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Abstract: Human operators in the transportation sector are exposed to whole-body vibration (WBV)
while driving. Occupational exposure to WBV, predominant at low frequencies (<20 Hz), has been
linked to spinal injuries and reduced functioning. This study aims at the design development of
a novel semi-active seat suspension system featuring magneto-rheological elastomers (MREs) to
mitigate the WBV. The proposed suspension system allows a greater range of strokes, while ensuring
the MRE remains within an acceptable level of deformation. Several MRE samples were fabricated
and characterized under shear mode. Afterward, a field- and frequency-dependent phenomenological
model was developed to predict the viscoelastic properties of MREs as functions of both the excitation
frequency and applied magnetic field. The MRE material model was subsequently used to design
and optimize an adaptive seat suspension system incorporating a C-shaped MRE-based isolator in
parallel and series with passive springs. The proposed adaptive seat suspension system demonstrated
a frequency shift of 29% by increasing the applied current from 0 to 2 A. Finally, a 6-DOF lumped
parameter model of a seated human subject combined with the proposed semi-active suspension
system featuring the MRE isolator has been formulated to investigate the vibration transmissibility
from the floor to the subject’s head.

Keywords: magneto-rheological elastomers (MREs); vibration isolator; seat suspension system;
semi-active control; whole-body vibration

1. Introduction

Human operators in ground vehicles are generally exposed to low-frequency whole-
body vibration (WBV) [1]. This is of primary concern as the human body is at its most
sensitive in the low frequency range (3–12 Hz) [2,3]. The suppression of WBV-induced
injuries to human operators in transportation has been a challenging task owing to varied as-
pects related to seated occupant compliance, anthropometry, and vibration conditions [4,5].
Typically, three types of vibration isolators have been developed to date, namely, passive,
semi-active, and active systems for the mitigation of vibration transmitted to the human
body [6]. The passive systems are capable of providing vibration isolation over a limited
frequency range which has been specified at an early design stage. Mistuned conditions,
however, can adversely affect the performance of passive systems. Active systems can pro-
vide a significant performance gain compared with passive systems; however, they suffer
from instability and large power consumption as well as complex control hardware [7].
Semi-active systems, on the other hand, can provide the reliability and fail-safe feature
of the passive systems while relatively maintaining the adaptability of the fully active
systems [8,9].

There have been various reported studies for semi-active and active seat suspension
systems utilizing magneto-rheological (MR) fluids with adjustable damping properties to
mitigate the negative effects of transmitted vibration on seated occupants [10–15]. However,
limited studies have focused on the development of semi-active seat suspension systems
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based on MR elastomers (MREs), which can simultaneously change their damping and
stiffness properties. Dushchenko et al. [16], for instance, developed a suspension lever hinge
that incorporates MREs and assessed their variable stiffness and damping characteristics.
They reported a 40% increment in the ride smoothness of the wheeled vehicle. The majority
of research conducted in this field has primarily focused on using the negative stiffness
properties of MREs for horizontally isolating seats from induced vibrations; this is because
the low-frequency WBV cannot be effectively isolated by most passive suspensions in
typical seats [17]. However, there has been limited investigation into the vertical vibration
isolation of seats using MRE-based vibration isolators, particularly when considering a
low frequency range and large strokes. For instance, Sun et al. [18] presented the design
development and control of an MRE-based semi-active seat suspension system working
in horizontal mode. Their design possessed an MRE isolator system consisting of two
permanent magnets and an electromagnetic coil to realize the negative stiffness, and
they demonstrated that the ride comfort of the MRE isolator-based seat suspension is
significantly better than the passive seat suspension. Also, Choi et al. [19,20] investigated
the effectiveness of an MRE-based dynamic vibration absorber in mitigating WBV in vertical
mode but under a high-frequency range (100–250 Hz). Li et al. [21] and Du et al. [22],
respectively, developed and simulated the control of an MRE-based seat suspension in
vertical mode. However, its practical implementation might require a full-scale MRE
isolator that can handle the intended tasks, such as supporting the weight of a human
body while preventing significant deformation of the MREs. This can pose challenges in
predicting and controlling the behavior of MREs when subjected to large deformations.

The limited research on MRE-based semi-active vibration seat suspension system
working in low-frequency vertical mode is mainly attributable to the fact that the stiffness
of seat suspensions is required to be designed as soft as possible to have a lower natural
frequency (ωn) than the excitation frequencies of interest, thereby providing superior
vibration isolation above

√
2ωn [20]. At the same time, a large stiffness is required to

avoid excessive deflection due to the seated occupant’s weight. For instance, Liu et al. [23]
developed an MRE-based semi-active seat suspension to provide vertical vibration isolation
for seat applications. To avoid the nonlinear strain softening behavior of MRE materials
at large deformations, a low stroke limit of 5 mm was considered in their design, which
may limit their practical application for seat suspensions that normally require 1–10 cm
deformation. It should be noted that utilizing larger strokes instead of smaller strokes
can reduce the amount of force transmitted to the human body, particularly in the case of
shock loadings.

