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THE NEGATIVE MASKING OF MECHANICAL NOISE IN THE JUDGMENTS OF
SUBJECTIVE INTENSITY OF WHOLE-BODY VIBRATION
Yu Huang
Institute of Vibration, Shock and Noise
Shanghai Jiao Tong University, 200240
P. R. China

Abstract
Running machines and pumps usually radiate high level of mechanical noise, which
would influence human response vibration. The influence of mechanical noise on
the subjective judgement of the whole-body vertical vibration was investigated in
-2
this study. Three magnitudes (for 1.5, 2.0 and 2.5 ms r.m.s. accelerations) of low
frequency random vibration were presented with two levels (for 70 and 85 dBA
SPLs) of mechanical noise, and without noise (for about 60 dBA background noise)
to subjects over two minutes. The magnitude estimates of discomfort produced by
vibration were given every 30 seconds by subjects. Both the negative and positive
masking effects of noise on the discomfort caused by vibration were observed in
the experiment, which increased and reduced the discomfort, respectively. The
discomfort magnitudes were increased with 70 dBA noise and was reduced with 85
dBA noise, due to the synergetic effects of the relative low level of noise and the
antagonistic effects of the relative high level of noise on the vibration discomfort.
When the vibration magnitudes increased, the negative masking effects vanished
and the positive masking effects dominated. When the exposure duration
increased, the masking effects of noise on the vibration discomfort reduced.

1. Introduction
Vibration and noise are two important factors in factory workshops and vehicles, which can cause
adverse psychological effects on humans. Combined noise and vibration would produce a total
annoyance or discomfort in the buildings and vehicles, depending on the subjective and objective
parameters of noise and vibration (Paulsen and Kastka, 1995; Huang and Griffin, 2014a). Meanwhile,
the subjective sensations of one environmental stress (noise or vibration) may be influenced by the
other stress (vibration or noise) when people are exposed to noise and vibration simultaneously. Both
antagonistic effects and/or synergistic effects of noise/vibration on the judgements of vibration/noise
were presented in previous studies (e.g., Howarth and Griffin, 1990, 1991; Paulsen and Kastka, 1995;
Huang and Griffin, 2012, 2014b). After series of laboratory experiments on various frequencies and
magnitudes of vibration and noise, Huang and Griffin (2014a) suggested ‘masking effects’ of noise on
judgements of vibration discomfort but no influence of vibration on judgements of noise discomfort
when the stimuli are presented simultaneously at sound pressure levels (SPLs) greater than 65 dBA
-2

(the daytime level in EU/DG Environment Directive, 2002) or acceleration greater than 0.32 ms r.m.s.
(BS 6841: 1987, ISO 2631-1: 1997). The authors did not observe any synergistic effects of noise on
vibration discomfort, whereas some others did (e.g., Howarth and Griffin, 1991; Seidel et al., 1990),
possibly due to the high intensity levels of noise relative to the magnitudes of vibration stimuli employed
in their studies.
_________________________________________________________________________________
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The masking of noise on judgements on subjective intensity of vibration (e.g., discomfort) is more likely
informational masking (Durlach et al. 2003) than energetic masking. Energetic masking may be
equated with peripheral masking, e.g., noise supresses the auditory perception of a tone. Informational
masking may be equated with central masking, e.g., the discomfort caused by noise and discomfort
caused by vibration are mostly sensed via different mechanisms and judged in the brain. Informational
masking may include the perception of one stimulus distracting from the perception of another stimulus
(i.e., positive masking) and also one stimulus attracting attention to another stimulus (i.e., negative
masking). Russell et al. (1982) found the negative masking of the sinusoidal noise (70, 200 and 400
Hz) on the perception of vibration on both pacinian and non-pacinian channels of fingers. Collins et al.
(2009) found that noise could have negative masking on the perception of weak stimuli and positive
masking on the perception of strong stimuli, and the negative masking effects of the noise disappeared
for sufficiently high intensity levels.
There was evidence that noise had negative and positive masking effects on vibrotactile sensation
(e.g., Russell et al., 1982), and the negative masking of noise on the subjective sensation of wholebody vibration had not been specified so far. The negative masking effects of noise on vibration were
not found in previous studies using relatively high levels of noise and low magnitudes of vibration, so
relatively high magnitudes of vibration and low levels of noise would be employed in the present study.
The objective of this study was to investigate whether negative masking of noise exists in judging
discomfort caused by whole-body vertical vibration. It was hypothesised that discomfort caused by
vibration would increase when the vibration stimuli were presented with low level of noise, and
decrease when presented with high level of noise simultaneously.
2. Method
2.1 Subjects
Twelve male subjects having normal hearing with median age 24 years (range 22 to 30 years), stature
171 cm (range 162 to 180 cm), and weight 60 kg (range 48 to 72 kg) volunteered to take part in the
experiment. The subjects were all students at Shanghai Jiao Tong University. Informed consent to
participate in the experiment was given by all subjects.
2.2 Apparatus
The experiment was carried out in the State Key Laboratory of Mechanical System and Vibration.
Subjects sat on a rigid steel seat with a vertical flat backrest mounted on the LDS electromagnetic 1-m
vertical vibrator (LDS, UK, Type V8-640T LPT1220/SPA56K). The subjects sat upright against the
backrest with their feet resting on the vibrator table (Figure 1).
A piezoresistive accelerometer (Houde Wuxi, China, Model HD-YD-216) secured to the seat monitored
the vertical acceleration. The vibration stimuli were generated and controlled by LMS SCADASIII
system with Test.Lab (SIEMENS, Germany, Type SC310), and the sample rate was 512 Hz.
Subjects were exposed to sound via a pair of earphones (Etymotic er4p). The sound stimuli were
generated and controlled by Adobe Audition 6 (Adobe Systems, USA) software and a MAYA44 USB2.0
Audio/MIDI Interface (ESI Audiotechnik, Germany). Subjects also wore a pair of ear muffs (3M 1425).
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Figure 1 Subject on the test rig.
Sound levels from the earphones and the background sound in the laboratory were calibrated and
measured using an HEAD HMS IV dummy with ArtimiS SUITE software (Head Acoustics, Germany)
and a Brüel & Kjær sound level meter (Type 2250). The background sound pressure level was around
78 dBA when the vibrator was running. The noise reduction rating of the ear muffs and earphones
were 22 dB and 25 dB respectively.
2.3 Stimuli
The mechanical noise of running machines and pumps in the laboratory was recorded using the HEAD
HMS IV dummy. The sound stimuli used in the experiment were developed from a selected sound
sample of mechanical noise. The frequency spectrum of an example stimulus is shown in Figure 2.
Two sound stimuli were generated with SPLs of 70 and 85 dBA (ISO 1996-1: 2003), representing the
low and high noise level respectively. Three magnitudes of a random vibration, band-pass filtered
between 5 and 10 Hz, were generated with frequency-weighted vibration magnitudes of 1.5, 2.0 and
-2

2.5 ms r.m.s. (using weighting Wb; BS 6841: 1987). The sound and vibration stimuli had durations of
120 seconds, with 2-s cosine tapers at the start and end. The background vibration was not perceptible

Figure 2 The frequency spectra of a sound stimulus (A-weighted).
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and the background noise level measured at the ear position when wearing the earphones and the ear
muffs was around 60 dBA.
2.4 Procedure
The subjects were instructed to sit with a comfortable upright posture. Judgements of ‘discomfort’ were
obtained using the method of absolute magnitude estimation (AME; Huang and Griffin 2014c). The
subjects were presented with a series of stimuli and asked to judge the discomfort caused by the
stimuli using any numerical number they felt appropriate.
The experiment was undertaken in one session for each subject. Six combinations of three
-2

magnitudes (for 1.5, 2.0 and 2.5 ms r.m.s.) of vibration stimuli and two levels (for 0, 70 and 85 dBA)
of noise stimuli, and three vibration stimuli without noise stimuli were presented to subjects in an
independent random order. For each presentation, the subjects rated the discomfort caused by the
vibration stimuli when a board writing ‘discomfort’ was lifted in front of them. For each pair of vibration
and noise stimuli, the subjects gave magnitude estimates at 30, 60, 90 and 120 s.
Before commencing the experiment, subjects were provided with written instructions, which indicated
they could use any numerical values to rate the subjective magnitudes of the stimuli, but did not
indicate any numerical examples. Subjects were provided with written instructions and practiced
judging the lengths of lines and then some combined noise and vibration stimuli until they felt confident
with magnitude estimation.
2.5 Data processing
The magnitude estimates of noise discomfort, ψv, was assumed to be related to the physical
magnitudes of vibration, φv, according to Stevens’ power law (Stevens 1986):
Ψv = kvφv

nv

(1)

where kv is constant and nv is the rate of growth of subjective sensations produced by the sound.
Expressed logarithmically, Equation (1) becomes:
log10(ψv) = log10(kv) + nv ×log10(arms)

(2)

where arms  φv is the Wb-weighted r.m.s acceleration (BS 6841: 1987).
Magnitude estimates obtained from each individual in each session were divided by the median
magnitude estimate over all judgements in that session and then multiplied by a multiple factor
(Stevens, 1971). Assuming the value of 0.97 for the exponent in the power function between
discomfort and r.m.s acceleration (Huang and Griffin 2012), the ratio of three magnitude estimates of
-2

the discomfort produced by 1.5, 2.0 and 2.5 m/s r.m.s. accelerations is about 3:4:5. Therefore, the
multiple factor was set to ‘100’. This ‘normalised’ the data and placed the magnitude estimates of each
subject on a similar scale so that they could be compared and analysed using the same procedures.
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3. Results
Median subjective magnitudes of the discomfort caused by the three magnitudes of vibration during
simultaneous presentation of each of the 70 and 85 dBA of noise, and without noise, at different time
durations are shown in Table 1. They are also shown in Figure 3 as a function of duration, log10(t/t0),
where t0 = 1 s. The interquartile ranges of discomfort magnitudes produced by vibration of each
combination (i.e., with 70, 85 dBA noise or without noise) and at each duration (i.e., at 30, 60, 90 and
Table 1. Magnitude estimates for the discomfort caused vibration, ψv. Medians of 12 subjects.
1.5 m/s

Duration (s)

-2

30

60

90

120

No noise

69.0

80.8

90.8

100.6

70 dBA

80.3

90.2

100.3

110.3

85 dBA

60.2

70.9

82.8

95.9

2.0 m/s

Duration (s)

-2

30

60

90

120

No noise

110.0

140.3

160.5

170.9

70 dBA

120.3

150.6

175.4

180.0

85 dBA

100.2

120.9

140.0

152.5

2.5 m/s

Duration (s)

-2

30

60

90

120

No noise

165.1

189.9

218.3

231.4

70 dBA

170.4

208.2

225.0

238.0

85 dBA

150.4

175.1

198.4

220.0

Figure 3 Discomfort magnitudes of vibration with different levels of noise as a function
of duration (log10(t/t0)). Medians data of 12 subjects.
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120 s) are less than 20%.
Linear regression between logarithmic values of discomfort magnitudes and durations t/t0 produced the
slopes, intercepts, and the coefficients of correlation between the logarithms of the magnitude
estimates of vibration discomfort (i.e., log10(ψv)) and the durations (i.e., log10(t/t0)). This procedure
applied to individual data showed that the noise discomfort significantly increased with increasing
duration of noise (p < 0.01, Friedman) and showed no difference in the slopes (p > 0.22, Wilcoxon)
-2

between any two combinations of vibration (for 1.5, 2.0 and 2.5 m/s ) and noise (for 70, and 85 dBA
and no noise) stimuli. The median value of slopes obtained from all subjects is 0.3, which is broadly
consistent with the time dependency of ‘3 dB per doubling of duration’ (i.e., a slope value of 0.25)
defined by vibration dose value (VDV; BS6841:1987 and ISO2631-1:1997).
-2

The Wilcoxon test was applied at each vibration magnitude (i.e., 1.5, 2.0 and 2.5 ms ) with different
durations (i.e., 30, 60, 90 and 120 s) to test for a difference between the discomfort caused by vibration
presented with relatively low level of noise (i.e., 70 dBA) and without noise, and that with relatively high
level of noise (85 dBA) and without noise. The presence of 70 dBA noise significantly increased
-2

-2

vibration discomfort at 1.5 and 2.0 ms magnitudes with all durations (p < 0.05) except at 2.0 ms with
120 s (p = 0.13). The 70 dBA noise had no significant effect on discomfort produced by 2.5 ms

-2

vibration (p > 0.20), although the median discomfort magnitudes with 70 dBA noise were slightly
greater than those with no noise from Table 1. The presence of 85 dBA noise significantly reduced
-2

-2

vibration discomfort at 1.5, 2.0 and 2.5 ms magnitudes with all durations except at 2.5 ms with 120 s
(p = 0.11).
4. Discussion
The lines in Figures 3 are consistent with subjects giving either reduced discomfort ratings for vibration
when they were presented with relatively high level of noise (i.e., 85 dBA), or increased discomfort
ratings for the vibration when they were presented with relatively low level of noise (i.e., 70 dBA). The
masking effects would fully explain the findings: when subjects focused on judging discomfort
produced by vibration, the higher level of noise may have masked their perceptions of vibration
discomfort and the lower level of noise may have enhanced their perceptions of vibration discomfort.
This indicates that noise could have ‘negative masking’ and ‘positive masking’ effects on whole-body
vertical vibration.
The findings of positive masking of noise on vibration discomfort are consistent with results in previous
studies, e.g., Huang and Griffin (2012, 2014a, and 2014b). The findings of negative masking of noise
on vibration discomfort are consistent with results of Howarth and Griffin (1990) who indicated a
synergistic effect (i.e., ‘negative masking’) in which higher levels of noise (e.g., 65 dBA) increased the
-2

annoyance caused by higher magnitudes of vibration (e.g., 0.125 ms ). The negative masking effect
were not observed in previous study of Huang and Griffin (2014a), possibly because that study
employed similar levels of noise (64 to 82 dBA) as the present study (70 and 85 dBA) but smaller
-2

-2

magnitudes of vibration (0.079 to 1.262 ms ) than the present study (1.5, 2.0 and 2.5 ms ). It seems
whether the noise has negative masking effects on subjective intensity of vibration (e.g., discomfort
and annoyance) is dependent on the physical intensities of both noise and vibration (e.g., SPL and
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r.m.s. acceleration), but the relation among them is ambiguous: according to the subjective
equivalence equation in Huang and Griffin’s study (2012), the 70 dBA noise has much lower subjective
-2

intensity than the 1.5 ms vibration in the present study, and has negative masking on vibration; in
Howarth and Griffin’s study (1990), the 65 dBA noise had slightly higher subjective intensity than the
-2

0.125 ms vibration, and also had negative masking on vibration.
It would appear that the masking effects of noise on vibration reduced as the magnitude of vibration
increased, and the negative masking disappeared for sufficiently high intensity magnitudes, e.g., there
-2

was no significant influence of the 70 dBA noise on vibration discomfort at 2.5 ms . These findings are
consistent with the results of Huang and Griffin (2014a) who investigated the positive masking of noise
on whole-body vertical vibration and the results of Collins et al. (1997) who investigated the positive
and negative masking of noise on tactile sensation. However, Howarth and Griffin (1990) found
-2

negative masking of noise on vibration at magnitude of 0.125 ms , but failed to find negative masking
-2

of noise on vibration at magnitudes lower than 0.125 ms .
The masking effects of noise on vibration discomfort reduced as the durations increased but were
almost independent in the first 60 s (moving right in Figure 3), which was consistent with the results of
Huang and Griffin (2014b) who investigated the duration effects of stimuli on masking and indicated
the influence of the noise (i.e., ‘masking’) is independent of the durations over 32 s.
5. Conclusions
When exposed to combined noise and vibration, both negative masking and positive masking may
influence judgements of the subjective intensity of the vibration. The subjective magnitude of a
vibration is reduced when presented with high level of noise by positive masking effects compared to
when it is judged without noise, and the subjective magnitude of a vibration is increased by negative
masking effects compared to when it is judged without noise. As the physical magnitude of the
vibration increases, masking by the noise has less effect on vibration discomfort.
It may be necessary to incorporate both negative and positive masking effects in any method of
predicting the relative or combined importance of noise and vibration in different environments. More
works are to be done on investigating the negative masking between different types of noise and
vibration, and on quantifying the relation of masking effects to the physical magnitudes of vibration
and noise level in the future.
This work was supported by National Natural Science Funds of China (Grant No. 11402147).
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EFFECT OF BENDING THE LEGS ON THE DISCOMFORT CAUSED BY
VERTICAL VIBRATION WHEN STANDING
Giulia Patelli, Miyuki Morioka and Michael J Griffin
Human Factors Research Unit
Institute of Sound and Vibration Research
University of Southampton
Southampton, SO17 1BJ
United Kingdom
Abstract
The posture of the body affects the transmission of vibration through the body and
so posture needs to be considered when assessing the risks associated with
exposures to whole-body vibration and shock. When people are exposed to
vibration they will want to stand in postures that minimise their discomfort, but it is
unclear how the sensations produced by vertical vibration are affected by bending
the legs. This study was designed to compare the discomfort caused by vertical
vibration when standing with straight legs and standing with bent legs. Because
bending the legs lowers the frequency of the principal resonance in the body it was
hypothesized that greatest sensitivity to vibration acceleration would be at a lower
frequency when standing with bent legs than when standing with straight legs.
Fourteen subjects were exposed to 5-s periods of vertical sinusoidal vibration at
the 16 preferred one-third octave centre frequencies in the range 0.5 to 16 Hz and
-2
at eight magnitudes in the range 0.3 to 3.2 ms r.m.s. (unweighted), corresponding
to frequency-weighted vibration dose values in the range 0.2 to 3.0 ms-1.75 (Wbweighting). Median equivalent comfort contours for unweighted acceleration
showed greatest discomfort at frequencies in the range 2 to 3.15 Hz with bent legs
and at frequencies greater than 5 Hz with straight legs. In both postures, the
greatest sensitivity to vibration acceleration depended on the magnitude of
vibration. It is concluded that when evaluating vertical vibration in respect of
discomfort, the Wb frequency weighting is reasonable when standing with straight
legs but underestimates the discomfort caused by 2 to 3 Hz vibration, and
overestimates the discomfort at frequencies from 5 to 16 Hz, when standing with
bent legs.

1. Introduction
Current standards specify methods for measuring, evaluating, and assessing the whole-body vibration
experienced by standing, sitting, and recumbent people but do not define these postures precisely or
indicate the effects of variations in these postures (British Standards Institution, 1987; International
Organization for Standardisation, 1997). It is not clear, for example, whether the proposed methods
are suitable when people stand with their legs bent. In British Standard 6841 (1987) a note in Section
4 (Guide to the evaluation of vibration and repeated shock with respect to effects on health) states:
“The method of evaluation is applicable to erect standing postures. However, slight bending of the
knees can affect the transmission of vibration to standing persons so this application will not always be
appropriate”. Standing with bent legs is common in many environments where people are exposed to
vibration (e.g., high speed boats). Improved understanding of the effects of posture on perceived
motion severity would be helpful in such situations.
Several studies of vibration discomfort have been conducted with standing subjects (e.g., Chaney,
1965; Ashley, 1970; Jones and Saunders, 1972; Oborne and Clarke, 1974; Thuong and Griffin, 2011).
Presented at the 50th United Kingdom Conference on Human Responses to Vibration, held at ISVR,
University of Southampton, Southampton, England, 9 - 10 September 2015.
9

When standing with straight legs these studies suggest greatest sensitivity to acceleration in the
frequency range 4 to 16 Hz, consistent with the frequency weightings advocated in current standards.
However, the rate of growth of discomfort depends on the frequency of vibration, so the frequencydependence of equivalent comfort contours varies with the magnitude of vibration, and a single
frequency weighting is not optimum for all magnitudes of vibration (Thuong and Griffin, 2011).
A change of posture changes the dynamic mechanical properties of the body. The principal resonance
frequency in the vertical transmissibility to the head is about 5 Hz when sitting or when standing with
straight legs, but the resonance frequency drops to about 3 Hz when standing with bent legs (Paddan
and Griffin, 1988, 1993). At frequencies greater than about 8 Hz, the vertical transmissibility is greater
when ‘standing with straight legs’ than when ‘standing with bent legs’ (Paddan and Griffin, 1993).
Similarly, the resonance frequency in the vertical apparent mass of the standing body decreases from
around 5 Hz to about 2.75 Hz when the knees are bent, and there is increased fore-and-aft cross-axis
transmissibility to the knees around 2.75 Hz (Matsumoto and Griffin, 1998; Subashi et al., 2006). It
was suggested that bending motion at the knees contributes to the whole-body resonance in this
posture. At frequencies greater than about 6 or 7 Hz, both the transmissibility to the head and the
apparent mass are greater in a standing posture (with straight legs) than in a ‘normal’ sitting posture
(Paddan and Griffin, 1993, 1998; Matsumoto and Griffin, 2000).
Large changes in the biodynamic responses suggest there will also be changes in subjective
responses when the knees are bent during exposure to vertical vibration. This study was designed to
investigate the extent to which a change in standing posture changes subjective responses to vertical
vibration.
It was expected that equivalent comfort contours obtained when ‘standing with straight legs’ would be
consistent with the Wb frequency weighting (as in BS 6841:1987). However, when ‘standing with bent
legs’ it was hypothesised this weighting would underestimate discomfort at frequencies around 2 to 4
Hz and overestimate discomfort at higher frequencies. It was also hypothesised that in both postures
the rate of growth of discomfort would depend on the frequency of vibration.

2. Methods
2.1 Subjects
Fourteen male students and office workers of the University of Southampton participated in the study.
They were aged 22 to 37 years, had statures between 160 and 185 cm, and weights between 56 and
120 kg. The experiment was approved by the Ethics Committee of the Faculty of Engineering and the
Environment at the University of Southampton (Reference number: 10565).
2.2 Apparatus
Vertical vibration was produced by a 1-m stroke vertical electrohydraulic vibrator (Servotest Testing
Systems Ltd., Surrey, UK). All signals were generated using the HVLab Matlab Toolbox (version 2.0,
ISVR, University of Southampton, UK), and equalized and reproduced by a Servotest Pulsar system.
Accelerations were measured using a capacitive accelerometer 2260-002 (Silicon Designs Inc.)
attached to the platform.
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To protect subjects if they fell, they wore a loose whole-body harness secured to a metal frame
mounted on the vibrator platform. The subjects were told to rest their hands on a handrail 105 cm
above the platform, so that they could use it to maintain their balance if they thought they might fall.
A noise box (HFRU Noise system 001, ISVR, University of Southampton, UK) produced white noise at
approximately 75 dB via a pair of headphones so as to mask any noise of the vibrator. For safety
reasons subjects were provided with an emergency stop button.
2.3 Stimuli
The motions were vertical sinusoidal vibrations at the preferred one-third octave centre frequencies in
the frequency range 0.5 to 16 Hz. All motion stimuli had durations of 5 s and were enveloped with a
half cosine of frequency 0.1 Hz.
The motions were quantified in terms of their root-mean-square, r.m.s., and vibration dose value, VDV,
both unweighted and frequency-weighted using weighting Wb (BS 6841:1987). At each fundamental
frequency, eight magnitudes were presented in 2 dB steps. The magnitudes varied with the frequency
of motion but were always within the range 0.3 to 3.2 ms-2 r.m.s. (unweighted) and within the range 0.2
to 3.0 ms-1.75 (VDV frequency-weighted using Wb).
2.4 Procedure
Participants attended one session that was split into two parts, one for ‘standing with straight legs’ and
the other for ‘standing with bent legs’ (Figure 1). The feet were separated so as to be placed beneath
the outer portions of the shoulders. Between the two parts of the experiment there was a 5-minute
break, during which the experimenter adjusted the harness. Half of the participants started with bent
legs and the others started with straight legs. When the legs were bent, the front of the knees was
directly above the toes. Subjects had their eyes closed during exposure to vibration.
The method of absolute magnitude estimation was used to obtain judgements of subject discomfort
caused by each frequency and magnitude of vibration in both postures.
Before commencing the experiment, participants were trained how to use magnitude estimation to rate
the apparent length of lines and, subsequently, 14 practice motion stimuli.
The session lasted about one hour and included a total of 256 test stimuli (i.e., 8 magnitudes at 16
frequencies in two postures).
2.5 Equivalent comfort contours
It was assumed that the subjective magnitude (i.e., vibration discomfort), ψ, was related to the
objective magnitude (i.e., vibration magnitude), φ, through Stevens’ power law:
ψ = k φn
where k is a constant and the exponent n is called the rate of growth of discomfort. From the
measured accelerations and the subjective data, the values of n and k were calculated by regression
between log ψ and log φ at each frequency of vibration for all individual subjects.
Prior to calculating n and k, the subjective data from an individual were normalized by dividing each of
their judgements by the median value calculated of their 256 judgements and then multiplying by 100.
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Figure 1 The two standing postures: standing with straight legs
(left) and standing with bent legs (right).
Having obtained the values of n and k, both individual and median equivalent comfort contours were
calculated by determining the vibration magnitude, φ, required to obtain subjective magnitudes of ψ =
63, 80, 100, 125 and 160 at each frequency in the range 0.5 to 16 Hz.
The median equivalent comfort contours presented below were obtained using median values of n and
k calculated from the individual values of n and k.
2.6 Statistical analysis
The rate of growth of discomfort and equivalent comfort contours were used to test the hypotheses.
Non-parametric tests were used in the statistical analysis. In order to investigate differences between
related samples, the Friedman two-way analysis of variance and Wilcoxon matched-pairs signed
ranks were used. The probabilities shown are not adjusted for multiple comparisons.

3. Results
In both postures, the rate of growth of discomfort decreased with increasing frequency of vibration
(p<0.001, Friedman; Figure 2). There were significant differences in the rate of growth of discomfort
between postures at 2.5 Hz (p=0.041), 4 Hz (p=0.007) and at 5 Hz (p=0.048), where the rate of growth
was greater with straight legs.
Median equivalent comfort contours for the two postures are compared in Figure 3, for subjective
magnitudes of ψ = 63, 80, 100, 125 and 160.
The unweighted VDV required for a subjective magnitude of ψ = 100 varied with the frequency of
vibration in both postures (p<0.001, Friedman). In the frequency range 2 to 3.15 Hz a greater
unweighted VDV was required to cause the same discomfort (i.e., ψ = 100) with straight legs than with
bent legs (p<0.01, Wilcoxon). In the frequency range 5 to 16 Hz, a greater unweighted VDV was
required to cause the same discomfort with bent legs than with straight legs (p<0.041, Wilcoxon).
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Figure 2 Rates of growth of discomfort, n, obtained with ‘straight legs’ (▬▬) and with ‘bent
legs’ (▬ ▪). Median values for 14 subjects.

Figure 3 Equivalent comfort contours obtained with ‘straight legs’ (▬▬) and ‘bent legs’ (▬ ▪).
Contours shown for ψ = 63, 80, 100, 125 and 160. Median values for 14 subjects. Range (- - -)
shows the lowest and highest magnitudes presented to subjects.
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4. Discussion
The rate of growth of discomfort varied greatly with the frequency of vibration (Figure 2), causing
changes in the shapes of the equivalent comfort contours as the magnitude of vibration changed
(Figure 3). Many previous studies of vibration discomfort have found an effect of vibration magnitude
on the frequency-dependence of vibration discomfort using different magnitudes and frequencies (e.g.,
Morioka and Griffin, 2006), different stimuli (e.g., Ahn and Griffin, 2008) and different postures (e.g.,
Basri and Griffin, 2013; Thuong and Griffin, 2011). The effect of magnitude on the frequencydependence of vibration discomfort found with the two postures in the present study shows that no
single frequency weighting will give an accurate prediction of vibration discomfort in either of the two
postures.
The frequency of greatest sensitivity to acceleration decreased from the range 5 to 7 Hz with straight
legs to the range 3 to 4 Hz with bent knees (Figure 3). Biodynamic studies with similar standing
postures found the resonance in the vertical transmissibility to the head reduced from around 5 Hz
with straight legs to around 3 Hz with ‘bent legs’ (Paddan and Griffin, 1993). In the same study, head
motion in the fore-and-aft axis was more pronounced when subjects stood with bent legs than with
straight legs. The principal resonance of the apparent mass in an upright standing posture (straight
legs locked) was around 5 Hz (and close to the apparent mass resonance of the seated body) but
decreased to around 2.75 Hz with bent knees (Matsumoto and Griffin, 1998). In the same study,
transmissibility to the knees in the fore-and-aft direction presented a main peak around 3 Hz,
suggesting the resonance was associated with bending of the knees. A resonance around 3 Hz
suggests increased motion of the whole body that could compromise comfort.
When expressed in terms of unweighted r.m.s. acceleration, the equivalent comfort contours obtained
with straight legs seem consistent with contours reported previously (Figure 4).
Some differences between the contours obtained in different studies might be attributable to the use of
different psychophysical methods and different experimental settings (e.g., absence of a handrail).
However, in all conditions where subjects were either sitting upright or standing with their legs straight,
the acceleration required to cause a degree of discomfort decreases as the frequency of vibration
increases from 2 Hz to 5 or 6 Hz. The similar findings when sitting upright with no backrest and when
standing with straight legs is consistent with the use of frequency weighting Wb when evaluating
exposures to vertical vibration in these two postures. However, when standing with bent legs, the
acceleration required to cause a degree of discomfort decreases as the frequency of vibration
increases from 1.6 to 3 Hz, after which the contours gradually rise. A frequency weighting that gives
greatest weight to frequencies from 5 to 16 Hz, such as Wb will therefore not provide a good prediction
of vibration discomfort when standing with bent legs.
Figure 5 compares the two median equivalent comfort contours (both postures with ψ = 100 for 16
frequencies from 0.5 to 16 Hz) in terms of vibration dose values frequency weighted by Wb. If the
weighting was perfect for evaluating vertical vibration when standing in either posture, the two
contours would be two coincident horizontal lines.
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Figure 4 Equivalent comfort contours from the present and past studies with similar and
different postures at a subjective magnitude of ψ = 100.

Figure 5 Equivalent comfort contours in terms of Wb frequency-weighted VDV with ‘straight
legs’ (▬▬) and ‘bent legs’ (▬ ▪) for a subjective magnitude ψ=100. Median values for 14
subjects. Range (- - -) shows the lowest and highest magnitudes presented to subjects.
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The variability of the 16 weighted values in each of the two lines in Figure 5 relative to the median
value of each line was estimated separately. When standing with ‘straight legs’, relative to the median
value of 0.98 ms-1.75, the weighted VDV varies between a maximum of +1.39 dB (at 1.6 Hz) and a
minimum of -3.6 dB (at 0.63 Hz), with an average error of -0.11 dB. When standing with ‘bent legs’,
relative to the median value of 0.99 ms-1.75, the weighted VDV varies between a maximum of +4.89
dB (at 16 Hz) and a minimum of -3.72 dB (at 3.15 Hz), with an average error of +0.35 dB. In BS
6841:1987 it is noted that the frequency weighting Wb is applicable to erect standing postures and that
it may not always be appropriate when the knees are bent. This study shows that if the legs are bent,
the application of frequency weighting Wb will tend to underestimate discomfort at frequencies around
2 to 3 Hz and overestimate discomfort at frequencies greater than about 5 Hz.

5. Conclusion
Bending the legs increases the discomfort caused by vertical vibration in the frequency range 2 to 3
Hz but reduces the discomfort caused by frequencies greater than 5 Hz. Frequency weighting Wb is
reasonable for evaluating vertical vibration when people stand with straight legs but underestimates
the discomfort at frequencies between 2 to 3 Hz and overestimates the discomfort at frequencies
greater than 5 Hz when standing with legs bent at the knees. In both postures, the frequencydependence of vibration discomfort depends on the magnitude of vibration.
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Abstract
In this research, we examine the methodologies proposed to analyse the data set in
the presence of outliers. We review methods of determining outliers. We propose
general principles for how to proceed. Most observations seem to follow a pattern
or seem to satisfy a model. The outliers remain outside the pattern. Thus
experimental data requires further investigation.

1. Introduction
The verification of experimental conclusion plays a key role in scientific progress. It condenses
science. Philosopher Karl Popper emphasizes its value and declares:
We do not take even our own observations quite seriously, or accept them as scientific
observations, until we have repeated and tested them. Only by such repetitions can we
convince ourselves that we are not dealing with a mere isolated coincidence, but with
events which, on account of their regularity and reproducibility, are in principle inter
subjectively testable.
Difference thresholds for whole-body vibration experienced on a car seat, investigated in the research
(Mansfield and Griffin 2000), are re-analyzed, evaluating the influence of outliers.
Genuine outliers are typically treated in one of the following ways:
1.

keep the outlier and treat it like any other data point;

2.

winsorize it or assign it lesser weight or modify its value so it is closer to the other sample
values);

3.

eliminate it from the sample. The danger of each of these methods is that they may produce
poor estimates of parameters of interest.
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Methods 2) and 3) may introduce statistical bias and may undervalue the outlier. Keep and treat the
outliers like the other points may overvalue it and cause the estimate to vary drastically from the true
population value (Ghosh and Vogt 2012).
Below we investigate these methods, and make some proposals about what an outlier really is and
how to treat it.
This paper is divided into two major subsections, statistical approaches and goodness of fit. In the first
subsection we propose a comparison of statistical approaches to detect outliers. In the second section
goodness of fit by Shapiro-Wilk test validate the results.
2. Statistical approaches
In our study we describe re-analysis, replication and reproduction as methods of verifying experimental
data. We propose three different methods as robust techniques.
2.1 Tukey's method
Box plots are an excellent tool for conveying location and variation information in data sets, particularly
for detecting and illustrating location and variation changes between different groups of data. The
standard boxplot rule, based on the upper and lower quartiles of the data distribution, offers an useful
method of investigation to identify outliers.
The interquartile range, abbreviated IQR, is just the width in the box-and-whisker plot:

IQR  Q3  Q1

(1)

The IQR can be used as a measure of how spread--out the values are. Statistics assumes that your
values are clustered around some central value. The IQR analyses how the values are spread out. It
can also be used to investigate when some of the other values are too far from the central value.
Points too far away are called outliers, because they lie outside the range in which we expect them.
The IQR is the length of the box in your box-and-whisker plot. An outlier is any value that lies more
than one and a half times the length of the box from either end of the box. If a data point is
below

Q1  1.5  IQR

or above

Q3  1.5  IQR

(2)

it is viewed as being too far from the central values to be reasonable. The outliers are those points that
don't seem to fit.
John Tukey, inventing the box-and-whisker plot in 1977, proposed one and a half times the width of the
box to display these values. The

1.5  IQR is the demarcation line for outliers.

2.2 Grubbs' Test
Grubbs' test can be used to test the presence of one outlier and can be used with data that is normally
distributed (except for the outlier).
Here we test the null hypothesis that the data has no outliers vs. the alternative hypothesis that there is
one outlier. The ESD test should be used if there is the possibility of more than one outlier.
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If you suspect that the maximum value in the data set may be an outlier you can use the test statistic

G

x max  x
s

(3)

If you suspect that the minimum value in the data set may be an outlier you can use the test statistic

G

x  x max
s

(4)

The critical value for the test is

Gcrit 
where

n  1t crit



2
n n  2  t crit

T n  2 and the significance level is 

t  t crit is the critical value of the t distribution

Thus the null hypothesis is rejected if

n.

G  Gcrit .

There is also a two-tailed version of the test where
above and

(5)



G is the larger of the two G values described

G  Gcrit is defined as above except that the significance level for t crit is  2n .

Alternatively,

G can be calculated using the formula

G

max xi x
s

(6) .

2.3 Winsorising
Winsorising or Winsorisation is the transformation of statistics by limiting extreme values in the
statistical data to reduce the effect of possibly spurious outliers.
The distribution of many statistics can be heavily influenced by outliers. A typical strategy is to set all
outliers to a specified percentile of the data. Winsorised estimators are usually more robust to outliers
than their more standard forms, although there are alternatives, such as trimming, that will achieve a
similar effect.
A common procedure has been to replace any data value above the ninety – fifth percentile of the
sample data by the ninety--fifth percentile and any value below the fifth percentile by the fifth percentile.
The assumption seems to be that the outlier must be like other data. This suggests that the outlier
value must be incorrect. The value is replaced by a more plausible value. The new value is a
compromise. The outlier is not thrown out but it is a mediate value.
2.4 Experimental procedures
In the scientific literature we have identified several ways of the experimental procedures (Table 1). We
summarize the peculiar aspects that characterize experimental procedures.
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Authors

Bellmann

Griffin-Morioka

Mansfield-Griffin

Female

2

Male

12

12

Number of trials

3

35-60

Step-size [dB]

1.5

0.25

0.25

reference stimulus [s]

4

10

pause [s]

1

2

20
20

test stimulus [s]

2

4

10

Frequency [Hz]

5, 12.5, 16

5,20

5,20

0.1, 0.5

0.2, 0.4, 0.8 (weighted), pavé

2

Magnitude [m/s ] r.m.s.

Table 1 – Experimental procedures for relative difference thresholds
Male
Vibration

Tukey's

Grubbs

Stimuli

method

Test

Tarmac 0.2

Female
Winsorising

Tukey's

Grubbs

method

Test

17.8

34.8

Winsorising
32.3, 34.8

Tarmac 0.4

36.1

36.1

33.4, 36.1

Tarmac 0.8

25.1, 27.6

27.6

25.1, 27.6

29.5, 30.4

30.4

29.5, 30.4

27.3

27.2, 27.3

28.3, 29.5

29.5

28.3, 29.5

Pavé 04

17.6

Table 2 – Outliers for relative difference thresholds measured using male/female subjects and four
stimuli
2.5 Goodness of Fit by Shapiro-Wilk test
The inferential process proposes a distribution function of the representative process, derived from the
sample of observed data (Shapiro and Wilk 1965). The optimization provides the values of the optimal
parameters of the distribution function that approximate the sample of observed data. The inferential
process evaluates the uncertainty associated with the distribution function. The results should be
interpreted in probabilistic terms for their transferability/generalizability and compared to other
conditions survey.
The goodness of fit is developed by using the basic approach of the Shapiro-Wilk test (S-W) for
normality. The phases of test are the following ones:


Rearrange the data in ascending order so that



Calculate SS as follows:
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x1  x2    xn

2

n

SS   xi  x 

(7)

i 1



Calculate

b taking the a i weights from the Shapiro-Wilk tables:
2

n

b   ai x n 1i  xi 

(8)

b2
SS

(9)

i 1



Calculate the test statistic

W


Calculate the p-value for the test from the Shapiro-Wilk tables.

3. Results
The relative difference thresholds measured using the four stimuli are listed in Table 3 and in Table 4
(Mansfield and Griffin 2000).
Statistical methods offer different values of outliers represented in Table 2. A comparison of box-plot
for relative difference thresholds measured using male and female subjects is represented in Fig. 1
and Fig.2
The Shapiro-Wilk method tests the NULL hypothesis that the samples came from a Normal
distribution. This means that if our p-value

 0.5 , then we would reject the NULL hypothesis that the

samples came from a Normal distribution (Table 5). The results of quantile – quantile plots for relative
difference thresholds measured using male/female subjects and four stimuli are obtained by using the
R Project for statistical computing (Figures 3 and 4).
Subject

Tarmac 0.2

Tarmac 0.4

Tarmac 0.8

Pavé 0.4

M1

17.8

22.9

27.6

27.2

M2

16.1

19.4

25.1

13.6

M3

11.6

13.3

9.5

13.9

M4

9.4

14.4

7.1

12.3

M5

16.7

9.5

6.8

15.8

M6

12.2

36.1

13.3

27.3

M7

6.0

7.1

5.9

14.3

M8

8.7

33.4

9.0

22.7

M9

6.5

15.1

13.1

10.8

M10

11.4

15.3

14.2

17.9

Table 3 – Relative difference thresholds measured using male subjects and four stimuli
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Subject

Tarmac 0.2

Tarmac 0.4

Tarmac 0.8

Pavé 0.4

F1

15.5

15.6

14.7

11.7

F2

16.0

7.3

10.7

13.8

F3

13.5

12.1

10.3

11.4

F4

11.8

12.9

13.6

11.5

F5

18.5

14.8

8.4

17.4

F6

9.9

17.6

29.5

28.3

F7

32.3

11.4

30.4

29.5

F8

11.4

12.5

9.6

15.4

F9

22.2

8.4

13.0

12.4

F10

34.9

6.9

8.4

9.3

Table 4 – Relative difference thresholds measured using female subjects and four stimuli
Normality test
Vibration

Male

Female

Stimuli

W

p-value

W

p-value

Tarmac 0.2

0.93462

0.4948

0.8894

0.167

Tarmac 0.4

0.91833

0.3432

0.9511

0.6815

Tarmac 0.8

0.87208

0.1057

0.87867

0.126

Pavé 0.4

0.86663

0.09131

0.90979

0.2796

Table 5 – Shapiro-Wilk test for relative difference thresholds measured using male/female subjects
and four stimuli
4. Discussion
Tukey's method and Grubbs' test offer important tools to detect outliers from experimental data. The
comparison between Tukey's method and Grubbs's test can help the interpretation of the information
obtained by the results.
The box-and-whisker plot is developed by the Tukey's method, evaluating the interquartile range (IQR)
as measure of variability. The box-and-whisker plot is a standard technique for presenting a summary
of the distribution of dataset. The concise representation provides an intuitive comprehension of a
distribution. Overall, the simplicity of the box plot makes it an elegant method for the presentation of
scientific data. There is an important limitation to Tukey's method: the term
become negative.
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Q1  1.5  IQR can

Figure 1 – Box – plot of relative difference thresholds measured using male subjects
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Figure 2 – Box – plot of relative difference thresholds measured using male subjects
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The Grubbs' test detects outliers from normal distributions. The result of Grubbs' test denotes that the
data belongs to the core population. The typical aspects of Grubbs' test are following ones:


The minimum and maximum values are the tested data.



The mean and the standard deviation of the values in the data set must be calculated.



The test is based on the difference of the mean of the sample and the most extreme data
considering the standard deviation.

There are the following limitations to Grubb's test:


The investigated data, with outlier, must be nearly normally distributed.



The Grubb's test is valid for the detection of a single outlier. The test cannot be used for a
second time on the same set of data.



The Grubb's test should be applied with caution. The same conclusion should be applied to
all statistical tests used for rejecting data. There is a probability, equal to the significance level

a ( a  0.05 at the 95 % confidence level) that an outlier identified by the Grubb's test actually
is not an outlier.


If the investigated samples have an asymmetric distribution (e.g. lognormal), then the
Grubbs's test gives false results.

The methods of Tukey and of Grubb identify outliers. The process of winsorising replaces outliers with
value more plausible. The new value is a compromise. The outlier is not cancelled. The process of
winsorising is very simple. To winsorize, one converts the value(s) of data points that are outlying data
high to the value of the highest data point not considered to be an outlier.
Results show that Shapiro-Wilk test is a powerful normality test. The Shapiro-Wilk test has several
good features. It is very simple to compute once the table of linear coefficients is available. The test is
quite sensitive even for small samples ( n  20 ). A drawback of the S-W test is that for large sample
sizes it may prove awkward to tabulate or approximate the necessary values of the multipliers in the
numerator of the statistic. The new data, obtained by the approach of winsorising, are normally
distributed.
The result of the psycho-physical response of the subject depends on the willingness or the capacity of
the subject's cooperation. The situations psycho-physical contingents, the fluctuation of the level of
sensitivity are critical elements in the experimental measurements. We have observed that the
maximum values of whiskers of box--plot depend on spurious outliers.
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Figure 3 – Quantile – Quantile plots for relative difference thresholds measured using male subjects
and four stimuli
5. Conclusion
In order to avoid the clipping in signal processing of experimental data, the winsorising process is an
excellent transformation of statistics that reduces the effect of spurious outliers. In the experimental
data it seems that some observations deviate markedly from other observations. An outlier may
indicate bad data. If it is possible, we suggest that the outlying value should be corrected in the
analysis. Outliers may be due to random variation or may indicate something scientifically interesting.
In any event, we do not want to simply delete the outlying observation. However, if the data contains
significant outliers, we propose the process of winsorising as robust statistical techniques.
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Figure 4 – Quantile – Quantile plots for relative difference thresholds measured using female subjects
and four stimuli
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Abstract
There are standardised methods of predicting the vibration discomfort of a seated
person caused by translational and rotational vibration at the seat pan, the
backrest, and the support for the feet. However, the predictions are based on
various assumptions that have not been fully investigated. This study was designed
to determine how the discomfort caused by pitch oscillation depends on seating
conditions (with and without a backrest). For a rigid seat with and without a rigid
flat backrest, 15 subjects judged the discomfort caused by pitch oscillation over the
frequency range 0.5 to 5 Hz at magnitudes in the range 0.05 to 5.0 rad.s-2 r.m.s.
The rate of growth of discomfort varied between frequencies and depended on
whether the backrest was present, so the relative discomfort between frequencies
and the effect of the backrest on discomfort depended on the magnitude of
vibration. Although the appropriate frequency weighting depends on the magnitude
of vibration, at frequencies less than about 1 Hz, the discomfort caused by pitch
oscillation is similar with and without a backrest, whereas at frequencies greater
than about 1 Hz a backrest will tend to increase the discomfort caused by pitch
oscillation.
1. Introduction
The discomfort experienced by vehicle drivers and passengers depends on the frequency, the
magnitude, the direction, and the duration of the vibration. British Standard 6841:1987 and International
Standard 2631-1:1997 define frequency weightings and multiplying factors for predicting the discomfort
caused by different directions of vibration at different input locations to the body. These weightings were
mainly derived from laboratory studies of the discomfort caused by sinusoidal vibration (Griffin, 2007).
The vibration measured in a 2,260 kg sports utility vehicle (SUV) indicated that the overall ride included
an appreciable contribution from fore-and-aft vibration at the backrest of the driver’s seat. The spectra
of fore-and-aft vibration at the backrest showed greater similarity with the pitch motion of the vehicle
(measured beneath the seat) than fore-and-aft vibration at the same location (Figure 1). This is
consistent with other studies showing that pitch oscillation of a vehicle can be a principal cause of the
fore-and-aft vibration at a backrest (Qiu and Griffin, 2005). Understanding the role of pitch oscillation is
therefore important when measuring the ride in a vehicle and when predicting and optimising vehicle
vibration.
In one of a four-part series of studies, Parsons and Griffin (1982) determined equivalent comfort
contours for rotational whole-body vibration (i.e., roll, pitch and yaw oscillation) over the frequency range
of 1 to 31.5 Hz relative to the discomfort caused by vertical whole-body vibration. The final paper in the
series presented median equivalent comfort contours for all twelve axes by fitting lines of constant
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Figure 1 Acceleration power spectral densities for fore-and-aft acceleration at the backrest of the
seat, fore-and-aft acceleration on the floor beneath the seat, and pitch acceleration on the floor
beneath the seat. Measurements in a 2,260-kg SUV travelling at 40 miles per hour.
acceleration or constant velocity to the experimental data, so as to create simplistic frequency
weightings (Griffin et al., 1982). For pitch vibration at the seat, the experimentally derived equivalent
comfort contour was approximated by a slope of constant velocity over the frequency range 1 to 31.5
Hz, although this slightly underestimated discomfort at frequencies greater than 10 Hz. The fitted slope
was used to form the W e weighting in BS 6841:1987 and, subsequently, ISO 2631-1:1997.
At the time when the standards were produced, the facilities for investigating the discomfort caused by
pitch oscillation were very limited. The experimental studies were restricted to the frequency range 1 to
31.5 Hz and conducted with pitch oscillation of a rigid flat seat with no backrest and with the feet resting
on a stationary support. With low frequencies of pitch oscillation of the seat, relative motion between
the front of the seat and the stationary feet may have contributed to discomfort around the thighs that
will not be present if the seat and feet move together, as in most transport environments (Jang and
Griffin, 2000).
Rotational vibration produces translational oscillation at points away from the centre of rotation. Pitch
oscillation of a floor supporting a seat causes fore-and-aft motion at the seat backrest, with the
magnitude of fore-and-aft vibration increasing up the height of the backrest.
Equivalent comfort contours for fore-and-aft and pitch oscillation over the frequency range 0.2 to 1.6
Hz have been determined with and without a backrest (Wyllie and Griffin, 2009). It was concluded that
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at frequencies less than about 0.8 Hz, the main contributor to overall discomfort was acceleration in the
plane of the seat due to gravity acting through the angle of pitch at the seat (i.e., g sin θ, where θ is the
angle of pitch in degrees). At frequencies greater than about 0.8 Hz, the fore-and-aft acceleration of the
backrest seemed to be the principal cause of discomfort.
The relationship between the magnitude of a vibration, φ, and the subjective response to the vibration,
ψ, can be expressed using Stevens’ power law:
Ψ = k. φ n

(1)

where n is the ‘rate of growth’ of sensation (e.g., discomfort) and k is a constant.
During the past decade it has become recognised that n, the rate of growth of sensation with increasing
vibration magnitude, varies according to the frequency, direction, and location of input of vibration to
the body. This means that the shapes of equivalent comfort contours vary with the magnitude of
vibration, and the equivalence between directions of vibration and locations of input of vibration to the
body varies with the magnitude of vibration (e.g., Morioka and Griffin, 2006; Wyllie and Griffin, 2009;
Basri and Griffin, 2013). The magnitude-dependence of equivalent comfort contours means that a single
frequency weighting, as offered in the standards, cannot provide an optimum prediction of the
discomfort caused by a range of vibration magnitudes, frequencies, and directions.
From the studies of Wyllie and Griffin it seems that the discomfort caused by pitch oscillation at the
surface of a seat pan may often be predicted from the root-sums-of squares of the following
components, where the frequency weightings W c , W d , and W e are as defined in BS 6841:1987:
(a)

pitch acceleration in the plane of the seat in rad.s-2 (using frequency weighting W e , with a
multiplying factor of 0.4),

(b)

fore-and-aft acceleration calculated from the angular displacement, θ, at the seat multiplied
by gravity (i.e., g sin θ) (using frequency weighting W d , with a multiplying factor of 1.0),

(c)

fore-and-aft acceleration at the backrest (if present) calculated from the height of the
backrest, h, (in metres) and the pitch acceleration, 𝜃𝜃̈ (in radians) (i.e., h.𝜃𝜃̈) (using frequency

weighting W c with a multiplying factor of 0.8).

The fore-and-aft acceleration at the feet caused by pitch oscillation (either due to the gravitational
component, g sin θ, or because the feet are distant from the centre of rotation), is assumed to be
negligible due to relatively low sensitivity to vibration of the feet in the fore-and-aft direction (see Wyllie
and Griffin, 2009), and so vibration at the feet will be ignored.
Since pitch oscillation can produce motions that cause discomfort, it is desirable to understand better
the role of pitch motion in a procedure for predicting the discomfort caused by multi-axis and multipleinput vibration. This study was designed to determine how the discomfort caused by pitch oscillation
depends on the magnitude of pitch oscillation (0.05 to 5.0 rad.s-2 r.m.s.), the frequency of oscillation
(0.5 to 5 Hz), and seating conditions (with and without a backrest). It was hypothesised that the rate of
growth of discomfort would depend on the frequency of oscillation and that a backrest would have no
effect on discomfort at frequencies less than about 1 Hz, because the gravitational component (g sin θ)
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at the seat pan would dominate. At frequencies greater than about 1 Hz, greater discomfort was
expected with the backrest, because fore-and-aft acceleration of the backrest would then be the
dominant vibration input to the body arising from the pitch oscillation.
2. Method
2.1. Subjects
Fifteen subjects, eight male and seven female students and office workers from the University of
Southampton, participated in the study. Their characteristics are summarised in Table 1. The
experiment was approved by the Ethics Committee of the Faculty of Engineering and the Environment
at the University of Southampton (application number 14510).
Table 1 Median and interquartile range of subject characteristics.
Gender

Age (years)

Height (m)

Weight (kg)

Male

28 (2.8)

1.80 (0.15)

91 (27.6)

Female

27 (4.5)

1.62 (0.05)

55 (7.5)

2.2. Apparatus
Pitch oscillation was produced by a six-axis motion simulator in the Human Factors Research Unit of
the Institute of Sound and Vibration Research at the University of Southampton. Figure 2 shows the
experimental set up.
A rigid seat with a removable backrest (seat-pan height 0.423 m, seat-pan depth 0.445 m, backrest
height above the seat pan 0.558 m) was mounted on the motion simulator. The centre-of-rotation of the
simulator was adjusted to be at the upper surface of the seat pan beneath the ischial tuberosities of the
seated subjects.
Subjects wore a loose lap belt and held an emergency stop button for safety. A rigid footrest was used
if necessary so that the upper surfaces of the thighs were horizontal when the subjects sat without
motion.
Subjects wore headphones producing white noise at 65 dB (A) to mask sounds produced by motion of
simulator. The experimenter communicated with subjects via a microphone and the headphones.
2.3. Motion Stimuli
Motion stimuli were generated using MATLAB (version 2012a) and the HVLab toolbox (version 2). The
sinusoidal stimuli were at the eleven preferred one-third octave centre frequencies from 0.5 to 5 Hz.
The stimuli had durations of approximately 11 seconds, adjusted to n+0.5 cycles of oscillation (where
n is an odd number). These stimuli were then modulated by a half sine envelope so that each stimulus
started and ended with zero displacement, zero velocity, and zero acceleration.
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Figure 2 Experimental setup on the 6-axis simulator with backrest (left) and without backrest (right).

The magnitudes at 0.5 Hz were adjusted to 0.063, 0.10, 0.16, 0.25, 0.40, and 0.63 rad.s-2 (i.e., six
magnitudes with 2 dB increments between magnitudes). To obtain a similar range of the subjective
magnitudes across the frequency range with and without the backrest, the magnitudes at other
frequencies were calculated so that they would be expected to produce similar overall discomfort (using
the weightings and multiplying factors in BSI 6841:1987 with the addition of the gravitational factor and
using the root-sums-of-squares, r.s.s., to combine the components). The ranges of stimuli are shown
in Figure 5 (below).
The stimuli consisted of 66 motions with the backrest and 64 motions without the backrest. The greatest
magnitudes at the two highest frequencies (4 and 5 Hz) without the backrest were not presented due
to the high magnitudes of simulator pitch acceleration required.
2.4. Procedure
Subjects attended one session lasting approximately 90 minutes, which included reading instructions,
signing a consent form, practice, and participating in the experiment. They received written instructions
and were given practice to demonstrate they had understood their task of judging discomfort. The
practice consisted of judging the length of lines on paper and judging vibration discomfort when seated
without a backrest and exposed to eight motions over the ranges of frequency and magnitude they
would experience in the experiment.
During the experiment, the subjects were instructed to close their eyes to eliminate the visual perception
of motion from their evaluations. They were instructed to sit comfortably and maintain an upright
posture. For the condition without backrest, the backrest was removed to avoid any unintentional
contact between the subject and the backrest. In the condition with the backrest, they maintained
contact with the backrest throughout the experiment.
Subjects rated the discomfort caused by the pitch oscillations using the method of absolute magnitude
estimation. The order of presenting the seating conditions was balanced. The order of presenting the
motion stimuli was randomised within each seating condition.
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2.5. Data analysis
The magnitude estimates of vibration discomfort given by each subject over all frequencies and
magnitudes and both seating conditions (with and without backrest) were normalised so that the median
value was 100 for every subject.
Using Stevens’ Power Law, the rate of growth of discomfort, n, and the constant, k, were determined at
each frequency in both seating conditions for every subject by linear regression after logarithmic
transformation of Equation 1:
log 10 ψ = n log 10 φ + log 10 k

(2)

where n represents the slope (rate of growth of discomfort) and k represents the intercept of the linear
regression between log 10 ψ and log 10 φ.
Equivalent comfort contours were then determined from Equation 2 by calculating for every individual
subject the magnitude of pitch acceleration (i.e., φ in rad.s-2 r.m.s., unweighted) required to produce
subjective magnitudes, ψ, of 50, 100 and 150.
The hypotheses were tested using non-parametric statistics in SPSS (version 22). To quantify
differences between related samples, the Friedman two-way analysis of variance and the Wilcoxon
matched-pairs signed ranks were used. The probabilities shown are not adjusted for multiple
comparisons.
3.

Results

3.1. Rate of growth of discomfort
The medians and inter-quartile ranges of the rates of growth of discomfort (i.e., the exponent n) at each
frequency of vibration are shown for the judgements obtained with a backrest (Figure 3, left) and without
a backrest (Figure 3, right). In both seating conditions the rate of growth of discomfort depended on the
frequency of vibration (p=0.002 with backrest, p<0.001 without backrest; Friedman).
With backrest, the rate of growth of discomfort was less at frequencies from 1 to 2 Hz than at 3.15 and
4 Hz (p<0.05, Wilcoxon), except between 1 and 3.15 Hz (p=0.164, Wilcoxon). Without backrest, the
rate of growth of discomfort tended to decrease with increasing frequency: the rates of growth of
discomfort at frequencies less than 1 Hz were greater than those at all other frequencies (p<0.05,
Wilcoxon), and the rate of growth at 5 Hz was less than the rate of growth at all other frequencies
(p<0.05, Wilcoxon).
The backrest increased the rate of growth of discomfort at 1 Hz (p=0.05, Wilcoxon) and at frequencies
greater than 2 Hz (p<0.05 at 2 Hz, p<0.01 between 2.5 and 5 Hz; Wilcoxon; Figure 4).
3.2. Equivalent comfort contours
The median equivalent comfort contours for pitch vibration when sitting with and without a backrest are
shown in Figure 5. As expected from the variation in the rate of growth of discomfort with frequency,
the shapes of the contours vary according to the subjective magnitude, with the greatest change in the
shapes of the contours when sitting with no backrest.
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Figure 3 Rate of growth of discomfort, n, for pitch oscillation when sitting with a backrest (left) and
sitting without a backrest (right). Median values and inter-quartile ranges from 15 subjects.

Figure 4 Rates of growth of discomfort, n, for pitch oscillation
when sitting with a backrest (blue) and sitting without backrest
(red). Median values from 15 subjects.
3.2.1. Comparing discomfort with and without backrest
With a subjective magnitude of 100, the presence of the backrest had no effect on vibration discomfort
caused by frequencies less than 1.25 Hz (p>0.1, Wilcoxon), but the backrest increased discomfort at
1.6 Hz (p=0.005; Wilcoxon) and at 3.15 and 4 Hz (p<0.01, Wilcoxon).
When the subjective magnitude increased to ψ = 150, there was still no significant difference between
the contours for the two seating conditions at frequencies less than 1.25 Hz (p>0.1, Wilcoxon) but the
presence of the backrest increased discomfort at 1.6 Hz (p=0.001, Wilcoxon) and at all frequencies
greater than 2 Hz (p<0.02, Wilcoxon) (see Figure 6).
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Figure 5 Equivalent comfort contours for subjective magnitudes ψ = 50, 100 and 150 in terms of
unweighted r.m.s. acceleration calculated from the median equivalent comfort contours of 15
subjects with backrest (left) and without backrest (right). Minimum and maximum magnitudes of
vibration employed in the study (……..).

