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TRANSMISSION OF VIBRATION THROUGH THE HUMAN BODY TO THE HEAD
by Gurmail Singh Paddan

This thesis concerns the transmission of vibration through the
human body and the effects of various sitting and standing
postures on vibration at the head. Knowledge of the
transmission of vertical vibration for seated subjects 1is well
advanced, however, this is not the case for horizontal seat

motion. Only a few previous studies have dealt with the
transmissicn of translaticonal (mainiy vertical) vibration to
the heads of standing subjects. Six axes of head motion have

been measured for all experiments reported in this thesis.

Experiments conducted with seated subjects involved the
investigaticon of intra-subject variability (repeatability) and
inter-subject variability in the transmission of vibration from
seat to head. The effect of contact between the subject’s back
and seat backrest on transmissibility has also been determined.
Inter-subject wvariability was much Tlarger than intra-subject

variability and, in some cases, transmissibility between
subjects varied by as much as 20:1, Both x- and z-axis seat
vibration resulted in head motion occurring mostly 1in the
mid-sagittal plane (i.e. x-, z- and pitch axes). Head motion
occurred principally in the y-axis during exposure to y-axis
seat vibratiocn. Contact with the seat backrest resulted 1in
more head motion than a posture involving no backrest contact
during x- and z—-axis seat vibration. The effect of backrest

contact on head motion during lateral seat vibration was small.

Laboratory experiments conducted with standing subjects

determined intra-subject variability and inter-subject
variability in floor-to-head transmissibility and the effect of
different body postures on head motion. Head motion occurred

mainly in the mid-sagittal plane during exposure to both x- and
z-axis floor vibration; lateral floor vibration resulted 1in
mainly lateral head motion. Holding a handrail or standing
with Tegs Tocked at the khees generally resulted in more head
motion than with no hand grips and iegs bent postures.

Measurements of head motion of a subject seated 1in an
off-road vehicle traversing rough terrain showed that vibration
in both x- and z-axes mostly caused head motion in the x-, z-
and pitch axes. Lateral seat vibration mainly affected lateral
axis head motion. Roll and pitch motion at the seat had only a
small effect on head motion.

This research has explained the transmission of transiational

motijon to the heads of sitting and standing subjects. The data
can be used for developing biodynamic models of the human body.
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CHAPTER 1

INTRODUCTION

1.1  GENERAL INTRODUCTIOCN

The extent to which vibration is transmitted through the
body will influence the effects of vibration on comfort,
performance and health. Vibration of the head may impair
vision and difficulties can be encountered in contreolling a
vehicTle or performing some other task. Improved knowledge
of the transmission of vibration and how it varies is
likely to assist the understanding of various human
responses to vibration. For example, the interpretation of
previous human whole-body vibration research reqguires
assumptions on how the vibration was transmitted through
the body to the different parts.

There is a need to know about vibration which affects body
movements in relation to vehicle design. If the vibration
is very severe, for example, 1in an off-road vehicle
traversing over rough ground, impacts between the occupants
and the confines of the vehicle may become a problem. In
such a case, a ’'space envelope’ within which the head would
normally move would be required. If any part of the
vehicle was to protrude this envelope, then the 1ikelihood
of an impact would be increased. Space envelopes could be
used in the design of size of helmets and aid 1in the

selection of impact absorbing materials.

Large movements of the head can be produced by vibration in
the horizontal axes resulting 1in impacts with the
surrounding environment. It wouid be useful to know, from
the design point of view, which part of the body or the
head is most 1ikely to impact with the vehicle and where on



the vehicle the +impact would occur. A knowledge of factors
which influence such motions will assist in their

prevention.

Most of the previous studies cohcerned with the
transmission of vibration through the body to the head have
involved the measurement of vertical head motion during
exposure to vertical vibration of a seat. However, motion
at the head 1is 1induced 1in more than one axis during
exposure to vertical seat vibration (e.g. Griffin, 1975;
Johnston, 1978). Non-vertical motions at the head c¢an be
just as 1important as vertical motion in some situations.
For example, greater displacements of the head are Tlikely
to occur in the horizontal axes than 1in the vertical axis
during a rough cross-country ride. The distinct lack of
experimental data dealing with vibration in the horizontal
axes could explain the reason why most of the biodynamic
models proposed by other researchers deal with vertical
motions at the seat and the head, and are mostly concerned

with seated subjects.

Many biodynamic models exist which attempt to simulate
responses of the human body exposed to mechanical
vibration, It is necessary to know the effect of various
experimental details since many variables, such as subject
posture, are known to affect the transmission of vibration
through the body to the head. 1Indications of variations in
responses both within an individual and between individuals
are reguired. These could be used to the obtain an
estimate of the range of values for the elements to be used
in models. Information relating to variation could be used
to ’tune’ the various model parameters so that the model
could be altered to simulate changes 1in, for example,
subject sitting posture. Experimental data are required to
assist 1in the development of models in which the 1input
motion is in a single axis and the output occurs in many
axes. This could take the form of either a combination of
many single axis models or one complex model with many axes
of motion. This applies equally to the biodynamic
responses of seated and standing persons. Comprehensive



experimental data required for such modeliling 1is not
avaitable. With the availability of computer-based
modelling packages, the need for experimental data is

greater than before.

A review of the literature concerned with the transmission
of translational seat and floor vibration to the heads of
subjects showed some inadequacies in the data available.
These ranged from the limitation in the number of active
axes at the head to the absence of data for subjects

exposed to some axes of vibration (e.g. standing subjects

exposed to side~to-side floor vibration}. Apparatus was
developed for this research which enabled measurements to
be made of six axes of motion at the head. This eguipment

was used to monitor head motion for both seated and
standing subjects during exposure to three translational
axes of vibration (i.e. fore-and-aft, latera?l and
vertical). Repeatability and inter-subject variability in
the transmission of vibration has been measured for male
subjects sitting and standing in different body postures.
Measurements of seat and head motions made during field
studies have been used to study ’cause and effect’ for the
transmission of vibration through the human body. It is
hoped that the work presented in this thesis will further
the Kknowledge of the transmission of vibration through the

human body.

1.2 ORGANISATION AND CONTENT OF THE THESIS

The different chapters and the main content of these are

briefly described beiow.
Chapter 1 - Introduction

This chapter introduces the topic of human response to
vibration and briefly describes the content of the thesis.
Conventions adopted and terminclogy used in the thesis are

also explained.



Chapter 2 - Literature review

Most previocus studies concerned with the transmission of
vibration through the body to the head are reviewed 1in
Chapter 2. The effect of various parameters such as
posture, head angle, seating condition, backrest angle and
harness are discussed; this includes studies with both
seated and standing subjects. A large proportion of the
studies are concerned with the transmission of vertical
vibration to the head (for both seated and standing
subjects), the few reportings in which subjects are exposed
to vibration in other axes are also reviewed. Some of the
deficiencies present 1in the previous reportings are

identified.
Chapter 3 - Equipment

Equipment common to laboratory experiments 1is described 1in
detail in Chapter 3. Some of the equipment was also used
in the measurement of seat and head motion during

cross—-country vehicle rides.
Chapter 4 ~ Analyses

This chapter explains the different types of analyses used
on vibration data, inciuding the calcuiation of
transmissibilities, coherencies and the determination of
various spectra for a multi-input single-output system.

