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The variation of the open-cell polyurethane foam thickness within the seating system can affect the dynamic
response of the occupant-seat system and the riding discomfort. This study was aimed to develop and optimize
a finite element model of the occupant-seat system incorporating the skeleton and muscle tissue for predicting
the seat transmissibility and assessing the riding discomfort with different foam thicknesses. The key model
parameters influencing the prediction of the seat transmissibility were investigated with the sensitivity analysis,
and the correlation between the parameters and the seat transmissibilities was quantified by fitting the polynomial
functions. The genetic algorithm was also utilized to iterate the squared error between the predicted and the
measured seat transmissibilities, thereby obtaining the optimal parameter values. The best fit of the vertical in-
line and fore-and-aft cross-axis seat transmissibility predicted by the optimized model increased by 13.34 % and
14.41 %, respectively. When the dynamic stiffness of the foam decreased with the increase of the thickness, the
peak frequency of seat transmissibilities, the weighted root-mean-square acceleration and the SEAT value exhibited
the same downward trend.

NOMENCLATURE
WRMSA weighted root-mean-square acceleration
SEAT seat effective amplitude transmissibility
SE squared error

1. INTRODUCTION

Vehicle vibrations can influence human health and riding
comfort.1, 2 The vibration transmission through the occupant-
seat system is affected by both the seating dynamics and the
biodynamics of the human body.3 The seat transmissibility
can be? to quantify the overall dynamic response of the system,
and it can be calculated based on the input vibration at the seat
base and the responses at the occupant-seat interfaces.4, 5 The
seat transmissibility also exhibited the pronounced cross-axis
effect (the vibration in one direction can induce the vibration
along the orthogonal axis).5, 6

Vibrations can be attenuated by the open-cell polyurethane
foam of the seat system.7 The low-density foam exhibited a
more even distribution of the contact pressure compared to the
high-density foam, thereby improving the static riding com-
fort.8 The foam with high density dampened vibration faster
than that with low density.9 Furthermore, the peak transmis-
sibility of the seat transmissibility decreased with decreasing
the foam density and increasing the foam stiffness,9 and the
peak frequency of the seat transmissibility decreased with in-

creasing the foam hardness10. The dynamic stiffness of the
polyurethane foam was also associated with factors such as
the foam thickness, vibration magnitudes and preloads. It is
necessary to model and validate the hyper-elastic property of
the foam, thereby improving the predictive performance of the
occupant–seat model.

The biodynamic response of the human body is commonly
quantified by the apparent mass. The peak frequency of the
vertical in-line apparent mass decreased when increasing the
vibration amplitude.4 Furthermore, the peak frequency was
correlated with the vibration modes.11, 12 The vibration modes
were mainly characterized by the pitching movement and the
vertical movement of the human body during the exposure to
the vertical vibration.13 The vibration modes can be simu-
lated to further analyze the movement tendency of the human
body model, thereby validating the capability of predicting the
cross-axis effect of the occupant-seat system.

Various models have been built to explore the static and dy-
namic characteristics of the occupant-seat system. Lumped pa-
rameter models are constructed with lumped masses, springs
and dampers. Yet the simplicity in the model structure poses
challenges in capturing the cross-axis responses in the sys-
tem.14 Multi-body models are characterized by increased
degrees of freedom and additional components such as ball
joints, enabling detailed analysis of the rotations of the sys-
tem.15 Nevertheless, both the multi-body and lumped param-
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eter models still possess limitations in analyzing the geometry
characteristics, the material properties and the contact. The
pressure distribution at the occupant-seat interface is also dif-
ficult to investigate for evaluating the riding comfort.

Finite element models incorporate the detailed geometry so
as to model the anatomical structures and the complex con-
tours. The local static pressure distribution could be simu-
lated by the buttocks model,16–18 while the dynamic occu-
pant–seat interactions were hardly reflected. The vertical in-
line seat transmissibility could be predicted by the human body
model incorporating the skeletal structure, while the fore-and-
aft cross-axis vibration modes were seldom captured.19 The
vertical in-line apparent mass was predicted utilizing the model
including the ischium and the femur, while the vibration modes
near the resonance frequency were not simulated due to the ab-
sence of the spine.20 Therefore, the capability of simulating vi-
bration modes can be enhanced by developing the human body
model including the skeleton (e.g., the ischium and the spine),
thereby improving the capability of predicting seat transmissi-
bilities and the cross-axis effect.