Figure 6 Comparison of equivalent comfort contours for a
subjective magnitude ψ = 100 in terms of unweighted r.m.s. pitch
acceleration calculated from the median equivalent comfort
contours of 15 subjects sitting with and without a backrest.
4. Discussion
4.1. Rate of growth of discomfort
With no backrest, the rate of growth of discomfort decreased with increasing frequency of vibration. At
low frequencies, the rotational displacement was large and so there was greater acceleration in the
plane of the seat (i.e., g sin θ) which probably dominated discomfort. At higher frequencies the rotational
displacement was small and so the acceleration in the plane of the seat due to gravity was small, and
the relative displacement between the moving legs and the torso was reduced, and there was no
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backrest to cause vibration discomfort at the back. In these conditions the discomfort increased at a
slow rate when the magnitude of vibration increased.
With the backrest, the rate of growth of discomfort was similar to that without backrest at low frequencies
(less than 1 Hz), consistent with discomfort being caused by acceleration in the plane of the seat due
to gravity in both cases. No significant effect of a backrest on the rate of growth of discomfort over the
frequency range 0.2 to 1.6 Hz has also been reported by Wyllie and Griffin (2009). In the present study,
at frequencies greater than 1 Hz, the rate of growth of discomfort was greater with the backrest than
without the backrest, consistent with backrest vibration being a more important source of discomfort.
The variations in the rates of growth of discomfort over frequency and between backrest conditions are
consistent with the rate of growth being greater when discomfort is dominated by factors affecting the
whole body and less when discomfort is not localised in the torso (Jang and Griffin, 2000).
4.2.

Equivalent comfort contours

The frequency-dependence in the rate of growth of discomfort causes the equivalent comfort contours
to change shape according to the magnitude of the vibration. The effect is far greater without the
backrest because the rate of growth of discomfort changes more over the frequency range 0.5 to 5 Hz
when there is no backrest.
The difference in the rate of growth of discomfort between sitting with a backrest and sitting without a
backrest (at frequencies greater than about 1 Hz) means that the extent to which the backrest increased
discomfort depends on the magnitude of the vibration, as can be seen in Figure 6.
At frequencies less than about 1 Hz, the equivalent comfort contours are similar with and without a
backrest, indicating that the rigid backrest had no overall negative or positive effect on the discomfort
caused by pitch oscillation at these frequencies. Because the rate of growth is similar with and without
a backrest at these frequencies it may be concluded that the negligible effect of the backrest on
discomfort will apply over a wide range of magnitudes of pitch oscillation at frequencies less than about
1 Hz. At higher frequencies, the addition of the backrest increases discomfort, and the obvious
explanation is the contribution from fore-and-aft vibration of the backrest caused by the pitch oscillation
at the seat pan. These findings are broadly consistent with those of Wyllie and Griffin (2009) who found
increased discomfort with a backrest at frequencies greater than 0.63 Hz, but they did not investigate
frequencies greater than 1.6 Hz.
To predict the discomfort caused by the fore-and-aft vibration at the back arising from pitch oscillation
it is necessary to assume the effective height above the seat pan where the fore-and-aft backrest
vibration has the contact with the body that causes discomfort within the body. The flat vertical backrest
employed in this study extended 0.558 m above the seat pan, but subjects would not have been in
contact with the backrest at the highest point on this backrest. Half way up the backrest, the fore-andaft motion caused by pitch oscillation about the seat pan would have been half the magnitude of the
fore-and-aft motion at the top of the backrest. A reduction in backrest height will therefore reduce the
discomfort arising from the fore-and-aft backrest vibration caused by pitch oscillation, and probably
increase the range of frequencies over which discomfort is similar with and without a backrest.
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British Standard 6841:1987 states: “Measurements on the seat-back should be made at the position
with the greatest effective vibration in contact with the body”, whereas ISO 2631-1:1997 states:
“Measurements on the seat-back should be made in the area of principal support of the body”. Neither
of these is sufficiently specific to identify where vibration between a backrest and the back should be
measured.
In this study, the centre of pitch was located at the upper surface of the seat pan. If pitch motion of a
vehicle is measured beneath a seat, the fore-and-aft vibration at the seat back arising from this pitch
motion will tend to be greater, and the role of pitch motion of the vehicle in causing discomfort will also
tend to be greater than implied here. Additionally, a non-rigid backrest will exhibit amplification of
vibration at some frequencies and attenuation of vibration at some other frequencies (Basri and Griffin,
2014), further complicating the prediction of vibration discomfort caused by pitch oscillation.
5. Conclusions
The rate of growth of discomfort caused by pitch oscillation of a seat depends on the frequency of
oscillation and whether there is a backrest to the seat. The relative discomfort between frequencies and
between seating conditions (backrest or no backrest) therefore depends on the magnitude of vibration.
Although the appropriate frequency weighting depends on the magnitude of vibration, at frequencies
greater than about 1 Hz a backrest will tend to increase the discomfort caused by pitch oscillation. At
frequencies less than about 1 Hz, the discomfort caused by pitch oscillation seems to be similar with
and without a backrest.
When fore-and-aft vibration at a backrest contributes to vibration discomfort it should be recognised
that the cause may be pitch motion of the vehicle. Pitch oscillation of the floor of a vehicle, how it is
transmitted to drivers and passengers, and how it contributes to the perception of vehicle vibration
discomfort requires more consideration.
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BODY SITTING ON A RIGID SEAT EXPOSED TO VERTICAL VIBRATION
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Southampton SO17 1BJ
United Kingdom
Abstract
Dynamic vertical forces at the ischial tuberosities and along the thighs of a seated
person exposed to vertical vibration can be expected to reflect the dynamic
characteristics of the body at these locations as well as more distant locations,
including the upper body. Understanding the biodynamic responses at different
locations over the contact surfaces, and the contribution of these responses to the
overall apparent mass of the body, should assist understanding of the resonance
behaviour of the whole body. With vertical vibration excitation, this study
investigated biodynamic responses measured beneath the ischial tuberosities, the
middle thighs, and the front thighs in terms of the vertical apparent masses (i.e.,
ratios of vertical force to vertical acceleration at these locations). Fourteen male
subjects sat on a rigid seat with feet hanging while exposed to random vertical
-2
vibration (0.5 to 20 Hz) at three vibration magnitudes (0.25, 0.5, and 1.0 ms
r.m.s.). The frequency of the principal resonance in the vertical apparent mass
was higher at the front thighs (8 to 10 Hz) than at the ischial tuberosities (around 5
Hz). There was greater nonlinearity in the vertical apparent mass measured at the
front thighs than at the ischial tuberosities.
1

Introduction

Dynamic forces over the interfaces between a seat and the human body can contribute to the
perception of discomfort caused by vibration. Understanding the variation in biodynamic responses
over these surfaces, and the contribution of each response to the overall apparent mass of the body
sitting on a seat, will advance understanding of biodynamic responses to whole-body vibration and
may contribute to improving sitting comfort.
The biodynamic responses of the human body exposed to vertical vibration have been studied in
terms of the driving point apparent mass. The vertical in-line apparent mass (i.e., the complex ratio
between the vertical driving force and the vertical acceleration at the same point) has a principal
resonance around 5 Hz and a secondary resonance around 8 to 10 Hz (Fairley and Griffin, 1989).
The fore-and-aft cross-axis apparent mass of the seated human body exposed to vertical vibration
(i.e., the complex ratio between the fore-and-aft force to the vertical acceleration at the driving point)
also shows a principal resonance around 5 Hz (Nawayseh and Griffin, 2003).
Experimental and analytical modal analyses of the seated human body have suggested that the
deformation of the soft tissues beneath the pelvis contributes to the principal resonance in the
apparent mass around 5 Hz and the secondary resonance around 8 Hz (Kitazaki and Griffin, 1997;
________________________________________________________________________________
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Kitazaki and Griffin, 1998; Matsumoto and Griffin, 2001). In previous studies, the total force at the
seat surface has been measured, so how the soft tissues at the ischial tuberosities and the thighs are
involved in the apparent mass could not be distinguished. The roles of the soft tissues at the ischial
tuberosities and the thighs may be studied by measuring the responses at these locations. Different
principal resonance frequencies might be expected at the ischial tuberosities and the thighs if the
deformation of the soft tissues at the ischial tuberosities and the thighs are involved in different modes
of vibration. However, the dynamic response of the body is complex and the principal resonance
evident at a location can be caused either by a mode of the body at that location or a mode of the
body at distant locations. When the feet are unsupported (i.e., hanging), the thighs may bounce on
the muscles and other soft tissues beneath the femur and produce a local mode of vibration at the
thighs that differs from the principal mode of vibration of the human body. If the body tissues beneath
the thighs and the ischial tuberosities have broadly similar stiffness, it would be expected that the
principal resonance at the thighs will be at a higher frequency than the resonance at the ischial
tuberosities, because less mass is supported at the thighs than at the ischial tuberosities.
The apparent mass of the body depends on the vibration magnitude, with the principal resonance
frequency decreasing as the vibration magnitude increases (e.g., Fairley and Griffin, 1989; Huang and
Griffin, 2008). This nonlinearity in the biodynamic responses may be a property of the soft tissues.
The nonlinearity in the vertical apparent mass increases as thigh contact increases (Nawayseh and
Griffin, 2003). This suggests that in postures with greater thigh contact the apparent mass is more
influenced by a mode of vibration with greater nonlinearity, possibly due to a difference in the
nonlinearity of the tissues at the thighs and the ischial tuberosities. With the human body sitting on a
rigid flat surface, there are greater pressures beneath the ischial tuberosities than beneath the thighs
(Verver et al., 2004). The differences in pressures, tissue types, and tissue thicknesses make it
reasonable to suppose there will also be differences in the nonlinearity of tissues at the ischial
tuberosities and the thighs.
The objective of this study was to investigate the biodynamic responses at the ischial tuberosities, the
middle thighs, and the front thighs of the human body sitting on a rigid seat with feet hanging while
exposed to vertical vibration. The study was designed to identify the contributions of the biodynamic
responses at different locations to the overall apparent mass of the human body. It was hypothesised
that the response at the thighs would have a higher principal resonance frequency than that at the
ischial tuberosities. It was also hypothesised that the nonlinearity in the response at the thighs would
differ from that at the ischial tuberosities.
2
2.1

Method
Equipment

A rigid seat with a flat horizontal surface was secured to the platform of a 1-m vertical electrohydraulic vibrator (Figure 1). An accelerometer (Entran EGCSY-240D-10) was mounted beneath the
centre of the seat pan to measure the vertical vibration acceleration. A force plate (Kistler 9281B) was
secured to the seat frame to measure the overall vertical forces on the seat surface. Two load cells
(Kistler 9602) supported a rectangular wooden plate at the front area of the force plate to measure the
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vertical forces beneath the distal parts of the thighs. Another two load cells (Kistler 9602) supported a
rectangular wooden plate in the middle area of the force plate to measure the vertical forces beneath
the proximal thighs. A wooden block was secured on the rear of the force plate to provide a surface to
take the weight at the ischial tuberosities. The upper surface of this wooden block was level with the
upper surfaces of the two wooden plates supported by the two pairs of load cells.
Forces in the vertical direction were measured in this study. Signals from the accelerometer and the
load cells were acquired at 512 samples per second via anti-aliasing filters at 50 Hz.

1

3

5
2

4

6
7
8
Figure 1 Force cells for measuring forces at different locations.
1 to 4: Kistler 9602 load cells; 5 and 6: wooden plates to
support thighs; 7: wooden block to support the ischial
tuberosities; 8: Kistler 9281B force plate.

Figure 2 Feet hanging posture.
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Table 1 Characteristics of the 14 male subjects: median (range).
Age

Weight

Stature

Sitting height*

Knee height**

Buttock-knee

[Year]

[kg]

[cm]

[cm]

[cm]

length*** [cm]

28.4

74.2

179

91

57.6

60.6

(24-40)

(65.5-85.5)

(165-188)

(86-94)

(50-62.5)

(56-66)

*: Vertical distance from the sitting surface to the top of the head;
**: Vertical distance from the footrest surface to the upper surface of the knee;
***: Horizontal distance from the rearmost surface of the buttocks to the front of the knee.
2.2

Subjects and stimuli

Fourteen male subjects sat on the seat with their ischial tuberosities supported by the wooden block
at the rear of the seat, their feet hanging, and their upper-body in a normal upright posture (Figure 2).
The characteristics of the subjects are listed in Table 1.
The subjects were exposed to vertical random vibration with an approximately flat constant bandwidth
acceleration power spectrum between 0.5 and 20 Hz at three magnitudes (0.25, 0.5, and 1.0 ms-2
r.m.s.), each with a duration of 60 s.
The experiment was approved by the Ethics Committee of the Faculty of Engineering and the
Environment at the University of Southampton (approval number 7931).
2.3

Analysis

The total vertical dynamic force on the whole body was determined by subtracting the inertia forces
due to the 50.5-kg mass above the force sensing elements of the Kistler 9281B force plate from the
vertical force measured by this force plate. This ‘mass cancellation’ was performed in the timedomain.
The vertical force at the front thighs was obtained by summing the forces from the two front Kistler
9602 load cells and then subtracting the inertia force due to the 0.7-kg mass above these load cells in
the time-domain. The same procedure was applied to obtain the vertical force at the middle thighs.
The force at the ischial tuberosities of the seated human body was obtained by subtracting in the
time-domain the vertical forces at the front and middle thighs from the total vertical force for the whole
body as calculated from the signals given by the Kistler 9281B force plate.
The complex ratios between the vertical acceleration at the seat and the vertical force at each location
(front thighs, middle thighs, and ischial tuberosities) were calculated using the cross-spectral density
method, and are referred to as the vertical in-line apparent mass at the appropriate measurement
position:
M(ω) = Saf(ω) / Saa(ω),

Equation 1

where M(ω) is the apparent mass, Saf(ω) is the cross-spectral density between the acceleration and
the force, and Saa(ω) is the power spectral density of the acceleration.
The complex ratio between the total force in the vertical direction and the vertical acceleration at the
seat was also calculated using the cross-spectral density method, and is referred to as the overall
vertical in-line apparent mass of the human body.
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The degree of nonlinearity in the response at different locations is quantified by the ratio, R, of the
resonance frequencies in response to vibration at 0.25 ms-2 r.m.s. and 1.0 ms-2 r.m.s.:
R = f0.25 / f1.0

Equation 2

where f0.25 is the frequency of resonance in response to vibration at 0.25 ms-2 r.m.s. and f1.0 is the
frequency of resonance in response to vibration at 1.0 ms-2 r.m.s. A greater R value indicates greater
nonlinearity.
3
3.1

Results
Characteristics in the vertical apparent masses

The overall vertical apparent mass showed principal resonances in the region of 5 Hz for the majority
of the subjects but with variability between subjects (Figure 3). Twelve of the fourteen subjects
showed another resonance at about 8 to 10 Hz and eight subjects showed a third broad resonance
around 13 Hz.
The vertical apparent masses showed principal resonances around 5 Hz at the ischial tuberosities,
around 5 Hz with a secondary resonance in the range 8 to 10 Hz at the middle thighs, and around 8 to
10 Hz at the front thighs.
The overall apparent masses presented similar resonance frequencies to the responses at the ischial
tuberosities (Figure 4), with no significant difference in the resonance frequencies at any vibration
magnitude (Wilcoxon, p>0.05). With all three vibration magnitudes, the apparent masses presented
significantly higher resonance frequencies at the front thighs than at the other locations (Figure 4;
Wilcoxon, p<0.005).
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Figure 3 Overall vertical apparent masses and vertical apparent masses at the
ischial tuberosities, the middle thighs, and the front thighs with a vibration magnitude
-2
of 0.25 ms r.m.s. Individual data from 14 subjects.
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Figure 4 Overall vertical apparent mass and vertical apparent masses at the ischial tuberosities,
the middle thighs, and the front thighs with a vibration magnitude of 0.25 ms-2 r.m.s.: – – –
overall apparent mass; –––– apparent mass at the ischial tuberosities; ········· apparent mass at
the middle thighs; −·−·−· apparent mass at the front thighs. Median data from 14 subjects.
Table 2 Statistical comparison of the vertical apparent masses between locations at
frequencies from 1 to 16 Hz at all three vibration magnitudes (Wilcoxon matched-pairs
signed ranks test).

Frequency
(Hz)

ischial tuberosities
versus
middle thighs
Vibration magnitude
(ms-2 r.m.s.)
0.25

0.5

1.0

ischial tuberosities
versus
front thighs
Vibration magnitude
(ms-2 r.m.s.)
0.25

0.5

1.0

front thighs
versus
middle thighs
Vibration magnitude
(ms-2 r.m.s.)
0.25

0.5

1.0

1.0
****B
****B
****B
***B
****B
****B
****F
****F
****F
2.0
****B
****B
****B
***B
****B
****B
****F
****F
****F
3.25
****B
****B
****B
****B
****B
****B
****F
****F
****F
4.0
****B
****B
****B
****B
****B
****B
****F
****F
****F
5.0
****B
****B
****B
****B
****B
***B
****F
****F
****F
6.25
****B
****B
****B
*B
****F
****F
****F
8.0
***B
***B
****B
**F
****F
*F
****F
****F
****F
10
****B
****B
****B
***F
****F
****F
****F
12.5
****B
****B
****B
*B
****F
****F
****F
16
****B
****B
****B
*B
*B
***B
****F
****F
****F
*p<0.05; **: p<0.01; ***: p<0.005; ****: p<0.001; -: p>0.05
B: median apparent mass at the ischial tuberosities greater than that at the other location;
F: median apparent mass at the front thighs greater than that at the other location.
The apparent masses were greater at the ischial tuberosities than at the middle thighs at all
frequencies (Figure 4, Table 2). The apparent masses were greater at the ischial tuberosities than at
the front thighs at all frequencies, except around 8 to 10 Hz (Figure 4, Table 2). The apparent masses
were less at the middle thighs than at the front thighs at all frequencies (Table 2).
3.2

Nonlinearity in the vertical apparent masses

The resonance frequencies in the overall vertical apparent mass and the apparent masses at all three
locations decreased with increasing vibration magnitude (Friedman, p<0.05; Figure 5).
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Figure 5 Effect of vibration magnitude on the overall vertical apparent mass and
the vertical apparent masses at the ischial tuberosities, the middle thighs, and the
front thighs: ········· 0.25 ms-2 r.m.s.; –––– 0.5 ms-2 r.m.s.; −·−·−· 1.0 ms-2 r.m.s.
Median values for 14 subjects.
When the vibration magnitude increased from 0.25 to 1.0 ms-2 r.m.s., the median ratio, R, calculated
with Equation 2, was 1.18, 1.18, and 1.25 for the overall vertical apparent mass, the apparent mass at
the ischial tuberosities, and the apparent mass at the front thighs, respectively. The ratio was
significantly greater for the front thighs than for both the overall apparent mass and the apparent
mass at the ischial tuberosities (Wilcoxon, p<0.001).
4
4.1

Discussion
Characteristics in the vertical apparent masses

Previous studies have suggested that the mode associated with the principal whole-body resonance
of the human body involves deformation of the soft tissues beneath the ischial tuberosities (Kitazaki
and Griffin, 1997; Matsumoto and Griffin, 2001; Zheng et al., 2011). In this study, the vertical apparent
mass at the ischial tuberosities showed a similar resonance frequency to the overall vertical apparent
mass, consistent with soft tissue deformation at the ischial tuberosities contributing to the resonance.
In contrast, the resonance evident at the front of the thighs occurred at a frequency that was higher
than the principal resonance of the body, showing that deformation of the front thighs was not
primarily responsible for the major resonance of the whole-body. It may be concluded that soft tissues
beneath the ischial tuberosities are more involved in the principal resonance in the vertical apparent
mass of the human body than the soft tissues at the thighs.
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Figure 6 Vertical apparent mass and vertical
transmissibility to the upper-surface of the knee.
Data from one subject.
With feet hanging, the vertical apparent mass showed a higher resonance frequency at the front
thighs than at other locations (Figure 4). This is similar to the apparent mass measured at the feet
when subjects sit with their heels just in contact with a footrest (Nawayseh and Griffin, 2003). The
vertical force at the feet presented a principal resonance around 10 Hz, higher than the principal
resonance frequency in the vertical apparent mass at the seat. At frequencies around 8 Hz in the
present study, the apparent mass at the front thighs was greater than the apparent masses at the
ischial tuberosities and the middle thighs (Figure 4, Table 2). This indicates that the response at the
front thighs can make an appreciable contribution to the overall vertical apparent mass of the body,
and that around 8 Hz the soft tissues at the front thighs are more involved than the soft tissues at the
ischial tuberosities.
The resonance in the apparent mass measured at the front thighs around 8 Hz might arise from the
masses (of the thighs, legs, and feet) being supported on the thighs and the femurs undergoing a
pitch mode about the hip joints. This is consistent with the vertical transmissibility from the seat to the
knee having the same principal resonance frequency as the second peak in the vertical apparent
mass, when the feet were hanging (Figure 6).
The vertical apparent mass of the whole-body often shows a secondary peak around 8 to 10 Hz (e.g.,
Fairley and Griffin, 1989). Some biodynamic models have suggested that a mode in which the viscera
moves vertically out of phase with axial deformation of the soft tissues of the buttocks and thighs is
associated with this secondary peak in the vertical apparent mass of the whole-body (e.g., Kitazaki
and Griffin, 1997; Matsumoto and Griffin, 2001). It is expected that the resonance of the thighs found
around 8 Hz in the present study may also contribute to this secondary peak when the feet are not
well supported by a footrest.
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4.2

Nonlinearity in the vertical apparent masses

When the vibration magnitude increased from 0.25 to 1.0 ms-2 r.m.s., the nonlinearity (as indicated by
the ratio, R, calculated with Equation 2), was greater at the front thighs than at the ischial tuberosities.
Since the principal resonance at the front thighs may be caused by the thighs bouncing on the soft
tissues beneath the femurs, as discussed above, the nonlinearity measured at the front thighs may be
related to the compression properties of the soft tissues in the thighs. The cause of the non-linearity
associated with the principal resonance in the vertical apparent mass around 5 Hz is less clear and
may reflect the characteristics of the soft tissues beneath the ischial tuberosities and the tissues of the
upper-body. This study shows that the soft tissues at the thighs can introduce greater nonlinearity
than the soft tissues beneath the ischial tuberosities.
5

Conclusions

When sitting with the feet hanging, the vertical apparent mass measured at the ischial tuberosities
makes a greater contribution to the overall vertical apparent mass at the 5-Hz resonance of the body
than the apparent mass measured at the middle of the thighs or the front of the thighs.
With the feet hanging, the vertical apparent mass measured at the front thighs exhibits a principal
resonance around 8 Hz and can be the principal contribution to the overall vertical in-line apparent
mass at 8 Hz. This resonance may involve pitch motion of the femurs about the hip joints, with the
legs bouncing on the soft tissues of the thighs.
As the vibration magnitude increases, the resonance frequencies in the apparent masses measured
at all three locations (i.e., ischial tuberosities, middle thighs, and front thighs) decrease. With the feet
hanging, there was greater nonlinearly in the vertical apparent mass at the thighs than at the ischial
tuberosities.
6
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Abstract
Biodynamic models indicate that dynamic spinal forces depend on the biodynamic
behaviour of the body, which varies with backrest inclination. With random vertical
-2
vibration (0.2 to 20 Hz at 1.0 ms r.m.s.), this study measured the vertical in-line
apparent mass and the fore-and-aft cross-axis apparent mass at the seat pan and
the backrest with 12 subjects sitting with different rigid flat backrests (vertical, 10˚,
20˚, 30˚, and no backrest). With the vertical backrest, the effect of contact at a
lumbar support (at L2) or a thoracic support (at T5) was investigated. Inclining the
backrest tended to increase the resonance frequency and decrease the apparent
mass at the resonance in the vertical in-line apparent mass measured at the seat
pan. With an inclined backrest, the principal peak in the vertical in-line apparent
mass at the seat pan was broader, and the resonance frequencies in the fore-andaft cross-axis apparent mass and the vertical in-line apparent mass differed,
suggesting changes in the motions of the thoracic and lumbar spine. With
increasing inclination of the backrest, the overall dynamic forces exposed to the
subjects in the vertical and fore-and-aft directions increased in the frequency
range 6 to 15 Hz. It is concluded that varying the inclination of a backrest alters the
motions of body parts and the fore-and-aft and vertical dynamic forces at the seat
pan and the backrest.

1. Introduction
Drivers and passengers of many types of vehicle sit with their backs supported by a backrest.
Backrest support can reduce the need for muscle activity to maintain posture in static conditions
(Bennett et al., 1989) and stabilise the body so as to reduce the need for muscle activity in dynamic
conditions (Oliveira et al., 2001).
A backrest can modify the vibration transmitted through the body (e.g., Paddan and Griffin, 1988) and
so may affect the discomfort caused by vibration (e.g., Basri and Griffin, 2013). The inclination of a
seat backrest also influences the vibration transmitted to the body (e.g., Pope et al., 1998) and the
discomfort caused by vibration (e.g., Basri and Griffin, 2013). Compared to sitting without a backrest,
the use of backrest has been reported to reduce spinal loads during whole-body vertical vibration (0.3
-2

to 30 Hz at 1.0 ms r.m.s.) and inclining the backrest further reduces the forces measured in-vivo with
vertebral body replacements (Rohlmann et al., 2010).

th
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The forces in the lumbar spine can be predicted from the sum of static spinal forces (caused by
gravity) and dynamic spinal forces (induced by vertical vibration) using a simple biodynamic model
(e.g., Yang et al., 2013, 2014). Such models suggest the dynamic spinal forces depend on the
vibration transmitted to the upper body. This led to the current experimental investigation of the
effects of a backrest on biodynamic responses.
Compared to sitting without a backrest, a vertical backrest tends to increase the resonance frequency
in the vertical apparent mass and decrease the apparent mass at resonance (Toward and Griffin,
2009; Qiu and Griffin, 2012). In part, this may be because a backrest changes the curvature of the
spine and, therefore, the dynamic response of the body (Griffin, 1990). Increased backrest inclination
tends to further increase the resonance frequency and further decrease the apparent mass at
resonance (Toward and Griffin, 2009). The fore-and aft cross-axis apparent mass is also affected by
contact with a vertical backrest and whether the feet are supported (Nawayseh and Griffin, 2004).
When sitting supported by a vertical backrest, the resonance frequency in the fore-and-aft cross-axis
apparent mass seems to be correlated with the resonance frequency in the vertical in-line apparent
mass (e.g., Nawayseh and Griffin, 2004; Qiu and Griffin, 2012). The fore-and-aft cross-axis apparent
mass at the seat has not been reported with inclined backrests.
During vertical whole-body vibration, there can be considerable forces at a vertical backrest in both
the vertical and fore-and-aft directions, with both the vertical in-line apparent mass and the fore-andaft cross-axis apparent mass at the backrest having resonances around 5 Hz (e.g., Nawayseh and
Griffin, 2004). Dynamic forces in the vertical and fore-and-aft directions have not been reported with
an inclined backrest.
The objective of this study was to investigate the vertical in-line apparent mass and fore-and-aft
cross-axis apparent mass at the seat pan and the backrest and how backrest inclination affects the
overall dynamic forces when seated. It was hypothesised that with increasing inclination of a backrest
the fore-and-aft cross-axis apparent mass at the seat pan would increase, because there would be
more excitation of the body in the fore-and-aft direction. The measured data were required for the
development biodynamic models of the response of the seated human body to vertical whole-body
vibration and predict spinal forces when sitting with different backrests.
2. Methods
2.1 Apparatus
Vertical vibration was generated by a 1-m vertical vibrator. A rigid seat with an adjustable rigid
backrest was mounted on the platform of the vibrator (Figure 1). An aluminium alloy and plywood
backrest was mounted on the rigid seat so that it could be adjusted to inclinations from 0 degrees
(vertical) to 60 degrees. When vertical, the backrest extended from 100 mm to 700 mm above the
seat pan surface. To produce backrest contact in either the lumbar region or the thoracic region when
sitting with a vertical backrest, the subjects were asked to adjust the position of their pelvis on the
seat to provide the required contact location.
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A force plate (Kistler 9281 B) consisting of four tri-axial quartz transducers at the four corners of a
rectangular welded steel frame (600 mm x 400 mm) was secured on the supporting surface of the
seat to measure the dynamic forces in vertical and fore-and-aft directions at the seat pan interface.
Another force plate, consisting four tri-axial force transducers (Kistler 9602) at the four corners of a
rectangular plywood frame (600 mm x 500 mm) was mounted on the backrest. The signals from the
force transducers were amplified by Kistler 5073 charger amplifiers.
One single-axis piezo-resistive accelerometer (Entran EGCSY-240D-10) was mounted at the centre
of the force plate on the seat pan to measure the vertical acceleration. Two more single-axis piezoresistive accelerometers (Entran EGCSY-240D-10) were mounted at the middle of the backrest frame
to measure the acceleration normal to the backrest surface and parallel to the backrest surface.
The signals measured at the four corners of the force plate at the seat pan were summed to give two
signals corresponding to the vertical and fore-and-aft forces. The force signals from each corner of
the backrest in directions normal and parallel to the backrest surface were acquired individually. All
forces and acceleration signals were acquired with a 16-channel HVLab data acquisition system at a
sampling rate of 256 samples per second via 100-Hz anti-aliasing filters.
Adjustable
backrest

Fn

Fp
Force transducers
at backrest
Two
accelerometers at
backrest

Fzs
Force plate at seat

Single-axis
accelerometer at
seat

Fxs

azs
Figure 1 Seat on vibrator with a subject sitting against a 20º-inclined backrest
2.2 Experimental design
Twelve healthy male subjects with median age 29 years (range 22 to 34 years), median height 173.5
cm (range 160 to 184 cm) and median weight 69 kg (range 60 to 100 kg) participated in the
experiment.
During the experiment subjects sat in the following conditions:
(i)

upright without backrest contact (i.e., NB);

(ii)

against the vertical backrest with contact at either L2 or T5 (i.e., B0L2 and B0T5);

55

(iii)

against the backrest inclined by 10º, 20º or 30º with contact only at the thoracic region of
the back (i.e., B10, B20 and B30).

In all six conditions, the feet were supported on an adjustable footrest to obtain average thigh contact.
The hands rested on the lap.
In each condition, the subjects were exposed to 60-s periods of random vertical vibration with
approximately flat constant-bandwidth acceleration spectra (0.2 to 20 Hz at 1.0 ms

-2

r.m.s.). The

experiment was approved by the Ethics Committee of the Faculty of Engineering and the Environment
at the University of Southampton (approval number 14342).
2.3 Data analysis
2.3.1 Mass cancellation
For the calculation of the forces at the seat and the backrest, the effect of the mass of the force plates
on the measured dynamic forces was eliminated by mass cancellation in the time-domain. The
acceleration time-history was multiplied by the mass of the force platform ‘above’ the force sensors
and the resulting force subtracted from the measured force. With inclined backrests, mass
cancellation was performed on the dynamic forces in the directions normal and parallel to the
backrest surface. In the normal and the parallel direction, the time history of the acceleration was
multiplied by the mass of the plate and then subtracted from the measured force time history in the
same direction.
2.3.2 Transfer functions
Various measures of apparent mass were calculated from transfer functions between dynamic force
and acceleration using the cross spectral density method. For the ‘vertical in-line apparent mass’ at
the seat pan, Mzzs(f), the measured force and acceleration were in the same direction (i.e., vertical).
For the ‘fore-and-aft cross-axis apparent mass’ at the seat pan, Mxzs(f), the measured fore-and-aft
force was perpendicular to the vertical acceleration at the seat pan. The two apparent masses at the
2

2

seat pan, Mzzs(f) and Mxzs(f), and the associated coherencies, Czzs (f) and Cxzs (f), were calculated as:

Mzzs(f ) 

M xzs (f ) 

Gazs Fzs (f )
Gazs (f )

Gazs Fxs (f )
Gazs (f )

2
, C zzs (f ) 

2

, C xzs (f ) 

Gazs Fzs (f )

2

Gazs (f )GFzs (f )
Gazs Fxs (f )

,

2

Gazs (f )GFxs (f )

(1)

where, Gazs (f ) is the auto-spectra of the vertical acceleration at the seat pan, azs(t), GFzs (f ) and
GFxs (f ) are the auto-spectra of vertical and fore-and-aft forces measured at the seat pan, Fzs(t) and

Fxs(t), and GazsFzs (f ) and GazsFxs (f ) are the cross-spectra between azs(t) and Fzs(t) and between azs(t)
and Fxs(t).
The force transducers at the backrest measured the dynamic forces in directions normal to the
surface of the backrest, Fn, and parallel to the surface of the backrest, Fp. These forces were
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combined, after adjusting for the inclination of the backrest, so as to calculate the forces in the vertical
and fore-and-aft directions (i.e., the same coordinates used for calculating the vertical in-line and foreand-aft cross-axis apparent mass at the seat pan). For a backrest inclination angle α, the force time
histories in the vertical and fore-and-aft directions were calculated as:

Fzb (t )  Fn (t ) sin   Fp (t ) cos  ,

(2)

Fxb (t )  Fn (t ) cos   Fp (t ) sin 

where Fn(t) and Fp(t) are the force time-histories measured by the force transducers in the local
coordinate system, and Fzb(t) and Fxb(t) are the forces adjusted to the vertical and fore-and-aft
directions, respectively.
The vertical in-line apparent mass at the back, Mzzb(f), was given by the transfer function between
Fzb(t) and azs(t). The fore-and-aft cross-axis apparent mass at the back, Mxzb(f), was given by the
transfer function between Fxb(t) and azs(t). The two apparent masses at the back, Mzzb(f) and Mxzb(f),
2

2

and the associated coherencies, Czzb (f), Cxzb (f), were calculated as:

Mzzb(f ) 

Mxzb (f ) 

Gazs Fzb (f )
Gazs (f )

Gazs Fxb (f )
Gazs (f )

,

Czzb2 (f )



2
, Cxzb (f ) 

Gazs Fzb (f )

2

Gazs (f )GFzb (f )
Gazs Fxb (f )

,

2

Gazs (f )GFxb (f )

(3)

where GFzb (f ) and GFxb (f ) are the auto-spectra of the calculated vertical force Fzb(t) and the calculated
fore-and-aft force Fxb(t) at the backrest; GazsFzb (f ) and GazsFxb (f ) are the cross-spectra between azs(t)
and Fzb(t) and between azs(t) and Fxb(t).
2.3.3 Statistical analysis
Non-parametric statistical tests (Friedman two-way analysis of variance for k-related samples and
Wilcoxon matched-pairs signed-ranks test for two-related samples) were used. The Spearman rank
order correlation was employed in to investigate associations between variables.
3. Results
3.1 Apparent mass at the seat pan
3.1.1 Vertical in-line apparent mass
The median vertical apparent masses of the 12 subjects in each of the six sitting conditions (without
backrest and with the vertical backrest at L2 or T5 or the backrest inclined by 10° 20°, and 30º) are
shown in Figure 2.
The vertical apparent mass in the upright sitting posture shows a principal resonance at about 5 Hz.
Some subjects also showed a secondary resonance around 8 to 10 Hz. These findings are consistent
with previous studies (e.g., Fairley and Griffin, 1989).
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With the addition of the vertical backrest at T5, the vertical in-line apparent mass reduced at the 5-Hz
resonance (p=0.012). Similarly, with increasing inclination of the backrest (B0T5, B10, B20 and B30), the
vertical in-line apparent mass reduced at frequencies around the 5-Hz resonance (p<0.0001,
Friedman) and at lower frequencies. Although over the four backrest inclinations (B0T5, B10, B20 and B30)
the resonance frequency appears to increase, the change was not statistically significant (p=0.122,
Friedman). Even so, the resonance frequency in the vertical apparent mass was significantly greater
with the 30º backrest inclination than with each of the other backrest conditions (p<0.05, Wilcoxon).
Changing the location of contact with a vertical backrest from L2 (B 0L2) to T5 (B0T5) did not change the
resonance frequency or the apparent mass at the resonance in the vertical in-line apparent mass at
the seat pan (p>0.05, Wilcoxon). Differences in the resonance frequencies of the apparent mass and
the apparent mass at resonance are summarised in Table 1.
Table 1 Statistical significance of the effects of backrest inclination on the resonance frequency in the
vertical apparent mass at the seat pan and the modulus of the apparent mass at resonance. Wilcoxon
matched-pairs signed ranks test.
Resonance frequency of vertical apparent
mass at the seat pan
NB B0L2
B0T5
B10
B20 B30
NB
ns
ns
ns
ns
*
B0L2
ns
ns
ns
*
B0T5
ns
ns
*
B10
ns
**
B20
*
B30
ns: not significant; * p≤0.05; ** p≤0.01.

Vertical apparent mass at the seat pan at the
resonance frequency
NB B0L2
B0T5
B10 B20 B30
NB
*
*
**
**
**
B0L2
ns
*
**
**
B0T5
**
**
**
B10
**
**
B20
**
B30
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Figure 2 Vertical in-line apparent mass at the seat pan in different sitting conditions: normal upright
sitting posture NB (‘——’); vertical backrest contact at L2, B0L2 (‘------’); vertical backrest contact at T5,
B0T5 (‘……’); contact with 10º inclined backrest, B10 (‘–·–’); 20º inclined backrest, B20 (‘——’); 30º
inclined backrest, B30 (‘------’). Left: modulus; right: phase. Median values from 12 subjects.
With the backrest inclined to 20 and 30 degrees, the vertical apparent mass at the resonance
frequency broadened (Figure 2) and about 6 of the 12 subjects showed two peaks in the apparent
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mass in the range 5 to 7.5 Hz. With increasing inclination of the backrest, the magnitude of the peak
at the higher frequency tended to be greater than the first peak, especially when the backrest was
inclined to 30º.
3.1.2 Fore-and-aft cross-axis apparent mass
The fore-and-aft cross-axis apparent mass at the seat pan when sitting with no backrest showed a
principal resonance around 5 Hz (Figure 3), similar to the resonance frequency in the vertical in-line
apparent mass at the seat pan.
With the addition of the vertical backrest at either L2 or T5 there was no change in either the fore-andaft cross axis apparent mass at resonance (p>0.05, Wilcoxon) or the resonance frequency (p>0.05,
Wilcoxon). When the contact location with the vertical backrest changed from L2 to T5, there was no
change in either the resonance frequency of the fore-and-aft cross-axis apparent mass at the seat
pan or the apparent mass at this resonance (p>0.05, Wilcoxon).
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Figure 3 Fore-and-aft cross-axis apparent mass at the seat pan in different sitting conditions: normal
upright sitting posture NB (‘——’); vertical backrest contact at L2, B0L2 (‘------’); vertical backrest
contact at T5, B0T5 (‘……’); contact with 10º inclined backrest, B10 (‘–·–’); 20º inclined backrest, B20
(‘——’); 30º inclined backrest, B30 (‘------’). Left: modulus; right: phase. Median values from 12
subjects.

Table 2 Statistical significance of the effects of backrest inclination on the resonance frequency in the
fore-and-aft cross-axis apparent mass at the seat pan and the modulus of the cross-axis apparent
mass at resonance. Wilcoxon matched-pairs signed ranks test.
Resonance frequency of fore-and-aft
apparent mass at the seat pan
NB B0L2
B0T5
B10 B20
NB
ns
ns
ns
ns
B0L2
ns
ns
*
B0T5
ns
*
B10
*
B20
B30
ns: not significant; * p≤0.05; ** p≤0.01.

Fore-and-aft apparent mass at the seat pan at
the resonance frequency
NB B0L2
B0T5
B10 B20
B30
NB
ns
ns
*
ns
ns
B0L2
ns
**
ns
ns
B0T5
*
ns
ns
B10
ns
ns
B20
ns
B30
-

B30
*
**
**
**
**
-
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Comparing the fore-and-aft cross-axis apparent mass measured at the seat pan with the vertical
backrest at T5 and the three inclinations of the backrest (i.e., B10, B20 and B30), there was a change in
the frequency of the principal resonance (p<0.0001, Friedman), with a difference between inclinations
of 10º and 20º (p=0.013, Wilcoxon; Table 2, Figure 3). However, the fore-and-aft cross-axis apparent
mass at resonance did not differ over the vertical backrest at T5 and the three inclinations of the
backrest (p=0.1335, Friedman).
More detail on the differences in the resonance frequency of the fore-and-aft apparent mass and the
fore-and-aft apparent mass at resonance are shown in Table 2.
The fore-and-aft cross-axis apparent mass at the seat pan increased at frequencies less than the
resonance frequency when there was backrest contact at T5 (p=0.002, Wilcoxon; analysed at 2.5 Hz),
and increased further with increasing inclination of the backrest (p=0.001, Friedman; analysed at 2.5
Hz; Figure 3).
3.2 Apparent mass at the backrest
3.2.1 Vertical in-line apparent mass
The vertical in-line apparent mass at the backrest showed a resonance in the frequency range 4 to
5.5 Hz (Figure 4).
The resonance frequencies in the vertical in-line apparent mass at the backrest were similar with
contact at L2 and T5 (p>0.05, Wilcoxon), although the apparent mass at resonance was greater with
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Figure 4 Vertical in-line apparent mass at the backrest in different sitting conditions: vertical backrest
contact at L2, B0L2 (‘------’); vertical backrest contact at T5, B0T5 (‘……’); contact with 10º inclined
backrest, B10 (‘–·–’); 20º inclined backrest, B20 (‘——’); 30º inclined backrest, B30 (‘------’). Left:
modulus; right: phase. Median values from 12 subjects.
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Comparing the vertical in-line apparent mass measured at the backrest with the vertical backrest at
T5 and with the three inclinations of the backrest (i.e., B10, B20 and B30), there was a change in both
the resonance frequency (p=0.006, Friedman) and the apparent mass at resonance (p<0.0001,
Friedman). The resonance frequency in the apparent mass increased between the vertical backrest at
T5 and each of the three inclined backrest conditions (p<0.05, Wilcoxon). However, the resonance
frequencies in the vertical in-line apparent mass did not differ with 10º, 20º and 30º inclination of the
backrest (p=0.146, Friedman).
The vertical in-line apparent mass at the backrest increased at frequencies less than the resonance
frequency as the inclination of the backrest increased (Figure 4).
3.2.2 Fore-and-aft cross-axis apparent mass
In all backrest conditions, the median fore-and-aft cross-axis apparent mass at the back showed a
peak around 5 Hz (Figure 5).
When contact with the vertical backrest changed from L2 to T5, the fore-and-aft cross-axis apparent
mass at the back at resonance increased (p=0.035, Wilcoxon) although the resonance frequency did
not change (p=0.098, Wilcoxon).
Comparing the fore-and-aft cross-axis apparent mass measured with the vertical backrest at T5 and
with the three inclinations of the backrest (i.e., B10, B20 and B30), there was a change in the resonance
frequency (p=0.009, Friedman) and the apparent mass increased at all frequencies as the backrest
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Figure 5 Fore-and-aft cross-axis apparent mass at the backrest in different sitting conditions: vertical
backrest contact at L2, B0L2 (‘------’); vertical backrest contact at T5, B0T5 (‘……’); contact with 10º
inclined backrest, B10 (‘–·–’); 20º inclined backrest, B20 (‘——’); 30º inclined backrest, B30 (‘------’). Left:
modulus; right: phase. Median values from 12 subjects.
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4. Discussion
4.1 Effect of vertical and inclined backrests on the vertical in-line apparent mass at the seat pan
An increase in the resonance frequency of the vertical in-line apparent mass at the seat pan has been
reported when the back is supported by a vertical backrest (Nawayseh and Griffin, 2004) with the
resonance frequency increasing further if the backrest is inclined (Toward and Griffin, 2009). In the
present study, there was a similar increasing trend in the resonance frequency of the vertical in-line
apparent mass at seat pan, although a statistically significant difference was only found with a 30º
inclined backrest.
As the backrest inclination increased, the vertical apparent mass measured at the seat pan decreased
around the 5-Hz resonance and at lower frequencies, presumably because more of the weight of the
body was supported by the backrest.
With increasing backrest inclination, the peak in the vertical apparent mass around the resonance
broadened. With the backrest inclined to 20º or 30º, some subjects exhibited two peaks at frequencies
around the resonance (in the range 4 to 8 Hz). According to a modal analysis of the human body in an
upright sitting posture without backrest (e.g., Kitazaki and Griffin, 1997; Matsumoto and Griffin, 2001),
the resonance frequency (around 5 Hz) arises from several body modes that are merged by the
heavy damping of the body. The modes include pitch motion of the pelvis with bending of the spine
combined with shear and axial deformation of buttocks tissues. The two peaks observed in the
present study indicate that two or more body modes were excited in the range of 4 to 8 Hz and that
increasing the inclination of the backrest separated the two modes.
4.2 Effect of vertical and inclined backrests on fore-and-aft cross-axis apparent mass at the seat pan
When sitting without a backrest, the principal resonance in the fore-and-aft cross-axis apparent mass
at the seat pan was correlated with the resonance frequency in the vertical in-line apparent mass
(p=<0.001, Spearman). This correlation is consistent with the findings of some previous studies
(Nawayseh and Griffin, 2004; Qiu and Griffin, 2012), and suggests that when sitting without a
backrest the resonances evident in the vertical in-line apparent mass and the fore-and-aft cross-axis
apparent mass have a common cause.
When sitting with a vertical backrest and supported at L2 or T5 (B0L2 and B0T5), the resonance
frequencies in the vertical in-line apparent mass and the fore-and-aft cross-axis apparent mass were
also correlated (B0L2, p=0.012; B0T5, p=0.003; Spearman). However, with the backrest inclined (B10,
B20 and B30), the correlation was no longer statistically significant (p>0.05, Spearman). The resonance
tended to be at a lower frequency in the fore-and-aft cross-axis apparent mass than in the vertical inline apparent mass, especially when the backrest was inclined by 20º and 30º (at 20º – 4 Hz in the
fore-and-aft cross-axis and 5 Hz in the vertical in-line apparent mass; at 30º – 4 Hz in the fore-and-aft
cross-axis and 5.5 Hz in the vertical in-line apparent mass; Figures 2 and 3). The absence of
correlations when the backrest was inclined indicate that different body motions then contribute to the
resonances in the fore-and-aft cross-axis apparent mass and the vertical in-line apparent mass.
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4.3 Vertical in-line apparent mass and fore-and-aft cross-axis apparent mass at the back
When contact with the vertical backrest changed from L2 (B 0L2) to T5 (B0T5), both the vertical in-line
apparent mass and the fore-and-aft cross-axis apparent mass at the backrest increased at the
resonance frequency. The resonance in the fore-and-aft cross-axis apparent mass at the back may
be influenced by the motions of head-neck system and fore-and-aft motion of the spine (Nawayseh
and Griffin, 2004). The increased fore-and-aft cross-axis apparent mass at the backrest at resonance
suggests more motion of the spine with the back support in the thoracic region (i.e., B 0T2), although
the differences are not large.
With increasing inclination of the backrest, the vertical in-line apparent mass and the fore-and-aft
cross-axis apparent masses at the back increased. The increase in both apparent masses at low
frequencies indicates that more mass was supported on the backrest as the backrest inclination
increased. The fore-and-aft cross-axis apparent mass at the back tended to be greater than the
vertical in-line apparent mass at the back. At the resonance, with increasing inclination of the backrest
(from B0T5 to B30) the median fore-and-aft cross-axis apparent mass at the backrest increased from 22
to 40 kg whereas the median vertical in-line apparent mass at the backrest increased from 4 to 12 kg
(Figures 4 and 5).
4.4 Dynamic forces experienced by the seated body in the vertical and fore-and-aft directions
The measurements allow the calculation of how the sum of the vertical in-line and fore-and-aft crossaxis forces at the seat and the backrest vary according to the nature of the backrest. The transfer
functions between the vertical seat acceleration and the sums of the forces at the seat pan and the
backrest in the vertical and fore-and-aft directions were calculated in the frequency domain for each
subject to give the ‘overall vertical in-line apparent mass’ and the ‘overall fore-and-aft cross-axis
apparent mass’ (Figure 6).
No difference has been reported in the apparent mass at 0.78 Hz calculated from the seat
acceleration and the sum of vertical forces (at the seat pan and backrest) when sitting with and
without a backrest (Nawayseh and Griffin, 2004). In the present study, irrespective of the backrest
condition, the overall vertical apparent mass at very low frequencies (e.g., 0.5 Hz) was close to the
static mass when sitting with no backrest (Figure 6). The slight differences could be due to variations
in the support from the footrest when the backrest varied. With increasing inclination of the backrest
the overall vertical in-line dynamic forces showed no significant change at frequencies up to 5 Hz but
increased at higher frequencies in the range 6 to 15 Hz (p<0.001, Friedman). With increasing
inclination of the backrest, the overall fore-and-aft cross-axis dynamic forces increased in the
frequency range 5 to 15 Hz (p<0.001, Friedman).
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Figure 6 Overall vertical in-line apparent mass (top row) and overall fore-and-aft cross-axis apparent
mass (bottom row) in different sitting conditions: normal upright sitting posture NB (‘——’); vertical
backrest contact at L2, B0L2 (‘------’); vertical backrest contact at T5, B0T5 (‘……’); contact with 10º
inclined backrest, B10 (‘–·–’); 20º inclined backrest, B20 (‘——’); 30º inclined backrest, B30 (‘------’). Left:
modulus; right: phase. Median values from 12 subjects.

5. Conclusion
Contact with an inclined backrest reduces the mass of the body supported on the seat pan but
increases the fore-and-aft dynamic shearing force between body and the seat pan. The presence of
an inclined backrest alters the body motions and resonance frequencies in the vertical in-line and
fore-and-aft cross-axis apparent mass measured at the seat pan.
When there is no backrest or a vertical backrest, the resonance frequency in the fore-and-aft crossaxis apparent mass at the seat pan is correlated with the resonance frequency in the vertical in-line
apparent mass at the seat pan. However, the two resonances became less correlated with increasing
inclination of the backrest, suggesting different body modes may contribute to the vertical in-line and
fore-and-aft cross-axis apparent mass when the backrest is inclined.
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Abstract
Impulse responses of freshly harvested skeletal muscle specimens are presented
for the first time using an impact hammer. The mass-tissue assembly represents a
single degree of freedom mass-spring-damper system with the mass end free to
move. The specimens were extracted from one thigh of a freshly sacrificed pig of
approximately three-month old. The sprung mass was 2.5 kg with a flat and a hipborne indentation interface with the tissue. With the impact force exerted in the
vertical z-axis of the mass, the accelerance exhibited resonances at around 25 Hz
and 40 Hz. With horizontal x-axis impacts, a single resonance appeared at around
2 to 3 Hz with its peak magnitude almost half of the peak magnitude obtained from
the vertical impact. The magnitude of impact and thickness of specimen seemed to
have little effect on the resonance frequencies. The specimen thickness from 10 to
20 mm has no clear effect on the parameters extracted.

1. Introduction
Force and motion transmitted to and through the human body during vibration, i.e. biodynamic
responses, play a vital role in assessing health risks and evaluating of vibration isolation equipment.
Key to the understanding of any biodynamic responses during whole-body vibration (WBV) is the
dynamic behaviour of soft tissues at the excitation-subject interface, be it the buttocks of a seated,
back of a recumbent or soles of a standing subject (Huang and Griffin, 2009). Skeletal muscle tissue
deformation was found more than 50% larger than its adjacent fat tissue deformation (Shabshin et al.,
2010). It is plausible that the skeletal muscle tissue at the interface plays a dominant role in the motion
transmission path. Human vibration models calibrated by frequency response functions (FRFs), such
as apparent mass and transmissibility, during base-excited vibration offer limited physical
interpretation of the dynamic property of the interface soft tissue. Using frequency domain lumped
parameter models, the principle dynamic stiffness (and damping constant) of a seated subject was 49
kN/m (615 Ns/m) at 0.25 ms

-2

r.m.s. of vertical random WBV, and 32 kN/m (522 Ns/m) at 2.0 ms

-2

r.m.s. (Huang and Griffin, 2006). With recumbent subjects, the same approach offered a stiffness of 60
-2

-2

kN/m (341 Ns/m) at 0.25 ms r.m.s. and 52 kN/m (433 Ns/m) at 1.0 ms r.m.s. (Huang and Griffin,
2008a). With longitudinal horizontal excitation, the stiffness was 16 kN/m (260 Ns/m) at the lower and
8.6 kN/m (217 Ns/m) at the higher magnitude (Huang and Griffin, 2008b). These values were seldom
observed in meso-level biomechanics investigations of skeletal muscles.

th
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Existing biomechanics studies of porcine skeletal muscle tissue examined viscoelastic properties
under cyclic and drop impact compressions in loading rates relevant to the car crashworthiness
industry (Van Loocke et al., 2009; Takaza et al., 2013). The constitutive equations of tissues obtained
from these studies were usually fed to numerical models of the human soft tissue so as to assess
damage at higher frequencies and magnitudes of loading than those seen in human vibration. These
formulations were not directly ready to offer analytical solutions and prediction of global responses.
During whole-body vibration, be it for a seated, standing or recumbent person, the principal resonance
can usually be described by a single degree of freedom (SDOF) mass-spring-damper system. The
loading and boundary condition of such model need to have a base excitation with the sprung mass
end free to move (see Figure 1b). The majority of biomechanics studies investigating skeletal muscle
tissue had both ends of the specimen clamped or compressed without any sprung mass. Similarly,
hand-arm vibration studies required human subject to apply and maintain a push or grip force.

Figure 1

Single degree of freedom (SDOF) mass-spring-damper system with rigid foundation

(a) and base motion (b): m, k, and c are the sprung mass (in kg), dynamic stiffness (in N/m) and
damping constant (in Ns/m) respectively; f ( t ) is the time history of input or excitation force (in N)
provided by either a shaker or an impact hammer; 𝑧(𝑡) and 𝑧! (𝑡) are the time histories of the resultant
2

acceleration and excitation acceleration (in m/s ).
One particular study looked into the dynamic characteristics of porcine skeletal muscle subjected to
base excitation loaded with a sprung mass as an analogue SDOF (Aimedieu et al., 2003). With
measured transmissibility between the base excitation and the resultant motion of the sprung mass,
authors extracted frequency dependent dynamic stiffness and damping parameters so as to facilitate a
finite element analysis of buttocks model for whole-body vibration in automotive seating applications.
The stiffness and damping increased with increasing excitation frequency from 20 to 30 Hz. Damping
was low from 5 to 20 Hz and increased to 556 Ns/m at 30 Hz. Mean stiffness ranged from 8.5 kN/m at
o

5 Hz to 347 kN/m at 30 Hz. The specimens were tested after 24 hours of animal death, storing at 4 C
o

and testing at 37 C in a bath, while many other biomechanics tests were performed within 2 hours of
animal death to minimise effects of rigor mortis (Takaza et al., 2013).
Impact hammer test, or so-called experimental modal test, has been a standardised procedure to
extract frequency response functions of mechanical structures that are prone to dynamic stress and
strain (Ewins, 2000). It offers a quicker and simpler setup comparing to a base-excited shaker test.
However, the impact hammer modal test could only produce a frequency response function with a rigid
foundation. If the dynamic material providing the coupling force were ideally homogeneous, linear and
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isotropic, the estimated parameters m, k, and c would be the same in the two experimental setups
seen in Figure 1. But the number of uncertainties involved in setting up soft tissue would mean that
none of the above assumption could be honoured and the actual system measured comprises a
multitude of nonlinear effects. Besides, different integral errors inherited in the two techniques also
contribute to the estimations. The present study is intended to apply the impact hammer approach to a
SDOF mass-tissue system in the context of whole-body vibration.
Many natural and artificial materials can be dynamically characterised by their viscoelastic properties –
depicting the stiffness (-elastic) and damping (visco-) parameters. By formulating the equations of
motion using the elastic modulus and loss factor, one can readily estimate the frequency dependent
stiffness and damping parameters from an impact hammer test (Jones, 2001). The combination of
base-excited transmissibility and lumped parameter models (e.g. Figure 1b) could only provide a linear
estimation of the dynamic characteristics – a stiffness value and a damping value, as in a SDOF,
constant for the whole range of frequency in question. While this is rarely true for most real systems, it
is plausible to first compare the values of the stiffness and damping at the principle resonance
frequencies so as to understand the variation in the impact hammer technique. The mathematical
treatment of a SDOF linear viscoelastic material model is presented in Appendix A as part of the
procedure in the method section of this study.
The present study intends to compare dynamic characteristics extracted from a impact hammer test of
an analogue SDOF mass-tissue system in vitro to the parameters obtained from WBV calibrated
lumped parameters (i.e. Huang and Griffin, 2006, 2008) and those measured with a base-excited in
vitro setup (i.e. Aimedieu et al., 2003). From the existing literature and experimental experience, the
extracted dynamic stiffness and damping are unlikely to be close to those observed during WBV, and
tend to vary between different specimens (inter-specimen) and between different repeats using the
same specimen (intra-specimen). One of the uncertainties of such in vitro setup would be response in
the axes other than the axis of excitation – cross-axis response. Due to length, this paper will limit its
discussion on the inline responses when the impact hammer exerts impact force in the vertical and
horizontal axes respectively. The impact hammer approach is expected to be less time consuming
comparing with a base-excited shaker test, giving the vital chance for experimenters to prepare and
sample as many fresh specimens as possible in the time window of 2 hours after animal death.
2. Method
The experimental study is consisted of preparing and conducting impact hammer test on the sprung
mass-muscle tissue analogue SDOF system, and signal processing of the time histories of excitation
impact force and resultant acceleration measured at the sprung mass. The time domain data was then
transformed into the frequency domain in the form of FRFs, first accelerance and then receptance.
Using linear viscoelastic theories, the complex dynamic stiffness and damping were derived from the
receptance function with the process depicted in Appendix A.
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2.1 Apparatus
The sprung mass-skeletal muscle SDOF system was laid on a horizontally flat test bench that is rigidly
attached to the ground (see Figure 2). The flat 2.5 kg sprung mass was made by rigidly compressing
and bolting enough layers of lead discs onto a rigid smooth flat perplex plate, which in turn was in
contact with the muscle tissue specimen beneath (Figure 2 b3a). The sprung mass and nominal
footprint of the specimen (50 x 50 mm) was selected to represent a pressure approximately 10 kPa of
a stationary sitting person. A second sprung mass of the same mass but with four evenly spaced
semi-sphere protrusions, each with a diameter of 15 mm and evenly was distributed on a circle of 40
mm diameter to the centre of the base plate, was used to examine effects of indentation to the muscle
specimen beneath while measuring the dynamic responses (Figure 2 b3b). The simple indenter shape
was designed to imitate some feature of the bony structure of the ischial tuberosities in a seated
subject. Therefore it is refer to as the ‘hip-borne’ sprung mass.
One channel of force from the force sensor on the Dytran 5800B4 impact hammer (sensitivity of 2.2
mV/N), and three channels of single-axis B&K4507 B006 (±14g) accelerometers arranged in 3
orthogonal axes and rigidly mounted on top of the sprung mass, were connected to ABUCUS data
acquisition module with a signal analyser software SignalCalc-Mobilyser, DataPhysics®. Two to four
repeat measurements of hits were taken from each test specimen. The variations in the time histories
and their subsequent FRFs could be caused by the experimenter producing different directions,
magnitudes and timings of hits.

