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Abstract

Lumped parameter mathematical models representing anatomical parts of the human body have been developed to

represent body motions associated with resonances of the vertical apparent mass and the fore-and-aft cross-axis apparent

mass of the human body standing in five different postures: ‘upright’, ‘lordotic’, ‘anterior lean’, ‘knees bent’, and ‘knees

more bent’. The inertial and geometric parameters of the models were determined from published anthropometric data.

Stiffness and damping parameters were obtained by comparing model responses with experimental data obtained

previously.

The principal resonance of the vertical apparent mass, and the first peak in the fore-and-aft cross-axis apparent mass, of

the standing body in an upright posture (at 5–6Hz) corresponded to vertical motion of the viscera in phase with the

vertical motion of the entire body due to deformation of the tissues at the soles of the feet, with pitch motion of the pelvis

out of phase with pitch motion of the upper body above the pelvis. Upward motion of the body was in phase with the

forward pitch motion of the pelvis. Changing the posture of the upper body had minor effects on the mode associated with

the principal resonances of the apparent mass and cross-axis apparent mass, but the mode changed significantly with

bending of the legs. In legs-bent postures, the principal resonance (at about 3Hz) was attributed to bending of the legs

coupled with pitch motion of the pelvis in phase with pitch motion of the upper body. In this mode, extension of the legs

was in phase with the forward pitch motion of the upper body and the upward vertical motion of the viscera.

r 2008 Elsevier Ltd. All rights reserved.
1. Introduction

In some occupational environments (e.g., construction and mining industries), operators of industrial
equipment are exposed to whole-body vibration while standing. Occupational exposures to whole-body
vibration are associated with discomfort, interference with activities, and disorders, including lower back
problems [1]. In rail, road, air, and sea transport, standing passengers and crew are exposed to vibration that
may impair discomfort. In buildings, low levels of vibration can become perceptible and cause annoyance.
ee front matter r 2008 Elsevier Ltd. All rights reserved.
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The various effects of vibration on the human body, and the interactions of the standing human body with
supporting structures, are influenced by the dynamic responses of the body. Studies of the dynamic responses
of the seated human body have revealed resonances (summarised in Ref. [1]) and models have been evolved.
However, there has been relatively little attention to the standing body. Understanding of the motions of
the standing body associated with the resonances may assist the reduction of adverse effects of vibration on
the body.

The mechanisms responsible for the principal resonance of the body during vertical excitation have been
investigated for seated subjects (e.g., Refs. [2–6]). Hagena et al. compared vertical vibration transmission from
the vibrating surface to the spine and from the sacrum to the spine in both sitting and standing positions [5]. It
was found that the principal resonance observed at 4–5Hz was associated with motion of the entire body and
that a second resonance at 7–10Hz was associated with motion of the spinal column. Matsumoto [6] measured
the apparent mass of the body and transmissibilities from vertical floor vibration to vertical and fore-and-aft
vibration at various locations on the standing body. He found that almost all transmissibilities to the spine
showed a peak close to the principal resonance frequency evident in the apparent mass. The transmissibility to
the pitch motion of the pelvis showed a peak at frequencies somewhat greater than the principal resonance
frequency.

In recent studies, force at the driving point in directions perpendicular to the excitation has been measured
for both the seated body [7,8] and the standing body [9] exposed to vertical vibration. The principal resonance
in the vertical apparent mass occurred at the same frequency as the first resonance of the fore-and-aft cross-
axis apparent mass of subjects in an upright standing posture [9]. The results suggest that a common vibration
mode may contribute to the resonance of the vertical apparent mass and the fore-and-aft cross-axis apparent
mass. The characteristics of the cross-axis apparent mass were altered by postural changes in the upper body
[9]. For example, in an ‘anterior lean’ posture (i.e., the upper body leant forward), there was no clear
resonance in the cross-axis apparent mass, while in a ‘lordotic’ posture (i.e., the upper body leant slightly
backward), there was a clearer resonance in the cross-axis apparent mass (at a frequency close to the principle
resonance frequency of the apparent mass) than that in an ‘upright’ posture (i.e., comfortable upright posture
with normal muscle tension). There were significant changes in the resonance frequencies of the apparent
masses when changing the posture of the lower limbs [9]. For example, the principal resonance was found
at about 5Hz in the ‘upright’ posture but at about 3Hz in the ‘knees bent’ posture (i.e., with the angle
between upper legs and lower legs at 1201). There was a similar change in the resonance frequency of the cross-
axis apparent mass. A further reduction in the resonance frequency was found when changing posture from
the ‘knees bent’ posture to a ‘knees more bent’ posture (i.e., the angle between upper legs and lower legs
at 1101).

The present study was conducted to investigate the dynamic motion of the body associated with resonances
in the vertical apparent mass and the fore-and-aft cross-axis apparent mass of the human body standing in
postures investigated in a previous study [9]. It was desired to develop lumped parameter mathematical models
that reflect some attributes of anatomical parts of the body so as to obtain an insight into the body motions
associated with the resonances observed in different postures.
2. Method

Lumped parameter mathematical models that reflect some attributes of anatomical parts of the body were
developed by fitting the apparent mass and cross-axis apparent mass of the models to the apparent mass and
cross-axis apparent mass measured in an experiment.
2.1. Experimental data

The apparent mass and the cross-axis apparent mass were measured in an experiment that was conducted by
the authors at the Institute of Sound and Vibration Research in the University of Southampton [9]. A brief
summary of the experiment is presented in this section. The details of the experiment have been described in
Subashi et al. [9].
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Table 1

Characteristics of subjects

Age (years) Height (m) Weight (kg)