The weighted root-mean-square acceleration (WRMSA)
and the seat effective amplitude transmissibility (SEAT) pro-
posed in the ISO 2631-1 can be further computed to assess
the predictive accuracy of the model and the riding discom-
fort. Compared with sitting conditions on a rigid seat, the
SEAT value and the WRMSA decreased significantly when
the low-hardness open-cell polyurethane foam cushion was
adopted.21, 22 Furthermore, both indicators decreased with in-
creasing the vibration amplitude.22 Therefore, the correlation
between the SEAT value and the WRMSA with the foam thick-
ness is worthy of further investigating in order to explore the
influence of the foam thickness of the seat cushion on the rid-
ing comfort.

In this study, a finite element model of the occupant-seat
system incorporating seat structures and certain parts of the
human body (e.g., the pelvis and the spine) was constructed to
explore the seat transmissibilities and the cross-axis effect with
different foam thicknesses. The sensitivity analysis, the poly-
nomial fitting and the genetic algorithms were utilized to adjust
the key model parameters affecting the predictive accuracy of
the seat transmissibility, and the weighted root-mean-square
acceleration and the seat effective amplitude transmissibility
were also evaluated.

2. MODELLING OF THE CAR SEAT

A seat model was developed and composed of the seat
frame, rails, seat belt buckle, motor cables, rotary connec-
tion mechanism, the open-cell polyurethane foam block, etc.
(Fig. 1 a). Since the computational efficiency was influenced
by the model complexity, simplifications of the original seat
model were carried out. The seat frame, rails, motor cables,
bolts, and seat belt buckle were set as rigid body. The con-
nection structures of the rotary connection mechanism were
selectively retained and the rotational degree of freedom of the
backrest was flexible. The 10 mm hexahedral elements were
utilized to mesh the main body of the seat, while the tetrahedral
elements were also utilized to mesh the irregular structures.
The number of mesh elements in the original and simplified
models was 309910 and 224384, respectively.

(a) Seat model

(b) The predicted and the measured stiffness: test;
simulation

Figure 1. The seat model and the definition of the foam stiffness (foam thick-
ness: 80 mm).

The density, the Poisson’s ratio and the stiffness of the seat
frame and the connection mechanism were set as 7800 kg/m3,
0.3 and 210 GPa, respectively.23 The foam properties were
defined using the non-linear hyper-elastic model. The non-
linearity was represented with the elastic strain-energy func-
tion W .24, 25 The parameterization of this model was obtained
from the measurement of the uniaxial shear and compression
tests. The parameters were set as: a1 = 164.86 kPa, m1 =
8.88, m2 = −4.82, n1 = 0.0, n2 = 0.0, a2 = 0.0230 kPa.

W =

N∑
i=1

2ai
m2

i

[
λ̂mi
1 +λ̂mi

2 +λ̂mi
3 −3+

1

ni

(
(Je)−mini−1

)]
.

(1)
where N is the order of the polynomial, mi, ai and ni

are parameters dependent on temperature, λ̂1 = (J th)−
1
3λi,

λ̂1λ̂2λ̂3 = Je, λi is the principal displacement, and Je is the
volumetric strain rate.

The open-cell polyurethane model was validated by the dy-
namic stiffness from the measurement:

(i) The foam was positioned between the indenter head and
the vibrator;

(ii) The indenter head descended until the pre-load force
reached 600 N;

(iii) The vibrator applied the vertical random vibration (RMS
acceleration magnitude: 0.4 ms−2) to foam.
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(a) Sagittal spine CT (b) Skeletal model

Figure 2. Setting of the spine model.

Table 1. Comparison of main parameters.

Main dimensions Standard This study
Height (cm) 175.4 175.6

Lower leg length (cm) 39.6 40.8
Thigh length (cm) 49.6 48.9

Fore arm length (cm) 25.3 24.5
Upper arm length (cm) 33.3 34.8

The comparison indicated a high consistency between the pre-
dicted and measured curves (Fig 1 b).