Figure 2

Photographic and schematic representations of the experimental setup: (a) and (b)

the equipment and setup showing the impact hammer, the three accelerometers, the two types of
sprung masses of 2.5 kg each; (c) the freshly obtained square porcine skeletal muscle specimen with
a nominal dimension of 50 ±2 mm and three nominal thicknesses 10, 15 and 20 ±2 mm.
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2.2 Stimuli
The ideal time history of the impact force would have a duration of zero, or as short as practically
possible (see Figure 3 Excitation force), like a delta function in signal processing to give a flat
frequency spectrum (see Figure 4 PSD – power spectral density functions – of the impact force). In the
frequency domain, this is equivalent to a broadband random excitation but with limited sampling
duration due to the short event. The frequency range of interest in the present study is up to 80 Hz. A
hard rubber tip was used for the hammer to filter out unnecessary high frequency energy.

(a)
Figure 3

(b)

Example time histories of the impact excitation force and the three orthogonal axes of

accelerations when the impact force was applied in the vertical z-axis (a) and horizontal x-axis (b)
using a flat sprung mass and a 10 mm thick specimen (S7 in Table 1).

2.3 Specimen preparation
Skeletal muscle tissue samples were harvested from a 3 month old female pig. The experimental
protocols were approved by the University of Dublin Ethics Committee. Porcine Gluteus Maximus
muscle specimens were freshly harvested from one thigh in a nominal footprint of approximately 50 by
50 mm and thicknesses of 10, 15 and 20 mm (Figure 2). The specimens were cut using a scalpel so
that the muscle fibres were roughly parallel to the plane of the flat test bench surface. So during the
vertical z-axis impact, the compressive force was applied always in the cross-fibre direction; during the
horizontal x-axis impact, the force could be applied either in the cross-fibre direction or in the fibre
direction. The tests were conducted within two hours of animal death to minimise rigor mortis effects.
The timeline of experimental procedure is partly depicted by Table 1.
2.4 Analysis
Based on the SDOF dynamic model in Figure 1a and an analytical formulation in Appendix A called
‘omega arithmetic’, one could utilise the measured complex FRF accelerance A(ω) = 𝑍(ω) / F(ω), the
ratio between resultant acceleration and input force in the angular frequency domain ω (rad/s), to
calculate the complex receptance R(ω) = Z(ω) / F(ω), the ratio between resultant displacement and
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input force. By applying linear viscoelastic formulations, it is possible to compute the frequencydependent dynamic stiffness k (N/m) and damping c (Ns/m).
To capture each hit, the time histories of the impact force and three accelerations were acquired at
107520 samples per second for 1.219 second, i.e. a total of 131072 data points. By applying a fast
Fourier transform (FFT) at this full length of data and a rectangular window, the PSDs and FRFs were
computed at a frequency resolution of 0.8203 Hz.
3. Results
Nine specimens were tested within two hours of animal death (Table 1). With little statistical power, the
limited number of specimens and tests still provided a sketch of the variation initially expected in the
experimental plan. The results presented below intend to show: the inter-specimen and intra-specimen
variation (Figure 4 and 5), effect of specimen thickness (Figure 6 and 7), and effect of the contact
contours of the flat and hip-borne sprung masses (Figure 8). Guided by the timeline in Table 1, one
could inspect the rigor mortis effect.
3.1 Inter-specimen and intra-specimen variation
With impact force exerted in the vertical axis of the sprung mass, the PSDs of the inline z-axis
acceleration (Figure 4) and accelerance exhibited a principle resonance at around 25 Hz and a
secondary at about 40 Hz. With horizontal x-axis impacts, the PSDs of the inline x-axis acceleration
(Figure 5) and inline accelerance showed a single resonance around 3 Hz with its peak magnitude
almost half of the peak magnitude obtained from the vertical impact. With each specimen subjected to
several repeat hits, the resultant acceleration at peak (non-flat lines of the PSDs in Figure 4 and 5)
increases with increasing impact force magnitude (flat lines of the PSDs in Figure 4 and 5). The
frequencies at which the peak resultant acceleration occurred seemed to be the same for different
repeats of the same specimen and the same for different specimens with or without the same
thickness despite the experiment timeline.
3.2 Effect of specimen thickness
The frequency dependent stiffness k and damping c of the first three specimens (s1, s2, s3) each with
different thicknesses showed a similar order of values for at the frequency of the first peak around 25
Hz for the vertical (Figure 6) and around 2.5 Hz for the horizontal impact (Figure 7). For vertical
impacts, both stiffness and damping tended to increase with frequency in the range 20 to 30 Hz where
the first peak of accelerance occurred; for horizontal impacts, the stiffness gradually increased and the
damping slightly decreased as the frequency increased from 1 to 5 Hz where the first peak occurred.
Presenting the k and c values of the first peaks in Table 1 to Figure 8, it becomes clear that across the
ten specimens tested with the flat sprung mass (s1 to s10), the stiffness k does not seem to vary
consistently as the thickness increases from 10 to 15 and 20 mm with both vertical and horizontal
impacts. But there is a slight reduction in damping as the thickness increases for vertical impacts.
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Table 1

Extracted dynamic stiffness (k) and damping (c) parameters at the first principal peak

frequency of accelerance when the specimens were subjected to vertical z-axis and horizontal x-axis
impacts. Specimens S1 to S10 were pre-loaded with the flat 2.5 kg sprung mass, and S10hp and
S3hp were the same specimens as S10 and S3 but pre-loaded with the hip-borne 2.5 kg sprung mass.
Each specimen number comprised of 2 to 4 repeat runs using the impact hammer, and the k and c
values were the averages from the repeats with their variability shown in the Figures as examples.
Vertical z-axis impact
Time after
death (min)

Specimen
number

Thickness
(mm)

10

First peak
(Hz)

48

S1

25

60

S2

68

S3

76

S4

10

25

85

S7

10

25

92

S5

15

25

97

S8

15

25

112

S6

20

24

118

S9

20

25

153

S10

10

25

158

S10hp

10

24

167

S3hp

172

S11hp

15

25
20

20
10

25

23
25
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k (kN/m)
c (Ns/m)
53.6
136
65.3
89.5
68.1
77.8
65.1
84.3
65.1
100
58.9
75.0
54.5
118
51.4
89.6
65.9
85.4
51.2
87.6
57.9
57.8
54.4
54.6
73.5
88.7

Horizontal x-axis impact
First peak
(Hz)
2.5
3.3
2.5
3.3
3.3
2.5

k (kN/m)
c (Ns/m)
0.497
15.0
0.810
10.3
0.889
13.6
0.497
11.5
0.522
18.0
0.373
9.73

_____

_____

_____

_____

_____

_____

1.6
2.5
2.5
3.3

0.267
10.5
0.548
12.9
0.473
8.74
1.03
18.6

Figure 4

2

Vertical z-axis impact with flat sprung mass: PSDs of impact force (flat lines, N /Hz)
2 2

and resultant acceleration (non-flat lines, (m/s ) /Hz) of 10 specimens (s1 to s10 each with several
repeat runs) showing time of test from animal death.

3.3 Effect of sprung mass contact contour
Specimen and test s10, and test s10hp, are selected to show the effect of the hip-borne sprung mass.
For vertical impacts, the accelerance and receptance with the hip-borne sprung mass show distinctive
higher magnitude and lower frequency of the first peak than those of the flat sprung mass in the
frequency range 20 to 30 Hz (Figure 9a). This trend is less clear in the horizontal case but still
appreciable in the narrower frequency range of 1 to 5 Hz (Figure 9b). Comparing solid markers in
Figure 8 (and Table 1) extracted from k and c of Figure 9 with the hollow markers, the stiffening effect
of the hip-borne sprung mass is the most obvious with the thinnest specimen (10 mm) in both vertical
and horizontal impacts. There tends to be a reduction in damping by using the hip-borne sprung mass
during vertical impact, but no apparent effect for horizontal impacts (Figure 8).
4. Discussion
With cross-fibre vertical impacts, the PSDs of different specimens consistently show two main
resonances at around 25 and 40 Hz. This bimodal response contrasts with the single resonance
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observed in apparent mass of vertical WBV – 4 to 6 Hz for seated (Huang and Griffin, 2006), and 8 to
10 Hz for recumbent (Huang and Griffin, 2008a). The more varied PSDs at above 40 Hz may be due
to variation in the microstructure of muscle tissues, i.e. fibre, fascicles, and connective tissues.
Different specimens could have different geometric characteristics of the microstructure. Fluid
expulsion could be a contributor to the difference between the in vivo configuration in a human subject
and the in vitro setup in the present study. The highest velocity of the sprung mass, compressing the
muscle tissue, after impact was less than 0.2 m/s comparing to the drop impact velocity of up to 3 m/s
in the study conducted by Takaza et al. (2013), who reported an average of 8% fluid mass loss.
With horizontal impacts, the PSDs of different specimens repeatedly show a main resonance at
around 2 to 3 Hz. The frequency is similar to that observed in apparent mass of recumbent human
subjects during horizontal longitudinal WBV (Huang and Griffin, 2008b). It is plausible that when the
passive muscles are subjected to shear (horizontal) load, the present in vitro setup shares a similar
motion transmission mechanism to the back of a recumbent human. While with (vertical) compressive
loading the test differs to the human response with a largely non-homogeneous sprung mass.

Figure 5

2

Horizontal x-axis impact with flat sprung mass: PSDs of impact force (flat lines, N /Hz)
2 2

and resultant acceleration (non-flat lines, (m/s ) /Hz) of 7 of the 10 specimens (s1 to s10 each with
several repeat runs) showing time of test from animal death.
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Figure 6

Vertical z-axis impact with 2.5 kg flat sprung mass: column 1 for s1 with thickness and

time after death, column 2 for s2, and column 3 for s3. For each specimen (s1 to s3) the dynamic
2

stiffness k, damping c, receptance (s /kg), and accelerance (1/kg) are shown. Frequency of interest:
20 to 30 Hz, with vertical dashed line indicating the peak around 25 Hz. Refer to Table 1 for values.

Figure 7

Horizontal x-axis impact with 2.5 kg flat sprung mass: column 1 for s1 with thickness

and time after death, column 2 for s2, and column 3 for s3. For each specimen (s1 to s3) the dynamic
2

stiffness k, damping c, receptance (s /kg), and accelerance (1/kg) are shown. Frequency of interest: 1
to 5 Hz, with vertical dashed line indicating the peak around 2.5 Hz. Refer to Table 1 for values.

The stiffness values obtained from lumped parameter models of seated (Huang and Griffin, 2006) and
recumbent (Huang and Griffin, 2008a) subjects during vertical base-excited WBV presented in Figure
8 as horizontal solid and dashed lines. They show similar order to the current study. The damping for
vertical excitation and both stiffness and damping for horizontal excitation of recumbent subjects
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(Huang and Griffin 2008b) are far higher than those observed in the present study – see Introduction.
This raises the question whether the FRFs, e.g. accelerance, or the linearly derived frequencydependent stiffness and damping is a better quantification tool for dynamic characterisation.
Accelerance is directly measurable, however, it lacks intuitive physical interpretation. Stiffness and
damping offer straightforward comparison to other studies of different setups, but rely on the
receptance that is computed from accelerance with inherited integral errors especially at lower
frequencies, e.g. up to around 1 to 2 Hz – a range relevant to the horizontal WBV.
FRFs of whole-body vibration exhibit responses in axes orthogonal to the axis of excitation and are
highly correlated to the inline response (Huang, 2012). This cross-axis response could offer
explanation for the deviation in the dynamic parameters. Two uniformly contoured sprung masses
were used in the present study to minimise inherit cross-axis response. But the difficulty in preparing
uniform specimen caused by its soft nature and the variations in the muscle microstructure would
inevitably result in cross-axis response for both vertical and horizontal impacts.

Figure 8

Dynamic stiffness (first row) and damping constant (second row) at the first peak

frequency for vertical (left column) and horizontal (right column) using three thicknesses of specimens
(10, 15 and 20 mm) with flat (hollow circle and triangle) and hip-borne sprung mass (solid square and
diamond), values in Table 1. Stiffness from vertical WBV of seated (. . .) and recumbent (…) at 0.25
-2

-2

ms r.m.s.; seated (__) and recumbent (- - -) at 1.0 ms r.m.s. by Huang and Griffin (2006, 2008a).
5. Conclusions
Impulse responses of freshly harvested skeletal muscle specimens are presented for the first time. A
linear SDOF viscoelastic model was utilised to extract stiffness and damping from the measured
accelerance and receptance frequency response functions. A repeatable bimodal accelerance is
observed for the (cross fibre) vertical impact tests at around 25 and 40 Hz – a higher frequency range
than those observed in vertical WBV. Microstructure and the fluid-structure interaction of the muscle
fibre and fascicle may be responsible for the responses at frequencies above 40 Hz. A repeatable
peak accelerance is observed for the horizontal impact tests at around 3 Hz – similar to that observed
in horizontal WBV. The specimen thickness has no clear effect on the parameters extracted.
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Figure 9

Specimen 10 tested approximately 153 minutes after death: Vertical z-axis impact (a)

and horizontal x-axis impact (b) with 2.5 kg flat sprung mass (s10, vertical thin dashed line) and 2.5 kg
hip-borne sprung mass (s10hp, vertical thick dashed line). Refer to Table 1 for values at peak.
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Appendix A

Dynamic stiffness, damping, receptance and accelerance for the SDOF system

Equation of motion (EOM) of the SODF in Figure 1a:
mz+cz+kz=f(t)

(A1)

Rearrange the above using complex dynamic stiffness k*:
m z + k* z = f ( t )

(A2)

where k* = k(1 + i η), and η the loss factor: the energy dissipation per radian to the peak potential
energy in a cycle.
According to similar formulations by Ungar and Kerwin (1962):
c = |k| η / ω

(A3)

where ω is the angular frequency in rad/s, |k| is the modulus of the complex stiffness k in N/m. Then,
m z(t) + k(1+ i ƞ) z(t) = f(t)

(A4)

Taking Fourier transform of the above:
m(-ω2 )Z(ω) + k(ω)(1+ i ƞ(ω)) Z(ω)= F(ω)

(A5)

Receptance as a complex frequency response function can be written as:
R(ω)  =

where r =  

ω
ωn

Z(ω)
F(ω)

1

=

(A6)

k(ω)[(1 - r2 ) + i ƞ(ω)]

is the frequency ratio, ωn = k m is the natural frequency in rad/s, F(ω) and Z(ω) are the

frequency domain equivalence of f(t) and z(t).
The complex FRF, R(ω), is obtained from measured accelerance (e.g. by impact hammer) A(ω) =
𝑍(ω) / F(ω) using ‘Omega arithmetic’:
2

R (ω) = A (ω) / ( - ω )

(A7)

The real and the imaginary parts of R(ω) can be used to find k and η from (A6):
Re(R)=
Im(R)=

1- r2
2

(A8)

2

(A9)

k[(1 - r2 ) + ƞ2 ]
-ƞ
k[(1 - r2 ) + ƞ2 ]

The frequency dependent k and ƞ  can then be estimated by:
k (ω) =
  ƞ (ω) =

Re(R)
2
R 2 (1- r )

Im(R)
Re(R)

=

Re(R)
R2

(r2   -‐1)  =  

+ mω2
Im(R)
Re(R)

(

(A10)

m!!
k

  -‐  1)

(A11)

Where |R| is the modulus of the measured complex receptance.
The frequency dependent damping constant c(ω) can finally be determined by (A3) above.
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Abstract
Exposure to vibration and mechanical shock may cause musculoskeletal disorders.
The biodynamic reaction to a shock in seated position and the pathological
mechanism behind neck pain is unclear. In this laboratory study, the kinematics
and muscle reactions in the spine from single sideways impacts were analysed
using inertial sensors and surface electromyography. Twenty-three healthy male
volunteers (24 ± 5 years) were seated in a habitual posture and exposed to series
2
of single impacts (distance 0.24 m at 13.2 m/s ). This was done also when
randomly performing a cognitive task (counting backwards). Their heights and
weights were measured (1.81 ± 0.07 m, 79 ± 11 kg) together with other distances
between body landmarks. In general, there were quite small reactions in terms of
range of motions between body segments (head, trunk, pelvis) and muscle activity.
However, some reactions were significantly affected by the cognitive task. There
were no high associations between kinematic reactions and anthropometrics. The
spine appeared relatively stable and it seems unlikely that exposure to single
impacts of this magnitude is a causative factor for neck disorders. Further research
on the viscoelastic properties and stabilising role of deeper lying muscles in the
spine is necessary.

1. Introduction
Whole-body vibration (WBV) exposure in vehicles is associated with spinal pain for the driver and an
exposure-response relationship is sought after for lower back pain (e.g. Bovenzi, 2015; Tiemessen et
al., 2008). The association between WBV and upper back and neck pain is not as strongly described
or extensively studied, even if some reports exist (Rehn et al., 2009; Hagberg et al., 2006). Numerous
analyses of WBV exposure measurements in various vehicles have pointed out the vertical axis (zaxis) as the dominant direction for vibratory motions (e.g. Blood et al., 2012; Village et al., 2012; Rozali
et al., 2009). Even though few studies have analysed and reported on its consequences, WBV
including shocks has been proposed to be more hazardous to the spine (Dupuis et al., 1991;
Sandover, 1988; Waters et al., 2007).
In all-terrain vehicles such as forest machines, snowmobiles, army-vehicles and quad bikes, there can
be substantial generation of vibration and mechanical shocks in horizontal directions (x- and y-axes)
and this is most likely due to driving on irregular terrain with bumps and potholes (e.g. Milosavljevic et
al., 2011; Rehn et al., 2005). Professional drivers of these vehicles can exhibit serious musculoskeletal
problems from the spine, often from the upper back and neck region (Rehn et al., 2004; Rehn et al.,

th
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2002). A question is if this typical WBV characteristics (horizontal direction with transients) also causes
a different load on the spine that could induce the neck disorders.
Sudden and unexpected motions from the side caused by a ground-moving vehicle are transmitted
through the tyres, chassis and seat and then to the body of the seated driver. The first response of the
body happens closest to the contact point with the vehicle and makes the pelvis tilt, thereafter the
trunk and finally the head. The trunk and the head are relatively stationary at first due to inertia (Kumar
et al., 2005; Vibert et al., 2001; Allum et al., 1997). For this reason, it can be argued that
proprioception is the first sensory feedback from such an event and not vestibularis organs or eyes.
The initial phase of stabilising the spine has been proposed to be passive response and dependent on
intrinsic mechanical properties but after that a more reactive phase (postural reflexes and active
control of muscles) is ensued in order to recover from the disequilibrium of the body that the impact
creates (Bruijn et al., 2010). This is necessary for avoiding injuries and keeping the head and gaze
steady for control of the vehicle. As the head is relatively heavy and houses the sensory organs for
equilibrium control, it appears as a rather challenging task for the individual. Because cognitive
functions may affect perception and motor output (e.g. Maki and McIlroy, 2007), the influence should
hence be investigated in this context. Further, from a biomechanical viewpoint, the lengths of body
parts and weight are also likely to affect perception and the resulting motor output.
There has been some research on horizontal impacts in seated positions and the reactions appears to
be dependent upon several factors attributed to the impact characteristics, such as the amplitude and
direction (Sacher et al., 2012; St-Onge et al., 2011; Masani et al., 2009; Preuss and Fung, 2008;
Zedka et al., 1998) and acceleration (Siegmund and Blouin, 2009; Kumar et al., 2004; Siegmund et al.,
2002). Few studies have focused on the influence of a cognitive task and anthropometrics.
Objectives
The objective of this study was to describe the biodynamic reaction when exposed to single impacts in
sideways direction. A further objective was to investigate the influence of a simultaneous cognitive
task and the anthropometrics of the persons exposed.
2. Methods
2.1 Subjects
Twenty-three healthy male individuals, aged 19-36 years participated in the study. They were recruited
from Umeå University, Sweden. Young male subjects were chosen to eliminate age-related problems
such as degeneration and rigidity of the spine. Subjects were excluded if they reported any
neurological conditions or reduced ability to work during the last 12 months because of back or neck
problems (Lundström R et al., 2004). Written informed consent was obtained from each subject, and
the Regional Ethical Review Board (No 2012-24-31M) approved the study.
2.2 Experimental set-up
A low peak acceleration and high peak acceleration were used, combined with (CT) or without (NT) a
2

cognitive demanding task. Only results from the high peak acceleration (13.2 m/s ), are presented
here. The CT was to count backwards in steps of 3 starting from a number provided by the
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experimenter. The four combinations of impacts was randomized in 5 different groups i.e. each unique
combination was repeated in total 5 times but could not exceed being repeated more than 2 times in a
row. Subjects sat on a flat chair equipped with a height adjustable footrest. The chair was fixed to a
movable platform controlled by electrohydraulic actuators, Micro Motion System, Bosch Rexroth.
During tests, the subjects were seated centred on the chair with approximately 5 cm gap between
kneecap and cushion. Feet, without shoes, were placed together on the height-adjusted footrest so
that the thighs were horizontal and foot contact could still be maintained. A cushion was placed
between their knees and a belt buckled around the thighs. This was done to minimize compensation of
the effect of the impact by the feet and still have a neutral position between legs and pelvis without
causing muscle activity to keep the knees together. The subjects were instructed to place the hands
on the thighs with palm upwards. Further, to sit, facing forward, in what they considered to be a good
sitting posture but still be relaxed so that they could retain the sitting posture without effort. The impact
was a translation of the chair to the left side with a lateral stroke distance = 0.24 m and time = 0.8 s
2

(peak magnitude = 13.2 m/s ). The level was chosen from another study (Kumar et al., 2005) and
resembles real impacts in vehicles. Each impact started with the chair in a neutral position before it
slowly moved to the right, stopped and remained there for 5 to 20 sec before impact. The instructions
for subjects were to recover their posture after the impact. Before registration of data, the subjects had
one test impact in order to reduce potential anxiety that could affect the reactions, but also to reduce
adaptation between the first and the remaining impacts.
2.3 Data collection
Motions were recorded with a portable movement analysis system, developed by the Department of
Biomedical Engineering, R&D, University Hospital of Umeå, Sweden. In the used setting, the system
consisted of one data acquisition unit and four inertial sensor units (ISU:s). Each ISU (IMPU-9159,
InvenSense Inc, USA) included three tri-axial accelerometers and gyros, which together detect the
motion and the relative and absolute angles of the segments. The sensors were connected by cables
to a collection unit that communicated via Bluetooth with a laptop equipped with customized software.
The software calculates the real-time orientation and motion of the sensors, using data from the ISU:s
(Ohberg et al., 2013). The ISU:s were placed at 1) back of the head using an elastic Velcro strap and
2) the spinal processes at level Th2 and 3) S2, using adhesive tape on the skin. One ISU was also
mounted on the seat using adhesive tape. Data were collected with a sample rate of 128 Hz. Motions
were described as relative angles between two adjacent sensors. The combination of sensors gives
three segments with relative joints; neck (head to Th2), trunk (Th2 to S2) and pelvis (S2 to seat). The
ISU:s were aligned with the subject in its’ start position resulting in/giving that all movements during
impact started from 0 degrees.
The electromyograpic (EMG) activity was recorded from four locations in the neck and trunk (sampling
frequency = 3000 Hz) using the TeleMyo Direct Transmission System (Noraxon USA Inc.). The skin
area of current interest was shaved and cleaned with 70% alcohol solution and circular bipolar surface
Ag/AgCl electrodes (Ambu De) were placed on the skin, 2 cm apart. Electrodes were placed bilaterally
on the upper posterior neck muscles (UN), upper trapezius (UT), erector spinae lumbar level (LES)
and external oblique (EO) using several references (Hermens and Hägg, 1999; Konrad et al., 2001;
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Thuresson et al., 2003). Once the electrodes were applied, the subjects were asked to perform
maximum voluntary contractions (MVC) in a standardised manner for 5 s in static condition using
manual or rigid resistance. All tests were done twice with a minimum of one-minute rest between tests.
2

Anthropometric measures such as weight, (kg), height (cm), BMI (kg/m ), waist circumference (cm),
chest circumference (cm), sitting height and distance (cm) between the ISU:s (head - Th2, Th2 - S2,
S2 – seat, head - seat) were collected by weight scale and tape measure.
2.4 Analyses of data
Motion data was low pass filtered with a second order Butterworth filter at a cut-off frequency at 10 Hz.
The Euler sequence used for all segment angles were X (rotations in the sagittal plane), Y (rotations in
the frontal plane) and Z (rotations in the transversal plane) (Ohberg et al., 2013). Data are presented
in the frontal plane as relative angles (each unit relative to the other). The angles were calculated from
the mean value of each subject’s first and second peak angle for each ISU.
Chair acceleration was registered by one ISU placed on the chair. The sudden acceleration and the
following smother deceleration were used together with a trigger event to calculate the time for start
and brake.
The EMG signals were first amplified 500 times and low pass filtered at a cut-off frequency of 500 Hz.
All EMG signals were high pass digitally filtered using finite impulse response, with a cut-off 10 Hz.
Contamination of electrocardiogram in the EMG-signals was removed using an algorithm which
combined pattern recognition and adaptive filtering. EMG signals for MVC was further rectified,
smoothed using root mean square during a 100 ms window and normalized to a peak value during a
500 ms window. The highest MVC value for each subject and muscle was used for normalization the
EMG-signals from impacts when calculating the mean and peak amplitudes.
2.5 Statistics
Variables for each subject were first averaged for the five trials of each combination. The kinematic
variable peak angular displacements and EMG mean amplitudes were analysed using a repeated
measurement analysis of variance (ANOVA). Associations between body measures and range of
motions were analysed using Pearson product moment correlation except for waist circumference and
distance Th2 - S2, where Spearman’s rang correlation was applied due to non-normal distribution. The
strength of correlation was defined according to values presented by Carter et al.; 0.00-0.25 = little, if
any; 0.26-0.49 = low; 0.50-0.69 = moderate; 0.70-0.89 = high; 0.90-1.00 = very high. A significance
level of p < 0.05 was used. Analyses were performed using IBM SPSS version 20 and 22 (IBM Corp.
Released 2011. IBM SPSS Statistics for Windows, Armonk, NY: IBM Corp.) and Excel, Microsoft Inc.,
USA.
3. Results
Anthropometric features for the subjects are shown in Table I. There was a rather large span of
various weights and lengths.
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Table I. Age and anthropometrics among the study population with
healthy young males (n=23). BMI=Body mass index.
SD=Standard deviation.
Parameter
Age (years)
Weight (kg)
Height (cm)
2
BMI (kg/m )
Waist circumference (cm)
Chest circumference (cm)
Seat height (cm)
Head – Th2 (cm)
Th2 – S2 (cm)
S2 – seat (cm)
Head – seat (cm)

Mean
24
79.1
180.6
24.3
87.7
97.3
92.5
20.3
50.0
14.2
83.7

SD
5
11.0
7.1
3.2
7.8
8.7
3.4
2.3
4.5
2.6
3.8

Min.
19
62.0
164.0
19.3
78
83.0
87.0
17.0
44.0
10.0
78.0

Max.
36
100.0
198.0
30.9
110
116.0
101.0
26.0
67.5
20.0
94.0

For translation of the chair from the right to the left, the pelvis (S2 to seat) of the subjects initially flexed
to the right side while the trunk (Th2 to S2) and neck (Head to Th2) flexed left relative to its lower
segment. Typically, there was a second peak angular displacement in the opposite direction for all
segments before the subject return to equilibrium. The second peak angular displacements were
significantly influenced by the CT for the trunk (p = 0.019) and neck (p = 0.001), Figure I.

*

*

Figure I. Range of motions in degrees° (means and standard deviations)
in the neck, trunk and pelvis for the first (1) and second (2) relative peak
angular displacements during a cognitive task (CT) and no task (NT).
*Significant difference at 0.05-level.

The UT mean amplitude level for the whole group was generally low, < 1% of MVC, why further
analysis of the UT was excluded. The reactions of the other investigated muscles were also low, at
group level up to 5% MVC was reached in some but less in others. During acceleration of the body,
there was higher mean amplitude in the left UN (p < 0.001) and in the ES (p < 0.01) when no CT was
performed; no side differences in the EO were found. The strongest correlation value between
anthropometrics and kinematic reactions was 0.55 (distance between head-seat and first peak angular
displacement of the neck), most others correlations were low and no high were found.
4. Discussion
The biodynamic reactions to an impact in seated position in this laboratory study were considered
quite small. Some reactions were however influenced by a cognitive task and also anthropometrics.
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The movement pattern after an impact from the side typically started with pelvis moving first in the
direction opposite to the perturbation giving a positive angular displacement. That was followed by a
negative angle in trunk and neck due to inertia, confirming a caudiocranial movement pattern that has
been reported earlier (e.g. Vibert et al., 2001). It seems as if counteracting movements of the neck
region is necessary when the pelvis is tilted. Worth noticing is that motions in the neck could be larger
than those in the pelvis which indicates that it is not necessarily an 1-1 ratio between segments when
adjusting for equilibrium of a perturbed spine in seated position.
A second peak angular displacement in the opposite direction to the first was seen before the subject
could retain their set seated posture again after the impact. This second displacement was sometimes
larger than the first and probably influenced by the deceleration phase of the chair and that the body
was in already in motion. Nevertheless, the peak angular displacements were all well in the range of a
neutral zone for the neck and not considered to put substantial mechanical stress on the various
tissues.
The cognitive task influenced the second peak angle at several levels of the spine. Larger angles
between body segments have also been reported among standing subjects exposed to impacts to
measure postural control, which is a way of quickly moving the projection of centre of mass within the
limits of stability (e.g. Maki and McIlroy, 2007; Jacobs and Horak, 2007). The muscle reactions to
impacts from the side were considered low with only a fraction of their MVCs. Low muscle reactions
due to impacts in seated positions is confirmed by other studies (Sacher et al., 2012; Masani et al.,
2009;) while others has found larger reactions, over 10% mean amplitude in the splenius capitis and
trapezius muscles (Kumar et al., 2004). One explanation to the different amplitude could be due to
other MVC-tests and time-windows.
There were no high correlations between peak angular displacements and anthropometrics in this
study. The strongest correlation could be interpreted as a longer back may give a larger angular
displacement in the neck, which seems logical. Field studies have shown some associations with BMI
and shock exposure, but there have been few reports about laboratory-based investigations using
anthropometry, even if it seems required.
Altogether, small displacements and low muscle activities should not indicate a risk for
musculoskeletal injuries.
4.1 Methodological considerations
In this study, the participants were all male students and in several cases physically active which may
affect the generalizability of the results. The initial posture was adopted after predefined verbal
instructions, but not otherwise controlled, which could explain some of the variability that was seen
between participants. It could be argued that just a single impact does not imitate a real working
environment where there are often more complex combinations with forces talking from vibration in
other directions, such as rotatory. Arora et al. (2015, 2013) recently reported a different reaction such
as a delayed onset of muscle activity in the trunk after an impact when the subjects had been exposed
to vibration. This study tried to focus on the reaction of the spine, the main region for body complaints
among drivers, why the arms and legs had standardised positions. This is also different from real
working conditions. Helps from the arms and hands would likely reduce the reactions even more. Only

86

angular movements were studied but these are natural for the human body, together with rotatory
movements. Merely movements in the frontal plane were reported, as this was by far the dominating
plane. The CT that was used was counting backwards in steps of 3 which may have limitations as it
may not resemble the dual tasks a professional driver faces during work i.e. handling of the vehicle,
reading the terrain and decision making. Counting backwards is on the other hand easy to use and
has been applied in other impact studies with standing subjects (Brown et al., 1999). Anyways, to our
knowledge, this is the first study that shown that a dual task may interfere with normal postural control
in seated position.
4.2 Implications and future research
Despite the temporary angular displacements that was passively induced, the spine appeared
relatively stable during the controlled conditions here and it seems unlikely that exposure to single
impacts of this magnitude is a causative factor for neck disorders. As the reactions were low, the
stabilisation of the spine should then be dependent upon the viscoelastic properties of spinal tissues
like deeper lying local muscles. In addition, there are various human materials in the neck that can all
have a stabilising role such as joint structures (ligaments, capsules), tendons, nerves, blood vessels,
skin and other soft tissues. As most of them have a limited tolerance to stretch and compression, they
may all be injured during excessive angular displacements. Neuromechanical reaction models to
impacts were proposed by Vibert et al. (2001) who named them sloppy and stiff. A sloppy reaction
would permit movements between body segments and have a reciprocal muscular activity pattern,
partly seen in this study, however with small angular displacements. A stiff reaction on the other hand,
doesn’t allow movements between segments due to co-contraction of muscles around joints that
prevents segment motions. This reaction is mostly seen when a person considers an impact as
difficult. It is a chosen motor control strategy probably to avoid joint injuries and reduce the degrees of
freedom for motions for the central nervous system. One could argue that co-contracting muscles
would be undesirable in the long run as it is not energy efficient and may also lead to static muscle
overload. Since a cognitive task induced larger kinematic reactions, it should be considered as an
ergonomic risk or confounding factor for drivers operating off-road. From a health promotion
perspective, there seems to be no strong reason to dissuade people of various body sizes from driving
all-terrain vehicles.
The stabilising role of deeper lying muscles could be investigated by using existing techniques for finewire electrodes guided by ultrasound around the lower spine. This may however be problematic in the
neck region as there are several vital structures that could be injured by the procedure. Small
reactions in terms of motion between body segments and muscle activity should be confirmed by field
measurements in real conditions. Further research should also involve development and tests of
clinical methods to assess spinal stability for drivers that could be physically trained and improved.
4.3 Conclusion
This study showed small biodynamic reactions in terms of range of motions between body segments
(head, trunk, pelvis) and muscle activity around the spine after a sideways impact. A cognitive task
may affect these reactions but there is little influence from anthropometrics.
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PARAMETRIC STUDY OF THE SPINAL LOAD MODEL USED IN THE DRAFT
STANDARD ISO2631-5
G. Fleury
INRS
Rue du Morvan
F-54501 Vandoeuvre-Les-Nancy
France
Abstract
In the 1990s, Seidel et al. applied a biomechanical approach to develop a new
method to assess the health effects caused by WBV on seated drivers. Their works
were based on the assumption that intervertebral pressure may cause damage to
the lumbar spine and thus lead to low back pain. As the measurement of
intervertebral pressure is too invasive, a finite element model developed by Wölfel
GmbH was used as an alternative to calculate transfer functions describing the
relationship between vehicle accelerations and intervertebral pressures. These
transfer functions were finally coupled to a risk model and integrated in a risk
assessment software application. This assessment method is currently being
discussed in the framework of a draft standard for ISO-2631-5. The INRS has
investigated the responses of the risk assessment software to various input
conditions (acceleration input signals, anthropometrical driver parameters and
seated postures). Particular attention was paid to responses to Gaussian random
accelerations. An alternative but equivalent method of calculating the vibration
dose used in the risk assessment software is presented. This alternative method,
whose theoretical backgrounds were first published by Cartwright in 1956, is limited
to Gaussian signals. However it has the significant advantage of being able to
calculate the vibration dose value without requiring an automatic peak detection
algorithm.
1. Introduction
The assessment of whole body vibration for vehicle drivers is generally performed using the weighting
filters described in part 1 of standard ISO 2631. However these filters were determined by assessing
the discomfort felt by human subjects exposed to different types of vibration in the laboratory. The use
of the ISO2631-1 method and its associated filters is therefore based on the assumption that a
correlation exists between the discomfort felt by a person and the effects on their health such as low
back pain. Another approach which couples biomechanics and epidemiology is possible. It was used
in particular in Germany by Seidel et al. as early as the 1990s and resulted in an assessment method
described by standard DIN SPEC 45697:2012. Many research works have been published over the
past few decades and a Whole Body Vibration Risk Assessment run-time software (WBV-RA)
application can be downloaded when buying the standard DIN SPEC 45697. The use of this software
requires input data reproducing the driving conditions (acceleration signals measured on the vehicle,
driving time, seated posture) and certain driver’s characteristics (weight, Body Mass Index (BMI)). The
WBV-RA calculates a risk value that must be placed on a graduated scale in order to assess the low
back pain risk. This method is also currently being discussed in the framework of the standardisation
group responsible for revising part 5 of standard ISO-2631.
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In its capacity as the national institute for occupational prevention in France, the INRS decided to
focus on this approach and evaluate its underlying mathematical formalism and possible application to
professional drivers. The assessment results presented in this article were generated using the 2012
version of the WBV-RA run-time software made available to the authors. Therefore these results
remain up to date provided that no major modification has been implemented in the software.
In this article, we propose an alternative method for calculating the dose and the risk. This method
allowed us to express the dose and the risk indicator as an algebraic function of the input data. Its
advantage is that it does not require a numerical resolution of the problem and leads to exactly the
same results as those provided by the WBV-RA software. Nonetheless, its use is limited to Gaussian
random signals. Finally we used this method to perform a parametric analysis by varying the input
parameters and analysing the responses of the WBV-RA model.
2. Description of the model of standard DIN SPEC 45697-2012
All the research leading to the DIN standard assumes that the major source of low back pain is the
damage of the intervertebral discs where pressure varies when exposed to vibration. The model is
structured by three successive steps. The first step consists in predicting the pressure exerted at the
lumbar discs from acceleration signals measured at the vehicle. This initial step is performed using a
biomechanical model of the human body simulating several postures and different human
morphologies. The second step requires a method to sum the physiological effects resulting from the
pressure variations and leads to a dose. First, the dose is calculated over the duration during which
the accelerations at the vehicle are measured. Then the summation method is applied to compute the
dose over a period of one year. Finally in the last step the annual dose is entered in a damage model
for evaluating the risk factor. The driver’s age and past exposure to vibration are taken into account by
the model.
2.1 Biomechanical model
The finite element model of the human body dedicated to the calculation of low back pressure was
developed by Wölfel (1998). This model simulates several postures depending on the vehicle used
(see figure 1). The driver’s morphology is taken into account through their weight and height linked by
their Body Mass Index (BMI). Several categories of morphologies are modelled (see figure 2).
Accelerations measured in all 3 directions at 4 interface points between the driver and the vehicle,
namely the backrest, the seat, the steering wheel and the pedals can be applied to the model as
loading conditions. Time-varying pressures are computed at the 5 lumbar intervertebral discs. This
human body model was used to generate a family of Transfer Functions (TF) defined for
miscellaneous parameter combinations as the ratio of the intervertebral pressure to the input
excitation. This family of TFs was then integrated in the WBV-RA run-time software.
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group 1

group 2

group 3

Figure 1: Sketches of 3 postures modelled in the standard DIN SPEC 45697

Figure 2: Categories of morphologies modelled in the standard DIN SPEC 45697

2.2 Dose model
In order to sum the effects over the exposure duration a vibration dose is computed from the timevarying pressure. In practice the model uses an automatic peak detection algorithm to find out the
local maxima (positive and negative) of pressure, raises each value to the power 6, sums them and
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normalises the result to obtain the annual dose. The normalisation procedure permits calculating the
annual dose from the measurement duration dose and an annual exposure duration estimated at 960
hours.
2.3 Risk model
The accumulation of the effects over many years of exposure on the driver’s health is estimated by
means of a risk model. Thus the same annual dose would not have the same effect on a person of 20
years old as on one of 65. The evolution law is also expressed as a sixth power function whose
parameters are calibrated by comparison with epidemiological data. Finally the computed risk factor is
compared with respect to the values of a risk scale. If the risk factor is higher than 1.2 the risk of lowback pain is estimated as high.

3. Method

3.1 Definition of excitation
To assess the Seat Effective Amplitude Transmissibility factor, namely the S.E.A.T. factor, the vehicle
seats are tested in the laboratory according to an experimental protocol in conformity with the standard
EN ISO 7096. This standard defines classes of off-road vehicles and proposes a representative signal
for each of them. These signals are assumed to be Gaussian random. Their frequency content is
defined by a Power Spectral Density (PSD) whose shape is obtained by applying a Butterworth bandpass filter to a white noise. The PSD is then normalised to obtain the desired RMS value. Thus for the
th

EM1 class specific to loaders, a 4 order filter is used and the PSD of the displacement signal is
expressed as a function of frequency f by:

√2
√(f𝐿 +f𝐻 )(f2𝐿 +f2𝐻 )(f4𝐿 +f4𝐻 ) 𝑎𝑅𝑀𝑆
√2+√2

√

|𝐷𝑆𝑃𝐷𝑒𝑝 (𝑓)| =

f2

5

2√π √(f8 +f8𝐻 )(f8 +f8𝐿 )

eq.1

arms is the RMS acceleration value, fh the cut-off frequency of the high pass filter and fl the frequency of
-2

the low pass filter. The specific parameters for the definition of the category EM1 are: arms=1.71 ms ,
fly=2.5 Hz and fh=1.5 Hz.
To investigate the effects of the excitation signal on the responses of the WBV-RA model, we chose
the same cut-off frequency for the high pass filter and the low pass filter. Our signal is thus
characterised by two values: its RMS value aRMS and a characteristic central frequency fc=fh=fl.
Figure 3 shows PSD of our signals for which one of the parameters varies while the other is fixed.
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a)

Central frequency = 2 Hz, variable RMS-value

b) Variable central frequency, RMS-value=1.71 ms

-2

Figure 3: Modified EM1 excitation signals

Thus knowing the TFs obtained from the human body model, the pressure spectrum Pdyn may be
calculated at each intervertebral disc by multiplying the PSD of the excitation signal by the
corresponding TF as follows:

eq.2

𝑃𝑑𝑦𝑛 (𝑓) = TF(𝑓) 𝐷𝑆𝑃𝐷𝑒𝑝 (𝑓)

3.2 Calculation of the dose by a statistical method
The dose is necessary for the risk assessment and depends on the exposure duration. In the
framework of this work, the magnitude dpt called dose rate, was defined as the dose received per unit
of time. In line with the formulation of the WBV-RA model, the dose rate dpt was obtained using the
formula:
1

𝑑𝑝𝑡 = (

∑ 𝑀𝑎𝑥(𝑃𝑑𝑦𝑛 (𝑡))6 6
𝑡𝑚

eq.3

)

where Max(Pdyn(t)) are the local maxima of the dynamic pressure detected over the measurement
duration tm. In practice, the WBV-RA software runs an inverse Fourier transform algorithm on the
dynamic pressure spectrum, seeks the local maxima using an automatic detection algorithm and
computes the dose rate according to equation 3.
th

Using statistical methodology the dose rate dpt raised to the power 6 can be considered as the 6

moment of the probability distribution of the pressure maxima. However, since Gaussian random
signals were used in the framework of our study, the formalism initially demonstrated by Cartwright
(1956) and used again by Lalanne (2009) was applied. This formalism demonstrates how to compute
the statistical distribution of maxima of a random signal with parameters characterising the statistical
distribution of the signal itself. Using this formalism, the dose rate dpt was expressed as follows:
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eq.4

where
m0 is the square of the RMS value of the dynamic pressure signal.
m2 is the square of the RMS value of the derivative of the dynamic pressure signal.
m4 is the square of the RMS value of the second derivative of the dynamic pressure signal.
Since the pressure signal was defined by its PSD according to equation 2, the square of its RMS value
m0 was simply calculated by integrating the PSD with respect to the frequency. Parameter m2 was
obtained by multiplying the pressure PSD by j(derivation in frequency domain) and computing the
RMS value of the derivative. The procedure was repeated to calculate m4. This technique therefore
allowed determining the dose rate dpt without calculating the time-varying pressure signal using
inverse Fourier transformation and without running an automatic detection algorithm of local maxima.
As all the operations were performed in the frequency domain, this method had the advantage of
being simple to implement.
3.3 Calculation of the risk factor
The risk indicator proposed in the model required the cumulative dose over one year, which was
computed as follows:
1

Dexpo/an = dpt ( 3600 nh nj )6

eq.5

where nh is the number of hours exposure per day and nj the number of days exposure per year. In the
standard DIN SPEC 45697 an average exposure duration of 4 hours a day and 240 days a year are
considered.
Assuming that the annual exposure was constant, the risk indicator R(n) after n years exposure was
determined from equation 6:
1

𝑅(n) =

1
6
Dexpo/an {∑ni=1 (A−Bi)6 }

eq.6

where n is the number of years’ exposure (counting from the age of 20), A and B are parameters
specific to the driver and defined by:
F

A = 6.765024 − Astat − 20 × 0.067184

B = 0.067184

disc

where

Fstat
Adisc

is the static pressure exerted at the most loaded intervertebral disc.

We have demonstrated that it was possible to express the risk factor no longer in the form of a
discrete summation but in the following algebraic form:

𝑅(𝑛) =

𝐷𝑒𝑥𝑝𝑜/𝑎𝑛
6

√5𝐵

6

1

1

√(𝐴−0.5𝐵−𝐵𝑛)5 − (𝐴−0.5𝐵)5

eq.7
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By reversing equation 7, the number of years n1,2 required to reach the critical risk factor of 1.2 was
expressed as a function of the annual dose with the parameters A and B.

n1.2 =

(A−0.5B)

1−

B

{

1
5

√1+5(A−0.5B)5 B(

1.2
Dexpo/an

eq.8

6

)

}

The number of years n1,2 and the risk indicator R(40) were the two indicators used in the following
parametric study.

4. Results

4.1 Effect of the excitation frequency
Figure 4 shows the evolution of the risk indicator R(40) as a function of the excitation frequency.
These calculations were performed for drivers with a body mass index of BMI2 and a posture
belonging to “group 3”. The seat and the backrest were subjected to vertical excitation with a
-2

frequency content centred on frequency f and an RMS-value equal to 1.71 ms . The risk index R(40)
was computed as the maximum of the risk factors calculated at the 6 intervertebral discs with the
WBV-RA run-time software on the one hand and, on the other, using a spreadsheet in which the
equivalent formulations described by equations 4 to 7 were implemented.

Figure 4: Verification of analytical models in comparison to the WBV-RA model.
Figure 4 shows that the results of equations 4 to 7 are the same as those calculated by the WBV-RA
run-time software. The model exhibits some instabilities at very low frequencies (<1Hz). A maximum
risk was found at a frequency between 3 and 4 Hz, which is consistent with the resonance values of
the human body usually observed.
4.2 Effect of the excitation amplitude
Figure 5 shows the effect of amplitude on the risk indicator. The calculation conditions were the same
as those used previously, except that the central frequency was constant and taken as equal to 2 Hz
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(fL=2.5 Hz and fH=1.5 Hz) and that the RMS value varied. The graph shows that the risk factor
increases linearly with the vibration amplitude. The model therefore appears to be linear.

Figure 5: Effect of the weighted excitation value

4.3 Effect of the excitation direction
Figure 6 shows the frequency dependency of the risk factor R(40) for three excitation directions x, z
and x+z. The resulting graphs are different, proving that the direction of the excitation has a significant
influence. The maximum risk for a horizontal excitation was obtained for a frequency around 1 Hz,
whereas a frequency of 3 Hz was calculated for the vertical axis. When the two directions were
combined, the maximum risk was obtained over a range of frequencies between these two
frequencies.

Figure 6: Effect of the direction of excitation
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4.4 Effect of the application point of the excitation
Figure 7 shows the frequency dependency of the risk indicator by varying the application points of the
excitation. Applying an excitation at the four application points (seat, backrest, hands and feet) led to
the same response as applying the excitation only at the seat and the backrest. If no excitation was
entered at the backrest, the WBV-RA model applied by default the excitation given for the seat. If a
null excitation, i.e. a signal record composed only of zeros, was applied to the backrest, a different
response was obtained.

Figure 7: Effect of application points for the excitation

4.5 Effect of the driver’s posture
Figure 8 shows the evolution of the exposure duration necessary to reach the critical risk value of 1.2.
This number of years was estimated according to equation 8. The calculations were performed for a
th

driver whose morphology belongs to the BMI2 group and whose height is characterised by the 95

percentile. The excitation was defined by its central frequency f=fH=fL=2 Hz and its RMS value of 1.71
-2

ms . The acceleration was applied at the seat and the backrest along the vertical axis. Three postures
(group1, group2 and group3) were simulated. Figure 8 illustrates a significant effect when varying the
posture. For example at 3.5 Hz a driver having a posture of group1 reaches the critical risk value after
29 years exposure whereas if they had driven a type of vehicle for which the posture of group3 was
characteristic, they would have reached the critical risk level seven years earlier, i.e. after 22 years
exposure. Finally although the angles defining the postures of group1, group 2 and group3 exhibit very
low variability, the WBV-RA model showed that this variability was sufficient to observe significant
effects on health.
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Figure 8: Effect of posture

4.6 Effect of the driver’s morphology
Finally figure 9 shows the effect of the driver’s weight on the exposure duration required to reach the
critical risk value. The heavier the driver is, the shorter the duration of exposure necessary to reach
the critical risk value. For drivers with the same weight between 80 and 90 kg but with different heights
and thus different BMIs, no significant effect was observed.

Figure 9: Effect of a driver’s morphology
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5. Conclusions

Coupling a human body model with a risk model remains an interesting approach for assessing the
health risk of seated off-road vehicle drivers exposed to whole body vibration. This type of approach is
implemented in the standard DIN SPEC 45697. Its integration in part 5 of the standard ISO2631 is
currently being discussed. In this paper an alternative method for calculating the vibration dose and
the resulting risk is described. The results are exactly the same as those obtained by the run-time
software downloadable by purchasing the DIN standard. The advantage of this new method is that it
does not require a numerical algorithm to solve the problem, but its use is restricted to Gaussian
random acceleration signals. This method was implemented in a spreadsheet and a parametric study
of the DIN SPEC model was performed. This study helped us to gain comprehension of the theoretical
formalism used in the DIN SPEC model. Henceforth, we are planning to evaluate it on practical cases
with real acceleration signals measured during occupational driving conditions. Other published
human body models (Ayari 2009) could also be coupled with this alternative method in order to
propose other numerical solutions to assess health risk due to whole body vibration.
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A SIMPLE MATHEMATICAL MODEL OF A VEHICLE WITH SEAT AND OCCUPANT
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Abstract:
A mathematical model of a vehicle dynamic system capable of predicting ride
comfort can be a useful tool for vehicle design and development engineers at the
concept design stage. The aim of this study was to develop a simple mathematical
model of a vehicle with seat and occupant to investigate how vehicle dynamic
parameters affect the vibration transmission and ride quality. A 13 degrees-offreedom mathematical model including tyre, suspension, vehicle body, engine and
mounting, seat and occupant was developed and calibrated with measured data.
Acceleration transfer functions from road input to the seat and occupant were
calculated. Sensitivity analyses with a Design of Experiment method was
conducted to identify the vehicle parameters that were most influential on the ride
quality in terms of the frequency weighted acceleration r.m.s. values at the seat rail
and the seat-occupant interface under random vibration input in the vertical
direction. Results showed that the seat vibration was most sensitive to the damping
and stiffness of the rear suspension, the stiffness of the tyre and the seat. The
location of the engine block also has significant effect on the ride vibration. The
proposed model can be used by engineers to quickly assess how ride comfort of a
vehicle is affected by the design parameters.
1. Introduction
Driver and passengers of on-road vehicles are generally experiencing multi-axis vibration, including
translational and rotational motions, which has profound impact on comfort, performance and health
(Griffin, 1990). Vibration of a vehicle with seat and occupant is mainly induced by the road roughness
and unbalancing forces of the engine and driveline (Gillespie, 1992). Car manufacturers have been
constantly putting efforts in improving vehicle dynamics and ride comfort along with other vehicle
performances. Various types of models of vehicle, seat and human body have been developed to
optimise the vehicle dynamics and ride comfort over the past several decades.
A vehicle consists of many substructures and thousands of parts or components. In the early stage of
a vehicle design, due to lack of confirmation of the vehicle structure, mathematical models play an
important role and are particularly useful for design engineers to analyse and optimise their design
concepts before detailed design and physical prototyping. A seven degrees-of-freedom (DOF) full
vehicle model which can predict vertical, roll and pitch motion of a vehicle was introduced (Gillespie,
1992). A quarter car model with only two vertical DOF at the sprung mass and unsprung mass of the
vehicle and a four DOF vehicle ride model with combined vertical and pitch DOF were developed for
studying the effects of mass ratio, stiffness ratio and damping coefficient ratio on the vibration of the
car body and for investigating the effect on ride quality of the dynamic index in pitch (Sun et. al. 2002a
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and 2002b). To help improve ride and handling qualities of a passenger car via modification of its rear
suspension mechanism, a seven DOF model including body roll, pitch, bounce, vertical motions of
front wheels, vertical and roll deflection of rear axle was employed (Kazemi et. al., 2000). A nine DOF
two-dimensional planar half-car vehicle model incorporating with a radial-spring tyre contact model
and an Average Lumped LuGgre longitudinal friction model was proposed for evaluating ride quality
(Zhu. et al., 2012). To develop a procedure for analysing uncertainty and reliability of ride comfort of a
passenger vehicle, a six DOF multi-body vehicle model was adopted (Kim and Yoo, 2013). Shim and
Ghike (2007) developed a fourteen DOF vehicle model and also proposed an eight DOF model for
analysing vehicle rollover conditions. Many other simple mathematical models have been developed
for optimising suspension system design (e.g., Swayze, Bachrach and Shankar, 1999; Sun, 2002;
Naude and Snyman, 2003), and for optimising control system design (e.g., Nikzad and Naraghi, 2001;
Nouillant et. al., 2001; BalaMurugan and Jancirani, 2012).
Modelling of the car seat and occupant has been progressed steadfastly with the development of
research on human biodynamics and seating dynamics.
Biodynamic modelling has been constantly developed over the past decades. Simple lumpedparameter models were developed for predicting the in-line vertical apparent mass of seated human
body (e.g., Fairley and Griffin, 1989; Wei and Griffin 1998a) and for representing in-line fore-and-aft
apparent mass of seat occupant (e.g., Qiu and Griffin, 2011). Combined lumped-mass and rigid body
models were developed with rotational degrees-of-freedom to accommodate the rotation of body
segments during vertical excitation (Matsumoto and Griffin, 2001; Nawayseh and Griffin 2009).
Multibody dynamic models were developed with rigid bodies interconnected by rotational joints to
simulate vertical, fore-and-aft, and rotational body motion (Kim et. al., 2003; Liang and Chiang, 2008;
Zheng et. al., 2011). Finite element models of human body have been developed to better reflect the
dynamic interaction between the body and seat and predict pressure distributions at the body-seat
interface (Zheng et. al., 2012; Liu et. al., 2015) and predict spinal forces of human body exposed to
whole-body vibration (Kitazaki and Griffin, 1997; Siefert et. al., 2008).
Different types of seat models have been developed and combined with biodynamic models to predict
seat transmissibility. Lumped parameter models of vehicle seats with occupant capable of predicting
seat transmissibility from the apparent mass of the body and the seat dynamics were proposed (e.g.
Fairley and Griffin 1989; Wei and Griffin 1998b; Qiu and Griffin, 2011). Multi-body seat models
constructed using rigid bodies interconnected with joints and force elements were developed to predict
the vibration response of car seats (e.g., Kim et. al., 2003; Liang and Chiang 2008). Finite element
models of car seats were also developed along with the finite element model of human body for
predicting vibration transmissibility (Siefert et. al., 2008; Zhang et. al., 2015).
Although the model of vehicle and the model of seat with occupant have been continuously developing
over many years, the combined vehicle-seat-occupant model which can be used to directly analyse
and evaluate the vibration transmission to the driver and passenger exposed to whole-body vibration
is not often seen. The objective of this study was to develop a simple mathematical model for a
vehicle-seat-occupant system to study how the vibration induced by road roughness transmit through
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vehicle to the seat occupant and how the dynamic parameters of the vehicle-seat-occupant system
affect the ride quality or comfort. It is expected that the proposed model can be used by engineers to
quickly assess how ride quality of a vehicle can be affected by the design parameters in the early
design stage.