Median 28 1.79 77.45

Minimum 22 1.65 65.60

Maximum 48 1.96 101.95

Fig. 1. Photographs of the five postures: (a) upright, (b) anterior lean, (c) lordotic, (d) knees bent, and (e) knees more bent.
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Twelve male volunteers participated in the experiment. Their characteristics are summarised in Table 1.
Subjects were exposed to vertical random vibration over the frequency range of 2–20Hz at five different
magnitudes between 0.0315 and 0.5ms�2 r.m.s. Subjects stood in five different postures: upright, anterior lean,
lordotic, knees bent, and knees more bent (Fig. 1). In the upright posture, subjects stood in a comfortable
upright posture with normal muscle tension. In the anterior lean posture, subjects leant their upper body
slightly forward so as to align the shoulders vertically above their toes. In the lordotic posture, subjects leant
their upper body slightly backward so as to keep the lumbar spine at maximum bent. In these three postures,
subjects locked their legs and prevent bending at the knee. In the knees bent posture, subjects bent their legs at
the knees with an angle of 1201 between the lower legs and the upper legs. In the knees more bent posture, the
angle between the lower legs and upper legs was 1101. The vertical acceleration of the floor and the vertical and
fore-and-aft forces at the interface between the vibrating floor and standing subjects were measured.
Measurements obtained with the five postures at a vibration magnitude of 0.5ms�2 r.m.s. were used for the
analysis presented in this paper.

The measured acceleration and force signals were used to calculate the vertical apparent mass and the fore-
and-aft cross-axis apparent mass. Both the apparent mass and the fore-and-aft cross-axis apparent mass were
calculated using the cross-spectral density method:

Mðf Þ ¼
Saf ðf Þ

Saaðf Þ
(1)

where M(f) is the apparent mass (either the vertical apparent mass or the fore-and-aft cross-axis apparent
mass), Saf(f) is the cross-spectral density between the force and the floor acceleration and Saa(f) is the power
spectral density of the floor acceleration. The effect of the mass of the parts of the force platform located
above the force transducers on the measured vertical force signal was eliminated by performing the mass
cancellation. The mass cancellation was performed by subtracting the vertical apparent mass calculated
without subjects from the vertical apparent mass measured with subjects. This mass cancellation was
not required for the calculation of the fore-and-aft cross-axis apparent mass as the force platform did
not move in this direction. The variability in the apparent masses of subjects caused by their different static
masses was minimised by normalisation—the apparent masses of each subject were divided by the static mass
of the subject.
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2.2. Descriptions of the model

The development of models in this study was similar to the method used by Matsumoto and Griffin [3].
Models of the standing body consisted of lumped masses interconnected to each other by linear translational
springs and translational dampers, with linear rotational springs and rotational dampers required to represent
the apparent mass of the body exposed to vertical vibration. The masses were selected to represent segments of
the body.

In a preliminary study, alternative models with different numbers of degree-of-freedom were developed to
determine an appropriate number of degrees-of-freedom needed to represent the structure of the body and the
dynamic response, although the detailed results are not presented here. Two models having five and seven
degrees-of-freedom, respectively, developed in the preliminary study are shown in Fig. 2. Model 1 was used to
represent the dynamic response of the body in the upright, anterior lean, and lordotic postures, while Model 2
was used to represent the dynamic response in the knees bent and knees more bent postures. Model 2 was
constructed by adding a rotational degree-of-freedom at the knee to Model 1 so as to represent bending
motions of the legs in the postures in which subjects bent their legs at the knees. Additionally, a translational
degree-of-freedom in the fore-and-aft direction at the feet was included in Model 2 so as to represent possible
shear deformation of the tissue at the soles of the feet. Masses 1, 3, 4, and 5 in Model 1 and masses 1, 4, 5,
and 6 in Model 2 were considered to represent the feet, the pelvic region, the upper body except the pelvis
and viscera, and the visceral region, respectively. Mass 2 of Model 1 was included so as to represent the legs.
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Fig. 2. Schematic diagrams of two alternative multi-degree-of-freedom lumped parameter models of human body in a standing position.

(a) Model 1, (b) Model 2.



ARTICLE IN PRESS
G.H.M.J. Subashi et al. / Journal of Sound and Vibration 317 (2008) 400–418404
In Model 2, the legs were represented by masses 2 and 3, which correspond to the shanks and the thighs,
respectively.

2.3. Equations of motion

Equations of motion were derived from the Lagrangian theory. The coordinates for the position and the
motions of the models were defined according to ISO-2631-1 [10]. The joint between masses 1 and 2 was
considered as the origin of the coordinate. The coefficients in the equations of motion were dependent on the
motion of the segments, as a consequence of providing the rotational degree-of-freedom with an eccentricity to
the centre of mass elements in the models. Terms with a power of variables more than one in the equations of
motion were neglected so as to simplify the models on the assumption that motions caused by vibration were
small. The effect of gravity on the motion was included in the stiffness terms of the equations of motion
because the effect of gravity on the motion was proportional to displacement. The effect of gravity on stiffness
was, therefore, taken into account when performing the modal analysis.

2.4. Parameters of the model

2.4.1. Inertial and geometric parameters

The model parameters were determined first for Model 1 representing the upright standing posture as a
reference. The inertial and geometric parameters of the model masses corresponding to the upper part of the
body were obtained from the parameters of the seated-body model developed by Kitazaki and Griffin [2],
which were based on the data provided by Liu and Wickstrom [11]. The moment of inertia of the mass was
obtained from the moment of inertia of the slices of the upper body at each vertebral level available in the
previous study [2,11] by assuming that the slices of the body corresponding to a model mass were all rigid and
connected rigidly to each other. The geometric parameter of the pelvis (i.e., the position of the centre of mass)
of the seated-body model was altered in the standing body models by assuming an approximately 301 forward
rotation of the pelvis from the sitting position to the standing position [12]. The locations of connections
between masses in the upper body were determined using the coordinates assigned to the seated-body model
by Kitazaki and Griffin [2]. The location of the upper end of Mass 4 was determined based on the coordinates
assigned to the head of the model by Kitazaki and Griffin [2]. The location of the hip joint in the pelvic bone
with respect to the ischial tuberosities was determined from anthropometric data [13]. The locations of
connections between masses were used to determine the orientation of the masses (i.e., the angle of the line
connecting two joints at the ends of the mass to the horizontal (x-) axis). The orientation of mass 4 (i.e., a4)
was determined by the angle of the line connecting the joint and the upper end of the mass to the horizontal
(x-) axis. The inertial and geometric parameters of the model masses corresponding to the legs in Model 1 were
determined from the anthropometric data published previously [13,14]. The orientation of the legs in Model 1
(i.e., mass 2) was determined from the median data of 12 subjects measured in the previous study [6].