3. MODELLING OF THE SEATED HUMAN
BODY

A human body model was constructed utilizing the anatomy
data and the body measurement parameters provided by the
GB 10000-88 Chinese Adult Body Size Standard (Table 1).
The simplification and the merging of the original model were
carried out. Since the prediction accuracy was almost unaf-
fected by the limbs,23, 26 the hands were ignored, and the toes
were merged as a single entity. Since the whole-body vibra-
tion was hardly influenced by the internal forces of organs, the
viscera in the pelvis, the abdomen and the thoracic cavity were
simplified as one part. To facilitate the material and the contact
definitions of the model, this model was composed of five body
segments: the leg-foot, the abdomen-thigh-pelvis, the arm, the
thorax-shoulder, and the head-neck.

The dynamic response of the human body could be influ-
enced by the skeleton.13, 25, 27 Since the computational cost was
influenced by the complexity of the skeletal model, simplifica-
tions were carried out as well. The pelvis and the femur were
the primary parts in contact with the seat, and the pitch move-
ments were observed in experiments.13 Thus, the pelvis and
the femur models were constructed based on the anatomical
parameters (e.g., the pelvic width and the femur length). Fur-
thermore, the vertical and the fore-and-aft movements of the

human body were influenced by the spine.25 The parameters
of the lumbar, the thoracic and the cervical vertebrae (e.g. the
vertebral height and the intervertebral disc thickness) were ex-
tracted to construct a spine model. The spine model was then
modified to match the skeletal posture of the body in the seated
position. ITK-SNAP software was utilized to analyze the CT-
Spine1K dataset from the SpineWeb, and the spinal morphol-
ogy of the human body was obtained. The vertebral arrange-
ment, the lumbar curvature angle (α) and the thoracic curvature
angle (β) were measured so as to set the angles and positions
for the spine model (Fig. 2). The human body, the pelvis and
the femur model were meshed using the 10 mm tetrahedral el-
ements. As the spine model consisted of relatively small struc-
tures (e.g. the intervertebral discs and the vertebral bodies),
various element sizes were attempted and the 1 mm element
was selected (see Fig. 3). The mesh elements at the occupant-
seat interfaces were adjusted and refined manually (see Fig. 4).
The skeleton and the muscle tissues were assigned with differ-
ent material properties. The density and the stiffness of the
skeleton were set to 1700 kg/m3 and 16.7 GPa, respectively.
The density of the muscle tissues was defined as 1060 kg/m3.
The nonlinear behavior of the muscle tissues was defined with
the Mooney-Rivlin model:23

U = X1(Y1 − 3) +X2(Y2 − 3) +

X3(Y
−2
3 − 1) +X4(Y3 − 1)2; (2)

where Y1, Y2 and Y3 represent the invariant quantities of the
Cauchy-Green strain tensor, V :

V = PTP ; (3)

Y1 = trace(V ); (4)

Y2 =
1

2

[
trace2(V )− trace(V 2)

]
; (5)
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(a) Number of grids

(b) Computation time

Figure 3. The number of grids and computation time for different spine ele-
ment sizes.

Table 2. The damping and stiffness of joints.

Joint Damping (Nms/rad) Stiffness (Nm/rad)
Thorax 9.8 2420.0
Waist 27.2 2080.0
Hip 21.3 536.0

Knee 280.6 280.0

Y3 = det(V ); (6)

X3 =
1

2
X1 +X2; (7)

X4 =
X1(5v − 2) +X2(11v − 5)

2(1− 2v)
; (8)

where P is the deformation tensor. The parameters were set
to: v = 0.49, X1 = 1.65 kPa, X2 = 3.35 kPa.25 Furthermore,
the main joints of the model included the thorax, waist, hip and
knee joint (see Table 2). Four vibration modes were obtained
from the model (Fig. 5). The first mode at 2.69 Hz involved the
fore-and-aft movement of the head and the buttocks. The sec-
ond mode at 4.70 Hz involved the fore-and-aft movement of
the lower body and the bending of the spine. The third mode
at 6.01 Hz involved the vertical movement of the whole body
and the pitching movement of the pelvis. The fourth mode at
9.08 Hz consisted of the pitching movement of the pelvis and
the vertical movement of the buttocks. The obtained vibration

modes were consistent with previous studies,11, 13, 28 indicat-
ing the fore-and-aft and the vertical vibration responses of the
human body could be accurately represented by the calibrated
model. These simulated vibration modes were consistent with
experimental measurements.

