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Whole-body vibration biodynamics

Abstract: Biodynamic models of seated body exposed to whole-body
vibration are considered important for design of vibration control devices and
anthropodynamic surrogates for efficient performance assessments of vibration
isolators. In this second part, the reported biodynamic models of the seated
body are briefly reviewed together with the different modelling approaches.
The models are identified from target functions derived from the measured
biodynamic responses, reviewed in the first part of this paper. Relationships
between different target functions are discussed together with the merits and
limitations of different modelling approaches. Further efforts are needed
for developing representative target functions for deriving reliable models for
designing engineering interventions and for predicting potential health and
comfort effects.

Keywords: biodynamic models; biodynamic response functions; whole-body
vibration; model parameters identification.
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1 Introduction

Developments in biodynamic models of the seated human body with representative
postural and vibration conditions have been widely emphasised for effectively predicting
vibration responses of the biological system and thus the potential injury mechanisms
leading to a viable dose-response relationship (Weis et al., 1964; Griffin et al., 1978;
Griffin, 2001; Hinz et al., 2001; Seidel, 2005; Kumbhar et al., 2012). Biodynamic
modelling continues to be of considerable interest for developing designs of effective
interventions, vibration control devices and improved assessment methods. The
formulation of biomechanical models, however, necessitates thorough understanding and
characterisation of biodynamic responses of the body to whole-body vibration (WBV),
and highly complex and coupled effects of various contributing factors.

A range of lumped-parameter, multi-body dynamic and finite element biodynamic
models of the standing and seated human body have been formulated on the basis of
measured biodynamic responses (Von Gierke and Coermann, 1963; Suggs et al., 1969;
Mertens, 1978; Fairley and Griffin, 1989; Boileau and Rakheja, 1998; Pankoke et al.,
2001; Fritz, 2005; Rakheja et al., 2006; Kumbhar et al., 2012). Some of these are capable
of predicting vibration-induced relative deflections, and compressive and shear stresses
of various body substructures (Liu et al., 1998; Fritz, 2000, 2005; Pankoke et al., 2001;
Hinz et al., 2002), which could not be measured in-vitro. The human driver is known to
contribute considerably to the overall vibration isolation performance of a seat (Fairley
and Griffin, 1983; Rakheja et al., 1994; Birlik and Sezgin, 2002; Politis et al., 2003), as is
evident from comparisons of acceleration transmissibility of a seat loaded with 4 different
human subjects vs an equivalent rigid mass (Figure 1). The biodynamic models have thus
been applied to models of seats and vehicles to account for the contribution of the human
body in the design and analysis process (Boileau et al., 1998; Wei and Griffin, 1998a;
Tchernychouk et al., 2000; Stein and Muca, 2003; Kruczek and Stribrsky, 2004;
Pang et al., 2005; Paplukopoulos and Natsivas, 2007). The vertical biodynamic models of
a seated body have also served as the basis for developing anthropodynamic manikins
for assessing vibration isolation performance of suspension seats. Such manikins
have evolved with the intent to eliminate the use of human subjects as required in the
standardised seat assessment method (ISO-7096, 2000), and, thereby, the associated
ethical concerns.

Some studies have demonstrated good agreement between the responses of the seat
model coupled with biodynamic models and those attained with the seat-human system
under particular vibration conditions and body mass (Mansfield and Griffin, 1996;
Huston et al., 1998; Gu, 1999; Cullmann and Wélfel, 2001; Lewis, 2005), while others
have identified substantial disagreements (Wei and Griffin, 1998a; Tchernychouk et al.,
2000; Politis et al., 2003; Nelisse et al., 2008). Applications of biodynamic models and
anthropodynamic manikins have met limited success thus far, which can be mostly
attributed to strongly nonlinear dependence of biodynamic responses on various
individual-, posture- and vibration-related factors (Miwa, 1975; Griffin and Whitham,
1978; Kitazaki and Griffin, 1998; Mansfield and Griffin, 2002; Wang et al., 2004;
Dewangan et al., 2018), and lack of coupling effects with an elastic seat (Hinz et al.,
2006a; Dewangan et al., 2013a, 2015). Furthermore, the reported models generally do not
account for contribution of various intrinsic and extrinsic variables.
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In this second part of the paper, the reported biodynamic models of the human body
together with modelling approaches are reviewed. The relationships among the different
target functions used for model parameters identification are discussed to highlight the
need for further research in deriving reliable target biodynamic functions and thus
the models.

Figure 1 Comparison of the acceleration transmissibility of a seat loaded with human subjects
and that of the seat loaded with an equivalent inert mass
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2 Biodynamic modelling

Human body is a complex dynamic system, whose mechanical properties vary in a highly
nonlinear manner under varying stimuli. The mechanical properties also vary
considerably with individuals’ anthropometric dimensions, sitting posture and seating
supports, as it is evidenced from the measured ‘to-the-body’ and ‘through-the-body’
responses to vibration (Rakheja et al., 2009). Moreover, the mechanical properties
exhibit certain temporal dependencies. The complexity of human body, and non-linear
and coupled dependency of its responses to vibration on various intrinsic and extrinsic
factors make biodynamic modelling task highly challenging. The vast majority of the
models have thus been primarily employed to complement experimental vibration
research and for gaining a deeper analytical understanding of biodynamic responses.
A number of biodynamic models of the seated body have been developed over the past
few decades on the basis of one or more experimentally-established response functions.
Based on the type of analytical approach employed, bio-modelling activity may be
classified under three categories: lumped-parameter, multi-body dynamic and finite
element models. Furthermore, the reported models have mostly focused on vertical
biodynamics alone, although some have attempted to model sagittal plane dynamic
responses. The reported models within each category are discussed below.
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Summary of selected lumped-parameter models

Table 1
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Summary of selected lumped-parameter models (continued)

Table 1
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Summary of selected lumped-parameter models (continued)

Table 1
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2.1 Lumped parameter models

Simplistic lumped parameter models have been formulated to reproduce biodynamic
responses through mechanical analogy rather than geometry or anatomy of the human
body (Fairley and Griffin, 1989; ISO-5982, 2001). Such phenomenological models are
generally composed of point-inertias connected by mass-less spring and damping
elements. Table 1 summarises selected lumped-parameters biodynamic models. The
reported models are mostly derived for specific body mass, vibration level and sitting
support condition. The table also presents the reference data used for model parameters
identification together with the anthropometric data sources, posture, body-seat interface
conditions and model mass. The response measures and resonant frequencies are also
presented, when reported.