Despite the fact that this classical trade-off between isolation and static displacement
in vertical mode is well known [24], studies have hardly ever utilized an MRE-based
seat suspension system to tackle this problem. To address the above-mentioned trade-off,
in the present study a novel semi-active seat suspension system employing an MRE-
isolator unit together with parallel and series passive springs has been proposed. A
design optimization problem has been formulated to identify the optimal parameters of
the proposed semi-active suspension system which integrates an MRE isolator in parallel
and series with passive springs. The design optimization was realized using a developed
field- and frequency-dependent phenomenological model for MREs under shear mode.
The proposed semi-active suspension system based on MREs (i) can allow a large vertical
deformation of the seat while maintaining MREs to operate within a limited deformation
regime, and (ii) provides sufficient frequency shift/vibration isolation.

2. Fabrication, Characterization, and Modeling of MREs

Designing smart devices based on MRE materials requires a robust material model
capable of capturing the MRE dynamic behavior under both the magnetic field and me-
chanical deformation. The model can be subsequently used for modeling and design opti-
mization of MRE-based devices. To develop such a material model, it is indeed necessary
to first characterize MRE dynamic behavior experimentally under relatively wide ranges
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of magnetic and mechanical loadings. The characterization can be implemented in shear
and tension/compression loading configurations. Since the shear mode operation of MREs
requires much simpler configuration in terms of both the design of the magneto-mechanical
device and the characterization procedure, the present study is mainly concerned with the
shear mode characterization of MREs using an advanced magneto-rheometer, as shown in
Figure 1a.
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Figure 1. MREs testing system. (a) The MREs testing system; (b) schematic diagram of the rotational
parallel-plate setup of the rotary rheometer equipped with magneto-rheology accessory.

To implement the characterization of MREs in shear mode, an isotropic MRE batch
was fabricated in the laboratory for the sake of convenience, and it would be sufficient
to establish the proof-of-concept of a semi-active seat suspension system based on MRE
materials. It should be noted that the anisotropic MREs will generally lead to a higher
magneto-rheological effect, but optimizing the performance of MRE materials and devices
is not the prime focus of the current study. Succinctly, magnetically soft carbonyl iron
particles (referred to as CIPs with SQ-grade, BASF Co., Ludwigshafen, Germany) were
initially mixed with liquid silicone rubber (Eco-flex 00-20 series, Smooth-On, USA) for
several minutes at laboratory temperature (20 ◦C). The average diameter of CIPs varies
from 3.9 to 5 µm. It should be noted that the volume concentration of the MRE sample was
selected as 25% to maximize the MR effect. After thoroughly mixing the CIPs with silicone
rubber, the mixture was degassed using a vacuum chamber until a negative pressure
of 29 in-Hg was realized, thereby removing any potential air bubbles from the mixture.
Then, the mixture was poured into a cylindrical mold with a diameter and thickness of
80 mm and 1 mm, respectively. The MRE was then allowed to be cured at laboratory
temperature (20 ◦C) for 24 h. Since no magnetic field was supplied while curing the sample,
the fabricated MRE had an isotropic microstructure in which the magnetizable particles
were randomly distributed within the rubber-like matrix. Subsequently, cylindrical MRE
samples with a diameter of 20 mm were cut from the fabricated batch, which is suitable for
characterization with the commercially available magneto-rheometer shown in Figure 1.
An advanced magneto-rheometer device (Discovery HR-3, TA instrument Co., New Castle,
DE 19720, USA) equipped with an electromagnet cell was used for characterization, as
shown in Figure 1a. A schematic diagram of the rotational parallel plate configuration
with the MR unit attachment is shown in Figure 1b. In this figure, F, M, θ, R0, Z, R, and
H, respectively, represent vertical static force applied on MRE sample, applied torque,
rotational angle, diameter of standard sample, vertical axis, radial axis, and thickness of
MRE sample. To prevent slippage during the test, the MRE sample was clamped between
the upper and lower geometry with an axial preload of around 10 N. The MR unit produces
a consistent and uniform magnetic flux density up to 1 Tesla along the axis of the cylindrical
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MRE sample, perpendicular to the direction of shear motion. The magnetic flux density is
measured by a Hall probe sensor, which is located directly below the MRE sample.

