.

Figure 15. Magnetic Flux Density under Shear and Compressive Loading.

For both MRE (or MRE with MWCNTs) layers, the magnetic flux density has the
largest value when the compressive displacement is 6 mm, and the smallest value when the
shear displacement achieves 9 mm. This phenomenon agrees well with the aforementioned
Model 5 of MRE.

Specifically, when the compressive displacement is 2 mm, with the shear displacement
increasing from 0 mm to 9 mm, the magnetic flux density of layer 5 of MRE with MWCNTs
decreases from 0.321 T to 0.262 T. This clearly demonstrates when the compressive effect
is larger, the magnetic flux density increases. Both compressive and shear effects change
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the magnetic-induced structural state. The magnetic field decreases along with an increase
in shear displacement and increases along with an increase in compressive displacement.
Magnetic flux circuit is dependent on structural deformation and motion. It also shows
that the larger the layer number of MRE (or with MWCNTs) or laminated steel sheet, the
more magnetic energy loss happens due to the gap between the top plate and the yoke.

4.4. Suppressing Acceleration Effect

In order to illustrate the developed MRE idea in the paper, by employing mixing
multiwall carbon nanotubes (MWCNT), Figure 16 is used to compare the suppressing
acceleration response of MRE (or with MWCNTs).

Figure 16. The effect of suppressing acceleration between two materials.

As shown in the figure, the MRE has first peak amplitude, a number of peaks more
than the MRE with MWCNTs, and settling time tS (the time required to eliminate the
response peaks) equal to 10 and 5 s for MRE (or MRE with MWCNTs), respectively, also
the peaks time tP (the time required to reach the first peak) equal to 0.9 and 1.16 s for MRE
(or MRE with MWCNTs), respectively. It can be concluded that the MRE with MWCNTs
has a suppressing acceleration effect superior to MRE.

5. Vibration Control of an Isolated Structure

Base isolated systems have been widely applied in civil infrastructure to protect build-
ings and bridges against earthquakes which result in ineffectiveness and malfunctioning of
structural integrity as well as economic loss. The direct function of isolation system is to
absorb dissipated energy from structural vibration caused by seismic wave, and isolate
seismic motions from transmitting into main structure that may cause unpredicted damage.
In the following sections the effectiveness of the proposed MRE-based Adaptive Seismic
Isolator for vibration control in structural system is investigated.

5.1. Basic Principle of Structural Control

A scaled structural prototype model is built to verify and improve seismic mitigation
performance. A base isolation device with a novel MRE (or with MWCNTs) is installed
underneath the base to support the vertical upper loading, and at the same time to protect
the building in case of lateral seismic shock. Laminated MRE can provide horizontal
adaptive controllable flexibility as a smart base isolator while the steel sheets can provide
adequate vertical loading capacity. Five viscoelastic models are incorporated to model
the adjustable stiffness and damping properties of the “smart” isolator. When a seismic
wave is approaching, online structural status is captured by the sensors installed on the
structure, and the developed control algorithm is correspondingly applied to the isolation
system, making it adaptively react to the changing structural status. At the same time, a
changing magnetic field is generated across the isolation device which tunes the stiffness
and damping properties of the smart material that reacts to external disturbances. Thus,
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the structure can be well controlled with the developed control algorithms and the smart
material. This process is clearly depicted in Figure 17.

Figure 17. Structural Vibration Control Principle.

Assuming that a typical state-space form of a (n + 1) degree of freedom structure is
expressed as the following structural dynamics expression:

M
..
x(t) + C

.
x(t) + Kx(t) = Pu(t) + Qw(t) (16)

where x(t) = [xn, xn−1, · · · , x1, xb]
T represents the (n + 1) order vector, and xi is the

displacement of the ith floor. M,K, C are (n + 1)× (n + 1) mass matrix, stiffness matrix
and damping matrix, respectively, and mi, ki and ci are the corresponding elements of mass,
stiffness and damping matrix. Specifically, kisl(t) and cisl(t) are stiffness and damping
coefficients of the smart base isolator, respectively.