The inertial and geometric properties of the models obtained from the above methods were adjusted so that
the total mass of the model corresponded to the median mass of 12 subjects who participated in the
experiment [9]. The density of the body was assumed to be constant, irrespective of the location in the body.
Therefore, the mass of some portions of the body was proportional to its volume. The volume was
proportional to the product of three linear dimensions. Scaling factors, ms/m0 for the mass, (ms/m0)

5/3 for the
moment of inertia, (ms/m0)

1/3 for the length (ms was the median mass of the 12 subjects and m0 was the total
mass of the model obtained as described above), were then used to adjust the inertial and geometric properties
of the models. The same method of adjusting the inertial and geometric parameters of the model to the
measured data has been previously reported [3,15]. The inertial and geometric parameters of the body
segments assigned to Model 1 representing the upright posture are listed in Table 2.

The inertial and geometric parameters of the model masses corresponding to the upper body were altered
for different upper-body postures (i.e., the anterior lean posture and the lordotic posture) represented by
Model 1. The inertial and geometric properties of the upper body for the anterior lean posture and those
for the lordotic posture were determined from the data published for seated subjects having similar upper-
body postures by Kitazaki and Griffin [2]. Table 3 shows the inertial and geometric parameters of Mass 4
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Table 2

Inertial and geometric properties of Model 1 for the upright posture

Feet (m1) Legs (m2) L4-pelvis (m3) Head-L3 (m4) Viscera (m5)

Mass (kg) 2.48 25.40 10.94 26.90 11.74

Distance to COM from lower joint (m) – 0.547 0.073 0.355 –

I about COM (kgm2) – 0.6251 0.1302 0.5588 –

Orientation of link mass, a, (deg) – 95.22 67.06 97.80 –

Length (m) – 0.851 0.221 0.547 0.118

I: inertial moment; COM: centre of mass.

Table 3

Inertial and geometric properties of Head-L3 mass, Mass 4, in Model 1 in the lordotic and anterior lean postures

Lordotic Anterior lean

Distance to COM from lower joint (m) 0.346 0.369

I about COM (kgm2) 0.5594 0.5940

Orientation of link mass, a4 (deg) 93.67 107.50

Length (m) 0.536 0.530

I: inertial moment; COM: centre of mass.

Table 4

Inertial and geometric properties of shanks and thighs, Masses 2 and 3, in Model 2 in the knees bent and knees more bent postures

Shanks (m2) Thighs (m3)

Mass (kg) 7.64 17.76

Distance to COM from lower joint (m) 0.327 0.269

I about COM (kgm2) 0.1000 0.2826

Orientation of link mass, a (deg) 115.48a 55.49b

Length (m) 0.48 0.46

I: inertial moment; COM: centre of mass.
aOrientation of shanks was 120.481 for knees more bent posture.
bOrientation of thighs was 50.491 for knees more bent posture.
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corresponding to the head to L3. The inertial and geometrical properties of the pelvis for the different postures
were the same as those for the upright posture,assuming that there was no significant difference in rotation of
the pelvis when changing the posture from the upright to the other postures as designed in the experiment. The
inertial and geometric properties of the upper body in Model 2 for the knees bent and knees more bent
postures were the same as those for the upright posture.

The inertial and geometric properties of the model masses corresponding to the legs in Model 1 listed in
Table 2 were common for the three different upper-body postures. For the knees bent and knees more bent
postures, the inertial properties of the model masses representing the shanks and the thighs in Model 2 (i.e.,
masses 2 and 3) were determined based on the percentage distribution of total body mass to different body
segments [14]. The geometric properties of the shanks and the thighs for the knees bent and the knees more
bent postures were determined based on the definition of the postures assigned in the experiment [9]. The
orientation of the shanks in Model 2 (i.e., mass 2) was determined at half of the angle between the shanks and
the thighs defined in the experiment. The orientation of the thighs in Model 2 (i.e., mass 3) was determined so
that the angle between the shanks and the thighs in the model was equal to the angle defined in the experiment
[9]. Table 4 presents the inertial and geometric properties of masses 2 and 3 in Model 2 that correspond to the
shanks and the thighs for the two lower limb postures.
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2.4.2. Stiffness and damping parameters

Stiffness and damping parameters for living human tissues were not available in the literature. The stiffness
and damping parameters were, therefore, determined by comparing the vertical apparent mass and the fore-
and-aft cross-axis apparent mass calculated from the model with those measured in the previous experiment
[9]. The differences between the measured values and the calculated values were minimised using an error
function, E:

E ¼
X

n

AfMmmðnDf Þ �McmðnDf Þg2 þ
X

n

BfMmpðnDf Þ �McpðnDf Þg2

þ
X

n

CfRmmðnDf Þ � RcmðnDf Þg2 þ
X

DfRmpðnDf Þ � RcpðnDf Þg2 (2)

where Mm and Rm are the measured normalised apparent mass and cross-axis apparent mass in complex
numbers, Mc and Rc are the calculated normalised apparent mass and cross-axis apparent mass in complex
numbers. The subscripts m and p indicate the modulus and the phase of the apparent masses, respectively. The
weighting factors A and B for the apparent mass and C and D for the cross-axis apparent mass were used so as
to produce best fit to the modulus and the phase of the apparent mass and the modulus and the phase of the
cross-axis apparent mass. Initially, the weighting factors A and C were assigned to the ratio between the
maximum absolute value of the phase (in radian) and the maximum value of the modulus for the measured
normalised apparent mass and the measured normalised cross-axis apparent mass, respectively:

A ¼
jMmpðnDf Þjmax

jMmmðnDf Þjmax

(3)

C ¼
jRmpðnDf Þjmax

jRmmðnDf Þjmax

(4)

The weighting factor B was assigned to the ratio between the maximum absolute value of the phase of the
measured normalised cross-axis apparent mass and the maximum absolute value of the phase of the measured
normalised apparent mass:

B ¼
jRmpðnDf Þjmax

jMmpðnDf Þjmax

(5)

Subsequently, the weighting factors A, B, and C were adjusted by trial and error based on visual comparison
between the calculated normalised apparent masses and the measured normalised apparent masses. The
weighing factor D was assigned to 1.0 in the frequencies below 14Hz. In the frequency range above 14Hz,
both C and D were assigned to 0.0 so as to produce the best fit to the cross-axis apparent mass. The
frequencies are defined by the product of integers, n, and the frequency resolution, Df, which is 0.25Hz.

For the knees bent posture and knees more bent posture, the stiffness and damping parameters associated
with the legs were optimised, while the parameters associated with the other degrees-of-freedom including a
translational degree-of-freedom in the vertical direction at the feet were the same as the corresponding
parameters for the upright posture. It was assumed here that the differences in the dynamic response between
the upright postures and the two lower limb postures were attributed mainly to the difference in the geometric
and mechanical properties of the legs: bending motion of the legs at the knees might reduce the resonance
frequency of the apparent mass as observed in the experiment [9].
3. Results

3.1. Comparison of model responses with experimental data

The stiffness and damping parameters of Model 1 obtained with the median experimental data and the
inertial and geometric parameters shown in Tables 2 and 3 for the three upper-body postures are summarised
in Table 5.
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Table 5

Stiffness and damping coefficients of Model 1 for the upright, lordotic, and anterior lean postures

Feeta Ankleb Hipc Upper bodyd Viscerae

k1 (Nm�1)� 105 k2 (Nm)� 105 k3 (Nm)� 102 k4 (Nm)� 103 k5 (Nm�1)� 104

Stiffness coefficient

Upright 2.41 1.26 3.63 2.23 2.45

Lordotic 2.12 1.57 1.59 2.60 2.33

Anterior lean 3.04 1.20 34.3 1.57 2.79

c1 (N sm�1)� 103 c2 (N sm)� 103 c3 (N sm)� 100 c4 (N sm)� 101 c5 (N sm�1)� 102

Damping coefficient

Upright 3.84 1.62 7.60 3.31 2.94

Lordotic 3.76 1.18 2.87 3.63 2.72

Anterior lean 4.41 1.83 58.4 5.89 3.45

Stiffness and damping co-efficients were obtained using measured apparent masses at 0.5ms�2 r.m.s.
aBeneath mass 1.
bBetween masses 1 and 2.
cBetween masses 2 and 3.
dBetween masses 3 and 4.
eBetween masses 3 and 5.
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Fig. 3. The apparent mass and the cross-axis apparent mass calculated from Model 1 and median data measured in the experiment for the

upright posture. (a and b) modulus, (c and d) phase. - - - - - - - - - -, model; _______, experiment.
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The vertical apparent mass, the fore-and-aft cross-axis apparent mass and their phases obtained from
Model 1 and the median experimental data measured in the experiment for the upright posture are compared
in Fig. 3. The vertical apparent mass of the model shows good agreement with the experimental data.
The fore-and-aft cross-axis apparent mass obtained from the model also shows good agreement with
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Fig. 4. The apparent mass and the cross-axis apparent mass calculated from Model 1 and median data measured in the experiment for the

lordotic posture. (a and b) modulus, (c and d) phase. - - - - - - - - - -, model; _______, experiment.
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the experimental data at frequencies less than about 13Hz. A comparison of the vertical apparent mass, the
cross-axis apparent mass and their phases calculated from Model 1 with the median experimental data are
shown in Figs. 4 and 5 for the lordotic posture and the anterior lean posture, respectively. Over the frequency
range of 2–20Hz, the apparent mass and its phase calculated from the model agreed well with the
experimental data. The model responses provided good agreement with the modulus and the phase of the
cross-axis apparent mass at frequencies less than 13Hz.

Table 6 shows the stiffness and damping parameters of Model 2 obtained for the knees bent and knees more
bent postures from a comparison of the model response with the experimental data.

Figs. 6 and 7 show comparisons between the responses of Model 2 and the median experimental data
for the knees bent and knees more bent postures, respectively. The vertical apparent mass and the phase
obtained from Model 2 show reasonable agreement with the median measured data. The trend observed
in the cross-axis apparent mass calculated from the model was similar to the measured data, although the
differences between the model response and the experimental data were more significant compared to the
other postures.
3.2. Modal properties in the upright posture

The natural frequencies and mode shapes obtained from Model 1 with no damping are listed in Table 7 for
the upright posture. Five vibration modes were found in the frequency range below 20Hz from the modal
analysis of Model 1.

The second mode of the model at an undamped natural frequency of 6.13Hz appeared to be associated with
the principal resonance of the apparent mass and the first peak of the cross-axis apparent mass. A significant
vertical motion of the visceral mass in phase with a vertical motion of the body due to deformation of the
tissues at the soles of the feet, and a pitch motion of the pelvic mass out of phase with a pitch motion of the
upper body mass contributed to the second mode. In this mode, with the upward vertical motion of the feet



ARTICLE IN PRESS

Table 6

Stiffness and damping coefficients of Model 2 for the knees bent and knees more bent postures

Anklea Kneeb Hipc Feetd

k2 (Nm)� 102 k3 (Nm)� 103 k4 (Nm)� 102 k7 (Nm�1)� 104

Stiffness co-efficient

Knees bent 1.60 2.87 2.32 4.46

Knees more bent 1.34 2.52 2.19 4.37

c2 (N sm)� 102 c3 (N sm)� 101 c4 (N sm)� 101 c7 (N sm�1)� 101

Damping co-efficient

Knees bent 2.07 6.06 1.08 3.89

Knees more bent 1.94 5.02 1.13 4.84

Stiffness and damping coefficients were obtained using measured apparent masses at 0.5m s�2 r.m.s.
aBetween masses 1 and 2.
bBetween masses 2 and 3.
cBetween masses 3 and 4.
dBeneath mass 1.
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Fig. 5. The apparent mass and the cross-axis apparent mass calculated from Model 1 and median data measured in the experiment for the
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mass, the legs mass rotated slightly backward about the ankle joint. The upward vertical motion of the visceral
mass was in phase with the forward pitch motion of the pelvic mass and the backward pitch motion of the
upper body mass.