In this study, we employed an advanced magneto-mechanical test rig equipped with
the rotary rheometer shown in Figure 1, to conduct the characterization of the MRE samples
in shear mode. Figure 1b shows the parallel-plate part of the rheometer which requires
a cylindrical sample to apply the oscillatory torque. A series of experiments were subse-
quently conducted under varied mechanical and magnetic loadings (loading frequency and
strain amplitude). The input mechanical loading was sinusoidal with a frequency ranging
from 0.2 Hz to 10 Hz under the strain amplitudes of 15% and 30%. As mentioned before,
prior to the application of sinusoidal oscillation, a pre-load of 10 N was applied to not only
prevent the MRE samples from slipping at a higher frequency but also to represent a real
and practical situation which MREs experience in applications. The magnetic field was
realized by the embedded electromagnetic unit within the MR cell. The value of magnetic
flux density for characterization varied from 0 T to 1.0 T. It should be noted that the TA
instrument was equipped with a temperature unit control that kept the temperature of
the sample near 20 ◦C during the characterization tests. The experiments were selectively
repeated at least two times in order to ensure the repeatability of the recorded data. The
repetition was performed for all data due to the time-consuming task of each experiment
to be implemented by the rheometer. Relatively consistent results were observed and
recorded. Figures 2 and 3 show the experimental data of MRE samples under shear mode
in terms of shear storage (G′) and loss (G′′ ) moduli at a strain amplitude of 30% and 15%,
respectively. The results in Figure 2, for example, are concern the strain amplitude of 30%
under varied loading frequencies. The results show the variation of these moduli with
respect to the magnetic field intensity. Increasing the field intensity yielded an increment in
both shear moduli irrespective of the loading frequency, which are generally referred to as
field stiffening and field dampening effects, respectively [25]. However, the values of the
storage modulus were consistently higher than those of the loss modulus, confirming the
fact that the MRE materials display a less viscoelastic and more elastic behavior. Such a
tendency has also been observed in [26]. The G′ and G′′ vary nearly in linear manner with
respect to the magnetic flux density and then show a nonlinear behavior as the magnetic
flux density increases toward the saturation limit. The field stiffening effect becomes less
pronounced for higher frequencies due to the strain-rate stiffening phenomenon, in which
elastomeric materials become stiff at higher rates of deformation, as can be observed in
Figure 2a. For instance, under the magnetic flux density of 0.6 T, the storage modulus
varied from 108 kPa to 121 kPa when the loading frequency was increased from 2 Hz to
10 Hz, respectively. However, the field-dampening effect is relatively independent of the
loading frequency, as shown in Figure 2b.
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Moreover, Figure 2 further shows that G′′ has more tendency to saturate as compared
with G′ when the magnetic flux density exceeds 0.8 T. This is also observed in another study
on characterization of magneto-mechanical behavior of MREs [26]. In [26], the experimental
characterization was performed under a loading frequency of 10 Hz and a strain amplitude
of 1% considering flux density varying from 0 to 800 mT; as an example, under a flux
density of 600 mT and a loading frequency of 10 Hz, the storage modulus was reported as
500 kPa, while in this study, under the same loading frequency and flux density, the storage
moduli of nearly 170 kPa and 121 kPa were obtained under a strain amplitude of 15% and
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30%, respectively. This comparison confirms the strain softening phenomenon in which
MRE materials become soft as the strain amplitude increases.

Phenomenological models are subsequently developed to predict the viscoelastic
properties of the tested MREs as a function of the loading frequency and magnetic flux
density. Based on the observed results, the variation of the MRE’s storage G′ and loss
G′′ moduli with respect to the driving frequency can be represented by a combination of
exponential and power functions, as presented in Equations (1) and (2). It is important to
note that the selected exponential function for the magnetic field can represent the magnetic
saturation of the MRE modulus at high magnetic field intensities. Hence, the mathematical
models for the storage and loss moduli may be formulated as:

G′(B, f ) =
2a1 f a2

1 + e(−a3(B+a4))
(1)

G′′ (B, f ) =
2b1 f b2

1 + e(−b3(B+b4))
(2)

where G′ and G′′ represent the storage and the loss moduli, respectively, and both are
functions of the magnetic flux density (B) and excitation frequency (f ). a1, a2, a3, a4 and
b1, b2, b3, b4 are the model’s characteristic parameters to be determined through an error
minimization procedure. In order to obtain the parameters of the proposed model, the
error functions are first defined as:

JG′ = ∑
(
G′model − G′expire

)2 (3)

JG′′ = ∑
(
G′′model − G′′ expire

)2 (4)

By using the least squares minimization method, the model parameters have been
identified to minimize the above-mentioned error functions. The above-mentioned proce-
dure was repeated for a strain amplitude of 15% and 30%. The obtained parameters are
provided in Tables 1 and 2 for a strain amplitude of 15% and 30%, respectively.

Table 1. Identified parameters (strain 15%).

a1 a2 a3 a4

1.523 × 105 0.078 2.562 −0.608

b1 b2 b3 b4

3.760 × 104 0.077 3.751 −0.452

Table 2. Identified parameters (strain 30%).

a1 a2 a3 a4

1.066 × 105 0.099 2.290 −0.563

b1 b2 b3 b4

3.692 × 104 0.018 3.615 −0.458

Figure 2 also compares the experimentally derived MRE moduli and model-predicted
storage and loss moduli for different loading frequencies and magnetic flux densities under
a strain amplitude of 30%. The results show that the proposed model can effectively predict
the behavior of MRE moduli as a function of both the loading frequency and magnetic flux
density. A relatively good agreement was observed between the model and experimental
results within the entire range of magneto-mechanical loading conditions considered. For
instance, Figure 3 shows the performance of the proposed model in the prediction of the
storage and loss moduli for different loading frequencies and magnetic flux densities for a
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loading amplitude of 15%. Results show that the proposed model can effectively predict
the behavior of MRE moduli as a function of both the loading frequency and magnetic
flux density.