4. CONSTRUCTION OF THE COMBINED
OCCUPANT-SEAT MODEL

The interaction at the occupant-seat interfaces affected the
pressure distribution and body posture.25 The contact between
the feet with the footrest, the buttocks with the cushion, and
the upper body with the backrest, were set to “surface to sur-
face”.17 The penalty function was selected to define the con-
tact characteristics of the occupant-seat interface. The tangen-
tial contact behavior was defined as frictional contact, and dy-
namic and static friction coefficients were defined as 0.3 and
0.2. The normal contact behavior was defined as hard con-
tact (Fig 6). The combined model was further calibrated by
the static pressure distribution on the seat from the measure-
ment (Figs. 7 a and 7 b). The peak pressure at the backrest
appeared at the shoulder and the protruding part of the spine.
The peak pressure at the seat cushion appeared below the is-
chial tuberosities. The pressure around the peak point showed
a uniform decreasing trend. The predicted static pressure dis-
tribution was consistent with previous studies.16, 17, 23

The vertical vibration was applied to further calibrate the
model with the measured dynamic pressure distribution. The
predicted dynamic pressure distribution showed a significant
increase in pressure concentration occurring at the backrest
and the seat cushion (Figs. 7 c and 7 d). This phenomenon
could be caused by the pitching and the vertical movement of
the body.16, 17, 23

5. OPTIMIZATION AND APPLICATION OF
THE MODEL

5.1. Model Prediction and Sensitivity
Analysis

The seat transmissibility could be mainly divided into the
vertical inline (v-v) and fore-and-aft cross-axis (v-h) trans-
missibilities during the exposure to the vertical vibration, and
both the seat transmissibilities from the floor to the seat cush-
ion were predicted by the calibrated combined model with the
foam thickness set as 80 mm. Although the predicted seat
transmissibilities matched the measured data at the primary
resonance, there were evident differences at the low frequency
range (see Fig. 8). Sensitivity analysis was utilized to assess
the key parameters influencing the prediction of the model.
The material parameters (the stiffness, the damping, the shear
modulus, the density and the Young’s modulus) and the contact
parameters (the friction coefficient and the contact stiffness)
were chosen as the initial variables. The single-factor anal-
ysis was applied, and the sensitivity analysis was performed
with seven parameters distributed across three levels (0 %,
±30 %). The sensitivity analysis showed the peak frequency
of the predicted seat transmissibility decreased with decreased
foam stiffness, shear modulus, Young’s modulus, density, fric-
tion coefficient and contact stiffness, while the peak frequency
increased with a decreased foam damping (Fig. 9 a). The peak
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Figure 4. Finite element models: (a) the human body; (b) the frontal and lateral sectional views of the buttocks; (c) the skeletal segments at the occupant-seat
interface.

Figure 5. Vibration modes of seated human body.

transmissibility of the predicted seat transmissibility increased
with decreased foam stiffness, damping, Young’s modulus and
shear modulus, while the peak transmissibility decreased with
decreased foam density, contact stiffness and the friction co-
efficient (Fig. 9 b). Furthermore, the influence weightings of
the parameters showed damping, shear modulus, stiffness, and
Young’s modulus of the foam had a greater impact than the
other parameters. Therefore, these parameters were selected to
be further optimized.

5.2. Optimization with the Polynomial
Fitting and the Genetic Algorithm

The third-order polynomial functions were chosen to fit the
mapping functions between the model parameters and the peak
frequency, and the optimal polynomial coefficients were ob-
tained with the least squares method. The formula is presented
below:

F = m ∗ (x)3 + n ∗ (x)2 + p(x) + q; (9)

where x and F represent the range of parameter variation and
the peak transmissibility, and m, n, p and q are the fitting pa-
rameters. The scatter data and the fitted curves corresponding

Table 3. The damping and stiffness of joints.