M =


mn

mn−1
. . .

m1

 (17)

K =


kn − kn
−kn kn + kn−1 − kn−1 0

. . . . . . . . .
0 − k2 k2 + k1 − k1

−k1 k1 + kisl(t)

 (18)

C =


cn − cn
−cn cn + cn−1 − cn−1 0

. . . . . . . . .
0 − c2 c2 + c1 − c1

−c1 c1 + cisl(t)

 (19)

In Equation (16), P and Q respectively represent (n + 1)×m location matrix of the
control force and (n + 1)× s location matrix of the external loads, u(t) = [u1, u2, · · · , um]

T

and u(t) = [u1, u2, · · · , um]
T are respectively a vector of m control forces and s external

environmental loads or disturbances. The state space equation of Equation (16) is expressed
as follows:

.
z(t) = Az(t) + Bu(t) + Ew(t) (20)
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where z(t) = [z1, z2, · · · , z2n+2]
T is a (2n + 2) state vector, A is a (2n + 2) × (2n + 2)

system matrix, B is a (2n + 2) × m control matrix and D is a (2n + 2) × s disturbance
matrix. These have the following forms:

z(t) =
[

x(t)
.
x(t)

]
(21)

A =

[
0 I

−M−1K −M−1C

]
(22)

B =

[
0

M−1P

]
(23)

E =

[
0

M−1Q

]
(24)

Herein, some parameters are assigned as follows: m3 = m2 = m1 = mb = 10 kg,
k3 = k2 = k1 = 100, and c3 = c2 = c1 = 50, P = Q = [0 0 0 1]T means the control force
and the external excitation are applied at the bottom floor, kisl(t) and cisl(t) are stiffness
and damping coefficients, which can be scaled and assigned according to the five MRE
models and their modified models.

5.2. Reaching Law-Based Sliding Mode Control

Sliding mode control is particularly suitable for semi-active control of both linear and
nonlinear variable-stiffness structural systems [53]. In general, the dynamic system can be
considered as:

.
z(t) = Az(t) + Bu(t) + d(z, t) (25)

where d(z, t) represents the external system disturbances regarding Ew(t). δ(z, t) is the
upper bound of the disturbance satisfying ‖d(z, t)‖ ≤ δ(z, t). The tracking error of the
system is:

e = z− zd (26)

The goal of vibration control is to meet zd = 0 and then e = z− 0 = z.
The basic design of the sliding mode control includes two stages. In the first step, a

hyperplane s(e) is chosen to describe the dynamic behavior of the control system. The
second step includes designing a controller such that the trajectory of the system converges
to, and always remains on, the sliding surface. m switching functions are chosen as follow

s(z) = rz (27)

si(z) = riz = ri1z1 + ri2z2 + · · · ri2n+2z2n+2 i = 1, 2, · · ·m (28)

where s is a m × 1 vector, and r = [r1, r2, · · · , rm]
T is a m × (2n + 2) vector, and

ri = [ri1, ri2, · · · , ri2n+2], ri is a sliding vector. In the sliding mode control, the system
satisfies s(z) = 0 and

.
s(z) = 0, and the control force is called the equivalent control

force, i.e.,
ueq = −(rB)−1(rAz + rEw) (29)

Thus, the control law can be chosen as:

u = ueq + uh (30)

External excitation term d(z, t) can be dropped from Equation (29). Therefore, the
equations governing the system dynamics may be acquired from the following design.

ueq = −(rB)−1rAz (31)



Appl. Sci. 2021, 11, 11409 21 of 28

The exponential reaching law can be expressed as:

uh = −(rB)−1[ηsgn(s) + gs] η > 0, g > 0 (32)

5.3. RBF Based Adaptive Sliding Mode Control

The biggest advantage of RBF adaptive control is that the unknown nonlinearity of the
system can be approximated by an RBF neural network whose weight value parameters
are adjusted according to the adaptive law for the purpose of controlling the nonlinear
system to track a given trajectory. Let’s consider a system derived from Equation (20).

