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Experimental investigation of biodynamic human body models subjected to whole-body
vibration during a vehicle ride

*

Yener Taskin, Yuksel Hacioglu, Faruk Ortes, Derya Karabulut and Yunus Ziya Arslan

Faculty of Engineering, Istanbul University, Turkey

In this study, responses of biodynamic human body models to whole-body vibration during a vehicle ride were investigated.
Accelerations were acquired from three different body parts, such as the head, upper torso and lower torso, of 10 seated
passengers during a car ride while two different road conditions were considered. The same multipurpose vehicle was used
during all experiments. Additionally, by two widely used biodynamic models in the literature, a set of simulations were run to
obtain theoretical accelerations of the models and were compared with those obtained experimentally. To sustain a quantified
comparison between experimental and theoretical approaches, the root mean square acceleration and acceleration spectral
density were calculated. Time and frequency responses of the models demonstrated that neither of the models showed the
best prediction performance of the human body behaviour in all cases, indicating that further models are required for better

prediction of the human body responses.

Keywords: human body modelling; lumped-parameter models; seated human subjects; whole-body vibration

1. Introduction

The human body is highly sensitive to vibration effects
coming from the environment due to many different causes
[1,2]. Vibrations affecting the human body produce dis-
comfort and prevent human body segments such as articu-
lated limbs, legs and arms, head and torso from working
in their optimal conditions [3]. Furthermore, degenera-
tive consequences may emerge in the human body as a
result of relatively long time exposure to vibrations com-
ing from undesired external excitations. Primarily, lower
back pain and disorders, and degenerative disorders of the
whole spine (i.e., osteophytes in vertebral discs), especially
occupational disease, sciatic pain and alterations in periph-
eral nervous system function, were reported previously as
remarkable and adverse effects of long-lasting vibrations
[4-8]. Moreover, there are numerous, secondary, undesir-
able outputs of these long-term varying stimulations, such
as balance and postural disorders, vestibular disturbances,
muscle fatigue and respiratory, cardiovascular and also
digestive problems [9—13].

The biodynamic response of the human body under
whole-body vibration (WBV) has been investigated repeat-
edly [14-17]. Further, in order to mimic human body
behaviours, various human body models were proposed.
In these studies, researchers aimed at designing ergonomic
seats [18,19] and comfortable vehicle suspensions [20],
developing systems that enable reduction of the adverse
effects on vehicle occupants in case of frontal crashes, and

also perceiving and preventing inconvenient consequences
of occupational vibrations coming from different directions
[21-23].

Biodynamic or so-called lumped-parameter human
body models were employed to observe, test and simu-
late the effects of WBYV, which likely reduces comfort and
also causes injury in the case of severe excitations. Human
body segments such as the head, torso, arm, etc. are con-
sidered as concentrated masses and linked to each other
with springs and dampers, taking into account the physical
and viscoelastic properties of such living segments [24].
These lumped-parameter models have been proposed with
varying degrees of freedom including vertical and horizon-
tal directions [25,26]. The models are beneficial to reach
appropriate design and proper tuning of vehicle and seat
suspensions especially for seated drivers and occupants. In
addition to the models that are intended to represent the
anatomical and physiological characteristics of the human
body, vehicle design and vehicle—road and human—vehicle
interactions are also thought to be influential factors in the
realistic simulation of the degenerative effects of vibrations
on the human body [27,28]. There has been a significant
amount of research including the properties of biodynamic
models [29-36]. Qassem et al. [32], Wan and Schimmels
[34], Wei and Griffin [37] and Liang and Chiang [24] con-
ducted prominent studies and presented inclusive surveys.
For vehicles, WBV effects come from the road on which
the vehicle travels, and the surface roughness is a crucial
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parameter in occurrence of the adverse effect of vibration.
Biodynamic models are quite practical and an effective
tool to simulate WBYV with different road conditions. Espe-
cially, the models proposed by Boileau and Rakheja [27]
and Qassem et al. [32], which were developed according
to experimental data recorded from human subjects during
different excitation conditions, were widely used to simu-
late human body behaviour against WBV. Various studies
[38—43] employed these two models to elucidate the effects
of vibrations on the human body for both experimental and
biodynamic model simulation works.

This study aimed to present a comparative and quanti-
tative assessment of widely used lumped-parameter human
body models which were suggested and applied to sim-
ulate different occupational cases. In order to accomplish
this task, acceleration measurements from different body
segments of subjects were acquired during a car ride for
varying road conditions relating to the road surface rough-
ness level. Furthermore, theoretical accelerations were cal-
culated from the investigated biodynamic models to make
arepresentative comparison between experimental and the-
oretical results. The root mean square (rms) and power
spectral density (PSD) of accelerations for different body
segments, i.e., head, lower torso and upper torso, were
then calculated to complete the comparison progress in a
quantitative manner.

The study also intended to provide an inclusive per-
spective to conceive whether the existing human body
models sufficiently reflect the real human body biodynamic
characteristics and allow them to be simulated in a precise
and accurate way.

2. Materials and methods
2.1.  Human body models

Lumped-parameter human body biodynamic models that
are composed of rheological elements, such as spring,
damper and mass, are practical tools to gain insight into
how vibrations from the ground or vehicles would influ-
ence the seated occupants. Governing equations, which
imply the response of the system, are built according to
linkage, order and organization of these simplified ele-
ments relating to assumptions for model construction [24].

Although there has been a wide range of such lumped-
parameter models in terms of complexity, in this study
two commonly used biodynamic models were considered
and evaluated in terms of representing the response of the
real human body under WBYV. These models were pro-
posed by Boileau and Rakheja [27] and Qassem et al. [32],
and are referred to as Model 1 and Model 2, respectively
(Figure 1). Model 1 and Model 2 have 4 and 11 degrees of
freedom, respectively.