Parameter Fitting parameters Goodness of fit
m(e-5) n(e-3) p q

Damping 19.9 -1.5 -1.5 0.20 0.99242
Young’s modulus -3.0 -2.7 0.9 -0.03 0.99992

Shear modulus -3.0 -2.7 0.9 -0.03 0.99992
Density 5.3 -0.3 0.2 -0.44 0.77823
Stiffness -3.0 -2.7 0.9 -0.03 0.99992

Contact stiffness 4.3 -0.3 0.1 -0.38 0.77745
Frictional coefficient 4.3 0.5 0.2 0.74 0.71926

to each polynomial function are illustrated in Fig. 10. The best
fit and the fitting parameters are illustrated in Table 3.

The mapping functions were combined to construct a pre-
diction function as follows:

fred(p1, p2, p3, p4) =

w1f1(p1) + w2f2(p2) + w3f3(p3) + w4f4(p4); (10)

where fi(pi) represents the fitting functions of the foam damp-
ing, foam stiffness, Young’s modulus, and the shear modulus.
The weight coefficients wi were determined based on the sensi-
tivity analysis. Specifically, the w1 (damping) was set as 0.276,
and the w2 (stiffness), w3 (Young’s modulus) and w4 (shear
modulus) were set as 0.241. The squared error (SE) was set as
the objective function:

SE = (fred(p1, p2, p3, p4)− fmeas)
2 (11)

where fmeas represents the measured seat transmissibility. The
objective function was optimized with a genetic algorithm to
find the optimal values of the key parameters. The new off-
spring were generated with the intermediate crossover strategy,
and the crossover probability was defined as 0.8. The model
parameters were subjected to the random perturbations through
the adaptive feasible mutation. Furthermore, the size of the
population and generation count was defined as 200 and 300.
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(a) Experimental setup

(b) Combined model

Figure 6. Vibration modes of seated human body.

5.3. Prediction Of Seat Transmissibilities
with the Optimized Model

The comparison between the measured and the predicted
seat transmissibilities is illustrated in Fig. 11 (foam thickness:
80 mm). The predicted v-v and v-h seat transmissibilities of
the original model exhibited peak frequencies at about 4.2 Hz
and 3.92 Hz, respectively. The predicted v-v and v-h seat trans-
missibilities of the optimized model exhibited peak frequen-
cies at about 4.16 Hz and 3.93 Hz, respectively. The SE of the
v-v and v-h seat transmissibilities of the original model were
0.0484 and 0.1444, while the SE of the optimized model de-
creased by 0.0459 and 0.1248, respectively. The goodness of
fit for the original model to predict the v-v and the v-h seat
transmissibilities was 72.08 % and 69.35 %, with fitting errors
of 1.508 and 2.626, respectively. The predicted goodness of fit
for the optimized model increased by 13.34 % and 14.41 %,
and the fitting errors decreased by 44.9 % and 65.2 %, respec-
tively. The prediction of the optimized model and the mea-
surement showed a high degree of fit with each other. Simi-
lar predictive accuracy was achieved when the foam thickness
was set as 60 and 100 mm. In addition, the optimized model

Table 4. Objective evaluation index for the dynamic riding discomfort.

Direction Objective index Foam thickness
60 mm 80 mm 100 mm

v–v
Peak frequency 4.11 3.93 3.75

Peak transmissibility 1.99 2.31 2.45
SEAT value 94.26 % 80.44 % 70.79 %

v–h
Peak frequency 4.69 4.17 3.30

Peak transmissibility 0.39 0.52 0.58
SEAT value 98.24 % 86.23 % 79.44 %

Total
WRMSA 0.3942 m/s2 0.3086 m/s2 0.2847 m/s2

Comfort a little un- not un- not un-
level comfortable comfortable comfortable

achieves improved prediction accuracy while maintaining ac-
ceptable computational times, as the necessary structural sim-
plifications were applied during the modeling process.

The peak frequency decreased with increased foam thick-
ness, while the peak transmissibility showed an increased trend
(Fig. 12). This trend was consistent with previous experimen-
tal findings.16, 17, 23

5.4. Analysis of the Objective Indicators
with Optimized Model

Based on the predicted acceleration at the occupant-seat sur-
faces, the WRMSA and the SEAT value could be further com-
puted to evaluate the predictive accuracy of the model. The
WRMSA for each axis is calculated as below:

aw =

[∫ fu

fi

W 2(f)Ga(f) df

] 1
2

; (12)

where f1 and fu represent the weighted frequency range, the
W (f) represents the frequency weighting, and the Ga(f)
denotes the acceleration power spectral density. The total
WRMSA can be calculated as follows:

av =
(
k2xa

2
wx + k2ya

2
wy + k2za

2
wz

) 1
2 ; (13)

where kx, ky , kz and awx, awy , awz represent the weighting
coefficients and the WRMSA in each axis, respectively. The
weighting curve W (f) was selected based on the frequency
weighting corresponding to the sensitivity of different body
parts.