Chapter 5 -~ Seated subjects

Laboratory experiments cocnducted to determine 'the
transmission of seat vibration tec the head for seated
subjects are reported in Chapter 5. Tnese studies were
carried out with single~axis translational vibration, this
included fore-and-aft, lateral and vertical vibration. For

each axis of vibration, intra- and inter-subject
variability were determined (i.e. variability in
transmissibility within . one subject and between
individuals). Head motion was measured in all of the six



axes using an instrumented bite-bar held between the

subjects teeth. The effect of two seating postures on
transmissibility is discussed; these postures being
’back-on’ (subject’s back 1in contact with the seat

backrest) and ’back-off’ (no backrest).
Chapter 6 -~ Standing subjects

The transmission of translational filoor vibration to the
heads of standing subjects is 1investigated 1in Chapter 6.
This study 1includes the determination of both 1intra- and
inter-subject variability and the effect of different
postures of the body. The postures were two hand grips on
the handrail during fore-and-aft; three foot separations
during lateral vibration and three leg-postures during

vertical floor vibration.
Chapter 7 - Field experiments

Seat and head motion was measured for a subject seated in a
military vehicle traversing over rough cross~country
terrain. Three sets of measurements were made; the data
collected and the various analyses conducted are explained
in Chapter 7. These data are used to determine the ’cause
and effect’ relations between various axes of seat and head

motion.
Chapter 8 - Biodynamic modelling

Some of the literature available concerned with biodynamic
models 1is reviewed 1in Chapter 8. Possible ways are
suggested in which data determined from different
experiments reported in this thesis could be used for the

development of models.
Chapter 9 - Conclusions and recommendations
This final chapter summarises the experimenits conducted and

the findings of the investigations. Recommendations are
made for future work based on the conclusions.



References and Appendices

Most of the entries included 1in the reference section are
reviewed in the literature review (Chapter 2) and others
are used for comparison purposes. Appendices contain
subject instructions, physical characteristics of subjects,
coherencies and other less relevant information.

1.3 CONVENTIONS

There are both theoretical and typographical conventions
used 1in this thesis. The theoretical convention 1is the
axes used during the measurement of motion and the
directions of these axes, Figure 1.1 shows the
translational axes of the body defined in IS0 2631 (1985);
the directions of these axes will be used in this thesis,.

The three translational axes are:

X- axis: back-to-chest (also known as fore-and-aft,
shunt, etc.)
y- axis: right side to left side (also known as

lateral, sway, etc.)
z- axis: foot- {or buttocks-) to-head (also known as

vertical, heave, etc.)

Rotational motion 1is not so well defined 1in IS0 2631
(1985), however, the conventicon adhered to will be the
right-hand cork screw ruie, This is illustrated in Figure
1.2 and the three rotational axes are:

rotil (rx) - rotation about the x-axis
pitch (ry) - rotation about the y-axis
yaw (rz) - rotation about the z-axis



x axis - back-to-chest
y axis - right-to-left side

z axis - foot (or buttocks)
' to-head

Figure 1.1 Body coordinate system defined 1in IS0
(1985).
positive direction convention
Z
i
Orz (vaw)
ry (roll) /\ ry (pitch)
z Y
Figure 1.2 Convention adopted in this thesis

translational and

rotational axes.

2631

for



There are three bicdynamic planes that will be referred to
in this thesis, these are mutually perpendicular planes
each containing three of the six axes menticoned above. The

three planhes and the included axes are:

mid-sagittal plane: x-axis, z-axis, pitch (alsoc known
as median plane)

mid-coronal plane: y-axis, z-axis, roll (also known as
frontal plane)

horizontal plane: X-axis, y-axis, yvaw (also known as
transverse plane)

The mid-sagittal plane divides the human body 1into two
halves (left and right). The mid-coronal plane divides the
body 1into posterior and anterior halves. The horizontal
plane divides the body 1into top and bottom; a specific
horizontal plane that can be used at the head 1is a
Frankfort plane which is at the height of the two auditory
meati and touches the lowest point of the orbits (eye

sockets).

Typographical conventions used are that, 1in addition to
X—axis, terms such as x—-head and x-seat are also used 1in
the thesis, these refer to the directions (x—axis in this
case) and the location (head and seat respectively). This
convention also applies toc the other axes. Translational
acceleration 1is measured 1in metres per second per second
and will be written as ms > and rotational accelerations
are measured in radians per second per second and will be
written as rads'z. Transmissibility (modulus of the ratio
of the response of a system to the excitation)_ is
dimensionless if both input and output motions are either
translational or rotational. However, if excitation motion
is translational and the output 1is rotational, then the
units of transmissibility are (rads 2)/(ms”?). Conversely,
if the input motion is rotation and the output motion is
translation, then the wunits of transmissibility are
(ms™%)/(rads™?).



CHAPTER 2

LITERATURE REVIEW

2.1 INTRODUCTION

A substantial amount of research has been directed towards
the effects of vibration on the human body over the past
four decades and this has covered a whole range of topics.
These have varied from experiments on subjective measures
such as comfort, thresholds and possibly performance to
those experiments with objective data, on, for example, the
transmission of vibration through the body and the effect
of various parameters on this measure. The aim of this
1iterature review 1Jis to assess the state of current
knowledge on the study of transmission of vibration through
the human body to the head.

The review of literature is divided into nine main secticons
with the 1last forming c¢onclusions from the reviewed
studies. The various secticons and a brief account of the

contents is shown below:

2.1 Introduction

Brief description of the content of each section in

the literature review.
2.2 Methods of head motion measurement

This section covers the studies 1n which different
experimental methods have been used to monitor head
motion including photographic, acceleration measuring

transducers, etc.



Input motions used during whole—-body vibrations

There are different kinds of input vibrations that
could be used 1in the study of biodynamics. For
lTaboratory based experiments, this includes sine waves
of different frequencies, random data and for field
measurements, different form if transport provide the

various vibration spectra.

Location of measurement of motion

Some of the studies dealing with coordinate systems
proposed for the head and anthropometric measures of
the head have been reviewed in this section, For a
seated person, input vibration would mostly be at the
seat but motion can be measured at different places on
the body, e.g. head (mouth, crown), shoulder, etc.

Such studies are reviewed.,
Methods of analysis of head motion data

There may be various reasons for using cne method of
analysis over another such  as ease of computation,
suitability, etc. Some commonly used methods are

discussed in this section.

Variables affecting the transmission of vertical seat

vibration to the head

This section covers previous research conducted on the
effects of vertical seat vibration to the head,
studies include the effect of intrinsic variables
(peculiar to the individual) and extrinsic variables
(set-up of the egquipment and not controlied by the
subject).

Seat motion in other axes

Studies reviewed in this section concern the
transmission of horizontal (fore-and-aft and lateral)

10



and rotational (roll, pitch and yaw} vibration to the

head for seated subjects.
2.8 Head motion for standing subjects

The few studies that deal with the transmission of
floor vibration to the heads of standing subjects are
reviewed 1in this section. This dincludes floor

vibration in all axes.

2.9 Conclusions

This 1is a general discussion of the current status of
biodynamic studies and the possible areas requiring

further investigation.

2.2 METHODS OF HEAD MOTION MEASUREMENT

Equipment used to monitor head motion can be put into two
categories: equipment that can be used only in a laboratory
under controlled conditions and the others, depending on
the degree of portability of the equipment, which can be

used in ’'field’ conditions.

2.2.1 Accelerometer methods

One of the now most widely used and suitable forms of
transducer for measuring vibration 1is the accelerometer.
The accelerometer itself has advanced in its construction
from a heavy ’3/4 pound accelerometer’ used by Mozell and
White (1958) to small light-weight 0.5 gram accelerometers
(e.g. Entran EGAX) available for research. Numerous
investigators have used translational accelercmeters 1in
their studies on biodynamic response (e.g. Rowlands, 1972;
and Griffin, 1875).

Rotational accelerations have not been as widely measured
as translational accelerations. Barnes and Rance (1974,
1875) measured motion of the head in the three rotational
axes (roll, pitch and yaw) using an 1instrumented bite-bar

11



which the subjects held between their teeth. Motion of the
head in the six axes of freedom (three translational and
three rotational) was measured by Johnston et al. (1978)
using a 300 gram bite~bar to investigate the effect of a
reclined seat on motion transmitted to the heads of seated
subjects. In general, accelerometers designed to monitor
rotaticnal accelerations are greater in size, mass and are

more prone to damage than translational accelerometers.

