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Suspension seats are widely used in heavy vehicles to reduce vibration transmitted to human body and promote ride comfort.
Previous studies have shown that the dynamics of the suspension seat exhibits nonlinear behaviour with changed vibration
magnitudes. Despite various linear seat models developed in the past, a nonlinear model of the suspension seat capturing the
nonlinear dynamic behaviour of the seat suspension and cushion has not been developed for the prediction of the seat trans-
missibility. )is paper proposes a nonlinear lumped parameter model of the suspension seat to predict the nonlinear dynamic
response of the seat. )e suspension seat model comprises of a nonlinear suspension submodel integrated with a nonlinear cushion
submodel. )e parameters of the submodels are determined by minimizing the error between the simulated and the measured
transmissibility of the suspension mechanism and the force-deflection curve of the seat cushion, respectively. )e model of the
complete seat is then validated using the seat transmissibility measured with inert mass under vertical vibration excitation.)e results
show that the proposed suspension seat model can be used to predict the seat transmissibility with various excitation magnitudes.

1. Introduction

)e drivers of trucks, busses, and off-road vehicles such as
motor graders and excavators are often exposed to high
magnitude Whole-Body Vibration (WBV) on work. Long-
term exposure to WBV can have adverse effect on the health
of the drivers of the heavy vehicles. For example, the high
WBV exposures were found to be associated with the back
pain-related absences of the heavy equipment vehicle
mining operators [1]. Suspension seats are widely used in
such vehicles to attenuate the vibration transmitted to the
seated drivers. However, the suspension seat does not always
provide attenuation of the vibration under every working
condition [2–4], as depending on the working conditions of
the vehicle, the vibration environment on different vehicles
is different. )is requires that the dynamic parameters of a
suspension seat be designed or tuned to match with the
dynamic characteristics of the vehicle, so as to optimize its
vibration attenuation performance [5].

A suspension seat generally comprises two parts that
play the most important role in the transmission of the
WBV: the suspension mechanism and the seat cushion. )e
dynamic performance of the suspension seat depends on the
dynamic properties of both parts. It was found in a labo-
ratory study that when the magnitude of the vibration ex-
citation was low, the suspension mechanism tended to act as
if it was locked up by friction, and the seat transmissibility
was mainly affected by the dynamic characteristics of the seat
cushion, whereas when subjected to higher magnitudes of
excitation, the dynamic performance of the suspension seat
was dominated by the dynamics of the suspension rather
than the seat cushion [6]. It was also found that the response
of the suspension seat to the vertical vibration was nonlinear
when the magnitude of excitation changed. With the in-
crease of the excitation magnitude, the primary resonance
frequency of the transmissibility of the suspension mecha-
nism or the complete seat tended to decrease [6]. )e seat
cushion in modern vehicles is normally made of
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polyurethane foam, which also exhibits nonlinear behaviour
that can be affected by the magnitudes of excitation [7].
Zhang & Dupuis found that when the excitation magnitude
increased, the equivalent stiffness of the foam tended to
decrease at lower excitation magnitudes and then increase at
higher magnitudes [8].

Apart from laboratory studies, the vibration transmis-
sion and dynamic response of suspension seats have also
been studied with various analytical and numerical models.
)e modelling methods varied from the finite element
method [9] to multibody method and lumped parameter
method, and in recent years, researchers have made a lot of
outstanding work [10, 11]. Among different modelling
methods available, lumped parameter technique has been
widely applied, partly because it is relatively easy to apply,
and a close form solution is often available. Qiu [5] estab-
lished a systematic procedure for developing models of
suspension seat by calibrating the submodels of the sus-
pensionmechanism and the seat cushion and connecting the
twomodels as the seat model. Gunston et al. [12] developed a
linear suspension seat model, whose parameters were taken
from the measured dynamic properties of the suspension
mechanism components. For example, the stiffness of the
suspension spring and the damping were adopted as model
parameters directly. Stein et al. [13] developed a lumped
parameter model of the suspension seat where the damping
of the suspension was modelled using a series combination
of a linear spring and a linear damper. )ese linear models
gave satisfactory predictions of the transmissibility of sus-
pension seat at a fixed magnitude of excitation with a
corresponding set of parameter values.