The SEAT value was obtained based on the WRMSA31 and
calculated as:

SEAT =

[
Aw(seat)

Aw(base)

]
· 100; (14)

where Aw(seat) and Aw(base) represent the WRMSA of the cush-
ion and the seat base.

The comfort level could be evaluated by comparing the total
WRMSA with the discomfort range given in the ISO 2631-1.
As shown in Table 4, the predicted total WRMSA decreased
with increased foam thickness. The comfort level corre-
sponding to the WRMSA improved from “a little uncom-
fortable” to “not uncomfortable” with increased foam thick-
ness. Furthermore, the measured WRMSA were 0.41105 m/s2,
0.31385 m/s2 and 0.29643 m/s2 with the foam thickness set as
60 mm, 80 mm and 100 mm, respectively. Both the variation
trend and the corresponding comfort level of the predicted data
were similar to the measured data.
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Figure 7. The pressure distribution.

The predicted vertical and fore-and-aft SEAT values reached
the maximum when the foam thickness was 60 mm, and the
SEAT values decreased with increased foam thickness. Al-
though the 60 mm foam could provide vibration isolation as
well, its performance was relatively poor. The objective in-
dex results suggest that the SEAT values in both the verti-
cal in-line and the fore-and-aft cross-axis direction were re-
duced by 13.82 % (from 94.26 % to 80.44 %) and 12.01 %
(from 98.24 % to 86.23 %), when the foam thickness increased
from 60 mm to 80 mm, whereas the reductions diminished to
9.65 % (from 80.44 % to 70.79 %) and 6.79 % (from 86.23 %
to 79.44 %) when the thickness was further increased from
80 mm to 100 mm. These results demonstrate that the change
ratio of the predicted SEAT values decreased with increased
foam thickness.5 Moreover, the change ratio of the predicted
SEAT values decreased with increased foam thickness, indi-
cating the improvement of the riding comfort exhibited dimin-
ishing returns with increasing the foam thickness.

The predicted peak transmissibility of the v-v and v-h
seat transmissibilities increased with increased foam thickness,
thereby increasing the discomfort by vibrations.32 However,
the peak frequencies of the v-v and v-h seat transmissibility
decreased to below 4 Hz when the foam thickness reached
80 mm and 100 mm, which were far from the sensitive fre-
quency range of the human body (4−8 Hz),33 thereby enhanc-
ing the vibration tolerance of the seat system and improving the
dynamic riding comfort.34 The increase in the total WRMSA
and the SEAT value also showed an improvement in the overall
comfort. Thus, the resonance should be avoided when increas-
ing the foam thickness to enhance the comfort.

6. CONCLUSION

A finite element model of the seated human body includ-
ing the spine, the pelvis, the femur and the muscle tissues was
constructed to predict the seat transmissibility and the cross-
axis effect with different foam thicknesses during the whole-
body vibration. Construction of the skeletal structures (e.g.
the spine and the pelvis) and calibrations of the human body
model with the vibration modes could improve the capability
of predicting the cross-axis effect of the occupant-seat system.
Calibration of the vibration transmission through interfaces be-
tween the seat and the human body with measured static and
dynamic pressure distributions could enhance the accuracy and

stability of the combined occupant-seat model. The parame-
ter optimization method that combined the sensitivity analysis,
the polynomial fitting and the genetic algorithm could signifi-
cantly enhance the prediction performance of the model for the
whole-body vibration response. The model parameters were
established and calibrated based on the GB 10000-88. Future
research is necessary to extend the findings to a broader range
of body sizes. Since cross-axis responses and muscle activ-
ities differ during the exposure to various excitations, corre-
sponding experiments are required to calibrate and validate the
model for transient or non-vertical vibration excitations.
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