Since the biodynamic models include the human—seat
interface and the subjects were considered in a sitting posi-
tion without a backrest, the excitation inputs (or external

disturbance) zo were assumed to originate from the seat
mass. In the models, the stiffness coefficient of the spring
element, coefficient of damping element, mass and dis-
placement of the related body segments were represented
by k;, ¢;, m; and z;, respectively. Numerical values of the
model parameters are presented in Appendix 1.

Boileau and Rakheja [27] developed their model
(Model 1) since they considered that the previous biody-
namic models did not meet the biodynamic response data
obtained experimentally under the typical vehicle driving
conditions. They estimated their proposed model param-
eters by correlating the vertical driving-point mechanical
impedance and seat-to-head transmissibility response char-
acteristics obtained from the model with the experimen-
tal values for drivers maintaining a sitting erect position
without backrest support. They employed linear elastic
and damping elements, since they assumed the linear-
ity of the system in view of their experimental findings
that the driving-point mechanical impedance did not vary
significantly over the frequency range of 0.625—10Hz
with excitation amplitudes ranging from 1.0 to 2.0 m/s?
using a whole-body vehicular vibration simulator. They
integrated four masses into their model representing the
head and neck, the chest and upper torso, the lower
torso and the thighs and pelvis in contact with the seat.
They did not include the masses of the lower legs and
feet since they assumed that these body segments con-
tributed a negligible amount of biodynamic response of the
seated body.

Qassem et al. [32] implemented their Iumped-
parameter human body model (Model 2), which includes
masses representing the lower arm, upper arm, cervical
spine, head, torso, thorax, diaphragm, abdomen, thoracic
spine, lumbar spine and pelvis, by modifying the model
proposed by Muksian and Nash [30-33]. Unlike the Muk-
sian and Nash model, the modified model included the
damping and elasticity constants of more body segments,
namely the upper and lower arms and cervical, thoracic
and lumbar spine. The numerical values of the spring and
dashpot elements were drawn from the literature.

2.2. Experimental protocol

A series of vibration measurements regarding the prede-
fined experimental protocol were carried out to obtain
experimental WBV acceleration data from different seg-
ments of the human body. Acceleration measurements
were performed with a group of 10 healthy male subjects,
for whom ages and masses are presented in Table 1. Safety
precautions and measurements were in accordance with
Standard No. ISO 13090-1:1998 [44]. Before initiation of
the measurement procedure, subjects were given sufficient
information about the study and their written consents were
taken. None of the subjects reported any previous chronic
health problem.
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Figure 1. Biodynamic human body models analysed in the study: (a) Model 1 and (b) Model 2.

Note: ¢ = coefficient of the damping elements; k = stiffness coefficient of the spring elements; m = mass of the related body segment;

z = displacement of the related segment.

Table 1. Age and mass specifications of

subjects.

Subject Age (years) Mass (kg)
S1 30 80.0
S2 21 78.0
S3 29 72.0
S4 20 76.5
S5 28 72.9
S6 20 84.3
S7 24 62.0
S8 27 77.7
S9 30 82.0
S10 20 79.0
M 24.9 76.4
SD 44 6.3

In order to record data, LMS SCADAS mobile data
acquisition hardware (model SCMO05; LMS International,
Belgium) was used with LMS software Test.Lab version
12A. Two triaxial accelerometers (model T356A32; PCB
Piezotronics, USA), one uniaxial accelerometer (model
T333B32; PCB Piezotronics, USA) and one triaxial seat
pad accelerometer (model 356B41; PCB Piezotronics,
USA) were utilized for measurements. The two triaxial
accelerometers and the uniaxial accelerometer were fixed
onto the skin surface of the head, upper torso and lower
torso of the subjects in order to measure the acceleration
in a vertical direction. All accelerometers have a sensi-
tivity of approximately 100 mV/g. Triaxial accelerometers
can measure accelerations ranging from 1 to 4000 Hz. A

uniaxial accelerometer can measure from 0.5 to 3000 Hz
and a seat pad accelerometer can measure from 0.5 to
1000 Hz.

Approximate locations of the accelerometers, as well
as the seating position of the subjects, are depicted in
Figure 2. The accelerometers on the head, lower torso and
upper torso were located on the middle side of the fore-
head, T3 vertebra and L3 vertebra, respectively. In order
to keep the position of the accelerometers constant over
the skin surface and to prevent slippage, adhesive tapes
and flexible bandages were wrapped tightly around the
corresponding body segment. Any probable disconnection
between the skin surface and the accelerometer could be
detected by the acceleration measurement system. A tri-
axial seat pad accelerometer was placed on the front-right
seat in the vehicle fixed by means of self-adhesive tape.
During the measurements, the subjects were asked to sit
straight on the seat pad without having any contact with
the backrest. In order to make sure the acceleration signals
were recorded properly, all signals were investigated to
observe whether there were any unexpected spikes within
the signal content.

The head, upper torso and lower torso are common
body components in the analysed models. Remaining body
segments such as the viscera, neck, thoracic spine, lum-
bar spine, diaphragm, abdomen, etc., were not considered
together in both models. Therefore measurement, calcula-
tion and evaluation processes were carried out for those
three common segments, i.e., the head, upper torso and
lower torso shown in Figure 2.
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Figure 2. Positions of the accelerometers placed on subjects’
bodies.

Equations of motion for the body models were
obtained using Lagrangian principles and are presented in
Appendix 2.