2.2.2 Electro-magnetic field

Position and motion of the head has been measured by
surrounding the subject’s head with an electro-magnetic
field and attaching a detecting coil to the head, thus
inducing eddy currents in the coil (Johnson, 18954). Wells
(1984) used a similar but a sophisticated system to monitor
pitch and yaw motions of the head during vertical vibration
for seated subjects to determine their ability to maintain

a specified lTine-of-sight.

2.2.3 Optical devices

An optical device consisting of a head gear with small
1light bulbs attached to it was employed in an investigation
by Begbie et al. (1963) and Walsh (1966). Light beams from
two lamps on the head gear were made to pass through a
system of mirrors and lenses and, the resulting light was
directed on to photographic paper. This apparatus enabled
the three translational axes of motion at the head to be

monitored.

Three photo-emitting diodes mounted on the head were used
by Sandover and Soames (1975) to monitor head movements at
Jow fregquency whole~body vibration. Position of the dicdes
was photographed and analyses consisted of following the
points as the head moved during one cycle of input
sinusoidal motion (fregquency range 1 to 5 Hz 1in t Hz

steps).

High speed photography has been ‘used to record head motion
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during whole-body impact studies (Ewing et al., 1868). The
analyses of short duration data are very complex and
tedious unless a computer system is employed and used to
recognise predetermined landmarks and thus provide a motion

waveform.

2.2.4 Qyroscopes

Gyroscopes have been used to determine the rotational
motions of the head during laboratory experiments and
during aircraft manceuvres {Johnson, 1956). These
experiments were conducted to investigate airsickness among

aircrew.

2.2.5 Potentiometers

An apparatus consisting of a bite-bar connected to a
Tight-weight helmet, and this in turn Jjoined to a
potentiometer was used to follow head position in the yaw
axis in an 1investigation by Barnes and Sommerville (1878)
to determine tracking performance using a helmet-mounted
sight. (A rotational accelerometer was also used to

measure head motion.)

2.2.68 Pulleys, etc.

A 1inen thread attached to the subject’s head and connected
to a pen 1in a puiley system was used by Johnson et
al.(1951) to monitor head motion in subjects seated on a
swing. This was to 1investigate the movements of the head
required to induce the symptoms if motion sickness. Waters
et al. (1973) conducted experiments to observe
translational displacements of the head during normal
walking., Subjects walked on a treadmill at different
speeds while their head motion was monitored using an
arrangement of light-weight fiberglass cords attached to
the head via a headband and to displacement transducers.
Accelerations of the head were measured using
accelerometers rather than the calculation of accelerations
from displacements due to errors involved 1in such analyses.
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2,2.7 Acoustic methods

A method which has been used to measure movements of the
hand during a counter positioning task (Fleischer and
Lange, 1983) could be employed to record displacements of
the head during, for example whole-body vibration,
treadmill running, etc. This apparatus consists of a small
transmitter emitting ultrasonic waves which are picked up
by'a receiver. The transmission time between emission and
detection of the ultrascnic wave is determined, which in
turn allows the calculation of the separation between the
two transducers. Such a system has been used to monitor
head movements 1in a military vehicle during rough

cross—-country rides (Paddan and Griffin, 1887).

2.2.8 Discussion

Seven different methods of measuring head motion have been
mentioned 1in this section. They would all have their
merits and demerits in one way or anhother,. The
accelerometer would provide an acceleration waveform
covering a wide range of frequencies and can be used in
many environments, The main disadvantage with this
transducer is that the signhal is affected by the Earth’s
gravitational field and this, 1in some cases, can give
misleading data. Both potentiometer and pulley methods
have a limited range - this being as large as the
pctentiometer or the thread on a pulley system. This space
limitation also applies to electro-magnetic and acoustic
methods: the receiver must be within the field of the
transmitter or loss of signal will occur. Also, it is
essential that the surrounding equipment does not generate
or interfere with the waves as this would introduce
erroneous measures. As was the case for above methods, the
optical systems rely on the assumption that the head
remains within a fixed surround and deviation from the
enclosure would result in a loss of signal. Gyroscopes are
not so well used as other equipment 1in biodynamics, they

are comparatively expensive and fragile.
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In the above systems, apart from the accelerometers and

gyroscopes, all the others reguire a surround for one piece
of equipment, this makes them more suitable as laboratory

pased apparatus than for field measurements.
Accelerometers can be put intc small, compact and highly
portable systems ideal for field measures, although the
determination of displacements from acceleration signals

may not be an error free process.

2.3 INPUT MOTIONS USED DURING WHOLE-BODY VIBRATION

The investigation of the transmission of vibration through
the body to the head has been conducted in both controlled
laboratory conditions and in somewhat less repeatable field
conditions. Within the laboratory, the input motion can be
generated and fed 1into a vibrator by a computer or a
previcusly recorded analogue signal replayed into the
vibrator. In a study to investigate the effect of some
variable on head motion (such as posture, head angle, etc.)
or other studies such as 1individual differences, 1t 1is
important to keep the effect of other variables to a
minimum. The effect of different input motions on the
transmission of vibration through the body to the head
could be minimised by using the same vibration waveform
each time. In field conditions, rather less control over
the experiment is available to the investigator as there
are many factors which may be very difficult to control.
There may be variables such as speed of the vehicle,
rerrain conditions, weather conditions, etc. which may

influence the measurements.

Laboratory experiments reported in the literature have been
conducted on a motor-cam arrangement or some other
alectro-dynamic or electro-hydraulic device. The moticon at
the seat to which a seated person is exposed may fall into

a variety of categories: discrete sine waves, sine swept,

random, transient.

This section reviews literature reporting on different
input motions used in both laboratory and field experiments
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on the bicdynamic response of the body to the input

vibration.

2.3.1 Laboratory experiments

Discrete frequency

The most common used input motion and possibly the method
reduiring the simplest of analyses is sinusoidal motion at
discrete frequencies. Some of the early work on
transmissibiliities was on the determination of the effect
of different seating position in Armoured Fighting Vehicles
{Dennis and Elwood, 1858). The equipment used was of a
rather basic form consisting of a vibration platform
connected to an electric motor. Different discrete

frequencies were obtained by varying the motor speed.

Guignard (1959) conducted some of the fundamental
investigations on the ’transmission of vertical
seat-to-shoulder vibration. An electro-dynamic vibrator
was used in the studies and discrete freguencies ranging
from & Hz to 80 Hz. After steady-state conditions had been
reached, data of seat and shoulder motion were recorded.
(Head motioh was also measured using a bite-bar but the
results had to be discarded due to egquipment problems.)

In a study to determine the effect of variables such as
subject posture, vibration magnitude and freguency on
motion transmitted to the heads of seated subjects, Griffin
(1975) exposed 12 male subjects to vertical vibration at
the seat with 12 different discrete freguencies ranging
from 7 Hz to 75 Hz and with 6 vibration magnitudes ranging
from 0.2 ms ° to 4.0 ms° r.m.s. The subjects were
instructed to adopt such a posture of the feet, hands and
the body so as to either minimise or maximise motion at the

head depending on what the experimenter required. Head
motion was monitored when the subjects indicated that the
required condition had been reached. Such an experiment

could not be conducted using input waveforms such as sine
sweeps, random, etc. since no ’steady-state’ conditions of
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head motion could be reached due to the varying nature of

seat motion.

The effect of two individual (2.5 Hz and 5.0 Hz) and mixed
frequencies (2.5 Hz and 5.0 Hz in equal magnitudes) on head
motion was 1investigated by Cohen et al. (1977). This was
in an attempt to explain the effect vibration freguency had
on human performance. Transmissibilities between vibrator
pTate and head motion were <calculated as a ratio of
acceleration magnitudes. The mean results of six male
subjects shown in Table 2.1 tended to suggest that the body
acted as a band-pass filter "maximally ampliifying” the 5 Hz
resonance component in the mixed frequency input waveform,
This study demonstrated the use of both individual and

mixing of discrete frequencies.