However, if a system exhibits evident nonlinear be-
haviour, such as the decrease of the resonance frequency of
the suspension seat transmissibility when the excitation
magnitudes increases, a linear model may require multiple
sets of parameter values to fit well with the behaviour of the
system under different conditions, which increases the cost
of parameter optimization and simulation. On the other
hand, nonlinear models may bemore efficient and applicable
when the system behaviour under different conditions is to
be predicted with one set of parameter values. Various
nonlinear lumped parameter seat models have been devel-
oped over the years which sought to capture the nonlinear
behaviour of the suspension seat. In terms of nonlinear
modelling of suspension mechanism, Gunston et al. [12]
developed a suspension seat model using the so-called
“Bouc-Wen model” [14, 15] which was verified using the
vibration exposure value measured in a field study, while the
prediction of the transmissibility of the suspension seat was
not given. Zhou et al. [16] developed a model of the sus-
pension seat consisting of nonlinear spring and damper of
the suspension mechanism, and Zhao et al. [17] developed a
nonlinear suspension seat with rubber spring. For both
models, the predicted vibration exposure and seat trans-
missibility matched well with the measured counterparts,
while the prediction under other conditions using the same
set of parameter values was not reported in these studies.
With regard to the nonlinear cushionmodelling, Pattern and
Pang [18] developed a lumped parameter model of a luxury

car seat with nonlinear cushion stiffness (with algebraic
fraction term) and damping (with absolute value term),
which gave satisfactory prediction of the seat transmissi-
bility. To further simulate the elastic and viscoelastic be-
haviour of the seat cushion, a nonlinear model of
polyurethane foam taking both the elastic and viscoelastic
stiffness into consideration was developed by White et al.
[19]. Based on White’s foam model, Kang [20] developed a
nonlinear model of a railway vehicle seat to study the dy-
namic responses of the seat-occupant system, and Joshi et al.
[21] developed a nonlinear seat-occupant model to predict
the deflection shapes of the seat-occupant system. However,
both predictions that Kang and Joshi et al. made using the
model they developed lacked verification using the experi-
mental data.

From the review of the previous studies, it is found that a
model of suspension seat has not been reported, which
covers the nonlinear dynamic behaviour of both the sus-
pension mechanism and the seat cushion at different ex-
citation magnitudes with just one set of parameter values
and is capable of giving satisfactory and validated prediction
of the transmissibility of the suspension seat under various
excitations. )e aim of the study presented in this paper is to
develop a nonlinear lumped parameter model of a sus-
pension seat consisting of both the nonlinear suspension
submodel and the nonlinear cushion submodel that fulfils
these requirements. In Section 2, the design and the results
of the experimental measurement of the dynamic charac-
teristics of the suspension mechanism and the seat cushion
are presented. Section 3 presents the design and the cali-
bration of the proposed nonlinear suspension seat model,
and the model is validated by comparing the predicted seat
transmissibility with the measured counterpart. General
discussion of the developed nonlinear model is provided in
Section 4 in which it is compared with a linear model, and
the conclusion is summarised in Section 5.

2. Experimental Study of Seat Transmissibility
and Force-Deflection Relation of the
Seat Cushion

2.1. Measurement of the Vertical Transmissibility of the Sus-
pension Seat with Inert Mass. A suspension seat with foam
cushion and passive vertical suspension mechanism was
used in this study (Figure 1). To study the nonlinear dy-
namics of the suspension mechanism and the complete seat,
and to obtain experimental data for the calibration of the
suspension seat model, the vertical transmissibilities of the
suspension mechanism and the complete suspension seat
loaded with a 60 kg inert mass were measured. )e mea-
surement was carried out on the 1m vertical hydraulic
simulator in the Institute of Sound and Vibration Research,
University of Southampton. )e vibration stimuli applied to
the loaded suspension mechanism and the seat were three
random vertical excitations with different magnitudes: 1.0,
1.5, and 2.0ms−2 r.m.s, respectively. )e signals were ac-
quired via 50Hz anti-aliasing filters, and the sampling rate
was 256 samples per second. To calculate the
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transmissibilities of the suspension mechanism and the
complete seat T(f), the vertical acceleration at the seat base
(ai) was measured as the input acceleration, and the vertical
acceleration on the suspension top plate or the complete seat
pan (ao) was measured as the output acceleration. )en, the
transmissibility of either the suspension mechanism or the
complete seat is obtained using the cross-spectrum density
method:

T(f) �
Gio(f)

Gi(f)
, (1)

where Gio(f) is cross-spectral density of the input (ai) and
output (ao) accelerations and Gi(f) is the power spectral
density of the input acceleration.