The fourth mode at 10.65Hz may correspond to the second resonance in the cross-axis apparent mass,
although the apparent masses calculated from the model did not show a clear peak corresponding to this
mode. In this mode, a vertical movement of the body due to deformation of the tissues at the soles of the feet
was out of phase with a vertical movement of the viscera, and a pitch motion of the upper body above the
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Table 7

Modal properties obtained from Model 1 for the upright posture

Mode 1 2 3 4 5

Frequency (Hz) 0.68 6.13 9.33 10.65 19.08

Feet (vertical) 0.000 0.107 0.018 0.414 0.063

Legs 0.004 �0.036 0.126 �0.196 0.229

L4-pelvis 0.673 0.531 0.597 �0.254 �0.963

Head-L3 0.738 �0.528 �0.766 0.780 0.031

Viscera 0.059 0.653 �0.195 �0.343 0.124

Mode shapes were normalised to have a vector magnitude of unity.

Table 8

Modal properties for the principal resonance obtained from Model 1 for the upright, lordotic, and anterior lean postures

Posture Upright Lordotic Anterior lean

Frequency (Hz) 6.13 6.09 6.42

Feet (vertical) 0.107 0.137 0.083

Legs �0.036 �0.043 0.034

L4-pelvis 0.531 0.388 0.650

Head-L3 �0.528 �0.492 �0.521

Viscera 0.653 0.766 0.546

Mode shapes were normalised to have a vector magnitude of unity.
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pelvis was out of phase with a pitch motion of the pelvis. At this second resonance, a rotational motion of the
legs about the ankle joint was in phase with the rotational motion of the pelvis. This mode was dominated by a
pitching of the upper body.

3.3. Effect of posture on modal properties

For the lordotic posture and the anterior lean posture, modal analysis of Model 1 with no damping resulted
in five vibration modes below 20Hz, although all modes are not presented in this paper. In Table 8, the natural
frequencies and mode shapes corresponding to the principal resonance frequencies for the lordotic posture and
the anterior lean posture are compared with those obtained for the upright posture (shown in Table 7). The
undamped natural frequency obtained from Model 1 for the lordotic posture was at 6.09Hz and that for the
anterior lean posture was at 6.42Hz. The mode shape found for the lordotic posture was similar to the mode
shape found for the upright posture. In the anterior lean posture, a small rotational motion of the legs about
the ankle joint was in phase with a rotational motion of the pelvic mass unlike in the cases of the other two
postures (i.e., the upright posture and the lordotic posture). The vertical motion of the viscera relative to the
vertical motion of the feet was greater in the anterior lean posture than that in the other two postures. The
rotational motions of the masses were more dominant in the anterior lean posture, compared to the modes in
the other two postures.

Table 9 shows the natural frequencies and vibration modes found from modal analysis of Model 2 for the
knees bent posture in the frequency range below 20Hz. The vibration mode at 3.03Hz may contribute to the
principal resonance of the apparent mass and the first resonance of the cross-axis apparent mass. In this
vibration mode, the shanks rotated backward while the thighs rotated forward, with a small upward motion of
the entire body due to deformation of the tissues at the soles of the feet. A forward pitch motion of the thighs
was coupled with forward pitch motions of the pelvis and the upper body. A vertical motion of the visceral
mass was in phase with the vertical motion of the entire body. The vibration mode at around 9.5Hz may
correspond to the second resonance of the apparent mass. This mode was dominated by a vertical motion of
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Table 9

Modal properties obtained from Model 2 for the knees bent posture

Mode 1 2 3 4

Frequency (Hz) 3.03 4.30 9.54 12.17

Feet (vertical) 0.038 0.008 0.197 0.066

Shanks �0.577 �0.205 �0.340 �0.518

Thighs 0.467 0.032 0.341 �0.679

L4-pelvis 0.474 �0.297 �0.096 �0.114

Head-L3 0.155 0.930 �0.070 �0.074

Viscera 0.445 0.064 �0.843 0.133

Feet (horizontal) �0.027 �0.009 0.069 0.480

Mode shapes were normalised to have a vector magnitude of unity.

Table 10

Modal properties for the principal resonance obtained from Model 2 for the knees bent and knees more bent postures

Posture Knees bent Knees more bent

Frequency (Hz) 3.03 2.92

Feet (vertical) 0.038 0.036

Shanks �0.577 �0.573

Thighs 0.467 0.577

L4-pelvis 0.474 0.360

Head-L3 0.155 0.016

Viscera 0.445 0.453

Feet (horizontal) �0.027 �0.049

Mode shapes were normalised to have a vector magnitude of unity.

G.H.M.J. Subashi et al. / Journal of Sound and Vibration 317 (2008) 400–418412
the viscera. The thighs rotated out of phase with the shanks in this mode, similar to the mode associated with
the principal resonance. The second peak in the cross-axis apparent mass appeared to be attributed to the
vibration mode around 12Hz. This vibration mode was dominated by a horizontal motion of the entire body
due to deformation of the tissues at the soles of the feet. In this vibration mode, a rotational motion of the
thighs was in phase with a rotational motion of the shanks.