Table 2.1 Mean transmissibility at the shoulder and head
for each vibration condition {Cohen et al.,
1977).
Vibhration condition
2.5 Hz 5.0 Hz 2.5 & 5.0 Hz
Head/Table 1.086 0.90 0.92
Shoulder/Table 0.96 1.27 1.27

There have been very few studies of the transmission of
rotational seat vibration to the head; exampies of these
include roll and pitch seat motion by Barnes and Rance
{1974) and yaw seat motions by Barnes and Rance (1875). 1In
both these studies, head motion was monitored using a
bite-bar held between the teeth while the seat was
oscillated at various discrete frequencies ranging from 0.5

Hz to 20 Hz.

Swept sine

The use of sine swept motion as the input to a vibrater has
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been widely used 1n biodynhamic research. The main
advantage of using sine swept motion is that it covers a
specific range of frequencies 1in one run, however, the
analysis 1is difficult which might regquire the use of a
computer. (A computer 1is not necessarily required during
discrete frequency sine wave motion since the steady state
amplitudes can be measured using such devices as a

voltmeter or an oscilloscope!)

The duration of the input moticon and the rate of sweep are
important as the input waveform can range from a transient
+to a waveform resembling & series of discrete sine waves
Jjoined end on end. Scme of the sweep rates used 1in
determining seat-to-head transmissibilities have been 0.62
Hz/s {(Lewis and Griffin, 1980), 0.68 Hz/s (Wilder et al.,
1982), 1.15 Hz/s (Johnston et al., 1978). In all these
experiments, the effect of postural variables, vibration
magnitude and the effect of headrest have been investigated

on the transmission of seat-to-head motion.

Discrete frequency sinusoidal and sine swept motions are
rarely encountered in real situations with some possible
exceptions such as fTairground rides. Motion to which the
human body 1is exposed during, for example, a tractor ride
on a rough terrain could be termed pseudce random. Motion
in most vehicles could be put into this category. The
vibration would cover a wide range of frequencies and
acceleration magnitudes depending on factors such as speed
of the vehicle, axis of vibration, position of measurement

within the vehicle, etc.
Random

Motion stimuli used in a study by Pradko et al. (1965} had
narrow-band white noise spectra (equal magnitudes of motion
at all frequencies) covering a freqguency range of 2 Hz
(i.e. band-pass filter) centred at various frequencies.
Data obtained were mainly to determine human tolerance to
vibration limits. The experiments were repeated with the
same white noise stimuli but this time, a 10 Hz band-pass
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filter was used. (Seat-to-head transmissibility curves

were obtained using sinusoidal seat motions.)

There is only one known study in which comparisons have
been made between seat-to-head transmissibilities during
exposure to different types of input motion: Griffin et
al. (1979) reported an investigation 1in which three
different motions were used; discrete sines, sine sweep and
random. Discrete sine wave motion consisted of the
determination of transmissibility at each one-third octave
frequencies from 1 to 100 Hz. The sine sweep and random
motions were of 100 second duration at 1 ms™® r.m.s.
Transmissibility results obtained are shown 1in Figure 2.1,
and suggest that there are some differences, although they
are small. It would be difficult to be sure whether these
differences were directly attributable to the varying input

motion or repeatability.
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Figure 2.1 Comparison of seat-to-head transmissibiiity of
a single subject determined with three types of
input motion: random vibration spectrum, swept
sine and discrete sinusoidal vibration {(Griffin

et at., 1879).
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In anh experiment conducted by Page et al. (1877), subjects
were exposed to the same random vibration in the
fore—-and—-aft and vertical axes simultaneocusly with a 0.33
second lag in the horizontal axis motion. This was further
complicated by introducing impulses in the vertical axis
motion at regular intervals. The vertical motion was
low—-pass Tiltered at 1.5 Hz and of an acceleration
magnitude of 0.12g r.m.s. (i.18 ms-2 r.m.s.) while the
fore-and-aft was Tow-pass Tiltered at 1.2 Hz and of 0.14g
r.m.s. (1.37 ms * r.m.s.). (This was used to simulate the
motions encountered in cross-country vehicles.)
Seat—-to-head transmissibilities were obtained up to about
20 Hz for a single subject seated 1in different postures.
The results showed that seat-to-head transmissibility was
mainly unaffected by posture, the postures included
'leaning forward’, ’upright’ and backrest angles of 20: 30:
40° and 60.

Sandover  (1978) investigated the transmission of
seat-to-head motion using broad-band random vibration at an
acceleration level of 2 ms ® r.m.s. in the vertical axis.
Measurements of head motion were made at the top of the
head and at the mouth using a bite-bar. These data were
obtained to suggest possible metheods of measuring and
analysing data for the development of biedynamic models.

Transients

Using transients as the dinput motion to study human
vibration characteristics has been the topic of only one
study though ’pseudo-transients’ have been used by other
researchers. A motion is termed as ’pseudo-transient’ in
this context if impulses or transients are present in the
input motion superimposed on other (e.g. random) motion.
Bennett et al. (1978) conducted an experiment to
investigate the effect of vibration on many parameters of
which the transmission of seat vibration to the head was
one. The motion used consisted of a narrow-band random
signal with 1impulses of 125 ms duration dinterspersed at
regutar intervals. The 1impulses were superimposed on
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random motion such that the crest factor of the combined
signal was 8. Transmissibiiities were calculated between
vertical seat and head motion and vertical floor and head
motion. The results showed that the transmission of floor

to head motion depended on the seat characteristics.

Macduff (1969, 1971) exposed his subjects to 1individual
transients in an experiment which included a see-saw
mechanism with the subjects seated or standing on one end.
When the unloaded side of the see-saw was released, the
subject and the see-saw were allowed to fall fTreely under
gravity through a distance of about 0.3 1inch (7.6 mm).
Velocity measurements of head motion were made during
impact and recorded on to a strip chart recorded. Effects
of Teg postures such as locked knees and flexed knees
{slightly forward stance) were investigated which showed
higher wvelocities and accelerations at the head for ths
locked Kknees posture. Responses of seated and standing
persons to horizontal transient displacements were also

investigated.

2.3.2 Field measurements

Measurement of head motion during field trials has been the
topic of a few investigations. These have usually included
monitoring head motion in a vehicle, for instance
traversing a rough terrain. The vehicles wused 1in the
reviewed 1iterature include trucks, trains and aircraft.

In a study conducted by Simons et al. (1956), measurement
of motion transmitted from a truck to the driver’s hip and
the neck was made as the military truck was driven over a
test track. Transmissibilities are presented of motion
transmitted to the hip under field conditions though input
motion on the vehicle was measured slightly behind the seat
on which the driver sat rather than directly under the
seat. Comparisons are made between transmissibilities of
hip motion data obtained in the field and under laboratory

conditions.
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Dupuis et al. (1975) made measurements of head moticon
during various forms of activity ranging from walking to
riding a motor boat. In order to obtain a measure of
transmissibility, motion was measured near the point of
entrance to the body {e.g. near the ankle for running,
walking; on the backrest for a car ride) and at the head.
Main frequencies of vibration were measured and
transmissibility value calculated as a ratio of
peak-to—peak accelerations at the head and the input. No
thorough analyses were conducted on the data. {These
results were mainly used to explain motion of the eye

during various forms of activity.)