Figure 2 shows the moduli of the measured transmis-
sibilities of the suspension mechanism and the complete
seat.)e primary resonances of both transmissibilities locate
below 5Hz with the associated moduli greater than unity,
showing the amplification effect that the suspension seat had
on the transmission of vibration at low frequency range. )e
moduli of transmissibilities at frequencies above 8Hz are
smaller than unity, showing an attenuation effect of the seat
on the vibration in that frequency range. With the increase
of the excitation magnitude, the primary resonances of the
transmissibilities tend to decrease. It shows that the
equivalent stiffness of the suspension mechanism as well as
the complete seat exhibits a nonlinear softening behaviour
with the increase of the excitation magnitude.

2.2. Measurement of the Force-Deflection Curves of the Seat
Cushion. )e quasi-static and dynamic behaviour of the seat
cushion was characterised using the force-deflection curves
in this study. )e measurement of force-deflection curves of
the seat cushion was carried out on the indenter rig in the
Institute of Sound and Vibration Research, University of
Southampton. )e seat cushion was fixed on the vibrator of
the indenter rig as shown in Figure 3. In the quasi-static test,
the bottom of the seat cushion was fixed and the head of the
indenter was forced to compress and decompress the top
surface of the seat cushion in the vertical direction at a rate of
1.0mm/s. During this process, the reaction force of the
cushion and the displacement of the indenter head (i.e., the
deflection of the cushion) were measured using the RDP

force transducer and RDP DWT displacement transducer,
respectively. In the dynamic test, a preload of 600N was
applied to the cushion at a rate of 1.0mm/s using the in-
denter head. )en, three 5Hz vertical sinusoidal excitations
with magnitudes of 1.0, 1.5, and 2.0ms−2 r.m.s were applied
to the bottom of the cushion using the vibrator.)e reaction
force of the cushion and the displacement of the vibrator
(i.e., the dynamic deflection of the cushion) were measured
using the force transducer and a Celesco MT2A displace-
ment transducer, respectively.

Figure 4 shows the measured quasi-static force-deflec-
tion hysteresis curve; i.e., for a certain value of the cushion
reaction force, the loading and unloading paths give dif-
ferent deflections of the cushion. )e gradient of the average
curve (dotted line in Figure 4) of the loading and unloading
parts of the hysteresis can be used to examine the nonlinear
elastic property of the foam cushion [23]. )e increase of the
gradient indicates that the cushion was hardening with the
increase of deflection during the quasi-static test.

)e measured dynamic force-deflection curves are
shown in Figure 5. To facilitate the comparison of the
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Figure 1: )e suspension seat (a) and the structure of its suspension mechanism (b).
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Figure 2: Measured transmissibilities of suspension mechanism
and complete seat loaded with inert mass (60 kg) with excitation
magnitudes of 1.0, 1.5, and 2.0ms−2 r.m.s.
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gradients of the curves, the dynamic force-deflection curves
are translated by removing the static component (i.e., the
values at the starting points of the curves) from themeasured
forces and deflections, so that their starting points all locate
at the origin point (0, 0) (see Figures 5(a) and 5(b)).

Figure 5(a) shows that the gradients of dynamic force-
deflection curves were greater than those of quasi-static
force-deflection curves, which indicates that the cushion is
stiffer in dynamic conditions than in quasi-static conditions.
Figure 5(b) shows that the gradients of the curves decreased
when the excitation magnitude increased, which reveals the
softening behaviour of the cushion subject to the increase of
the magnitude of the excitation. Owing to the method of the
calibration of the transducers, the dynamic deflections
measured using the displacement transducer only revealed
the relative dynamic displacements of the cushion surface
above or below the static deflection, which was due to the
application of the preload. )us, to obtain the total de-
flection of the cushion relative to the unloaded state, the
static deflection of the cushion should be added to the
measured dynamic deflection. )e static deflection of the
cushion is estimated to be 0.033m when the preload applied
on the cushion is 600N according to the central line of the
quasi-static force-deflection curve (Figure 4). )e force-
deflection curves with the actual deflection are shown in

Figure 5(c) and will be used for calibration of the cushion
submodel in the next stage. It shows that, without trans-
lation, the gradients of these original curves are difficult to
compare.