.
z(t) = f [z(t)] + Bu(t) + Ew(t) (33)

Matrix Az(t) is replaced by a term f [z(t)] that considers both changing stiffness and
damping properties of the system. The magnetic circuit has been studied to conclude
that the “smart” base isolator can be adjusted when the system is subjected to an external
uncertainty such as an earthquake [54–56]. Thus, an adaptive control law can be designed
to meet the system uncertainty and the requirement of system adaptability. Defining the
sliding mode function as:

s(z) = re +
.
e, Then (34)

.
s(z) = r

.
e +

..
e = r

.
e + f [z(t)] + u− ..

zd (35)

RBF neural network has its superiority in its good approximation capability to any
unknown function. The algorithms of RBF networks are:

hj = exp

(
‖z− cj‖2

2b2
j

)
(36)

f = W∗Th(z) + ε (37)

where z is the input signal of the network, j is the number of hidden layer nodes in the
network, h = [h1, h2, · · · , hn]

T is the output of the Gaussian activation function, W∗ is ideal
neural network weight value, and ε is the approximation error that satisfies ε ≤ εN . f [z(t)]
can be approximated by an RBF neural network defined as:

f̂ (z) = ŴTh(z) (38)

Thus, the control law can be expressed as:

u =
1
B

[
f̂ (z) +

..
zd + mE

]
(39)

where m is a parameter with respect to system errors, E =
(
e,

.
e
)T .

The adaptive law is expressed as:

Ŵ = −γET Pbh(x) (40)

where P is a parameter with respect to Lyapunov stability analysis.

5.4. Comparison of Different Control Schemes

The developed adaptive seismic isolator can provide stable and reliable magnetic
field to enable a controllable structure by energizing field-dependent MRE. The goal for
the implementation of control algorithms is to make the isolator dissipate large energy
and keep floor displacements stable and within the desired thresholds. Figure 18 shows
the displacement of different floors without control. It is observed that in spite of the
base floor, the third floor has maximum displacement and the first floor has relatively
smaller displacements.
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Figure 18. Structural Dynamic Response without Control.

Figure 19a,b shows the structural displacement of each floor with the implementation
of reaching law-based sliding mode control and RBF-based adaptive sliding mode control
by incorporating modified M5 which describes the mechanical and magnetic characteristics
of MRE nanocomposite. Compared with the displacement amplitude of Figure 19a,b, it
can be seen that the displacement of the all floor is controlled due to the installation of RBF
adaptive isolator.

Figure 19. Structural Dynamic Response.

Figure 20 shows the corresponding control forces applied to the structure when imple-
menting these two schemes. Structural nonlinear performance has a strong relationship
with the designed MRE-based variable stiffness and damping isolator and the developed
control algorithms. The main disadvantage of the sliding mode control includes high
frequency oscillation, which is called “chattering”. For the reaching law-based control
method, the chattering phenomenon is obvious, while with the development of adaptive
control algorithm based on the RBF model, the chattering effect is dramatically decreased.
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Figure 20. Structural Control Force.

Figure 21 shows top floor displacement in different control schemes. Figure 21a, No. 0
represents no control effect. No. 1–5 represent Model 1–5 (MRE) applied to reaching
law-based sliding mode control scheme, and (MRE) applied to the RBF adaptive sliding
mode control method.

Figure 21. Top Floor Displacement for Different Control Schemes.

Figure 21b is the application of for MRE with MWCNTs. It can be seen that the
maximum floor displacement without control dramatically decreases when implementing
the two control schemes. RBF adaptive control shows its superiority over reaching law-
based control due to its better controllability. These results also demonstrate the exceptional
behavior of novel MRE nanocomposites for energy dissipation and vibration suppression
of structural dynamics when applying them on isolation devices. For other Modified
Models, similar cases occur but the reduced amplitude is slightly smaller than that of the
Modified M5.