The comparison of the results presented in Figures 2 and 3, associated with a strain
amplitude of 30% and 15%, respectively, confirms the strain-softening phenomenon that
the higher the strain amplitude, the softer the material. Figure 4 also compares the results
for the storage and loss moduli versus frequency under different magnetic flux densities
obtained using the proposed model and experimental results for a strain amplitude of
30%. The results again show a very good agreement between the model and experimental
results. Figures 4 and 5 further compare the results obtained by the proposed model and the
experimental results, when the storage and loss moduli are varied with respect to loading
frequency for a strain amplitude of 30% and 15%, respectively. The comparison also was
applied to all levels of magnetic flux densities, ranging from 0 T to 1 T.
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Figure 6 shows that the MRE material becomes soft as the strain amplitude increases 

from 15% to 30%, irrespective of the applied frequency and magnetic flux density, due to 

strain softening or Payne effect. For instance, under a frequency of both 4 Hz and 10 Hz 

and all values of the applied flux density from 0 to 1 Tesla, the MREs are stiffer at 15% as 

compared with 30% strain amplitude. However, to develop a semi-active suspension sys-

tem that could deal with real-world scenarios where the seat might experience a larger 

Figure 5. Variation of the experimentally obtained storage and loss moduli with respect to loading
frequency under different magnetic flux densities. The graph also shows the model-predicted MRE
moduli (strain 15%). (a) Storage modulus; (b) Loss modulus.

Apart from a qualitative comparison between the model-predicted MRE moduli and
the corresponding experimental data, presented in Figures 2–5, Tables 3 and 4 provide
a quantitative comparison between the model and experimental data. There is a rela-
tively acceptable level of relative errors for the developed frequency- and field-dependent
phenomenological models.

Table 3. Comparison of experimental data vs. predicted model (strain 30%).

30% Storage Modulus (KPa) Loss Modulus (KPa)

Applied Filed
(T)

Experimental
Data

Predicted
Model Error (%) Experimental

Data
Predicted

Model Error (%)

B = 0 52.6 46.0 12.5 13.0 11.8 9.2

B = 0.2 62.7 64.7 3.2 18.2 20.9 14.8

B = 0.4 87.0 86.9 0.1 31.2 33.1 6.1

B = 0.6 115.9 111.1 4.1 46.2 46.2 0

B = 0.8 141.6 134.8 4.8 58.8 57.2 2.7

B = 1.0 157.8 155.9 1.2 64.5 64.7 0.3

Table 4. Comparison of experimental data vs. predicted model (strain 15%).

30% Storage Modulus (KPa) Loss Modulus (KPa)

Applied Flux
Density (T)

Experimental
Data

Predicted
Model Error (%) Experimental

Data
Predicted

Model Error (%)

B = 0 58.5 53.0 9.4 11.8 11.7 0.8

B = 0.2 71.8 79.2 10.3 17.4 21.0 20.6

B = 0.4 107.4 112.7 4.9 31.8 33.9 6.6

B = 0.6 153.1 150.7 1.5 47.8 47.8 0

B = 0.8 197.1 189.0 4.1 60.6 59.2 2.3

B = 1.0 226.2 222.9 1.4 66.6 66.7 0.1

Figure 6 shows that the MRE material becomes soft as the strain amplitude increases
from 15% to 30%, irrespective of the applied frequency and magnetic flux density, due to
strain softening or Payne effect. For instance, under a frequency of both 4 Hz and 10 Hz
and all values of the applied flux density from 0 to 1 Tesla, the MREs are stiffer at 15%
as compared with 30% strain amplitude. However, to develop a semi-active suspension
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system that could deal with real-world scenarios where the seat might experience a larger
level of displacements, we select the material model developed for the strain amplitude of
30% in order to design the seat in the subsequent sections.
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3. Design Optimization of MRE-Based Vibration Isolator

This section presents a design optimization of a novel MRE-based vibration isolator
that can be simply integrated for the subsequent design development of the proposed seat
suspension systems. MREs show many potentials for applications in noise and vibration
control, such as MRE isolators and MRE absorbers, due to their variable stiffness and
damping properties under the application of an external magnetic field. However, as
compared with MR fluids, MREs demand relatively larger and bulkier electromagnet units
to magnetically activate them, as their total designed thickness is normally much higher
than that of MR fluids. Thus, designing an optimal electromagnetic unit which can provide
enough magnetic field in the MRE active regions with minimal mass and space remains a
continuous challenge in this field and thus needs to be properly addressed. In this section,
therefore, the design optimization of an MRE-based vibration isolator equipped with a
C-shaped electromagnet is presented.