3. Nonlinear Suspension Seat Model

3.1. Modelling Method. As both the suspension mechanism
and the seat cushion have nonlinear response to the vi-
bration excitation, it is desired to develop a suspension seat
model that consists of both nonlinear suspension and
cushion submodels based on the results of the measurement.
In this study, the submodel of the suspension mechanism
was developed using the “Bouc-Wen method” whereas the
cushion submodel was developed with polynomial nonlinear
stiffness and viscoelastic terms.

While the spring and damper of the suspension
mechanism can be treated as a combination of linear spring
and damper [22], the “Bouc-Wen method” can be added to
that linear combination to model the nonlinear forces in the
suspension mechanism, such as the friction. Assuming that
the displacement of the suspension mechanism relative to
the seat base is y, the total reaction force of the loaded
suspension mechanism Fsuspension can be written as follows:

Fsuspension � ksy(t) + cs _y(t) + FBouc−Wen, (2)

where the linear stiffness and damping of the suspension
mechanism are represented by ks and cs, respectively, and
the “Bouc-Wen force” FBouc−Wen is determined as follows
[12]:

_FBouc−Wen � k − ks( 􏼁 _y − c| _y|FBouc−Wen − β _y FBouc−Wen
􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌,

(3)

where k, β, and c are three parameters determining the
nonlinearity of the “Bouc-Wen force.”

On the other hand, the cushion nonlinear behaviour
owes much to the cell structure of the polyurethane foam
and the air inside the cells that caused the cushion to exhibit
nonlinear elastic property [18]. A modelling method taking
this into account was applied to develop the cushion model
in this study. Under dynamic conditions, the polyurethane

Electric motor

Indenter head
Accelerometer

(for the equalisation
of the driving signal

of the shaker) 

RDP DWT displacement
transducer

Wire of the transducer
measuring indenter head

displacement
Wire of the transducer

measuring shaker
displacement

Ling V860 shaker

Celesco MT2A displacement
transducer

Figure 3: Test apparatus for the measurement of the force-deflection curves of the seat cushion.
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foam will generate elastic, viscous, and viscoelastic reaction
forces [23]. All these three types of forces are included in the
model of the seat cushion to reflect the nonlinear dynamic
behaviour of the cushion. When the cushion is compressed,
the reaction force Fcushion from the cushion is derived using
the following equation:

Fcushion � c _z(t) + k1z(t) + k3z(t)
3

+ k5z(t)
5

+ 􏽚
t

0
Γ(t − τ)z(t)dτ,

(4)

where z is the deflection of the cushion (i.e., the dis-
placement of the cushion surface relative to the cushion
base) and c, k1, k3, and k5 stand for the viscous damping
and nonlinear stiffness parameters, respectively. )e
convolution of displacement and relaxation kernel Γ is
used to reveal the nature of the history-depending hys-
teresis of the cushion force-deflection curves. )e relax-
ation kernel Γ is defined as a summation of two
exponential terms:

Γ(t − τ) � a1e
−α1(t−τ)

+ a2e
−α2(t−τ)

, (5)

where a1, a2 and α1, α2 are viscoelastic parameters [21]. By
calibrating the cushion model described in equation (4)
using the measured dynamic force-deflection curve, the
elastic, viscous, and viscoelastic parameters of the cushion
can be obtained. )en, the cushion submodel was connected
with the suspension mechanism model to build up the
complete suspension seat model.