A large multipurpose vehicle was utilized for measure-
ments. The subjects sat on the front seat and recording of
vibration data was carried out by a technician who sat on
the rear-left seat of the vehicle during the ride. Two types
of asphalt pavements with different unevenness levels were
selected for the car ride to be able to evaluate the effect
of road surface quality and characteristics on the perfor-
mances of biodynamic human body models. The first road
was almost smooth and straight, while the unevenness level
of the second road was remarkably high and straight. Here-
after the former will be referred to as Road I and the latter
as Road II. For each road condition, two trials were car-
ried out to eliminate possible inherent problems that can be
stemmed from the experimental procedure. Thus, the total
number of trials recorded during the experiments was 40
(10 subjects x 2 trials x 2 road types).

In the scope of measurements, acceleration data were
collected for 30 s for each trial and the speed of the vehicle
was fixed to 30 km/h during the ride. The sampling rate
was 1600 Hz.

2.3. Evaluation parameters

Initially, each collected vertical acceleration data of the
seat Zy was post-processed in order to extract displacement
(z0) and velocity (Zp) data as a function of time. Post-
processing steps are demonstrated in Figure 3a and 3b.
The raw acceleration data were first filtered by the sixth-
order Butterworth high-pass filter with cut-off frequency of
1.33 Hz. Filtered data were then integrated using a cumula-
tive trapezoidal method to obtain velocity data. The mean
value of the integrated data was also subtracted by de-mean

20 highpass integrator de-mean Zo
> filter
Z, de-mean integrator highpass
D filter

Figure 3. Post-processing steps to obtain velocity (Zp) and
displacement (zg) from acceleration signal (Zj).

Note: zg = displacement of the seat pad; g = velocity of the
seat pad; Zy = acceleration of the seat pad.

operation. The same steps were applied to velocity data to
reach displacement data of the seat afterwards. The dis-
placement and velocity data of the seat were utilized as an
input for human body models to generate motion response.
By doing so, the same perturbation exposed to the human
body was introduced into the models.

In order to sustain a quantified comparison between
experimental and theoretical approaches, widely used
vibration evaluation measures, i.e., rms acceleration for
time-domain analysis and acceleration PSD for frequency
domain analysis, were calculated.

In the study, acceleration data with 30-s time duration
were scanned via a sliding and non-overlapped Hamming
window. The width of the each segmented window was 1 s.
Hence, after scanning of the whole acceleration data, 30
segments were obtained. The rms values of the accelera-
tion data were calculated for each segmented window. The
rms of the experimentally measured (@, (1)) and theoreti-
cally calculated (ay(t)) accelerations with n samples was
obtained from the following equation:

2
s — [ (E(n)) ’ (1

where rms = root mean square; X(n) = acceleration data;
n = number of samples.

PSD diagrams were estimated using Welch’s method,
which is an improved method of periodograms [45]. In
Welch’s method, data sets are segmented into overlapping
or non-overlapping smaller pieces. Each piece of data is
multiplied by a windowing function and their spectrums
are then calculated and averaged in order to obtain the
estimated PSD. In our case, 4096 data points for each
segment with a Hamming window and 50% overlapping
segments were used. The estimated PSD (P (f,)) of experi-
mentally measured and theoretical calculated accelerations
was obtained from the following equation:

2
K |L-1

. 1 "

P = ——— > |D_ Xc(i)HW(e |, (2)

KZj:oWZ(J) k=1 {j=0

where Is(fn) = estimated power spectral density; L=

length of segments; K = total number of segments;



International Journal of Occupational Safety and Ergonomics (JOSE) 5

a 1 b 1
PCC =0.96 exp. acc. PCC =0.96 exp. acc.
o= RMSD =0.25 theo. acc. o RMSD = 0.31 theo. acc.
0 sssss €XP. IMS &CC. v sssss €XP. FMS ACC.
c 0.5 £ 0.5
£ I [—.theo. rms acc. k=3 { theo. rms acc.
c i il Al [LLpalt ik c | | l TS
H 5 l \, il [‘Im I LR L (=] Ll | l M | ,.“ (bl eld Il ks |
s My e A i s el s = o AR | e N S A e N e |
g I 1‘;\ H‘l '{Il: nl ',\‘,,\ AT il I \”‘ l.!‘ "f"' g | ‘JI'\"" i Tl w‘i‘ ] il {“‘:’" lf'?" il -‘L"""‘m\' 1
= JAREAPRE i L - fdli o etk lati 11
(%] ! h M I | L
Q Q
< .05 < 05
1 i i i i : y -1 1 ) L . . )
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (s) Time (s)

Figure 4. Representative demonstrations of the comparisons of the experimental and theoretical rms acceleration-time responses
obtained from (a) Model 1 and (b) Model 2 for the lower torso during a ride on Road 1.

Note: exp. acc. = time history of the experimental acceleration; exp. rms acc. = calculated root mean square values for each
segmented window of time history of the experimental acceleration; PCC = Pearson correlation coefficient; RMSD = root mean
square difference; theo. acc. = time history of the theoretical acceleration; theo. rms acc. = calculated root mean square values for each
segmented window of time history of the theoretical acceleration.
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Figure 5. Representative demonstrations comparisons of the experimental and theoretical rms acceleration-time responses obtained
from (a) Model 1 and (b) Model 2 for the lower torso during a ride on Road II.

Note: exp. acc. = time history of the experimental acceleration; exp. rms acc. = calculated root mean square values for each
segmented window of time history of the experimental acceleration; PCC = Pearson correlation coefficient; RMSD = root mean
square difference; theo. acc. = time history of the theoretical acceleration; theo. rms acc. = calculated root mean square values for each
segmented window of time history of the theoretical acceleration.

W(j) = related windowing function; Xy(j) = kth seg- be obtained from the following equation:
mented data; f, = normalized frequency; i = imaginary
unit; N = number of samples.