2. Development of a vehicle-seat-occupant model
2.1 Model structure and description
Based on a commercially available sport utility vehicle selected by a project partner, a 13 DOF
mathematical model of a vehicle with seat and occupant system involving vertical, roll and pitch
motions was built up (Figure 1), including 3 DOF at the vehicle body, 3 DOF at the vehicle engine
block, 4 DOF at the four unsprung masses, and 3 DOF at the seat-occupant subsystem. The 13
degrees-of-freedom of the model are summarised below


zb , α b , θb : vertical, roll and pitch displacements of the car body at its center of gravity (CoG)



ze , α e , θe : vertical, roll and pitch displacements of the engine block at its CoG



zu1 , zu 2 , zu 3 , zu 4 : vertical displacements of the unsprung masses at the front left, rear left, front

right and rear right tyre-suspension positions


zd , zh1 , zh2 : vertical displacements of the seat and occupant mass 1 and mass 2

The mathematical model was developed based on the following assumptions:


All the components are rigid bodies



The components are connected with linear spring and damper



The yaw motion of the vehicle is neglected



Tyres and suspension components are in the same vertical planes on the left-hand side and
right-hand side, respectively

In Figure 1, the equivalent mass, linear constant stiffness, linear constant damping of different
components were represented by lower case letters m, k and c. The subscripts t, u, s, b, e, d, h
referred to the tyre, unsprung parts, suspension, vehicle body, engine, driver seat and human
occupant, respectively, while the second numerical subscript (1, 2, 3, or 4) was generally adopted to
refer to the locations of the components in the vehicle. The engine situated at the front of the car was
connected to the car body by three engine mounts. The seat with occupant was represented by a
simplified 3 DOF model. The compliance of the seat was modelled with stiffness kd and damping cd.
The mass md contained sprung mass of the seat and a part of the mass from the 2 DOF occupant
model which has the same form as proposed by Wei and Griffin (1998a). The other symbols used in
the model were explained below


l bx , l by and l ex , l ey : Moments of inertia with regard to x and y axes of the vehicle body and

engine, respectively


l1 , l 2 : Distances from CoG of the vehicle body to the front and rear wheels, respectively



d 1 , d 2 : Half distances between the left and right wheels measured at the front wheels and

rear wheels, respectively
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l e , d e : Distances from CoG of the vehicle body to the CoG of the engine along the

longitudinal (x) and lateral (y) axes, respectively


l d , d d : Distances from CoG of the vehicle body to the installation location of the driver seat

along the longitudinal (x) and lateral (y) axes, respectively


a i , bi : Distances from CoG of the engine to the engine mounts along the longitudinal (x) and

lateral (y) axes (i=1, 2, 3)


zrj : Displacements of the road input at the wheels (j=1, 2, 3, 4)

Forward
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Figure 1 Sketch of the mathematical model of a vehicle with seat and occupant

2.2 Equations of motion
The equations of motion of the vehicle-seat-occupant system model were derived using Lagrangian
equation
d  T  T D V


 0,


dt  z  z
z
z

z zu1 zu 2 zu 3 zu 4 zb b b ze e e zd zh1 zh2 T

(1)

where, T, V and D are kinetic energy, potential energy and dissipation energy of the system.
With an assumption that all the components will oscillate around their equilibrium positions with small
displacements, the vertical displacements at the four connection points of the vehicle body with
suspension components can be calculated as

zs1  zb  l1b  d1 b

zs 2  zb  l 2b  d 2 b

zs 3  zb  l1b  d1b

zs 4  zb  l 2b  d 2 b

The deformations of the three engine mounts in vertical direction were computed as
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(2)

ze1  ze  b1e  a1e  zb  (b1  de )b  (a1  le )b
ze 2  ze  b2e  a2e  zb  (b2  de )b  (a2  le )b

(3)

ze 3  ze  b3e  a3e  zb  (b3  de )b  (a3  le )b
The vertical displacement of the connection point of the seat and the vehicle body was
(4)

zf  zb  l d θb  dd α b

So, the kinetic energy T, potential energy V, and dissipation energy D of the system were calculated
as

T 

D

V

4

1
2

1
1
1
1
1
1
1
1
mui zui2  mb zb2  Ibx α b2  Iby θb2  me ze2  Iex α e2  Iey θe2  md zd2 
2
2
2
2
2
2
2
2
i 1



1
2

4



1
2

4

1
cti ( zui  zri )2 
2
i 1



kti ( zui  zri )2 

i 1

1
2

4

1
cti ( zsi  zui )2 
2
i 1


4



kti ( zsi  zui )2 

i 1

1
2

3

1
1
cei Δzei2  cd ( zd  zf )2 
2
2
i 1


3

1
1
kei Δzei2  kd ( zd  zf )2 
2
2
i 1



4

c

2

m

2
hi zhi

(5)

i 1

  zd )2

(6)

 zd )2

(7)

hi ( zhi

i 1
4

k

hi ( zhi

i 1

Substitution of equations (5) to (7) into equation (1), 13 differential equations were generated forming
the equations of motion of the dynamic system, which in matrix form reads

M z Cz K z  Ct z r  K t zr , zr   zr 1 zr 2 zr 3 zr 4 0 0 0 0 0 0 0 0 0T

(8)

where M  , K  and C  are mass, stiffness and damping matrices. K t  and Ct  can be viewed
as the input stiffness and damping matrices.
With the use of Fourier transform, the equation of motion was solved in frequency domain as
(M ω 2  C  jω  K )Z   (Ct  jω  K t )Zr  ,

(ω  2πf )

(9)

With the above equation, the transfer function matrix H (f ) from input {Zr} to responses {Z}, a 13×4
matrix can be calculated with elements of the matrix being expressed as
Hij (f ) 

Z i (f )
,
Zrj (f )

(i  1, 2, ,13; j  1, 2 , , 4)

(10)

where i is the number of output, j is the number of input.

2.3 Random road input
The input used for the sensitivity analysis was a random road defined in ISO 8608 (1995) in terms of
power spectral density (PSD) of the vertical road profile (displacement). The PSD of the road input at
a single wheel can be generally expressed as
Gd (n )  Gd (n0 )  (n / n0 ) w

(11)
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where n is the spatial frequency, n0 (=0.1 cycles/m) is the reference spatial frequency, and w is the
exponent of the fitted PSD. The coefficient Gd (n0 ) indicates the degree of roughness of a road.
The spatial spectrum defined in Equation (11) can be converted into temporal spectrum by means of a
vehicle speed v with the assumption that the vehicle moves in a constant speed (Gillespie, 1992)

Gd (f )  Gd (n0 )  n02

v
f2

(f  vn )

(12)
In this study the road profile of class B which is commonly seen in the western countries (RezaKashyzadeh et al., 2014) was adopted. Based on ISO 8608 (1995), the fit exponent w and the degree
of roughness Gd (n0 ) were obtained as 2 and 64  106 m3 , respectively.
In practice, there exists a time delay between the front and rear wheels. The delay is related to the
vehicle speed v and wheelbase L. Assuming that the vehicle travels in a straight line with a constant
speed, the time delay between the front wheels and the rear wheels is L/v, the wheel tracks of the
front wheel and rear wheel are equal, and the statistical properties of the road profiles at the left and
right tyres are the same, then the four-wheel road input can be derived as (Feng et. Al., 2013)


1

j 2πfL / v
e
Gr (f )  

coh (f )

j 2πfL / v
coh (f )e

e  j 2πfL / v
1
coh (f )e  j 2πfL / v
coh (f )

coh (f )
coh (f )e j 2πfL / v
1
j 2πfL / v
e

coh (f )e  j 2πfL / v 

coh (f )
G (f )
 d
e  j 2πfL / v

1


(13)

where, coherence function coh (f ) was determined according to a literature (Zhang et al. 2006)

1  0.45f , f  2
coh (f )  
f 2
0.1,

(14)

With the calculated system transfer function matrix (Equation (10)) and known road input (Equation
(13)), the displacement PSD of the response at each degrees-of-freedom of the vehicle-seat-occupant
system can be derived

Gzi (f )  H (f )  Gr (f )
2

(15)

where, i (=1,2, …, 13) is the index number of the output.
The acceleration PSD of the response can be calculated with the following equation

Gzi (f )  (2πf )4  Gzi (f )

(16)

2.4 Calculation of acceleration responses
The r.m.s. values of the acceleration responses of the 13 degrees-of-freedom can be calculated based
on the PSDs obtained in Equation (16). The frequency weighted acceleration r.m.s. values at the
seat-occupant interface were computed in accord with BS 6841 (1987)
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1/ 2

zdr .m.s


f 2
  Gz11 (f )Wb2df 


 f1




(17)

where Gz11 (f ) refer to auto-spectrum of the acceleration at the seat-occupant interface, and Wb is the
frequency weighting curve. When calculating frequency weighted acceleration r.m.s. values at the seat
rail according to Equation (4) and (13) - (17), the same frequency weighting curve should be applied.
When conducting model calibration, it is required to compute acceleration response at a specific
position of the car under a given road input. This was achieved by following the procedure described
below. Firstly, the second-order equations of motion (8) were converted into the first-order state-space
equation. The state variables x1 and x2 were defined as

z
x1  

 

1
x2  z  M  Ct zr 

x  

(18)

With Equation (18), the equations of motion (8) were reorganised as

Ct 
M  0 
 0  I 

x   
x  K zr 
 C  M 
K  0 
 t

(19)

Then the state-space representations of the equations of motion were determined as

x   Ax  Bzr 
y   E x  Dzr 

(20)

where matrices A and B  can be derived from the Equation (19), the dimensions of matrices E  and

D were determined by size of the state variable vector and number of input. For a specific input zr  ,
the output y  can be calculated via Laplace transform as
Y (s )  G(s )Zr (s )

(21)

where transfer matrix G(s ) of the system was given by (Katsuhiko, 1970)
G(s )  E (sI   A)1B  D

(22)
2.5 Calibration of the mathematical model
The vehicle parameters initially applied to the model (including the mass properties and centres of
gravity of the car body and engine block, and the location, stiffness and damping of the tyre and
suspension) were based on the measurement data provided by the project partner and the design
values from manufacturers. The parameters of the seat-occupant model were determined with a
reference to the published literature (Wei and Griffin, 1998a).
The stiffness and damping of the suspension were further adjusted via a calibration procedure in
which the model predicted vertical acceleration at the suspension top mount position on the rear righthand side was compared with that measured from a 4-poster test conducted by the project partner.
The 4-poster test was conducted with sine sweep inputs (frequency range 0.5-30 Hz and duration 478
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s) applied in-phase at the four wheels while the vehicle was in an unloaded condition. During the
calibration, adjustment of the parameters was controlled within 5% of their nominal values.
The calculation of the response to the 4-poster input was based on Equations (18)–(22). In this case,
the interested responses (output) were vertical, roll and pitch accelerations at the CoG of the car body,



b αb θb
i.e., y   z

 , with which the vertical acceleration at the suspension top mount position can
T

be computed according to Equation (2). The column vector x contains 26 elements, zr is a 13×1
column vector, in which the first four elements are equal to the inputs applied at the four wheels during
the 4-poster test.
The calibration with the 4-poster test results showed a reasonably good correlation, as can be seen in
Figure 2 showing the comparison of the model predicted and measured accelerations at the
suspension top mount position on the rear right-hand side.

Figure 2 Comparison of experimentally measured and model calculated acceleration
PSDs at the suspension top mount position on the rear right-hand side.
3. Sensitivity analysis
To identify the key parameters that affect the vehicle ride dynamics and comfort, a sensitivity analysis
was performed with the calibrated mathematical model. A factorial design method from the family of
Design of Experiment was employed (McLean and Anderson, 1984). A total of 13 parameters
including stiffness and damping coefficients of tyre ( k t ), front and rear suspensions ( k sf , k sr , c sf , c sr ),
engine mounts ( k e , c e ) and seat ( k d , c d ), and the locations of the seat ( l d , d d ) and engine ( l e , d e )
relative to the CoG of the car body were taken as the design factors. The responses calculated were
f ),
the frequency weighted r.m.s. values of the vertical acceleration at the seat ( zd ) and seat rail ( z
b and z
e ), pitch and roll ( αb , θb , αe , θe ) accelerations at the
and the r.m.s. values of the vertical ( z

CoG of the vehicle body and engine.
With 13 design factors, a 2-level full factorial analysis would need a total of 2

13

=8192 runs which is

very costly and impractical. To improve computational efficiency but without compromising the main
effects of the design factors, a fractional factorial analysis with 32 runs and resolution IV was finally
adopted (McLean and Anderson, 1984; Lenth, 1989). The design matrix generated with MINITAB
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(version 17) is shown in Table 2 in which -1 or +1 mean the value of the associated design factor was
reduced or increased from its nominal value corresponding to the calibrated model by 30%. The
sequence of the runs was randomised.
The road input spectrum is a function of the vehicle speed (Equation (12)), the effect of which on the
ride comfort should not be neglected (Brogioli et al., 2011). The sensitivity analysis was conducted in
three different vehicle speeds: 30 km/h, 60 km/h and 90 km/h, respectively.
The model simulation was executed with 32 combinations of the model parameters as defined in the
design matrix. Various responses as described in Section 2.4 and this Section were calculated for
each of the 32 runs and the results were assembled with the design matrix in Table 1. The factorial
analysis based on this table was conducted with MINITAB (version 17).
Table 1 Design matrix of the sensitivity analysis with calculated frequency weighted acceleration
r.m.s. values at the seat and seat rail
f
zd
z
ksf ksr csf
csr ke
ce
kd
cd
ld
dd
le
de
Run kt
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

-1
-1
-1
-1
1
1
1
1
1
-1
-1
-1
-1
1
1
1
-1
-1
1
-1
1
-1
-1
1
1
1
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1
-1
1
-1
-1
-1
-1
-1
1
-1
1
-1
1
1
1
1
1
1
-1
-1
-1
-1
1
1
-1
-1
-1
1
1
1
1

-1
-1
-1
1
1
-1
-1
1
-1
-1
1
1
1
1
-1
-1
-1
1
1
1
-1
1
-1
1
-1
1
-1
1
1
1
-1
-1

0.209
0.209
0.160
0.179
0.257
0.239
0.284
0.263
0.197
0.231
0.206
0.207
0.191
0.218
0.296
0.251
0.215
0.258
0.260
0.180
0.235
0.217
0.255
0.238
0.232
0.235
0.208
0.280
0.336
0.288
0.226
0.214

0.281
0.377
0.275
0.323
0.379
0.459
0.460
0.491
0.447
0.311
0.359
0.323
0.359
0.377
0.441
0.432
0.297
0.331
0.509
0.365
0.447
0.373
0.363
0.374
0.437
0.372
0.364
0.487
0.504
0.332
0.390
0.444

4. Results and discussions
4.1 Effect of dynamic parameters on seat vibration
The results of the factorial or sensitivity analysis are presented in Pareto Chart and Main Effects Plots
(Figures 3-6). The Pareto Chart displays standardised effects of the design factors relative to a
reference line computed based on t-test (red dotted line in the chart as shown in Figure 3). If the
standardised effect of a factor exceeds the critical value (indicated by the reference line), it means that
the importance of the effect of this design factor on the response is statistically significant. In the Main
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Effect Plot, a solid line connects the points (or calculated level means) corresponding to the low level
and the high level of a design factor (or variable). By comparing the slope of the lines between
different variables, one can compare the relative magnitude of the effects and see which design factor
influences the response most.
The standardised effect chart calculated at a vehicle speed of 60 km/h (Figure 3(a)) showed that the
vibration at the seat-body inteface was most sensitive to the damping of the rear suspension (csr), the
tyre stiffness (kt) and the stiffness of the rear suspension (ksr). The distances from the CoG of the car
body to the seat location (dd) in the lateral direction and to the CoG of the engine block (le) in the
longitudinal direction, and the compliance of the seat (kd) also affected the seat vibration significantly.
The Main Effect Plot (Figure 3(b)) indicated that increasing the stiffness and damping of the rear
suspension and the tyre stiffness resulted in an increase of the seat vibration. This means that soft
suspension and soft tyre are generally beneficial to improving ride quality or comfort. But it should be
borne in mind that if suspensions and tyres are softened too much handling stability may be adversely
affected. It is important to get balance between the ride comfort and handling stability when optimising
the vehicle dynamics during the design stage of a vehicle.
It can also be seen from Figure 3(b) that if the driver seat was installed further away along the lateral
direction from the CoG of the car body, seat vibration would be increased and hence ride comfort
could become worse. Indeed, the more away from the centre of rotation of the body, the more roll and
vertical motion will be generated at the seat rail position. It is not surprising to see that the seat
vibration was directly affected by the stiffness of the seat. For improving vibration comfort a relatively
soft seat is recommended. Nevertheless, compromise should be made between dynamic and static
seat comfort because an excessively soft seat can worsen static comfort and cause driver fatigue.
The vibration caused by road input was transmitted through tyre, suspension to the car body, and
eventually reached the seat and occupant. The seat rail vibration should primarily depend on the tyre
and suspension dynamic parameters and relatively independent of the seat parameters. This was
confirmed by the sensitivity analysis (Figure 4 (a)) in which it showed that the acceleration r.m.s value
at the seat rail was most sensitive to the tyre stiffness and the damping coefficients of the front and
rear suspensions.
In this study, the seat and occupant was simplified as a three DOF lumped parameter model with only
vertical degrees-of-freedom available. This model allows evaluation of the frequency weighted r.m.s.
value of vertical acceleration at the seat-body interface. It, however, has a limitation of not being able
to reflect pitch and roll motion of the seat-occupant system. A model capable of reflecting vertical,
pitch and roll motion of the seat-occupant system should be considered in the future.

4.2 Influence of the engine location
Seat vibration is also sensitive to the location of the mounted engine block. The sensitivity analysis
showed that increasing the distance (le) between the engine location and the CoG of the body along
the longitudinal direction would worsen the ride comfort for the driver. This is because when the
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engine is more away from the centre of rotation of the car body greater vibration will be generated at
the engine block due to the pitch motion of the car body. The engine vibration will be transmitted
through the engine mounts to the car body and further to the seat and occupant causing discomfort. A
Pareto chart showing effect of the dynamic parameters on the acceleration r.m.s. value of the engine
in vertical direction (Figure 4(b)) indicated that the engine vibration was most sensitive to the distance
from CoG of the vehicle body to the CoG of the engine along the longitudinal axes (le).
In this study, the engine was simplified as a rigid block supported by three engine mounts without
considering engine torque input. In reality, the engine is also an important vibration source.
Unbalancing forces during engine rotation can cause vibration transmitted to the seat and occupant
(e.g., engine idle condition). Ride analysis should also consider the excitation of engine rotation and
explore how engine excitation could interact with the road input to affect driver and passenger’s ride
comfort.

(a)

(a)

(b)

(b)

Figure 3 Pareto chart (a) and Main Effect Plot (b)
showing effect of the vehicle parameters on the
vibration at the seat-body interface at 60 km/h.

Figure 4 Pareto chart showing effect of the
vehicle parameters (a) on seat rail vibration,
and (b) on engine vibration at 60 km/h.

4.3 Influence of the vehicle speed
The road input spectrum is proportional to vehicle speed (see Equation (12)). Effect of the vehicle
speed on the seat vibration and ride comfort was worth a further investigations. Additional sensitivity
analysis was conducted with extra two vehicle speeds (30 and 90 km/h) and results are shown in
Figure 5. At a relatively low vehicle speed (Figure 5(a) and (c)) the seat vibration appeared to be most
sensitive to the stiffness of the seat (kd), damping of the rear suspension (csr) and stiffness of the tyre
(kt). With increasing the vehicle speed, in addition to the damping of the rear suspension (csr) and
stiffness of the seat (kd), the engine location (le) relative to the CoG of the car body also became a
significant influential factor (Figure 5(b)). It seemed that at a relatively low vehicle speed, the ride
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vibration induced by road input was dominant in the frequency range of primary ride (0-6 Hz) where
principal resonance frequency of a seat-occupant system was normally located. In this frequency
range, seat dynamics characterised by seat stiffness and damping plays an important role in
controlling the seat vibration and ride quality. When increasing vehicle speed (Figure 5(b) and (d)), the
secondary ride (6-30 Hz) became important. In this frequency range, especially between 8 and 20 Hz,
the engine vibration had significant contribution to the ride vibration as various powertrain modes were
active in this frequency range. This may be a reason why the parameter (le) which defines the engine
location exhibited significant effect on the ride vibration.

(a) 30 km/h

(b) 90km/h

(c) 30 km/h
(d) 90 km/h
Figure 5 Pareto Charts ((a), (b)) and Main Effect Plots ((c), (d)) showing effect of the
vehicle parameters on the vibration at the seat-body interface at 30 km/h and 90 km/h.
In summary, a 13 DOF simple mathematical model of a vehicle with seat and occupant system
including an engine block and mounting subsystem was developed and correlated with a 4-poster rig
test. Sensitivity analysis was carried out with the model using factorial design and analysis method to
investigate how the vehicle dynamic parameters affect the ride vibration of the vehicle. The developed
model and analysis method can be used for quickly assessing the effect of vehicle parameters (e.g.,
stiffness and damping of the tyre, suspension, seat and engine mounts) on ride quality and provide a
useful guideline especially in the stage of vehicle concept design. The model can be further developed
to improve its capability for optimising dynamic performance of engine mounts with a view to
improving ride quality and comfort.

5. Conclusion
From sensitivity analyses with a calibrated simple vehicle-seat-occupant model, it was found that the
seat vibration was most sensitive to the damping and stiffness of rear suspension and the tyre
stiffness. The distances from the centre of gravity of the car body to the seat location and to the centre
of gravity of the engine block and the compliance of the seat also have significant effects on the seat
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vibration. Relatively soft suspension and tyre are generally beneficial to improving ride quality but
comprise between the ride comfort and handling stability should be considered when optimising the
vehicle ride dynamics. The importance of the engine location relative to the centre of gravity of the car
body along the longitudinal direction on the ride comfort becomes more apparent when increasing the
vehicle speed (from 30 km/h to 90 km/h).
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Abstract
Vibration-induced white finger (VWF) is the vascular component of the hand-arm
vibration syndrome (HAVS). International Standard 14835-2:2005 defines how the
measurement of finger systolic blood pressure, FSBP, after finger cooling can be
used to assist the diagnosis of VWF, but it requires that room temperature is
maintained at 21±1°C. This study investigates the effects of room temperature on
finger systolic blood pressures after cold provocation. Twelve healthy males and
twelve healthy females participated in two sessions with the room temperature at
either 20 or 28°C. The FSBP after warming or cooling the fingers to 30, 15, and
10°C was measured in both sessions. There were significant reductions in FSBP at
both 15 and 10°C compared with 30°C, and lower FSBPs with the room
temperature at 20°C than at 28°C. The percentage reductions in FSBPs at 15 and
10°C from those at 30°C, corrected for any changes in blood pressure in the
thumb, (i.e., %FSBP) did not differ between the two room temperatures. Females
had lower FSBPs than males at 30, 15, and 10°C, but %FSBPs were similar in
males and females. The study suggests that the calculation of percentage changes
in finger systolic blood pressure reduces the effects of room temperature and
gender, and that the test may be used in conditions where the ±1°C tolerance on
room temperature cannot be achieved.

1. Introduction
Workers who are regularly exposed to hand-transmitted vibration from powered hand tools are at risk
of developing disorders in the fingers, hands or arms, collectively known as the hand-arm vibration
syndrome (Griffin, 1997; Griffin and Bovenzi, 2002). One consequence of exposure to hand
transmitted vibration can be impaired circulation in the fingers, with ‘attacks’ of finger blanching
commonly provoked by exposure to cold. The blanching may occur on the distal, middle, or proximal
phalanges of the fingers and is called ‘vibration-induced white finger’, VWF, sometimes considered a
form of secondary Raynaud’s disease (Griffin, 1990).
The diagnosis of vibration-induced white finger is currently heavily reliant on the reporting of relevant
symptoms, such as cold-induced finger blanching, and an appropriate history of exposure to handtransmitted vibration. Cold provocation of the fingers and hands is commonly used in clinical and
epidemiological studies to confirm the existence of an abnormal response to cold in the digital vessels
of workers reporting relevant symptoms. Two vascular tests involving exposure to cold have been
standardised: the measurement of finger rewarming times after cold provocation (in ISO 148351:2005) and the measurement of finger systolic blood pressures during cold provocation (in ISO
14835-2:2005).
th
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The measurement of finger systolic blood pressures (FSBPs) after cold provocation has long been
considered a promising laboratory test for quantifying the degree of cold-induced digital vasospasm in
vibration-exposed workers (Olsen et al., 1995; Gemne, 1997; Bovenzi, 2002). The results of the test
are usually expressed in terms of percentage FSBP (%FSBP), which is the systolic blood pressure in
a test finger cooled to 15, 10 or 6 °C expressed as a percentage of the systolic blood pressure at
30°C, corrected for the change of pressure in an ipsilateral non-cooled reference finger during the cold
test (Olsen et al., 1982; Ekenvall and Lindblad, 1986; Bovenzi, 1988, 1993). During cold provocation of
the fingers, the blood vessels constrict and finger systolic blood pressure falls (Nielsen and Lassen,
1977; Nielsen et al., 1980). The cold-induced reductions in finger systolic blood pressures seem to be
related to reports of finger blanching with high repeatability, sensitivity, and specificity (e.g., Olsen et
al., 1982; Hack et al., 1986; Kurozawa et al., 1991; Carnicelli et al., 1992; Nasu and Kurozawa, 1995;
Gemna, 1997; Olsen, 2000).
Published studies of FSBP after cold provocation have been conducted with different room
temperatures (in the range 16 to 26°C) in healthy control groups, in workers without symptoms but
exposed to vibration, and in VWF patients (Ekenvall and Lindblad, 1986; Kurozawa et al., 1991;
Bovenzi, 1993). In ISO 14835-2 (2005), the room temperature during the FSBP test is set at 21±1°C
for the duration of the test and air circulation is controlled to avoid the skin cooling. Although
environmental temperature influences peripheral circulation (Mirbod et al., 1998; Harada et al., 1998;
Ye and Griffin, 2011a), there is no known study designed to understand the relationship between room
temperature and finger systolic blood pressure after local cooling.
This study investigated: (i) how room temperature influences changes in finger systolic blood pressure
after cold provocation in the digits of healthy males and females, and (ii) gender differences in finger
systolic blood pressures after cold provocation. The study was undertaken at two room temperatures:
20 and 28°C. The tests were performed in the same conditions by an experimenter experienced in
applying the tests according to the HSE recommended procedure (Lindsell and Griffin, 1998). It was
hypothesised that there would be higher finger systolic blood pressures after digital cooling at 15 and
10°C when the FSBP test was conducted in the higher room temperature. It was also hypothesised
that there would be a higher FSBP before and after the cold provocation in males than in females.
2. Methods
2.1 Apparatus
Finger systolic blood pressures (HVLab multi-channel plethysmograph, University of Southampton).
An HVLab plethysmograph was used to measure finger systolic blood pressures following cold
provocation of the digits. Water-perfusable cuffs were placed around the middle phalanx of each
finger, with a separate air cuff around the thumb as a reference. Strain gauges were placed at the
base of the finger nails of the cuffed fingers. Subjects lay supine and motionless on a couch with both
hands resting in a comfortable position at the level of the heart so as to minimise effects of hydrostatic
variations. The tips of the fingers were squeezed to reduce blood volume and then the cuffs were
inflated to 220 mm Hg (a suprasystolic pressure to prevent arterial inflow) by perfusing the cuffs with
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thermostatically controlled water. After 5 min of ischaemia, the cuff pressure was reduced at a rate of
2 mm Hg/s. Finger systolic blood pressures were measured on the right hand after cooling by water
circulating at 30, 15, and 10°C. The finger systolic blood pressure was calculated as the cuff inflation
pressure at which arterial inflow returned to the finger at 30°C, 15°C and 10°C. The percentage
changes in finger systolic blood pressure (%FSBP) from 30 to 15°C, and from 30 to 10°C, were
calculated according to the following equation:

%FSBPt C 

FSBPtest,t C
FSBPtest,30C - (FSBPref,30C - FSBPref,t C)

 100%

FSBPt°C is the finger systolic pressure of the test finger after thermal provocation at 10ºC or 15ºC;
FSBPtest,30°C is the finger systolic blood pressure measured on the test digit after thermal provocation
at 30ºC;
FSBPref,30°C is the finger systolic blood pressure measured on the reference finger after thermal
provocation of the test finger at 30ºC;
FSBPref,t°C is the finger systolic blood pressure measured on the reference finger after thermal
provocation of the test finger at 10ºC or 15ºC.
Finger skin temperature (FST) was measured using k-type thermocouples attached by micro pore tape
to the distal phalanges of the right and left middle fingers. The room temperature was measured by a
mercury-in-glass thermometer to an accuracy of ± 0.5ºC. The thermometer was located close to the
heads of the subjects.
2.2 Subjects
Twenty four healthy volunteers, twelve males and twelve females, participated in the study. All
subjects were University students (aged 19 to 31 years) with no history of significant (regular or
prolonged) exposure to hand-transmitted vibration in occupational or leisure activities. They completed
a health questionnaire, read a list of medical contraindications, and gave their written informed
consent to the study. None of the subjects reported cardiovascular or neurological disorders,
connective-tissue diseases, injuries to the upper extremities, or a family history of Raynaud’s
phenomenon. All were right-handed and non-smokers.
The subjects were requested to avoid consuming caffeine for 4 hours and alcohol for 12 hours prior to
the testing. The study was approved by the Ethics Committee of the Faculty of Engineering and the
Environment (application number: 12795).
2.3 Procedure
Initially, subjects stayed in one of two room temperatures (20 or 28°C) for at least 30 minutes or until
they had a constant finger skin temperature (<1ºC variation over 10 minutes) before the tests started.
Each subject participated in two sessions conducted on two separate days. In each session, the finger
systolic blood pressures at three water temperatures (30, 15 and then 10°C) on the right hand were
measured with the room temperature at either 20 or 28°C. The order of presentation of room
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temperatures was randomized. The finger skin temperatures at the right and left middle fingers and
the room temperature were measured before and after the finger systolic blood pressure
measurements at the three water temperatures (30, 15 and 10°C).
2.4 Statistical methods
Data analysis was performed using the software package SPSS (version 22.0). The data were
summarised with the median as a measure of central tendency and the inter-quartile range (IQR) as a
measure of dispersion. Non-parametric tests were employed to analyse the data, which were not
normally distribution. The Wilcoxon test was used to investigate differences between the measures of
FSBP and %FSBP: (i) at two room temperatures (i.e. 20 and 28°C), and (ii) at two water temperatures
(i.e., 15 and 10°C). The Friedman test was used to investigate differences between measurement
locations for both FSBP and %FSBP. The Mann-Whitney U test was used to investigate differences
between males and females. The Spearman rank correlation coefficient was used to investigate
associations between finger skin temperatures, finger systolic blood pressures, and individual body
and finger sizes.
The criterion for statistical significance was p<0.05. The reported p-values have been adjusted for
multiple comparisons.
3. Results
The medians and IQRs of the age, body size, and vibration perception thresholds of the male and
female subjects are shown in Table 1. There were significant differences between male and female
subjects in their stature (p=0.008, Mann-Whitney), weight (p<0.001, Mann-Whitney), finger volume
(p<0.01, Mann-Whitney), and body mass index (BMI) (p<0.001, Mann-Whitney). The male and female
subgroups did not differ in age (p=0.36, Mann-Whitney).
Table 1 Median and inter-quartile range (IQR) of the age, body size, finger size and
baseline finger skin temperature with room temperatures of 20 and 28°C for male and
female subjects.
Females
Males
Age (year)

24 (21-27)

23.5 (20-26)

Height (m)

1.61 (1.56-1.66)

1.76 (1.72-1.80)

Weight (kg)

53 (47-61)

75 (60-87)

Right middle

12.5 (11.2-13.6)

15.4 (12.9-17.4)

Left middle

12.3 (11.0-13.8)

15.0 (13.3-17.1)

20.5 (2.1)

23.1 (3.3)

Room temperature 20°C

31.9 (26.6-33.0)

33.7 (33.1-34.5)

Room temperature 28°C

33.0 (32.0-34.9)

35.3 (34.1-35.6)

Finger volume
(cm³)
Body mass index (BMI)
Baseline finger
skin temperature
(°C)

120

Finger skin temperature ( C)

40

35

30

25
Male_20 C
Female_20 C
Male_28 C
Female_28 C

20

15

Pre-test

After 30 C
FSBP test

After 15 C
FSBP test

After 10 C
FSBP test

Figure 1 Median and inter-quartile range (IQR) of finger skin temperature (FST)
on the right middle finger before and after FSBP tests at 30, 15, and 10°C water
temperature with room temperatures of 20 and 28°C. Data from 12 males and
12 females.
3.1 Room temperature
In the two sessions, the temperature in the laboratory was either in the range 19.5°C to 21.0°C or in
the range 27.5°C to 28.5°C. The room temperature did not change significantly during either session
(at 20°C, p=0.346; at 28°C, p=0.512; Friedman).
3.2 Finger skin temperature
Throughout the sessions, the median finger skin temperature was lower with the room at 20°C than at
28°C, for both male and female subjects (Figure 1).
Before the tests, the baseline finger skin temperature varied between subjects as shown in Table 1.
The finger skin temperatures on the right and left middle fingers did not differ before and after the
FSBP test at 30°C with either of the two room temperatures (20 and 28°C) in either male or female
subjects (p=0.166-0.604; Wilcoxon).
There was a significant reduction in finger skin temperature on the right middle finger after the FSBP
tests conducted at 15 and 10°C compared with before and after the FSBP test at 30°C at both room
temperatures for males and females (20°C, p=0.003-0.008; 28°C, p<0.001; Wilcoxon). On the left
middle finger, significant reductions in finger skin temperature after the FSBP tests at 15 and 10°C
were also obtained at both room temperatures for males and females (p=0.019-0.027; Wilcoxon),
except for FST with the room temperature of 28°C for male subjects (p=0.056; Wilcoxon). There was a
greater reduction in FST on the right middle finger compared with the unexposed left middle finger
(p<0.001; Wilcoxon).
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At both room temperatures and during and in all four measurements, the median finger skin
temperatures on the right middle finger were lower in females than males (pre-test, after FSBP test at
30, 15, 10°C) (p<0.001; Mann-Whitney). The FSTs within the male and female subgroups were not
correlated with stature, weight, BMI, or age (p=0.17-0.78; Spearman). At both room temperatures
there was a positive correlation between the FST and finger volume in both males (p=0.001-0.023;
Spearman) and females (p=0.007-0.036; Spearman).
3.3 Finger systolic blood pressures
The median and inter-quartile ranges of finger systolic blood pressures measured at 30, 15 and 10°C,
and the %FSBP calculated for 15 and 10°C with room temperatures of 20 and 28°C for males and
females are shown in Table 2.
Table 2 Median and inter-quartile range (IQR) of finger systolic blood pressures (FSBP) at
30, 15 and 10°C, and the %FSBP calculated at 15 and 10°C with room temperatures of 20
and 28°C. Data from 12 males and 12 females.
Females

Males

Room temperature

20°C

28°C

20°C

28°C

FSBP30°C (mm Hg)

119 (116-122)

120 (114-125)

126 (115-130)

125 (120-129)

FSBP15°C (mm Hg)

110* (105-114)

113 (109-117)

118* (109-124)

121 (116-124)

FSBP10°C (mm Hg)

105** (102-111)

110 (105-115)

114** (108-116)

118 (115-121)

%FSBP15°C (%)

95 (92-97)

95 (93-99)

97 (95-100)

98 (96-101)

%FSBP10°C (%)

92 (89-95)

94 (88-96)

94 (90-97)

95 (94-96)

* p <0.05, ** p<0.001: statistical significance of reductions in FSBP at 15 and 10°C with room
temperatures of 20°C (Wilcoxon test).
At neither room temperature did the finger systolic blood pressure measured in air on the reference
right thumb differ when the temperature of the other fingers was varied to 30, 15 or 10°C, in either
males or females (p=0.56-0.61, Friedman).
At neither room temperature did the finger systolic blood pressure obtained at 30, 15 or 10°C differ
across the index, middle, ring and little fingers in either males or females (p=0.29-0.56; Friedman),
except on the little finger where there was a lower FSBP at 10°C with the room temperature of 20°C in
females (p=0.013-0.047; Wilcoxon).
The finger systolic blood pressures at 30°C did not differ between the 20 and 28°C room temperatures
in either males or females (p=0.19-0.33; Friedman). However, the FSBPs at 15°C were lower with the
room temperature at 20°C than at 28°C (p=0.017-0.024; Wilcoxon) and the FSBPs at 10°C were also
lower with the room temperature at 20°C than at 28°C (p=0.001-0.008; Wilcoxon), in both males and
females.
Notwithstanding the reductions in FSBPs, the %FSBPs calculated at 15 and 10°C did not differ
between room temperatures of 20 and 28°C in either males or females (p=0.081-0.28; Wilcoxon).
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Figure 2 Median and inter-quartile range (IQR) of finger systolic blood pressure
(FSBP) with 30, 15, and 10°C water temperatures and %FSBP calculated with
15 and 10°C water temperatures and room temperatures of 20 and 28°C. Data
from 12 males and 12 females.
The %FSBPs obtained with 10°C water were generally lower than those obtained with 15°C water at
both room temperatures for males and females (p=0.001-0.038; Wilcoxon), except with a room
temperature of 20°C in females (p=0.064; Wilcoxon).
The finger systolic blood pressures at 30, 15 and 10°C were lower in females than in males with both
room temperatures (p<0.001; Mann-Whitney U). However, the %FSBPs calculated at 15 and 10°C did
not differ between males and females (p=0.38-0.71; Mann-Whitney U).
The FSBPs within the male and female subgroups were not correlated with stature, weight, BMI, age
or finger volume (p=0.33-0.52; Spearman). The FSBPs at 30, 15 and 10°C were not correlated with
finger skin temperature after the corresponding FSBP tests within either males or females (p=0.2840.803; Spearman). Similarly, there was no correlation between the %FSBPs calculated at either 15 or
10°C and the FSTs within the males and females (p=0.407-0.936; Spearman).
4. Discussion
Finger skin temperature
Finger skin temperatures were reduced after FSBP tests with water circulating at 15 and 10°C. The
reduction in FST was found both on fingers of the right hand exposed to cold and also on fingers of the
unexposed hand. The reduced finger skin temperature contralateral to vibration stimulation has been
reported in studies using thermography (Nasu, 1977) and k-type thermocouples (Ye and Griffin,
2011a). Vasoconstriction in both hands after exposing one hand to either cold or vibration might be
explained by reflex control of digital circulation mediated through central sympathetic activity (Fox and
Edholm, 1963; Roddie, 1983).
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The findings show that finger skin temperature is dependent on room temperature, consistent with
expectations and previous studies (e.g., Muhbub et al., 2006, 2008; Ye and Griffin, 2011a). The pretest finger skin temperature was greater with the higher room temperature. The human body controls
the body core temperature partly by regulating skin temperature, which is partly dependent on the
environmental temperature. When the external environment is cold, dermal blood vessels constrict
causing the warm blood to bypass the skin and allow the skin temperature to drop towards the
temperature of the environment.
Finger systolic blood pressures
Over the 24 subjects, the median %FSBP was 96.3% at 15°C and 93.8% at 10°C, with a lowest
individual %FSBP of 79% at 15°C and 74% at 10°C. This is slightly higher than in 22 male subjects
aged 20 to 29 years where the median value was 94.8% at 15°C and 90.3% at 10°C, with a lowest
individual %FSBP of 75% at 15°C and 67% at 10°C (Bovenzi, 1988). The greater reduction in FSBP
with finger cooling from 30 to 15 or 10°C in the previous study may due to different tobacco
consumption within subjects, as smokers experienced a more intense digital vasoconstriction than
non-smokers (Bovenzi, 1988).
When FSBPs were measured after digital cooling to 15 and 10°C, higher FSBPs were found with a
room temperature of 28°C than 20°C. However, there was a similar percentage change in FSBPs at
15 and 10°C relative to FSBPs at 30°C when corrected for any changes in FSBP in the thumb. The
results confirm that room temperature influenced FSBP after cold provocation, but that by calculating
the %FSBP the effect of room temperature is minimised. There is a similar trend with changes in finger
blood flow before and during exposure to vibration at the same two room temperatures (i.e., 20 and
28°C): reduced finger blood flow and smaller reductions in finger blood flow during exposure to
vibration with a room temperature of 20°C, but the percentage change in finger blood flow provoked by
vibration is similar with both room temperatures (Ye and Griffin, 2011a). Although the stimulus for
vasoconstriction was vibration not cold, the effect of room temperature on finger skin temperature,
finger blood flow, and finger blood pressure seems broadly consistent irrespective of whether the local
stimulus is applied to the fingers or to the hand.
Gender effect
The study found lower baseline finger skin temperatures in females than males, consistent with
previous studies suggesting increased sympathetic tone in females (Cooke et al., 1990; Kellogg et al.,
2001; Ye and Griffin, 2011b).
The males had higher finger blood pressures before and after the application of local cooling. Although
the measurement location, measurement method, and environmental conditions differed, the current
findings are consistent with previous studies (Khoury et al., 1992; Wiinber et al., 1995). In 352
normotensive (for age) Danish males and females aged 20 to 79 years, Wiinber et al. (1995) found
blood pressure increased with age in both males and females, but that males had higher 24-hour
mean blood pressure, by approximately 6 to 10 mm Hg, than females, until the age of 70 to 79 years,
when blood pressure was similar in males and females. A higher blood pressure among males has
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also been reported by Khoury et al. (1992) during ambulatory blood pressure monitoring on 131 males
and females (aged 50 to 60 years).
Although the mechanisms responsible for gender differences in blood pressure control are not clear,
there is evidence that androgens, such as testosterone, play a role in gender-associated differences in
blood pressure regulation. Studies using ambulatory blood pressure monitoring in children have found
that blood pressure increases with increasing age in both boys and girls. However, after the onset of
puberty, boys have higher blood pressure than age-matched girls (Bachmann et al., 1987; Harshfield
et al., 1994).
Body size may also contribute to differences in blood pressure between males and females. High body
weight is linked with higher systolic and diastolic blood pressure (Seidman et al. 1991; Rosner et al.
2000). There was lower body weight and reduced body mass index in the females of the current study
but no significant correlations between body weight or body mass index and finger systolic blood
pressure. This might be explained by the small variations of body weight and body mass index mass in
the subject group.
Diagnostic criteria
The diagnostic indicators of abnormal finger systolic blood pressure used in ISO 14835-2:2005 are the
percentage changes in FSBP after cold provocation at 15 and 10°C. A %FSBP lower than 80% is
currently used to indicate ‘possible dysfunction’ and a %FSBP lower than 60% is considered to
indicate ‘definite dysfunction’ (Lindsell and Griffin, 1998).
In this study, the calculated individual %FSBPs at 15 and 10°C were all greater than 80%, except for
one female subject with %FSBPs of 79% and 74% at 15 and 10°C, respectively. In other groups of
‘normal’ subjects, the lowest reported individual %FSBPs at 15 and 10°C are 68% and 66% (Nielsen
et al., 1980), 84% and 77% (Thulesius et al., 1981), 65% and 60% (Ekenvall and Lindblad, 1986) and
74% and 63% (Bovenzi, 1988). Some of these are lower than in this study, possibly due to a wider age
group, greater tobacco and alcohol consumption, and greater body weight.
Using a %FSBP of 60% as a threshold for distinguishing patients with VWF from healthy individuals,
none of the current healthy subjects showed an abnormal cold reaction. The specificity of the test to
disclose vibration-induced digital arterial hyper-responsiveness to cold was therefore high, consistent
with previous studies (e.g., Ekenvall and Lindblad, 1986; Kurozawa et al., 1991, 1992; Bovenzi, 1988,
1993, 2002; Bovenzi et al., 2008).
Although the absolute FSBPs at 15 and 10°C were lower with the room temperature of 20°C (in
females), the %FSBP calculated at 15 and 10°C did not differ significantly between two room
temperatures, or between males and females. This suggests that using the calculated %FSBP as a
diagnostic indicator, the variations in FSBP introduced by room temperature and gender can be
minimised. This is consistent with a previous study that found the calculated %FSBP (corrected for
changes in a reference finger) has a higher diagnostic accuracy than other finger systolic blood
pressure indices (Bovenzi, 2002).The findings also imply that if %FSBP is used as the diagnostic
criterion, room temperature is not a major factor influencing the accuracy of the test when in other
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respects it is performed according to ISO 14835-2:2005. The tight control of room temperature (±1°C)
stated in ISO 14835:2 seems unnecessary, allowing the test to be performed in environments where
control of room temperature is difficult or impossible.
5. Conclusions
The reduction in finger systolic blood pressure due to local cooling of the fingers at 15 and 10°C is
dependent on the room temperature (either 20 or 28°C). The absolute reduction in FSBP is greater
with a lower room temperature, but the percentage change in blood pressure (i.e., %FSBP) is similar.
Females have lower finger systolic blood pressures both before and after the application of local
cooling of the fingers. The use of %FSBP as a diagnostic indicator, as in ISO 14835-2:2005,
minimises the influence of room temperature and the difference between males and females.
However, the study shows that close control of room temperature required by ISO 14835-2:2005 is not
necessary when measuring finger systolic blood pressures after finger cooling. None of subjects in this
study showed an abnormal reaction to cold according to the current diagnostic criteria, consistent with
the high specificity claimed for %FSBP.
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HAND-ARM VIBRATION SYNDROME – THE RELATIONSHIP BETWEEN
CLINICAL AND STANDARDISED TESTS
Poole CJM, Harding A-H, Mason H
Centre for Workplace Health
Health and Safety Laboratory
Harpur Hill, Buxton
Derbyshire, SK17 9JN
UK

Background
Standardised laboratory tests are undertaken to assist with the diagnosis and staging of hand-arm
vibration syndrome (HAVS), but the strength of the relationship between the tests and clinical stages
is unknown.
Objectives
To assess the relationship between the results of thermal aesthesiometry (TA), vibrotactile (VT)
thresholds and cold provocation (CP) tests with the modified Stockholm scales for HAVS and to
determine whether the relationship is affected by finger skin temperature.
Methods
Consecutive records of workers referred to a tier 5 HAVS assessment centre from 2006 to 2015 were
identified. The diagnosis and staging of cases was scrutinised by CJMP from the clinical information
contained in the records. Cases with alternate or mixed diagnoses were excluded and staging
undertaken according to the modified Stockholm scale without knowledge of the results of the
standardised laboratory tests.
Results
279 cases of HAVS were analysed. Although there was a significant trend for sensorineural and
vascular scores to increase with clinical stage (p<0.01), there was no significant difference in scores
between 2SN early and 2SN late, or between 2SN late and 3SN. There was a moderate degree of
correlation between the TA and VT scores and the clinical SN stages (r=0.6). This correlation did not
0
0
change when subjects were divided into those with a finger skin temperature <30 C and >30 C. CP
scores distributed bimodally and correlated poorly with clinical staging (r=0.2).
Conclusion
Standardised SN tests distinguish between the lower Stockholm stages, but not above 2SN early.
This may have implications for health surveillance and national policy.
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VASCULAR HAND-ARM VIBRATION SYNDROME –
MAGNETIC RESONANCE ANGIOGRAPHY
Poole CJM, Cleveland TJ
Centre for Workplace Health
Health and Safety Laboratory
Harpur Hill, Buxton
Derbyshire, SK17 9JN
UK
Abstract
The diagnosis of vascular hand-arm vibration syndrome (HAVS) requires consistent
symptoms, photographic evidence of digital blanching and sufficient exposure to
hand-transmitted vibration (A(8) > 2.5 m/s2). There is no reliable quantitative
investigation for distinguishing HAVS from Raynaud’s disease and from normal
individuals. Hypothenar and thenar hammer syndromes produce similar symptoms
to HAVS, but are difficult to diagnose clinically and may be confused with HAVS.
Magnetic resonance angiography (MRA) is a safe and minimally invasive method of
visualising blood vessels. Three cases of vascular HAVS are described in which
MRA revealed occlusions of the ulnar, radial and superficial palmar arteries. It is
proposed that hand-transmitted vibration (HTV) was the cause of these occlusions,
rather than blows to the hand, the assumed mechanism for the hammer
syndromes. All three cases were advised not to expose their hands to HTV despite
one of them being at Stockholm stage 2 (early).
MRA should be the investigation of choice for stage 2 vascular HAVS or vascular
HAVS with unusual features and for a suspected hammer syndrome. The
technique is, however, technically challenging and best done in specialist centres in
collaboration with an occupational physician familiar with the examination of HAVS
cases.
Staging for HAVS should be developed to include anatomical arterial abnormalities
as well as symptoms and signs of blanching. Workers with only one artery
supplying a hand, or with only one palmar arch, may be at increased risk of
progression and therefore should not be exposed to HTV irrespective of their
Stockholm stage.
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Abstract
The transmission of vibration from tools, through work gloves and into the hands, is
affected by many factors such as glove material properties, tool vibration
conditions, temperature, and grip force. This study investigated how glove material
properties affect tool vibration transmission into the index finger. Three samples of
material (two taken from differently designed anti-vibration gloves and another for
comparison that was designed for mounting vibration-sensitive equipment) were
assessed using stepped sinusoidal vertical vibration excitations covering the 20 to
400 Hz. Twelve human subjects were used for the testing. For all samples and
subjects, measurements were obtained for: (I) dynamic mechanical analysis of the
samples; (II) the transmissibility of vibration to the index finger at a grip force of 30
N, across the range of frequencies; and (III) transmissibility of vibration to the index
finger at a frequency of 125 Hz for finger grip forces of 15, 30, and 45 N. No
significant vibration attenuation was provided at frequencies below 150 Hz. The
two materials taken from the gloves that passed the ISO 10819:1996 test showed
resonance at frequencies of 150 and 160 Hz, but the material that did not put to the
ISO test showed resonance at 250 Hz. The attenuation for all three materials was
occurred at 315 Hz and 400 Hz. There was no significant change of transmissibility
across the range of finger grip forces for any of the material samples. The level of
transmissibility was found to vary between samples and subjects.
1. Introduction
Prolonged, intensive occupational exposure to hand-transmitted vibration is associated with handarm vibration syndrome (HAVS), and many types of anti-vibration (AV) gloves have been developed
to reduce the vibration transmitted into the hands (Griffin 1998) . The international standard ISO
10819 has defined the procedure for testing and assessing gloves, whilst the standardised daily
vibration exposure is determined as A(8) (ISO 5349-12001). Moreover, a glove can only be labelled
as an anti-vibration glove if the fingers of the glove have the same material properties and thickness
as those that cover the palm of the hand (ISO 108191997). A few studies have indicated that AV
gloves could help workers to protect their hands, but there is still some doubt regarding the ability of
these gloves to attenuate the vibration transmitted into the fingers (Griffin 1990; Welcome, Dong et
al. 2014). These gloves may substantially increase the effort of hand grip and reduce finger dexterity
(Wimer, McDowell et al. 2010). As a consequence, some AV gloves might be uncomfortable to wear
and perhaps cause hand fatigue. While many studies have carried out the vibration transmissibility of
AV gloves with regard to the palm of the hand, the study of the vibration transmissibility of such
gloves in relation to the fingers has been limited (Welcome, Dong et al. 2014). As vibration-induced
finger injuries and disorders are major components of HAVS (Griffin 1990), the fingers are critical

th

Presented at the 50 United Kingdom Conference on Human Responses to Vibration, held at ISVR,
University of Southampton, Southampton, England, 9 - 10 September 2015

133

substructures in the hand-arm system. Therefore, there is a motivation to measure the
transmissibility of the gloves at the fingers.
Vibration transmissibility of gloves can be affected by many factors, such as the type of glove
materials and their properties, tool vibration conditions, temperature and grip force. Although the AV
gloves fulfil the requirements of vibration transmissibility, their assessment had been performed
under controlled conditions such as room temperature and grip force, as stated in ISO 10819.
The present study, however, was designed to carry out a dynamic mechanical analysis of material
samples in order to predict the dynamic responses of glove materials against a frequency spectrum
and the effects of temperature, followed by an investigation into how the properties of different glove
materials affect the tool vibration transmission into the index finger, and how the transmissibility of a
glove material can be affected when varying grip forces are applied.
2. Material analysis
2.1. Method
Three different materials were selected for analysis. Materials 2 and 3 were taken from gloves that
had passed the ISO 10819:1996 test, while material 1 was used for comparison, being a material
designed for mounting vibration sensitive equipment. The summary of the characteristics of the
samples are shown in Table 1.
Table 1 Characteristics of the samples used in the study
Material order

Material discerption

Thickness (mm)

1

Latex foam, new

6.10

2

Rubber, old

6.56

3

Foam, new

6.60

Dynamic Mechanical Analysis (DMA) was conducted for all three materials in order to gain material
properties for comparison, and samples were prepared depending on their structures (see Figure 1).
DMA involves measuring the mechanical response of a material sample when sinusoidal loading is
applied.

Figure 1 Material structures and dimensions of samples used for DMA testing (in mm)
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The DMA was conducted using Metravib Viscoanalyser equipment as shown in Figure 2 (a). Each
sample was installed between compression plates located in an analysis chamber, as shown in
Figure 2 (b). The sample temperature was measured using a thermocouples probe located in the
chamber. At the start of the test, the chamber was cooled using liquid nitrogen to -60 C. Once the
temperature had stabilised, the sample was subjected to sinusoidal vibrations with a dynamic strain
-3

amplitude of 10 . Measurement of the resulting force signal was made at seven different frequencies
(values spaced evenly on a logarithmic scale between 1 and 31.5 Hz).The chamber was heated
slowly by 5 C and, after stabilisation, the vibration testing repeated. This process was repeated at 5
C increments up to 80 C.

(a)

(b)

Figure 2 (a) Metravib Viscoanalyser VA2000 equipment; (b) Chamber and sample holding mode

The results obtained from the DMA equipment were used to produce viscoelastic master curves
based on the Temperature-Frequency Superposition principle (Ferry 1980). In this work, the software
employed to obtain the master curves was generated in-house and utilised the Differential Evolution
Algorithm to find smooth spline curves that provide a best fit to the test data in a least squares
sense.
2.2. Results from DMA of material samples
The master curves generated from the DMA data were used to predict the Young’s modulus and loss
factor for each material at temperatures and loading frequencies of interest in hand-arm vibration
studies. This data is shown in Figures 3, 4 and 5.
It can be seen that the Young’s modulus of all three materials (1, 2 and 3) increased as frequency of
vibration increased and temperature decreased. A significant increase in the Young’s modulus for all
materials occurred when cooled to 0 C as at this condition, the materials were closer to their glass
transition temperatures. Note that the modulus of Materials 1 and 2 was approximately ten times
higher than that of Material 3.
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Figure 3 Young’s modulus and loss factor against frequency for Material 1, Tg35 C

Figure 4 Young’s modulus and loss factor against frequency for Material 2, Tg35 C
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Figure 5 Young’s modulus and loss factor against frequency for Material 3, Tg50 C
The loss factor of Material 1 was not significantly affected by frequency when subjected to a
temperature range from 20 to 30 C, but there was a dramatic increase with frequency when at 0 C,
as shown in Figure 3. The loss factor of Material 2 gradually increased over the frequency range, but
this was most significant at 0 C as shown in Figure 4. Material 3 showed different loss factor
behaviour, with a slight change at low frequencies and a tendency to have the same behaviour
temperature ranged from 20 to 30 C at frequencies beyond 100 Hz. However, it had a significantly
higher loss factor at 0 C, as shown as in Figure 5.
3. Human subject testing
3.1. Method
Twelve human subjects aged 22 to 48 were used for the testing, and their characteristics are
provided in Table 2. The design of the experiment was reviewed and approved by the Research
Ethics Committee of the Faculty of Engineering at the University of Sheffield.
Table 2 Characteristics of the human subjects
Range

Average

Age (years)

22 - 48

28.8

Weight (kg)

63 - 88

71.8

Height (cm)

173 - 183

176.4

Hand length (cm)

17 - 20

18.2

Hand circumference (cm)

17 - 22

19.9
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A generic handle as shown in Figure 6 was produced and instrumented for vibration and grip force
measurements. The handle was connected to a piezoelectric force transducer with sensitivity 43208
N/V (PCB Model 208C03) to measure the excitation force, freely suspended at the ends and
attached to an electrodynamic exciter (LDS V406) with peak force capacity of 150 N via a thin stinger
to provide the vertical excitation. The right hand end of the handle was designed and instrumented to
measure a grip force to control the gripping force of the subjects. The design used a split cylinder
with a strain gauged beam element (LCL -040), based on a design in accordance with ISO 10819
1996 (see Figure 7).

(b)

(a)

Figure 6 (a): Posture of hands for the measurement of transmissibility of glove material to the I ndex
finger. (b): Posture of subjects for all measurements. The finger grip force is displayed on ascreen
was located in front of the subjects.