3.2. Description of the Model. )e complete suspension seat
model loaded with an inert mass is shown schematically in
Figure 6. )e motion of the seat base (i.e., the excitation) is
represented by x0. )e sprung mass of the suspension
mechanism is represented by ms, which is estimated to be
4.6 kg. )e stiffness and damping of the suspension
mechanism are represented by ks and cs, respectively.
FBouc−Wen is the Bouc-Wen force. )e inert mass loaded on
the seat is represented by m0 (60 kg). )e cushion is divided
into the unsprung mass mc1 and the sprung mass mc2, and
bothmasses are estimated to be 10 kg.)e cushion unsprung
mass mc1 moves together with ms, while mc2 moves together
with the inert mass m0. )e elastic stiffness of the cushion is
represented by a nonlinear polynomial with the first-, third-,
and fifth-order coefficients k1, k3, and k5, and c represents
the viscous damping of cushion. )e viscoelastic force Fve is
represented by the convolution term (see equation (4)).

Since the seat was excited after being loaded with the
inert mass on the seat pan, the static deflection of the
cushion d due to the static preload is also included in the
equations; thus, the dynamic deflection of the cushion is
expressed by the term (x2 − x1 − d). In Figure 4, the static
deflection of the cushion with a preload of 600N was ap-
proximately 0.033m. However, due to the creep behaviour
of the cushion foam [19], i.e., the deflection tended to
gradually decrease with time when a constant preload was
applied, the difference between the quasi-static loading of
the cushion during the measurement of the force-deflection
relationship and the loading of the inert mass during the
measurement of the seat transmissibility may lead to minor
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Figure 5: (a) A comparison between quasi-static and dynamic force-deflection curves, (b) translated dynamic force-deflection curves with
different excitation magnitudes, and (c) dynamic force-deflection curves with the actual deflection.
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difference between the deflection of the cushion in these two
tests. Hence, in this model, the value of the deflection d was
determined by doing calibration with a specific constraint
applied (0.025< d< 0.035) along with the rest of the model
parameters. )e equations of motion of the complete seat
loaded with inert mass are derived as follows:

mc2 + m0( 􏼁 €x2 + Fck + c _x2 − €x1( 􏼁 + Fve � − mc2 + m0( 􏼁g,

(6)

ms + mc1( 􏼁 €x2 + cs _x1 − _x0( 􏼁 + ks x1 − x0( 􏼁 − Fck

− c _x2 − _x1( 􏼁 − Fve + FBouc−Wen � 0,
(7)

where the cushion elastic force Fck is defined as follows:

Fck � k1 x2 − x1 − d( 􏼁 + k3 x2 − x1 − d( 􏼁
3

+ k5 x2 − x1 − d( 􏼁
5
,

(8)

and the cushion viscoelastic force Fve is defined as follows:

Fve � 􏽚
t

0
a1e

− α1(t− τ)
+ a2e

− α2(t− τ)
􏽨 􏽩 x2 − x1 − d( 􏼁dτ, (9)

and the “Bouc-Wen force” FBW in this complete seat model
is defined as follows:

_FBouc−Wen � k − ks( 􏼁 _x1 − _x0( 􏼁 − c _x1 − _x0
􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌FBouc−Wen

− β _x1 − _x0( 􏼁 FBouc−Wen
􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌.

(10)

3.3. Calibration of the Submodels and Validation of the
Complete Seat Model. )e complete seat model was cali-
brated in the following order: first, the nonlinear suspension
mechanism model was calibrated by fitting the measured
acceleration on the suspension top plate in the time domain,
such that the parameters of the suspension mechanism
model (k, ks, kc, β , and c) were determined. )en, the
cushion submodel was calibrated using the measured actual
dynamic force-deflection curves of the cushion (shown in
Figure 5(c)), and the parameters of the cushion model
(k1, k3, k5, c, a1, a2, α1, α2, and d) were decided. Finally, the
calibrated suspension submodel and the cushion submodel
were connected as the complete seat model (schematically
shown in Figure 6). )e complete seat model was used to

predict the acceleration on the seat pan loaded with inert
mass and the seat transmissibility with different excitation
magnitudes, and the results were compared with their
counterpart measured using the suspension seat supporting
the inert mass to validate the seat model.