A comparison of the performance of several lumped parameter models could be
found in Boileau et al. (1997). In this study, the mechanical impedance (MI) and seat-to-
head vibration transmissibility (STHT) were extracted from selected reported models,
and statistically compared with biodynamic response data synthesised in the international
standard (ISO-5982, 2001). It was shown that only half of the reported models yield a
sufficiently acceptable response match with the standardised responses. Liang and
Chiang (2006) further showed that only a couple of reported models with multiple
degrees-of-freedom (DOF) in the vertical axis (Muksian and Nash, 1974; Wan and
Schimmels, 1995) could reproduce the measured biodynamic functions synthesised from
the literature. This may be partly due to the fact that most of these models have been
developed to satisfy means of one or more biodynamic response functions, which are
established experimentally under specific experimental conditions or taken from
synthesis of responses reported in many studies (ISO-5982, 2001).

The reported lumped-parameter models range from single-DOF to several-DOF.
Toward and Griffin (2010) concluded that through appropriate variations in model
parameters, a single-DOF model could provide a useful fit to the vertical apparent mass
(AM) of the human body over a wide range of postures and vibration magnitudes.
A number of model structures were attempted by Matsumoto and Griffin (2001) before
arriving at two configurations with multiple DOF for representing the pitch-plane
movement of the seated human body at the resonance frequency under exposure to
vertical vibration (Matsumoto and Griffin, 1998). Although displaying a good match with
the AM, the models overestimated vibration transmitted to the body segments and
showed poor phase response. Adopting a similar approach a coupled seat-human model
was developed by Cho and Yoon (2001) to represent the pitch-plane motion of the human
body seated on a cushioned seat. The inclusion of the back support elements in the model
significantly improved the performance, although an analysis of the cross-axis
biodynamic response was not attempted. Subashi et al. (2008) developed two models for
determination of vertical and cross-axis fore-aft AM of standing body in five different
postures, namely, upright, lordotic, anterior lean, knees bent, and knees more bent.
Nawayseh and Griffin (2009) also developed model for estimation of vertical and
cross-axis fore-aft AM of seated body and found that the optimum model parameters
found by fitting the median AM were similar to the medians of the same parameters
found by fitting to the individual AM of the same 12 subjects. Stein et al. (2009)
presented four models for reproducing AM responses to side-to-side (lateral) vibration.
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Summary of selected finite-element models

Table 2
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Majority of the lumped-parameter models developed for predicting WBV biodynamics
are primarily phenomenological in nature; the effects of certain independent parameters
such as posture and seating conditions, and the movements of body segments are difficult
to capture using such models (Wei and Griffin, 1998b). There are some discrepancies
between the response-based average AM and the property-based average AM of a set of
human subjects (Dong et al., 2010). It must be noted that even while these models are not
structurally comparable to the human anatomy, the use of such low order formulations
may help in understanding the nature of biodynamic responses from a whole-body
perspective with relative ease. These models also offer considerable ease in realising
quick solutions in order to extract significant resonance characteristics.

2.2 Finite element models

It is probably interesting to note that at present, finite element (FE) modelling is the only
analytical approach available for observing localised deformations in the biological
structures. The scatter in the published data on measured tissue properties such as
stiffness and damping values of vertebral discs (Markolf, 1970; Panjabi et al., 1976;
Berkson, 1977), widely used in the FE formulations of the human body, poses a
considerable impediment to making reliable judgements based on the results from these
models. Some of the reported FE models are summarised in Table 2, together with the
reference data, anthropometric data sources, body-seat interface condition, and the
responses and resonant frequencies, when reported.

The models reported by Buck and Wolfel (1996) and Buck (1997) with detailed
(discrete) vertebral elements provide the possibility of extending their capabilities to
different anthropometric domains. Modifications to these models, proposed by Pankoke
et al. (1998) with a lumped thoracic segment and individual vertebral, and visceral inertia
in the lumbar region, have been utilised to extract biodynamic response functions. While
the model showed acceptable MI responses below 7 Hz, there were considerable
deviations in the predicted STHT and high frequency AM responses. These could be due
to the oversimplifications in the form of modal damping values and linearisation of the
muscle forces. This reduced model, however, has been employed for a wide range of
applications including extracting vibration responses at different body segments and
estimating spinal forces (Pankoke et al., 2001). Further, the versatility of the model has
been exploited to systematically study the effects of posture and anthropometry on
vibration responses, and the prediction of possible health risks. Wang et al. (2010)
observed that the incorporation of muscle forces led to more realistic physical responses,
yielding estimations of biodynamic responses in terms of STHT and the AM in close
agreement with the measured data. Groups of models of five different body sizes were
developed by Seidel et al. (2001), which concluded that the shape of the STHT response
was primarily determined by the postural condition. A whole-body FE model developed
by Belytschko and Privitzer (1978) with lumped nodal properties was modified by
Kitazaki and Griffin (1997) to identify deflection modes of the seated body under vertical
seat vibration. The visco-elastic parameters of the sagittal-plane model were adjusted to
match the measured AM responses and experimentally computed modal parameters
(Kitazaki and Griffin, 1998). Two principal resonances at 5.06 and 8.96 Hz were
observed in the simulations with coupled visceral movements in the higher frequency
mode.
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Summary of selected multi-body dynamic models (see online version for colours)

Table 3
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Summary of selected multi-body dynamic models (see online version for colours)

(continued)
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-body dynamic models (see online version for colours)

Summary of selected multi
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With our present level of understanding on the reasons for low back-pain due to the
interplay of vibration exposure and postural conditions (Lings and Leboeuf-Yde, 2000),
the FE models may have limited applicability, not to mention their excessive
computational demand, for the study of WBV biodynamics. Furthermore, most of the FE
models are yet to be validated in a comprehensive manner due to the lack of reliable
experimental data on localised vibration responses.