The schematic of the proposed MRE isolator with all important design parameters
is shown in Figure 7. The MRE isolator mainly consists of four parts: (i) a connector
that connects the seat to the MRE samples from the upper section, (ii) a C-shape steel
core, (iii) two electromagnet coils, and (iv) two cuboid-shaped MRE samples under shear
mode located in air gap. The geometrical parameters of the isolator are presented using
parameters x1 to x6, as shown in Figure 7. Htotal , Dtotal , and Wtotal represent the total
height, depth and width of the designed C-shaped electromagnet. It should be noted that
xc (thickness of the plate connecting the MREs to the connector) is assumed to be 20 mm.
To design an electromagnetic circuit for an MRE-based isolator, it is required to maximize
the magnetic flux density within MRE specimens in the gap of the electromagnet while
limiting the space, mass, and energy consumption of the isolator unit. At the same time,
the off-state modulus of MREs should be sufficient enough to withstand the weight of the
human operator on the seat. More importantly, the electromagnet unit should be able to
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operate for a sufficient amount of time while avoiding an extreme temperature rise that
could damage the coil. The simultaneous consideration of such important requirements
has mostly been ignored in the previous design of MRE systems.
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Figure 7. Schematic of the designed MRE isolator: (a) 3D view, and (b) 2D view.

The cross-section of copper conductors is schematically shown in green as depicted in
Figure 7. To implement the above-mentioned design optimization of the MRE isolator, the
geometrical and physical parameters of the isolator unit should be related together using
Hopkinson’s law (equivalent to Ohm’s law in electrical circuits) as follows [27]:∮

H.dl =NI = Rtφ (5)

where H and l are the applied magnetic field and length of the mean magnetic path of the
core. N, I,Rt, and φ are the total number of copper wire turns, applied electrical current, total
reluctance of the circuit, and the magnetic flux in the air gap of the C-shaped core. Substituting
the reluctance of different parts of the electromagnet circuit in Equation (5) yields:

NI = φ(2RMRE +Rcore) (6)

The reluctances of the magnetic core and MRE can be calculated as
Rcore = lcore/(µcore Acore), and RMRE = lMRE/(µMRE AMRE)lcore, Acore, and µcore are the
length of steel core, cross-sectional area, and permeability. These can be similarly defined
for MRE magnetic materials. As can be seen in Figure 7, the cross-sectional areas of the core
and MRE are the same, Acore = AMRE. The number of coil turns can be approximated as
follows [27]:

N = 2( fwx 4x5/Awire) (7)

where fw is the practical filling factor of 0.8 when wrapping the conductor wire around the
bobbin core. Awire = πx6

2/4 is the cross-sectional area of the conductor wire and x6 is the
diameter of the conductor wire. Moreover, considering the continuity of the flux within a
closed path magnetic circuit, the magnetic flux can be calculated as a multiplication of the
magnetic flux density of the MRE with its cross-sectional area:

φMRE = BMRE AMRE = BMREx1x3 (8)

The aim is to maximize the magnetic flux density (BMRE) passing through the electro-
magnet air gap filled with the MRE specimens. Considering Equations (5)–(8), BMRE can
be calculated as follows:

BMRE =
NI

1
µ0

(
2lMRE
µr MRE

+ lcore
µrcore

) (9)
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where µ0 is the vacuum permeability (4π× 10−7 H/m
)
. µr MRE and µrcore are, respectively,

the relative magnetic permeability of the MRE and steel core materials, the values of which
are assumed to be around 3 and 1000, respectively [28]. Using Figure 7b, the length of the
steel core, lcore, and MRE, lMRE, can be evaluated as follows:

lcore = 2L1 + 2L2 + L3 + L4 (10)

L1 = 0.5x1 + x4 (11)

L2 = x5 + 2× 0.5x1 + 0.5x1 (12)

L3 = xc (13)

L4 = xc + 2L1 + 2x2 (14)

lMRE = 2x2 (15)

Substituting Equations (11)–(14) into Equation (10) yields:

lcore = 5x1 + 2x2 + 4x4 + 2x5 + 2xc (16)

The optimization can be formally formulated as:

Minimize: J(θ) = −BMRE (17)

where BMRE is the magnetic flux density induced in the MRE region at the maximum
applied current of 2 A calculated using Equation (9), and θ is the design parameters defined
as:

θ = [x1, x2, x3, x4, x5, x6] (18)

subjected to the following physical, geometrical, and design requirements of the seat
suspension as:

100 mm ≤ Htotal ≤ 280 mm
100 mm ≤Wtotal ≤ 400 mm
100 mm ≤ Dtotal ≤ 150 mm

5 kg≤ Mtotal ≤ 25 kg
2.5 kN/m ≤ kMREo f f−state
20 kN/m ≤ kMREon−state

CD ≤ 5

(19)

Where Htotal , Wtotal , and Dtotal are the total height, width, and depth of the MRE isola-
tor device (constraint volume), respectively, as shown in Figure 7. Mtotal is the total mass
of the MRE isolator, and CD is the current density passing through the coil. kMREo f f−state
and kMREon−state are the total quasi-static stiffness of the MREs under zero and maximum
magnetic flux densities, respectively. The lower and upper bound of stiffness were selected
to minimize the frequency average (rms) weighted acceleration input to the human based
on the standard ISO 2631/1:1997 [29,30]. Considering the schematic of the MRE under
shear mode shown in Figure 8 and the shear storage modulus of the MRE in Equation (1),
the equivalent stiffness of the MRE can be estimated as follows:

kMRE =
G′(B, ω)AMRE

lMRE
=

G′(B, ω)x1x3

2x2
(20)



Vibration 2023, 6 788Vibration 2023, 6 788 
 

 

 

Figure 8. Schematic of the MRE under shear mode. 
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Figure 8. Schematic of the MRE under shear mode.