Zﬁil (rmsghe (N) — rrnsexp(n))2

RMSD = 5 )]
> (rmSex, ()

2.4. Statistical and error analysis where RMSD = root mean square difference; rmsg,e(n) =
Simulation results provided by biodynamic models were root mean square acceleration of theoretical accelerations;
assessed employing error and statistical analyses to quan- IMSex, (N) =T00t Mean square acceleration of experimental
tify the unlabelled consequences of experimental and sim- accelerations; N = number of samples.
ulation works. Two parameters including the root mean Obtaining lower RMSD values means that high accu-
square difference (RMSD) and the Pearson correlation racy and closer acceleration results to the experimental
coefficient (PCC) were considered to examine the accu- cases in simulations are achieved by the proposed models.

racy and reliability of the findings. The RMSD between Accordingly, values that are close to 0 are sought in RMSD
rms accelerations of experimental and theoretical cases can considerations since, e.g., a value of 0.01 RMSD represents
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Table 2. RMSD values calculated between experimental and theoretical rms accelerations recorded on Road 1.

Head Upper torso Lower torso

Subject Model 1 Model 2 Model 1 Model 2 Model 1 Model 2
S1

Trial 1 0.44 0.52 0.25 0.32 0.42 0.49

Trial 2 0.46 0.53 0.28 0.39 0.20 0.30
S2

Trial 1 0.54 0.62 0.21 0.30 0.32 0.40

Trial 2 0.24 0.45 0.10 0.37 0.19 0.38
S3

Trial 1 0.43 0.51 0.23 0.26 0.19 0.31

Trial 2 0.36 0.45 0.21 0.28 0.18 0.28
S4

Trial 1 0.45 0.48 0.42 0.30 0.53 0.44

Trial 2 0.35 0.43 0.26 0.31 0.37 0.34
S5

Trial 1 0.33 0.46 n/a? n/a? 0.27 0.37

Trial 2 0.37 0.40 n/a? n/a? 0.26 0.38
S6

Trial 1 0.39 0.50 0.32 0.31 0.21 0.36

Trial 2 0.34 0.50 0.23 0.24 0.23 0.39
S7

Trial 1 0.31 0.40 0.14 0.27 0.15 0.25

Trial 2 0.33 0.42 0.15 0.31 0.17 0.27
S8

Trial 1 0.46 0.17 0.39 0.16 0.19 0.21

Trial 2 0.26 0.33 0.19 0.32 0.29 0.42
S9

Trial 1 0.52 0.53 0.36 0.23 0.13 0.23

Trial 2 0.27 0.31 0.68 0.23 0.17 0.19
S10

Trial 1 0.34 0.39 0.23 0.34 0.25 0.31

Trial 2 0.30 0.39 0.20 0.30 0.18 0.33
M 0.37 0.44 0.27 0.29 0.25 0.33
SD 0.08 0.10 0.13 0.05 0.10 0.08

2A problem occurred with the contact interface between the accelerometer attached on the upper torso and the skin surface, which was
noticed after completion of the experiments. Therefore, no experimental data are available for the upper torso of Subject 5.
Note: n/a = not available; rms = root mean square; RMSD = root mean square difference.
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Note: Error bars denote SD of mean RMSD values.
RMSD = root mean square difference.
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Figure 7. Overall mean values of PCC between experimental
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Note: Error bars denote SD of mean PCC values.
PCC = Pearson correlation coefficient.
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Table 3. RMSD values calculated between experimental and theoretical rms accelerations recorded on Road II.
Head Upper torso Lower torso

Subject Model 1 Model 2 Model 1 Model 2 Model 1 Model 2
S1

Trial 1 0.32 0.33 0.24 0.21 0.13 0.14

Trial 2 0.97 0.39 0.23 0.20 0.11 0.14
S2

Trial 1 0.24 0.29 0.12 0.23 0.20 0.26

Trial 2 0.25 0.30 0.10 0.22 0.20 0.26
S3

Trial 1 0.34 0.34 0.21 0.18 0.08 0.14

Trial 2 0.40 0.42 0.17 0.14 0.08 0.13
S4

Trial 1 0.49 0.40 0.43 0.26 0.11 0.15

Trial 2 0.32 0.36 0.55 0.34 0 0.17
S5

Trial 1 0.30 0.26 n/a? n/a? 0.16 0.20

Trial 2 0.52 0.46 n/a? n/a? 0.23 0.26
S6

Trial 1 0.54 0.41 0.27 0.16 0.10 0.17

Trial 2 0.32 0.26 0.25 0.16 0.16 0.22
S7

Trial 1 0.43 0.34 0.08 0.14 0.07 0.12

Trial 2 0.51 0.44 0.11 0.14 0.10 0.13
S8

Trial 1 0.52 0.36 0.24 0.15 0.09 0.14

Trial 2 0.44 0.30 0.28 0.17 0.12 0.15
S9

Trial 1 0.50 0.40 0.31 0.19 0.08 0.10

Trial 2 0.40 0.37 0.28 0.16 0.07 0.11
S10

Trial 1 0.41 0.28 0.22 0.19 0.14 0.17

Trial 2 0.41 0.32 0.25 0.22 0.12 0.18
M 0.43 0.35 0.24 0.19 0.12 0.17
SD 0.16 0.06 0.11 0.05 0.05 0.05

4 A problem occurred with the contact interface between the accelerometer attached on the upper torso and the skin surface, which was
noticed after completion of the experiments. Therefore, no experimental data are available for the upper torso of Subject 5.
Note: n/a = not available; rms = root mean square; RMSD = root mean square difference.

1% mean error from experimental acceleration measure-
ments. In addition, PCC values between rms accelerations,
as well as between acceleration PSDs, of experimental and
theoretical cases were calculated to measure the similarity
of traces and to determine which model provides the most
representative and realistic results. The PCC was expressed
as follows:

Cet(0)
PCC= ———, “)
VCit(0)4/Cee (0)
where PCC = Pearson correlation coefficient; Cg(0)

= covariance of (1) and ag(t); Cy(0) = autovariance
of ame(t); Cee(0) = autovariance Of Aexp(l); Aexp(t) =
experimentally  measured  acceleration; ame(t) =
theoretically calculated acceleration.