2.3 Multi-body dynamic models

Multi-body models are composed of discrete inertia segments connected by appropriate
kinematic joints and/or force elements. The reported models have used widely different
structures of the body and are mostly limited to erect sitting posture without a back
support. Table 3 summarises some of the reported multi-body biodynamic models
together with the reference data, anthropometric data sources, body-seat interface
condition, and response measures and resonant frequencies, when reported. Using
anthropometric data from a crash test dummy (Wisman, 1983), a 13-segment pitch-plane
sitting human model was constructed by Amirouche and Ider (1988) with linear stiffness
and damping properties of the joints. The visco-elastic properties chosen to match
acceleration transmissibility measurements at the lumbar level (Panjabi et al., 1986)
revealed a whole-body vertical mode at 4.8 Hz and upper-body pitch around 2 Hz.
A similar approach has been adopted for the analysis of postural effects on biodynamic
responses by Teng et al. (2006). Fritz (1998, 2000) developed a biodynamic model to
obtain estimates of vibration transmission to different segments under sitting and
standing conditions, frequency-dependent muscle activity and for the definition of a
force-based health risk weighting (Fritz, 2000, 2005). Joshi et al. (2010) developed a
biodynamic model for prediction of STHT. It must, however, be noted that other than the
comparison with STHT reported in the international standard (ISO-5982, 2001), thorough
validation of the models’ responses and muscle behaviour is lacking.

Attempts made to develop the multi-body model of the entire spine with detailed
representations of muscle forces have met with limited success (de Craecker, 2003).
A hybrid approach with a finite element representation of the body surface and
multi-body spine model was employed by Verver et al. (2003). The resonant frequency of
the model compared well with the measurements, while acceleration transmissibility
magnitudes seemed to be overestimated. A more simplified approach has been adopted in
other studies by formulating model segment inertias and joint definitions based on body-
segment vibration data. The 10-DOF model by Yoshimura et al. (2005) was employed to
study relative displacements between the lumbar vertebrae. While relative movement
magnitudes in the sagittal plane were high for the lumbar vertebrae around 6 Hz (primary
resonance), the L5-sacrum joint showed greater magnitude at a higher frequency,
suggestive of dissociated vibration modes in the lower torso. Kim et al. (2005) showed
that a model structure including the head, torso with a lumped element representing the
abdominal viscera, along with pelvic and thigh segments, could efficiently represent
multiple biodynamic functions. It was further shown by Pranesh et al. (2008) that an
appropriately constructed multi-body model with sufficient DOF and validated with
multiple biodynamic response functions, including the transmission of vibration through
the body, may be applied to extract vibration power absorption (VPA) of different
segments. It has been suggested that a sufficient level of complexity is essential for the
representation of bi-dimensional pitch-plane movements of the upper body exposed
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to vertical seat vibration (Hinz et al., 1988). However, the dearth of appropriate joint
stiffness and damping values together with the lack of sufficient datasets for the localised
segments of the human body for model validations demand a more pragmatic approach
with a gradual increase in complexity of these models.

Table 4

Modal characteristics extracted from selected reported vertical biodynamic models

Frequency

range (Hz) Mode (frequency, Hz)

Source

0.1-1

1-2

2-3

34

45

5-6

6-8

Spinal Bending (0.59)

Torso fore-aft (0.35)

Torso vertical (0.51)

Torso pitch (0.96)

Body pitch about pelvis (0.28)

Pelvis and upper body pitch (1.1)

Horizontal head and pelvis — in phase (1.49)
Buttock shear, torso pitch — out of phase (1.8)

Torso pitch (2.18)
Spine, head and viscera horizontal (2.71)
Spinal bending (2.75)

Horizontal head/ neck and pelvis — out of phase
(2.81)

Buttock shear, torso pitch — in phase (3.14)
Thigh and pelvis horizontal (3.41)

Thigh and pelvis pitch (4.12)
Whole body vertical (4.68)
Head and torso pitch (4.8)
Whole body vertical (4.86)

Whole body vertical, buttock shear with viscera
vertical — in phase (5.06)

Whole body mode: buttock vertical and shear,
visceral vertical, lumbar stretch (5.07)

WB and viscera vertical (5.35)

WB mode: Pelvis pitch, viscera and thighs
vertical (5.66)

Spine bending, horizontal pelvis and buttock
shear (5.77)

Thigh and pelvis horizontal (6.39)
Visceral vertical, slight pelvis pitch (7.51)
Spinal Bending (7.78)

Pankoke et al. (1998)

Kim et al. (2005)

Kim et al. (2005)

Kim et al. (2005)

Kitazaki and Griffin (1997)
Matsumoto and Griffin (2001)
Kitazaki and Griffin (1997)
Pranesh et al. (2008)

Amirouche and Ider (1988)
Kim et al. (2005)

Pankoke et al. (1998)
Kitazaki and Griffin (1997)

Pranesh et al. (2008)
Kim et al. (2005)

Kim et al. (2005)

Pankoke et al. (1998

Kim et al. (2005)
Amirouche and Ider (1988)
Kitazaki and Griffin (1997)

Pranesh et al. (2008)

Kim et al. (2005)
Matsumoto and Griffin (2001)

Kitazaki and Griffin (1997)

Kim et al. (2005)
Kitazaki and Griffin (1997)
Pankoke et al. (1998)
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Table 4 Modal characteristics extracted from selected reported vertical biodynamic models
(continued)