The modal properties associated with the principal resonance of the apparent masses obtained fromModel 2 for
the knees bent posture and the knees more bent posture are compared in Table 10. In the knees more bent posture,
the vibration mode associated with the principal resonance was found at 2.92Hz, which was lower than the
principal resonance frequency in the knees bent posture. The vibration mode at the principal resonance of the
apparent masses in the knees more bent posture was similar to that in the knees bent posture. The pitch motion of
the thighs relative to the pitch motion of the shanks was greater in the knees more bent posture than that in the
knees bent posture. There was a little difference in the relative vertical motion of the viscera with respect to the
vertical motion of the body between the knees bent posture and the knees more bent posture.

3.4. Sensitivity to parameter changes

The sensitivity of the model responses to changes in the model parameters was investigated by focusing on
the effect of the model parameters on the principal resonance frequency and the modulus of the apparent mass
and the cross-axis apparent mass at that frequency. The effects of 725% changes in each stiffness or damping
parameter on the responses calculated from Model 1 for the upright posture are shown in Fig. 8.

The change in the stiffness parameter associated with the viscera (i.e., k5) showed the most significant effect
on the resonance frequency of the apparent mass and the resonance frequency of the cross-axis apparent mass
obtained from Model 1. The stiffness parameter associated with the viscera also showed a clear effect on the
apparent mass at the resonance and the cross-axis apparent mass at the resonance. The apparent masses at
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the resonances were significantly affected by a change in the damping parameter corresponding to the viscera
(i.e., c5). It is clear that the resonance frequency of the apparent mass and the resonance frequency of the
cross-axis apparent mass determined from Model 1 were significantly affected by changing the stiffness
parameter corresponding to the tissues at the soles of the feet (i.e., k1). It appears that the damping parameter
associated with the tissues at the soles of the feet (i.e., c1) made a significant contribution to both the apparent
mass at the resonance frequency and the cross-axis apparent mass at the resonance frequency.

Changes to the stiffness parameter associated with rotational motion of the upper body (i.e., k4) had some effect
on the resonances of the apparent masses and the apparent masses at the resonances. The resonance frequency of the
cross-axis apparent mass and the cross-axis apparent mass at the resonance calculated fromModel 1 was affected by
changing the damping parameter corresponding to the degree-of-freedom provided to the upper body (i.e., c4).

The changes in the stiffness and damping parameters corresponding to the ankle joint (i.e., k2 and c2) and
the hip joint (i.e., k3 and c3) had an effect on the fore-and-aft response, but the effect on the vertical response
was generally small.

Fig. 9 shows the effects of 725% changes in each stiffness and damping parameter on the responses
calculated from Model 2 for the knees bent posture.

In the knees bent posture, there was only a minor contribution from parameters associated with the vertical
degree-of-freedom provided by the tissues at the soles of the feet (i.e., k1 and c1) and the visceral mass (i.e., k6
and c6) to the resonances of the apparent mass and the cross-axis apparent mass determined from Model 2.
Also, the principal resonances calculated from Model 2 were little affected by changes in the stiffness and
damping parameters of the rotational joint provided to the upper body (i.e., k5 and c5).

The most significant contribution to the resonance frequency of the apparent mass and the first peak
frequency of the cross-axis apparent mass in the knees bent posture was made by the stiffness parameter
associated with the rotational degree-of-freedom at the knee (i.e., k3). Changes to the damping parameter of
the model joint at the knee (i.e., c3) had a significant effect on the resonance of the cross-axis apparent mass,
and the apparent mass at the resonance. Rotational damping at the ankle joint and at the hip joint (i.e., c2 and
c4) also contributed to the resonance in the fore-and-aft response, although there was little effect of the
corresponding rotational stiffnesses (i.e., k2 and k4).

There was no clear effect of the horizontal degree-of-freedom at the feet (i.e., k7 and c7) on either the
principal resonance of the apparent mass or the first resonance of the cross-axis apparent mass.
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4. Discussion

4.1. Model parameters

Some of the model parameters identified by comparing the responses of the models with the experimental
data may be considered to be representations of the mechanical properties of some body segments. It may be
reasonable to assume that the stiffness and damping parameters associated with the feet represent the
mechanical properties of the tissues at the soles of the feet. Aerts and De Clercq [16] investigated the behaviour
of the heel pad during exposure to impacts, simulating walking and heel-strike running. From measurements
of impact acceleration and force acting on the heel pad, stiffness of the heel pad was estimated as 5.2�
104–1.5� 105Nm�1. The translational stiffness of 1.06� 105–1.52� 105Nm�1 per foot (assuming the stiffness
of the tissues of the soles of the feet obtained from the models correspond to two parallel springs) obtained in
this study with different postures are similar to the values estimated for the heel pad by Aerts and De Clercq
[16]. However, in the present study, there may have been some influence from properties of the soft tissues
beneath the feet other than at the heel pad. Additionally, translational stiffness of 1.06� 105–1.52� 105Nm�1

and translational damping of 1.88� 103–2.21� 103N sm�1 obtained for the current model may be
comparable with the vertical stiffness of 9.8� 104Nm�1 and vertical damping of 1.65� 103N sm�1 of the
foot provided as two parallel degrees-of-freedom at the heel and the toes of the biodynamical model of the
standing body developed by Fritz [17].