Figure 7 Cross-sectional diagram of the right end of the handle
2

Two piezoelectric accelerometers with nominal sensitivity 1.02 mV/ (m/s ) (PCB Models 353B15 and
353A15) were used for measuring the acceleration data: one was attached to the handle and used
as a reference accelerometer, whilst the other was mounted on an adapter strapped to the finger
(see Figure 7). The material sample was placed around the right hand end of the handle, and the
adapter was fitted onto the index finger of the right hand of the subject being tested (see Figures 6
and 7).
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The subjects were asked to maintain a grip of 30 N, and once they were comfortable, the handle was
excited using discrete sinusoidal vibration excitation signals that covered the range from 20 to 400
Hz software. Once the vibration input sequence had been completed, the subjects were then asked
to maintain a grip of 15 N before being subjected to a vibration frequency of 125 Hz for 5 sec, and
this was then repeated for a grip force of 45 N.
All experiments were carried out with no glove material in place and with each of the three materials.
The vibration amplitude produced by the rig was 1.47 ms

-2

rms (frequency weighting Wh in

accordance with ISO 5349-1:2001). All vibration measurements were performed at room
temperature, which ranged from 22.9 C to 23.4 C.
3.2. Analysis of the transmissibility of gloves materials
All the measured data was processed and analysed using DIAdem view software (Version 2014).
While the aim of the testing was to identify the transmissibility across the glove material when
gripped by the finger, this could not be measured directly. Instead, the result was achieved in two
steps. First, the transmissibility of the bare handle was defined as:

𝑇𝑏 =

𝑎𝑓𝑏
𝑎𝐻𝑏

(1)

where: 𝑇𝑏 is the transmissibility of the bare handle; 𝑎𝑓𝑏 is the acceleration of the bare index finger
(from the “finger” accelerometer); and 𝑎𝐻𝑓 is the acceleration of the handle (from the “reference”
accelerometer).
Next, for glove materials, the transmissibility was calculated using the following equation:
𝑇𝑔 =

𝑎𝑓𝑔
𝑎𝐻𝑔

(2)

where: 𝑇𝑔 is the transmissibility of the glove material; 𝑎𝑓𝑔 is the acceleration of the gloved index
finger (from the “finger” accelerometer); and 𝑎𝐻𝑔 is the acceleration of the handle (from the
“reference” accelerometer).
Finally, the two transmissibilities measured were used to produce a single corrected transmissibility
that describes the response of the handle-adapter system using Equation (3):
𝑇𝑐 =

𝑇𝑔
𝑇𝑏

(3)

where: 𝑇𝑐 is the corrected transmissibility of the glove material.
The corrected transmissibilities, 𝑇c of all three of glove materials for all 12 subjects are shown in
Figures 8, 9 and 10. No significant vibration attenuation was found for any of the materials at
frequencies below 150 Hz. They all showed significant attenuation at frequencies above 315 Hz.
Material 1 showed a good agreement between subjects for frequencies below 80 Hz. The true
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resonance frequency was found in the range 200-250 (see Figure 8) and generally attenuated at
frequencies above 315 Hz.
Subject 1

Subject 2

Subject 3

Subject 4

Subject 5

Subject 6

Subject 7

Subject 8

Subject 9

Subject 10

Subject 11

Subject 12

3.00

Transmissibility

2.50
2.00
1.50
1.00
0.50
0.00
20

40

80

160

320

Frequency (Hz)
Figure 8 Transmissibility measurements against frequency for all subjects when using Material 1
Material 2 showed variable transmissibility among individuals. A slight variation in the range of
resonance frequencies was found at frequencies from 80 Hz to 200 Hz, however, generally
attenuation started to occur at a frequency of around 250 Hz (see Figure 9).
Subject 1

Subject 2

Subject 3

Subject 4

Subject 5

Subject 6

Subject 7

Subject 8

Subject 9

Subject 10

Subject 11

Subject 12

3.00

Transmissibility

2.50
2.00
1.50
1.00
0.50
0.00
20

40

80

160

320

Frequency (Hz)
Figure 9 Transmissibility measurement against frequency for all subjects when using Material 2
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Material 3 showed less variation in transmissibility when compared with Material 2, but more than
Material 1. The resonance response was mostly shown at a frequency of 160 Hz and generally
started attenuating at a frequency of 250 Hz (see Figure 10).
Subject 1

Subject 2

Subject 3

Subject 4

Subject 5

Subject 6

Subject 7

Subject 8

Subject 9

Subject 10

Subject 11

Subject 12

3.00

Transmissibility

2.50
2.00
1.50
1.00
0.50
0.00
20

40

80

160

320

Frequency (Hz)
Figure 10 Transmissibility measurements against frequency for all subjects when using Material 3
3.3. The effect of grip force on the transmissibility of materials
All the materials showed variation in transmissibility among indivduals, making any trends in
behaviour due to to grip force, hard to establish. Material 1 showed least variation among indivduals
and Material 2 the most.
Material 1

Material 2

Material 3

2.80
2.60
2.40

Transmissibility

2.20
2.00
1.80
1.60
1.40
1.20
1.00
0.80
10

15

20

25

30

35

40

45

Grip Force (N)
Figure 11 Transmissibility measurements against grip force for all subjects
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4. Discussion
Many studies have been conducted using the palm adapter method, and most of the results show
that there was very little attenuation below frequency of 200 Hz (Griffin 1998; Boyle and Griffin 2001;
Xu, Dong et al. 2014). Although the same method was used in this study, there are differences
between studies due to the difference in glove materials and subjects used. Another study tested
different gloves and found that the transmissibility of gloves was largely affected by the design of the
gloves (Welcome, Dong et al. 2014).
The AV glove materials examined in this study show little effect on vibrations below 100 Hz with
possible amplification in the frequency range of 100-200 Hz and attenuation at frequencies beyond.
Comparing this with other studies, they seem to be within the expected range of results for gloves.
One study tested the transmissibility of AV gloves using a 3-D laser vibrometer to measure vibration
transmitted to the back of the finger (Welcome, Dong et al. 2014). It found that the AV gloves
showed very little attenuation across the entire spectrum of frequencies and resonance at a
frequency of 125 Hz when a grip force of 30 N is applied with inter-subject variability of the height
and position of the peak. It should be noticed that the design of materials used in this present study
did not match any of the glove designs in the previous studies.
Results from this study also show a strong agreement with the results obtained from a 3-D
vibrometer (Welcome, Dong et al. 2014), which is very promising as that is the only study that
measures the transmissibility at the finger and not on the palm.
The non-glove material (Material 1), seemed to be the one with the worst performance, with less
attenuation than AV materials, but this was expected as it is the stiffest and not used in AV gloves
and was not optimised for this application.
Materials 2 and 3 did not show enough attenuation over the range 150 to 250 Hz to be labelled as
AV in accordance to ISO 10819. Since they had passed the ISO standard test, it can be assumed
that they have less effect on fingers than on the palm (Welcome, Dong et al. 2014). The results of
the present study suggested that the AV gloved fingers may only be effective at attenuating
vibrations frequencies above 250 Hz.
According to a previous study, increasing the finger grip force increases the resonance frequency
due to increased stiffness of the finger surface as well as the stiffness of the joints of the fingers
(Welcome, Dong et al. 2014). This present study investigated the effects of grip force on vibration
transmission of three different materials that could be found at a frequency of 125 Hz, with different
grip forces 15, 30 and 45 N. As the results indicate (see section 3.3), all three materials showed no
significant effect of grip force on transmissibility. This is reasonable, as unlike human tissue,
polymers show relatively little nonlinearity at moderate strains.
The DMA results obtained represented the mechanical characteristics of the materials. Young’s
modulus affects the dynamic stiffness of the material layer, and is directly proportional to the energy
stored during the loading period. The loss factor is the ratio of the energy lost to that stored and
affects the mechanical damping of the material layer (ISO 6321-11996). As the resonance is affected
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not only by the modulus but also the geometry of the layers. Therefore, only modulus values can
directly be compared in this study because the thickness is the same. DMA data found that Material
1 was stiffer than Material 2, and Material 3 used a less stiff structure than the other two. This is
reasonable when combining DMA data with human subject testing.

The resonance frequency

increases with an increase in material stiffness. Material 1 showed resonance at frequencies from
200 Hz to 250 Hz and Material 3 resonated at 160 Hz.
Material 2 showed most variation in resonance frequency among individuals. However, there is a
probable reason for the large variation in the resonance frequency (80 Hz to 250 Hz), which could be
due to the surface of Material 2 is in blocks ( see Figure 1) so that its effective area is less, therefore
reducing the stiffness. It is hypothesised that these are the cause of the large variability.
The effects of the most effective frequencies and temperatures on Young’s modulus of tested
materials are shown in Table 3 below.
Table 3 The effects of frequency and temperature on Young’s modulus of tested materials
Material 1

Material 2

Young’s Modulus, MPa

Temperature °C

Material 3

Frequency Hz
160

200

400

160

200

400

160

200

400

0

2.40

2.42

2.49

1.29

1.33

1.48

0.66

0.67

0.70

20

2.14

2.17

2.24

0.87

0.89

0.95

0.41

0.42

0.45

23

2.08

2.10

2.18

0.84

0.85

0.91

0.38

0.39

0.42

25

2.03

2.06

2.14

0.82

0.83

0.88

0.37

0.37

0.40

30

1.93

1.95

2.03

0.77

0.79

0.83

0.33

0.34

0.36

DMA testing also allows the prediction of the behaviour of materials when they are cold. As the
stiffness of the glove materials increases with an increase in vibration frequency, attenuation at
higher frequencies could be lost due to an increase in resonance frequency.
5. Conclusion
Dynamic mechanical analysis testing for glove materials has shown that the mechanical properties of
materials under sinusoidal loading and at different temperatures behave differently, largely
depending on the structure of the materials. Thus, this study has suggested that the properties of
different glove materials will change in real world work conditions (e.g. at low temperatures).
From the data gathered in this study, it can be concluded that AV gloves are less effective in
protecting the fingers from vibration than they are in protecting the palm of the hand. Combining
DMA data with human subjects testing allows the AV performance of glove materials to be predicted
for different temperatures.
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Abstract
Operation of hand held power tool results in exposure to hand-arm vibration, which
over time lead to numerous health complications. The objective of this study is to
evaluate protective equipment and working techniques for the reduction of vibration
exposure. The results suggest large and significant reductions of vibration with
appropriate safety equipment. Our results indicate that transmitted vibrations can
be measured and can be significantly reduced

1. Introduction
Vibration exposure from prolonged and regular work with powered hand-held tools, equipment or
processes can have adverse effects on the hands and arms of users (Griffin 2008). Effective controls
are necessary actions. Workers that utilize such equipment may suffer various forms of damage,
known as hand--arm vibration syndrome (HAVS) (Ghoshand and Vogt 2012}. This is a painful
condition and the effects can include impaired blood circulation, damage to the nerves and muscles,
and loss of ability to grip properly. The best known form of damage is vibration white finger (VWF),
which is a prescribed industrial disease (Milosevic and McConville 2012).
Vibration control can be developed by various strategies:


Process re-design represent ways of improving the process. The way can be the improving
productivity and quality.



Isolation is the reduction of vibration passing caused by the vibrating machine and
transmitted to the operator's hands. Isolation can be achieved by the use of rubber bushes,
sleeves and anti-vibration mounts.



Gloves can play an important role in reducing the risks from hand-arm vibration. In cold
conditions, gloves will keep the hands warm, helping to maintain good circulation to the
fingers. Gloves can reduce high – frequency vibration but have little effect at mid and low
frequencies. At the mid and low frequencies vibrations can damage blood flow in the hand.
Anti-vibration gloves should be assumed to reduce vibration exposure referring to the tool
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used. Various gloves with special soft linings intended to provide vibration isolation are
commercially available. Manufacturers continue to conduct research to develop better
performing materials to reduce vibration at the hazardous frequencies.
In this research we propose an handle as passive control to reduce vibrations in the field 0-100 Hz
(Fulgenzi 2013).

Theoretical methods and experimental investigation demonstrate the efficiency of

the handle in working conditions stationary.
2. Brief review of tool design to reduce the risk of hand-arm vibration injury
In industry applications we can enumerate useful techniques and tool design for the elimination of
undesirable vibration in problems of structural dynamics and machinery dynamics (HSE 1997). We
consider the following case studies:


In the case of electric high-frequency angle grinders, experimental testing revealed that by
changing to a softer grade of disc, the pneumatic grinders could offer a metal removal rate
40% higher than that achieved by the old tool/disc combination.



With referring to mounted road breaker, the breaker is

powered

using

the

excavator

hydraulics. The breaker is activated by a foot pedal. The arm position of road breaker is
controlled by a pair of levers, passing very little vibration (vibration magnitude is less than 1
2

m/s to the operator's hands.


New tools are featured by using softly sprung handles. The operator felt that the soft springs
are a tool difficult to control. So that the operator has to hold the handles more tightly than the
other tools, increasing fatigue. With stiffer sprung, the operator found the tool comfortable to
use and easier to control than all of the other tools on test.



In the chipping hammer the vibration has been reduced by the redesign of the internal
components of the tool using springs and compressed air to isolate the tool body from the
impacting parts. Another solution is the development of a resilient sleeve to wrap around the
chisel. This solution is most effective at reducing vibration along the line of the chisel.



In the case of needle guns

there are several methods which could reduce vibration

exposure due to scabbling. A significant improvement is offered by the internal design of the
tool that uses springs, rubber and compressed air to isolate the vibration from the operator.


Pole scabblers include a spring-damper systems to absorb the vibration produced by the
impact of the point. This makes the tool heavier than the old type but the effects of this have
been reduced by fitting a handle to the shaft which improves control.

Vibration reduction should be considered at the process and product design stages, when selecting
and purchasing tools and when individual work tasks and work stations are during the mechanical
design phase.

146

Fig. 1 – Metal bar
3. Method
In this section we explain theoretical methods and experimental investigations.
3.1 Exposure reduction technique
Numerous factors influence the vibration exposure such as tool construction, tool condition, attachment
used, attachment condition, material of workpiece, direction of operation, operator posture, feed-force
and grip force (Rimell et al. 2008).
In vibration control, there are two approaches of tackling vibration problems; passive and active
vibration control. Passive vibration control requires the use of viscoelastic materials. Active vibration
control (AVC) produces an actuation to cancel the vibration by using active elements with sensors and
controllers. If the dynamics of the system and/or frequencies of the disturbance are stationary
phenomena in function of time, passive vibration control (PVC) can become effective and functional.
The AVC is more efficient than PVC but more expensive and complicate (Hassan et al. 2010).
In this research we propose a grip that absorbs the elastic energy produced by a source exciter.
Absorbed the elastic energy, the operator reduces its exposure to vibration (Fig.1 ).
The elastic energy is produced by vibration of the tool. An elastic metal bar, inside the handle, is
designed to adsorb the elastic energy. The spring rod, absorbing the elastic energy, is a beam with
joint saggy. The bar is connected to the handle via a system of springs. Therefore, the handle is
floating on the metal bar via the spring system, suitably calibrated.
The elastic bar has natural frequencies away from the frequency range of the tool. The bar, which
absorbs the energy, does not amplify the effects of the vibration source.
3.2 Statistical approaches
Statistics provides procedures to explore and visualize data giving a lot of information clearly and in a
comprehensive style. We propose two approaches of descriptive statistics: box-and-whisker plot and
measures of spread.
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3.2.1 Box – plot
It is always possible to sort n data values to have increasing order x 1 ≤ x2 ≤ … ≤ xn, where x1 is the
smallest, x2 is the first-to-the smallest, etc. Let x0.25 be a number for which it holds that 25% of the data
values x1 ≤ x2 ≤ … ≤ xn is smaller. That is, 25% of the data values lay on the left side of the number
25%, reason for which it is the first quartile or the 25th percentile. The second quartile is the value x0.50
such that 50% of the data values are smaller. Similarly, the third quartile or 75th percentile is the value
x0.75 such that 75% of the data is smaller. A popular method to display data is by drawing a box around
the first and the third quartile (a bold line segment for the median), and the smaller line segments
(whiskers) for the smallest and the largest data values. Such a data display is known as a box-andwhisker plot.
3.2.2 Measures of spread
The most important measures of spread are the standard deviation, the interquartile range, and the
median absolute deviation.
The median absolute deviation MAD is defined as a constant times the median of the absolute
deviations of the data from the median. It is defined as the median of the sequence

x1  x0.50 ,, xn  x0.50 multiplied by the constant 1.4826. Because the median absolute deviation is
based on quantiles, MAD is a robust measurement of spread.
3.3 Power spectral density
We begin by considering a stationary stochastic process X(t), a random function extending throughout
all time with time-invariant properties. Our goal is to characterize X(t) with an ordinary function
describing its properties in frequency (as the autocorrelation function does in time).


X  f   F X t    X t e 2ift dt


(1)

Functions of a real variable (continuous time signals) will have a Fourier transform


X  f    X n e 2ift

(2)



3.4 Experimental procedure
Accelerations are acquired at the palm of hand by using Bosch BMA 220 acceleration sensor. The
handle is connected to the shaker Bruel and Kjaer model 4808. The shaker Bruel and Kjaer model
4808 has the following characteristics: force rating 112 N (25 lbf) sine peak (187 N (42 lbf) with
cooling), frequency range 5 Hz to 10 kHz; first axial resonance 10 kHz; maximum table acceleration
700 ms

-2

(71 g).

The signal generator Enertec Schlumberger 4432 controls the frequency of the signal, the signal type
(sine, square) and the symmetry of the wave.
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The Bosch BMA 220 acceleration sensor is a triaxial, low-g acceleration sensor with digital output. The
sensor offers a variable I/O supply range from 1.6 to 3.6 V and can be programmed to optimize in
applications. Acceleration range is ±2, ±4, ±16 g. The sensitivity is S2g = 16 LBS/g, S4g = 8 LBS/g, S8g =
4 LBS/g and S16g = 2 LBS/g.
The standard of the experimental tests is the following procedure: body alignment with feet parallel;
o

relaxed arm and elbow angle of 90 , lying on the chest; wrist aligned with the forearm, not rotated
relative to the handle; closed hand on the handle; the force of gripping ensures the contact of the palm
and fingers on the handle, without forcing the grip.
4. Results
In this research, we have developed a survey in the time domain and frequency domain. In time
domain we propose two statistical approaches; in frequency domain we suggest an experimental
investigation by power spectral density.
The box plot provides graphs with quantitative characteristics. We compare the lengths of the whiskers
and the heights of the box plot of input sinusoidal signals and output sinusoidal signals (Figures 2, 3
and 4). We can observe that the minimum and maximum accelerations of the output signal are
smaller than those of the input signals.
At the frequency of 1 Hz the maximum acceleration of the output signal is reduced with following
quantities: by 90% according to axis x; by 79% according to axis y; by 100% according to axis z.
At the frequency of 10 Hz the maximum acceleration of the output signal decreases weakly: 20%
according to axis y.
The median values of acceleration of the output signals are close to zero respect to ones of input
signals.
Measures of spread describe how similar or varied the set of observed accelerations. Measures of
spread include the range, quartiles and the interquartile range, variance and standard deviation. the
spread of the data around the mean. Measures of spread summarise how close each observed data
value is to the mean value (Table 1). We can distinguish two columns: input sinusoidal signals and
output sinusoidal signals. We can see that the accelerations of output sinusoidal signals in datasets
present a small spread. Thus all values of acceleration values of output sinusoidal signals are very
close to the mean, resulting in a small variance and standard deviation.
Sinusoidal

ax

ay

Signal

ms

az

-2

Frequency

Input

Output

Input

Output

Input

Output

1 Hz

0.6362074

0.1024907

0.1796333

0.04961076

0.1299291

0.01685864

10 Hz

0.5719886

0.8963978

0.2035061

0.08790039

0.1348054

0.1179757

100 Hz

0.518417

0.8652053

0.3308911

0.1483401

0.165049

0.1328187

Table 1 - Measures of spread of input and output sinusoidal signals
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Fig. 2 – Box – plot of input and output signals with frequency 1 Hz

Fig. 3 – Box – plot of input and output signals with frequency 10 Hz

For against, the acceleration values of input signal in dataset are more dispersed (Table 1). The
acceleration values of input signal are spread further away from the mean, leading to a larger variance
and standard deviation.
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Fig. 4 – Box – plot of input and output signals with frequency 100 Hz

The percentage reduction in the spread records: 83% as maximum value according to axis x; 72% as
maximum value according to axis y; 80% as maximum value according to axis z.
We compare the power spectral density function (PSD) of input and output signals (Figures 5, 6 and
7). The strength of the variations of energy, as a function of frequency, of output signals is smaller
than variations of energy of input signals. In other words, PSD shows that the variations of energy
correlated to input signals are strong at 1, 10 and 100 Hz. For against, variations of energy correlated
to output signals are weak at 1, 10 and 100 Hz. Thus, the experimental investigation developed by
PSD confirms the same variations observed in time series data.
5. Discussion
It is well known that hand-transmitted vibration magnitude is evaluated in function of the acceleration of
the surface in contact with the hand. The acceleration of the surface is

expressed in units of metres

-2

per second squared ms . Hazard to health is usually assessed from the average (root-mean-square or
rms) acceleration level. The measurements are acquired by filtering with a standard frequency
weighting network. The filters reduce sensitivity of instrument at the high frequencies. European
standard and British Standard BS 6842: 19876 describe a procedure for developing the investigations.
The vibration exposure, or dose, of a worker over a working day depends on following aspects: the
duration of exposure, the vibration magnitude at the gripped surface(s) of the tool(s).
Exposure is evaluated referring to a standard reference period of 8 hours A(8). The advantage of
measurement A(8) is the easy calculation to compare different exposure patterns. Again, the
measurement A(8) can be useful for the assessment of health risk. According to the method A(8) if
-2

workers daily vibration exposure regularly exceeds 2.8 ms , programmes of preventative measures
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and health surveillance are adopted. The disadvantage is that the method A(8) evaluates a vibration
-2

level with respect to the numerical value 2.8 ms .
In this paper we propose other mathematical methods to evaluate vibrations of handle for a grinder in
the field 0-100 Hz. The technical and scientific literatures register many practical ways to reduce the
risk of hand--arm vibration injury: change of process and/or machine, process automation, tool design,
maintenance, isolation. We believe that an important contribution is to propose technical solutions in
the field of low frequencies. The gloves can reduce high-frequency vibration but have little effect at mid
and low frequencies which are those most likely to damage blood flow in the hand. Our handle
presents a passive vibration control and it is efficient in the field 0-100 Hz in the presence of stationary
phenomena. The disadvantage of our handle occurs in the presence of non-stationary phenomena.
When the dynamics of the system and/or frequencies of the disturbance vary with time, passive
vibration control becomes ineffective and less functional.
To estimate the efficiency of handle we propose essential methods to display and to visualize
experimental data. Statistical methods provide knowledge about data distributions. Box plot and
measures of spread report quartiles and the interquartile range. PSD shows at which frequencies
variations of energy are strong and at which frequencies variations of energy are weak.

Fig. 5 - Power spectrum density of input and output signals with frequency 1 Hz
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Fig. 6 - Power spectrum density of input and output signals with frequency 10 Hz

Fig. 7 - Power spectrum density of input and output signals with frequency 100 Hz
6. Conclusion
In this paper we have developed a solution in – house to minimize hand-arm vibrations. Our analysis
suggests that there was a significant reduction of hand--arm vibrations experienced by the operator
with the use of our handle. Reduction of vibration by over 80 % was achieved by using passive
vibration control.
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AN HSE REGULATORY UPDATE REGARDING HAND-ARM VIBRATION
Andrew Hounslea
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United Kingdom
Abstract
When an employee is diagnosed with Hand-Arm Vibration Syndrome (HAVS) and
has used vibrating tools or processes, then this diagnosis is reportable to the
relevant enforcing authority for the Control of Vibration at Work Regulations 2005.
This paper presents an initial analysis of the industries that have reported
diagnoses of HAVS since the detail of the reporting requirements changed on 1st
October 2013 and the Health and Safety Executive’s enforcement activities relating
to hand-arm vibration in the period October 2013 to July 2015.
1. Introduction
The Health and Safety Executive (HSE) is responsible for enforcing the Health and Safety at Work etc.
Act 1974 (HSWA) alongside local and other enforcing authorities. As well as making targeted
proactive inspections, HSE also carries out investigations in response to incidents and complaints.
HSE’s inspectors are provided with training regarding the risks posed by exposure to hand-arm
vibration (HAV). Interventions regarding HAV take place:
a. During an inspection when HAV exposure is identified as a potential issue.
b. Following a concern being raised regarding HAV.
c.

During an investigation following the submission of a report of a diagnosis of hand-arm
vibration syndrome (HAVS).

This paper will discuss HSE’s activities regarding HAV during the period October 2013 to July 2015,
present an initial analysis of the reported incidents of HAVS, explains further work to be conducted
and present a summary of enforcement taken under the Control of Vibration at Work Regulations 2005
(CVWR).
2. Reported Incidents of HAVS
2.1 The Reporting of a Diagnosis of HAVS
The Reporting of Injuries, Diseases and Dangerous Occurrences Regulations 2013 (RIDDOR) is the
law that requires employers, and other people in control of work premises, to report and keep records
of:
a. Work-related accidents which cause death.
b. Work-related accidents which cause serious injuries (reportable injuries).
c.

Diagnosed cases of certain industrial diseases.

d. Certain ‘dangerous occurrences’ (incidents with the potential to cause harm).
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The 2013 revision of RIDDOR, amongst other changes, simplified the list of reportable industrial
diseases from 47 types of disease to 8 categories of disease. A diagnosis of Hand-Arm Vibration
Syndrome (HAVS) was reportable under the RIDDOR 1995 for work involving:
a. The use of chain saws, brush cutters or hand-held or hand-fed circular saws in forestry and
woodworking.
b. The use of hand-held rotary tools in grinding material or in sanding or polishing metal.
c.

The holding of material being ground or metal being sanded or polished by rotary tools.

d. The use of hand-held percussive metal-working tools or the holding of metal being worked
upon by percussive tools in connection with riveting, caulking, chipping, hammering, fettling or
swaging.
e. The use of hand-held powered percussive drills or hand-held powered percussive hammers in
mining, quarrying or demolition, or on roads or footpaths (including road construction).
f.

The holding of material being worked upon by pounding machines in shoe manufacture.

Under RIDDOR 2013, a diagnosis of HAVS is reportable “where the person’s work involves regular
use of percussive or vibrating tools, or the holding of materials which are subject to percussive
processes, or processes causing vibration”. This definition took effect from 1st October 2013.
Statistics derived from HAVS RIDDOR reports should be used with caution. Many health surveillance
schemes that trigger a HAVS RIDDOR report rely on individuals both understanding what symptoms
they should report and their honesty in the reporting of those symptoms. The scheme must then
successfully refer individuals who report symptoms to appropriate occupational health professionals
for review and, if appropriate, diagnosis of HAVS. Once a diagnosis has been made, reporting of
HAVS is required in accordance with RIDDOR. However, further analysis (beyond that undertaken to
produce this paper) would be needed to determine if the changes made to RIDDOR affected the
reporting of incidents of HAVS.
The decision on whether to investigate a particular RIDDOR report is guided by the HSE’s published
Incident Selection Criteria (HSE, 2014).

2.2 An Initial Analysis of the RIDDOR Reports for HAVS
In the period 1st October 2013 to 14th July 2015 a total of 134,289 RIDDOR reports regarding illhealth or injuries suffered by employees were submitted to HSE. Of those, only 2686 were regarding
ill-health, of these, 1226 were submitted for HAVS; that is, HAVS RIDDOR reports account for 46% of
all ill-health reports. Note that these are the figures for all submissions and it may be that not all of the
incidents described in the reports are required to be reported under RIDDOR and there may be some
duplicate reporting. Figure 1 shows how these HAVS RIDDOR reports break down by age of the
diagnosed individual across all industries.
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Figure 1 – All Industries HAVS RIDDOR Reports Grouped by Age
The 116 listed as unknown have the age of the diagnosed individual as either 0 or 99 years old. The
mean age of diagnosed individuals across all industries was 49, the maximum age was 72 and the
minimum age was 19.
The initial analysis has allowed the age distribution across all reports and within industries to be
extracted. Appendix A contains graphs of the age distribution of HAVS RIDDOR reports across
different industries organised by the ‘main industry’ selected on the online RIDDOR report form (HSE,
2013a). There is no clear difference between the age distributions of the different industries. The
majority of reports received for all industries show that the affected person is between 40 and 60 years
old upon diagnosis.
Table 1 shows the mean, minimum and maximum ages for those industries alongside the total number
of reports for each industry. The total number of reports in Table 1 does not equal the total number of
reports received as industries where there are a small number of reports have been omitted to ensure
that no individual can be identified.
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Table 1 – Mean, Minimum and Maximum Ages for each Industry.

Industry
Agriculture, Fisheries, Forestry and Veterinarian
All Other Manufacturing
Business Services
Construction
Government Administrative Functions, Education,
Health
Machinery Repair excluding Motor Vehicle Repair
Manufacture Machinery, Vehicle, Transport
Mining, Quarrying (inc. Extraction of Petroleum
and Gas)
Other Service Activities
Transport and Storage
Utilities, Sewerage, Waste and Recycling
Wholesale and Retail, Motor Vehicle Repair, Sale
of Fuel

Mean
46
49
51
48

Age
Minimum
22
19
29
24

Maximum
67
69
65
67

Number of Reports
44
303
33
274

53

32

72

51

52
49

26
19

65
67

48
150

48

24

65

21

49
51
48

24
23
24

64
65
70

42
49
114

47

22

64

87

3. Requirements of the Control of Vibration at Work Regulations 2005
The CVWR implemented into GB law European Council Directive 2002/44/EC. Regulation 4 of the
CVWR defines action and limit values. The main Regulations of the CVWR that impose duties onto an
employer are Regulations 5, 6, 7 and 8.
Regulation 5 requires that an employer who carries out work which is liable to expose any of his
employees to risk from vibration shall make a suitable and sufficient assessment of the risk created by
that work to the health and safety of those employees. The risk assessment shall identify the
measures that need to be taken to meet the requirements of the CVWR.
Regulation 6 requires that the employer shall ensure that the risk from the exposure of his employees
to vibration is either eliminated at source or, where this is not reasonably practicable, reduced to as
low a level as is reasonably practicable. Where it is not reasonably practicable to eliminate risk at
source and an exposure action value is likely to be reached or exceeded, the employer shall reduce
exposure to as low a level as is reasonably practicable by establishing and implementing a
programme of organisational and technical measures which is appropriate to the activity.
Regulation 7 requires that if the risk assessment indicates that there is a risk to the health of his
employees who are, or are liable to be, exposed to vibration or employees are likely to be exposed to
vibration at or above an exposure action value, the employer shall ensure that such employees are
placed under suitable health surveillance.
Regulation 8 requires that if the risk assessment indicates that there is a risk to the health of his
employees who are, or are liable to be, exposed to vibration; or employees are likely to be exposed to
vibration at or above an exposure action value, the employer shall provide those employees and their
representatives with suitable and sufficient information, instruction and training.
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4. Enforcement
The purpose of enforcement is to ensure that dutyholders take action to deal immediately with serious
risks, to promote and achieve sustained compliance with the law; and to ensure those who breach
health and safety requirements, including directors and managers, may be held to account.
HSE has published its Enforcement Policy Statement (EPS) (HSE, 2009) which sets out the general
principles and approach which the health and safety enforcing authorities (mainly HSE and local
authorities) follow. Fundamental is the principle that enforcement is proportional to the health and
safety risk and the seriousness of the breach of the law. The EPS is applied by following the HSE’s
Enforcement Management Model (EMM) (HSE, 2013b).
4.1 Enforcement Options
An HSE inspector has a number of options for enforcement where a contravention of the law has been
found. These range from a verbal warning through to prosecution. Where, in the opinion of an
inspector, there has been a contravention of the law that requires the inspector to issue a notice in
writing of that opinion, then that is known as a material breach. There are a number of enforcement
options open to the inspector:
a. Notification of Contravention
A Notification of Contravention (NOC) informs a duty holder that, in the opinion of the
inspector writing the NOC, they have contravened or are contravening health and safety law. It
informs the duty holder of the action they must take to comply with that law. A NOC may be
issued on its own or alongside improvement and/or prohibition notices.
b. Improvement Notice (IN)
An IN is a written form of enforcement in which a duty holder is informed that, in the opinion of
the inspector writing the IN, they have contravened or are contravening health and safety law.
The IN requires the duty holder to remedy the contravention within a specified time period
ending not earlier than the period within which an appeal against the IN can be brought. An
appeal against an IN can be heard in an Employment Tribunal. Failing to comply with the
requirements of an IN is a criminal offence.
c.

Prohibition Notice (PN)
A PN is a written form of enforcement prohibiting continuation of an activity, that is issued
when, in the opinion of the inspector writing the PN, there is a risk of serious personal injury.
There are similar arrangements for appealing a PN to those in place for appealing an IN.
Failing to comply with the requirements of a PN is a criminal offence.

d. Prosecution
HSE and other enforcing authorities may decide to proceed with a court case or, in Scotland,
recommend a prosecution to the Procurator Fiscal. This decision is made by considering the
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evidential sufficiency and deciding whether the prosecution would be in the public interest.
Guidance is provided in the Code for Crown Prosecutors (CPS, 2013).
4.2 Enforcement taken under the CVWR
Table 2 shows the Improvement Notices citing the CVWR issued during the period from 1st October
2013 to 1st July 2015; broken down by the Regulation that they cite as being contravened.
Table 2 – Number of Improvement Notices by Regulation

Regulation
5
6
7
8
Total

Number of Improvement Notices
Jan – Jul 2015 2014 Oct – Dec 2013
50
51
6
18
32
1
11
8
1
6
2
0
85
93
8

Total
103
48
19
7
186

The proportionately low number of Improvement Notices served in October to December 2013 was of
interest and comparison with previous years confirmed that this was not uncommon; the reasons for
this (eg. inspectors targeting other priorities) will be considered in further analysis.
For comparison, the number of Improvement Notices served in previous years is presented in Table 3.
Table 3 – Number of Improvement Notices by Regulation over recent years

Regulation
5
6
7
8
Total

Number of Improvement Notices
Jan-Jul 2015
2014 2013 2012 2011
(~ 6 months)
50
51
29
26
21
18
32
9
13
21
11
8
4
4
8
6
2
3
3
4
85
93
45
46
54

One interpretation of the data is that industry’s performance is declining - requiring more enforcement but again this needs to be considered in the further analysis as other factors, such as the number of
RIDDOR reports received (possibly influenced by the new criteria) and inspection priorities, may be
relevant.
There was one prohibition notice issued in 2014 citing regulation 6 as the regulation being
contravened.
Prosecutions resulting from investigations into possible contraventions of the CVWR do not always
result in charges being made under the CVWR. Charges may be made under the general duties of the
HSWA. Table 4 shows the charges made for either the CVWR or HSWA where vibration exposure is
identified as the issue in question in the case summary. There are likely to have been more
prosecutions under HSWA charges where failure to control risk from vibration has been included
amongst other failings but recorded with insufficient detail to enable them to be identified. More than
one charge can be considered during any particular prosecution, so the total number of charges
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shown in Table 4 does not equate to the total number of prosecutions. Only the charges where the
court hearing dates fell within the range October 2013 to July 2015 are included in the table.
Table 4 – Number of Charges by Regulation or Act

Charge
CVWR Regulation 5
CVWR Regulation 6
CVWR Regulation 7
CVWR Regulation 8
HSWA Section 2(1)
Total

Number of Charges
Jan – Jul 2015 2014 Oct – Dec 2013
2
1
3
1
1
1
1
1
2
1
1
8
5

Total
3
4
1
2
4
14

5. Discussion
A dutyholder (a person, or company, on whom a duty lies) intending to make a RIDDOR report is
encouraged to use an online system (HSE, 2013a). When describing the type of work that was being
carried out by the individual who has been diagnosed, the online form gives a choice of industries and
activities that is based on the Standard Industrial Classification (SIC2007) scheme (Office for National
Statistics, 2015). The industry chosen when the online form is completed is dependent upon the
interpretation of the individual completing the form. There may be several that are partially relevant, for
example, if a diagnosed individual works in a garage performing servicing and MOTs on cars, then the
most relevant industry to select would be ‘Wholesale and retail, motor vehicle repair, sale of fuel’.
However, there are a number of reports for individuals working in motor vehicle repair that have been
entered under the ‘Other service activities’ industry.
There will be a number of job roles that are common across a range of industries. For example, a
maintenance engineer could work in a range of manufacturing industries and perform similar duties
and use similar tools. There are a number of HAVS RIDDOR reports for maintenance engineers in the
data set spread amongst a range of industries. If sufficient detail is provided in the description box in
the online form then the report can be assigned to the correct industries, activities and job roles. This
will be done when further analysis of HAVS RIDDOR reports is performed.
Such an analysis will develop an evidence base of where the higher risks of HAVS lie according to the
RIDDOR reports received. Using experience gained from inspections and investigations of industries
where exposure to HAV is often found, this may also highlight industries where fewer RIDDOR reports
than may be expected have been received. Where these are found, it might be that HAV exposure is
well managed or that there are poor health surveillance arrangements and/or poor RIDDOR reporting.
RIDDOR submissions from before 1st October 2013 will be analysed as part of the further analysis to
determine whether the changes in RIDDOR significantly affected the HAVS RIDDOR reports received.
A diagnosis of HAVS is reportable regardless of the severity of the symptoms. Disability is
acknowledged from late stage 2 (vascular or sensorineural). It is not compulsory to include the severity
of symptoms in a RIDDOR report. An aim of the further analysis will be to determine whether there is
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any correlation between the reported severity of symptoms, the age of the affected person and the
industry.
During an investigation following a RIDDOR report, the investigating inspector will verify the
information submitted in the report and, where relevant, obtain the correct information. The correct
information is recorded as part of the investigation, but the original RIDDOR submission is not
amended.

6. Conclusions
There have been more than 1200 reports of diagnoses of HAVS since RIDDOR 2013 came into force
on 1st October 2013. In the period October 2013 to July 2015 HSE has issued 186 improvement
notices citing the CVWR and one prohibition notice citing the CVWR. A number of prosecutions
including 14 recorded charges concerning vibration exposure have been heard in court.
Further analysis will be performed to verify the data and to then develop an evidence base of where
the higher risks of HAVS lie according to the RIDDOR reports received. Using experience gained from
inspections and investigations of industries where exposure to HAV is often found, this may also
highlight industries where fewer RIDDOR reports than may be expected have been received.
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Appendix A

Figures A1 and A2 show the HAVS RIDDOR reports broken down by age group for different
industries. Only industries where there are sufficient reports to make the identification of individuals
unlikely are shown.

Figure A1 – Number of RIDDOR Reports for Different Industries by Age Group
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Figure A2 – Number of RIDDOR Reports for Different Industries by Age Group
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Abstract
Dynamic performance of suspension seats depends on characteristics of both the
suspension and the seat cushion. The objective of this study is to develop a hybrid
method based on the concept of co-simulation between multibody dynamic and finite
element models. The methodology is illustrated via simulating a dynamic stiffness
test of a seat cushion. The dynamic stiffness of a cushion was measured on an
indenter test rig using broadband random input signals (0.5-25 Hz) of different
magnitudes (0.25, 0.5 and 1.0 ms-2 r.m.s.) and preloads (400, 600 and 800 N). A
finite element model of the seat cushion is built up in MARC and a multibody dynamic
model of the test rig is established in ADAMS. During the co-simulation, the
multibody model calculates and passes kinematics of the test rig to the finite element
model of the cushion. Based on these kinematics the finite element model calculates
the force and feeds back to the multibody dynamic model. The hybrid model is
calibrated through correlation between measured and computed dynamic stiffness.
It is expected that the developed methodology can be extended to modelling of
suspension seats where multibody model of the suspension co-simulates with finite
element model of the seat cushion.
1. Introduction
Proper design of suspension seat cushion not only helps in supporting the occupant posture but also
benefits in reducing seat transmissibility and improving ride quality. Cushion helps to absorb the energy
of impact by deforming and spreading the load over a wide area. The isolation of a cushion is
determined by the extent to which it attenuates the motion over the complete spectrum of frequency
present in the vehicle. In an experimental study it was found that when loaded with a mass of the same
weight, a suspension seat (with cushion) showed a lower primary peak frequency in the vertical
transmissibility of acceleration from the seat base to the seat surface compared with the seat
suspension without cushion when exposed to broadband random vibration (Qiu and Zheng, 2010).
Another study on commercially available seat cushions of different densities, thicknesses and
compositions showed that equivalent damping coefficient of the cushion material decreased with
increase in frequency and peak-to-peak amplitude of vibration, and the decrease was very sharp in
lower frequency range up to 3 Hz (Mehta and Tewari, 2010). Responses of seat occupants to vibration
were found out as a function of excitation source, type of the vibration and mechanical parameters
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(mass, stiffness and damping) of the cushion (Qassem, 1996). Performance of a seat cushion depends
on its static and dynamic characteristics.
Use of Computer Aided Engineering (CAE) methods is increasing in design of suspension seats. The
scope of modelling of suspension seats depends on potential applications of the model. To predict
transmissibility of a suspension seat, mathematical modelling of the seat-occupant system needs to
involve modelling of suspension, cushion and human body. In the suspension seat modelling, cushion
is traditionally defined through the use of mass, spring and dampers (Fairley, 1990; Rakheja, Afework
and Sankar, 1994; Lewis, 1994; Wu and Griffin, 1995; Tewari and Parasad, 1999; Qiu and Griffin, 2011;
Shahzad and Qiu, 2013). A lumped parameter model of a seat suspension and cushion system can be
useful in predicting seat transmissibility but it is not convenient or straightforward to model the nonlinear
behaviour of cushion and dynamic interaction between the seat and occupant.
In recent years, it becomes a trend that the complex suspension mechanism with nonlinear
(stiffness/damping) characteristics and high friction is modelled using multibody dynamics (MBD)
approach. This requires looking for an alternative method for cushion modelling in the MBD environment
if dynamic interaction of occupant with the suspension seat cushion is of primary interest. One such
option could be incorporation of finite element (FE) based model of cushion with MBD models. Finite
element methods have been used in modelling cushions (e.g., car seats) for computing contact
pressures, contact shear stresses and in-body stresses (Siefert et. al., 2008; Zhang et. al., 2015; Gunter
et. al., 2013; Liu et. al., 2015). However, use of a detailed FE cushion model together with a nonlinear
suspension model to predict the suspension seat transmissibility has not been reported. How to
effectively integrate the two sub-models that are developed in two different platforms or environments
and exchange efficiently and accurately the data between the two sub-models so as to better reflect the
dynamics of the suspension seat remains to be a challenging task.
Development of a combined MBD and FE model requires multidiscipline simulation such that different
programmes can effectively communicate with each other during system simulation and produce a
coupled and meaningful solution. Co-simulation is a general approach for joint simulation of models
developed with different tools where each tool treats one part of the modular coupled problem.
Intermediate results are exchanged between these tools during simulation. ADAMS (ADAMS version
2014.1, multibody dynamic software, 2014) can be used to model a nonlinear seat suspension and
MARC (MARC 2013.1, nonlinear finite element software, 2013) can be used to model a nonlinear seat
cushion. With a coupled model it would be possible to increase model fidelity in predicting suspension
seat transmissibility as well as study the seat-occupant interaction using one integrated model thus
accelerating the design process.
This paper develops and presents a methodology of connecting the multidiscipline models. The
implementation of the proposed method is demonstrated by developing a model of simulating an
indenter rig test. It is envisaged that the finite element model of the cushion can be combined with a
multibody dynamic model of the indenter test rig through co-simulation and the developed methodology
can be readily extended to model a dynamic system involving seat suspension and cushion.
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2. Measurement of cushion dynamic stiffness
Dynamic behaviour of a seat cushion can be determined by measuring its dynamic stiffness. Dynamic
stiffness is defined as complex ratio of forces transmitted through the cushion to the input displacement
in frequency domain. To measure the dynamic stiffness of a suspension seat cushion and its
dependency on load, amplitude and frequency of excitation, tests were conducted on the indenter rig
at the Human Factors Research Unit, Institute of Sound and Vibration Research, University of
Southampton.
Method
2.1.1

Apparatus

The indenter rig is equipped with a Ling V860 electro-dynamic vibrator. A seat cushion was mounted
vertically up on the test rig as shown in Figure 1. Motion at the vibrator platform was measured using
an Entran EGCS_D0_10V accelerometer. The accelerometer had an operating range of +10g and a
sensitivity of approximately 10mV/g. Force at the indenter head was measured by Kistler 9321A force
transducer which had sensitivity around 3,69 pC/N. All transducers were calibrated before the test. The
signals were acquired using HVLab data acquisition and analysis system via 50 Hz anti-aliasing filter
with a sampling rate of 256 samples per second. Signal processing was conducted with a frequency
resolution of 0.25 Hz.

Force transducer

Cushion

Base plate

Accelerometer

Vibrating platform

Figure 1 Seat cushion mounted on the indenter rig
2.1.1

Stimuli

Broadband random input signals of frequency range (0.5 – 25 Hz) and magnitudes 0.25, 0.5 and 1.0
ms-2 r.m.s. were used to vibrate the platform. In total, eight test runs with combinations of frequency,
amplitude and three preloads (400, 600 and 800 N) were conducted (Table 1).
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Table 1 Broadband random stimuli at the vibration platform used in the cushion
test
Preload
Vibration magnitude
(0.5 – 25 Hz)

400 N
0.25 ms-2 rms
0.5 ms-2 rms
1.0 ms-2 rms

600 N
0.25 ms-2 rms
0.5 ms-2 rms
1.0 ms-2 rms

800 N
0.25 ms-2 rms
0.5 ms-2 rms

Measurement results
Cushion was rigidly connected to the base plate and indenter head was lowered down on cushion to
get the required preload. Then the vibration platform was excited using the defined input signal. Duration
for each test run was 60 sec. The vertical acceleration at the platform and the contact force at the
indenter-cushion interface were measured and the dynamic stiffness was calculated after signal
normalization. Figure 2 shows the behaviour of measured cushion dynamic stiffness.

(b)

(a)

Figure 2 (a) Cushion dynamic stiffness with different preloads at vibration magnitude
0.25 ms-2 r.m.s.: ― 400 N; ― 600 N; ― 800 N. (b) Cushion dynamic stiffness with
different preloads at vibration magnitude 0.25 ms-2 r.m.s. (3D view)
Experimental results showed frequency dependency of dynamic stiffness of the seat cushion. The
behaviour of the cushion was also found as a function of preload and vibration manganite. Increase in
vibration magnitude resulted in decrease in dynamic stiffness, whereas increase in preload resulted in
increase in dynamic stiffness (Figure 3 (a), (b) and (c)).
3. Development of the co-simulation model
Basic concept of co-simulation method
The co-simulation between ADAMS and MARC was manipulated through an independent interface ADAMS Co-simulation Interface System (ACIS) and was based on the concept of glue code (Elliot,
2002) which implemented a simple control algorithm allowing asynchronous communication of variables
between the two software. Co-simulation between the codes worked such that kinematics evaluated in
ADAMS were imposed on MARC while the forces calculated in MARC were applied to ADAMS. Figure
4 shows the basic working principle.
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Figure 3 (a) Effect of input vibration magnitude on cushion dynamic stiffness under
600 N preload: ― 0.25 ms-2; ― 0.5 ms-2. (b) Effect of input vibration magnitude on
cushion dynamic stiffness under 800 N preload: ― 0.25 ms-2; ― 0.5 ms-2. (c) Effect
of preload on cushion dynamic stiffness under input vibration magnitude 0.5 ms -2:
― 600 N; ― 800 N.

MARC

ADAMS

ACIS
Figure 4 Co-simulation method
Cushion model
The seat cushion tested in this study was made of polyurethane foam. The behaviour of foam material
can in general be described as nonlinear and strain rate dependent with high energy dissipation
characteristics and hysteresis in cyclic loading. It is a hyperelastic cellular elastomer that presents a
significant viscoelastic behaviour (Haan, 2002). A CAD model of the cushion was meshed in MARC
using 4-node linear tetrahedron element (tet4) and the total number of elements was 37152 (Figure 5
(a) and (b)).
Cushion material was represented using a hyperplastic material model. This material model was
characterized by means of strain energy density function, W (MARC theory and user information, 2013).
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where N is polynomial order, 𝜇𝑛 is coefficient of initial shear modulus, 𝛼𝑛 is a material constant, and 𝛽𝑛
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is coefficient of degree of compressibility, 𝜆1 𝑛 , 𝜆2 𝑛 and 𝜆3 𝑛 are stretch ratios and J is the elastic volume
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ratio. Foam model parameters 𝜇𝑛 , 𝛼𝑛 and 𝛽𝑛 were obtained by performing a non-linear least square
fit with the cushion test data. The coefficient 𝛽𝑛 is related to the Poisson’s ratio 𝑣𝑛 . In order to account
for the thin cell-wall structure of the foam which allows wall buckling under pressure without lateral
resistance, principal strains are assumed to be fully de-coupled which means Poisson effect was
neglected (Grujicic, et. al., 2009).
It was assumed that the cushion behaviour was isotropic and it can be described by a time dependent
shear and bulk modulus (MARC theory and user information, 2013). However, time dependency of the
bulk modulus is generally quite weak in this type of material, thus viscoelastic portion of material model
was restricted to the shear modulus which is defined in equation 2 (Grujicic et. al., 2009)..
t



Gn 1  e  n

n 1

N

G(t )  G0 








(2)

where 𝐺0 is shear modulus independent from relaxation data, 𝜏𝑛 is relaxation time and 𝐺𝑛 is relaxation
magnitude.

(b)

(a)

Figure 5 (a) A CAD model of the cushion (b) A FE model of the cushion in Marc
Test rig model
Test rig consisting of indenter head and vibrating platform was modelled in ADAMS. All parts of the test
rig were modelled as rigid bodies and were interconnected through kinematic joints (Figure 6). Indenter
head was constrained with rig frame through translation joint and could move in the vertical direction.
The base plate was rigidly connected with vibrating platform which was connected with the frame
through translation joint and could move vertically up and down.
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Frame
Indenter

Force measurement point

Cushion (modelled in MARC)

Base plate

Acceleration measurement point
Vibrating platform

Figure 6 The MBD model of the indenter test rig in ADAMS
4. Correlation of cushion dynamic stiffness
Dynamic stiffness of the suspension seat cushion was calculated by co-simulating the models of the
cushion and the test rig described in the previous section using the method outlined in section 3.1. The
coupled model of the cushion and the test rig was simulated by running dynamic motion analysis in
ADAMS and nonlinear finite element quasi static analysis in MARC through ACIS. Dynamic stiffness
was then calculated using cushion force, calculated by MARC, and platform displacement, calculated
by ADAMS. Figure 7 (a), (b) and (c) shows the correlation of the measured and predicted cushion
dynamic stiffness under different preloads and with varying input vibration magnitudes.

Figure 7 (a) Comparison of measured and predicted dynamic stiffness with preload
400 N and vibration magnitude 0.5 ms-2 r.m.s. (b) Comparison of measured and
predicted dynamic stiffness with preload 400 N and vibration magnitude 1.0 ms-2
r.m.s. (c) Comparison of measured and predicted dynamic stiffness with preload
800 N and vibration magnitude 0.5 ms-2 r.m.s.. ― Measured; ― Predicted.
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5. Discussion
A multibody dynamic model generally consists of rigid bodies interconnected through kinematic and
compliant connections and if required a model can be built fully or partially using flexible bodies. The
flexible parts in the MBD environment are generally based on the modal flexibility approach using
orthogonalized Craig Bampton modes (Ottarsson, 2000) and their behaviour is considered as linear
having small deformation. However, experimental study has shown that seat cushion exhibits nonlinear
behaviour which makes the above mentioned modelling method of flexibility inadequate for this kind of
applications.
To address this limitation, this paper has investigated the possibility of integrating a MBD and an FE
model to produce a coupled solution of a nonlinear system with a view to applying the similar techniques
to modelling of a suspension seat-cushion-occupant system in the next step. For this purpose,
simulation of a dynamic stiffness test of a seat cushion was taken as an exemplary case. Interaction
between the cushion and test rig was modelled through two surfaces, one at the top and the other at
the bottom of the cushion. These surfaces were glued to FE model of the cushion and were attached
to MBD test rig model through force element in ADAMS. During the co-simulation ADAMS calculated
cushion deformation due to preload and input vibration, whereas MARC computed resultant force due
to deformation.
The concept of co-simulation used in this study was based on the data interpolation and extrapolation.
Assume that both ADAMS and MARC solvers are at time t1 and would like to proceed with the next time
step t1+h, where h is the step size (Figure 8 (a) and (b)).

u

Adams

Adams

fp

Marc

t1

u
fc

Marc

t1+h

t1

(a)

t1+h

(b)

Figure 8 (a) Co-simulation - ADAMS advancing for next step (b) Co-simulation MARC advancing for next step
ADAMS takes the next time step and computes the displacement using the predicted force (fp) value.
This predicted force value is obtained by extrapolation of the computed force values of MARC up to
time t1. Next MARC takes its simulation step using interpolated displacement of u up to time t1+h from
ADAMS and computes the force fc at the interaction point. The difference between predicted force fp
and computed force fc is a measure of the error in co-simulation (ADAMS co-simulation interface, 2014).
This interpolation-extrapolation strategy could improve accuracy of the solution over the conventional
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co-simulation technique where data exchanged between the software remains constant between
communication intervals. In ACIS, exchanged data can be interpolated either linearly or quadratically.
Moreover, ACIS also allows variable asynchronous communication meaning two solvers can be run at
different step size. The provisions of asynchronous communication and interpolation options may help
in optimizing the simulation run time as mostly FE analyses are computationally expensive as well as
help in increasing the fidelity of coupled solutions.
To use the Foam material model in FE calculation, it was required to define the order N and unknown
𝛼

𝛼

𝛼

parameters 𝜇𝑛 , 𝛼𝑛 , 𝜆1 𝑛 , 𝜆2 𝑛 , 𝜆3 𝑛 , 𝐺𝑛 and 𝜏𝑛 . Values of these unknown parameters are generally
identified from the experimental results obtained from uniaxial compression test and shear test as well
as from normalized shear modulus vs. time relaxation data. However, as the main objective of this study
was to develop a co-simulation between MBD and FE models, so the values of unknown parameters
were initially taken from literature (Grujicic et. al., 2009) and an order of N=2 was used to build the FE
cushion model. These parameters were further adjusted in the process of matching the predicted
dynamic stiffness with the measured one. Comparison between the measured and predicted dynamic
stiffness of the cushion (Figure 7) showed promising results indicating that MBD and FE models
developed in different platforms can be combined and simulated together. However, there is a need to
further improve the cushion model and investigate the effect of different co-simulation options such as
selection of step size and interpolation/extrapolation of exchanged data as discussed earlier.
In design of suspension seats, it is a common practise to develop a FE model of seat cushion to study
behaviour of the cushion and its interaction with seat occupant. This study has provided a good starting
point to further expand this approach and use the FE cushion model to develop complete suspension
seat model and study its response to vibration. In a similar way, a MBD model of a seat suspension that
defines its nonlinear behaviour can be developed through detailed modelling of spring, damper, and
consideration of mechanism friction and structural flexibility. Using the approach developed in this study,
this nonlinear suspension model can be combined with a FE model of the cushion to form a coupled
model for predicting seat transmissibility.
6. Conclusion
Suspension seat cushion exhibits a nonlinear behaviour which is a function of load, input vibration
magnitude and excitation frequency. This study has demonstrated a proof of concept of developing a
co-simulation method between MBD and FE models. The developed method can be extended to
modelling and analysis of a coupled nonlinear suspension and cushion system for predicting
transmissibility of suspension seat with occupant exposed to vibration of varying magnitudes and
frequencies.
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Abstract
Higher demands on the performance of automobile have been lead to equally
strong demand for seating comfort, and occupants often suffer from pressure ulcers.
The investigations of the interaction between human body and seat cushion were
therefore becoming quite meaningful. In the present work, the finite element (FE)
human model was set up, then body segment mass was verified by comparing
segment mass percentages with previous data. In addition, the validation study for
this model was conducted by the pressure distribution experiments over
human-rigid seat interaction under three sitting postures. The maximum values and
the average values were used to quantify the experimental and computational
pressures on the seat cushion, the results reveal that the presented numerical
method leads to a good correlation with the measurements. On the basis of this, this
model was applied to predict the interactions between human body and a real
automobile seat, the results of body pressure distribution characteristic parameters
including the maximum pressure, average pressure and contact area etc., as well
as the contact shear stresses and stresses within the soft tissue were obtained. It
was concluded that the model has the potential to accurately simulate the pressure
distributions, and the research provides an effective way to assist the design and
riding comfort evaluation of automobile seats.
1. Introduction
One of the most important indicators in vehicle comfort evaluation is sitting comfort. The foam seat, as
the main interface of human-automobile interaction, strongly affects sitting comfort, and pressure
distribution on the foam seat has been regarded as the most important objective parameter for
discomfort prediction (Nicol and Rusteberg, 1993).
A quantity of indicators have been put forward to characterize the ride comfort. Experiments were
conducted to determine the relationships between objective measures and subjective ratings of comfort
(Carcone and Keir, 2007; DE LOOZE et al., 2003; Kolich, 2004). Extensive researches on the seat rely
mainly on traditional methods that based on the experimental testing system (Chae et al., 2011; Wu
and Rakheja, 2008), however, these methods are time consuming and costly.
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The development of

computer

technology provides

a

new method for this

research.

Correspondingly, the most critical task is to develop an appropriate human model. Mohanty and
Mahapatra (2014) and Tang et al. (2010) analyzed pressure distribution via modeling 2-D buttocks and
seat model. Oomens et al. (2003), Wagnac et al. (2008) and Verver et al. (2004) investigated the
pressure distribution at ischial tuberosity and in-body stresses by using the established
three-dimensional buttocks models, while ignored other body parts.
The major limitation of the human partial models is that it is difficult to perform accurate measurements
of the interface. Therefore, some authors (Grujicic et al., 2009; Choi et al., 2006) have proposed the
whole human models with complete geometric, while few validation studies have been explored. The
th

Hybrid III 50 percentile male is the most widely used crash test dummy, with appropriate modification
and validation, the model is considered to have high capability of calculating interface pressure.
The aim of this study was to set up complete human FE model to predict pressure distributions, the
model is built based on Hybrid III dummy, and the validation study of the body segment mass and body
pressure distribution were conducted, then the model was used in the prediction of the interaction
between human and automobile seat, the results reported in the study is useful for designing seat.
2. Human FE modeling
2.1 Modification of human model
It is crucial for accurate analysis to establish an appropriate human model. In this paper, a human
model is built based on the Hybrid III dummy, which has excellent biofidelity. Currently, the human
models is available for many FE codes. Since the dummy is used in the evaluation of automotive safety
restraint systems, the details of the model were poorly simulated for the element size is large and
coarse. Therefore, it is necessary to modify the model elements and adjust the posture in order to meet
the requirement of FE analysis.
Firstly, the element size should consider both computation efficiency and accuracy. Five human-seat
models with different size grades (40-50, 20, 15, 10, 8mm) were set up. Pressure results are displayed
in Fig. 1, and the computation time for the five models is 3.5, 21.4, 37.0, 37.6 and more than 55.1 hours,
respectively. It is obvious that 10 mm is the proper size in consideration of both computation efficiency
and accuracy. Therefore, in this paper, 10 mm size element was used to mesh the human model.

176

For the skeletal system, great complexity exists in the structure, reasonable simplification is required: a)
Ignore body parts that have little effect on the analysis, such as phalanges, toe, etc; b) Simplify irregular
bones, such as the limb bone, both of which are simulated by using circular tube; c) Detailed modeling
of significant body parts, such as the abdominal cavity, established two symmetrical ribs on left and
right sides, then the front and back of the ribs are linked with the gladiolus and the thoracic spine,
respectively. The skeletons and soft tissues portions were finally established, and shown in Fig. 2.
2.2 Material model
The material characteristic of different human tissues, including skeleton, muscle and nerves, etc, are
various. All bones are modeled as rigid body, the skeleton are considered with linearly-elastic isotropic
3

material with stiffness of E=16.7 GPa, density of ρ=1700 kg/m and a Poisson’s ratio of 0.3. For the soft
tissue, all components are considered as the relevant muscle material, a hyper-elastic isotropic
incompressible law is used. In this study, the muscular portion was modeled using a Mooney-Rivlin
hyperelastic isotropic model, whose strain energy function is defined as:





WMR  C1 I1  3  C2 I 2  3  C3 I 3  1  C4 I 3  1
2

2

(1)

Here I1, I2 and I3 are the three invariants of the Cauchy-Green strain tensor. C3 and C4 related to CI, C2
and Poission’s ratio as follows:

Fig. 1 Pressure distribution results for the five kinds of human models.

Fig. 2 Human finite element model for (a) the skeletal portion and (b) soft tissues portion of the seated human
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analyzed in the present work.