A linear lumped parameter model would be required to
be recalibrated to obtain new sets of parameters to give
satisfactory predictions of seat dynamic behaviour under
various excitations due to its nonlinearity. To obtain one set
of parameters of the nonlinear model that is capable of
predicting the seat dynamic performance under different
excitation magnitudes, each submodel was calibrated by
minimizing the total error (Etotal), which was defined as the
sum of root mean square differences between the predicted
and measured data under all the three excitation magnitudes
(1.0, 1.5, and 2.0ms−2 r.m.s.):

Etotal � 􏽘

3

i�1
􏽘

N

j�1

1
N

����������

pij − mij􏼐 􏼑
2

􏽲

, (11)

where the subscript i (i � 1, 2, 3) represents the three tests
with different excitation magnitudes, while the subscript j
(j � 1, 2, 3, . . . , N) represents the individual data sample
under each test condition. Each of the predicted data
samples is represented by pij, and the corresponding
measured data sample is represented by mij, respectively.
Figure 7 shows a comparison between measured and pre-
dicted output acceleration on the suspension top plate using
the suspension submodel, and a good agreement was
achieved. Figure 8 shows that the predicted suspension
mechanism transmissibilities (frequency domain) also fit
with the corresponding measured data well.

Figure 9 shows a comparison between the measured
dynamic force-deflection curves of the cushion and those
simulated using the cushion submodel with a preload of
600N and with different excitation magnitudes. )e sim-
ulated curves generally fit with the test results well.

)e complete seat model parameters obtained after
calibration are listed in Table 1. Finally, a comparison
between the measured and predicted accelerations on the
seat pan when the seat was loaded with inert mass is made
in Figure 10, in which a reasonably good agreement is
observed. )e measured and predicted transmissibilities of
the complete seat loaded with inert mass are shown in
Figure 11. It shows that the prediction generally fits with
the test data, but some discrepancies are found in terms of
transmissibility modulus in the vicinity of the primary
resonance.

4. Discussion

4.1. Dynamic Characteristics of the Seat Components. )e
resonance of the transmissibility of the suspension mech-
anism in this study tended to decrease with the increase of
the magnitude of the vertical excitation, which indicates the
nonlinearity of the suspension mechanism similar to that
presented by Qiu [6]. )e quasi-static force-deflection curve
of the cushion shows a hysteresis loop, which is in accor-
dance with many previous studies (e.g., [19, 23, 24]). )e
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Figure 6: Schematic diagram of the complete seat model loaded
with inert mass.
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dynamic force-deflection curves have greater gradients than
that of the quasi-static force-deflection curve, showing the
hardening of the cushion stiffness under dynamic condi-
tions. )e dynamic force-deflection curves in this test show
that the dynamic stiffness of the seat cushion is affected by
the magnitude of excitation, indicating the nonlinearity of
the cushion behaviour. Both seat components hence pro-
cessed nonlinearity subject to the excitation magnitude.

4.2. Linear and Nonlinear Modelling Methods. In the past,
many lumped parameter suspension seat models were de-
veloped based on the linear assumption. )e linear models
reflect the dynamic property of the seat by means of stiffness
and damping, which facilitates the understanding of seat
dynamics and the design of the seat. In this study, a linear
model of the suspension mechanism was also developed
using the same way as Stein et al. [13] (see Figure 12).

)e equivalent stiffness of the suspension mechanism
was modelled using a spring element with the stiffness of ks,
and the damping wasmodelled using a series combination of
a damper (c) and a spring (k). )en, the equations of motion
of this system can be written as follows:

ms + m0( 􏼁 €x1 + c _x1 − _xm( 􏼁 + k x1 − xm( 􏼁 � 0, (12)

c _xm − _x0( 􏼁 + k xm − x0( 􏼁 � 0. (13)

Equations (12) and (13) can be reorganised as follows:

M€x + C _x + Kx � ks k􏼂 􏼃
T
x0, (14)

where M �
ms + m0 0

0 0􏼢 􏼣, C �
c −c

−c c
􏼢 􏼣, K �

ks 0
0 ks

􏼢 􏼣,

and x � [x1xm]T. With this linear model, the transmissibility
of the suspension mechanism T can be derived as follows:
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different excitation magnitudes (1.0, 1.5, and 2.0ms−2 r.m.s.).
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Figure 8: A comparison between the measured and predicted
transmissibility of suspension mechanism with different excitation
magnitudes (1.0, 1.5, and 2.0 ms−2 r.m.s.).
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By minimizing the total error between the predicted
transmissibilities (using equation (15)) and the measured
counterparts under three excitations at the same time, the
values of one set of parameters of this linear suspension
mechanism model under three excitation magnitudes were
determined and the comparison between the results of the
measurement and simulation is shown in Figure 13. )e
predicted transmissibility fitted well with the measured value
when the magnitudes of excitation were 1.5 and 2.0ms−2