Figure 22 shows the maximum control force applied to the nonlinear structural system
when applying different viscoelastic models. The control force is improved by 11.05%
when using MRE nanocomposite compared with traditional MRE. Compared with reaching
law-based control, RBF adaptive control shows its superior and improved controllability
for about 8.63%. This is due to its online adaptability to track the changing trajectory of the
system response with high nonlinearity. These phenomena also demonstrate the energy
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dissipation capability of the “smart” laminated MRE nanocomposite in the damping device,
which suppresses the structural vibration during operation.

Figure 22. Max Control Force for Different Control Schemes.

5.5. Adaptability, Controllability and Nonlinearity

With the implementation of “smart” magnetorheological elastomers, an adjustable
broadband frequency-tunable isolator can provide adaptability of natural frequency for
real-time vibration control against non-stationary disturbance. In order to evaluate the
controllability of MRE isolator with developed control algorithms, a sweep sine wave
is used to excite the structure. Acceleration transmissibility is calculated to measure the
effectiveness of vibration mitigation. Considering high nonlinearity of the material of the
isolator, structural system and the control system, system transmissibility is used to assess
the controllability of the structure.

Taking Model 5 as an example, sweep sine wave is used as the input signal and the
responses of different floors are regarded as output signals. The sweep sine signal has
a changing frequency ranging from 0 Hz to 150 Hz at the end of the excitation signal.
Sampling rate is chosen to be 1000 Hz. Figure 23 shows the relationship between the
system transmissibility function and the system frequency. All transmissibility functions
indicate the intrinsic of the structural system is within 0–2 Hz. For the structure without
control, the transmissibility functions of all floors are almost similar, which means that the
structural integrity is good. But for the structure with control, the transmissibility functions
differentiate from one to another. This illustrates good controllable performance of the
structure. For reaching law-based control, chattering is also obvious, which can be inferred
from the transmissibility of the base floor. Although the control forces adaptively change
according to the magnitude of the excitation, they change slightly slow and gradual. Thus,
former excitation has a lasting and longer influence on the subsequent structural dynamic
response. For the RBF based control, the transmissibility functions between different floors
are very smooth but separate.
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Figure 23. System Excitation and Transmissibility.

This type of control is modeled by replacing the system matrix with an RBF approxi-
mation in the state space expression. The system response with the RBF adaptive control
almost simultaneously follows the seismic excitation, showing a good control performance
and control effect.

This demonstrates when the excitation is applied to the structure, the structure can
react to the excitation quickly and adaptively with the developed adaptive control scheme.
Large transmissibility values indicate better controllability which reduces the responses of
the superstructure to a minimum. At the same time, energy can be absorbed and dissipated
by designing the “smart” MRE isolation system appropriately. Most importantly, external
non-stationary and uncertain disturbances are well “absorbed” by designing the RBF
adaptive control scheme together with the isolator with the novel MRE material.

6. Conclusions

This paper first studies five parametric models of a traditional magnetorheological
elastomer and modifies them by taking into account an incorporated functionally enhanced
nanocomposite additive. Later, a novel curvelet approach is proposed for the identification
of “smart” magnetorheological elastomeric material in a microscopic level. A curvelet
transform keeps the characteristics of adaptive time-frequency window and multiresolution
analysis which wavelet possesses, but extends these properties with varying identification
angles. This property shows its superiority to make a thorough investigation on both
approximate and detailed proportions of materials. By making use of this advantage,
magnetorheological elastomer is found to be more functionally effective when it is mixed
with multiwall carbon nanotubes. Later, a comparative study on complete and incomplete
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designs of an isolator with this novel MRE is conducted to show an optimal magnetic
circuit design. This isolation device is further tested numerically to discuss and investigate
the magnetic distribution under both compressive and lateral loading.