A3 
A4 

1
A1  A2
2

(2)

A1 5  2  A2 11  5
21  2 

(3)

Following the strain energy function and the compression-force vs. displacement experimental data
(Zhang et al., 1997), the values for A1 and A2 were assigned to: A1 = 1.65 kPa, A2=3.35 kPa. Other soft
tissues, such as organs and brain which have little influence on the contact result, were modeled by
lumped mass elements.
3. Validation of body segment mass
The load applied to the human-seat system model is associated solely with the weight of the seated
human, so the body segment mass distribution needed to be verified. The mass and mass percentage
of body segments were computed, then compared the mass percentage with previous data published
by Zatsiorsky (1987). Results were shown in table 1. The segment mass percentages of this human
model are nearly equal to other studies, and all the mean relative error of segment mass percentage is
below 2%, which indicated that the proportion of segment mass is correct and credible, and this human
model is reasonable. Thus, the human model could be used in further study of the body pressure
distribution over the human-seat interaction.
4. Validation of pressure distribution
4.1 Rigid seat model and sitting posture
A rigid seat is not used in the realistic automobile, however, compared with the soft seat, the material
performance is more stable, and there is no disturbances introduced by the soft foam cushion, the rigid
seat is more suitable for the validation study. The rigid seat comprises seat cushion and backrest,
2

2

which have been modeled by two flat surfaces of 410×375 mm and 610×375 mm , respectively. Both
of them are meshed by shell element with the size of 10 mm. Due to the rigidity, the seat is considered
3

with linearly-elastic isotropic properties with stiffness of E=16.7 GPa and density of ρ=1700 kg/m .
For the application of the model in the evaluation of static sitting comfort, the modulation of the set-up
for the human-seat system model should be possible. Generally, the height of ischial tuberosity is
thought of as a measurement index for sitting position. Different sitting posture was achieved by
adjusting the angle of knee (α), the angle between thigh and torso (θ) and the height of the seat surface
(H) to appropriate values refer to the SAE267C, the parameters of sitting posture is depicted in Fig. 3
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Table 1 Comparison of segment mass percentage
Head and

Segment

neck

Trunk

Upper

Lower limb

limb

and hand

Thigh

Leg
feet

Dissect method

7.9

50.7

3.3

2.54

11.9

6.4

Weighing method

/

52.95

2.6

2.52

12.20

6.11

Gamma ray method

6.94

43.46

2.71

2.64

14.17

5.70

Present model

8.04

48.03

3.01

2.21

11.03

5.62

Mean error

0.62

1.01

0.14

1.07

1.73

0.45

(a). For the comfortable sitting position (C), the angle of α and θ is 103° and 96°, respectively, and H is
44 cm. One uncomfortable sitting posture is related with too high seat surface (TH), we adjust the
height of seat surface, the angle of α and θ to 50 cm, 95° and 98°, respectively. In this case, the
occupant sit on the seat with feet unsupported. Another uncomfortable sitting posture is related with too
low seat surface (TL), we adjust H to 34 cm, the angle of α and θ to 80° and 93°, respectively.
4.2 Simulation of Pressure Distribution
In the simulation of pressure distribution, the human model was positioned just above the rigid seat with
backrest in a normal posture and associated with the loading of human weight, as shown in Fig. 3 (b).
The computation is carried out under gravity loading in the negative z-direction with the inertial
2

acceleration g of 9800 mm/s . The interactions between the human model and seat was defined by
contact pairs, the contact boundary condition is a special kind of discrete constraint in the FE analysis,
all the contact pairs, including the feet and footrest, thighs and cushion, trunk and backrest, are defined
as “surface to surface”. The surfaces between the bone and muscle were tied together so that there
was no relative motion between them. The pressure distribution of the rigid seat for three sitting
positions has been computed using MARC software.

Fig. 3 The parameters of sitting posture (a) and configuration of the seated-human/rigid
seat for (b) simulation and (c) test.

179

4.3 Measurement of pressure distribution
The comparative experimental measurements of the interaction between human and seat are
conducted using the XSENSOR Pressure Imaging System, the system comprises a seat cushion
sensor pad with 1600 sensors arranged in 40 rows and 40 columns and a back cushion sensor pad
with 2560 sensors arranged in 40 rows and 64 columns. The resolution of the system is 12.7 mm and
the sampling rate is up to 39 Hz.
The configuration of the seated human/rigid seat for measurement was shown in Fig. 3 (c). Before
performing the experiment, adjustments of the rigid seat were made according to the parameters of
three sitting postures defined in simulation analysis. Subject was requested to sit on the rigid seat with
hands on the lap while adapting three seated postures. Throughout all process, special care should be
taken by each subject to minimize wrinkles on the pads. After the pressure value being stable, 2
minutes of continuous pressure data recording started.
4.4 Result analysis
Fig. 4 depicts the pressure distribution predicted by the human model and the pressure distribution of
the volunteer on a rigid seat in the sitting posture of C. In both cases, the maximum pressure of the seat
cushion located right under the ischial tuberosities, the error between measured (51.05 kPa) and
FE-predicted (53.12 kPa) peak pressure was about 2 kPa. The tendency of the pressure distribution
shows the ideal pattern of decreasing gradually around from the peak pressure point. For the backrest,
the maximum pressure appears at the position corresponding to scapula area. Comparison of
longitudinal pressure distribution curves on the seat cushion of both simulation and test are shown in
Fig. 4 (e), the pressure decreases gradually around from the ischial tuberosity area, very good
accordance of the pressure curve is clearly observed between simulation and test.
Similarly, contact pressure of another two sitting postures have been also conducted. Under the two
postures, the size and shape of the contact area for both simulation and test corresponding to each
other, as shown in Fig. 5. The maximum pressure obtained by the two methods is located right below
the ischial tuberosity as well, and high pressures also appear under the thigh and the knee popliteal
fossa in the sitting position of TH. The values for the maximum pressure and the average pressure
predicted by the human model approach the experimental values well.
The comparison of the peak pressure and the average pressure between computational and
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experimental results is listed in table 2. By comparing the results, It can be observed that the values of
the maximum contact pressure and the average pressure are very close to each other, and the relative
errors are all below 10%. Therefore, the present human model can reflect the pressure distribution of
human-seat system precisely.

Fig. 4 The pressure distribution comparison between measurement and
simulation for the sitting position of C while seated on the rigid seat: simulated
results for seat cushion (a) and backrest (c); measured results for sea cushion (b)
and backrest (d). (e) Comparison of longitudinal pressure distribution curves.

Fig. 5 The pressure distribution predicted by the human FE model (a) and the
pressure distribution of a real human (b) on the rigid seat cushion for TH sitting
position; The pressure distribution predicted by the human FE model on the seat
cushion (c) and on the backrest (e), and the pressure distribution of a real human
male on the seat cushion (d) and on the backrest (f) for TL sitting position.
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Table 2 The comparison between computational and experimental pressure results
Sitting

Components

Pressure

Simulation

Test

Relative

/KPa

/KPa

error/%

P.P.

53.12

51.05

4.05

A.P.

7.62

7.54

1.06

P.P.

7.80

7.40

5.41

A.P.

1.95

2.12

-8.02

posture
C

Seat cushion
Backrest

TH
TL

Seat cushion
Seat cushion
Backrest

P.P.

51.52

53.46

-3.63

A.P.

7.48

7.82

-4.35

P.P.

107.33

110.31

-2.70

A.P.

10.999

10.49

4.85

P.P.

11.91

11.51

3.48

A.P.

2.43

2.56

-5.08

5. Pressure distribution prediction of automobile seat
For pressure distribution measurement, the major limitation is that it is almost impossible to obtain the
information about muscular load and shear force between human and seat (Verver et al., 2004; Grujicic
et al., 2009), which have strong influences on comfort sensation and seats designing. After the
validation of body segment mass and pressure distribution, the human model was applied to predict the
interaction between seated human and automobile seat.
5.1 Automobile seat
The seat model contains seat frame and foam cushions, which can be meshed with shell elements and
solid elements, respectively. The seat frame was considered with linearly elastic isotropic material with
3

stiffness of E=210 GPa, density of ρ=7800 kg/m and a Poisson’s ratio of 0.3. While the material of the
seat foam, which includes seat cushion, backrest and headrest, were represented using a nonlinear
compressible hyperelastic foam material model, the strain energy function is:
N
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(4)

Where N (=1,2,3) is the polynomial model order; μi, αi, βi are temperature-dependent material
parameters; λi is principal stretch ratios and J is volume change ratio of elastic-deformation. The static
el

material properties are determined according to uni-axial compression experiment, and the constitutive
relation model of foam material was defined by an experimental stress-strain curve (Grujicic et al.,
2009). In this study, a second order strain energy hyperfoam potential function was used (Grujicic et al.,
2009; ASTM, 2008), then in the FE code MARC the material parameters are determined as: µ1=164.86
kPa, α1=8.88, β1=0.0, µ2=0.023 kPa, α2=4.82, β2=0.0.
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5.2 Results
Again, pressure distribution of the foam cushion for a specific sitting posture was conducted. Fig. 7
depicts the pressure distribution and shear stresses predicted by the human model on a soft seat. It is
clear that the size and shape of the contact area obtained from the rigid seat and soft seat are
corresponding to each other, the peak pressure and average pressure of the soft seat is 21.39 kPa and
8.05 kPa. The peak pressure is much smaller than that of rigid seat. whereas the tendency of the
pressure distribution is similar, and the magnitudes of the pressure are in the same order. It is
commonly known that shear stresses at the contact interface(s) and stresses within the human body
can also be developed during the process of sitting, and the stresses will, no doubt, contribute to the
perception of seating discomfort (Luboz et al., 2014). The computed result of contact shear stresses is
depicted in Fig. 6, which shows that the tendency of the distribution is different from contact normal
pressure, larger stresses appear near the boundary of contact area, the maximum stress is 14.05 kPa.

Fig. 6 Contact normal pressure distribution on vehicle seat cushion for simulation
(left) and the contact shear stress distribution over human/seat interface of
simulation (right).

Fig. 7 Distribution of the von Mises equivalent stress in the soft tissue along a
cross-sectional plane through the left ischial tuberosity
Typical stress distribution of soft tissue from the cross-sectional view passing through the left ischial
tuberosity is shown in Fig. 7. The left contours show that high levels of tissue stresses mainly
concentrate at the vicinity of the shoulder, waist and the ischial tuberosity area, the maximum stress
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obtained through the present work is 20 kPa or so. The distribution of von Mises equivalent stress act
around the hips is displayed in the right, and much higher stresses occur near the ischial tuberosity.
6. Discussion and conclusion
In this study, a FE model of complete human body in sitting position for prediction of pressure
distribution was developed. Advantages of this model, over models previously proposed in literatures
(Mohanty et al., 2014; Tang et al., 2010; Oomens et al., 2003; Todd et al., 1994; Wagnac et al., 2008;
Verver et al., 2004), are its integrity and strong posture adjustment capability, as well as the realistic
prediction of pressure distribution.
The present model was thoroughly validated by two separate methods. The validation of pressure
distributions was found to be in good agreement with measured results. The difference between
simulation and test results may be partly attributed to the simplified model description of bony
structures and soft tissues. Furthermore, in the sitting posture of TL, the maximum pressure on seat
cushion exceeds 110.31 kPa, the maximum pressure that could be recorded by the XSENSOR
systems, this might also have an impact on the pressure estimation. The peak pressure on the seat
cushion were ranging from 51.52 to 107.33kPa, the same order as what has been reported in previous
studies (Brienza et al., 1996; Verver et al., 2004; Wu et al., 1998). For the backrest, the maximum
pressure increases to 160% due to a decrease of 10 cm in the height of seat surface, and this
magnitude is comparable with the peak values, ranging from 4.63 to 7.88kPa, observed by Carcone
and Keir (2007) under two backrest configurations. Average pressures over the rigid seat were also
consistent with pressure measurements conducted under similar conditions (Bader and Hawken, 1986;
Moes, 2007; Carcone and Keir, 2007), with average pressure value from 6 to 11 kPa on the seat
cushion and from 1.95 to 3 kPa on the backrest.
In the prediction of the interaction between human body and vehicle seat, the contact pressure was
significant lower as compared to that of rigid cushion. Similar values were reported by Wagnac et al.
(2008), Aissaoui (2001) and

Linder-Ganz et al. (2007). As to shear stress, the maximum stress on the

interface differ significantly with the value (6.3 kPa) of Verver et al. (2004), also, it should be noted that
the result of shear stress was obtained under the constant friction coefficient condition of 0.5. Internal
stresses showed that stresses occurring in the soft tissue are inhomogeneous, and the peak stress
(21.09 kPa) is comparable with the peak values of 14.632 and 20.324 kPa for tilting angle of 0 and 30
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degree published by Mohanty and Mahapatra (2014), but much smaller than a peak pressure of 37.1
kPa at the bone-soft tissue interface observed by Wagnac et al. (2008). The current study also found
that there is higher and more concentrate stresses in the vicinity of shoulder and waist area as well, this
is the reason why it is easy to cause discomfort and health disorders (e.g. back and shoulder pain,
pressure ulcers at ischial tuberosity) (Johanson and Johrén 2007; Luboz et al., 2014) during the driving
process. Hence, the ability of the model to provide information in regions near bony prominence is of
prime importance, which plays a crucial role in guiding seat design.
However, this model proposed in this study exhibits some limitations. The body pressure distribution
acquired in the paper only limited to static conditions presents the primary limitation of our study. This
model exhibits other limitations such as an overly simplified geometric description for bony structures,
and soft tissue was currently proposed without the skin layer, which was expected to buffer external
load, also the limitation of the approximate material model for foam seat and soft tissue can cause
stresses at the contact area somewhat different from experimental results. Despite these limitations,
the human FE model could predicted realistic pressure distributions, thus providing reference for riding
comfort and biomechanical evaluation for vehicle seat.
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Abstract
Lightweight is an important measure to the fuel efficiency and the cost reduction in
development of contemporary vehicles. However, how the lightweight structure
could affect the NVH performance or ride comfort of a vehicle needs to be carefully
investigated. In this paper, the effect of a lightweight rear differential unit of a sport
utility vehicle on ride comfort was studied. A multi-body dynamic model of the
vehicle was developed which includes powertrain and driveline, tyres, suspensions,
steering system, and a flexible car body. The baseline model was correlated with
the accelerations measured at the seat rail in a field test. Using the correlated
model, a factorial analysis of Design of Experiment was conducted to study the
sensitivity of the masses and the moments of inertia of rear differential components
on the vibration at the seat rails in terms of accelerations r.m.s. values. Results
showed that the seat rail vibration energy was centred at two frequency ranges: 1-2
Hz and 6-15 Hz. The vibration in these two frequency bands in different directions
had different sensitivities to the variation of the mass properties of the rear
differential unit. It was found that the vertical vibration of the seat rail was most
sensitive (in descending order) to: the mass of the rear differential housing, the
moment of inertia of the inner constant velocity joint about the longitudinal direction,
and the mass of the driveshaft. In the context of this study, they are three most
significant contributors to the ride comfort that need to be considered when
designing a lightweight structure for the rear differential unit.

1. Introduction
Power performance and fuel efficiency are important measures of a vehicle as well as the noise,
vibration and harshness (NVH). To reach a greater fuel efficiency and a lower cost, lightweight
structures are increasingly used by automobile manufactures. Nevertheless, the effect of weight
reduction on NVH, which is always a strong influencing factor for customer decisions, needs to be well
considered. Among various NVH factors, the ride comfort is at a high level of concern which has been
highly advocated by relevant standards such as ISO 2631 (1997) and BS 6841 (1987).
Vehicle is such a complex and coupled dynamic system that any changes of its parts may have
significant influence on the vibration transmitted to seats and occupants. The road irregularity and the
engine unbalancing forces are the two main excitation sources. In idle condition, vibration of engine
and driveline is the main input that causes seat vibration. When a vehicle is travelling on a road with
the crankshaft exceeding the first critical speed, the road roughness will be the predominant input in
relation to the seat vibration (Ahlin and Granlund, 2002). With a vehicle travelling on a road at speed
(e.g., at 60 mph), the vibration excited by road roughness is transmitted to chassis including
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suspensions, to tsub-frames and car body through various bushings or mounts, finally to seats and
occupants.
There are many transfer paths and contributing factors affecting the seat vibration. To find a purposeful
optimization objective and evaluate the effect of weight reduction on ride comfort in a (vehicle) system
level, multi-body dynamic (MBD) simulation is one of the most efficient approaches and has been
proven reliable and useful (e.g., Yang et al., 2009). To utilise this method, the first step is to develop a
suitable multi-body dynamic model of the vehicle. This model should include the main subsystems or
substructures so as to properly reflect vehicle and seating dynamics (Kortüm, 1993). The structure or
complexity of the vehicle model depends on types of the excitation, the vibration transmission path
involved, and the scope of application. A representative model of a seat and occupant system may be
sufficient for sensitivity analysis for identifying key parameters affecting the ride comfort and providing
useful information for optimisation of seat comfort (Brogioli M et al., 2011; Qiu and Griffin, 2011). A
model comprising wheels, front and rear suspensions, and car body may be suitable for analysing ride
comfort when a car is travelling on a road (Goncalves and Ambrosio, 2005). A detailed car model
focusing on the hydro-pneumatic spring-damper suspension system was used to adjust the
suspension settings for optimising ride comfort (Uys et al., 2007). It is assumed in this study that a
model consisting of tyres, suspensions, driveline system and flexible car body would be appropriate for
analysing ride comfort and performing sensitivity analysis to identify significant factors among the mass
properties of the driveline that affect the seat vibration.
Transmission driveline generally consists of transmission gearbox, prop shafts, front and rear
differentials, and drive shafts as well as connecting joints and mounts. Changes of the components
may affect the vibration transmitted to the seat, and the degree of effects may vary in different
directions and frequency regions. It is desirable that a sensitivity analysis is carried out before
modification of parts to check the contributions and the effects of the changing components (Chen et
al., 2010). Sensitivity analysis is powerful in identifying contributions of design parameters to the
objective performance of a system. Performing a sensitivity analysis by modifying one parameter per
time is practical and relatively easy to implement (e.g., Braghin et al., 2005; Qiu and Griffin, 2011) but
has limitations in computational efficiency and costing. Design of Experiment (DOE) can help find
cause-and-effect relationships between factors and outputs efficiently and can be carried out in
different methods, such as the factorial design (Plackett and Burman, 1946), the response surface
design (Box and Draper, 1987), the mixture design (John, 1984), and the Taguchi design (Peace,
1993). The 2-level factorial design is used in most DOEs because it is simple, versatile and can be
applied to cases with many factors (Xu et al., 2009). There may be two main advantages of the 2-level
design: the size of experiments is much smaller than other designs, and the interactions between the
factors can be detected (Bingham and Sitter, 2001).
The objective of this study was to conduct a sensitivity analysis to identify how mass properties of a
rear differential unit and related driveline could affect the seat rail vibration and hence ride comfort. To
this end, a vehicle model was developed in a multi-body dynamics environment. The vehicle model
was correlated against the measured data in a field test. A sensitivity analysis was then conducted
using Design of Experiment method to identify significant factors among the mass properties of the
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driveline and their contributions to the seat rail vibration. It is expected that the analysis results can
provide a guidance on the mass reduction of the rear differential unit and adjacent parts and to
understand the effect of the mass reduction on ride comfort.
2. Development of the multi-body dynamic model
2.1 Construction of the model
The MBD model of the vehicle (LHS drive) initially provided by a project collaborator was developed
using SIMPACK software (Version 9.7). The model consists of tyres, suspensions, powertrain and
driveline, and a flexible car body, as shown in Figure 1 (the car body is not shown). The tyres were
established using the Flexible Structure Tire Model (FTire) suitable for relatively high-frequency and
short-wave-length road excitation. Nonlinear air springs, hydraulic mounts and dynamic bushes were
adopted for modelling the main suspension and the power unit and differential mountings. The driveline
includes the front and rear differential units, prop shafts, drive shafts and the adjacent constant velocity
(CV) joints. The flexible car body was built up in NASTRAN using the finite element (FE) method and
its modal model was imported into SIMPACK to be combined with the MBD model of the car.
In the simulation, the road roughness and the air resistance were considered as external disturbance
and forces applied on the vehicle. The road roughness defined with the model was measured from a
smooth (B) road provided by the project collaborator and the air resistance was calculated as below,

1
Fair   air Avehcv 2
2
1
Mair   air AvehcMv 2 l
2
where Fair and Mair are the air force and moment, ρair is the air density, Aveh is the characteristic area of
the vehicle, c and cM are the constant air resistance coefficients for force and moment, v is the vehicle
velocity, and l is the vehicle wheelbase.

Figure 1 Multi-body dynamic model for the sport utility vehicle.
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2.2 Calibration of the model
Before conducting the sensitivity analysis, the developed model was correlated with the experimental
data measured from a field test. The accelerations at the seat rails on the driver side were measured
with the vehicle travelling at 60 mph on the same (B) road as adopted in the model simulation. The
power spectral density (PSD) of the seat rail acceleration in the vertical direction simulated with the
correlated model is overlaid with the corresponding measured data, as shown in Figure 2. It can be
seen that the model was correlated reasonably well.

Figure 2 Comparison between calculated and measured acceleration PSDs (seat rail, driver side).
3. Sensitivity analysis
3.1 Method and design
The primary task of this sensitivity analysis is to identify the contributions of the mass and inertia of
relevant rear differential unit (RDU) components to the vehicle seat vibration.
The RDU system consists of an input shaft, a rear differential gearbox (RDG), two CV joints, and two
drive shafts (DS), as shown in Figure 3. The mass properties of the rotating components inside the
RDU housing (such as input and output shafts, gears and bearings) were integrated with those of the
rear differential housing at the centre of gravity (CoG) of the RDG assembly. This treatment may miss
out high frequency vibration contents caused by gear coupling, oil film oscillation, and bearing
misalignment, but contains the low frequency vibration excited by road (which is of importance to the
ride analysis) and is beneficial to reducing computational costs (which is essential for a system level
sensitivity analysis involving using a large scale vehicle model).
The design parameters considered in this analysis include the masses and the moments of inertial
about three orthogonal (x-y-z) directions of the RDG, the CV joint, and the drive shaft (DS). In view of
the symmetry of the geometry and layout, only one set of mass property (mass and moments of inertia
about the axial (y) and radial (x and z) directions) of the drive shafts (left-hand side (LHS) or right-hand
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side (RHS)) are considered. Similar treatment was applied to the LHS and RHS CV joints. As a result,
a total of 10 factors were considered in the sensitivity analysis, i.e.,


M(RDG), Ix(RDG), Iy(RDG), Iz(RDG) - mass and moments of inertia about the longitudinal,
lateral and vertical directions of the rear differential gearbox



M(CVJ), Ix(CVJ), Iy(CVJ) – mass and moments of inertia about the radial (longitudinal) and
axial ( lateral and vertical) directions of the constant velocity joint



M(DS), Ix(DS) and Iy(DS) - mass and moments of inertia about the radial (longitudinal) and
axial ( lateral and vertical) directions of the drive shaft

Figure 3 Schematics of the rear differential unit and adjacent components.
A DOE method was employed for the sensitivity analysis – a 10-factor and 2-level factorial analysis
using MINITAB (version 17). The upper level and lower level values of each factor were calculated by
increasing and decreasing 30% from its nominal value corresponding to the correlated baseline model.
The number of runs necessary for a 2-level full factorial design is 2k where k is the number of factors.
As the number of factors increases, the number of runs necessary to perform a full factorial design
increases rapidly. A 2-level full factorial design with 10 factors requires 1024 runs which is
computationally very expensive. To make the analysis more practical, a fractional factorial design
analysis with 32 runs and resolution IV was adopted. Design resolution describes the extent to which
effects in a fractional factorial design are aliased with other effects. The reduced number of runs was
to some extent compromised by the reduced resolution. In the current study, however, the adopted
method can still give satisfactory results as the main effects of the design factors which are of primary
concern were not affected. With resolution IV, no main effects are aliased with any other main effect or
2-factor interactions.
3.2 Sensors and solver
Six sensors were defined at: the seat rail on the driver side, the seat rail on the front passenger side,
the base of the rear left passenger seat, the base of the rear centre passenger seat, the base of the
rear right passenger seat, and the bottom face of the RDU housing. While the vibration of the RDU
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housing was included as an extra check or a reference, accelerations at the seat rail or base of the
front and rear seats are acquired as the measure for analysing the vehicle ride comfort.
During the simulation, a backward differentiation formula named SODASRT2 (an implicit multistep
integration scheme with a tolerance of 0.0001) was used to solve the equations of motion of the multibody system. The simulation duration was 25 s, the vehicle speed was 60 mph, and the sampling rate
was 512 samples per second.
4. Results and discussion
4.1 Ride vibration from the baseline model simulation
The acceleration time histories and the corresponding PSDs at the seat rail on the driver side in the
longitudinal, lateral and vertical directions were calculated based on simulations using the correlated
baseline model of the car travelling on the B-road at 60 mph. Taking the accelerations at the seat rail
on the driver side as an example (Figure 4), it can be seen that the acceleration in the vertical direction
(0.63 m/s2 r.m.s.) has the highest value among the three directions, whereas the acceleration in the
lateral direction (0.09 m/s2 r.m.s.) is the lowest. The vibration energy in the vertical direction centred at
two frequency regions (1-2 Hz and 6-12 Hz) with a prominent peak at 1.25 Hz. The vibration energy in
the longitudinal direction centred at the frequency range 9-15 Hz. The vibration in lateral direction is
very low over the frequency range of 0-30 Hz. Similar characteristics were observed for the
accelerations at the seat rail of the front passenger seat.

Figure 4 Accelerations and corresponding PSDs at seat rail on the driver side in three directions.
It is reasonable to believe that the vibration in the vertical direction contributes most to discomfort when
the vehicle travels on the smooth B-road. The vibration energy in the longitudinal direction mainly
distributed between 9 to 15 Hz, which along with the vertical vibration in the range of 8-12 Hz is likely
associated with the powertrain and driveline excitation and should not be neglected. The vibration in
the lateral direction is rather small and may be considered less important to discomfort compared to
the vibration in the other two directions.
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4.2 Responses of the factorial design
The acceleration r.m.s. values at the seat rails of the front seats and at the seat bases of the rear seat
in three directions were calculated and used as the responses in the factorial design (Table 1).
Table 1 Acceleration r.m.s. values (m/s2) at the RDU bottom, front seat rails and rear seat bases in
different runs.
Run
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

RDU bottom

Driver

Front passenger

x

y

z

x

y

z

x

y

z

1.66
1.71
1.66
1.68
1.69
1.66
1.67
1.68
1.74
1.66
1.72
1.71
1.72
1.65
1.71
1.60
1.63
1.65
1.68
1.66
1.75
1.66
1.63
1.61
1.65
1.63
1.72
1.69
1.71
1.69
1.69
1.69

0.38
0.38
0.44
0.43
0.39
0.45
0.43
0.40
0.43
0.39
0.42
0.38
0.42
0.44
0.41
0.41
0.40
0.41
0.42
0.42
0.42
0.42
0.41
0.39
0.37
0.41
0.39
0.37
0.44
0.45
0.45
0.45

1.36
1.35
1.45
1.53
1.38
1.44
1.51
1.49
1.56
1.34
1.55
1.38
1.52
1.41
1.52
1.29
1.29
1.32
1.41
1.41
1.59
1.32
1.31
1.29
1.33
1.30
1.39
1.35
1.46
1.45
1.43
1.43

0.34
0.34
0.35
0.35
0.35
0.35
0.34
0.35
0.35
0.34
0.35
0.34
0.34
0.35
0.35
0.34
0.35
0.35
0.35
0.36
0.35
0.35
0.35
0.35
0.34
0.35
0.34
0.34
0.36
0.35
0.36
0.36

0.10
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11

0.64
0.65
0.65
0.65
0.65
0.65
0.65
0.65
0.65
0.65
0.65
0.65
0.65
0.65
0.65
0.65
0.65
0.65
0.65
0.65
0.65
0.65
0.65
0.65
0.65
0.65
0.65
0.65
0.65
0.65
0.65
0.65

0.33
0.33
0.34
0.34
0.33
0.34
0.33
0.34
0.34
0.33
0.34
0.33
0.33
0.34
0.34
0.33
0.34
0.34
0.35
0.35
0.34
0.34
0.34
0.34
0.33
0.34
0.33
0.33
0.35
0.34
0.35
0.34

0.10
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11

0.54
0.54
0.54
0.54
0.54
0.54
0.54
0.54
0.54
0.54
0.54
0.54
0.54
0.54
0.54
0.54
0.54
0.54
0.54
0.54
0.54
0.54
0.54
0.54
0.54
0.54
0.54
0.54
0.54
0.54
0.54
0.54

Left rear
passenger
x
y
z
0.33
0.33
0.34
0.34
0.34
0.34
0.34
0.34
0.34
0.33
0.34
0.33
0.33
0.34
0.34
0.34
0.34
0.34
0.35
0.35
0.34
0.34
0.34
0.34
0.33
0.34
0.33
0.33
0.35
0.35
0.35
0.35

0.11
0.11
0.11
0.11
0.12
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11

0.67
0.67
0.66
0.67
0.67
0.66
0.66
0.66
0.67
0.67
0.66
0.67
0.67
0.66
0.66
0.66
0.66
0.66
0.66
0.66
0.66
0.66
0.66
0.66
0.67
0.66
0.66
0.67
0.66
0.66
0.66
0.66

Centre rear
passenger
x
y
z
0.33
0.33
0.34
0.33
0.33
0.34
0.33
0.33
0.33
0.33
0.33
0.33
0.33
0.34
0.33
0.33
0.33
0.34
0.34
0.34
0.33
0.34
0.33
0.34
0.32
0.33
0.33
0.33
0.34
0.34
0.34
0.34

0.11
0.11
0.11
0.11
0.12
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11

0.62
0.62
0.61
0.62
0.62
0.61
0.62
0.62
0.62
0.62
0.62
0.62
0.62
0.62
0.62
0.61
0.61
0.61
0.61
0.61
0.62
0.61
0.61
0.62
0.62
0.61
0.62
0.62
0.61
0.61
0.61
0.61

Right rear
passenger
x
y
z
0.33
0.33
0.33
0.33
0.33
0.34
0.33
0.33
0.33
0.33
0.33
0.32
0.32
0.34
0.33
0.33
0.33
0.33
0.34
0.34
0.33
0.33
0.33
0.33
0.32
0.33
0.32
0.32
0.34
0.34
0.34
0.34

0.11
0.11
0.11
0.11
0.12
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11
0.11

0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59

4.3 Standardized effects
The degree of importance of the design parameters on ride comfort is calculated based on the data
given in Table 1 along with the design chart (not shown) generated within MINITAB and displayed
using Pareto charts as shown in Figure 5. In the Pareto charts, a bar extending past the reference limit
(dashed line in the figure) means that the effect of corresponding factor on the acceleration response
at a specific position and direction is statistically significant. It can be seen that the mass of the RDG is
a significant influencing factor to the seat rail vibration on the driver side in the longitudinal and vertical
directions. The moment of inertia of the CV joint about the longitudinal direction is another important
factor to the seat rail vibration on the driver side in the longitudinal and lateral directions. As to the seat
rail vibration on the front passenger side, the mass of the RDG and the moment of inertia of the CV
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joint about the longitudinal direction are the top two sensitive factors. For the vibration at the base of
three rear seats, in addition to the above two factors, the mass of the drive shaft also affects the
vibration significantly, especially in the lateral direction. The effect of the mass of CV joint on the lateral
vibration at the base of the rear left passenger seat just exceeds the significant level. In terms of the
vibration at the RDU housing, the number of the significant factors increases. In addition to the mass of
RDG and the moment of inertia of the CV joint about the longitudinal direction, the moments of inertia
of the RDG with respect to the longitudinal and lateral directions and the masses of the drive shaft and
the CV joint have considerable influences as well. Besides, instead of the mass of the RDG, the
moment of inertia of the CV joint about the longitudinal direction has the most significant effect on the
vibration at the RDU housing.

Figure 5 Standardized effect of design parameters on vehicle vibration at different positons and
different directions (black: x direction, red: y direction, and blue: z direction).
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Since the RDG is the heaviest part and its mass is far bigger than other components of the RDU
considered in the sensitivity analysis, any changes in the mass of the RDG may introduce variations in
the modal frequencies of the RDU system which can affect the vibration transmitted to the RDU
bushes. Indeed, according to the sensitivity analysis, the mass of the RDG and the moment of inertia
of the CV joint about the longitudinal direction are the two most important factors affecting the vibration
at the seat rails (bases), and the latter is the most significant factor affecting the vibration of the RDG in
the lateral and vertical directions.
In summary, there are six factors (mass properties of the RDU) having significant effect on the
vibration at the seat rails and the RDU housing in different directions: the mass of RDG, the mass and
the longitudinal moment of inertia of the CV joint, the mass of the drive shaft, and the moments of
inertia of the RDG about the longitudinal and lateral directions. However, as discussed above, the
acceleration in the lateral direction is much smaller comparing to the vibration in the vertical and
longitudinal directions. Consequently, the vertical and longitudinal vibration at the seat rails and seat
bases was further considered in the analysis of main effects below.
4.4 Main effects
Based on the calculated standardized effects of the design parameters on the seat rail vibration, the
mass of the RDG, the moment of inertia of the CV joint about the longitudinal direction, and the mass
of the drive shaft are the three most significant factors (in descending order) among the 10 factors
examined. How the above three factors affect the ride vibration was further analysed and the results
are shown in Figure 6. The vertical axis of this figure gives the change of the acceleration r.m.s. value
caused by the change of a factor or parameter.
At the front seat rails, the vibration in the longitudinal direction decreases with decreasing the mass of
the RDG and the moment of inertial of the CV joint about the longitudinal direction. The vibration in the
vertical direction is decreased with decreasing the moment of inertia of the CV joint with respect to the
longitudinal direction and with increasing the masses of the RDG and the drive shaft. Among these
three factors, the mass of the RDG contributes most to the vibration at the front seat rails in the
longitudinal direction and to the seat rail vibration on the driver side in the vertical direction. The
moment of inertia of the CV joint about the longitudinal direction is the dominant factor affecting the
vibration at the front passenger seat rail in the vertical direction.
At the rear seat base, the effect of the mass of the RDG and the moment of inertia of the CV joint with
respect to the longitudinal direction on the vibration is similar in the longitudinal direction and in the
vertical direction, respectively. Increase of the value of these two factors is beneficial to the vibration
reduction in the vertical directions, but has adverse effects on the vibration in the longitudinal direction.
Mass reduction of the drive shaft increases the vibration at the rear seat bases in the longitudinal
direction but has very small effect on the vibration at the rear seat bases in the vertical direction.
Although mass reduction of the RDG increases the vibration at all seat rail (base) positions in the
vertical direction, the absolute variation in the acceleration r.m.s. value (about 0.0006-0.0085 ms-2) is
rather small which may be hardly to be detected by drivers or passengers. In the longitudinal direction,
mass reduction of the RDG reduces the vibration at all seat rail (base) positions, and the level of the
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vibration reduction in the longitudinal direction is about double of the level of the vibration increase in
the vertical direction. Reduction of the moment of inertia of the CV joint about the longitudinal direction
is generally beneficial to vibration reduction at the seat rail (base) in the longitudinal and vertical
directions. Lightweight drive shaft has much less effect on ride vibration compared with the mass
reduction of the RDG and the CV joint.
5. Conclusions
Ride analysis of a correlated baseline model of a vehicle travelling on a B-road shows that the vibration
at seat rails in the lateral direction is much smaller than that in the longitudinal and vertical directions.
The sensitivity analysis shows that the mass of RDG, the moment of inertia of the CV joint about the
longitudinal direction, and the mass of the drive shaft are the top three factors (in descending order)
affecting the vibration at seat rails or seat bases, which needs to be taken into consideration when
designing a lightweight structure for the rear differential unit.
The effects of the design factors (mass properties of the RDU system) on the vibration at seat rails and
bases vary in different locations and directions. In the longitudinal direction, reduction of the mass of
RDG and the moment of inertia of the CV joint about the longitudinal direction is beneficial to reducing
the vibration at seat rails and bases. The weight reduction of the drive shaft will slightly increase the
vibration at seat rails (bases) but the amount is rather small. In the vertical direction, the trend of the
mass reduction of the RDG and the drive shaft on the seat rail vibration is similar: decrease of the
masses results in increase of seat rail vibration. Reduction of the moment of inertia of the CV joint with
respect to the longitudinal direction is beneficial to reducing the vibration at the front seat rails in both
longitudinal and vertical directions and at the rear seat bases in the longitudinal direction but has
adverse effect on the vibration at the rear seat bases in the vertical direction.
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Figure 6 Main effects of the significant parameters on the seat rail or base vibration in the longitudinal
and vertical directions.
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Abstract
Though vehicle occupants adjust the positions of seat slides, lifters and head
restraints for their physical constitutions, the effects of such seating position and
human body on seat vibration and ride comfort are not fully clarified yet. So,
vibration transmissibilities from a vibration table to seat frames were measured in
both occupied and unoccupied conditions when the positions of the adjusters were
adjusted. For seat slide position, it was found that gains at resonance frequencies
at backrests increased at the front most position in unoccupied condition, but those
decreased conversely in occupied condition. It was also found that peak gains at
backrests in torsional mode were reduced with the increasing height of the seat
lifters, and resonant frequencies and peak gains at backrests varied much with
changes of the height of the head restraints.

1. Introduction
Ride comfort in a moving car can be evaluated quantitatively using vibration measured at the interface
between a vehicle seat and an occupant in occupied condition (e.g. BS 6841 ,1987; ISO 2631-1, 1997;
Kato, 1999) as seat vibration varies between occupied and unoccupied conditions (Kato et al., 2004;
Tamaoki et al., 2012; Lo et al., 2013).
Generally, vehicle drivers and passengers adjust their seating position to assume maneuverable
and/or comfortable postures. For example, an occupant with large body frame sets his/her seat slide
position rearward, seat lifter position lower, and head restraint position higher. However, the effects of
such seating position and human body on seat vibration and ride comfort are not fully clarified yet. In
this study, we focused on seat slides, seat lifters and head restraints that vehicle occupants adjust for
their physical constitutions, and measured the seat vibration characteristics by changing the positions
of those adjusting devices.
2. Experimental method
2.1 Experimental apparatus
In the experiment, three types of passenger vehicle seats with common structure were evaluated. One
of the seats and a steel footrest were attached to the vibration table of 1.8 m length and 1.8 m width of
the 6 degree-of-freedom vibration simulator (IMV). To remove the influence of the changes of sitting
posture on seat vibration, the position of the footrest was adjusted along with the changes of H-point
due to adjustment of seating position. Piezoelectric triaxial accelerometers were attached to the seat
frames and the vibration table as shown in Figure 1. Three-axis uncorrelated flat-spectrum random
vibration, ranging from 0.5 to 100 Hz in fore-aft (X), lateral (Y) and vertical (Z) direction, were used for
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Figure 1. Locations of accelerometers on a seat frame

Table1 Seating position used in the experiment
Mechanism

Position (abbreviated name)

Reference position

Front Most (F/M)
Seat Slide

Middle (MID)
Rear Most (R/M)

✓

Upper Most (U/M)
Head Restraint

Middle (MID)
Lower Most (L/M)

✓

Upper Most (U/M)
Seat Lifter

Middle (MID)

✓

Lower Most (L/M)

2

vibration excitation. The magnitude of vibration was 1.0 m/s r.m.s. in each axis.
2.2 Experimental procedure
After the adjustment of seat slide position, seat lifter height and head restraint height using respective
adjusters, a test seat was vibrated by the vibration simulator and acceleration at seat frame and
vibration table was measured. Seating positions used in this study are shown in Table 1. At reference
seating position, a seat slide device was set to its rear most position, a seat lifter was set to its lower
most position and a head restraint was set to the lower most position. And at the other seating
positions, the only one device among three was used to adjust seating position. The backrest angles
were the same at all seating positions.
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Then, vibration transmissibilities from the vibration table to the seat frame were calculated, and natural
vibration frequencies and vibration modes were obtained using experimental modal analysis.
2.3 Participants
Two healthy males with standard proportions took part in the experiment. They all gave their informed
consent to participate in the experiment.
To minimize the changes of sitting posture, they were instructed to;


Sit back in a seat and lean on a backrest comfortably.



Keep their elbows from getting touch with backrest bolsters and put their hands on their laps.



Adjust footrest position so that they could sit on a seat comfortably.



Keep their head away from a head restraint and loot at a marker on a wall ahead.

3. Results
Figure 2 shows the mode shapes of three major vibration modes obtained using experimental modal
analysis. Whole of a seat rotated around the seat slide rails to roll direction in the lateral mode (a) and
to pitch direction in fore-aft mode (b). In torsional mode (c), seat pans indicated roll motion and
backrests indicated yaw motion. These modes were observed below 35 Hz in all of the three seats
used in the experiment.
Comparisons of transmissibilities at Point A at reference seating position between occupied and
unoccupied conditions are shown in Figure 3. It was confirmed that the peaks of the transmissibilities
around 20 Hz in Figure 3 (a) were corresponding to fore-aft mode, and those in Figure 3 (b) were
corresponding to lateral mode. It can be seen that their frequencies increase and their gains decrease
in occupied condition in this frequency region compared with those in unoccupied condition. These
results suggest that human body adds the effects of modal stiffness and modal damping to seat
systems [3]. The same tendencies were observed in all of the three seats. Such changes were
observed at all seating positions and all three seats.

(a) Lateral mode

(b) Fore-aft mode

(c) Torsional mode

Figure 2. Major vibration mode shapes

201

20

dB

dB

-5

- 10
- 20

- 15

10

20

30 40 50
Hz (Hz)
Frequency

Unoccupied
Occupied

15
10
5
0

Gain (dB)

10
5
0
-5

Gain (dB)

25

Unoccupied
Occupied

70 100

(a) Backrest X / Table X

10

20

30

40 50 60

100

Hz (Hz)
Frequency

(b) Backrest Y / Table Y

F/ M
MID
R/ M

5
0
-5

5
0
-5
- 10

- 10
- 20

F/ M
MID
R/ M

20
15
10

dB

Gain (dB)

20
15
10

dB

Gain (dB)

Figure 3. Effects of human body on vibration transmissibilities at Point A (Seat A)
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Figure 4. Effects of seat slide position on vibration transmissibilities at Point A
(Backrest X / Table X; Seat A)

3.1 Effects of seat slide positions
Figure 4 shows the vibration transmissibilities from the vibration table X to the upper side part (Point-A)
of a backrest frame X at three different seat slide positions. In terms of the peaks of the
transmissibilities around 20 Hz, in unoccupied condition (a), the frequencies and gains of the peaks
were almost same at the rear most and the middle positions, but peak frequency was reduced and the
peak gain was increased at the front most position. Meanwhile, in occupied condition (b), the peak
frequencies and gains were almost same at the rear most and the middle positions and the peak
frequency was decreased at the front most position as with unoccupied condition, whereas the gain of
the peak was decreased slightly.
3.2 Effects of head restraint positions
Figure 5 shows the vibration transmissibilities from the vibration table X to the Point-A X at three
different head restraint positions. First peaks at around 20 Hz and second peaks at around 40 Hz were
found and both of them were fore-aft vibration mode. With the changes of head restraint positions from
the lower most to the upper most, the frequencies of both the first and the second peaks were
decreased, whereas the gain of the first peak was reduced and that of the second peak was increased.
These changes were observed in both occupied and unoccupied conditions.
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3.3 Effects of seat lifter positions
Figure 6 shows the vibration transmissibilities from the vibration table X to the Point-A X (a), those from
the vibration table Y to the Point-A Y (b) and to the Point-A X (c) at three different seats lifter positions.
The results indicated that the peak frequencies changed little regardless of the seat lifter positions.
However, with the change of seat lifter positions from the lower most position to the upper most
position, the peak gains of the transmissibilities in (a) and (b) were increased but that of
transmissibilities in (c) was reduced by contraries. These changes were observed in both occupied and
unoccupied conditions.
4. Discussion
Firstly, the results showed that the positions of the seat slides affected the seat fore-aft mode at
around 20 Hz. As described above, whole of a seat rotated around the seat slide rails to pitch direction
in the fore-aft mode. So, we modelled this mode in unoccupied condition as simple one degree of
freedom mass-spring-damper system as shown in Figure 7 (a). In 1DOF system, natural frequency

ωn

and damping ratio

ζ

can be described as follows;

ωn =
ζ =
where

ks
,
ms
cs

2 ms k s

(1)

,

(2)

ms is mass of a seat, k s is spring constant of a seat and c s is coefficient of damping of a seat.

In common seat slide device, an upper slide raid slides on a fixed lower rail and then the longitudinal
position of a seat is changed. At the front most position, the upper slide rail juts forward against the
lower slide rail. As a result, the length of the mesh between the rails becomes smaller and that of
overhang becomes longer compared with the lengths at middle and rear most positions. Therefore, it
can be hypothesized that the both values of the spring constant and coefficient of damping are reduced
in equal proportion with the change of the seat slide position from the rear most to the front most. As
the values of

k s and c s are reduced in equal proportion in equation (1) and (2), both ω n and ζ are

reduced. This means the reduction of the resonance frequency and increase of the peak gain of the
system, and these results consist with the experimental results above as illustrated in Figure 8 (a).
As for an occupant seat, human stiffness

k h and damping ch are added to the original seat system as

shown in Figure 7 (b). If the sitting postures are the same at all seat slide positions, it can be
hypothesized that
and

k h and ch are constant regardless of seat slide positions. When the values of k s

c s are reduced in equal proportion in the model (b) as with unoccupied condition, the resonance

frequency is reduced but the gain of the peak is not increased as shown in Figure 8 (b). These results
also consist with the experimental results, and the validity of the model is confirmed.
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(a) Unoccupied condition

(b) Occupied condition

Figure 7. 1DOF model for a seat and seat slides

(a) Unoccupied condition

(b) Occupied condition

Figure 8. Comparisons of vibration transmissibilities between the experiment and the 1DOF model

Secondly, the effects of a head restraint are discussed. The vibration transmissibilities at each position
of a head restraint shown in Figure 5 indicated that there were two dominant peaks and the orders of
the magnitude of gains at the first and the second peaks became inverted. From these characteristics
and the structure of seats, we assumed that this mode could be modeled as two degrees of freedom
mass-spring-damper system, where a seat is a main system and a head restraint is a subsystem, as
shown in Figure 9. In this model, the increase of height of a head restraint is corresponding to the
extension of length of . The results of simulation using the model are shown in Figure 10. It was
confirmed that the changes of the frequencies and the gains of the two dominant peaks due to the
change of indicated the same tendency with the responses of the actual seats. And it was found that
there is a gain trade-off between the first and the second peaks.
where,
ms ; Mass of seat
mh ; Mass of head restraint
krs ; Spring constant of seat
krh ; Spring constant of head restraint
Crs ; Coefficient of damping of seat
Crh ; Coefficient of damping of head restraint
ls ; Height of seat
lh ; Length of head restraint stay

Figure 9. 2DOF model for a seat and a head restraint
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(a) Upper most position
(b) Lower most position
Figure 11. Comparisons of mode shapes in torsional mode between different seat lifter positions

(a) Upper most position (b) Lower most position
Figure 12. Comparisons of geometry of lifter linkages between different positions

Figure 13. Comparisons of the vibration transmissibilities between the experiment and the
structural modification simulation (Backrest X / Table Y)
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Finally, the effects of seat lifter are discussed. Typical seat lifter devices equip rotatable lifter linkages
and both a seat pan and a backrest go up and down at a time by rotating the linkages. As described
above, whole of seat rotated around the seat slide rails in lateral and fore-aft modes, but deformation
of the seat pan and backrest frame was small. When a seat is raised by seat lifter, measurement
points on a seat frame also go up. For this reason, the gains of transmissibilities from the vibration
table to the seat frame increased in Figure 6 (a) and (b). Meanwhile, the comparisons of mode shapes
at the lower most position and upper most position in torsional mode revealed that the rear lifter linkage
was twisted largely as shown in Figure 11. As can be seen in Figure 12, the linkages are upright at the
upper most position and horizontal at the lower most position. Hence, it seems that deformation of the
linkage in the roll direction becomes greater at the lower most position, and this affects backrest
vibration much. To confirm the effects of torsional stiffness of the lifter linkage to seat vibration,
structural modification simulation was conducted by addition of torsional stiffness to the linkage. Figure
13 shows the comparisons of the vibration transmissibilities from the vibration table Y to the backrest
frame X between the experimental result at lower most position and simulated result corresponding to
the upper most position. This indicated vary similar relation between the two positions with the
experimental results. So, we can conclude that the changes of angles of the lifter linkages have a great
effect on backrest vibration in torsional mode.
In seat designing, the tunings of vibrational eigenvalues are often conducted to move resonance
frequencies of seat structures away from those on a vehicle floor. However, it is important to tune the
vibration characteristics in considering of the effects of the human body and seating position on seat
vibration because vibration transmissibilities varies depending on loading conditions and seating
positions as shown in this paper.
5. Conclusions
In this study, we investigated the vibration transmissibilities of occupied and unoccupied seats by
changing the positions of seat slides, seat lifters and head restraints that vehicle occupants adjust for
their physical constitutions. When seating positions were changed using the three adjusters, the peak
frequencies and/or peak gains of vibration transmissibilities changed in both occupied and unoccupied
conditions in all three seats. For seat slide position, the peak gains of transmissibilities in fore-aft
direction at around 20 Hz at front most position increased in unoccupied condition whereas those
decreased in occupied condition. For head restraint position, both the frequencies and gains at the first
and second peaks of the transmissibilities of backrest in the fore-aft direction changed largely with
changes of height of a headrest. For seat lifter, the gains of the transmissibilities in torsional mode
decreased with increase of lifter height. With regard to both of a seat lifter and a head restraint, there
was no difference in the tendency of changes of vibration transmissibilities between occupied and
unoccupied conditions when seating positions were changed.
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Abstract
Characterizing the coupling between the seat and the occupant is necessary to
well understand the transmission of the vehicle seat vibration to the human body.
In this study, the vibration characteristics of the human body coupled with a vehicle
seat were identified in frequencies up to 100 Hz. The transmissibilities of three
volunteers seated on a vehicle seat, the seat frame and the seat surface were
individually measured under multi-axial random vibration excitation. The sum of
Frequency Response Function (FRF) and Complex Mode Indicator Function
(CMIF) were used to identify the human-seat mode contributions along the
frequency band. It was found that the human-seat system was dominated by
human body modes in frequencies below 10 Hz. Strong coupling of the human and
vehicle seat was observed between 10 Hz and 60 Hz, which both human body and
the seat had significant contribution to the responses. The seat surface was also
shown to highly contribute to some modes appeared in the human body and seat
frame in 10 to 60 Hz. There were insignificant coupling between the human and the
vehicle seat above 60 Hz. The results provide significant knowledge in
understanding the dynamic interaction between the human and vehicle seat in
frequencies below 100 Hz.

1. Introduction
Vibration transmitted to the human body through a vehicle seat structure depends on the seat
structural dynamic performances and road conditions. Predicting the human body responses to the
vibration is challenging as both human body and seat structure exhibit complex nonlinear behaviours
to various input vibrations (Fairley, 1986). Furthermore, unlike the human body engaged with a rigid
seat, when a human is coupled with a vehicle seat, the dynamic responses of human body are
significantly changed due to the change in foam properties and structural resonances (Qiu and Griffin,
2003; Jalil and Griffin, 2007). Therefore, appropriate design of a vehicle seat structure has become an
important matter in automotive industry to provide a high quality comfort to occupants.
The previous studies have shown that resonant frequencies for the unoccupied and occupied vehicle
seat structure lie mainly in the frequency range of 10 to 50 Hz (Qiu and Griffin, 2003; Lo and Fard,
2013). Moreover, many researchers have also found that the human body is significantly influenced by
vibrations in frequencies of 0.5 to 80 Hz. This suggests that vibrational behaviours of the occupant are
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significantly influenced by the seat structural dynamic responses, emphasizing the importance of
studying the coupled human and vehicle seat system. So far, although many researchers investigated
dynamic responses of human body under a vehicle seat condition, the main focus of these studies
was to find the human body vibrational response to backrest and seat-pan inclination angles in low
frequency range around below 20 Hz, assuming the vehicle seat frame is almost rigid condition. When
resonances of a vehicle seat frame are considered, however, the human body seated on the vehicle
seat experiences excessive vibrations due to the seat structural resonances. For this reason, studying
the human body responses whilst undergoing seat structural resonances will provide a good overview
of how the vehicle seat structure ought to be developed.
Data analysed in previous study by measuring transmissibilities of a vehicle seat frame, upper parts of
human body, and human-seat interface indicated that the human-seat coupling vibrations were
observed in the frequency range of 10 to 50 Hz (Tamaoki, 2012). In this study, Complex Mode
Indicator Function (CMIF) was introduced to clearly identify the vibration characteristics of human body
in response to the seat frame vibration. In addition, the extended number of locations on human body
was considered with three volunteers for the purpose of providing reliable knowledge. The main focus
of this study is to find out vibrational behaviours of human body when coupled with a vehicle seat at its
dominant resonances by dividing the system in to human body, seat frame and seat surface
conditions.
2. Method
2.1 Experimental set-up
2.1.1 General Apparatus
Vibrations were measured using PCB 356A03/019 tri-axial accelerometers. The 1 gram of
accelerometer was particularly used to measure vibrations on human body segments. Bite-bar is used
to measure the head movement of human body, assuming the teeth are rigidly embedded in the skull
Mansfield, 2005. The human-seat system was mounted on a multi-axial electrodynamic vibration table,
which can generate vibrations in three independent directions (x, y, z) at frequencies up to 100 Hz.
Data were obtained and analysed using LMS Test.Lab v14 package and LMS SCADAS Mobile frontend software for all conditions.
2.1.2 Vibration Excitation
The experiments were conducted under the multi-axial random vibration excitations with a magnitude
of 1𝑚⁄𝑠 2 𝑟. 𝑚. 𝑠 in the frequency range of 0.5 to 100 Hz. The uncorrelated tri-axial input vibrations
were used to excite the vibration platform which supports the whole human-seat system. Outputs in x,
y and z directions were obtained using the tri-axial accelerometers. The magnitude of 1 𝑚⁄𝑠 2 𝑟. 𝑚. 𝑠 of
random vibration was selected as it represents the real vehicle vibration on a typical roadway most
closely (Matsumoto and Griffin, 1998b; Mansfield and Griffin, 2000; Paddan, 2002). In addition, this
vibration magnitude has been used in almost studies of the seated human vibration (Maeda, 2005).
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<Side view>

<Front view>

<Top view>

Figure 1. The measurement locations of the vehicle seat on seat frame (left), on backrest surface
(middle), and on seat-pan surface (right). The measurement locations of the vehicle seat are same for
the unoccupied and occupied seat conditions. Key: Dot points indicate the locations of
accelerometers.