Frequency

range (Hz) Mode (frequency, Hz) Source

8-10 Thigh pitch (8.04) Kim et al. (2005)
Spine and head pitch (8.34) Kim et al. (2005)
Viscera vertical, pelvis and upper body pitch (8.34)  Matsumoto and Griffin (2001)
Pelvic pitch, slight visceral vertical (8.96) Kitazaki and Griffin (1997)
Visceral, head-neck vertical (8.12) Pranesh et al. (2008)
Head pitch about neck (9.6) Pranesh et al. (2008)

10-15 Shoulder movement (11.42) Pankoke et al. (1998)
Pelvis and upper body pitch, legs vertical (12.3) Matsumoto and Griffin (2001)
Shoulder vertical (13.46) Pranesh et al. (2008)
Viscera vertical (14.34) Pankoke et al. (1998)
Shoulder vertical (14.94) Pranesh et al. (2008)

>15 Local abdominal viscera horizontal (15.39) Pankoke et al. (1998)
Head pitch (16.67) Amirouche and Ider (1988)
WB Vertical (18.38) Pankoke et al. (1998)

The multi-body dynamic and FE models have also reported modal properties of the
biodynamic models in terms of resonant frequencies and dominant deflection modes.
The modal characteristics extracted from selected vertical WBV biodynamic models are
summarised in Table 4. Only minimal agreement could be observed in the deflection
modes reported in different studies. The resonance frequencies identified in different
studies are grouped within narrow frequency bands in order to illustrate similarities and
contradictions among the reported frequencies and mode shapes (Pranesh, 2011).

3 Model parameters and target response functions

The parameters of the reported biodynamic models have been identified through
minimisation of errors between the model predicted response and a target function
established from the measured responses. Majority of the studies have employed either
AM or STHT magnitude and phase responses as the target function, although some
have attempted a combination of AM and segment vibration transmissibility as the
target functions. The prediction ability of the model strongly relies on the chosen target
function. Experimental biodynamic studies have provided substantial knowledge on
movement and mechanical properties of the body, the influences of posture and
vibration-related variables, resonance frequencies and probable modes of vibration,
potential injury mechanisms and frequency-weighting for exposure assessments
(Coermann, 1962; Suggs et al, 1969; Mertens, 1978; Fairley and Griffin, 1989, 1990;
Hinz et al., 2002; Wang et al, 2004; Mansfield and Maeda, 2005b; Nawayseh and Griffin,
2005a; Rakheja et al.,, 2006; Toward and Griffin, 2009; Shibata and Maeda, 2010).
ISO-5982 (2001) has defined the range of driving-point mechanical impedance (MI) and
seat-to-head transmissibility (STHT) characteristics of the seated body exposed to
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vertical vibration in the 0.5-20 Hz range on the basis of a synthesis of reported data
performed by Boileau et al. (1998). The defined ranges have been widely used as target
functions for identifying model parameters, although these are applicable under particular
conditions, namely, human subjects sitting erect without a back support but with feet
supported and exposed to vertical vibration with magnitudes equal to or less than 5 m/s?,
and a body mass in the 49-93 kg range. The German Institute for Standardization
(DIN 45676, 1992) has also defined the ranges of biodynamic responses in terms of
vertical driving point MI magnitude and phase for three different body masses (55, 75
and 98 kg). The two standardised values, however, show considerable differences, as
seen in Figure 2.

Figure 2 Comparisons of standardised ranges of AM magnitude and phase of seated body under
vertical vibration, as defined in ISO-5982 (2001) and DIN 45676 (1992)
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The reported studies on biodynamics have placed a far greater emphasis on the responses
to vertical vibration, while far fewer efforts have been made under horizontal vibration,
whose magnitudes may be comparable to those of the vertical in many off-road vehicles
(Rakheja et al., 2008). This may be partly due to lack of sufficient data on biodynamic
responses to horizontal vibration. The draft standard (ISO-DIS-5982, 2018) presents the
ranges of biodynamic responses to horizontal vibration, which may serve as target
functions for deriving biodynamic models for predicting responses to vertical as well
horizontal WBV.

3.1 Relationships among target biodynamic response functions

It is recognised that knowledge of the relationships among different forms of biodynamic
functions can facilitate an understanding of vibration response of the human body and
help build reliable models (Wu et al., 1999). Dong et al. (2013) recently formulated a
theorem relating ‘to the body’ and ‘through-the-body’ functions. With the conceptual
model shown in Figure 3, the relationship theorem can be generally expressed as follows:

dM)=|T-dm=|T:p-dV,
I d I .[ (1)
where M, is the direct or cross-point apparent mass distributed on the boundary of the
system in a given direction, T is the vibration transfer function at a point in the body in
the same direction, and dm is the local mass at the point, which can be calculated using
the local mass density (p) and the volume (V) of the mass. If the distributed apparent
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masses can be lumped at limited points, the vibration input to the body at the back
support, the hands, and arms can be ignored, and the support contact stiffness (K.) and
damping (C,.) at each contact point have linear behaviours; the relationship at a given
frequency () can be expressed as follows:

M, =[T-dm+Y T, -(C.lio-K, /o) o
This theorem enhances the classic vibration theory. Although it was created with the
conceptual whole-body vibration model shown in Figure 3, it can be generally applicable
to any vibration system with linear or nonlinear behaviours in any vibration direction.
Based on this theorem and other vibration theory, a set of validation criteria for models
have been further proposed (Dong et al, 2015). It can be used to explain some
phenomena observed in the reported studies and it is a useful tool for further biodynamic
studies.