Finally, a comparative study between the traditional reaching law-based sliding
mode control and an RBF adaptive sliding mode control scheme is carried out based
on a prototype structural model with the designed novel MRE isolator. It is prove that RBF
adaptive control method can consider the nonlinearity of the structural system, and can
react to external disturbances adaptively with perfect controllability. Overall, this paper
provides an idea, technique and methodology to verify how a novel and “smart” isolation
system is developed regarding material fabrication, model expression, isolator design
evaluation and control algorithm application. Future work will focus on incorporating the
Bouc-Wen-Baber-Noori (BWBN) hysteresis model into the nonlinear structural dynamics.
The experimental work will be conducted on magnetic circuit analysis, design of MRE
isolator, and verification of robustness of control algorithm effectiveness for a scaled
prototype structural model.

Author Contributions: W.A.A. and Y.Z., were responsible for establishing and applying the new
methodology introduced in this work, and carried out the majority of the research project including
the writing of the manuscript. Both analytical derivations and statistical methods were closely tested
and confirmed by M.N., E.N.F. and S.B.B.A. with W.A.A. who suggested the procedures that were
utilized. Z.L., A.S. and R.G. worked closely with W.A.A. in the reviewing and editing phase. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: This research received no Data Availability Statement.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sutrisno, J.; Purwanto, A.; Mazlan, S.A. Recent Progress on Magnetorheological Solids: Materials, Fabrication, Testing, and

Applications. Adv. Eng. Mater. 2015, 17, 563–597.
2. Lin, P.Y.; Roschke, P.N.; Loh, C.H. Hybrid base isolation with magnetorheological damper and fuzzy control. Struct. Control

Health Monit. 2007, 14, 384–405. [CrossRef]
3. Jolly, M.R.; Carlson, J.D.; Munoz, B.C. A Model of the Behaviour of Magnetorheological Materials. Smart Mater. Struct. 1996,

5, 607–614. [CrossRef]
4. Li, R.; Sun, L.Z. A Micromechanics-based Viscoelastic Model for Nanocomposites with Imperfect Interface. Int. J. Damage Mech.

2013, 22, 967–981. [CrossRef]
5. Li, R.; Sun, L.Z. Dynamic Viscoelastic Modeling of Magnetorheological Elastomers. Acta Mech. 2014, 225, 1347–1359. [CrossRef]
6. Li, W.H.; Zhou, Y.; Tian, T.F. Viscoelastic Properties of MR Elastomers under Harmonic Loading. Rheol. Acta 2010, 49, 733–740.

[CrossRef]
7. Chen, L.; Jerrams, S. A Rheological Model of the Dynamic Behavior of Magnetorheological Elastomers. Appl. Phys. 2011,

110, 013513. [CrossRef]
8. Zhu, J.T.; Xu, Z.D.; Guo, Y.Q. Magnetoviscoelasticity Parametric Model of an MR Elastomer Vibration Mitigation Device.

Smart Mater. Struct. 2012, 21, 075034. [CrossRef]
9. Suo, S.; Xu, Z.; Li, W.; Gan, Y. Improved Mathematical Model for Analysis of the Payne Effect of Magnetorheological Elastomers.

J. Aerosp. Eng. 2018, 31, 04018046. [CrossRef]
10. Ribakov, Y.; Agranovich, G. Using a limited set of MR dampers for improving structural seismic response. Struct. Control

Health Monit. 2014, 22, 615–630. [CrossRef]
11. Xu, Z.-D.; Sha, L.-F.; Zhang, X.-C.; Ye, H.-H. Design, performance test and analysis on magnetorheological damper for earthquake

mitigation. Struct. Control Health Monit. 2013, 20, 956–970. [CrossRef]
12. Li, R.; Sun, L.Z. Viscoelastic Responses of Silicone-rubber-based Magnetorheological Elastomers under Compressive and Shear

Loadings. Eng. Mater. Tech. 2013, 135, 021008. [CrossRef]
13. Feng, J.; Xuan, S.; Liu, T.; Ge, L.; Yan, L.; Zhou, H.; Gong, X. The Prestress-dependent Mechanical Response of Magnetorheological

Elastomers. Smart Mater. Struct. 2015, 24, 085032. [CrossRef]