In similar, the equivalent damping of MREs can be also related to the shear loss moduli,
presented in Equation (2), as follows:

cMRE =
G′′ (B, ω)AMRE

ωlMRE
=

G′′ (B, ω)x1x3

ω2x2
(21)

The genetic algorithm (GA) was initially used to obtain the near-global minimum
solution due to the stochastic nature of the GA algorithm. The sequential quadratic
programming (SQP) algorithm was subsequently used in which the optimal parameters
from GA were used as initial inputs. SQP is a nonlinear gradient-based optimization
algorithm capable of accurately capturing the local optimum solution near the starting
initial point. To implement the SQP, the “fmincon” function provided by MATLAB 2021b
was used. The SQP algorithm combines the objective and constraint functions into a
merit function. The algorithm attempts to minimize the merit function subject to relaxed
constraints. This modified problem can lead to a feasible solution. It should be also noted
that the implementation of SQP in the MATLAB environment automatically calculates
the gradients of the cost and gradient functions using the finite difference method when
analytical gradient information is not supplied as a default option.

Thus, combining GA and SQP will result in a true global optimum solution. Repeating
this procedure for many randomly generated initial points results in the same optimum
solution provided in Table 5. The results of the optimization indicate that the optimal
parameters (x1, x2, x3, and x4) are always those selected as lower bounds. It can be
explained by considering Equations (10)–(14) and the cost function (Equation (9)) that
the lower the reluctance of the magnetic circuit path, the higher the flux density that will
be created in the gap. This is also implied by evaluating Hopkinson’s law presented in
Equation (5).

Table 5. Optimization Parameters.

Parameters Optimized Output Lower Bound Upper Bound

x1(mm) 30 30 150
x2(mm) 25 25 60
x3(mm) 100 100 250
x4(mm) 20 20 250
x5(mm) 45 30 250
x6(mm) 0.723 0.511 2.588

Numberofturns 1838

It is worth noting that, substituting the optimal parameters into Equation (9) yields
the following simple and linear relationship between the applied current and magnetic flux
density:

B = 0.2705I (22)



Vibration 2023, 6 789

Equation (22) is linear due to the fact that in the magnetic circuit design presented
above, constant permeabilities were assumed for magnetic materials in the circuit for the
sake of simplicity. In general, permeability is constant at a low applied magnetic field
intensity but its value decreases as the field increases toward the saturation limit.

4. Design of the Semi-Active MRE-Based Seat Suspension

It is expected that the designed MRE-isolator will experience significant deformations
between approximately 15 and 100 mm, if it is utilized independently. These deformations
correspond to shear strain values ranging from 60% to about 1300%, in accordance with the
physical and geometrical constraints imposed by Equation (19). To address this limitation,
Figure 9 offers a design solution to develop a novel semi-active seat suspension system
based on the optimally designed MRE isolator. Three passive springs are designed to be in
parallel and series to the MRE isolator, as shown in Figure 9. The springs were designed to
be integrated with the MRE-isolator in order to avoid an extreme deformation of MREs
due to the human body dynamic. It should be noted that the inertia of the connector is
assumed to be negligible. A design optimization was also formulated to obtain ks1 and ks2
in such a way that the frequency shift of the semi-active suspension system is maximized.
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Figure 9. Schematic of the semi-active seat suspension system.

The main goals for designing the parallel-series springs integrated into the semi-active
suspension are summarized as follows: (i) to allow large strokes for the suspension system
while allowing the MRE to continue to operate within a reasonably low deformation (−7.5
mm~7.5 mm, corresponding to a maximum shear strain of 30%); (ii) to increase the natural
frequency shift of the system when the current increases from 0 A to 2 A; and (iii) to tolerate
the human body weight. Considering these design requirements, the design optimization
problem can be formulated as follows:

Minimize: J = −( fn2 − fn1) (23)

where fn1 and fn2 are the natural frequency (Hz) of the seat suspension system from cab-
floor to seat under the input current of 0 A and 2 A, respectively. Thus, the indices 1 and
2 in the subsequent equations denote the parameter value at zero current and maximum
current of 2 A. The natural frequencies under zero and maximum currents together with
the equivalent stiffness of the seat are given by the following equations:

fn1 =
1

2π

√
keq1

mtotal
(24)

fn2 =
1

2π

√
keq2

mtotal
(25)
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keq1 = ks1 +

(
ks2kMRE1

ks2+kMRE1

)
(26)

keq2 = ks1 +

(
ks2kMRE2

ks2+kMRE2

)
(27)

x̂c ≤ 7.5 mm (28)

where keq1 and keq2 are the equivalent stiffness of the suspension system under minimum
and maximum input currents. It is noted that the displacement of spring ks1 is basically
the seat displacement, as shown in Figure 9. The inequality constraint in Equation (28) is
provided to ensure the displacement of the MRE isolator is limited to a maximum value of
7.5 mm (stroke of 15 mm). This can be further illuminated by Figure 8, showing an MRE
operating under shear mode. It should be noted that the optimal thickness of the MRE is
obtained as 25 mm, as discussed in the previous section (Table 5). Hence, the maximum
shear strain of the material, γ = displacement

initial thickness is limited to 30%. It is also worth mentioning
that, according to Figure 9, the force due to spring ks2 should be equal to the force generated
by the MREs in the electromagnet gaps.

The optimal values for the passive springs of ks1 and ks2 in the proposed adaptive
seat suspension are found to be 1.006 and 50 kN/m, respectively. The optimal results
together with the considered lower and upper bounds are provided in Table 6. Given
the field-stiffening characteristics of MRE materials and Equations (27) and (28), along
with the cost function described in Equation (24), it is anticipated that ks1 will tend to
approach its minimum value, while ks2 will tend to approach its maximum value, thereby
converging towards their respective lower and upper bounds. The equivalent stiffness of
the optimized seat suspension system under zero current input is obtained as nearly 8.9
kN/m while under the maximum applied current of 2 A, it is increased to 17.5 kN/m. This
corresponds to an absolute and relative increase of 8.6 kN/m and 96%, respectively. The
natural frequency of the optimal adaptive seat suspension system varies from 1.76 Hz at
zero current to 2.27 Hz at the maximum current of 2 A (29% relative frequency shift).

Table 6. Optimized values of parameters in MRE isolator design.

Stiffness Optimization Result Lower Bound Upper Bound

ks1(N/m) 1006 1000 50,000

ks2(N/m) 50,000 1000 50,000

Performance Evaluation of the Proposed Semi-Active Seat Suspension

This section presents the vibration transmissibility of the proposed seat suspension
systems considering a seated human body model. Figure 10 shows the proposed 6-DOF
lumped parameter model of the coupled seated human on a suspension system equipped
with an MRE isolator. The 4-DOF human body lumped parameter proposed by Wan. Y [31]
is adopted in this research study. This model incorporates various components such as
the head, neck, upper torso, viscera, and lower torso with a combined mass of 60.67 kg.
Nonetheless, future research could investigate the variation of human body weight on
the effectiveness of the suggested semi-active MRE-based seat suspension system. The
mechanical response of the human body to vibrations is represented in this model using
equivalent mechanical elements, namely, mass, spring, and damping. It is noted that in
Figure 10, parameters m1, m2, m3, m4 are, respectively, the mass of the lower torso, viscera,
upper torso, and head/neck, and k1, k2, k3, k4 as well as c1, c2, c3, c4 are the corresponding
stiffness and damping of the above-mentioned parts of the human body.
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Coordinates x̂1, x̂2, x̂3, x̂4, x̂s, and x̂c are the displacement of the center of gravity of the
lower torso, viscera, upper torso, head/neck, seat, and the isolator’s connector, respectively.
x̂0 denotes the displacement excitation to the seat suspension system. Thus, the governing
equations of the motion of the 6-DOF coupled seated human/semi-active seat suspension
system, as shown in Figures 8 and 10, can be derived as follows:

m4
..
x4 = k4(x3 − x4) + c4

( .
x3 −

.
x4
)

(29)

m3
..
x3 = k2′(x1 − x3) + c2′

( .
x1 −

.
x3
)
+ k3(x2 − x3) + c3

( .
x2 −

.
x3
)
− k4(x3 − x4)− c4

( .
x3 −

.
x4
)

(30)

m2
..
x2 = k2(x1 − x2) + c2

( .
x1 −

.
x2
)
− k3(x2 − x3)− c3

( .
x2 −

.
x3
)

(31)

m1
..
x1 = k1(xs − x1) + c1

( .
xs −

.
x1
)
− k2′(x1 − x3)− c2′

( .
x1 −

.
x3
)
− k2(x1 − x2)− c2

( .
x1 −

.
x2
)

(32)

ms
..
xs = ks1(x0 − xs) + ks2(xc − xs)− k1(xs − x1)− c1

( .
xs −

.
x1
)

(33)

mc
..
xc = −ks2(xc − xs) + kMRE(x0 − xc) + cMRE

( .
x0 −

.
xc
)

(34)

The total mass of the seat and seated human are considered to be 15 kg and 60.67 kg,
respectively. The total mass of the MRE isolator’s connector (nearly 100 g) is considered to
be negligible. The parameters of the 4-DOFs human body lumped model are presented in
Table 7.