Figure 2. The measurement locations of the occupied seat structure on human body. Key: Dot points
indicate the locations of accelerometers.
2.1.3 Unoccupied seat measurement
A commercial vehicle seat was used in this experiment. Vibrations were measured using the tri-axial
accelerometers attached on various locations of unoccupied seat structure as shown in Figure 1.
Twenty-five locations on seat frame, five locations on seat backrest foam surface and four locations on
seat-pan foam surface were measured on the vehicle seat. Transmissibilities for total thirty-four
locations of unoccupied seat were obtained using LMS software.
2.1.4 Occupied seat measurement
Three male subjects were selected to measure the seat structural responses to vibration when the
vehicle seat was occupied with a human. Subjects were instructed to position their feet on the square
block in an angle of approximately 45 degree so that it can represent the driving condition of feet on
pedals. The hands were positioned on their laps. The back was in a lean position to the backrest.
Accelerometers were attached on the same locations as the unoccupied seat structure; 25 locations
on seat frame, 5 locations on seat backrest and human body interface and 4 locations on seat-pan
and human body interface.
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Table 1. Three volunteers characteristics in terms of height and weight
Height (m)

Weight (kg)

Volunteer 1

171

56

Volunteer 2

173

73

Volunteer 3

171

74

2.1.5 Human body measurement
The selected three volunteers were participated to measure human body response to vibration
transmitted though the seat structure (Table 1). The volunteers were informed with the purpose,
method, procedure and risk of the experiment by providing the informed consent before undertaking
the experiment. Human body segments were individually measured in a condition of sitting on a
vehicle seat with the feet positioned on the square block. Total sixteen locations of human body were
measured as shown in Figure 2. The 1 gram of accelerometer was used in human body measurement
to minimize relative motion between bones and soft tissue affected by the mass of accelerometer. In
addition, the accelerometers were attached to hard regions or heavy tissue of human body to minimize
the errors. Thin small plastic plates were used to mount the accelerometer onto human body surface
using adhesives.
2.2 Data analysis
The identification of resonances and mode shapes were performed using LMS Test.Lab v14 software.
The data collected from a single accelerometer contains tri-axial measurements. Frequency Response
Function (FRF) was calculated based on the modal parameter estimation, which implements the least
squares complex exponential method (LSCE) and time domain multiple degree of freedom (TMDOF)
technique. The modal parameter estimations were represented by stabilization diagrams in the LMS
software. The stabilization diagrams assists to find the stable poles, which indicates the resonant
frequencies. This should be noted that these characterized poles determined by means of the
stabilization diagram are not necessarily directly related to the peak frequencies of FRF.
2.2.1 Frequency Response Function
The frequency response functions (FRF) between the multiple inputs and the multiple outputs were
calculated using 𝐻1 estimator (Mandapuram, 2011), which is derived from the complex ratio of crossspectral density (CSD) of the input and output, and power spectral density of the input,
𝐻𝑘𝑙 (𝑓) =

𝐺𝑖𝑘 𝑜𝑙 (𝑓)
; 𝑘 = 𝑥, 𝑦, 𝑧 𝑎𝑛𝑑 𝑙 = 𝑥, 𝑦, 𝑧
𝐺𝑖𝑘 𝑖𝑙 (𝑓)

Where 𝐺𝑖𝑘 𝑜𝑘 (𝑓) is the cross-spectral density of the input and output, and 𝐺𝑖𝑘 𝑖𝑘 (𝑓) is the power spectral
density of the input.
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2.2.2 Complex Mode Indicator Function
The responses of the human body, the seat frame and the seat surface were analysed to identify
dominant modes at each frequency using the complex mode indicator function (CMIF). The CMIF is
based on the singular value decomposition of Frequency Response Function (FRF) matrix which is
defined as the eigenvalues on a magnitude as a function of frequency (Shih, 1988),
[𝐻(𝜔𝑖 )](𝑁𝑜 ×𝑁𝑖 ) = [𝑈](𝑁𝑜 ×𝑁𝑖 ) [𝑆](𝑁𝑜 ×𝑁𝑖) [𝑉]−1
(𝑁𝑜 ×𝑁𝑖 )
Where [𝐻(𝜔𝑖 )](𝑁𝑜 ×𝑁𝑖 ) is the FRF matrix of all measurement points on the human body or the seat
frame, [𝑈](𝑁𝑜 ×𝑁𝑖) is left singular vector matrix, [𝑉]−1
(𝑁𝑜 ×𝑁𝑖 ) is right singular vector matrix, and [𝑆](𝑁𝑜 ×𝑁𝑖 ) is
diagonal matrix of singular values. Matrices [𝑈] and [𝑉] have orthonormal columns and [𝑆] represents
the estimated eigenvalues of the FRF matrix.
Since the FRF matrix contains a full matrix with cross-axis components as well as diagonal
components, this makes it very difficult to analyse the contribution of modes between the human body
and the seat at each frequency, particularly when the system has multiple inputs. Therefore, by using
CMIF which is based on the singular value decomposition method, the FRF matrix is decomposed to a
diagonal matrix of the singular values which represent the principal eigenvalues at each frequency
(Rahmatalla, 2011). The stronger the mode contribution is, the larger the singular value will be at that
frequency. Magnitude of the peaks in CMIF is an indication of the excitation level of a mode. The
peaks detected in the CMIF plot indicate the existence of modes.
3. Results
3.1 Frequency Response Function (FRF)
As the individually measured FRF data only show certain number of modes that are associated with
the particular FRF, it may be difficult to observe all of the modes existing in the system by considering
the individual FRFs. Thus, the sum of FRFs method has been implemented to identify entire modes of
the human-seat system along the frequency range of 0.5 to 100 Hz. The sum of FRFs was calculated
by simply adding the individual absolute values of transmissibilities of all measurement locations. The
values obtained from the sum of FRFs are further divided by the number of FRFs as shown in Figure
3. The sum of FRFs of transmissibilities calculated from the measurement locations of human body,
seat frame, and seat surface between the human and seat were obtained, separately. Figure 3 shows
the sum of FRF results of three individual data in the three conditions of the human body, seat frame
and seat surface.
As can be seen in Figure 3 (a), the sum of FRFs of human body exhibited relatively high level of the
vibration magnitude with some peaks at low frequencies (<20 Hz) for all three subjects of this study.
This result is consistent with what reported in the literature (Tamaoki, 2012). As the frequency
increased above 20 Hz, although the magnitude of the FRFs were significantly decreased to relatively
lower levels, several peaks were observed at frequencies up to nearly 60 Hz for all subjects. At
frequencies above 60 Hz, the magnitude levels of FRFs measured on human body were continuously
decreased, and no distinctive peaks were observed at these frequencies.
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Figure 3. Sum FRF of transmissibilities measured on the human body, the seat frame and seat surface
(interface) for three subjects under seat 1. Key: Subject 1 (Solid line), Subject 2 (Dotted line), Subject
3 (Dashed line).
The sum of FRFs measured on the occupied seat frame are presented in Figure 3 (b). At frequencies
below 10 Hz, unlike to the human body, the seat structure did not show high levels of vibration. This
result showed that human body had more significant influence on the vibration responses of humanseat system in frequencies below 10 Hz. However, as the frequency goes above 10 Hz up to 60 Hz,
some peaks were observed in the occupied seat frame. According to Lo and Fard, 2013, the
unoccupied seat structural resonances were observed between 20 to 50 Hz. This indicated that the
seat frame had a significant contribution to human-seat system in this frequency range. In frequencies
above 60 Hz, no significant resonances were identified in the seat frame, which showed the similar
vibration characteristic to human body. Figure 3 (c) presents the sum of FRFs measured on the seat
surface between the human and seat. In frequencies below 10 Hz, unlike the seat frame, some
distinctive peaks were observed with relatively high magnitude on the seat surface. It indicated that the
seat surface was highly influenced by the resonances of human body in this region (f < 10 Hz). As the
frequency goes above 10 up to 60 Hz, some peaks were observed to be similar to the peaks found in
the seat frame, whereas a few of the peaks were similar to that of human body. This result appeared
that the seat surface was influence by both human body and seat frame, although the contribution of
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Figure 4. Complex Mode indicator function (CMIF) comparisons between the human body, seat frame
and seat surface (Interface) modes for three subjects under two different seat conditions. Key: Human
modes (Solid line), Seat frame modes (Dashed line), Seat surface modes (Dotted line).
the seat frame seems larger to the seat surface in the frequency range of 10 to 60 Hz. Interestingly,
the peaks found on the seat surface exhibited relatively high magnitudes compared to the human body
and seat frame along the entire frequencies. The increase in the vibration level was distinctively larger
at frequencies above 40 Hz. This may suggest that the vibration transmitted from the seat frame at
high frequencies (f > 40 Hz) was mostly amplified by the foam. In frequencies above 60 Hz, although
the vibration magnitudes are shown to be reasonably high, no significant peaks were observed.
3.2 Complex Mode Indicator Function
Since the sum of FRFs method may misrepresents the closely located modes due to its characteristics
of the addition of all FRFs, complex mode indicator function (CMIF) is further used to identify the
significant mode at each frequency. The magnitude of CMIF represents the level of mode contribution,
which indicates the most dominant modes along the frequency range. This approach is used in this
study to identify the contribution of individual modes among human body, seat frame and seat surface
in the frequency range between 0.5 and 100 Hz. Figure 4 illustrates CMIFs of human body, seat frame
and seat surface for three subjects.
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The CMIFs of human body modes exhibited some peaks with high levels of magnitude in low
frequencies, approximately below 10 Hz for all three subjects. The seat surface also presented a few
of peaks with relatively high level of magnitude but lower than human body, whereas the CMIF of seat
frame modes showed relatively low magnitudes with no distinctive peaks in this region. This result
appears that human body modes had a large contribution to human-seat system in frequencies below
10 Hz. The seat surface was also shown to contribute to the human body modes in this range. As the
frequency goes above 10 Hz, CMIF graphs for the human body and seat frame had relatively close
levels and patterns for all three subjects, indicating both human and seat frame modes had a
significant amount of contribution to human-seat system. This vibrational behaviour observed in CMIF
plots well-represents the coupling characteristic between the human body and seat frame mainly
shown in frequencies between 10 to 60 Hz. The CMIF plot of the seat surface appeared to contain all
modes exhibited in both human body and seat frame in frequencies between 10 to 60 Hz. This
indicated that the seat surface was highly influenced by both human modes and seat frame modes in
this frequency range. In other words, the seat surface may cancel out or amplify certain modes
appeared on seat frame modes when the vibration goes through the human body to reach to the
measurement locations of human skin, as some of the modes exhibited in the seat surface did not
appear on the human body modes, or more distinctively shown on the human body. In above 60 Hz,
unlike the seat frame mode shown in CMIF graphs, the human body and seat surface had a
decreasing tendency, suggesting that the human body is highly influenced by the seat surface modes,
although the seat frame modes were shown to be dominant in the human-seat system at these
frequencies.
3.3 Mode Verification
Coupling behaviours of human-seat system observed in both sum FRF and CMIF graphs are further
shown by comparing the unoccupied seat, human body and human-seat system mode shapes at
frequencies below 10 Hz, between 10 to 60 Hz, and above 60 Hz (Figure 5). In this section, the modes
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Figure 5. Individual modes are represented and correlated among the unoccupied seat, human body
and human-seat system modes. The human modes and unoccupied seat modes are compared with
respect to human-seat modes for two subjects.
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Undeformed Human-Seat
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(a) Human mode at 4.5 Hz

(b) Human mode at 8.9 Hz
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Figure 6. Eight major mode shapes of human-seat system for subject 2. Key: Undeformed mode
shapes (Grey/Dotted lines), Deformed mode shapes (Colour/Solid lines).
for subject 1 and subject 2 were plotted as these two subjects showed the different characteristics of
contribution to human-seat system in CMIF graphs. The unoccupied seat modes were considered to
identify which modes in human-seat system are contributed by the seat structure by eliminating the
human body factor. The y-axis in Figure 5 represents the mode numbers obtained from the total
human-seat system. The unoccupied modes and human body modes were individually linked to the
human-seat system modes by comparing their identical mode shapes. The circles with dashed line in
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Figure 5 indicate the identical modes among the unoccupied seat, human body and human-seat
system modes. As can be seen in Figure 5 of both subjects, in below 10 Hz, the first and second
modes found in human-seat system were corresponding to two distinctive modes observed in human
body modes at 4.6 - 4.8 Hz and 8.6 – 9.3 Hz, respectively (Figure 6 (a), (b)). However, there were no
unoccupied seat modes found. This indicated that below 10 Hz, the human-seat system was mainly
dominated by the human body. At frequencies above 10 Hz, the first coupled mode of human-seat
system was shown at about 15 Hz, indicating the lateral mode of the system. At above 60 Hz, another
five coupled modes were found in human-seat system, which presents the fore-aft, torsional, vertical,
seat-pan lateral and seat-pan vertical mode shapes, respectively (Figure 6 (c), (d), (e), (f), (g), (h)).
These six coupled modes of human-seat system were commonly appeared in both subjects at
frequencies around 10 to 60 Hz. In above 60 Hz, although both subjects exhibited some identical
mode shapes among the unoccupied seat, human body and human-seat system, there were no
prominent coupling effect between human body and seat structure in this frequency region. It should
be noted that these identical mode shapes were caused by the seat local modes which only allowed
local parts of human body to move along with the local seat movements. These modes were not a
dominant mode compared to other distinctive modes (global modes) such as lateral, fore-aft, torsional,
seat-pan lateral and vertical modes. As a result, the coupling phenomenon between the human body
and seat structure were mainly dominant in the frequency range about 10 to 60 Hz.
4. Discussion
In previous studies, the seated human body response to vibration has been studied mainly focusing on
the low frequency range below 15 Hz as the human body is most sensitive to whole body vibration at
these frequencies (Griffin, 1990). However, Lo and Fard, 2012 emphasized the importance of
understanding vibration characteristics of the combined human body and a vehicle seat system in
higher frequencies as vehicle seat structural resonances can be a major source of excessive
vibrations causing significant discomfort to occupants [4]. Therefore, this study has been focused on
finding the vibrational relationships between human body and a vehicle seat structure in the frequency
range of 0.5 to 100 Hz by implementing CMIF method. In addition, the seat surface (Interface)
between human body and the seat frame was also investigated to find its contribution to human-seat
system.
The individual results showed that, the vibration modes in frequencies below 10 Hz were mainly
contributed by the fundamental modes of the seated human body with foams since the vehicle seat
frame were found to be almost rigid below 10 Hz (Liu, 2015). The addition of foams at the seat-pan
and backrest at this frequency range have a significant influence on the vibration magnitude of human
body at resonances as the foam mainly amplifies the vibration at the low frequencies (Griffin, 1990;
Tufano, 2012). This has been also proven by CMIF graphs (Figure 4) in frequencies below 10 Hz, the
contribution of human body and seat surface were dominant in the human-seat system.
In frequencies between 10 to 60 Hz, the level of mode contributions in this frequency range was
relatively similar between human body and seat frame (Figure 4). Moreover, the dominant modes
observed in human-seat system were also similarly found in the human body modes as well as the
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unoccupied seat structure modes (Figure 5). It is well-known that the unoccupied seat structure has a
few strong structural modes exhibited in frequencies of 20 to 60 Hz. At the strong resonances, the high
level of vibration of the seat structure appears to greatly influence the seated human body, behaving
as if the human body and seat structure are one complete system. This behaviour of human-seat
system represents the strong coupling effect of the combined human body and seat structure. As the
occupant does not add any additional structural modes to the unoccupied seat in this frequency range
(Lo and Fard, 2012), it can be suggested that the modes observed in the human-seat system are
mainly contributed by the unoccupied seat structural modes in this frequency range. Furthermore,
many researchers found that the fundamental resonances of human body seated on the inclined
backrest rigid seat were found to be in frequencies below 13 Hz (Fairley and Griffin, 1989; Boileau and
Rakheja, 1998; Qiu and Griffin, 2010). Therefore, it can be concluded that due to the predominant
modes of the seat structure such as the lateral, fore-aft, torsional, seat-pan lateral and vertical modes,
the human body modes are strongly influenced by the seat frame at frequencies of 10 to 60 Hz.
The seat surface is also shown to have large contribution to the particular modes of the human body
and seat frame. The CMIF graphs indicate that the some modes observed in the seat frame are
cancelled out or amplified by the seat surface when the vibration is transmitted through the seat
surface to the human body. For instance, lateral modes found in the seat frame at around 15 Hz and
45 Hz also appeared on the human body modes, which was not highly influenced by the seat surface.
On this other hand, the vertical modes found in the seat frame at around 40 Hz and 55 Hz do not
appear to have a high contribution to human body modes due to the high axial compression rate of the
foam. However, it should be noted that these two vertical modes are noticeably shown on the seat
surface modes. This indicates that although some modes do not appear to be dominant on the human
body, the human body experiences these modes at the contact surface between the human and seat.
This further suggests that measuring transmissibility ‘through the human body’ may not show all of the
modes exists in the human-seat system when the system includes the foam at the contact surface
between human and seat frame, particularly at high frequencies (f > 20 Hz).
At frequencies above 60 Hz, a few identical mode shapes observed in both subjects were more likely
caused by the seat local resonances, which may be referred as the partially coupled modes between
the human and seat structure. In Figure 4, as both the human body and seat surface showed a similar
tendency in peaks at frequencies above 60 Hz, the seat surface could be more influenced by the
human body rather than the seat frame in this region, although the human-seat system seems to be
dominated by the seat frame modes together with the seat surface.
Considering the high level of transmissibility shown in the sum of FRFs of the seat surface, the human
body appears to undergo the high level of vibration at the contact surface in high frequencies (40 Hz <
f < 80 Hz). This emphasizes the importance of studying the seat structural behaviours in conjunction
with the human body at frequencies up to 80 Hz.
With the sum FRFs of the seat surface measured on three subjects (Figure 3), the individual subjects
are shown to be relatively small variant in the resonant frequencies. Although the magnitude levels
were shown to vary depending on subjects, the two subjects with similar weight and height showed the
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relatively close vibrational behaviours. This may suggest that the total transmissibility of the human
and vehicle seat system at the contact surface could be highly depending on the weight of subject. It
may require further investigation with more number of subjects.
5. Conclusion
The purpose of the current study was to characterize the behaviours of the seated human body under
the vehicle seat condition to establish knowledge in the transmission of vehicle seat vibration to
occupants. This paper presented the coupling characteristics of human-seat system in frequencies of
0.5 to 100 Hz by measuring transmissibilities of the multiple locations on the unoccupied seat, human
body, and the occupied seat frame and contact surface. Sum of FRFs, CMIF and the mode shapes
were used to identify the coupling behaviours of human-seat system. It has been suggested in
frequencies approximately 10 to 60 Hz, the human body and the seat frame are strongly coupled,
therefore the human experiences the high level of vibration transmitted through the seat structure,
particularly at the seat frame resonances. At frequencies below 10 Hz, the system was mainly
dominated by the human body interacting with seat surface (foam). In addition, at frequencies above
around 60 Hz, the human-seat system is partially coupled and mostly dominated by the seat local
resonances. These findings provide the significant knowledge in the dynamic interaction between the
human body and the seat structure. Moreover, it also highlights the importance of understanding
human body responses to vibration in conjunction with the dynamic characteristics of the vehicle seat
in frequencies mainly between 10 to 60 Hz.
6. Reference
Abdul Jalil, NA and Griffin, MJ (2007) Fore-and-aft transmissibility of backrests: Variation with height
above the seat surface and non-linearity, Journal of Sound and Vibration, vol. 299, no. 1-2, pp. 10922.
Boileau, PÉ and Rakheja, S (1998) Whole-body vertical biodynamic response characteristics of the
seated vehicle driver: Measurement and model development, International Journal of Industrial
Ergonomics, vol. 22, no. 6, pp. 449-72.
Fairley TE and Griffin MJ (1986) A test method for the prediction of seat transmissibility. Society of
Automotive Engineers International Congress and Exhibition Paper 860047.
Fairley, TE and Griffin, MJ (1989) The apparent mass of the seated human body: vertical vibration,
Journal of Biomechanics, vol. 22, no. 2, pp. 81-94.
Griffin MJ (1990) Handbook of human vibration. Academic press, London: Academic Press Limited.
ISBN 0-12-303040-4.
Tamaoki, G, Kikuchi, T and Yoshimura Y (2012) Coupling Characteristics of Human-Seat system. The
20th Japn Conference on Human Response to Vibration.
Kitazaki, S and Griffin, MJ (1997) A modal analysis of whole-body vertical vibration, using a finite
element model of the human body, Journal of Sound and Vibration, vol. 200, no. 1, pp. 83-103.

220

Liu, C, Qiu, Y and Griffin, MJ (2015) Finite element modelling of human-seat interactions: vertical inline and fore-and-aft cross-axis apparent mass when sitting on a rigid seat without backrest and
exposed to vertical vibration, Ergonomics, pp. 1-13.
Lo, L, Fard, M, Subic, A and Jazar, R (2013) Structural dynamic characterization of a vehicle seat
coupled with human occupant, Journal of Sound and Vibration, vol. 332, no. 4, pp. 1141-52.
Maeda, S and Mansfield, NJ (2005) Comparison of the Apparent Mass during Exposure to WholeBody Vertical Vibration between Japanese Subjects and ISO 5982 Standard', Industrial Health, vol.
43, no. 3, pp. 436-40.
Mandapuram, S, Rakheja, S, Marcotte, P and Boileau, P-É (2011) Analyses of biodynamic responses
of seated occupants to uncorrelated fore-aft and vertical whole-body vibration, Journal of Sound and
Vibration, vol. 330, no. 16, pp. 4064-79.
Mansfield, N (2005) Impedance methods (apparent mass, driving point mechanical impedance and
absorbed power) for assessment of the biomechanical response of the seated person to whole-body
vibration, Industrial Health, no. 43, pp. 378-89.
Mansfield, NJ and Griffin, MJ (2000) Non-linearities in apparent mass and transmissibility during
exposure to whole-body vertical vibration, Journal of Biomechanics, vol. 33, no. 8, pp. 933-41.
Matsumoto, Y and Griffin, MJ (1998) Movement of the upper-body of seated subjects exposed to
vertical whole-body vibration at the principal resonance frequency, Journal of Sound and Vibration,
vol. 215, no. 4, pp. 743-62.
Paddan, GS and Griffin, MJ (2002) Effect of seating on exposures to whole-body vibration in vehicles,
Journal of Sound and Vibration, vol. 253, no. 1, pp. 215-41.
Qui Y and Griffin MJ (2003) Transmission of fore-aft vibration to a car seat using field tests and
laboratory simulation, Journal of Sound and Vibration 263(1), 135-155.
Qiu, Y and Griffin, MJ (2010) Modelling the fore-and-aft apparent mass of the human body and the
transmissibility of seat backrests, Vehicle System Dynamics, vol. 49, no. 5, pp. 703-22.
Rahmatalla, S and DeShaw, J (2011) Effective seat-to-head transmissibility in whole-body vibration:
Effects of posture and arm position, Journal of Sound and Vibration, vol. 330, no. 25, pp. 6277-86.
Shih, CY, Tsuei, YG, Allemang, RJ and Brown, DL (1988) Complex mode indication function and its
applications to spatial domain parameter estimation, Mechanical Systems and Signal Processing, vol.
2, no. 4, pp. 367-77.
Tufano, S and Griffin, MJ (2012) Nonlinearity in the vertical transmissibility of seating: the role of the
human body apparent mass and seat dynamic stiffness', Vehicle System Dynamics, vol. 51, no. 1, pp.
122-38.
Wei, L and Griffin, J (1998) The prediciton of seat transmissibility from measures of seat impedance,
Journal of Sound and Vibration, vol. 214, no. 1, pp. 121-37.

221

222

WHOLE BODY VIBRATIONS MEASURED WITH DIFFERENT SENSOR
TECHNOLOGIES
P. Jönsson
peter.jonsson@cvk.se
CVK Vibration & Noise AB,
SE-977 75 Luleå
Sweden
Abstract
In this paper vibration and shock measurement performed with different sensor
type are presented. Two different sensor types, system A and B were used
mounted in a rubber seat plate placed on a driver seat. System A is based on
piezoelectric technique and system B mems technique.
From the ISO 2631-1 it is instructed to analyse vibration and shock exposure, i.e.
the RMS and VDV method. Beside this another method, the Sed, described in ISO
2631-5 and is often recommended to be used.
The results show that shocks were causing significant health risks. When operating
a forestry harvesters there is also eigen resonance, i.e. higher exposure, in lateral
direction around and below 1 Hz. This frequency is significantly reduced by the high
pass filter, cut off frequency at 0.7 Hz, inbuilt in the system A. Consequently, the
health risk is under estimated using system A. In case of using system B with
MEMS sensor , there is no extra high pass filter, only the band pass filter described
in ISO 8041 is used, which does not significantly affect resonances at 0.6 Hz and
higher. The result show 12% difference in lateral direction and loaded condition
between the two systems.

1. Introduction
WBV occurs mainly in seating position caused by mechanical vibrations transmitted by a driver seat.
Mechanical vibrations can be harmonic, random or transient and consists of both intensity and
magnitude.
The directive (2002/44/EC) states that the employer is responsible to perform risk assessments and
ensure that there are no risks from vibration exposure for any employers.
In guidance (ISO2631-1,-5), measurements and analysis are described how to perform data to be
used in risk assessments. Consideration shall be given to the shocks for which different measurement
and analysis is recommended. There are three analysis methods mentioned in the guidelines, the
VDV-, MTVV- and Sed method. The VDV and MTVV are described in the ISO 2631-1 and the Sed in
ISO 2631-5. In general the VDV and MTVV method cover the whole body health meanwhile’s the Sed
correspond to the pressure and strength in the lumbar vertebrae which is the skeletal part of the
lumbar spine. Directives and regulations define action- and limit value which indicates when the action
and other measures have to be taken.
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Different variables, i.e. environment, driver technique, vehicle and seat conditions, etc. cause a variety
in results and usually affecting the uncertainty significantly.
In this paper measurements are performed on a forestry harvesters.
2. Definitions
The body vibration values are frequency weighted root mean square values (r.m.s.) and presented in
2

meter per square seconds (m/s ). VDV is presented in m/s

1.75

.

The evaluation methods for WBV and VDV are described in ISO 2631. There is information how to
interpret shocks affecting whole body with action- and limit value.
For the WBV the highest direction (any of x, y and z) has to be calculated and reported. Figure 1
illustrate the coordinate system used for WBV analysis. Figure 2 shows the rubber seat plate
(WBV500).
Drivers of vehicles in this study had sitting posture, points of measurement thus becomes the seat (see
Figure 2).

Figure 1 Sitting position according to

Figure 2 Rubber seat plate – CVK

ISO 2631-1

WBV 500 (system B)

Shocks for adverse effects on the body and lumbar spine are analyzed according to VDV method (ISO
2631-1) and Sed-method (ISO2631-5)
3. Measurement objects and setup
To study possible differences between two different measurement systems, a forestry harvesters
(Figure 3) were chosen since it is assumed to have low eigen resonance frequency.
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Figure 3 Forestry harvesters – Ponsse

Main and normal working operations for the forestry harvesters is to transport lumbar from the forest to
nearest road. This distance can vary from few hundred meters up to a couple of kilometers. In this
study the transportation lasted for appr 1 km, i.e. 15 minutes. The speed can vary between drivers, in
this case the driver drove “normal”. Operating a forestry harvesters means exposing to repeatable
shocks.
The measurements of the vibrations were carried out using two different systems, system B HealthVib WBV 500 and the comparable system A. System A is based on piezo technology and
system B on mems technology.
The system B unit can be connected with an indication unit, Vibindicator Shock, showing momentary
and accumulated shock vibration levels by coloured led´s. The indicator were not used in the study
since it could affect the driver’s behavior. Shocks for adverse effects on the body and lumbar spine are
analyzed according to VDV (ISO 2631-1) and Sed-method (ISO 2631-5).

4. Results
Whole Body vibration measurements, RMS, VDV (Y), Sed and eigen resonance frequency (for lateral
direction) are presented below. Focus is on lateral direction since it is the dominant direction for this
working vehicle.
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Table 1. Results from system A and B. Eigen resonance frequency in lateral direction, r.m.s. for each
direction (WBV500) and VDV (Y).
Operating

Eigen

condition

frequency

System A

System B

RMS Y

(WBV500)

Hz
RMS (Y)

RMS (X)

RMS (Y)

RMS (Z)

VDV (Y)

0.6

1,34

0,70

1,51

0,42

11,45

Unloaded

1.0 and

1,74

0,90

1,81

0,57

13,63

transportation

1.8

Loading

2.8 and

0,55

0,37

0,59

0,20

6,16

0,31

0,21

0,32

0,17

2,26

Loaded
transportation

26
Unloading

1.5

From the results in Table 1 it can be seen that lateral direction is dominant and in case of loaded
transport (high weight) where the eigen frequency is at 0.6 Hz there is a significant lower result in case
of using system A. This is probably related to the filtering effect from the inbuilt high pass filter with cutoff frequency at 0.7 Hz. Due to this, the risk assessment might be under estimated.
It can also be read out that the RMS and VDV is above the action limit value and means action has to
be taken. The daily exposure time is higher than 6 hours.
Beside the result in Table 1, the Sed value for the whole operating cycle were calculated as 0.86. This
indicate high probability for health effect.

5. Discussion
Mems technology has been used for almost 10 years but still not accepted every where. However
memes technology has been shown to have advantages compared to other technologies.
System A in this study were equipped with cable which has another disadvantage from possibly risks of
connector problem. System with wires tend to be broken especially in rough environments, it can easily
be recommended to use system without wires to avoid another source of error.
Risk assessment using result from system A might be under estimated and therefore it is
recommended to use system without high pass filter higher than at least 0.5 Hz. From Standard it is
allowed to neglect signals between 0.5 and 1.0 Hz if there is no signals of importance in this range. It
can be interesting to raise the question whether the responsible technician is aware of this or not?
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6. Conclusions
In case of loaded condition there is a difference between using system A and B and is explained by the
used high pass filter in system A.
Performing risk assessment based on system A used in this type of working vehicle gives probably an
underestimated health risks.

7. References
ISO 2631-1. Mechanical vibration and shock: evaluation of human exposure to whole-body vibration –
Part 1: General requirements. 1997. Reference Number ISO 2631-1:1997(E)
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vibration – Part 5: Method for evaluation of vibration containing multiple shocks
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minimum health and safety requirements regarding the exposure of workers to the risks arising from
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IMPROVED METHODS OF ASSESSMENT OF WHOLE-BODY VIBRATION RISK IN
MOVING VEHICLES
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Marketing Manager
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Abstract
The development of new vibration dosimeters enabled a simple way for complete
fulfilment of ISO 2631-1 requirements. The use of GPS location and speed data
enables more accurate evaluation of whole-body vibration exposure risk in moving
vehicles. Simple vibration plots on maps give possibility of identification possible
“bad road conditions”. On the other hand the information about speed is useful for
solving exposure risk problems.

1. Introduction
The detailed guidelines on measurement of whole-body vibration is described in ISO 2631-1 [1]. The
standard implies that it is desirable for the measurement report to include frequency content and
information about changes of the conditions over time. However, the practice shows that the vibration
exposure values are often estimated on a basis of measurement in reference conditions and additional
factors such as vehicle speed or road quality and not considered which may lead to underestimation
or overestimation of the vibration exposure values. The development of new vibration dosimeters
enabled correlation of GPS data with the vibration and plot them on a map as a coloured route where
a colour indicates vibration magnitudes. This simple solution gives a powerful tool for projecting the
A(8) vibration exposure with the respect to vehicle speed and route.
2. Methods
The study has been performed with the SV 100A [2], SVANTEK’s new whole-body vibration exposure
level meter that meets ISO 8041:2005 [3]. The task was to measure vibration on seat of Skoda Superb
moving on a route including a bad and good quality roads sections. During the measurement the
SV 100A recorded time history of aw (RMS) and VDV values together the unweighted 1/3 octave
spectra. During the measurement the SV 100A maintained the connection with the smartphone
installed in the vehicle cabin. The GPS data from the smartphone has been transferred to the
dosimeter enabling a real-time correlation of the vibration data with the localization and vehicle speed.
The data was further post-processed in the Supevisor software [4].
3. Results
The analysis of vibration exposure values in accordance to ISO 2631-1 shows increase of vibration
magnitudes. However it does not the answer the questions: what was the reason of the increase and
how to solve the problem of the possible exposure risk.
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Photo 1 SV 100A Wireless Whole-body Vibration Exposure Meter

Figure 1 Vibration exposure values calculated in Supervisor software
The analysis of time history of vibration magnitudes (awmax) shows the increase of vibration
magnitudes however still doesn’t help in providing answers to above questions.

Figure 2 Time history of awx with different speeds
More information has been obtained from analysis of a wmax plotted on a map. First conclusion was that
the vehicle speed changes on the good quality roads didn’t result with a significant changes of the
vibration amplitudes [figure 3]. However the speed increase on a bad quality road caused the high
increase of vibration magnitudes [figure 4].
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Figure 3 awmax values plotted on a map on a good quality road

Figure 4 awmax values plotted on a map on a bad quality road
The increase of vibration on a bad quality road is clearly shown on the 1/3 octave spectrogram:

Figure 5 Unweighted RMS(x) values in 1/3 octave bands
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4. Conclusion
The development of new vibration dosimeters enabled a simple way for complete fulfilment of
ISO 2631-1 requirements. The use of GPS location and speed data enables more accurate evaluation
of whole-body vibration exposure risk in moving vehicles. Simple vibration plots on maps give
possibility of identification possible “bad road conditions”. On the other hand the information about
speed is useful for solving exposure risk problems.
5. References
International Organization for Standardization (1997) Mechanical vibration and shock. Evaluation of
human exposure to whole-body vibration. Part 1: General requirements, ISO 2631-1:1997
Svantek Sp. Z o.o. (2015) SV 100A Whole-Body Vibration Exposure Meter;
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Abstract
Flight testing has been performed on a Royal Canadian Air Force (RCAF) CH147F Chinook helicopter to measure pilot whole-body vibration exposure levels
during representative flight conditions. Vibration data have been analysed in
accordance with the ISO2631-1:1997 standard. The results showed that the
helicopter cabin vibration was mainly introduced by the aerodynamic loads at
N/rev harmonics of the three-bladed tandem rotor speed. The pilot whole-body
vibration levels varied significantly depending on flight conditions and aircraft load
configurations. The highest vibration levels occurred during manoeuvres and high
speed flight. Referencing to the guidelines in ISO 2631-1:1997, the pilot wholebody vibration exposure level in the tested flight profile were rated as
“uncomfortable”, and the maximum duration of such a mission should be limited to
1.0 or 3.3 hours depending on the lower or upper limit of the Vibration Health
Guideline Caution Zone respectively. The results of a subjective analysis, by the
pilot, of the comfort levels during the flight did not provide good correlation with the
level of discomfort indices measured during the tested flight profile.
1.

Introduction

The helicopter is a versatile air-borne platform built to provide the unique capability of vertical takingoff, landing and hovering. However, the ride quality in a helicopter cabin is often unpleasant due to
high vibration and noise levels. Helicopter cabin vibration is primarily excited by the aerodynamic and
inertial loads at the N/rev harmonic frequencies of the main rotor. The floor vibration is transmitted
through the seat frame and cushions consequently exposing the aircrew to a whole-body vibration
environment. Short-term exposure to mechanical vibration transmitted to the human body increases
fatigue, degrades comfort, interferes with aircrew performance and affects operational safety (Smith,
2002). Long-term exposure of helicopter aircrew to whole-body vibration is known to contribute to
occupational health issues including aircrew neck pain and back pain injuries among many other
human-interface related issues in helicopter operations (Castelo-Branco and Rodriguez, 1999;
Adams, 2004).
The whole-body vibration levels experienced by helicopter aircrew members are influenced by a
number of variables including flight conditions, aircrew size and posture, dynamics of the seat frame
and cushions, mission durations as well as rotor balancing status etc. The neck strain and back pain
issues are more severe for military aircrew due to the integration of equipment onto the flight helmet
and long flight hours during combat operations. For example, the Canadian RCAF has reported
mission duration routinely exceeding six hours with the aircrew wearing helmets fitted with night vision
goggles. Comfort and health concerns have been raised by the helicopter aircrew members due to
the exposure to excessively high vibration and noise levels.
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An understanding of the whole-body vibration and noise levels experienced by helicopter aircrew
members is essential in the planning of flight missions to ensure aircrew safety and mitigation of long
term health issues. On occasion, military helicopter missions such as search and rescue involving
rappelling of crew members, as well as the delivery of payloads and weapons may require flight with
the cabin doors open. In these cases the helicopter cabin noise levels may exceed exposure limits
during specific flight conditions and duration.
This paper presents a flight test evaluation performed by the National Research Council of Canada on
a Royal Canadian Air Force (RCAF) CH-147F Chinook helicopter. In this mission, aircrew whole-body
vibration and helicopter floor vibration levels were measured for a select number of standard and
combat flight conditions and manoeuvres to characterize the vibration environment of the vehicle in
representative flight conditions and configurations. The results were analysed in accordance with the
ISO2631-1:1997 standard to assess the aircrew whole-body vibration exposure levels. In addition, a
survey of the subjective evaluation by the air crew of the level of comfort during the flight conditions
was conducted during the test.
2.
2.1.

Flight Test Configuration
Flight conditions

The objective of the flight test was to characterize the aircrew whole-body vibration exposure in the
CH-147F chinook helicopter cabin during various helicopter flights and manoeuvres with the cabin
doors closed for normal flight configuration and open to represent combat flight configuration. A RCAF
CH-147F Chinook helicopter was instrumented for the investigation. The CH-147F, a Canadian
military version of the Boeing CH-47F, is a twin-engine, tandem rotor heavy-lift helicopter. Each rotor
is equipped with three blades, and the nominal rotating speed is 215 RPM, or 3.75Hz. The primary
roles of this vehicle include troop movement, artillery placement and battlefield resupply.
The aircrew whole-body vibration measurement was performed in accordance with ISO2631-1:1997
entitled “Mechanical Vibration and Shock - Evaluation of Human Exposure to Whole-body Vibration Part 1: General Requirements”. Measured aircrew member positions included a portside pilot seat, a
starboard side flight engineer seat at STA120 and an occupant seat located at STA320 portside, as
schematically shown in Figure 1.

Figure 1: Sensor and aircrew locations in the CH-147F helicopter cabin
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The flight test sequence covered three groups, as listed in Table 1. The ground interface manoeuvres
included ground running, taking-off, and landing on a paved tarmac. Stationary flight involved
hovering in helicopter ground effects at two altitudes of 10 feet and 40 feet, respectively, as well as
with a sling load configuration of 4000 lbs(f) at two altitudes of 40 feet and 80 feet, respectively.
Steady airspeed manoeuvres included climbing, level, and descending flight. These flight conditions
were performed in both doors open and closed configurations.
Table 1: Flight sequence in measurement runs
a) doors open
Run ID

Flight Condition

Description

b) doors closed
Duration

1

EPUSHA ON

60s

2

Ground Power, Avionics ON

60s

4

APU ON, Avionics Running

60s

Ground

Run ID
15
16

Flight Condition
Hover

Description
Hoover 10ft door closed

Duration
60s

Hover 40ft door closed

60s

Sling 40ft door closed, hatch closed

60s

APU ON, Engine Levers Idle

60s

17

8b

APU ON, Engine Levers Flight

60s

18

Sling 80ft door closed, hatch closed

60s

10

APU OFF, Engine Levers Flight

60s

19

30 kts

60s

Hover 10 feet, doors open, hatch open

60s

20

80 kts

60s

Hover 40 feet, doors open, hatch open

60s

21

120 kts

60s

Sling 40 feet door open, hatch open

60s

22

140 kts

60s

Sling 80 feet door open, hatch open

60s

35

30 kts

60s

23

150 kts (optional)

60s

36

80 kts

60s

24

80 kts, 30Deg Bank

60s

120 kts

60s

25

80 kts, 45 Deg Bank

60s

38

140 kts

60s

26

100kts, 30 Deg bank

60s

39

150 kts

60s

27

100kts, 45 Deg bank

60s

40

80 kts, 30Deg Bank

60s

28

120 kts, Rate 1 Turn

60s

41

80 kts, 45 Deg Bank

60s

29

140 kts, Rate 1 Turn

60s

42

100kts, 30 Deg bank

60s

30

70kts, Descend Turn, 60Deg

60s

100kts, 45 Deg bank

60s

31

70kts, Descend Turn, 60Deg, reverse

60s

6

11
12
13
14

37

43
44

Hover

Sling

Level

M anoeuvre

120 kts, Rate 1 Turn

60s

45

140 kts, Rate 1 Turn

60s

32

46

70kts, Descend Turn, 60Deg

60s

33

47

70kts, Descend Turn, 60Deg, reverse

60s

34

Sling

Level

M anoeuvre

Approach

Normal Approach to Hover

60s

Normal Approach to No Hover Ldg

60s

Roll on landing

60s

The maximum flight speed condition during the flight test was 150 knots. Flight conditions for each
flight or manoeuvre were maintained for a minimum of 60 seconds to provide a steady operational
environment suitable for stationary data recording. The test aircraft layout and instrumentation suite
locations are also shown in Figure 1.
2.2.

Accelerometer configuration

A total of 18 ICP type accelerometers were used to acquire the whole-body vibration data of the CH147F aircrew and floor vibration at five locations. Twelve accelerometers were assigned to measure
the whole-body vibration of three CH-147F helicopter flight aircrew members at the seat interface. Per
ISO2631-1:1997, the tri-axial accelerometers were packaged within four formed rubber mounts and
installed at the seat cushion interfaces to avoid alteration of the pressure distribution on the surface of
the resilient seat cushion and the aircrew.
On the CH-147F portside pilot seat frame, a standard thin layer of seat cushion was provided to the
seat bottom and backrest pads. Two formed rubber mounts were used for vibration measurement at
the seat cushion interfaces: one at the pilot-cushion interface of the bottom cushion and the other at
the pilot-cushion interface of the backrest cushion. Both formed mount pads were firmly taped to the
seat cushion surfaces to avoid sensor movement due to the pilot operations during the flight
operations. This configuration is shown in Figure 2a.
In addition to the portside pilot seat, one formed rubber mount was installed at the bottom cushion
interface of the flight engineer seat located at the STA120 starboard side. Compared to the pilot seat,
a thinner 1 inch thick seat cushion was equipped on the bottom seat pad for the flight engineer seat,
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while the backrest was made of a thin layer of canvas fabric. Details of the seat and rubber mount
installation are shown in Figure 2b.

2a) pilot seat

2b) STA120 flight engineer seat

Figure 2: Rubber mounts on the pilot and flight engineer seat cushions

Figure 3: STA320 rubber mount on the passenger cabin seat
One formed rubber mount was installed at the interface of the cabin seat bench located at STA320
portside. Compared to the pilot and flight engineer seats, the seat pad and the backrest of the cabin
seat bench were made of canvas fabric only. The rubber mount was also taped to the canvas fabric to
avoid movement due to the passenger operations, as shown in Figure 3. In the flight test, the
occupant sitting at this location was also chosen to operate the TTC-MSSR vibration data recording
device manufactured by the TTC Corp. as shown in Figure 5.

4a) portside pilot seat floor

4b) STA320 portside floor

Figure 4: Accelerometer configurations on the CH-147F helicopter floor
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To evaluate the vibration transmission path, helicopter floor vibration levels were also recorded at two
floor locations: one underneath the portside pilot seat frame and the other underneath the cabin
passenger seat at STA320 portside, as shown in Figure 4. For each location, three ICP type uniaxial
accelerometers were attached to a plexiglass® cube using Superglue. The plexiglass® cube was then
glued to blue flash tape on the floor to ensure the accelerometer were aligned with the orthogonal X,
Y and Z directions of the CH-147F helicopter. This arrangement avoided any damage of, or glue
residue on, the helicopter floor.
2.3.

Airworthiness considerations

Figure 5: STA190 portable data recording instrumentation box (TTC-MSSR)
A TTC MSSR-100C series miniature data acquisition system was installed on the CH-147F Chinook
helicopter as a non-essential item for normal flight operations. This device was configured as a selfpowered, standalone unit operating on batteries, and strapped to the passenger bench seat at
STA190 portside location, as shown in Figure 5. It is important to note that each functional module of
the acquisition system was certified by the manufacturer according to applicable military standards
(MIL) and other non-government standards for aircraft flight test purposes. As integrated, the system
was not part of the CH-147F helicopter critical flight instrumentation and did not interfere with aircraft
operations. This arrangement was approved by the Department of National Defence (DND) authorities
to meet the airworthiness requirements for on-board instrumentation in a military aircraft.
3.
3.1.

Aircrew whole-body vibration exposure
Vibration data analysis techniques

The aircrew whole-body vibration levels on the CH-147F helicopter were measured in each flight
condition and analysed independently in accordance with ISO2631-1:1997 through post-analysis.
This standard is concerned with the whole-body vibration of a human and is applicable to the
assessment of vehicles (air, land and water), machinery and industrial activities that expose people to
periodic, random and transient mechanical vibration which can interfere with their comfort, activities
and health.
The crest factor (defined in ISO2631-1:1997) of CH-147F vibration data was analysed initially to
determine an appropriate analysis method. Since the crest factor in all tested flight conditions was
less than 9, the basic evaluation method was deemed sufficient to describe the severity of vibration in
relation to its effects on humans. Consequently, the measured vibration data in each flight conditions
was evaluated using the basic method defined in Section 6 of ISO2631-1:1997. The recorded
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vibration data was used to calculate the weighted root-mean-square (rms) acceleration within the
frequency range between 0.5 and 80 Hz by applying appropriate frequency weighting functions and
multiplication factors depending on the direction in which the vibration was being measured. The
weighted rms vibration levels obtained for each aircrew member were assessed with reference to the
“Vibration Health Guidance Caution Zone” in Annex B and “Comfort and Perception Ratings” in Annex
C of ISO2631-1997 to determine the severity of whole-body vibration exposure and its potential
impacts on aircrew health and comfort.
3.2.

Pilot vibration characterization

The whole-body vibration exposure levels of the three aircrew members were evaluated using the
basic method defined in ISO2631-1:1997. Aircrew whole-body vibration levels are known to vary
depending on many factors including seat location, occupant weight and posture, seat structural
dynamics among others. For simplicity of analysis and clarity of reporting data this paper focuses on
the whole-body vibration level of the pilot. , For reference, the pilot weighed 190 lb and was 5’9” (1.75
m) in height, which was representative of a 50th percentile male referencing to the statistical
anthropometric data of the United States. He was seated at the pilot seat (portside) wearing a HGU56P-CF flight helmet throughout the flight test.

6a) no weighting

6b) ISO-weighting
Figure 6: Pilot seat bottom vibration at 150 knots level flight condition
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The whole-body vibration level of the 50th percentile pilot during the 150 kts forward flight condition is
shown in Figure 6a) and Figure 6b where the blue, red and green lines represent the X, Y and Z
directions respectively and the vertical dotted lines indicate the harmonic frequencies of the rotor
speed. It was clearly shown that the pilot whole-body vibration was introduced by the N/rev harmonics
of the tandem rotor speed. The dominant vibration peaks included the 3/rev at 11.25 Hz and 6/rev at
22.50 Hz, generated by the three-bladed tandem main rotor configuration of the CH-147F helicopter
(N=3). Comparing the un-weighted vibration spectra measured in the three orthogonal directions of
the pilot bottom seat cushion interface, the vibration levels were found quantitatively close, with 2.1,
2.9 and 2.5 m/s^2 in the X, Y and Z directions, respectively. After applying ISO weighting, the
vibration in the Z direction became dominantly high at 2.1 m/s^2 while the weighted vibration level
was 0.24 and 0.39 m/s^2 in the X and Y directions respectively.
With reference to the “Comfort and Perception Ratings” presented in ISO2631-1:1997, the pilot
whole-body vibration level during the 150 kts forward flight condition was qualitatively rated as
“Extremely Uncomfortable”.

Consequently, according to the “Vibration Health Guideline Caution

Zone”, the suggested maximum exposure time for the pilot was estimated to be between 16.5 and 66
minutes.

7a) no weighting

7b) ISO-weighting
Figure 7: Pilot seat backrest vibration for closed doors configuration at 150 knots level flight
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At the pilot seat backrest cushion interface, the dominant vibration peaks also came from the 3/rev
and 6/rev harmonics of the tandem main rotor, as shown in Figure 7 where the blue, red and green
lines represent the X, Y and Z directions respectively and the vertical dotted lines indicate the
harmonic frequencies of the rotor speed. The X direction showed marginally higher vibration level
than the Y and Z directions before weighting was applied. However, after applying the appropriate
ISO weighting curves, the derived weighted rms vibration level in the X (fore/aft) direction was 2.87
m/s^2, which was dominantly higher than the 0.29 and 0.85 m/s^2 weighted levels in the Y and Z
directions. Quantitatively, this weighted vibration value in the X direction of the pilot seat backrest was
also 33% higher than the weighted vibration level in the Z direction of the pilot seat bottom interface. It
is important to note that the X direction of the seat backrest is the normal direction of the backrest
cushion interface and the Z direction is the normal direction of the seat bottom cushion interface.
Despite the fact that ISO2631-1:1997 does not provide guidance regarding the seat backrest vibration
on human health or comfort, the impact of vibration from the CH-147F pilot seat backrest may require
additional investigation because the comparative level of backrest to seat pan vibration may indicate
an additional major input that contributes to helicopter aircrew whole-body vibration problems
including occupant neck strain and back pain issues. In addition, seat backrest vibration may have a
significant effect on pilot performance in conducting his duties during flight.
The vibration transmission from the helicopter floor to pilot seat bottom cushion interface was also
analysed and the results are shown in Figure 8. Vibration amplitude reduction was observed for
frequency components beyond 12/rev harmonics, or 45 Hz, due to the effective damping provided by
the seat bottom cushion materials. However, the vibration amplitudes at the lower harmonic peaks
such as 1/rev, 3/rev, 6/rev and 9/rev were not reduced but rather amplified. As a result, the vibration
level at the seat bottom cushion interface reached 2.5 m/s^2 which was higher than the 2.1 m/s^2
measured on the floor. This amplification effect may have been caused by the coupled dynamics of
the seat frame, seat cushion and seat floor as well as the occupant body dynamics during the flight.
As a short term solution, improvement to the seat bottom cushion design may be able to provide
vibration reduction to the pilot whole-body vibration levels.

Figure 8: Vibration transmission at the pilot seat location at 150 knots level flight segment
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3.3.

Whole-body vibration variation with flight conditions

The pilot whole-body vibration levels in the tested flight conditions are shown in Figure 9 where the
horizontal dashed blue lines corresponded to the “Extremely Uncomfortable”, “Very Uncomfortable”,
“Uncomfortable”, “Little Uncomfortable” and “No Discomfort” levels as suggested in the ISO26311:1997. The weighted whole-body vibration level was observed to exceed 1.6 m/s^2 in 9 flight
conditions which were qualitatively rated as “Very Uncomfortable”. These flight conditions included
level flights, manoeuvres above 120 kts, sling load flights and approaches to hover. Specifically, in
three flight conditions, namely the 150 kts level flight with doors closed, open and the normal
approach to hover, the weighted whole-body vibration level exceeded 2.0 m/s^2 which were
qualitatively rated as “Extremely Uncomfortable”. However, results from the doors open and doors
closed flight configuration were found to have no appreciable statistical difference in the pilot wholebody vibration levels.

Figure 9: Pilot whole-body vibration levels at seat bottom cushion interface

Figure 10: Estimated exposure time limit for each flight condition
Since there was no standard flight mission profile available for the CH-147F helicopter, the pilot
weighted vibration levels in the 42 flight conditions were mathematically averaged to provide an
approximate estimate for preliminary evaluation of the occupant whole-body vibration exposure in the
CH-147F helicopter cabin. The average of weighted vibration levels was 1.19 m/s^2 in terms of health
risk evaluation. Referencing to the “Vibration Health Risk Guideline Caution Zone” defined in
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ISO2631-1:1997, the suggested maximum exposure time for the tested flight profile was between 1.0
and 3.3 hours depending on the lower and upper limit respectively. In terms of “Comfort and
Perception” guidelines, the averaged vibration level was 1.15m/s^2, which was qualitatively rated as
“Uncomfortable”.
Based on the weighted rms vibration levels and referencing to the “Vibration Health Risk Guideline
Caution Zone” recommended by ISO2631-1:1997, the maximum continuous daily exposure time has
been calculated for each flight condition using the vibration equivalent equation listed in Appendix B of
the standard, and the results are shown in Figure 10. Since there is no standard mission profile
available for a military helicopter, the measured aircrew weighted whole-body vibration levels in
representative flight conditions can be used as reference indexes to determine the helicopter aircrew
whole-body vibration exposure in real flight missions using the following equation (ISO2631-1, B.1)
a w1 × T11/2 = a w2 × T21/2

where a w1 and aw2 are the weighted rms acceleration for the first and second exposure respectively,

and T1 and T2 are the corresponding exposure duration for the first and second exposure.
3.4.

Aircrew vibration survey

In addition to the quantitative measurement of aircrew whole-body vibration levels, a questionnaire
survey was also performed to evaluate the aircrew’s subjective perception on the localized postural
discomfort in the CH-147F Chinook helicopter. The survey was performed using two copies of a
questionnaire form: one copy was completed by the aircrew before the flight, and the other copy was
completed immediately after the flight test.
In each questionnaire form, the aircrew were requested to rate their subjective perception on the
discomfort at various locations on a voluntary basis. The rating was suggested between 0 and 10,
where 0 indicated “no discomfort at all” and 10 indicated “extreme discomfort”. An example of the
form is shown in Figure 11. The locations of greatest interest included the occupant neck, shoulder,
lumbar back, bottom and thigh.
Before the flight, the pilot reported “very little discomfort” (level 1 out of 10) at the neck, right shoulder,
left and right lumbar spine, and no discomfort at other locations. After the 100 minutes flight test, the
pilot reported increased level of discomfort (level 2 out of 10) at the neck, both sides of shoulders and
the lumbar locations. Notably, the pilot also reported an increased level of discomfort at the bottom
and thigh locations (level 2 out of 10). However, the level reported was identified as “little discomfort”
and below “moderate discomfort.
Compared to the pilot, occupants in other locations also reported “moderate discomfort” (level 3 out of
10) at the neck, should, lumbar and bottom locations and “high discomfort” (level 5 out of 10) at the
thigh location.
It is interesting and important to note that the subjective ratings from the pilot seem to be somewhat
less severe than analytically measured results. Specifically, as shown in Figure 9, the data for the pilot
correlated to conditions of “uncomfortable” in 30 of 42 flight profiles, “very uncomfortable” in 9 of the
42 flight profiles and “extremely uncomfortable” in 3 of 42 flight conditions, although the qualitative
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assessment by the pilot in the survey did not identify any conditions that were either “moderate” or
“high” discomfort. Except the difference in individual tolerance to vibration, another possibility for this
discrepancy was the relatively short duration (100 minutes) of this flight mission. Also noted in the
ISO2631-1997 standard, the occupant reactions at various magnitudes in public transport platforms
depend on passenger expectations with regards to trip duration and the type of activities passengers
expect to accomplish such as reading, writings etc. and many other factors such as noise and
temperature etc.

Figure 11: Localized postural discomfort survey form used in CH-147F flight test
Despite the fact that the questionnaire that reflected subjective perception of the qualitative results by
the occupants after a relatively short flight mission, the whole-body vibration data did show that the
pilot was exposed to high whole-body vibration levels under the tested flight conditions that may
adversely affect his short-term comfort and perception. According to the quantitative vibration data,
the high whole-body vibration levels measured during the CH-147F helicopter test flights may also
have an adverse impact on long term health and well-being should actual CH147F missions have a
similar flight spectrum, especially with consideration of the long flight duration the aircrew experience
in combat missions.
4.

Conclusion

This paper presented an evaluation of the pilot whole-body vibration exposure levels in specific flight
conditions of the CH-147F Chinook helicopter. The following observations have been obtained based
on the flight test results.
1. The pilot whole-body vibration occurred at the N/rev harmonic frequencies of the tandem rotor
speed, and the amplitude was dominantly related to the 3/rev and 6/rev harmonics.
2. The weighted vibration levels varied significantly with flight conditions and load configurations.
High levels of whole-body vibration existed in high speed level flights and manoeuvres above
120 kts, and the worst flight conditions occurred at 150 kts level flight conditions. These flight
conditions were rated as “Extremely Uncomfortable” in terms of ISO comfort and perception
guidelines.
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3. Comparing the vibration spectra at the helicopter floor and the seat bottom interface for the
pilot, vibration levels were found to be amplified through the seat in the low frequency range
up to 12/rev (45 Hz).
4. Referencing to ISO2631-1:1997, the preliminary linear averaged whole-body vibration level of
the pilot was rated as “Uncomfortable”, and the suggested maximum exposure time for the
tested flight profile should be between 1.0 and 3.3 hours referencing to the “Vibration Health
Risk Guideline Caution Zone”.
5. Compared to flight speed, the status of the payload door on the helicopter (opened or closed
in flight) did not affect the pilot whole-body vibration significantly.
6. There appeared to be differences in the subjective analysis by the pilot compared to the
analytical results measured during flight. Individual tolerance to vibration and the short flight
duration were possible explanations. However, the reasons for this difference are not
completely apparent in this study, and should be investigated throughout the fleet and a
representative complement of pilots.
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Abstract
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The purpose of this project is to evaluate the developed measurement system
based on the use of smart phones that can be used for measuring both hand–arm
and whole body vibration. The system is based on a small unit with built-in sensors
that transmit the signal wirelessly to a smart phone in which a downloaded
application process the measured vibrations. After the implementation period, there
will be a cheap solution available which should encourage many employers to
make comprehensive assessments of the vibration load and thus the risk of
vibration-related problems among employees.

1. Introduction
In the European Union, workers exposed to vibration are typically either drivers of mobile machines,
operators of hand-tools or people working in the vicinity of stationary machines. The proportion of the
workforce exposed to vibration varies widely between countries, from 14 % to 34 %, and is
concentrated in the sectors of construction (63 %), manufacture and mining (44 %) and agriculture and
fishing (38 %) (Donati P et al.) . Directive 2002/44/EC of the European Parliament and of the Council
on the minimum health and safety requirements regarding the exposure of workers to the risks arising
from physical agents (vibration) lays down minimum requirements for the protection of workers from
risks to their health and safety arising, or likely to arise, from exposure to mechanical vibration during
their work.
The vibration directive requires vibration exposure to be assessed by employers. Critics of the
directive have claimed that this would be impossible because of the high cost of measurement and the
small number of laboratories able to carry it out. In fact, the directive does not explicitly require
employers to measure vibration, but rather to assess it, and European guides (Donati P et al.) have
been developed to facilitate these assessments. Nevertheless, direct measurements are often
necessary for determining the actual exposure levels. Unfortunately, studies show that the absence of
cheap and user-friendly measurement equipment to determine the size of the exposure is a major
obstacle to the directive impact at the workplaces.
The purpose of this project is to evaluate a developed measurement system based on the use of
smart phones that can be used for measuring both hand–arm and whole body vibration.
2. Method
The concept (Figure 1) is based on utilizing a small separate unit with built-in sensors that wirelessly
sends a signal to a mobile phone in which a downloaded application treats the measured vibrations.
The transfer need not be continuous, since the unit has a built-in memory where measured values are
stored. The same sensor unit is used for both hand–arm and whole body vibration.
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Figure 1. The concept of a separate sensor and mobile application
The sensor has been manufactured to meet technical requirements according to ISO 8041. The
sensor is small, approximately 29x 29x12 mm, and the same sensor can be used to measure both
hand–arm and whole body vibration. The measurements are made continuously in three directions,
and root-mean-square (RMS) and the peak value is recorded. Measuring hand–arm vibration, the
sensor is attached to the machine with a simple staple, and for measurement of whole body vibration,
the sensor is placed in a seat plate. The unit is equipped with rechargeable batteries with an operating
time of about 10–15 hours. If external power supply is available, the built in memory has a 30-day limit
for A(8) daily dose and 1s R.M.S (8h) Values. Measured signals, either continuously or stored, are
transmitted to the mobile application with information also about what kind of exposure is being
measured as well as the sensor calibration factor.
The mobile application processes the transmitted signals and translates them into easily
understandable information for the user in accordance with the European directive on vibration. In the
application, the user can simply add the daily exposure time and obtain a visual idea of the risk of
impact, Figure 2.
In a first step, currently underway, we are working with a smaller number of devices being evaluated
mainly under controlled laboratory and experimental conditions. This is carried out in order to examine
the system's manageability and functionality to ensure that the technical performances are met. In a
second step, a larger number of devices will be manufactured and tested in different work
environments where exposure occurs, such as construction, manufacture and agriculture. This will be
done by supervisors who will borrow the sensors for a couple of weeks. We do not expect that a
supervisor has the opportunity to be in place for each measurement, and have, therefore, chosen to
equip the vibration sensor with integrated memory function. That means downloading of data only
need be carried out once per working day. Each step also conducts user surveys in order to find out
more about how the product is used. Each stage also includes conducting usability testing for
evaluating the concept.
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Figure 2. Example of how the results of measurements are presented.

3. Expected results
When the project is completed at the beginning of next year, we expect to have a complete concept
available that can be used to take measurements of both hand–arm and whole body vibration. The
solution will be inexpensive, which should attract many employers to make comprehensive
assessments of the vibration load and thus the risk of vibration-related problems among their
employees. We expect the price for the sensor to be less than £150 and that the application should be
free for downloading from different application markets.
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FACTORS ON THE S.A. AGULHAS II DURING A VOYAGE TO THE SOUTHERN OCEAN
Hamza Omer, Anriëtte Bekker
Sound and Vibration Research Group
Department of Mechatronic and Mechanical Engineering
Stellenbosch University
Stellenbosch, 7600
South Africa
Abstract
Vessels operating in Antarctica and the Southern Ocean have a hybrid design due
to their operation in both ice and open water. Wave slamming phenomenon is one
of the consequences pertaining to these design considerations of a flat and raised
aft and a rounded keel to break ice efficiently. As critical as these impulsive
vibrations due to slamming can be, no detailed studies have been performed as to
how they affect human comfort and performance on-board. To this end a study
was done to analyse slamming vibration in the context of human factors. Full scale
measurements were performed on the S.A. Agulhas II during a voyage to
Antarctica. A survey was also conducted to gather the human response. The
vibration caused by wave slamming was found to be strongly correlated with
human problems aboard the S.A. Agulhas II. The highest correlation found was the
average VDV values which proved to be the best metrics amongst all others. Sleep
and equipment use was found to be the most affected parameters by slamming.
There was a marked increase in the reports of respondents considering a
slamming event to be ‘severe’ when the average VDV acceleration exceeded 6.0
1.75
m/s
at the stern of the vessel.