Appl. Sci. 2021, 11, 11409 27 of 28

14. Wang, Q.; Dong, X.; Li, L.; Ou, J. A Nonlinear Model of Magnetorheological Elastomer with Wide Amplitude Range and Variable
Frequencies. Smart Mater. Struct. 2017, 26, 065010. [CrossRef]

15. Deng, H.X.; Gong, X.L. Adaptive Tuned Vibration Absorber based on Magnetorheological Elastomer. Intell. Mater. Syst. Struct.
2007, 18, 1205–1210. [CrossRef]

16. Xu, Z.; Gong, X.; Liao, G.; Chen, X. An Active-damping-compensated Magnetorheological Elastomer Adaptive Tuned Vibration
Absorber. J. Intell. Mater. Syst. Struct. 2010, 21, 1039–1047. [CrossRef]

17. Komatsuzaki, T.; Inoue, T.; Terashima, O. Broadband Vibration Control of a Structure by Using a Magnetorheological Elastomer-
based Tuned Dynamic Absorber. Mechatronics 2016, 40, 128–136. [CrossRef]

18. Yang, Z.; Qin, C.; Rao, Z.; Ta, N.; Gong, X. Design and Analyses of Axial Semi-active Dynamic Vibration Absorbers based on
Magnetorheological Elastomers. J. Intell. Mater. Syst. Struct. 2014, 25, 2199–2207. [CrossRef]

19. Sun, S.; Yang, J.; Yildirim, T.; Du, H.; Alici, G.; Zhang, S.; Li, W. Development of a Nonlinear Adaptive Absorber based on
Magnetorheological Elastomer. J. Intell. Mater. Syst. Struct. 2018, 29, 194–204. [CrossRef]

20. Carlson, J.D.; Jolly, M.R. MR fluid, foam and elastomer devices. Mechatronics 2000, 10, 555–569. [CrossRef]
21. Deng, H.X.; Gong, X.L.; Wang, L.H. Development of an adaptive tuned vibration absorber with magnetorheological elastomer.

Smart Mater. Struct. 2006, 15, N111. [CrossRef]
22. Ginder, J.M.; Schlotter, W.F.; Nichols, M.E. Magnetorheological elastomers in tunable vibration absorbers. In Proceedings of the

SPIE’s 8th Annual International Symposium on Smart Structures and Materials, Newport Beach, CA, USA, 4–8 March 2001.
23. Lerner, A.A.; Cunefare, K.A. Performance of MRE-based Vibration Absorbers. Intell. Mater. Syst. Struct. 2008, 19, 551–563.

[CrossRef]
24. Behrooz, M.; Wang, X.; Gordaninejad, F. Modeling of a New Semi-active/Passive Magnetorheological Elastomer Isolator.

Smart Mater. Struct. 2014, 23, 045013. [CrossRef]
25. Li, Y.; Li, J.; Tian, T.; Li, W. A Highly Adjustable Magnetorheological Elastomer Base Isolator for Applications of Real-time

Adaptive Control. Smart Mater. Struct. 2013, 22, 095020. [CrossRef]
26. Yu, Y.; Li, Y.; Li, J.; Gu, X. A Hysteresis Model for Dynamic Behaviour of Magnetorheological Elastomer Base Isolator. Smart Mater.

Struct. 2016, 25, 055029. [CrossRef]
27. Bastola, A.K.; Li, L. A New Type of Vibration Isolator based on Magnetorheological Elastomer. Mater. Des. 2018, 157, 431–436.

[CrossRef]
28. Tao, Y.; Rui, X.; Yang, F.; Hao, B. Development of a MRE Isolation System for Strapdown Inertial Measurement Unit. Mech. Syst.

Signal Process. 2019, 117, 553–568. [CrossRef]
29. Behrooz, M.; Wang, X.; Gordaninejad, F. Performance of a new magnetorheological elastomer isolation system. Smart Mater.