It seems reasonable to compare model properties for the upper bodies of standing and seated bodies because
there are similarities in apparent mass resonance frequencies of standing and seated subjects [18]. The
structure representing the upper body in the models developed in the present study for the standing body
was similar to that representing the upper body in a previous study of the seated body by Matsumoto and
Griffin [3]: three lumped masses were used to represent the pelvis, the viscera, and the upper body excluding
the pelvis and viscera. A vertical degree-of-freedom was provided to the visceral mass while a pitch degree-of-
freedom was provided to the upper-body mass. Matsumoto and Griffin [3] obtained 1.59� 103Nm for the
stiffness parameter and 5.27� 101Nm s for the damping parameter associated with the pitch degree-of-
freedom of the upper body of the seated-body model. The corresponding stiffness and damping para-
meters obtained for Model 1 in the present study were 2.23� 103Nm and 3.31� 101Nm s, respectively
(Table 5). The stiffness parameter corresponding to the rotational joint provided to the upper body in the
present study was greater than the corresponding parameter reported for seated subjects in the previous study



ARTICLE IN PRESS
G.H.M.J. Subashi et al. / Journal of Sound and Vibration 317 (2008) 400–418 415
[3]. This difference in the stiffness parameter between the seated-body model and the standing-body model
might be attributed to the different pelvic position, spinal curvature and muscle activity involved in the
two positions. In a relaxed unsupported sitting posture, the tension in the muscles in the trunk may be less
than in a standing posture, because the weight of the trunk is partially supported by the passive body
structures such as the ligaments [19]. In the upright standing position, the pelvis is approximately vertical
and the first lumbar vertebra and the sacrum make angles of 301 above and below the horizontal
plane, respectively [19]. In this position, the back muscles may be activated more than in the sitting position, so
as to support the weight of the trunk. Additionally, there is a muscular effort in the abdominal region
to maintain the position of the pelvis. Increased muscle activity involved in the upright standing posture might
increase the rotational stiffness corresponding to the rotational degree-of-freedom in the upper body of the
model.

A stiffness of 2.67� 104Nm�1 was associated with the visceral tissues for the seated-body model by
Matsumoto and Griffin [3]. In the present standing-body model, a similar value of stiffness parameter,
2.45� 104Nm�1, was obtained for the stiffness of the visceral tissues.

Differences in the model parameters between the seated-body model developed in the previous study [3] and
the standing-body model developed in the present study may be partly attributed to differences in the
experimental data used in the studies. For example, the vibration magnitude used in the previous study [3] was
1.0ms�2 r.m.s. and that used in the present study was 0.5ms�2 r.m.s. The nonlinearity in the body tends to be
reflected in reduced stiffness at higher magnitudes [1]. Additionally, inter-subject variability will have
contributed to differences between the experimental data from the two studies.
4.2. Modal properties

The modal analysis of the model developed in the present study suggests that a common vibration mode is
responsible for the principal resonance in the apparent mass and the first resonance in the cross-axis apparent
mass. The vibration mode associated with the principal resonance of the apparent mass was a dominant
vertical motion of the visceral mass in phase with a vertical motion of the body due to deformation of the
tissues at the soles of the feet (Table 7). The vertical forces induced by the vertical motion of the entire body
due to deformation of the tissues at the soles of the feet and the vertical motion of the viscera may contribute
to the principal resonance of the apparent mass observed in the experiment [9]. In the vibration mode
associated with the principal resonance, backward pitching of the legs about the ankle joint was associated
with upward motion of the mass of the feet. This suggests that, at the principal resonance, vertical floor
vibration is transmitted to the pelvis and the upper body through the legs with deformation of the tissues at
the soles of the feet and pitch motion at the ankle and hip joints. Pitch motion of the pelvis occurred out of
phase with pitch motion of the legs, and pitch motion of the upper body occurred in phase with pitch motion
of the legs. These pitch motions of the body segments, which induce force in the fore-and-aft direction, may
contribute to the principal peak in the cross-axis apparent mass.

A significant pitch motion of the upper body about the pelvic mass appeared in the vibration mode
corresponding to the second resonance of the apparent mass (Table 7). This was not seen in the vibration
mode for the second resonance of the apparent mass of seated subjects reported in the previous study [3]. In
the seated-body model, there was a dominant pitch motion of the pelvic mass in the vibration mode
corresponding to the second resonance of the apparent mass. The difference in the rotational motions of the
pelvis and the upper body between the seated body and the standing body may be attributed to differences in
the mechanism that cause rotational motion of the pelvis in the two positions. The pelvis rotates about the
ischial tuberosities in the sitting position while it rotates about the hip joint in the standing position. The pelvis
inclines backward in the seated position compared to the standing position so that the eccentricity of the pelvis
with respect to the centre of rotation is greater in the sitting position than in the standing position. It seems,
therefore, reasonable to find dominant pelvic motion in the seated position, and not to find similar dominance
of pelvic motion in the standing position at the second resonance. Additionally, greater pitch motion of the
upper body in the standing position than that in the sitting position may be due to a less compressed and more
flexible lumbar spine in the standing position [19].
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4.3. Effect of posture on model parameters

The stiffness and damping parameters found for the upright posture were different from those for different
upper-body postures (Table 5) and different lower limb postures (Table 6).

The stiffness parameter associated with the tissues at the soles of the feet was altered when changing the
posture from the upright to the other upper-body postures (Table 5). Changing the posture from lordotic to
anterior lean may change the pressure on the tissues at the soles of the feet. The static mass of the body may be
more concentrated in the anterior region of the feet in the anterior lean posture, while it may be more
concentrated in the region of the heel in the lordotic posture, due to changes in the location of the centre of
gravity of the body. Such changes in the pressure on the tissues at the soles of the feet might be partly
responsible for changes in the stiffness parameters of the tissues with the postural changes.

The stiffness parameter corresponding to the hip joint decreased when changing the posture from anterior
lean to lordotic (Table 5). The gluteal muscle, which is the most powerful extensor muscle at the hip joint, can
straighten the lower limbs to the trunk or the trunk to the lower limbs [20]. The stiffness at the hip joint might
be increased by greater tension in the gluteal muscle resulting from the upper body leaning forward in the
anterior lean posture than in the upright posture.

It may also be expected that changing the posture from lordotic to anterior lean will increase the freedom of
the upper body to pitch about the joints provided between the upper body and the pelvis in Model 1. This
might be indicated by a decrease in the stiffness parameter corresponding to the joint provided in the model of
the upper body (Table 5).