Figure 3 A conceptual model of whole-body response to input vibration (see online version
for colours)
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. . or contact (K2, C:
Vibration force (&2, €2)

(F3) or contact
(K1, Ch)

Vibration force (F2)

Prior to the above relationship theorem, the ‘to the body’ and ‘through-the-body’
response functions were mostly acquired either by different investigators or during
different test sessions. Mertens (1978) suggested that the two functions needed to be
measured simultaneously in order to develop reliable models. Although a few studies
report both the functions, whether measured simultaneously or sequentially (Coermann,
1962; Hinz and Seidel, 1987; Matsumoto and Griffin, 1998, 2000, 2002a; Wu et al.,
1999; Mansfield and Griffin, 2000; Kim et al., 2005; Wang et al., 2008), only two
explored relationship between the two measures. Wu et al. (1999) explored the
relationship using simple vertical biodynamic models. Wang et al. (2008) measured
normalised AM and STHT responses simultaneously, which showed good agreements
in view of the primary resonances, irrespective of the back support condition,
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while considerable differences were shown between the normalised AM and STHT
magnitudes. The normalisation of the AM response, however, tends to alter the response
behaviour considerably, especially the body mass effect, as seen in Figure 4 (Patra et al.,
2008). The study concluded that the ‘through-the-body’ response would emphasise
biodynamic responses corresponding to higher vibration modes compared to the
‘to-the-body’ measure. While such observations and conclusions touched some
superficial phenomena, it is actually very difficult to use an experimental method to
understand the basic mechanism behind the phenomena or to identify their true
relationship without using the theorem expressed in equation (1). This is primarily for the
following reasons:

e it is difficult to accurately measure the vibration transmitted to the human body
primarily due to limitations of the available measurement technologies; the STHT
responses in general have far greater inter-subject variability than those observed in
the ‘to-the-body’ responses, which may be partly attributable to involuntary head
movement, misalignment of the sensors and skin artefacts

e as expressed in the relationship theorem in equation (1), the total apparent mass is
equal to the sum of the distributed transmissibility multiplied by its corresponding
mass; even if a single STHT at a specific location (e.g., on a head) can be accurately
measured, it only represents a part of the distributed responses. It is not sufficiently
representative of the vibration motion of the entire body, especially at high
frequencies.

As a result, the local vibration responses may not match with the summed response.

Figure 4 Effect of normalisation on the vertical apparent mass magnitude of subjects seated
without a back support under 1 m/s? rms random vibration
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Source: Patra et al. (2008)

Coermann (1962) suggested that the frequency at peak MI magnitude does not
correspond to the natural frequency of the well-damped human body. The frequency
corresponding to peak MI magnitude converges to natural frequency, as the damping
vanishes. Wu et al. (1999) investigated relationships between the AM, MI and STHT
functions on the basis of the available vertical AM data and analyses of four different
vertical biodynamic models. It was shown that the peak MI magnitude occurs at a
frequency higher than that of the peak AM. This trend was also confirmed through results
attained for 4 different single- and two-DOF biodynamic models, reported by Coermann
(1962), Suggs et al. (1969), Allen (1978) and Fairley and Griffin (1989). Moreover, the
frequency corresponding to peak MI magnitude revealed greater variability than that
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corresponding to the peak AM magnitude. It was further shown that normalised AM and
STHT responses are identical only for the single-DOF models, while the frequencies of
higher modes of the higher-order models differed (Wu et al., 1999). Boileau et al. (1997)
reported the same finding on the basis of results obtained from 11 different
one-dimensional (vertical) models of the seated body ranging from single- to seven-DOF,
although the majority did not include a head sub-structure. The two functions revealed
primary magnitude peaks at the identical frequencies, irrespective of the model order.
Data reported in many other studies, however, show differences in the mean primary
frequencies deduced from AM and STHT responses (Boileau et al., 1998; Matsumoto and
Griffin, 1998, 2000; ISO-5982, 2001; Kim et al., 2005; Rakheja et al., 2010). Dong et al.
(2015) have explained some of these phenomena based on the relationships among the
AM, M1, and STHT. Since the MI magnitude equals the AM multiplied by frequency
(w), the transformation from AM to MI magnitude may alter the frequency corresponding
to the peak magnitude. For this reason, the relative weightings of different frequency
components may differ in model calibration. As a result, the model parameters
determined on the basis of AM response may differ from those identified using the MI
response. Dong et al. (2015) suggested using MI, when frequency components across the
entire frequency range are equally important, because the AM emphasises components in
the relatively lower frequency range. According to the relationship theorem, expressed in
equation (1), if the measured STHT is representative of the overall vibration behaviour of
the system, the STHT peaks should correlate with those of the AM. Near the first
fundamental resonance of vertical vibration, the entire body is likely to move in phase; as
a result, the first peak in AM should match with that of the STHT, if the two measures are
reliably measured. Wu et al. (1999) also illustrated this tendency. The higher frequency
peaks observed in vibration transmissibility responses may not be observed in the AM
since the transfer functions representing the local motions or motions of low inertia
segments may not play a significant role in the overall system response.

3.2 Model parameters identification

The majority of the lumped parameter models are formulated to reproduce biodynamic
response in terms of AM or STHT through a mechanical analogy rather than the
geometry or anatomy of the human body. Some of the lumped-parameter models and
majority of the FE and multi-body dynamic models employ representative inertial and
geometric parameters of the body segments from the reported anthropometric or cadaver
data. The visco-elastic properties of various joints, however, are identified through
minimisation of errors between the model responses and a target response function
derived from the measured responses. The challenging task of identifying appropriate
visco-elastic parameters of the biodynamic models is a widely reported issue in many
analytical WBYV studies (Kim et al., 2005). Due to the large number of assumptions made
in order to simplify the structure of the biodynamic human models, it is not possible to
directly utilise the mechanical properties measured from the human cadaver spines. Most
studies thus employ some form of a parameter-search approach to identify the unknown
values in the formulation. It is common to employ an optimisation-based technique that
minimises the error between the chosen biodynamic response(s) of the model and the
corresponding target measurements so as to identify the model’s unknown parameter
values. This is an acceptable methodology given the limited availability of reliable
visco-elastic properties. The parameter identification task, however, becomes more
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complex for higher order models involving a large number of unknown parameters.
The solutions of the error minimisation problems in this case are not likely to yield a set
of unique visco-elastic parameters. A few studies have identified bounds of some of the
stiffness and damping parameters from biomechanical properties of the spine reported in
(Keller et al., 2002; Panjabi et al., 1976).