Using a set of lamps fixed on to a head gear and an optical
device consisting of a series of mirrors and prisms, Walsh
(1966) was able to monitor motion of the head 1in all the
axes of motion during a train ride. Displacements of the
nead were recorded on to photographic paper as a mobile
Taboratory went over a section of jointed rail. Data were
split 1into three main categories, an 'A' rhythm, a ’'B’
rhythm and a ’'C’ rhythm. A’ rhythm corresponded to
vertical oscillation of the head over the 3 Hz to 4 Hz
frequency range with displacements of about 2 mm to 4 mm
peak-to-peak. B’ rhythm was associated with Tlateral
oscillation of the top of the vertebral column over a lower
freguency range of 0.5 Hz to 1.5 Hz. Displacements in this
case were somewhat larger of the order of 1 to 2 cm.
Fore-and-aft motion of the head observed 1in standard
coaches was called ’C’ rhythm, This motion consisted of
2 Hz to 4 Hz frequency with displacements of about 1 cm.
Measurements of vibration on the coach floor were made
although no correlative calculations between floor and head

motion were carried out.

some studies of head motion 1in aircraft have been
conducted, mainly in helicopters. Seris and Auffret (1965)
carried out a study in which head motion was menitored in
the three translational axes during varicus manoeuvres of a
helicopter flight. Frequency of motion at the head
consisted mainly of about 20 Hz - the main rotor speed
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frequency with some content of low frequency below about
3 Hz, possibly caused by air turbulence. During a 260
km/hr flight, it was found that over a frequency range of 1
to 100 Hz, acceleration magnitude at the seat was generally
greater than head motion for the three translational axes
of motion., The recordings showed that in most cases, head
motion was greater than shoulder motion over the 25 Hz to

30 Hz frequency range.

Griffin (1972) carried out experiments in a Scout
helicopter to determine the vibration experienced by
pilots. Two sets of measurements concerning head motion
were made; the first set was to determine the magnitudes of
triaxial head motion during different flight conditions and
an attempt to obtain correlations between subject
characteristics and head motion. The second set was to
calculate transmissibilities between seat and head motion.
Seat-to-head transmissibilities for vertical motion were
obtained for eight pilots and the results showed an
amplification at the head relative to seat motion for
frequencies between 2 Hz and 10 Hz with a point of
resonance at about 5 Hz. (An dinertia harness was worn by
all pilots.) Some correlations were found between head
motion and the frequency of vibration generated by the
rotor blades. Comparisons between motion in different axes
at the head showed that fore-and-aft and vertical axes
contained more motion than the lateral axis.

A Puma HC Mk I helicopter was used by Wells (1982) 1in the
measurement of vertical seat, pitch head and pitch helmet
motion during various flight manceuvres. Pitch motion at
the head showed peaks at frequency corresponding to the
rotor passage fregquency and its harmonics - the helmet also
showed these data. A poor agreement was obtained between
pitch head motion recorded in a helicopter and a laboratory
during vertical seat vibration. There were many factors
that might account for the differences, multi-axis motion
in a helicopter and single axis during laboratory
conditions being only one of them.
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These three studies of head motion during flight trials in
helicopters have shown that vibration at the main rotor
passage frequency anhd 1its corresponding harmonics are
transmitted to the head with greater amplitude than other
frequencies. This is thought to be due to the dominance of
rotor passage frequency and its harmonics over the presence

of other freguencies.

Measurements of seat and head moticn in field conditions
should 1ideally be made of vibration 1in all the axes 1in
which motion occurs (although this depends on the aim of

the measurements). For a 1land based vehicle traversing
over rough terrain, motion at the seat would be in all
axes, i.e. three translational and three rotational. It is

shown 1in Chapter B that motion at the head need not
necessarily be in the same axis as. the excitation at the
seat. This indicates the need for measurement of motion at
both the seat and the head in all axes of motion.

2.3.3 Discussion

Laboratory experiments have mainly involved vibration
excitation of the subject in one axis, mostly the vertical
axis. In these investigations, different kinds of sighals
have been used during whole~body head vibration
measurements. One type of motion that has not been seen in
any of the literature is a vibration signal recorded in a
vehicle and then used to operate a motion simulator in
order to measure head motion under such conditions.
However, such an arrangement would only partly simulate
vehicular motion since motion in a vehicle would normally
be present 1in all the six axes of freedom (i.e. three
translational and three rotational). Generally, motion
simulators are used for single axis motion, simulators for
mere than ohe axis have rarely been used. The main
differences between laboratory measurements and those made
in a vehicle (e.g. motor car, train, aircraft) 1is that
vibration in a laboratory is normally in 1imited axes and
field measures would also include the effect of
environmental factors (e.g. terrain, seating).
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Comparisons need to be made between data obtained in
laboratory conditions and in field measures to determine

the differences or similarities in transmissibilities.

2.4 LOCATIONS OF MEASUREMENT OF MOTION

In every aspect of research, data from a particular
experiment can be obtained which would subseguently have to
be verified to determine whether the results were as would
be expected. There are many ways this can be done of which
one is to compare the results with those obtained by other
researchers. This approach does not always lend itself as
a possibility without some assumptions. There may be many
factors that differ between the 1investigations such as
experimental set-up and conditions, subject

characteristics.

In biodynamics, and to be more specific, in the
determination of transmissibility of vibration from the
seat to the upper body of a seated person, this approach of
validation is complicated by the use of different locations
for the measurement of vibration on the body. Motion of
the head has been measured by placing transducers at
different points on the head, thus making comparisons
difficuit since the head itself is free to move in ahy of
the six axes of motion. Each point on the head would
demonstrate different motion; shoulders and different
points on the spine have also been the locations for the

attachment of transducers for motion measurement.

2.4.1 Coordinate systems

A coordinate system that 1is normally used is biodynamics
and is widely accepted is that defined in ISO 2831 (1985);
this defines the axes of the human body. A separate
coordinate system is reqguired for the head which can be
used for the measurement of motion at a specific point.
Such a system has been used (Ewing and Thomas, 1974) and is
defined in Draft International Standard 8727 (1984} (a
standard 1is 1in preparation). Figure 2.2 shows the head
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based coordinate system used by Ewing and Thomas (1874) and

is defined as:

"The head anatomical coordinate system is derived from
an anatomical plane specified by the superior edge of
each auditory meatus and by the infraorbital notches.
The origin is at the midpoint of a line connecting the
superior edges of the right and left auditory meati.
The +X-axis is from the origin through the midpoint of
a line connecting the infraorbital notches 1in the
anatomical plane. The +Z-axis 1is fTrom the origin in
the superior direction perpendicular to the anatomical

plane.”

Measurements of head motion are unlikely to be made at the
defined origin of the coordinate system, however
calculations can be made of motion at the origin or

measurements can be reported with respect to such a point,

Figure 2.2 Head anatomical coordinates (Ewing and Thomas,
1974).
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2.4.2 Anthropometry of the head

In some of the studies on the measurement of head motion,
some of the many anthropometric measurements of the head
might be required. This might 1involve determining the
effect of added mass on head motion and 1in such an
experiment, the mass of the head might be required to
calculate the percentage mass added to the mass of the
head. The average mass of the head will, of course, depend
on the size of the subject, approximate figures from
cadavers of adults of 4.376 kg and 4.305 kg have been
reported (Walker et al., 1973; Beier et al., 1979). Other
parameters that might be useful include moments of 1inertia
in different axes. These would be required to estimate an
increase in the total moment of 1inertia of the head and
motion measuring instrumentation. Linear dimensions of the
nead have been given in some studies which might be useful
in determining precise location of measurement with respect
to a defined origin of a coordinate system.

2.4,3 lLocation of measurement

Head

Many measurements of head motions have been made to
investigate the effect of different parameters on vibration
transmitted to the head (e.g. backrest, posture, head

angle). The use of 1instrumented bars held between the
teeth (bite-bars) is wide spread because this overcomes the
problem of strapping transducers to the head. Guignard

{(1958) noticed that the position of the accelerometers 1in
the measurement of vertical head motion was crucial in that
pitch motion of the head (nodding) would result 1in
different signals being detected. To reduce the effect of
pitch motion on the measured vertical motion of the head,
the accelerometer was positioned to be near the ’axis of
flexion of the head on the neck’ by an arrangement of an

extended bite-bar.