The stiffness corresponding to the translational degree-of-freedom provided to the visceral mass was larger
in the anterior lean posture than in the upright posture (Table 5). In the anterior lean posture, the visceral
region might be more compressed and less flexible. This might be represented by greater stiffness for the
visceral tissues in the anterior lean posture compared to those in the upright posture.

The decrease in resonance frequency caused by a postural change from the upright to knees bent was
represented by altering the parameters corresponding to the rotational degree-of-freedom provided at the
ankle, the knee and the hip. When changing the posture from upright to knees bent, there was a significant
reduction in the stiffness associated with the ankle joint (Tables 5 and 6). When changing the posture from
knees bent to knees more bent, there were decreases in the stiffness parameters associated with the ankle joint
and the knee joint (Table 6). These decreases in the rotational stiffness parameters in the legs seem consistent
with an ‘unstable’ feeling when standing with knees bent.

4.4. Effect of posture on modal properties

In the vibration mode corresponding to the principal resonance of the apparent mass, the rotational
motions of the model masses were more dominant in the anterior lean posture than in the other two upper-
body postures (Table 8). This difference may have been observed because the horizontal distance between the
centre of gravity of the body and the ankle joint was greater in the anterior lean posture than in the other two
postures. Similarly, the horizontal distance between the centre of gravity of the upper body and the joint
between pelvic mass and the upper-body mass was increased in the anterior lean posture, so that more
rotational motion of the upper-body mass could be induced by vertical vibration.

The mode shape found at the principal resonance in the knees bent posture was different from that in the upright
posture (Tables 7 and 9). In the knees bent posture, the vibration mode at the principal resonance was dominated
by a bending motion of the legs. Additionally, there was rotational motion of the pelvis and bending motion of the
spine represented by rotational motion at the joint between the pelvic mass and the upper-body mass. A significant
correlation between the resonance frequency of the apparent mass and the first peak frequency of the cross-axis
apparent mass found in the experimental data [9] suggests that the vibration mode around 3Hz was also
responsible for the peak frequency of the cross-axis apparent mass. The vibration mode at the principal resonance
of the apparent mass in the knees more bent posture was similar to that in the knees bent posture. The relative
pitch motion of the thighs with respect to the shanks was greater in the knees more bent posture than that in the
knees bent posture (Table 10). This may be attributed to reduced rotational stiffnesses at the joints in the legs in
the knees more bent posture compared to the knees bent posture, as described in the preceding section.
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The vibration mode corresponding to the principal resonance of the apparent mass in the knees bent
posture can be compared with the transmissibilities measured in the previous study [21]. The bending motion
of the legs found in the vibration mode at the principal resonance seems consistent with the peak around 3Hz
in the fore-and-aft transmissibility to the knee in the legs-bent posture. The pitch motion of the pelvis at the
principal resonance can also be seen in the measured data: a peak around 3Hz in the pitch transmissibility to
the pelvis was reported for most subjects. A pitch motion of the upper body that may make a major
contribution to fore-and-aft force during exposure to vertical vibration was apparent in the transmissibilities
measured at several locations on the spine: there was a peak at 3Hz in the fore-and-aft transmissibility to the
first thoracic vertebra and the eighth thoracic vertebra.

In the knees bent posture, the vibration mode around 12Hz corresponding to the second peak in the cross-
axis apparent mass was dominated by fore-and-aft motion of the entire body due to shear deformation of the
tissues at the soles of the feet, together with rotational motions of the legs and the pelvis that caused fore-and-aft
motion of the legs in phase with the fore-and-aft motion of the pelvis (Table 9). The pitch motion of the pelvis
associated with the second peak of the cross-axis apparent mass may be consistent with the small peak in the
pitch transmissibility to the pelvis observed around 12Hz in the previous study [21]. However, inter-subject
variability in the second peak of the pitch transmissibility [21] appeared to be more significant than that in the
second peak of the cross-axis apparent mass [9]. This may imply that the pitch transmissibility of the pelvis may
not make a main contribution to the second peak of the cross-axis apparent mass in the knees bent posture. The
second peak of the cross-axis apparent mass may be attributed to the fore-and-aft motion of the body due to
shear deformation of the tissues at the soles of the feet and pitch motion of the shanks and the thighs.

5. Conclusions

The motion of the body associated with the resonances of the vertical apparent mass and the fore-and-aft
cross-axis apparent mass of the standing human body was investigated by developing a mathematical model
representing the standing body in different postures.

The principal resonance of the apparent mass, and the first resonance in the cross-axis apparent mass, of the
human body standing in an upright posture that occurs at 5–6Hz may be attributed to the vertical motion of
the viscera in phase with the vertical motion of the whole body arising from deformation of the tissues at the
soles of the feet, with pitch motion of the pelvis out of phase with pitch motion of the upper body above
the pelvis. The upward motion of the body appears to be in phase with the forward pitch motion of the pelvis.
The vibration modes corresponding to the principal resonance of the apparent mass when standing with
different upper-body postures are broadly similar to that in the upright standing posture, and result in similar
vertical apparent mass. However, different rotational motions of the body segments when standing in different
postures resulted in variations in the fore-and-aft cross-axis apparent mass.

When standing with the legs bent, the principal resonance, at around 3Hz, was attributed to bending of the legs
coupled with pitch motion of the pelvis in phase with pitch motion of the upper body. In the vibration mode
corresponding to the principal resonance, extension of the legs occurred in phase with forward pitch motion of the
upper body. Additionally, there was upward motion of the viscera in phase with extension of the legs.

The second resonance in the driving-point dynamic response of the standing body with the legs straight was
attributed to vibration modes in which vertical movement of the body due to deformation of the tissues at the
soles of the feet occurred out of phase with vertical movement of the viscera and a pitch motion of the upper
body above the pelvis out of phase with pitch motion of the pelvis. When standing with the legs bent, the
second resonance of the apparent mass seems to be dominated by vertical motion of the viscera, whereas the
second peak in the cross-axis apparent mass seems to be dominated by fore-and-aft motion of the entire body
due to shear deformation of the tissues at the soles of the feet.
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