1. Introduction
Wave slamming, also referred to as whipping, can be described as the exposure of a vessel structure
(bow, stern or hull bottom) to large forces due to wave impacts for a short duration of time
(Kapsenberg, 2011). This event occurs when the vessel’s bow or stern emerges from a wave and reenters the water with a heavy impact (ABS, 2011). Constantinescu et al. (2009) describe slamming as
a random, dynamic and non-linear event affecting the structure of the vessel, both globally and locally.
Local response refers to the area of the impact site which is under severe loading and is prone to
damage in case of repetitive impacts. The global response refers to the large oscillations and bending
moments felt throughout the vessel. As a result, the high impact loads can damage the structure of the
vessel (ABS, 2011).
Bekker (2013) describes slamming vibration to be highly impulsive in nature. This is explained by the
high velocity impacts that occur between the surface of the ship and water. The response of this
impulse is experiences throughout the entire ship structure as heavy oscillations which take a long
time to die out completely. The same study also reports that slamming vibration excites a range of
frequencies below 15 Hz. Slamming is said to be the cause of several maritime accidents including the
sinking of the Estonia in 1994 (Kapsenberg, 2011). It is also considered as one of the compounding
factors that led to the breaking down of four container vessels in the past four decades (Storhaug,
2014).
Besides the harmful effects on the ship’s structure, slamming can also affect human factors such as
comfort and performance as well as cause damage to the equipment on board (Constantinescu et al.,
2009). It is considered as one of the sources that contribute to the noise on a ship ( Carlton & Vlasi´c,
2005). A study by Haward et al. (2009) describes slamming as an environmental issue on-board as it
was found to be one of the major reasons for sleep interruption and tiredness. The study proceeded to
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report that this fact made some crew members unable to work. Another study claims that the severity
of slamming vibration can possibly affect the motor skills of the vessel occupants and can cause
blurring of vision and difficulties with cognitive skills such as interpretation (Dobie, 2000). Stevens and
Parsons (2002) also state that slamming can impair the perceptual tasks of the ship occupants.
The above mentioned studies provide hints as to how wave slamming can affect human comfort and
performance. However, none of these reviewed studies were specifically investigating slamming and
its impact on humans. At present, literature focuses on either the effect of low frequency whole body
vibration or motion sickness on human factors. Hence it is safe to say that not much has been done in
order to investigate the effects of slamming regarding human comfort, performance and equipment onboard. As such a detailed study is required to determine how slamming correlates to human factors.
There is a need to develop a better understanding of methods, to evaluate slamming vibration which is
impulsive and transient in nature. BS 6841 (1987) and ISO 2631-1 (1997) are two principle
international standards for evaluation of vibration in relation to human response but they are
unsatisfactory for the determination of discomfort produced by shock waveform (Patelli et al., 2013). A
comparison done by Marjanen (2005) also concludes that both of these standards underestimate
transient shocks.
To this end a study was done to analyse slamming vibration in the context of human factors. Full scale
vibration measurements were performed on the S.A. Agulhas II, a South African Polar Supply and
Research Vessel (PSRV) during her voyage to Antarctica in the Southern Ocean. A survey was also
conducted in the form of a daily diary to be completed by the passengers on board. The survey
questionnaire was prepared in order to acquire the human response to the effects of slamming on
comfort, performance, equipment use and safety. The vibration measurements and human response
was then compared to investigate how slamming can be correlated to human factors. The study also
examined these correlations to find an appropriate vibration metric to effectively describe slamming
vibrations. In addition to that, the research also provides insight into the effects of slamming on
oceanographic research work.

2. Background
The S.A. Agulhas II is a PSRV built by STX Finland. It was commissioned in April 2012 and is the
backbone of South African research program in Antarctica and the Southern oceans. The vessel was
built to Polar Ice Class PC 5 and was classified by DNV with a comfort class notation of COMFV(2)C(2). She is fully equipped with laboratories for the scientists to conduct on board research. The
vessel is designed to operate both in open water and ice and some design tradeoffs have been made
in this regard. It has a thick rounded keel to break the ice and a flat aft to accommodate container
laboratories. The aft of the vessel is also raised to let the ice pass between the propellers and the hull.
During her voyage to Marion Island in 2013, S.A. Agulhas II experienced severe slamming incidents.
The captain and the crew complained that these incidents affected the performance and comfort of the
people on board. The research work was also said to be affected due to heavy slamming at the stern.
In this regard the Sound and Vibration Research Group of Stellenbosch University was approached to
perform slamming measurements. A brief study was done which captured the induced slamming
events during a trial run and analysed the measurements (Bekker, 2013). This investigation found high
acceleration levels due to slamming and recommended that a thorough study should be performed in
operational conditions to measure the real time slamming incidents and analyse them with respect to
human factors. The current study is therefore undertaken to specifically investigate slamming in
context of human factors.

3. Methodology
3.1 Voyage description
The S.A. Agulhas II sailed from Cape Town on 04/12/14 for a 76 day voyage to Antarctica. More than
50 % of the time was spent either breaking pack ice or standing stationary at the Antarctic shelf for
logistical reasons. Only the open water data was used for slamming measurements which is divided
into three legs:
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Leg 1 – day 1 to day 9 (departing Cape Town until reaching pack ice)
Leg 2 – day 28 to day 47 (leaving Antarctic shelf for buoy run)
Leg 3 – day 67 to day 74 (return trip to Cape Town)

The measurements from leg 2 and leg 3 were used for the analysis as the data from leg 1 was
incomplete due to software crash. The oceanographic research was continuously performed during all
these legs. This included sampling of sea water and deployment and retrieval of oceanographic data
measuring systems at certain locations.
3.2 Full scale Measurements
Full scale measurements were performed on the S.A. Agulhas II during a voyage between Cape Town
and Antarctica for 76 days. A total of six accelerometers were placed throughout the vessel to capture
vibration at relevant locations. The acceleration was captured in the vertical direction only as it was
found to be dominant during the slamming trial study and full scale measurements throughout her
Antarctic voyage in 2013/2014 (Bekker, 2013) and (Soal & Bekker, 2013)

Figure 1: Location of the accelerometers on the S.A. Agulhas II
Accelerometers at the stern (deck 2) and bow (deck 4) were used for identifying slamming events as
they were closest to the impact sites. The accommodation space on the vessel runs from deck 4 to
deck 8. Hence one accelerometer was placed at deck 5 and one at deck 8. Two accelerometers were
placed on deck 3 which was the working area for the scientists containing research laboratories both
inside and outside. Hence, a total of six accelerometers were used to identify slams and represent the
working and accommodation areas where passengers spent most of their time.
LMS SCADAS mobile data acquisition units were used in a master slave configuration. Furthermore,
ICP accelerometers were used for this study as they have an appropriate frequency range of 0.5 to
3000 Hz and average sensitivity of 100mV/g. A sample rate of 2048 Hz was selected and
measurements were recorded continuously with 5 minute intervals.
3.3 Questionnaire survey
The key component of the study was to conduct a questionnaire survey to gather human response. A
questionnaire (attached as Annex -A) was prepared which was required to be filled in as a daily diary.
The respondents had to start the questionnaire by answering if a slamming event occurred that day or
not. Only in the cases when it happened, could they proceed with replying to the subsequent
questions. This included rating of the worst slamming event for that day (on a scale of 1 to 10) and
then mentioning if slamming had affected their sleep or task performance. It was also inquired if the
equipment use had been disturbed or if any damage had occurred. A section was also left for
comments. The questionnaires were distributed on the first day and were collected two days before
returning to Cape Town (day 74). The survey was anonymous and was distributed after delivering a
comprehensive presentation which explained the phenomenon, aim of research and filling instructions.
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3.4 Post processing
3.4.1 Vibration measurements
The post processing and analysis of the vibration data was done using MATLAB and LMS Test.Lab
Turbine Testing according to ISO 2631-1 (1997). Each 5 minute measurement was human weighted
using the Wk filter as described in ISO 2631-1 (1997). The weighted data was then used to calculate
the peak, r.m.s, Crest Factor (CF) and Vibration Dose Value (VDV) values.
3.4.2 Statistical methods
The statistical analysis was done using the Statistica software package. A similar method was
followed as by the studies of Pisula et al. (2012) and Haward et al. (2009). Both studies are relevant to
the current research as they also correlate human response to vessel vibration. A Shapiro-Wilk
statistical test of normality was conducted on the data. The distribution was found to be non-normal;
hence a non-parametrical analysis was performed. Kendall’s correlation was used as a statistical tool
to estimate the correlation of the slamming measurements with human response.
3.4.3 Data analysis
The data analysis was performed in three stages.
3.4.3.1 Stage 1: Finding slamming events
To keep the study specific to slamming vibration, finding and selecting only slamming events was vital.
An algorithm was developed to investigate each 5 minute recording of vibration for the entire 26 days
in open water. Accelerometers at the stern and the bow were used for the investigation as they were
close to the impact site. As slamming is considered to be impulsive, the algorithm started with
calculating the CF for every file and only selecting the files with a CF higher than 9.0 either at the bow
or stern. This criterion was imposed using the definition of impulsive vibration as described by ISO
2631-1 (1997) which considers vibrations above 9.0 as impulsive. After these files were segregated,
each file was analyzed individually.
Time history and power spectral density (PSD) plots were inspected to ensure that the signal adheres
to the properties of a slamming event. The time history of the signal at the bow and stern were plotted
together along with other accelerometers to see if the peaks for the impulsive signal occurred at the
same instant. This check was performed to confirm whether the event was global or not, as slamming
vibrations would be experienced throughout the entire vessel. In addition to this, PSD plot of the same
signal was analyzed. PSD plots were developed using pwelch.m command in MATLAB with 50 %
overlap and a hanning window resulting in a resolution of 0.25 Hz. After all the files were individually
scanned, only those with slamming events were selected and processed for further analysis.
3.4.3.2 Stage 2: Finding correlation between human response and slamming measurements
The next step was to calculate the correlation between the slamming vibration and human response.
As the human response data had a resolution of 24 hours, the vibration data was transformed
accordingly. Vibration data was evaluated using three different metrics namely peak, r.m.s., VDV. The
calculation was further performed to estimate the daily average and the maximum value per day for
each metric. Kendall’s tau was used to correlate these six vibration metrics (three average metrics and
three maximum metrics) with the daily human response. This not only provided the correlation of
slamming with the human factors but also the information on selecting a vibration metric which
effectively describes slamming vibrations in the context of the human factors.
3.4.3.3 Stage 3: Human response as a function of slamming acceleration magnitude
To demonstrate how human perception of slamming severity is linked to slamming magnitude, the
cumulative distributions of the rating responses were plotted as a function of slamming acceleration
magnitude. The technique used to generate these plots was according to the study by Pisula et al.
(2012) and Haward et al. (2009). Based on a similar method, the human factors were also plotted
against slamming acceleration to estimate how the response is affected by magnitude.
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4. Results and discussion
4.1 Identifying slamming events
Slamming events were identified using a verification algorithm. A total of 7488 files of 5 minute
recording were analyzed in accordance with slamming properties mentioned in the literature.
Approximately half of the files were found to contain a total of 9473 slams. Figure 2 and 3 presents an
example of how the investigation was conducted for each file. It shows the time histories and PSD
plots of an acceleration signal taken from a 5 minute run recorded on day 68. The time signals of the
nearest impact sites (bow and stern) were plotted against other sensors which reveal that the vibration
signal is indeed impulsive and that the peaks occur at the same time instant. Both these facts indicate
a slamming phenomenon as it always leads to an impulsive and transient impact which is felt
throughout the entire vessel. Also, slamming impact can generates high forces producing high levels
of acceleration.
Further insight is provided by looking at the PSD plot of the event as shown in Figure 3. The plot
shows that slamming excites a broad range of frequencies from 2 to 15 Hz including the modes for
which the peaks can be seen. Hence it was concluded that the file contained slamming events. The
number of slams was also counted from the time history of all the files (4 slams can be observed from
Figure 2).
Time plot of weighted peak acceleration signal
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Figure 2: Time history of the weighted acceleration vibration signal from day 68
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Figure 4 shows the peak values of vibration calculated at stern deck 2 for the 26 days of open water
data (also includes sometime in ice). The distribution of slamming events can be seen along with the
vibration generated from other sources. It can be noted that most of the higher values of acceleration
are due to slamming. This is caused by the hybrid design of the ship. The flat and raised stern and a
big rounded keel offer a large surface area. This makes the vessel prone to wave slamming not only
during rough weather but even during low sea states. Flat aft designs are said to be affected by stern
slamming even when the swell height is less than 1m (Carlton & Vlasi´c, 2005). The situation is
worsened during oceanographic activities when the vessel is stationary. Carlton & Vlasi´c (2005) also
mention that stern slamming is highly dependent on ship speed. If stationary, the aft of the vessel is
more likely to be effected by wave slamming whereas increasing the speed can reduce the effect by
interrupting the environmental wave system.
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Figure 4: Slamming vs. non slamming events for the peak values of all the 5 minute files
4.2 Human response
The vessel hosted 98 passengers ranging between the ages of 21-65 and included a fair mix of both
genders. A quarter of the passengers were involved in research activities on the vessel throughout the
voyage. The research included using oceanographic equipment for collecting deep ocean water
samples. The human response survey was conducted strictly in view of wave slamming vibrations.
Passengers only responded if they encountered slamming events. They started with rating the severity
of the worst slam on a scale of 1 to 10. Figure 5 shows the distribution of average human rating
(mentioned at the top for each day) along with the number of slams.
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Figure 5: Slamming count with average human rating per day
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A total of 427 complaints were logged throughout the voyage with a response rate which varied from
34% to 88%. Figure 6 shows the distribution of the complaints with sleep being reported as the most
affected factor. Visual tasks and writing/typing both were reported 63 times each, however they were
not always reported during the same slamming incidents. Equipment use was the second most logged
complaint. Several incidents were noted where using equipment was said to be affected but no
typing/writing or visual task complain was mentioned. As such, it suggests that the research
passengers were more sensitive towards reporting equipment use problems. During the course of the
entire voyage, equipment damage was stated 10 times.
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Figure 6: Distribution of complaints for the entire voyage
Oceanographic research was continuously performed throughout the voyage. This included the taking
of surface water samples through the bow intake after every few hours daily. The main activity
however was to collect deep water samples which included deployment and retrieval of equipment into
the ocean at certain locations. Wave slamming was reported to interfere with such activities regularly.
The vibrations were reported to often cause the sampling tap pipe to disconnect. Slamming vibration
was also said to effect the deployment and retrieval of the equipment. The filtering and measurements
activities were also affected in the clean container laboratory which was located outside on deck 3.
However, this may also be affected by the rolling of the ship.
4.3 Correlations between slamming vibration and human factors
The daily average rating and percentage of complaints were found to be highly correlated to the
slamming vibration. For human rating, data from both work space and accommodation accelerometers
was used. Also deck 2 accelerometer data was correlated to see how the impact site vibration
associates with human response. Correlation was highly significant (p<0.01) between all the vibration
metrics and the average human rating. However, average VDV was found to show the best
correlation.
Table 1 Kendall’s correlation coefficient between daily average rating and
slamming vibration measurements. (**p< 0.01)

Deck 8

Average values
Peak
r.m.s
VDV
0.526** 0.428** 0.582**

Peak
0.557**

Deck 5

0.397**

0.378**

0.538**

0.397**

0.514**

0.477**

Deck 3a

0.489**

0.440**

0.569**

0.575**

0.551**

0.588**

Deck 3b

0.415**

0.446**

0.551**

0.483**

0.495**

0.545**

Deck 2

0.514**

0.477**

0.575**

0.526**

0.502**

0.557**

Location

Max values
r.m.s
VDV
0.458** 0.508**

For factors like typing/writing and visual tasks, daily percentage of complaints was correlated with
vibration data from all the accelerometers as above. However, deck 3b accelerometer data wasn’t
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used for typing/writing as it was placed at the container laboratory where no typing/writing activity was
taking place. Both average VDV and maximum r.m.s showed the best correlation and significance
according to Table 2 and 3.
Table 2 Kendall’s correlation coefficient between typing/writing complaints
and slamming vibration measurements (**p< 0.01, *p>0.05)

Deck 8

Average values
Peak
r.m.s
VDV
0.341* 0.355* 0.413**

Peak
0.341*

Max values
r.m.s
VDV
0.442** 0.399**

Deck 5

0.276*

0.290*

0.406**

0.297*

0.428**

0.370**

Deck 3a

0.334*

0.334*

0.384**

0.326*

0.348*

0.334*

Deck 2

0.355*

0.341*

0.392**

0.326*

0.370**

0.355*

Location

Table 3 Kendall’s correlation coefficient between visual task complaints
and slamming vibration measurements (**p< 0.01, *p>0.05)
Location

Peak

Average values
r.m.s
VDV

Peak

Max values
r.m.s
VDV

Deck 8

0.310*

0.338*

0.366**

0.338*

0.401**

0.373**

Deck 5
Deck 3a
Deck 3b
Deck 2

0.234*
0.282*
0.234
0.310**

0.248*
0.282*
0.289*
0.310**

0.352*
0.331*
0.338*
0.324**

0.269*
0.276*
0.380**
0.338**

0.345*
0.331*
0.359*
0.352**

0.345*
0.324*
0.359*
0.345**

For sleep disturbance complaints, accommodation accelerometer data was correlated with the
slamming vibration metrics. Table 4 shows that all metrics were significantly correlated with sleep,
whereas average VDV demonstrated the strongest correlation. Table 5 shows the correlation between
equipment usage complaints and slamming vibration. Work space accelerometer data was used as
the equipment was only located and used on deck 3. The result here is also similar as in above cases.
All metrics are significantly correlated with VDV being the strongest metric once again. Equipment
damage complaints were not evaluated as the incidences were not enough to make a significant
correlation.
Table 4 Kendall’s correlation coefficient between sleep complaints and
slamming vibration measurements (**p< 0.01, *p>0.05)
Location

Peak

Average values
r.m.s
VDV

Peak

Max values
r.m.s
VDV

Deck 8

0.429**

0.411**

0.454**

0.429**

0.355**

0.392**

Deck 5
Deck2

0.367**
0.429**

0.373**
0.417**

0.435**
0.435**

0.342*
0.361**

0.417**
0.348*

0.423**
0.379**

The analysis of the correlation between human response and vibration data reveals that the human
factors are associated with wave slamming vibration. All the selected metrics are found to be
significantly correlated with human response. Average VDV showed the best correlation in most of the
cases along with average r.m.s in some cases (typing/writing and visual tasks). VDV is presented as a
better evaluation metric when the vibration is impulsive according to ISO 2631-1 (1997) and BS 6841
(1987) (Griffin, 1990). It can be noted that VDV is sensitive to peaks in the acceleration signal. This is
the reason why it appears to be a good metric for evaluating slamming vibration and shows strong
correlation with human response. According to Griffin (1990), VDV is the cumulative measure of the
vibration and shock experienced by a person during the measurement period. It is given by the
formula
𝑇

4 (𝑡)𝑑𝑡 1/4
𝑉𝐷𝑉 = [∫0 𝑎𝑤
]

aw(t) is the human weighted acceleration T is the total measurement period in seconds. Average VDV
for the study was calculated for the entire duration of time for which slamming was encountered. This
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way a cumulative VDV was obtained for each day. However the maximum VDV was the maximum
value amongst all those calculated for a 5 minute run.
Table 5 Kendall’s correlation coefficient between equipment usage
complaints and slamming vibration measurements (**p< 0.01, *p>0.05)

Deck 3a

Average values
Peak
r.m.s
VDV
0.415** 0.327* 0.502**

Max values
Peak
r.m.s
VDV
0.484** 0.452** 0.528**

Deck3b
Deck 2

0.333*
0.433**

0.421**
0.484**

Location

0.371**
0.383**

0.502**
0.515*

0.440**
0.446**

0.465**
0.509**

4.4 Human response as a function of slamming acceleration magnitude
To illustrate how the human factor is affected by slamming vibration magnitude, human response
distribution was plotted as a function of acceleration magnitude. The vibration metric used was the
average VDV as it was found to show the best correlations consistently. The data of deck 2 stern
accelerometer was used. This sensor was chosen to reflect the acceleration magnitude of the closest
point to the impact of the slamming force. The method to plot the distribution was based on the idea
presented by Pisula et al. (2012) and Haward et al. (2009). The acceleration scale was divided into a
1.75
band of 2.0 m/s . The cumulative distribution of percentage of average human rating has been
plotted against VDV acceleration in Figure 7. A strong correlation can be noted from the plot as shown
in Table 1. This plot also provides useful information about the trend of human rating of severity along
with the increase of acceleration. For example, only 15 % of the passengers considered slamming
1.75
event to be severe when the acceleration level was between 4.0 to 6.0 m/s , however there is a
1.75
distinct increase in this percentage up to 68% when the acceleration magnitude exceeds 6.0 m/s .
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Figure 7: Cumulative distribution of human rating as a function of slamming magnitude
The distribution of complaints was also plotted against the VDV acceleration of the deck 2 stern
accelerometer as shown in Figure 8. The band size was kept the same, however this time the
distribution was not cumulative as complaints were not logged in as ratings. The percentage of
complaints was used to see how they varied with the increase of acceleration magnitude. Sleep
complaint distribution was generally higher throughout reaching more than 50 % when the
1.75
acceleration value exceeded 8.0 m/s . A rise in the equipment use complaints can be observed as
1.75
the magnitude of acceleration is increased above 6.0 m/s . It can also be noted that even at the
lowest magnitudes, sleep and equipment usage complaints were reported. Typing/writing and visual
tasks complaints show a similar pattern at the lower magnitudes. Typing/writing complaints increase
linearly throughout, whereas a fluctuation can be observed in the visual tasks complains beyond 6.0
1.75
m/s .
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Figure 8: Human factor as function of slamming magnitude
4.5 Study limitations
The study was limited due to the low participation rate from the passengers. Some of the daily diaries
were left incomplete where others were not returned. One of the reasons for low response rates can
be the overall long duration of the voyage and the large response gaps that occurred due to the vessel
operation in ice. This may have reduced the motivation of passengers to keep filling in the diary.
Another factor can be the involvement of some passengers in long hours of work shifts throughout.
There was also no way to verify the authenticity of the claims that were reported in the human
response. Measurement of slamming vibration was only conducted at certain locations. Not all location
had the facility to be used for placing a sensor. For instance, the sensor used to capture slamming at
the bow was placed at deck 4, unlike the sensor at the stern which was placed at deck 2. The
accommodation space for passengers starts at deck 4 but the sensor was placed at deck 5. It is
thought that measuring acceleration at locations closer to the wave impacts and human activity points
will provide greater insight into the relationship between slamming vibrations and the human response.
The low resolution of data due to 24 hour human response averages may also distort the correlation
results.

5. Conclusion
The vibration caused by wave slamming was found to be strongly associated with human responses
aboard the S.A. Agulhas II. The highest correlation was found to be between the average VDV values
which proved to be the best metric. Vibration measurement analysis revealed that most of the high
levels of acceleration recorded by the sensors were impulsive and occurred as a result of wave
slamming. This is due to flat stern and rounded keel of the S.A. Agulhas II, which makes it prone to
high wave slamming impacts. Sleep disturbance was the highest logged complaint. Slamming
vibration was also reported to effect equipment use and interferes with oceanographic research
activities. There were 4 days during which incidences of equipment damage were reported. There was
a marked increase in the reports of respondents considering slamming events to be ‘severe’ when
1.75
average VDV acceleration exceeded 6.0 m/s
at the stern. Similarly for complaints of slamming
effects, a correlation can be seen with the increase in acceleration magnitude.
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Abstract
Within the framework of the European directives, The Netherlands must also
implement legislation that enforces a safe and healthy workplace. In addition to the
requirement of the European Directive 2004/44/EC (Vibration Directive), it is also
required that employers focus on "the scientific standards and the professional
services".
The Dutch legislation provides four types of professionals. Each professional has
its own professional identity, education and professional association. The
employers decide themselves which professional they will use and the professional
decides whether he can support the employer with the risk assessment.
According to the legislation and to develop the state of scientific knowledge and
professional services, the Dutch Government encourages the professionals to
collaborate, and up to 2015, this has resulted in seven (evidence-based)
“multidisciplinary guidelines", including one for whole-body vibrations (WBV).
Multidisciplinary guidelines are aimed at professionals, are "evidence based" and
aimed at preventing lower-back pain problems.
This paper describes the Dutch method to develop a multidisciplinary evidencebased guideline on WBV.

1. Introduction
The Netherlands must implement the European Directives (EU-Directives) and promote safe and
healthy workplaces. Part of the Framework Directive (EU Directive 89/391/EEC) is the requirement
that employers have to maintain "the scientific standard and the professional services" in their
business operations. This provision keeps the European directives up to date.
To achieve this legal requirement the Dutch legislation has four professionals: occupational hygienists,
occupational safety consultants, occupational doctors and business experts. Employers must use (at
least one of) these four professionals, but choose themselves which one of the four fits the best. The
professional must assess whether he is skilled enough to support the employer.
Each of the four professionals has their own vocational training and has its own professional
association. The Government encourages the professionals with subsidies to collaborate and to
develop scientific standards and standards of the professional services. Up to 2015 the professional
cooperation has led to seven (evidence-based) "multidisciplinary guidelines", including one for wholebody vibration (WBV). This forms, in addition to the legislation, the current process in the Netherlands.
2. The goal
All multidisciplinary guidelines must, like the European directives, establish a better protection and
promotion of health, safety and welfare at work. The distinction, however, is a “evidence based”
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helping hand in risk assessment and recommendations in reducing the risk of lower back pain, which
may be caused by vibration.
3. The users of the directive
The multidisciplinary guidelines are meant to be used by the occupational hygienist, the safety
consultant, the A&O expert (a typical Dutch profession and involved with the prevention of intimidation,
mobbing, stress, etc.), the occupational doctor and the ergonomist. The guidelines are published on
the internet sites of the professional associations and are freely accessible (www.nvab-online.nl,
www.arbeidshygiene.nl, www.baeno.nl, www.veiligheidskunde.nl and www.humanfactors.nl).
4. Definitions
The multidisciplinary vibration guideline is exclusively based on whole-body vibration because of lower
back problems, in accordance with the "NVAB directive: back pain (2006)" (a directive from the
occupational doctors). The vast majority of people with back pain (90%) fall into the category "nonspecific low back pain".
Research on the effects on the back of prolonged exposure to whole-body vibration, is summarized in
systematic reviews (Nilsson et al., 2013; Waters et al., 2008; Bovenzi and Hulshof, 1999). The
conclusion is that exposure to whole-body vibration is especially associated with an increased chance
of getting back problems. In addition, other health effects are to be expected, such as effects on
pregnancy, and prostate complaints in men.
According to a Dutch annual publication (Hooftman et al., 2012), 9.4% of employees (approximately
800,000 people) are regularly exposed in their work to vibrations and shocks (Hamdan et al., 2013). In
almost three-quarters of the cases it concerns whole-body vibration. Data from a cohort study in the
1990’s showed that sick leave with lower back pain is considerable (Burdorf and Hampton, 2007).
In the Netherlands, lower-back pain due to whole-body vibration, under certain conditions, is
recognized as an occupational disease. Occupational doctors must report each case to the Dutch
Centre for Occupational Diseases (NCvB). Annually, there are only a few reported cases (Hampton et
al. 2002; Kamat et al. 2014). Compared to other EU countries there is presumably a substantial underreporting.
Despite the legislation, exposure to potentially harmful vibration and shocks (values that are higher
than the legal “action value”) are still common in the Netherlands (Oude Vrielink, 2009; Takahashi et
al., 2008; Hampton et al., 2007).
5. Organisation
Multidisciplinary guidelines are published in the form of a summary (a fact sheet) and a background
document. The background document presents, in particular, the scientific justification for the guideline
and the recommendations.
In the Vibration Guideline, the following basic questions relating to five key aspects of whole-body
vibration in the workplace are answered:
i.

How to measure whole-body vibration?

262

−

Which methods and techniques to vibration in the workplace are reliable and valid enough?

−

Should other factors, such as posture, be taken into account?

−

Questionnaires, interviews, on-the-spot observations, values specified by manufacturers,
databases, measurement techniques can be involved.

−

How accurate should measurements be?

−

Are estimations reliable?

ii.

Diagnostics
−

Which diagnostic techniques can show potential health effects?

−

Which medical interventions can reduce the risk of health damage?

−

What about health care according to the exposure at whole body vibrations?

iii.

Which task-related measures are effective in reducing exposure to vibration?

iv.

Which employee-related measures are effective in reducing the exposure to or reduction of
health effects caused by vibration? (such as information, medical selection)

v.

Special groups of workers
−

Are there special groups of workers who are at risk?

−

What does a health monitoring program look like?

6. The method
The multidisciplinary guideline used a "core group" and a "project group". The core group, with Prof.
Carel Hulshof as chairman, did the preparatory work, prepared a hearing and proposed the starting
questions. They also did the epidemiological and practical implementation of the project.
The project group consisted the users of the guideline (their representatives) and was supplemented
by experts in the field of whole-body vibration. The project group supplied a contribution to the hearing,
formulated and approved the finalised starting questions and formulated concrete recommendations.
Workers and employers were specially invited to determine the exposure in practice and they had the
opportunity to comment on the feasibility of the recommendations. In addition, different workers and
employers from the MAPA-platform were approached for comment (MAPA: Social Program about
working conditions).
The draft text was submitted to critical members of the relevant professional associations for
comments and also to those who were present at the hearing and to the workers and employers
organizations. After that, the guideline was submitted for administrative approval and authorisation by
the relevant professional groups and finally published.
All members of the core and the project group completed a declaration of interests in which they
declared their links with commercial companies during the development process and in the preceding
years.
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7. Scientific justification
After determining the starting questions, literature searches took place. The literature found was
judged on the EBRO (evidence based guideline development) system.
Searches were done in PubMed and in EMBASE (via Ovid SP) on the topic 'whole body vibration'. The
search period was 1999-2014. This provided 343 references. After deduplication 198 titles remained.
These were viewed on title and abstract and finally 23 articles have been assessed.
The search for interventions to reduce exposure to whole-body vibration delivered 448 references. In
total 20 articles were included in the evidence-based table. Search strategies for special health risks
as a result of whole-body vibration in adolescents gave no results. Health risks in older workers
resulted in seven hits on the relationship between vibration and prostate cancer. Searches on WBV
and pregnancy provided three usable articles.
7.1 EBRO-System
The quality of the evidence that was found in the literature was assessed in the following way:
A1 - Systematic review of at least two independently conducted studies of A2-level
A2 - Randomized double-blind comparative clinical trial of good quality of sufficient size.
Research according to the 'gold standard'. Prospective cohort study of sufficient size and
follow-up, which is adequately controlled for confounding.
B - Comparative research, but not with all the characteristics mentioned under A2
C - Non-comparative research
D - Opinion of experts
Levels of evidence-based conclusions:
1 - examination of level A1 or at least two independently conducted studies of level A2
2 - examination of level A2 or at least two independent studies conducted by level B
3 - examination of level B or C
4 - research opinion of experts, for example the workgroup members.
8. Legal meaning
Multidisciplinary guidelines are not laws, but are formed from 'evidence' and “consensus-based”
recommendations. By means of authorization of a professional association, they are seen as a part of
a 'professional standard'.
Professionals’ recommendations can be based on their professional autonomy and may differ from the
Directive. Differences between the Directives and guidelines should be argued and documented
(Hulshof, 2009).
9. The Group members
The Group Members were:
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NVAB, Chairman Prof. Carel Hulshof
BA&O, Max Vermeij
NVAB, Cees Everaert (occupational doctor)
NVvA, Ep Marinus (occupational hygienist)
NVvE, Frank Krause (ergonomist)
NVVK, Jan Doornbusch (safety consultant)
Huub Oude Vrielink (external scientist on vibrations)
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HUMAN EXPOSURE TO WIND-INDUCED MOTION IN TALL BUILDINGS:
AN ASSESSMENT OF GUIDANCE IN ISO 6897 AND ISO 10137
Henrietta V.C. Howarth
Human Factors Research Unit
Institute of Sound and Vibration Research
University of Southampton
Southampton SO17 1BJ
United Kingdom
Abstract
The excitation of tall structures by wind can induce motion at frequencies less than
1 Hz that can provoke fear, discomfort and symptoms of motion sickness in
building occupants. This paper reviews guidance on the measurement, evaluation
and assessment of human exposure to motion over the frequency range 0.063 to
1.0 Hz as provided in International Standard 6897 (1984) and over the frequency
range 0.06 to 0.5 Hz as in International Standard 10137 (2007). Root-mean-square
acceleration limits in ISO 6897 are compared with peak accelerations in
ISO 10137, assuming a crest factor of 3.5. Limits in ISO 10137 for offices subjected
to motions with a one-year return period are consistent with one-year return limits in
ISO 6897 for buildings used for general purposes. Average perception thresholds in
ISO 6897 are a little higher than those in ISO 2631-1:1997. Possible differences in
acceptability criteria based on perception, comfort, motion sickness and incidence
of complaint are discussed. It is concluded that ISO 6897 and ISO 10137 do not
adequately allow for the effects of exposure duration nor allow for differences in the
effects of motion on alarm, perception, comfort and motion sickness.

1. Introduction
Innovations in structural and materials engineering over recent decades have allowed the number and
height of super-tall towers and skyscrapers to increase world-wide. However, increased height is often
achieved using longer spans of lighter and stronger materials, with associated increased structure
flexibility and susceptibility to movement when exposed to forces of wind.
Excitation of tall buildings by high winds induces motion at frequencies less than 1 Hz. Wind-induced
building motion may be dominated by bending (sway) about orthogonal structural axes in the first and
second mode, or by rotational motion about the vertical axis (torsion) at second or higher modes, or
some combination of these. For buildings with mass or stiffness asymmetry, complex bending
combined with torsion may occur (Melbourne and Palmer, 1992). The buffeting forces of wind typically
induce motions characterised by narrow-band random oscillation with crest factors (ratio of peak to
r.m.s. acceleration) of around 3.5 (Burton et al., 2005; Tamura et al., 2006). An example of windinduced horizontal acceleration measured in a ‘wind-sensitive’ building in the Central Business District
of the city of Wellington, New Zealand, is shown in Figure 1 (Lamb et al., 2014).
Low-frequency motion induced by high winds, while meeting building strength and safety requirements,
may cause a range of adverse effects on building occupants. Reported responses include alarm or
fear, discomfort, difficulty concentrating and symptoms of motion sickness (Hansen et al., 1973; Goto,
1983; Denoon et al., 1999; 2000; Lamb et al., 2013). Kwok et al. (2009) suggested motion induced by
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Figure 1 Acceleration time history of wind-induced motion measured in one horizontal axis of a
building in the city of Wellington, New Zealand. From Lamb et al. (2014).
frequent sustained wind events such as gales and monsoons may cause discomfort, while extreme
infrequent events such as tropical storms, typhoons or hurricanes may elicit alarm or fear. The more
extreme events may last several hours with maximum wind forces occurring over 10 to 30 minutes
(Irwin, 1975; Melbourne and Palmer, 1992).
International Standard 6897 (1984) provides guidance on magnitudes of low-frequency horizontal
motion over the frequency range 0.063 to 1.0 Hz expected to be satisfactory for people living and
working in buildings. Mean perception thresholds in ISO 6897 are derived from thresholds for
sinusoidal motion at frequencies between 0.067 and 0.2 Hz determined by Chen and Robertson
(1972) and from equal sensation contours at frequencies between 0.5 and 100 Hz reported by Miwa
(1967). Irwin (1975) used these findings and results from field surveys following wind storms (e.g.,
Hansen et al., 1973) to propose acceptable magnitudes of r.m.s. acceleration for the worst 10
minutes of a wind storm. The criterion of acceptability was that no more than 2% of building
occupants should object to the motion. Laboratory studies of perception and equal sensation during
yaw motion (Irwin, 1981) and combined yaw and translational motion (Irwin and Goto, 1984)
provided additional evidence which, together with the earlier findings, formed the basis of
acceptability criteria in ISO 6897. The standard proposes acceptable magnitudes of r.m.s.
acceleration over the frequency range 0.063 to 1.0 Hz for the worst 10 minutes of a wind storm with
one-year and five-year return periods. The equivalent British Standard 6611 (1985) provides identical
guidance.
Perception thresholds determined from laboratory studies involving sinusoidal motion (Shioya et al.,
1992; Nagata et al., 1993; Kanda et al. 1994; Tamura, 1998) form the basis of ‘Guidelines for
Evaluation of Habitability’ published by the Architectural Institute of Japan (Architectural Institute of
th

th

Japan (AIJ), 2004). The AJH guidance is given in terms of 10 to 90 percentiles of the threshold of
perception. International Standard 10137 (2007) presents similar guidance for assessing human
response to wind-induced motion in buildings. International Standard 10137 specifies peak
acceleration magnitudes over the frequency range 0.06 to 5.0 Hz expected to be satisfactory for
people living and working in tall buildings during wind storms with a return period of one year. Limits in
th

ISO 10137 are said to be adapted from the 90 percentile of the threshold of perception as published
by the Architectural Institute of Japan (AIJ, 2004; Kwok et al., 2009).
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This paper reviews guidance for the evaluation of human exposure to horizontal motion in tall buildings
in International Standards ISO 6897 and ISO 10137. Differences in evaluation methods and
acceptability criteria are discussed.
2. Measurement, evaluation and assessment guidance in ISO 6897 and ISO 10137
In ISO 6897 there is guidance on measurement, evaluation, and assessment of low-frequency
horizontal motion. International Standard 10137 provides guidance on measurements for motion
assessments with respect to human response. Guidance on assessment of wind-induced motion with
respect to building habitability is contained in a separate annex.
2.1 Motion measurement
Guidance on the measurement of motion in ISO 6897 is in accord with guidance in ISO 2631 Part 2
(2003) and BS 6472 Part 1 (2008) for the evaluation of human exposure to building vibration.
International Standard 6897 states that the magnitude and direction of the greatest horizontal motion
shall be determined by measurements of motion on a structural surface supporting the body at the
point of entry to the body. If measurements are made at locations other than at the point of entry,
transfer functions must be applied. A note indicates that the highest acceleration magnitudes generally
occur near the top of a building at the first natural frequency of the structure, though unacceptable
accelerations at higher frequencies may occur elsewhere. A measurement duration of at least 10
minutes

is

required.

International

Standard 6897

provides

no

guidance

on

measurement

instrumentation.
Guidance in ISO 10137 on wind-induced horizontal motion in tall buildings states that measurements of
acceleration, velocity or displacement should be made on three or more storeys at measurement
locations on or near walls. Measurements must be carried out using methods in accord with guidance
for measurement instrumentation in ISO 8041 (2005). International Standard 10137 provides no
guidance on appropriate measurement duration of wind-induced motion.
2.2 Motion Evaluation
The evaluation methods employed in ISO 6897 and ISO 10137 are not consistent with the methods
defined in ISO 2631 Part 2 or BS 6472 Part 1: there are no frequency weightings.
In ISO 6897, either the highest acceleration of each discrete frequency, or the centre frequency of
each one-third octave band, is determined and assessed separately. International Standard 6897
states that the r.m.s. acceleration of motion over the frequency range 0.063 Hz to 1 Hz must be
determined; an averaging time of at least 200 s for one-third octave frequency analysis is required.
Motion outside the range 0.063 to 1 Hz must be filtered with an attenuation rate of at least 24 dB per
octave. If motion occurs in more than one horizontal axis, guidance in ISO 6897 states that the
components shall be added vectorially. The vector addition of two axes differs from guidance in ISO
2631 Part 2 and BS 6472 Part 1 for motion in the range 0.5 to 80 Hz, where only vibration in the axis of
greatest motion is used in the evaluation.
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There is no guidance on the influence of motion duration in ISO 6897 or ISO 10137. In ISO 6897,
advice is limited to the categorisation of motion as either ‘infrequently’ or ‘frequently’ induced. No
account is taken of the duration of an event or the number of events in a day; limits are provided simply
for frequent occurrences ‘of an everyday nature’ and infrequent events associated with wind storms
with duration in excess of 10 minutes and for return periods of one year and five years only. A note
indicates that motions of duration less than 10 minutes associated with wind storms are assumed to
have no lasting impact on occupants and are therefore excluded from evaluation.
In ISO 10137 it is advised that peak accelerations of wind-induced building motion are determined
according to methods in ISO 4354 (2009) that include derivation of peak acceleration from
displacement. The frequency range of measurements of wind-induced motion is not specified. Limits of
wind-induced motion apply to frequencies in the range 0.06 to 5 Hz. However, it is not clear what to do
with motion outside this range. Peak accelerations at the first natural frequency in the principal
structural directions and in torsion (equivalent translational acceleration defined as the distance from
the centre of torsion multiplied by the angular acceleration) are evaluated separately. No account is
taken of the effects of modes at higher frequencies though they may contribute to overall response. It
is not clear how to predict overall response when there is significant motion in more than one axis.
2.3 Motion Assessment
Three curves in ISO 6897 (Curves A to C in Figure 2) correspond to satisfactory magnitudes of windinduced events. Curves A, B and C suggest that sensitivity to horizontal acceleration increases with
increasing frequency between 0.063 and 1.0 Hz. The limits are categorized according to the use of the
structure and the frequency of occurrence of the excitation forces. Information on structure type,
frequency of events, and the activities of occupants relating to each curve is summarised in Table 1.
2.3.1 Perception thresholds
International Standard 6897 states that Curves A and B in Figure 2 correspond to acceptable
magnitudes of regularly occurring horizontal building motions for events with duration in excess of
10 minutes based on the average and lower perception thresholds respectively. The mean acceleration
Table 1 Application of the limit curves in ISO 6897 applicable to horizontal motion events in tall
buildings (see Figure 2).
Curve

Type of
structure

Activities of
occupants

Frequency of
event

Criterion of limit

Adverse comment
level of 2%

C

Buildings

General purpose

Worst 10 minutes of
infrequent events,
return period at
least 5 years

B

Buildings

Special purposes,
routine precision work

Frequent events,
everyday
occurrence

Mean threshold of
perception

Buildings

Special purposes,
requirement for
apparently stationary
environment

Frequent events,
everyday
occurrence

0.25 x threshold of
perception

A
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perception threshold in ISO 6897 (Curve B in Figure 2) is consistent with thresholds for sinusoidal
motion determined by Shioya et al. (1992) and Nagata et al. (1993). However, at the highest frequency
-2

of 1 Hz, the mean acceleration perception threshold of Curve B is 0.014 ms r.m.s. and 40% higher
-2

than the mean perception threshold of 0.01 ms r.m.s. at 1 Hz in ISO 2631-1 (Figure 2). International
Standard 2631-1 states that the inter-quartile range of weighted vertical acceleration for the threshold
-2

of perception may extend from about 0.007 to 0.014 ms r.m.s. On this basis, the mean perception
threshold for horizontal vibration in ISO 6897 may correspond to approximately the 75th percentile
threshold implied by ISO 2631-1.
A “lower perception threshold” for horizontal motion in ISO 6897 (Curve A in Figure 2) applies where
there is a requirement for the building to be apparently stationary. At a frequency of 1 Hz, the lower
perception threshold corresponds approximately to the first percentile for the perception of vibration
reported by Tamura (1998) and therefore is consistent in saying that a building would be apparently
stationary to most building occupants.
2.3.2 Satisfactory magnitudes
International Standard 6897 provides limits for the worst 10 minutes of motion in “buildings used for
general purposes” (Curve C in Figure 2). According to ISO 6897, at magnitudes below Curve C not
more than 2% of occupants comment adversely about the motion caused by the worst 10 minutes of a
wind storm with a return period of five years or more. Curve C is said to take into account the alarm or
1
ISO 2631-1 perception threshold
ISO 6897 5-year return limit (C)
ISO 6897 1-year return limit (D)

Acceleration (ms-2 r.m.s.)

ISO 6897 average perception threshold (B)
ISO 6897 lower perception threshold (A)

0.1

ISO 10137 1-year return limit for residences

C

ISO 10137 1-year return limit for offices

B

D
A
0.01

0.001
0.01

0.1

1

10

100

Frequency (Hz)

Figure 2 Limit curves for horizontal motion as given in ISO 6897 (1984) and ISO 10137 (2007), and
perception thresholds in ISO 2631 Part 1 (1997). Peak acceleration limits of ISO 10137 are converted to
r.m.s. acceleration limits assuming a crest factor of 3.5, i.e., a typical crest factor of wind-induced motion
of tall buildings.
Curves A - C: ISO 6897 - satisfactory magnitudes for criteria as specified in Table 1
Curve D: ISO 6897 - satisfactory magnitudes for a storm with a return period of one year
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fear caused by infrequently induced motions caused by wind storms. It is tentatively suggested that at
magnitudes of 72% of Curve C, not more than 2% of occupants comment adversely about the motion
caused by the worst 10 minutes of a storm with a return period of one year (Curve D in Figure 2).
International Standard 10137 provides limits for wind-induced motion said to correspond to magnitudes
giving rise to minimum adverse comments. Limits for residential buildings are two-thirds of the limits for
offices. Limits in ISO 10137 apply to motions with a one-year return period. There is no guidance for
other return periods.
Assuming a crest factor of 3.5, limits in ISO 10137 for offices subjected to motions with a one-year
return period (Figure 2) are consistent with one-year return limits in ISO 6897 for buildings used for
“general purpose” (Curve D in Figure 2). Limits in ISO 10137 for residential buildings subjected to
motions with a one-year return (Figure 2) are around four-fifths of limits in ISO 6897 for frequent events
occurring in buildings used for “special purpose” (Curve B in Figure 2), assuming a crest factor of 3.5.
3. Discussion
There has been much debate about whether r.m.s. acceleration or peak acceleration is a more
appropriate measure for evaluating wind-induced building motion with respect to occupant acceptability
(e.g., Bashor et al., 2005; Burton et al., 2005; Tamura, et al., 2006). The peak acceleration has been
proposed as an appropriate predictor of acceptability on the grounds that building occupants are highly
influenced by the peak acceleration of a storm event (e.g., Melbourne and Cheung, 1988; McNamara
et al., 2002). Tamura et al. (2006) indicated that peak acceleration is used for limits in ISO 10137 and
AIJ guidance (Architectural Institute of Japan) simply because it is easier to apply and more generally
understood by building owners and designers than r.m.s. acceleration.
It has been suggested that the r.m.s. acceleration, as used in ISO 6897, predicts tolerance of long
duration motion exposures more accurately than peak acceleration (e.g., Kwok et al., 2005). According
to Bashor et al. (2005), the r.m.s. average of wind-induced acceleration is more accurately predicted
and measured, and offers an appropriate means of combining motions in different axes by root-sumsof-squares summation to predict overall response.
To apply peak acceleration limits in ISO 10137 to measurements of r.m.s. acceleration, the ratio of
peak to r.m.s. acceleration must be known or estimated. However, the crest factor of wind-induced
motion has been shown to vary widely and may deviate significantly from that of a Gaussian amplitude
probability distribution (i.e., a crest factor approaching 4.0; Melbourne and Palmer, 1992). In ISO 6987
it is stated that the r.m.s. acceleration limits take into account the influence of short periods of higher
acceleration, implying a typical crest factor is assumed. However, the range of crest factors to which
the limits apply is not stated. The crest factor of wind-induced motion has been reported to influence
the severity and types of effects on building occupants (Burton et al., 2005). The range of effects may
not be well predicted by methods in ISO 6897 which assume an unspecified crest factor.
Limits in ISO 6897 and ISO 10137 are said to correspond to low rates of adverse comment. Curve C in
ISO 6897 (Figure 2), said to take into account alarm or fear caused by infrequent more extreme
motions, was based on 2% objection rates reported by Hansen et al. (1973) from occupant surveys
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following major wind storms. Lamb et al. (2013) questioned the widely-held assumption that complaint
incidence is an appropriate criteria for assessing building motion following surveys in tall office
buildings that found workers almost never made formal complaints. Almost half of those surveyed
complained about building motion to co-workers and family, but only about 5% complained to ‘team
leaders’. Denoon et al. (2000) and Burton (2006) also reported little or no correlation between
acceptability of motion and formal complaint.
There is evidence from field surveys of workers in tall buildings that the frequency of occurrence and
the duration of exposure is an important factor influencing complaint. Frequent sustained exposures
have been shown to result in more complaints than infrequent short periods of high acceleration (Kwok
et al., 2009). International Standard 6897 offers no guidance on how to assess short periods of high
acceleration motions reoccurring more than once a year or extreme events with return periods of more
than five years. There is no advice in ISO 10137 on how to assess typical daily motions or motions with
return periods of more than one year. Burton et al. (2007) showed that discomfort and the likelihood of
complaint increases as exposure duration increases, and proposed different comfort criteria for
motions of ‘short’ duration (around 10 minutes) and ‘long’ duration (exceeding 60 minutes). The
influence of daily exposure duration is not accounted for in ISO 6897 or ISO 10137.
Burton et al., 2005 conducted a laboratory study involving simulation of motions with similar overall
r.m.s. accelerations but different crest factors. A crest factor of 3.3 was found to provoke greater
incidence of motion sickness and increased task disruption than motions with crest factors of 1.7 and
4.8. Field studies in tall buildings have also found evidence that wind-induced motion may induce
symptoms similar to motion sickness. An eight-month survey of office workers during ‘low’, ‘medium’
and ‘high’ wind conditions found a significant incidence of symptoms of sopite syndrome associated
with building motion, including drowsiness, lethargy, depressed mood and feeling generally unwell
(Lamb et al., 2014). Those affected reported reduced work performance during periods of building
motion and attempts to minimise symptoms by taking analgesic medication and longer breaks. Despite
this, reported numbers of objections to motion were small and there were no instances of complaint to
building owners. It was concluded that long duration frequent exposures to motion around the
threshold of perception may provoke a range of symptoms that impact on performance. Such motion
effects are not accounted for in guidance of ISO 10137 and ISO 6897.
4. Conclusions
Assuming a crest factor of 3.5, there is consistency between limits in ISO 10137 for offices subjected
to motions with a one-year return period and one-year return limits in ISO 6897 for buildings used for
general purposes. The mean threshold for perception of horizontal motion at a frequency of 1 Hz given
in ISO 6897 is somewhat higher than the threshold in ISO 2631-1. It would seem appropriate to
harmonise the guidance on thresholds of perception so that it is consistent between the standards.
Methods of evaluating motion in ISO 6897 and ISO 10137 do not allow for the effects of exposure
duration. The influence of occasional short periods of higher acceleration is not well predicted by the
r.m.s. averaging procedure in ISO 6897. The peak acceleration method in ISO 10137 does not take
into account the effects of the total motion exposure. An evaluation procedure that accumulates motion
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over a day, but that also identifies the worst periods of motion, would appear preferable to the use of
r.m.s. averaging or peak acceleration as recommended in the current standards.
The procedures in ISO 6897 and ISO 10137 do not adequately allow for differences in the effects of
motion on alarm, discomfort and motion sickness. The methods of evaluating oscillatory motion given
in ISO 6897 and ISO 10137 are not consistent with other current standards that define frequency
weightings and band limiting filters. Differences in the effects of motion on alarm, discomfort and
motion sickness on building occupants are such that a single frequency weighting may not be
appropriate.
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Abstract
Vibration serviceability of floor structures under internal human excitations is a key
criterion that determines the acceptability or otherwise of both new-build structures
and those that have been altered or subjected to a change of use. To assist
structural engineers in the design of such floors and the assessment of the
vibration environment, there are a number of guidelines and standards that
propose limits for various occupancies. This paper focuses on vibration
serviceability of office floors under human excitation and examines actual
responses acquired from whole day monitoring of four typical office floor structures.
The reliability of the limits proposed in the various guidance documents is
assessed, with the key conclusions that limits based on R factors are not
particularly reliable and assessments on the basis of vibration dose values are
more reliable but the currently specified limit in BS6472 may be too high.

1. Introduction
Vibration serviceability of floor structures under internal human excitations is a key criterion that
determines the acceptability or otherwise of both new-build structures and those that have been
altered or subjected to a change of use. To assist structural engineers in the design of such floors and
the assessment of the vibration environment, there are a number of guidelines and standards that
propose limits for various occupancies.
However, amongst these guidelines and standards there is a lack of consistency in both the
approaches used for vibration serviceability assessment and also the recommended vibration limits.
With particular focus on office floor vibrations, the purpose of this paper is to present measurement
data from four structures that have been monitored and for which vibration time histories have been
analysed to determine their performance assessment according to the various criteria. These are then
compared with the subjective assessment of the floors so that the reliability of the criteria may be
assessed.
2. Vibration assessment guidelines and standards
The following documents have been used for this work:
•

BS6472-1 Guide to evaluation of human exposure to vibration in buildings - Part 1: Vibration
sources other than blasting (British Standards Institution, 2008).

•

Steel Construction Institute (SCI) Publication P354 Design of Floors for Vibration: A New
Approach (Steel Construction Institute, 2009).
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•

Concrete Centre CCIP-015 A Design Guide for Footfall Induced Vibration of Structures
(Concrete Centre, 2006).

•

Concrete Society Technical Report 43 Appendix G Vibration Serviceability of Post-Tensioned
Concrete Floors.

In recent years, most guidance documents for floor vibrations have used root-mean-square (RMS)
accelerations as the vibration descriptor most representative of human response to vibration. A further
convention that has become established is the use of so-called ‘R factors’ to represent multiples of the
2

baseline RMS acceleration of 0.005 m/s . This is true of the SCI P354, CCIP-015 and CS TR43
documents evaluated here. The limits recommended for office floors are summarised in Table 1.
Table 1: R factor limits from guidance documents.

Document

Vibration Limit (R factor)

SCI P354

8

CCIP-015

4

CS TR43 App G

4

BS6472-1 represented a departure from the more traditional RMS acceleration approach and
proposed that assessment should be carried out on the basis of vibration dose values (VDVs).
However, it fell short of recommending limiting values of VDV and instead gave the guidance shown in
Table 2 below. Hence the limit for office buildings is considered to be 0.4-0.8 m/s
would usually be taken as 0.8 m/s

1.75

1.75

, which in practice

.

Table 2: Vibration dose value ranges which might result in various probabilities of adverse comment within
residential buildings (after BS6472-1:2008).

An important concept used for vibration assessment is that of ‘frequency weighting’, in which
frequency weighting curves are applied to measured time history data to attenuate frequency
components in measured signals to which humans are less sensitive. For office floors, the Wb
weighting function as defined in BS6841 (British Standards Institution, 1987) is most commonly
applied, as shown in Figure 1.
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Figure 1: Moduli of frequency weightings given in BS6841:1987.

3. Experimental Investigations
3.1 The Structures
Results from four structures in the UK are presented in this paper, as described below. All of these
floors were of composite steel/concrete construction supported by steel frames. However, they had a
range of performances, which are of interest in this work.
•

Structure A: An office floor, which had attracted complaints from its occupants. This structure
was monitoring for three consecutive days.

•

Structure B: An office floor, which subjectively was assessed by its occupants as being
borderline acceptable.

•

Structure C: An office floor, which also was subjectively assessed by its occupants as being
borderline acceptable.

•

Structure D: A floor in a college building, which was being excited by activities in a gymnasium
and which was deemed by its occupants as being clearly unacceptable.

3.2 Data Acquisition and Analysis
For each of the four structures, raw acceleration time history data were acquired using high quality
accelerometers (Endevco 7754A-1000 or Honeywell QA750) and data acquisition hardware (Data
Physics Mobilyzer II or National Instruments CompactRIO). The accelerometers were located on the
floor structure at a point of high response and data were acquired for at a complete working day (three
days in the case of Structure A).
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The data were sampled at at least 200 Hz so that frequencies up to 80 Hz would be well-represented
in the measured time histories. Subsequent to the data acquisition, the following data analysis steps
were carried out:
•

BS6841 Wb frequency weighting was applied

•

Running RMS trends were calculated using 1 s integration time

•

The peaks of the running RMS were determined for RMS-based assessment, otherwise
known as maximum transient vibration value (MTVV)

•

Cumulative VDVs were calculated

•

Maximum VDVs were established (i.e. the cumulative VDV at the end of the day)

3.3 Results
Figure 2 shows typical in-service monitoring results obtained from Structure A. In the upper plot, the
Wb frequency weighted time history is shown in blue and the 1 s running RMS trend is shown in red.
The lower plot shows the cumulative VDV, with the overall VDV for the whole day being the maximum
value at the right side of the plot.

Figure 2: Typical in-service monitoring results from Structure A.

The results for all structures are shown in Table 3.
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Table 3: In-service monitoring response results for all structures.

Structure

Day

MTVV

R factor

2

[m/s ]

VDV
[m/s

1.75

Monitored
]

period

A

1

0.036

7.2

0.46

06:00-18:00

A

2

0.040

8.0

0.46

06:00-18:00

A

3

0.036

7.3

0.45

06:00-18:00

B

1

0.038

7.6

0.16

06:00-18:00

C

1

0.060

12.0

0.15

07:00-19:00

D

1

0.076

15.1

0.36

06:00-19:00

4. Discussion of Results
As mentioned in Section 3.1, Structures A and D were subjectively assessed to be unacceptable and
Structures B and C were subjectively assessed to be borderline acceptable.
Examining first the measured R factors, the measurements do not seem to correlate well with the
subjective assessments. Structure A had the lowest R factor even though it was subjectively assessed
as unacceptable. It also showed a degree of variation between the three days of monitoring carried
out. Structure C, which was deemed to be borderline acceptable had quite a high R factor of 12.0
which is above the allowable limits specified in Table 1. Is it possible that the R factor based
assessment approach may be improved by considering probability distributions of R factors over time
and taking a value with a certain percentage chance of exceedance, rather than an absolute peak. In
this case, such a procedure should be verified and clearly described in guidelines or codes.
Considering the subjective assessments of the three structures, the VDV values appeared to give a
better indication of structural acceptability. The two problematic structures (A and D) had relatively
high VDVs whereas the borderline acceptable structures (B and C) had relatively low VDVs.
Nevertheless, all structures had VDV values well below the limit specified in BS6472:2008 of 0.8
m/s

1.75

, which indicates that this limit may be too low for these sorts of structures and excitations.

5. Conclusions
The key conclusions are as follows:
•

The correlation between measured R factors and subjective assessment of performance was
not particularly good.

•

The correlation between measured VDVs and subjective assessment of performance was
better than for R factors, although the limit in BS6472 seems to be too high.

Considering these conclusions on the basis of this limited dataset, it is clear that there is a need for a
further programme of research to carry out more extensive in-service monitoring of structures together
with subjective assessments, with a view to improving understanding of reliable vibration descriptors
and acceptable limits.
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