Griffin (1975) and Johnston (1879) used bite-bars of
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different types and weights and they presented their
results as transmissibility curves of motion between the
seat and the head. Gross comparison between their
investigations can be made but their results lack one main
feature, that is motion at the head was measured at
different positions. This would not allow close comparison
of data unless motion at the head could be calculated at
known specific points, for example, at the centre of

grévity of the head (Ewing and Thomas, 1974).

Kobayashi et al. {(1%81) realized that different resulis
could be obtained by measuring motion at different points
on the head. To further understand motion of the head, two
different measurement sites were used in their
investigations: the mouth {(using a tooth impression mould)

and at the forehead.

Ccermann (1962) reported on some of the early work on
biodynamics and presented transmissibilities from seat to
head where head motion was measured at the top of the head
using elastic bandages to secure accelerometers. The
effects of rotational motion of the head and location on

the results cobtained was not discussed.

A "mouldable lead skull cap’ (mass not repcocrted)} containing
an accelerometer was the set-up used by Gunther (1989} to
monitor head motion during walking and running. No
comparison with previous published data was presented.

Motion at the head and the pelvis was also measured.

Rowlands (1977) conducted an extensive study on the

transmission of vertical vibration at the seat toc the heads

(and shoulders) of seated male subjects. Motion was
measured at the top of the head by an accelerometer secured
using a head harness. It was _rea112ed in the

investigations that rotational motion of the head would
occur and concluded that the effect of rotation of the head
would be small on the results presented.

In some of the above studies where head motion was measured
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at the crown, one point that is clear 1is the difficulty
encountered in securing accelercmeters to the head.
Slippage of the +transducers on the head and ‘the
determination of the precise Tlocation of the transducer
with respect to the head may show up as erroneous results.
No such problems would occur when using a bite-bar to

measure head motion.

Shoulder

The shoulders of subjects have been used as the position of

measurement during whole-body vibration in some
experiments. The main drawback with such a location is the
difficulty in attaching accelerometers to the body. Data

obtained of shoulder motion can be used, for 1instance, to
determine the amount of attenuation provided by the neck in
neck-to-head motion or the attenuation provided by the arm
in the transmission of vibration from the hand to the
shoulder. This may be required in evaluating the ability
of the hand %o carry out manipulative tasks during
whole-body vibration. One of the advantages of measuring
motion at the shoulder may be that rotational motion would
be small (roll, pitch, yaw), thus reducing the effect of
such motions on the translational motion measured at the

shouider.

Guignhard {(1959) measured the transmission of vertical seat
vibration to the shoulders of male subjects at various
discrete sinusoidal frequencies ranging from 8 Hz to 60 Hz.
The results from the experiments are considered as some of
the preliminary data available on the effect of such

variables as muscle tension, posture and comfort.

The response of the shoulder to low frequency vibration
during exposure to lateral and vertical vibrations was
investigated by Woods (1867). The transmission of
vibration from the seat to the shoulder was analysed as a
transmissibiiity curve. Vertical vibration at the seat and
the shoulder demonstrated one main resonance peak at about
5 Hz, while for lateral vibration, two peaks were observed;
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at 1.5 Hz and 4 Hz. These data were used 1in conjunction
with the discomfort caused to evaluate the effect of
vibration on task performance.

Rowlands (1877) measured both head and shoulder vibration
in his study: head vibration to provide estimates of
motions at for example, the eyes, and shoulder vibration as
an input to motion transmitted to the head through the
hand/arm system. A shoulder harness was constructed so as
tc allow for the natural shape of the shoulder: this was
used to mount and orientate an accelerometer 1in the
vertical direction. The effects of many variables on
vibration transmitted from the seat to the shoulder (and
the head) were measured, these included body posture, arm
position, Tleg position and vibration magnitude. Some of
the resuits are discussed elsewhere 1in this chapter
(Section 2.6.1.2).

Qther positions

There have been only a few studies which concentrated on
the transmission of vibration to any one point on the bady
other than those already discussed.

Zagoérski et al. (1876) measured motion at four different
vertebrae and at the head during vibration of seated
subjects to establish the nature of transmission of
vibration from the seat through the vertebral column to the
head. It was shown that attenuation of the applied
vibration was greater towards the top of the spine and with
the greatest attenuation being at the head; attenuation
varied with distance from the applied vibration.

Vibration at the thorax of subjects exposed to vertical
seat vibration was measured by Donati and Bonthoux (1983)
to investigate the effect of different motion at the seat
on that transmitted to the thorax, The results tended to
show that the human body behaved mostly 1like a 1linear
system and the response could be roughly modelled as that
of a single degree of freedom system. It is interesting to
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note that although measurements were made at the thorax,
results showed a main 4 Hz resonance peak which is normally
found in seat-to-head and seat-to-shoulder transmissibility
curves, This 1indicates that the whole of the upper body
responds maximally to the 4 Hz freguency ccntent 1in the

seat motion.

2.4.4 DPiscussion

It is seen from the above reviewed studies that comparison
of results obtained from separate investigations would be
difficult due to the different locations used to measure
motion on the body. Ideally, all data would be measured
with the capability of calculating motion with respect to
one known point on the body (e.g. a specified point on the
head}. Generally, more instrumentation would allow this;
by using six or hine accelerometers (depending upon the
accuracy and conditions), total motion of a solid body can
be measured and used to calculate vibration at other points
on the body (Padgaonkar et al., 1975). This 1is Tfurther
explained in detail in Appendix 6,

The attaching of accelerometers to the body always poses
problems 1in that some harness or adhesive material is
required to secure the accelerometers. Attaching
accelerometers to the skin has its own drawbacks as they
would tend to display relative motion between the skin and
the bony structure underneath. In the measurement of head
motion, this can be partly overcome by using a bite-bar
held between the teeth. This set-up has been used to
obtain data for this research and 1is reported 1in later

sections.

2.5 METHODS OF ANALYSIS OF HEAD MOTION DATA

A number of different methods can be employed to analyse
data on the transmission of seat vibration to the head.
Each method provides the results in either a different form
cr a deeper understanding than the other methods. This
section reviews studies in which seat-to-head vibration has
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been analysed using different methods. Some of the terms
commonly calculated in such studies include transfer
function and transmissibility; these have been defined in
ISO 204t (1975). Transfer function is defined as:
“Transfer functicon (of a system): A mathematical
relation between the output (or response) and the
input (or excitation) of the system.
NOTE - It is usually given as a function of freguency,

and is usually a complex function.”

The definition of transmissibility is
“Transmissibility: The non-dimensional ratio of the
response amplitude of a system in steady-state forced
vibration to the excitation amplitude. The ratic may
be onhe of forces, displacements, velocities or

accelerations.”

2.5.1 Peak-to-peak

A method employed by Garg and Ross (1976 was to calcutlate
a magnitude ratic of the peak~to-peak value between
measured head and floor displacements (for standing
subjects). (Displacements were measured using an
oscilloscope and a paper trace recorder.) Such a method s
more suited (and possibly applicable only) to sinusoidal
inputs since it relies on a steady-state response of head
motion. Measurement of peaks and valleys of head movements
during random motion at the floor would be meaningiess
since transients in the input motion would not result in a
steady-state response of head motion. Dupuis et al. (1975)
measured peak-to-peak acceleration values of head motion
and the input for a number of different forms of travel
ranging from walking to a motorboat ride. Transmissibility
was calculated as a direct ratio of peak-to-peak values at

the main frequency of motion.