The PCC implies similarity between two data sets. For
example, if the PCC value between two data sets is found
to be 1, this means that these two sets are completely equiv-
alent, while 0 represents totally non-equivalent. Moreover,
one-way analysis of variance (ANOVA) was performed to

examine the significance of differences between the results
obtained from Model 1 and Model 2. In order to carry out
the analysis, the mean and SD of rms accelerations and
acceleration PSD were calculated and then compared from
a statistical point of view. The level of significance was set
at 0.05 (p < 0.05).

3. Results

For a quantitative time domain evaluation, the RMSD and
PCC were calculated between experimentally and theo-
retically obtained acceleration rms results. Typical com-
parisons of rms accelerations, which were obtained from
Model 1 and Model 2, with the experimentally obtained
value for the lower torso (Subject S10, Trial 1) are pre-
sented in Figure 4 for Road I and Figure 5 for Road II
The calculated RMSD and PCC values between the respec-
tive experimental and theoretical rms accelerations are also
shown in the figures. It can be observed from Figures 4
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Table 4. PCC values calculated between experimental and theoretical rms accelerations recorded on Road 1.

Head Upper torso Lower torso

Subject Model 1 Model 2 Model 1 Model 2 Model 1 Model 2
S1

Trial 1 0.54 0.51 0.90 091 0.89 0.89

Trial 2 0.14 0.16 0.68 0.72 0.90 0.92
S2

Trial 1 0.49 0.46 0.94 0.92 0.92 0.92

Trial 2 0.63 0.62 0.93 0.90 0.97 0.94
S3

Trial 1 0.40 0.48 0.90 0.92 0.96 0.96

Trial 2 0.54 0.55 0.83 0.83 0.91 0.89
S4

Trial 1 0.27 0.29 0.73 0.74 0.36 0.34

Trial 2 0.59 0.61 0.73 0.71 0.54 0.54
S5

Trial 1 0.09 0.01 n/a n/a 0.52 0.51

Trial 2 0.24 0.24 n/a n/a 0.49 0.49
S6

Trial 1 0.39 0.40 0.76 0.79 0.96 0.93

Trial 2 0.60 0.65 0.87 0.90 0.92 091
S7

Trial 1 0.51 0.42 091 0.90 0.93 0.93

Trial 2 0.55 0.48 0.93 0.92 0.96 0.96
S8

Trial 1 0.74 0.80 0.82 0.85 0.76 0.79

Trial 2 0.58 0.62 0.76 0.75 0.74 0.77
S9

Trial 1 0.30 0.43 0.68 0.73 0.85 0.77

Trial 2 0.59 0.63 0.79 0.82 0.87 0.84
S10

Trial 1 0.80 0.79 0.93 0.92 0.96 0.96

Trial 2 0.37 0.34 0.81 0.82 0.90 0.89
M 0.47 0.47 0.83 0.84 0.82 0.81
SD 0.19 0.20 0.09 0.08 0.19 0.19

Note: PCC = Pearson correlation coefficient; rms = root mean square.

and 5 that the amplitudes of the accelerations recorded
under the Road II conditions are higher than those recorded
under the Road I conditions, which is an expected outcome
because Road II was rougher than Road I.

RMSD values calculated between experimental and
theoretical rms accelerations obtained for each trial under
the Road I conditions are presented in Table 2 and those
under the Road II conditions in Table 3. In the tables,
the mean and SD of rms accelerations are also presented.
Under the Road I conditions, the mean RMSD results
were obtained as 0.37, 0.27 and 0.25 from Model 1 and
0.44, 0.29 and 0.33 from Model 2 for the head, upper
torso and lower torso, respectively (Table 2). According
to the mean rms acceleration results, lower RMSD val-
ues were obtained using Model 1 than those from Model
2 for all body segments under the Road I conditions, which
indicates that Model 1 showed better characterizing per-
formance than Model 2 with respect to the error rate in the
representation of the experimental acceleration amplitude.

Under the Road II conditions, the mean RMSD results
were obtained as 0.43, 0.24 and 0.12 from Model 1 and

0.35,0.19 and 0.17 from Model 2 for the head, upper torso
and lower torso, respectively (Table 3). According to the
mean rms acceleration results, lower RMSD values were
obtained using Model 2 than those from Model 1 for the
head and upper torso segments, but a better result was
obtained from Model 1 than that from Model 2 for the
lower torso under the Road II conditions.

The overall mean RMSD results between experimen-
tal and simulation rms accelerations were calculated by
averaging all RMSD values obtained for each trial of
all body segments for each human body model, and are
shown in Figure 6. It can be deduced from the figure
that Model 1 outperformed Model 2 in characterizing the
real human body behaviour under the Road I conditions
(p = 0.004); on the other hand, Model 2 gave a lower
overall mean value of RMSD under the Road II conditions
(p = 0.286).