r.m.s, while at 1.0ms−2 r.m.s, the discrepancy between the
measured and simulated values of the resonance frequency
and the modulus of the transmissibility in the vicinity of the
resonance was greater compared to that with nonlinear
Bouc-Wen model of the suspension mechanism (Figure 8).
As the nonlinearity of the dynamic behaviour of the sus-
pension mechanism was revealed by the change of the
resonance frequency and the associated modulus of the

transmissibility, the linear model failed to cover the non-
linear behaviour under all conditions. )e nonlinear model
of the suspension mechanism gave satisfactory predictions
in a wider range using just one set of model parameters.

)e disadvantage of the nonlinear models is that physical
meaning of some of the model parameters is less clear than
the linear models, such as the parameters β and c of the
“Bouc-Wen” model. )is makes nonlinear models less
practical for the optimization of real seat parameters

Table 1: Calibrated parameter values of the complete seat model.

Submodel Parameters and values

Suspension mechanism ks (N/m) cs (Ns/m) k (N/m) β c

32300.36 514.11 242962.25 −121.69 8449.14

Cushion

k1 (N/m) k3 (N/m) k5 (N/m) c (Ns/m) d (m)
100.04 −8255.13 2.23E+ 10 677.60 0.03

a1 (N/m2) α1 (1/s) a2 (N/m2) α2 (1/s)
79811.91 0.45 −79676.07 1.00
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Figure 10: A comparison between the measured and the predicted
acceleration on the seat pan with the complete seat loaded with
inert mass within 10 seconds with different excitation magnitudes
(1.0, 1.5, and 2.0ms−2 r.m.s.).
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compared to the linear models. However, in cases where a
description of the general complete seat behaviour is suf-
ficient, such as studying the interaction between the com-
plete seat and the seated occupant, or predicting the Whole-
Body Vibration exposure of seated occupant in the vehicle,
nonlinear models can still find their application [12].

4.3. Measurement of the Parameters for the Calibration of the
Model. )e suspension submodel can give a reasonably
good prediction of the suspension transmissibility. However,
some discrepancies existed between the measured and
simulated dynamic force-deflection curves as well as the
complete seat transmissibility. )e reason may be that the
loading and unloading speed in the quasi-static test of this
study was 1mm/s due to the limitation of test apparatus,
which is quite faster than that in the quasi-static tests re-
ported in previous studies and may not be a real quasi-static
state [19, 23]. Zhang stated that, with the increase of loading
speed, the quasi-static stiffness of the cushion also increased
[24]. )us, the loading speed in this study may affect the
measurement of the quasi-static force-deflection curve and
then have an impact on the static cushion deflection esti-
mation (the value of d) and finally affect the calibration of
the cushion model. Furthermore, in the dynamic force-
deflection curve measurement in this study, the excitations
applied to the cushion are sinusoidal signals with one fixed
frequency (5Hz). However, it is reported that the dynamic
stiffness of the cushion tended to increase with the increase
of the frequency of the excitation [7, 25]. )e dynamic force-
deflection curves measured in this paper with single fre-
quency sinusoids may not have completely reflected the
dynamic behaviour of the cushion.

For the further study in the next stage, the test procedure of
measuring force-deflection curves needs to be improved to
obtainmore accurate static force-deflection curve.)e dynamic
force-deflection curves under excitations of different frequen-
cies will bemeasured and applied in themodel calibration, so as
to achieve a better prediction of the seat transmissibility.

5. Conclusion

A nonlinear lumped parameter model of a suspension seat
was developed. )e complete seat model consisted of
nonlinear submodels of the suspension mechanism and the
seat cushion. )e submodels were calibrated using the ex-
perimental data measured with the suspension mechanism
and the seat cushion, respectively. )e integrated complete
seat model gave satisfactory prediction of the seat trans-
missibility with different excitation magnitudes, indicating
that it can be used to predict the vertical transmissibility of
the suspension seat.
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