Table 7. Parameter values of human body model [30].

m1 (kg) m2 (kg) m3 (kg) m4 (kg)

36 5.5 15 4.17

k1 N/m k2 N/m k′2 N/m k3 N/m k4 N/m

49, 341.6 20, 000 192, 000 10, 000 134, 400

c1N·s/m c2 N·s/m c′2 N·s/m c3 N·s/m c4 N·s/m

2475 330 909.09 200 250
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Equations (29)–(34) can be formulated in matrix format in the frequency domain using
Fourier-transform assuming a periodic waveform for the input displacement as follows:

−ω2[M]{x(jω)}+ jω[C]{x(jω)}+ [K]{x(jω)} = [B]{Q(ω)} (35)

Q(ω) =

[
1

(jω)

]
{x0(ω)} (36)

and a displacement vector of the lumped masses as follows:

{x(jω)} = [x4(jω), x3(jω), x2(jω), x1(jω), xs(jω)] (37)

Let us assume:
[A] = −ω2[M] + jω[C] + [K] (38)

Thus, one can write:
[A]{x(jω)} = [B]{Q(ω)} (39)

and solving for x(jω) yields:

{x(jω)} = [A]−1[B]{Q(ω)} (40)

{x(jω)} = [A]−1[B]
[

1
(jω)

]
{x0(ω)} (41)

Therefore, the general transfer function of the coupled human body/seat response can
be written as follows:

H(ω) = [H4(ω), H3(ω), H2(ω), H1(ω), Hs(ω), ]T = [A]−1[B]
[

1
(jω)

]
(42)

Thus, the cab-floor-to-head acceleration transmissibility can subsequently be described
as follows:

S(ω) =
{x4(jω)}

x0(jω)
= H4(ω) (43)

The results for the acceleration transmissibility from the cab floor to the operator’s
head for different currents are presented in Figure 11. As can be observed from Figure 11,
when there is no suspension, the human’s head receives higher levels of acceleration
transmissibility as compared to with the presence of suspension. Moreover, when a higher
current is applied to the MRE, the position of the transmissibility shifts to the right, thereby
lowering the transmissibility and thus improving the comfort for the human.

The examination of the results presented in Figure 11 further shows that in the fre-
quency range of 4–10 Hz where the human shows the maximum sensitivity, the transmitted
acceleration is significantly reduced by the adaptive seat suspension compared with no
suspension. For instance, under zero current the acceleration transmissibility obtained
was nearly 4.8, while under the maximum applied current of 2 A, the magnitude of the
peak resonance obtained was 3.75, showing a reduction of 21%. This confirms that the
system is successful in attenuating the vibrations experienced by the occupant, leading to
improved comfort and reduced potential for adverse effects caused by vibrations in that
specific frequency range.

As explained in the introduction, most previous works have focused on designing
MRE-based seats for horizontal vibration attenuation, and only a limited number of studies
have analyzed the vertical mode MRE seat design for the purpose of whole-body vibra-
tion. Nonetheless, Li et al. [21] simulated an MRE seat isolator working in vertical mode.
Although the designed isolator can attenuate the vibration transmissibility by 44%, their
simulation results were obtained under the assumption that the effective MRE stiffness is
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ten times greater than the scaled MRE isolator stiffness, which may not be appropriate in
practice. As opposed to [21], here we proposed a practical design and implementation of a
design optimization of a full-scale MRE-based semi-active seat suspension system.
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5. Conclusions

This paper presents the design development of a novel semi-active vertical mode
seat suspension system that incorporates an MRE vibration isolator with a C-shaped core,
accompanied by three passive parallel-series springs. The proposed configuration allowed
for a large stroke while preventing the MRE from operating under excessive deformation.
To optimize the design of the MRE isolator, isotropic MRE samples were fabricated and
characterized using a magneto-rheometer in shear mode. The elastic and loss moduli of
the MREs were then determined and modeled as functions of the loading frequency and
applied magnetic flux density. The developed model facilitated the design optimization of
the proposed seat suspension system to maximize the frequency shift of the seat isolator
under maximum current given the important design constraints (tolerating the human body
weight, and penalizing the MRE to operate in a large deformation regime). The vibration
transmissibility of the proposed seat system was evaluated considering a 6-DOF lumped
parameter model of the coupled seated human suspension system, incorporating the MRE
isolator. The results showed that the proposed seat suspension system can adjust its natural
frequency from 1.76 Hz at 0 A to 2.27 Hz at 2 A, resulting in a relative frequency shift of
29%. The analysis of the acceleration transmissibility results was indicative of a reduction
in the magnitude of the peak resonance by 21% when the current increased from 0 to 2 A.
The results also suggest that the proposed semi-active suspension system can effectively
mitigate and diminish vibrations within this critical frequency range. These findings also
provide valuable insights for the development of advanced control algorithms to regulate
MRE properties in the presence of external loadings and disturbances. Future work could
explore the use of artificial intelligence in developing a seat model considering wide ranges
of the human body (i.e., different weights and postures) and MRE characteristics (i.e.,
anisotropic MRE) to improve the performance of the proposed semi-active MRE-based
seat suspension system. The design of MRE seats capable of attenuating vibrations in both
vertical and horizontal modes should also be investigated.
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