PCC values calculated between experimental and the-
oretical rms accelerations obtained for each trial under the
Road I conditions are presented in Table 4 and under the
Road II conditions in Table 5. Under the Road I conditions,
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Table 5. PCC values calculated between experimental and theoretical rms accelerations recorded on Road II.
Head Upper torso Lower torso

Subject Model 1 Model 2 Model 1 Model 2 Model 1 Model 2
S1

Trial 1 0.79 0.80 0.92 0.92 0.98 0.97

Trial 2 0.62 0.63 0.92 0.92 0.97 0.97
S2

Trial 1 0.84 0.85 0.97 0.97 0.98 0.97

Trial 2 0.81 0.81 0.98 0.98 0.98 0.98
S3

Trial 1 0.69 0.68 0.93 0.93 0.98 0.98

Trial 2 0.56 0.54 0.97 0.97 0.99 0.98
S4

Trial 1 0.53 0.60 0.89 0.91 0.80 0.79

Trial 2 0.75 0.73 0.92 0.91 0.82 0.81
S5

Trial 1 0.86 0.85 n/a n/a 0.95 0.94

Trial 2 0.43 0.45 n/a n/a 0.90 0.88
S6

Trial 1 0.75 0.72 0.97 0.96 0.99 0.99

Trial 2 0.92 0.92 0.98 0.97 0.99 0.98
S7

Trial 1 0.85 0.86 0.99 0.97 0.99 0.97

Trial 2 0.82 0.82 0.99 0.98 0.99 0.99
S8

Trial 1 0.91 0.91 0.98 0.97 0.99 0.98

Trial 2 0.89 0.88 0.95 0.95 0.98 0.97
S9

Trial 1 0.69 0.67 0.95 0.95 0.99 0.99

Trial 2 0.70 0.70 0.86 0.96 0.99 0.99
S10

Trial 1 0.86 0.89 0.93 0.94 0.96 0.97

Trial 2 0.81 0.78 0.91 0.89 0.97 0.96
M 0.75 0.75 0.95 0.95 0.96 0.95
SD 0.13 0.13 0.04 0.03 0.06 0.06

Note: PCC = Pearson correlation coefficient; rms = root mean square.

the mean PCC results were obtained as 0.47, 0.83 and 0.82
from Model 1 and 0.47, 0.84 and 0.81 from Model 2 for the
head, upper torso and lower torso, respectively (Table 4).
Under the Road II conditions, the mean PCC results were
obtained as 0.75, 0.95 and 0.96 from Model 1 and 0.75,
0.95 and 0.95 from Model 2 for the head, upper torso and
lower torso, respectively (Table 5). According to the mean
PCC values obtained between experimental and theoretical
rms acceleration results, Model 1 and Model 2 demon-
strated similar performance in imitating the human body
response under WBV.

The overall mean PCC results between experimental
and simulation rms accelerations were calculated by aver-
aging all PCC values obtained for each trial of all body
segments for each human body model, and are shown in
Figure 7. It can be deduced from the mean results that
Model 1 and Model 2 showed nearly equivalent response
under vibration in terms of the PCC evaluation.

For a quantitative frequency domain evaluation,
PCC values were calculated between experimentally and
theoretically obtained acceleration PSD results. Typical

comparisons of acceleration PSDs, which were obtained
from Model 1 and Model 2, with the experimentally
obtained value for the lower torso (Subject S10, Trial 1) are
presented in Figure 8 for Road I and Figure 9 for Road II.
The calculated PCC values between the respective exper-
imental and theoretical acceleration PSD values are also
shown in the figures. The same effect of road roughness
can be observed on the magnitude of the acceleration PSD
data as seen in the acceleration-time histories (Figures 4
and 5), in such a way that the acceleration PSD magnitudes
obtained under the Road II conditions are higher than those
recorded under the Road I conditions.

PCC values calculated between experimental and theo-
retical acceleration PSDs obtained for each trial under the
Road I conditions are presented in Table 6 and under the
Road II conditions in Table 7. Under the Road I conditions,
the mean PCC results were obtained as 0.71, 0.84 and 0.90
from Model 1 and 0.79, 0.88 and 0.90 from Model 2 for
the head, upper torso and lower torso, respectively (Table
6). Higher PCC values were obtained using Model 2 than
those from Model 1 for the head and upper torso, and an
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Figure 9. Representative demonstrations of the comparisons of the experimental and theoretical acceleration PSDs obtained from (a)
Model 1 and (b) Model 2 for the lower torso during a ride on Road II.
Note: PCC = Pearson correlation coefficient; PSD = power spectral density.

equivalent mean value was obtained from both models for
the lower torso under the Road I conditions.

The overall mean PCC results between experimental
and simulation acceleration PSD values were calculated
by averaging all PCC values obtained for each trial of
all body segments for each human body model, and are
shown in Figure 10. Model 2 provided higher PCC results
than Model 1 for the Road I (p = 0.112) and Road II
(p = 0.275) conditions. These findings indicate that Model
2 showed better characterizing performance of the real
human body behaviour than Model 1 in terms of the fre-
quency content of the acceleration. Significant difference
was not found between the PCC values of Model 1 and
Model 2.

4. Discussion

There are different types of human body models, such as
lumped-parameter, finite element and multibody models
that are aimed to characterize the human body behaviours
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Figure 10. Overall mean values of PCC between experimental
and simulation acceleration PSDs obtained by taking all body
segments and trials into account.

Note: Error bars denote SD of mean PCC values.

PCC = Pearson correlation coefficient.
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Table 6. PCC values calculated between experimental and theoretical acceleration PSD values recorded on Road I.
Head Upper torso Lower torso