The complexity of parameters identifications via error minimisation depends on the
number and types of target biodynamic functions used. The vast majority of the reported
studies consider the measured vertical AM (magnitude and phase) as the target function,
while a few have taken STHT as the target function (Cho and Yoon, 2001). The majority
of the lumped-parameter models cannot yield the motion responses such as STHT due to
lack of the anatomical structure. Only a few studies have reported models for predicting
motion responses of selected body segments (Cho and Yoon, 2001; Matsumoto and
Griffin, 2001; Keller et al., 2002; Kim et al., 2003). The parameters identifications based
on AM response functions is considered to be most convenient due to rapid convergence
of the AM error minimisation problem, while the AM alone may not describe the
contributions of low inertia upper body segments to the total response (Wang et al.,
2006a). The model identified on the basis of an AM response function alone yields
acceptable prediction of APMS response, while considerable errors could be found in
other biodynamic responses of the model such as STHT.

Pranesh (2011) identified parameters of a sagittal plane seated body model through
minimisation of errors in a series of biodynamic response functions for predicting vertical
AM, fore-aft and vertical STHT, and vertical vibration transmissibility of L3, L5, T5 and
C7. The error minimisation functions included vertical AM; vertical STHT; fore-aft
and vertical STHT; Combined vertical AM and STHT; a weighted sum of vertical AM,
and fore-aft and vertical STHT; weighted sum of vertical and fore-aft motion of C7; and
weighted sum of vertical AM, fore-aft motion of C7, and fore-aft and vertical STHT. The
error minimisation of vertical AM response alone showed very good agreement in AM
and acceptable degree of agreement in vertical STHT and L5 response magnitudes only
up to 6 Hz. Large errors were evident in most of the body segment vibration responses.
Parameters obtained through minimisation of vertical STHT error function alone showed
very good agreement in vertical STHT response in the entire frequency range but large
errors in fore-aft STHT and AM magnitude and phase responses. The results also showed
better agreements in the C7, T5, T12 and L3 vertical transmissibility responses with the
mean measured data but very poor predictions of the fore-aft acceleration transmissibility
responses. It was further shown that the use of weighted sum of vertical AM and STHT
could provide good agreement in both the target response functions but large error in the
fore-aft vibration response. It was thus concluded that a model based on either vertical
AM or vertical STHT or a combination of the two target functions may not be sufficient
for identifying model parameters relating to the sagittal-plane motion of the seated human
body.

Owing to the complex pitch motion of the head and neck, model parameters were
identified through minimisation of a weighted error sum of fore-aft and vertical STHT
and fore-aft C7 vibration transmissibility target functions. This approach provided better
agreements in APMS and segmental transmissibility responses. The phase response of the
vertical transmissibility of most of the body locations also seemed to be better reflected in
this model suggestive of better estimations for damping parameters. However, the
formulation seems to over-estimate the peak vertical magnitude at the body segments,
while also slightly reducing the fore-aft response magnitude at the neck.
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4 Discussion

ISO-5982 (2001) and DIN 45676 (1992) have defined the ranges of vertical biodynamic
responses of the seated body to aid the developments in models, and the design and
assessment of seats. The standards define the ranges for vertical vibration under a limited
range of experimental conditions, considered representative of vehicle driving. The
ranges defined in ISO-5982 (Figure 2), were based upon synthesis of datasets reported in
different studies under selected vibration and sitting conditions (Boileau et al., 1998),
namely: datasets reported for mean body mass ranging from 49 to 93 kg; sitting erect
without a back support with feet supported and vibrated; and exposure to vertical
vibration with magnitude equal to less than 5 m/s>. The defined ranges of MI, AM and
STHT magnitude and phase have served as the basis for developing mechanical-
equivalent biodynamic models of the seated body and anthropodynamic manikins for
assessing vibration isolation effectiveness of vehicle seats (Boileau et al., 2002;
Fritz, 2005; Yoshimura et al., 2005; Lemerle and Boulanger, 2006; Nelisse et al., 2008).
The ranges of biodynamic responses in terms of MI magnitude and phase have also been
defined by the German Institute for Standardization (Figure 2), which are considered
applicable for sitting without a back support and vertical vibration exposure (DIN 45676,
1992). Owing to the strong effects of body mass on the ‘to-the-body’ responses, the
standard defines the MI values for three body masses (55, 75 and 98 kg), where the
values corresponding to the 75 kg body were taken as the mean values defined in
ISO-5982 (2001).

The data synthesis associated with ISO-5982 involved data with subject population
ranging from 1 to 30 and mean body mass in the 49-93 kg range. While the mean of
mean body masses was 75 kg, the grand mean of the synthesis cannot be interpreted to
represent the response of 75 kg seated body. Moreover, the synthesis was performed by
considering the magnitude and phase data independently, as was done by Paddan and
Griffin (1998) for the STHT responses. Despite the comparable ranges of conditions, the
two standardised ranges of magnitudes exhibit substantial differences, particularly in the
limits and at frequencies below 8 Hz, and phase response at frequencies above 8 Hz
(Figure 2). It has been suggested that both the reference values defined in DIN-45676 are
most likely inadequate to serve as the basis for design of manikins or models (Nelisse
et al., 2008). The ISO-5982 also provides reference values of vertical MI and AM for
three body masses (55, 75 and 90kg) derived from a linear one-dimensional
lumped-parameter model, reported in one of its annexes. The validity of these reference
values has not been established. Moreover, these were attained by varying the mass
parameters alone of the baseline model that satisfied the ‘grand mean’ of the synthesised
data. Although the baseline model defined in ISO-5982 satisfies the defined mean AM
and STHT responses, further validity of the models is essential, particularly for lower and
upper limits of the body masses, in order to realise reliable reference values.