Struct. 2014, 23, 045014. [CrossRef]
30. Jung, H.J.; Eem, S.H.; Jang, D.D.; Koo, J.H. Seismic Performance Analysis of a Smart Base-isolation System Considering Dynamics

of MR Elastomers. J. Intell. Mater. Syst. Struct. 2011, 22, 1439–1450. [CrossRef]
31. Gu, X.; Yu, Y.; Li, J.; Li, Y. Semi-active Control of Magnetorheological Elastomer Base Isolation System Utilising Learning-based

Inverse Model. Sound Vib. 2017, 406, 346–362. [CrossRef]
32. Poojary, U.R.; Hegde, S.; Gangadharan, K.V. Experimental Investigation on the Effect of Carbon Nanotube Additive on the

Field-induced Viscoelastic Properties of Magnetorheological Elastomer. Mater. Sci. 2018, 53, 4229–4241. [CrossRef]
33. Aziz, S.A.; Mazlan, S.A.; Ismail, N.I.; Choi, S.B. Implementation of Functionalized Multiwall Carbon Nanotubes on Magnetorheo-

logical Elastomer. Mater. Sci. 2018, 53, 10122–10134. [CrossRef]
34. Fuchs, A.; Zhang, Q.; Elkins, J.; Gordaninejad, F.; Evrensel, C. Development and characterization of magnetorheological

elastomers. Appl. Polym. Sci. 2010, 105, 2497–2508. [CrossRef]
35. Shen, Y.; Golnaraghi, M.F.; Heppler, G.R. Experimental Research and Modeling of Magnetorheological Elastomers. Intell. Mater.

Syst. Struct. 2004, 15, 27–35. [CrossRef]
36. Gong, X.L.; Zhang, X.Z.; Zhang, P.Q. Fabrication and characterization of isotropic magnetorheological elastomers. Polym. Test.

2005, 24, 669–676. [CrossRef]
37. Lokander, M.; Stenberg, B. Improving the magnetorheological effect in isotropic magnetorheological rubber materials. Polym. Test.

2003, 22, 677–680. [CrossRef]
38. Silik, A.; Noori, M.; Altabey, W.A.; Ghiasi, R. Selecting optimum levels of wavelet multi-resolution analysis for time-varying

signals in structural health monitoring. Struct. Control Health Monit. 2021, 28, e2762. [CrossRef]
39. Silik, A.; Noori, M.; Altabey, W.A.; Ghiasi, R.; Wu, Z. Comparative Analysis of Wavelet Transform for Time-Frequency Analysis

and Transient Localization in Structural Health Monitoring. Struct. Durab. Health Monit. 2021, 15, 1–22. [CrossRef]
40. Silik, A.; Noori, M.; Altabey, W.; Dang, J.; Ghiasi, R.; Wu, Z. Optimum wavelet selection for nonparametric analysis toward

structural health monitoring for processing big data from sensor network: A comparative study. Struct. Health Monit. 2021,
In Press. [CrossRef]

41. Altabey, W.A. Applying deep learning and wavelet transform for predicting the vibration behavior in variable thickness skew
composite plates with intermediate elastic support. J. Vibroeng. 2021, 23, 770–783. [CrossRef]



Appl. Sci. 2021, 11, 11409 28 of 28

42. Silik, A.; Noori, M.; Altabey, W.A. Analytic Wavelet Selection for Time—Frequency Analysis of Big Data Form Civil Structure
Monitoring. In Civil Structural Health Monitoring, Proceedings of CSHM-8 Workshop 2021, Online, 29–31 March 2021; Rainieri, C.,
Fabbrocino, G., Caterino, N., Eds.; Lecture Notes in Civil Engineering; Springer: Berlin/Heidelberg, Germany, 2021; Chapter 29,
Volume 156, pp. 431–455. [CrossRef]

43. Kumar, R.; Ismail, M.; Zhao, W.; Noori, M.; Yadav, A.R.; Chen, S.; Singh, V.; Altabey, W.A.; Silik, A.I.H.; Kumar, G.; et al. Damage
detection of wind turbine system based on signal processing approach: A critical review. Clean Technol. Environ. Policy 2021,
23, 561–580. [CrossRef]