Subject Model 1 Model 2 Model 1 Model 2 Model 1 Model 2
S1

Trial 1 0.83 0.92 0.83 091 0.86 0.93

Trial 2 0.78 0.9 0.84 0.93 0.96 0.97
S2

Trial 1 0.57 0.68 0.92 0.93 0.94 0.92

Trial 2 0.82 0.88 0.99 0.96 0.99 0.97
S3

Trial 1 0.81 0.83 0.52 0.89 0.93 091

Trial 2 0.81 0.86 0.79 0.84 0.89 0.86
S4

Trial 1 0.71 0.86 0.75 0.72 0.90 0.9

Trial 2 0.91 0.95 0.93 0.93 0.44 0.45
S5

Trial 1 0.87 0.91 n/a n/a 0.86 0.92

Trial 2 0.52 0.58 n/a n/a 0.95 0.96
S6

Trial 1 0.55 0.68 0.89 0.92 0.98 0.94

Trial 2 0.49 0.58 0.93 0.93 0.96 0.94
S7

Trial 1 0.76 0.86 0.95 0.92 0.97 0.96

Trial 2 0.84 0.84 0.95 0.94 0.95 0.95
S8

Trial 1 0.76 0.82 0.98 0.98 0.98 0.98

Trial 2 0.68 0.76 0.75 0.74 0.69 0.68
S9

Trial 1 0.42 0.56 0.94 0.96 0.98 0.98

Trial 2 0.84 0.91 0.77 0.84 0.95 0.98
S10

Trial 1 0.66 0.79 0.65 0.69 0.87 0.88

Trial 2 0.60 0.72 0.82 0.86 0.95 0.95
M 0.71 0.79 0.84 0.88 0.90 0.90
SD 0.14 0.12 0.12 0.09 0.13 0.13

Note: PCC = Pearson correlation coefficient; PSD = power spectral density.

in cases of executing some motion patterns, exposing
environmental disturbances or designing ergonomic occu-
pational equipments [25]. Lumped-parameter models are
comprised of concentrated masses interconnected by rhe-
ological elements, namely spring and dashpots that enable
the kinematic and kinetic analysis of the human body to
be carried out. Unlike the lumped-parameter type, finite
element models follow a continuum-mechanical modelling
approach in which stress and strain analysis can be done
over the biological tissues. Multibody human body mod-
els consist of rigid links interconnected by joints which
constrain the movement of one link to another. Multi-
body models are quite convenient for kinematic and kinetic
simulations of the human body. Compared to the finite
element and multibody models, lumped-parameter mod-
els are easier to analyse, more flexible to be adapted
to different physical conditions and more eligible to
validate with experiments. One of the main disadvan-
tages of such models is the limitation to one-directional
analysis [25].

Lumped-parameter human body models are supposed
to present basic biodynamic behaviours of living bodies
under WBV. The use of such models has the potential
to allow the prediction of the drivers’ vibration exposure
levels and the seat’s ability to reduce vibration in vehi-
cles. Since the vibration measurement from the human
body is expensive and includes safety and health risk
concerns, reliable physical models that are capable of imi-
tating the response of the real human body can be used
as a convenient tool in evaluation of the effects of the
destructive vibration exposures.

In the study, two different rheological human body
models were investigated with respect to the time (rms
acceleration) and frequency (acceleration PSD) responses
under dynamic conditions. When the RMSD results of
the rms accelerations are taken into account it can be
concluded that Model 1 showed better characterizing per-
formance than Model 2 under the Road I conditions
(p < 0.05). However, for the Road II riding case, Model
2 provided lower RMSD mean value than Model 1
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Table 7. PCC values calculated between experimental and theoretical acceleration PSD values recorded on Road II.
Head Upper torso Lower torso

Subject Model 1 Model 2 Model 1 Model 2 Model 1 Model 2
S1

Trial 1 0.97 0.96 0.92 0.97 0.99 0.99

Trial 2 0.86 0.91 0.87 0.94 0.97 0.99
S2

Trial 1 0.89 0.94 0.98 0.98 0.99 0.99

Trial 2 0.89 0.91 0.98 0.98 0.99 0.98
S3

Trial 1 0.91 0.93 0.96 0.98 0.99 0.97

Trial 2 0.57 0.65 0.97 0.98 0.99 0.98
S4

Trial 1 0.79 0.85 0.86 0.88 0.73 0.71

Trial 2 0.82 0.90 0.93 0.94 0.94 0.93
S5

Trial 1 0.91 0.96 n/a n/a 0.96 0.98

Trial 2 0.61 0.70 n/a n/a 0.95 0.98
S6

Trial 1 0.83 0.88 0.94 0.97 1 0.99

Trial 2 0.87 0.89 0.95 0.97 1 0.99
S7

Trial 1 0.85 0.90 0.97 0.97 0.99 0.99

Trial 2 0.77 0.82 0.99 0.98 1 0.99
S8

Trial 1 0.88 0.90 0.95 0.95 0.99 0.97

Trial 2 0.83 0.88 0.94 0.96 0.98 0.98
S9

Trial 1 0.78 0.82 0.90 0.95 0.99 0.99

Trial 2 0.51 0.58 0.89 0.92 0.99 0.99
S10

Trial 1 0.87 0.86 0.89 0.88 0.98 0.97

Trial 2 0.75 0.79 0.83 0.86 0.97 0.98
M 0.81 0.85 0.93 0.95 0.97 0.97
SD 0.12 0.10 0.05 0.04 0.06 0.06

Note: PCC = Pearson correlation coefficient; PSD = power spectral density.

(p > 0.05). In terms of the PCC evaluation of rms accelera-
tions, it was observed that Model 1 and Model 2 responded
equivalently under WBV (Figure 7). In the PCC analy-
sis of the frequency content of the acceleration signals it
was found that Model 2 showed higher agreement with the
experimental data, thereby indicating that Model 2 showed
more similar strength and direction of association to the
experimental data than Model 1. However, no significant
difference was found between PCC values of the models.
Liang and Chiang [24] analysed some Iumped-
parameter models, which were exposed to vertical vibra-
tion, from the literature in terms of seat-to-head transmis-
sibility, driving-point mechanical impedance and apparent
mass. They synthesized various experimental data from
published literature to evaluate the models. They evalu-
ated the models by taking into account the ratio of the
rms error to the mean value calculated for seat-to-head
transmissibility, driving-point mechanical impedance and
apparent mass. Although the results were not analysed
statistically, it can be deduced from the study that the
characterization performances of the biodynamic models

varied according to the evaluation criterion, which is con-
sistent with the results of our study as Model I and Model
IT showed different prediction capability according to the
time and frequency contents. Moreover, we showed in our
study that the road conditions also affected the prediction
performance of the theoretical models, thereby indicating
that further modelling studies are needed to obtain more
accurate and robust simulation results.