2.56.2 Root-mean-sqguare

Pradko et al. (1965) determined head motion

transmissibility as a ratio of root-mean-square, r.m.s.,
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values of head and seat acceleration. A sinusoidal

waveform was used 1in their experiments. A similar method
was employed by Griffin (1972) where seat—-to-head

transmissibilities in a helicopter were calculated by the
division of r.m.s. acceleration 1levels at individual
frequencies. Another method used by Griffin et al. (1979)
was to use a sine sweep waveform with a rate of 1 Hz per
second from 100 Hz to 0 Hz, then calculate r.m.s. head
acceleration over each ohe second period for each
frequency. Transmissibility was calculated as a ratioc of
head to seat r.m.s. acceleration. This method was shown to
have many drawbacks such as timing errors, distortion in
signals and assumption of a single frequency over each
second (Griffin et al., 1979).

2.5.3 Freguency spectral analyses

Two fraquency spectral methods used Lo determine
seat-to-head transmissibility are the ’cross-~spectral
density function’ (csd) and the ’‘power spectral density
function’ (psd) methods (Bendat and Pierscl, 1966). They

are defined as:

Cross—-spectral density Gio(f)
function method H (F) = G, (f)
and
1
Power spectral density Goo(f) | 2
function method Hp{f) = Gii(f} J
where
Hc(f) = 'cross-spectral density function method’ transfer
function,
Hp(f) = 'power spectral density function method’
‘ transmissibility,
Gio(f) = cross~spectral density between input and output
motion,
Goo(f) = power spectral density of output motion, and
Gii(f) = power spectral density of input motion.
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Griffin et al. (1979) conducted laboratory experiments with
vertical motion at the seat and measured vertical motion at
the head. They used the two above frequency spectral
methods and obtained seat-to-head transmissibilities. Both
methods gave similar results indicating the high degree of
linearity of the body. Above about 7 Hz, the two frequency
spectral methods and the ratio of r.m.s. method all gave
similar results. The r.m.s. method appears to show the

largest deviation below 7 Hz.

It is c¢lear from the above expressions for the transfer
functions that the psd method of calculation would result
in higher values than the c¢sd method. (This is because the
psd method 1is a direct ratio of powers of output to input
motions whereas the csd method accounts only for the
linearly correlated motion at the output with the input
(see Chapter 4 on ’Analysis of head motion data’).) If the
two methods are to be used 1in determining seat-to-head
transmissibility, then the psd method is 1ikely to give
similar data to the csd method for laboratory data where
there 1is only one axis of 1input motion (e.g. vertical
axis). The csd method would be more suitable for field
data where the input motion is multi—-axis.

In a study by Wells (1982), pitch—-axis head motion was
measured during vertical seat motion in the laboratory and
transmissibilities were calculated using the csd method;
and in-flight measurements (in a helicopter) using the psd
method. He concludes that laboratory data under estimated
field seat-to-head transfer functions; this would have been
expected due to the effect of vibration of the seat in
other axes on head motion. In the analyses, data recorded
in laboratory conditions could have been analysed using
either the csd or the psd method since there was only
single axis excitation at the seat (i.e. vertical only).
Data collected during in-flight measurements might have
benefited from analyses using the c¢sd method as motion at
the head would have been affected by vibration in the other

axes at the seat.
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2.5.4 Phase

Phase can be determined between 1input and output motion
using some of the analyses. Garg and Ross (1976) were able
to measure phase lags between vertical floor and head
motion for standing subjects by visually comparing the
traces of motion at the floor and the head. Calculation of
phase was made easy by the use of input sinusoidal
vibrations. Barnes and Rance (1875) were able to compare
phase angles between the seat and the head for rotational
motion of the seat; this was using the ’'cross-spectral
density function method’ of analyses which provides phase
information, whereas the ’power spectral density function
method’ would give the magnitude only.

2.5.5 Discussion

The peak-to-peak and r.m.s. methods of analyses could be
carried out with sinusoidal dnput motion by using an
oscilloscope or a voltmeter. The use of a strip-chart
recorder would provide information of phase between the
input and output motion. A computer would be required if
spectral analyses were to be conducted. Generally,
magnitude (transmissibility) and phase information should
be calculated if conditions allow.

2.6 VARIABLES AFFECTING THE TRANSMISSION OF VERTICAL SEAT
VIBRATION TO THE HEAD

The transmission of vibration from the seat to the head is
a complex phenomena governed by many factors. These can be
put into two main categories: those that are dependent on
the experimental set-up (extrinsic variables) and those
that are peculiar to the individual (intrinsic variables).

Comparisons between investigations have been made difficult
by the fact that each experimenter would have a different
set—-up. Also, as the aim of each experiment would be
different, the instructions given to the participating
subjects would differ, and hence, some differences in
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results would be expected in similar experiments.

Most of the Titerature available on this subject deals with
the transmission of vertical seat vibration to the head,
and 1in most cases, head motion has been measured only in
the vertical axis. Data on the transmission of other axes
of seat vibration to the human body consist of only a few

papers per axis, in some cases only one paper per axis!

This section reviews some of the Tliterature available
reporting the effects of various factors on the
transmissicn of seat vibration to the head. Literature
concerned with only vertical vibration at the seat are
reported, other sections deal with motion in other axes at
the seat. Results of other investigations are reviewed as

either extrinsic variables inciuding vibration magnitude,

backrest angle and effect o¢f harness, or intrinsic
-variables including intra-subject variability
(repeatability}, inter-subject variability (individual

variability), posture, subject characteristics, head angle

and other less investigated variables.

2.6.1 Intrinsic variables

This section covers the effect of those variables on
seat-to-head transmissibility which are generally difficult

to monitor and are normally peculijar to an individual.

2.6.1.1 Effect of head angle

In almost all situations where a person is exposed to some
form of vibraticon, the tilt of the head has to be altered
in order to carry out some task. Examples of this include
drivers who constantly move their head to direct their line
of sight in other directions.

Five main studies have been cited 1in the 1literature
concerned with the effect of head pointing angle on motion
transmitted from the seat to the head during whole-body
vertical vibration. The first investigation was by
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Guignard (1959) in which a logical order of conditions was
planned. Seated subjects maintained their head in five
different pitch angles, these were 0" (normal horizontal),
12° above and below the horizontal and, 30 above and below
the normal position. To aid the subjects in ensuring that
they kept their head at the required angle, the subjects
were instructed to look through a collimating tube placed
in front of them at the appropriate elevation. Due to
equipment inefficiencies, seat-to-head transmissibilities
were nhot obtained. However, the subjects'commented that a
30° up posture resulted in more vibration at the head and
being uncomfortable than the other angles of the head.
Also, that the 30° down posture was the most comfortable.

The second investigation was conducted by Griffin et al.
(1879} in which quantitative data were obtained unlike the
subjective results obtained by Guignard (1959). A seated
| subject was exposed to whole-body vertical vibration over
the 1 Hz to 50 Hz frequency range. Each exposure lasted
100 seconds and was of 1 ms_2 r.m.s. magnitude. The
subject was required to sit in a normal relaxed posture and
to orientate his head at five different pitch angles, these
were: normal (forward facing looking horizontally ahead),
25° and 50° above and below the horizontal.
Transmissibilities between seat vibration and head motion
were calculated and these are shown in Figure 2.3 for the

different head positions. Head angle appeared not to
affect motion transmitted to the head above about 30 Hz
whereas large differences occurred at about 16 HZ;

substantially more motion was present when the head was
above the horizontal than when below the horizontal.