Furthermore, the standardised AM values have been defined for vertical WBV and
seated without a back support, while the range of vertical STHT magnitudes was defined
from only a few reported datasets. More comprehensive syntheses of biodynamic
response data has been presented by Rakheja et al. (2010), which includes the AM and
STHT responses along the three axis for back unsupported and supported sitting
conditions, apart from the standing subjects’ vertical biodynamics. The measured
biodynamic responses of the seated body exhibit the strongest effects of the body mass,
sitting posture (including supports) and vibration magnitude, which are also coupled.
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A few studies have defined one-dimensional lumped parameter models on the basis of
AM data of individual subjects (Wei and Griffin, 1998a; Matsumoto and Griffin, 2001),
which exhibit extreme differences in the identified parameters. Defining the target
responses for population groups of body mass within a narrow range is perhaps most
desirable considering its strongest effect (Figure 4) on the ‘to-the-body’ response, as also
reported in DIN-45676 (Figure 2) and by Seidel (1996), cited in Boileau et al. (1998),
Hinz et al. (2004) and Patra et al. (2008). Moreover, the responses of human subjects of
particular body mass would allow better interpretations of the other contributory factors,
decoupled from the body mass (Wang et al., 2004; Dewangan et al., 2013b, 2013c, 2018),
such as posture and gender effects. This approach will also facilitate the identification of
the gender effect, if any.

The seat geometry, sitting supports and postures considered in the reported studies
are widely different and not entirely representative of the vehicular environment.
Considering the effect of these parameters on biodynamic responses, the identification of
appropriate and representative seat geometry and sitting posture for particular classes of
vehicles (commercial vehicles and automobiles) is of primary importance. These should
include the seat height, legs orientation, inclinations of the pan and backrest, seat to
steering distances, hands position, etc. The implementation of these conditions in
experimental biodynamics studies would help formulate reliable data and thereby the
models, although it may be applicable for a class of vehicles. The vast majority have
performed measurements with body seated upright without a back support, while some
report the data with full back support. Both the conditions do not represent a typical
driving posture, which may involve support in the lumbar region alone for wide ranges of
off-road vehicles. Further characterisations are thus vital under representative back
support conditions.

The reported studies have generated a considerable amount of experimental data
related to different sitting postures, such as erect, relaxed, tense buttocks, tense arms and
legs, and slouched. These have shown important effects on the measured biodynamic
responses (Coermann, 1962; Hinz et al., 2002; Matsumoto and Griffin, 2002a, 2002b;
Boileau and Rakheja, 1998; El-Khatib et al., 1998; Kitazaki and Griffin, 1998; Holmlund
et al., 2000; Mansfield et al., 2006). Tense postures are most likely not representative for
both standing and sitting work situations, and are expected to yield greater variability
in responses due to time-varying properties of phasic muscles (Pope et al., 1998;
Bluthner et al., 2001). The target biodynamic responses should thus be formulated for
representative postures that can be comfortably maintained for reasonably long periods in
work situations. Although the effects of twisted postures is shown to be relatively small
on the AM response to vertical vibration (Mansfield and Maeda, 2005a), the effects under
horizontal vibration may be more significant and need to be explored. The twisted
posture may also alter the modes of vibration of the spine and thus the nature of vibration
transmitted to the spine.

The reported data have consistently shown the nonlinear dependence of the
biodynamic response on the magnitude of WBV. The body softening effect under
increasing vibration magnitude has been most widely reported, while the reported effects
on the response magnitudes are mostly conflicting (Griffin et al., 1978; Hinz and Seidel,
1987; Holmlund et al., 2000; Mansfield et al., 2001, 2006; Matsumoto and Griffin,
2002b; Wang et al., 2004, 2006b; Nawayseh and Griffin, 2005a, 2005b). The extent of
this nonlinearity appears to depend on the body supports, gender, posture and relative
magnitude of vibration in a complex manner. It would thus be appropriate to define target
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biodynamic responses applicable within a range of vibration magnitude that is considered
representative of a class of vehicles or work situations.

The standardisation efforts have thus far defined the ranges of vertical AM and STHT
responses of the seated body. The WBYV environment of most off-road vehicles generally
encompasses comprehensive magnitudes of horizontal vibration. Exposure to large
magnitudes of horizontal vibration could cause greater shear forces in the lumbar spine
(Fritz, 2005). Characterisation of biodynamic responses to horizontal vibration and the
developments in biodynamic models are perhaps more central for the design of horizontal
suspension seats. The primary resonance frequency of the seated body to vertical
vibration (5-7 Hz) is well above the resonance frequency of the vertical suspension seats
(generally below 2 Hz). The human responses to horizontal vibration exhibit primary
resonance at a very low frequency near 0.7 Hz, when seated without a back support
(Fairley and Griffin, 1990; Mandapuram et al., 2005). Far greater coupling effects of the
seated body would thus be expected when designing horizontal seat isolators (Stein et al.,
2008). The draft standard (ISO-DIS-5982, 2018) has progressed substantially in defining
ranges of vertical as well as horizontal AM and STHT responses of subjects seated with
and without a back support. These may facilitate the formulations of horizontal vibration
biodynamic models.

The WBYV environment constitutes vibration in multiple axes. Although, a few studies
have shown only small differences between the AM responses to single and multiple-axes
vibration (Hinz et al., 2006b; Mansfield and Maeda, 2006, 2007), additional efforts are
highly desirable to identify coupling effects, especially under correlated multi-axis
vibration, which are encountered in vehicle driving. The total biodynamic force
developed along a particular axis at the driving-point would be the sum of forces caused
by the direct and cross-axis AM components (Rakheja et al., 2007). The systematic
measurements of cross-axis components of ‘to-the-body’ and ‘through-the-body’
responses under single, dual and multiple axes vibration could provide significant insight
into the coupling between the various vibration modes of the body.