One of the limitations of this study is that only a small
number of models was evaluated. This choice was made in
order to analyse these two widely used models in detail.
These two models are not of interest for the vibration
exposure in horizontal directions. Therefore, in addition to
the vibrations in the vertical direction, investigation of the
adverse effects of the horizontal vibrations would also con-
tribute valuable information to the research community. In
order to assess the effect of vehicle speed on the charac-
terizing performance of the models, different speed levels
could also be tested in the experiments, which we did not
do in this study so as to prevent any unintended health risk
to the subjects.
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5. Conclusion

By taking all of the time and frequency response results
into account it can be concluded that neither of the mod-
els showed the best prediction performance of human body
behaviour in all of the cases. Model 1 outperformed Model
2 in representing real human body behaviour during a
vehicle ride on a smooth road surface. However, Model
2 provided better agreement with the experimental data
than Model 1 for the vehicle ride on a rough surface.
There still needs to be further investigation conducted to
reach improved physical models that are capable of better
predicting human body responses under WBV. Parameter
identification studies for different excitation and road con-
ditions including a large number of human subjects would
provide more reliable models than the existing ones. It is
expected that the outcomes of the study would contribute
to the use of biodynamic models in better understanding
vibration effects on the human body.
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Appendix 1

Table A.1. Numerical values of the parameters of Model 1.

Mass (kg) Stiffness (N/m) Damping (N-s/m)
my: 12.733 ki: 90,000 C1: 2064

my: 8.588 ky: 162,800 Cy: 4548

ms: 28.386 ks: 183,000 c3: 4750

ma: 5.290 ky: 310,000 Ca: 400

Note: ¢ = coefficient of the damping elements; k = stiffness
coefficient of the spring elements; m = mass of the related
body segments.

Table A.2. Numerical values of the parameters of Model 2.
Mass (kg) Stiffness (N/m) Damping (N-s/m)
mp: 16.332 ki: 25,016 c1:370.8

my: 3.542 ko: 877 €2:292.3

m3: 1.200 ks3: 52,621 c3: 3581.6

my: 0.272 kq: 877 C4:292.3

ms: 0.816 ks: 877 C5:292.3

me: 19.611 ke: 52,621 Cs: 3581.6

my: 2.882 Ke7: 877 Ce7:292.3

mg: 3.280 k7: 52,621 c7: 3581.6

mo: 3.177 kg: 67,542 cg: 3581.6

Myp: 0.650 kg: 67,542 Co: 3581.6

mpp: 3.265 Kio: 52,621 Cro: 3581.6

— kiy:52,621 Cy1:3581.6

Note: ¢ = coefficient of the damping elements; k = stiffness
coefficient of the spring elements; m = mass of the related
body segments.

Appendix 2
Equations of motion of Model 1

miZ; + ¢ (21 — o) + C2(Z1 — 22) + K1 (z1 — 29)
+ko(z1 —22) =0, (B.1)

MaZy + Co(Zp — 1) + C3(22 — 23) + Ko (22 — 71)
+k3(z2 —23) =0, (B.2)

M3Z3 +C3(23 — 22) + C4(23 — 24) + K3(23 — 22)
+Kky(z3 —24) =0, (B.3)

MyZ4 4 C4(24 — 23) +K4(24 — 23) = 0, (B.4)

where ¢ = coefficient of the damping elements; k = stiffhess
coefficient of the spring elements; m = mass of the related
body segments; z = displacement of the related body segment;
zo = displacement of the seat pad; 2o = velocity of the seat pad;

Zyp = acceleration of the seat pad.
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Equations of motion of Model 2

MyZy +C1(Z1 — 2o) + C2(Z1 — 22) +C3(21 — 23)
+ki@z —20) + ko (z1 —22) + k3(21 —23) =0,

MaZy + Co(Zo —21) + Ca(Zo — 74) + ko (22 — 71)
+ki(zp —24) =0,

M3Z3 4 C3(23 — 21) +C7(23 — 27) +K3(23 — 21)
+k7(z3 —27) =0,

MaZs + C4(Z4 — 22) + C5(24 — 25) + Ka(24 — 1)
+ks(z4 —25) =0,

MsZs + C5(Zs — 24) + Ce(25 — Z6) + Ks(25 — 74)
+Ke(z5s — 26) = 0,

MeZe + C6(Z6 — 25) + Co7(Z6 — 27) + Cg(Z6 — Z3)
+Ke(z6 — 25) + Ke7(26 — 27) + kg (26 — 23) = 0,

(B.5)

(B.6)

(B.7)

(B.8)

(B.9)

(B.10)

M7Z7 + Ce7(27 — Z6) + C7(27 — 23) + C10(Z7 — Z10)
+Ke7(27 — 26) + K7(27 — 23) + Ki0(z7 — 210) =0, (B.11)

mgZg + Cg(Z3 — Zg) + Co(Z8 — Z9) + Kg(z3 — Z6)
+ko(zg —29) =0, (B.12)

MoZg + Co(Z9 — 28) + Ko(z9 — 2g) = 0, (B.13)

MioZ10 + Cro(Z10 — 27) + C11(Z10 — Z11) + K10(Z10 — 27)
+ki1(z10 —211) = 0, (B.14)

Mi1Z11 + C11(Z11 — Z10) + K11 (Z11 — Z10) =0, (B.15)

where ¢ = coefficient of the damping elements; k = stiffness
coefficient of the spring elements; m = mass of the related
body segments; z = displacement of the related body segment;
Zp = displacement of the seat pad; zy = velocity of the seat pad;
Zy = acceleration of the seat pad.
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