44. Wang, T.; Altabey, W.A.; Noori, M.; Ghiasi, R. A Deep Learning Based Approach for Response Prediction of Beam-Like Structures.
Struct. Durab. Health Monit. 2020, 14, 315–388. [CrossRef]

45. Altabey, W.A.; Noori, M.; Wang, T.; Ghiasi, R.; Kuok, S.-C.; Wu, Z. Deep learning-based crack identification for steel pipelines by
extracting features from 3d shadow modeling. Appl. Sci. 2021, 11, 6063. [CrossRef]

46. Wang, T.; Noori, M.; Altabey, W.A. Identification of cracks in an Euler—Bernoulli beam using Bayesian inference and closed-form
solution of vibration modes. Proc. Inst. Mech. Eng. Part L J. Mater. Des. Appl. 2021, 235, 421–438. [CrossRef]

47. Candes, E.J.; Donoho, D.L. Continuous Curvelet Transform: I. Resolution of the Wavefront Set. Appl. Comput. Harmon. Anal. 2005,
19, 162–197. [CrossRef]

48. Mandal, T.; Wu, Q.J.; Yuan, Y. Curvelet based Face Recognition via Dimension Reduction. Signal Process. 2009, 89, 2345–2353.
[CrossRef]

49. Altabey, W.A.; Noori, M.; Alarjani, A.; Zhao, Y. Tensile creep monitoring of basalt fiber-reinforced polymer plates via electrical
potential change and artificial neural network. Sci. Iran. Int. J. Sci. Technol. Trans. Mech. Eng. B 2020, 27, 1995–2008. [CrossRef]

50. Altabey, W.A.; Noori, M.; Alarjani, A.; Zhao, Y. Nano-Delamination Monitoring of BFRP Nano-Pipes of Electrical Potential
Change with ANNs. Adv. Nano Res. 2020, 9, 1–13. [CrossRef]

51. Wang, Y.; Sun, L.Z. Synthesis and Characterization of Dielectric Elastomer Nanocomposites Filled with Multiwalled Carbon
Nanotubes. Eng. Mater. Technol. 2017, 139, 021018. [CrossRef]

52. Li, Y.; Li, J. Finite Element Design and Analysis of Adaptive Base Isolator Utilizing Laminated Multiple Magnetorheological
Elastomer Layers. J. Intell. Mater. Syst. Struct. 2015, 26, 1861–1870. [CrossRef]

53. Zhao, Y.; Noori, M.; Altabey, W.A. Reaching Law Based Sliding Mode Control for a Frame Structure under Seismic Load.
Earthq. Eng. Eng. Vib. 2021, 20, 727–745. [CrossRef]

54. Ghiasi, R.; Noori, M.; Altabey, W.A.; Silik, A.; Wang, T.; Wu, Z. Uncertainty Handling in Structural Damage Detection via
Non-Probabilistic Meta-Models and Interval Mathematics, a Data-Analytics Approach. Appl. Sci. 2021, 11, 770. [CrossRef]

55. Wang, T.; Noori, M.; Altabey, W.A.; Li, Z. Parameter Identification and Dynamic Response Analysis of a Modified Prandtl-
Ishlinskii Asymmetric Hysteresis Model via Least-Mean Square algorithm and Particle Swarm Optimization. Proc. Inst. Mech.
Eng. Part L J. Mater. Des. Appl. 2021, 235, 2639–2653. [CrossRef]

56. Li, Z.; Noori, M.; Zhao, Y.; Wan, C.; Feng, D.; Altabey, W.A. A multi-objective optimization algorithm for Bouc–Wen–Baber–Noori
model to identify re-inforced concrete columns failing in different modes. Proc. Inst. Mech. Eng. Part L J. Mater. Des. Appl. 2021,
235, 2165–2182. [CrossRef]



Reproduced with permission of copyright owner. Further reproduction
prohibited without permission.