Additional target functions, apart from AM/MI and STHT, are also extremely
desirable for identifying reliable parameters for the continuum and discrete distributed-
parameter models based upon multi-body dynamic and finite element techniques
(Mertens, 1978; Fairley and Griffin, 1989; Pankoke et al., 2001; Fritz, 2005; Dong et al.,
2015). The vast majority of the models are based on AM data acquired under selected
experimental conditions, although a few have also considered STHT responses (Boileau
et al., 2002; Kim et al., 2005; Yoshimura et al., 2005). The use of a single target function
may lead to multiple solutions for model parameters, which are evident from the wide
ranges of model parameters (Boileau et al., 1997; Wei and Griffin, 1998a; Liang and
Chiang, 2006). Considering the relationship between the ‘to-the-body’ and ‘through-the-
body’ response functions (Dong et al., 2013), the uniqueness of identified parameters
could be considerably enhanced through minimisation of a composite error function of
multiple biodynamic target responses, such as direct-, across-point, and cross-axis
AM/MI, STHT and vibration transfer functions on different body substructures (Dong
et al., 2015). Although a few studies have reported the transfer functions of vibration
transmitted to lumbar and thoracic spine and other locations, very little agreement can be
seen among them (Starck et al., 1991; Zimmermann and Cook, 1997; Kitazaki and
Griffin, 1998; Matsumoto and Griffin, 1998, 2000). The discrepancies are partly
attributed to differences in measurement methods and the contributions due to skin
movement, which is compensated for in only a few studies. This suggests that further
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efforts are required to increase the accuracy and reliability of the measurements by
improving and/or developing new measurement techniques. Additional efforts in
characterising the direct, cross-point, and cross-axis vibration transfer functions of the
body substructures are highly desirable to define the ‘through-the-body’ response target
functions and model development. It is also important to note that the directly measured
transfer function at a point on a substructure may not be sufficiently representative of the
overall vibration of the substructure simulated as a lumped mass in a model (Dong et al.,
2015). While a formula for deriving the representative transfer function for the model
calibration has been proposed (Dong et al., 2013, 2015), its effective implementation
remains an issue for further studies.

The biodynamic responses have been mostly derived for the body seated or standing
on a rigid platform in order to deduce the uncoupled body responses. The applications of
resulting models to seating dynamics have met limited success in simulating coupled
occupant-seat system dynamic responses to vibration (Wei and Griffin, 1998a;
Tchernychouk et al., 2000; Politis et al., 2003). Furthermore, the manikins designed on
the basis of standardised biodynamic responses have shown limited effectiveness in
assessing the vibration isolation performance of ranges of suspension seats exposed to
vibration spectra of different vehicles (Nelisse et al., 2008). The performance limitations
of the models and the manikins may be attributed to many factors. The designs are
mostly based upon target biodynamic responses derived either from broad ranges of
experimental conditions (ISO-5982, 2001) or the target function is valid in the vicinity
of the chosen experimental conditions (e.g., body mass, sitting posture, magnitude of
vibration). Furthermore, the contributions of the body coupling with elastic seats may
also yield considerable differences, since the target functions are based on sitting on rigid
platforms (Dewangan et al., 2013a, 2015).

Hinz et al. (2006a) investigated the ‘to-the-body’ response of subjects seated on a
cushioned seat through measurement and integration of distributed contact pressure at the
interface of the buttock and elastic seat. The study revealed mean static AM (near 1 Hz)
in the order of 58% of the mean body weight, which is considerably lower than the
generally reported proportion of the body mass supported on the seat (<70-75%).
Stein et al. (2007) applied the conventional method to measure the AM of body seated on
a cushion seat under horizontal vibration. The data showed considerably higher static AM
for the cushioned seat compared to the rigid seat, although the method does not account
for the contributions of the visco-elastic effects of the cushion. The use of thin-film
flexible pressure sensors is perhaps most appropriate to characterise the ‘to-the-body’
biodynamic response of the body to vibration, the excessive deformation of the pressure
sensing mat caused by cushion contouring together with limited frequency bandwidth of
the sensors could lead to considerable errors (Dewangan et al., 2013a). Furthermore, the
elastic properties of the cushion would also be expected to influence the resultant
biodynamic force (Dewangan et al., 2015). More efforts are thus vital to quantify the
effects of elastic body-seat interface on both the ‘to-the-body’ and ‘through-the-body’
biodynamic responses, and the role of the viscous and elastic properties of the cushion.

The target biodynamic responses of the seated body have been generally measured
with feet supported on the vibrating platform, resulting in zero to minimal relative
motions across the legs. The legs and thighs of the body seated in a vehicle seat undergo
compression and extension. The AM responses of seated body with a stationary footrest
influenced the low frequency AM magnitude, while the effect was negligible with a
moving footrest (Fairley and Griffin, 1989). Lemerle and Boulanger (2006) showed
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considerable differences in AM of the body seated on a freely-moving and locked
suspension without a cushion, and attributed the differences to pelvic rotations caused by
relative movements across the legs. A vertical suspension seat would cause considerable
phase between motions of the thighs and the legs over most of the frequency range,
which may affect the biodynamic responses. Such effects on the ‘to-the-body’ and
‘through-the-body’ biodynamic responses need to be quantified.

Apart from the above, additional efforts are also needed for defining reliable target
biodynamic responses of the standing body exposed to WBV under representative
conditions, since many work situations involve standing postures, such as ship workers
and high speed boat operators.

5 Conclusions

Reported vibration biodynamic models of seated and standing human body are mostly
limited to specific body mass, anthropometric dimensions, sitting/support conditions and
magnitude and direction of vibration. Such models thus do not fully describe important
effects associated with variations in many seating-, anthropometry- and vibration-related
factors. Formulations of reliable vibration biodynamic models of seated and standing
human body are vital developing human-centred tools for design and analyses of
vibration control devices and to gain deeper knowledge of potentials of vibration
exposure. The quality and thus the applicability of the biodynamic model strongly relies
on the target biodynamic response functions established under conditions representative
of the work-related factors. Further systematic efforts are thus needed to derive
representative target functions for realising reliable biodynamic models.
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