In a fairly recent study, Cooper (1986) investigated the
effect of head pointing angle on the transmission of seat
vibration to the head., Fourteen male subjects took part in
the experiment, they sat in an ’erect’ posture with no
backrest or harness. Random vibration over the 1 Hz to 30
Hz frequency range, 60 seconds duration and 2 ms'2 r.m.s.
magnitude was used at the seat. The main difference
between this study and the two c¢ited above 1is that all
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Transmissibility

Figure 2.3 The seat to head transmissibility from 1 to 50
Hz of a single subject sitting with 5 head
positions (25 and 50 degrees down, horizontal,
and 25 and 50 degrees above horizontal)
(Griffin et al., 1979).

aspects of posture were controlled 1in this study. A
posture measuring device was used to remind the subjects of
their chosen ’erect’ posture before the start of each run.
Vertical and pitch motion at the head was measured,
vertical being with respect to the Earth’s gravitational
field and not with respect to the head. Angles of the head
included 20, 40  and 60  below and above the horizontal
{i.e. in the pitch axis) together with normal horizontal
head position {i.e. 0°). Results of seat vibration to head
motion transmissibility are shown 1in Figure 2.4 of pitch
head motion and different head angles; mean data for oniy 5
Hz, 10 Hz and 15 Hz are presented. It is seen that there
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was more pitch axis head motion for angles below the
horizontal than the corresponding higher angies for
frequencies less than about 6 Hz. The trend was reversed
for frequencies above 6 Hz. An increase in pitch axis head
motion was found for angles both beiow and above the
horizontal. Transmissibilities of vertical motion at the
head showed greater values for angles above the horizontal
than those below the horizontal. In Figure 2.5 are shown
the mean transmissibilities for vertical vibration at the
head for three different frequencies, the trend is clearly

seen in this figure.

Mean wvalues

10 Hz

0.2 ¢ 15 Hz

0.0 —
60 40 20 0 20 40 60

Above Below

Head angie {degrees from the horizontal)

Figure 2.4 Mean increases and decreases in pitch axis head
motion in the seven head angle conditicns at 5
Hz, 10 Hz and 156 Hz (Cooper, 18986).

Furness (1981) reports on an experiment 1in which two
subjects were exposed to vertical seat vibration while they
maintained their head 1in different orientations. The
angles inciuded were in both the yaw axis (azimuth) and 1in
the pitch axis (elevation). Table 2.2 shows the various

angles used.
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Mean wvalues

Figure 2.5

Table 2.2

0.4 1 10 Hz

0-271 | 15 Hz

0.0 ———
60 40 20 0 20 40 60

Above Below

Head angle (degrees from the horizontal)

Mean increases and  decreases in vertical
vibration transmitted from seat to head in the
seven head angle conditions at 5 Hz, 10 Hz and
15 Hz (Cooper, 1986).

Head orientation angles used 1in a two subject
study on the effect of head angle in
seat-to-head transmissibility {(Furness, 1981).

Azimuth Elevation
8] 0
o +36.9 up
0 -36.9 down
45 Jeft 0
45 left +36.9 up
45 left ~36.9 down
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The results tended to indicate that the angle of azimuth
had far greater effects on seat-to-head transmissibility

than elevation angles.

S5ingle subject experiments were conducted by Messenger and
Griffin (1989) to investigate the effect of roll and yaw
angle con the transmission of vertical seat vibration to the
head. In the first study, roll angle of the head was
varied between horizontal and 40 to the Tfeft in 10° steps.
A1l other postural variables were controlled and maintained
constant. The subject was required to sit on a rigid flat
seat with no backrest or harness. It was seen that motion
in the lateral, roll and yaw axes at the head ftended to
increase with increasing roll angle of the head. The same
subject took part in the second study to determine the
effect of variation in yaw angle on the transmission of
vertical seat vibration to the head. The different angles
were ’'Jooking straight ahead’ (i.e. 0°) to 60° on the
subjects right hand side in increments of 20. The results
showed increased head motion for lateral, roll and yaw axes
with increasing yaw angle of the head from 0’ to 40, The
two higher angles of 40° and 60 produced similar results.

Discussion

From these studies, 1t 1is seen that more motion was
transmitted to the head when pitch angles of the head were
above the horizontal and least motion when pointing below
the horizontal. This is possibly due to the centre of mass
of the head becoming in 1line with the transmission of
vibration, i.e. the vertebral column when the head is above
the horizontatl. The single subject study showed that
increase in roll and yaw angles of the head from looking
straight ahead are 1ikely to 1increase seat-to-head
transmissibility in the lateral, roll and yaw axes. Though
it is not known how representative the single subject study

was of a group of subjects.
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2.6.1.2 Effect of posture and muscle tension

The effect of posture on the transmission of seat vibration
to the head 1is possibly the most important and the least
controllable variable. This can be seen from data obtained
elsewhere (Griffin, 1975) that change 1in posture can result
in a change in magnitude of head motion by a facter of 6:1.
In experiments to determine seat-to-head transmissibility
of motion, it would be ideal 1if posture could, 1in some
quantifiable manner, be standardised and measured to
ensure, fTor example, similar conditions to investigate the
effect of other variables. A standard method of reporting
of posture might be necessary to ensure that results of

different experiments could be compared.

The terms ’posture’ and ’'muscle tension’ are completely
different and have their own definition. In
experimentation, some researchers have attempted to
investigate the effect of these on the transmission of seat
vibration to the head but have not clearly identified the

differences between them. Posture, in this context, is the

nature in which a person sits. Examples of this include
the different postures a person can adopt, e.g. slumped,
upright, sitting facing to the left. Muscle tension 1is

concerned with the amount of tension applied in the
muscles, e.g. slack, highly tensed, and an investigation
into the effect of this on body transmissibility would

invoive no change in posture.

Some of the terms that have been used to describe posture
and muscle tension include ’slumped’, ’'relaxed’, 'hormal’,
‘tense’, ’stiff’ and ’erect’. Following are investigations
to determine the effect of musclie tension and posture on
the transmission of seat vibration to the heads of seated

subjects.

Guignard (1859) conducted an experiment on the manner in
which two body postures affected transmissibility of
vertical sinusoidal vibration from the seat to the
shoulders of five male subjects. . The subjects were
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required to sit in two different postures, these being
‘'relaxed’ and ’tensed’. An attempt was made tc ensure that
all subjects sat in a standard posture by instructing them
to leck though a collimating tube - any sideways movement,
sway and sltump would have been reduced. Results showed
that greater levels of vibration occurred at the shoulder
when the subjects sat 1in a ’tensed’ posture than a

"relaxed’ posture. Although no vibration data were
collected of head motion (due to experimental problems),
subject’s comments suggested increased vibration

transmissibility when the subjects sat 1in a ’tensed’

posture.

A one-subject study was undertaken by Guignard and Irving
(1959) to determine the effect of ’'relaxed’ and ’pulling of
linked hands - tensed’ postures on waist to shoulder
transmissibility of vertical sinusoidal motion. High speed
cinephotography pictures were taken of the subject under
vibration and relative displacements measured at the waist
and the shoulder were used to calculate vibration
transmissibility. Results of the investigation showed that
for frequencies below about 3 Mz, both the waist and the
shoulder demonstrated similar magnitudes of vibration and
maximum transmissibility in the 5 to 6 Hz frequency region.
The data also show increased transmissibility for increased
muscle tension and a slight increase in the resonance
frequency. This was confirmed by a subsequent experiment
conducted using accelerometers to measure acceleration at
the seat and shoulders for 10 male subjects (Guignard and
Irving, 1960). The results of the latter study are shown
in Figure 2.6 as changes in mean transmissibility for the
subjects sitting in the relaxed and tensed postures,

The above studies have dealt with the effect of muscle
tension on the transmission of vibration to the shoulder.
The following researchers investigated the effect of
posture and muscle tension on motion transmitted through
the body to the head. Coermann (1962) measured motion at
the top of the head using accelerometers mounted with an
elastic bandage for subjects exposed to vertical vibration
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Figure 2.8 Effect of muscular tensing upon seat-shoulder
transmissibility (relaxed ; tensed - - =),
Mean values for ten men at an acceleration
amplitude of 0.25g (Guignard and Irving, 1960).

of the seat. The frequency range investigated was up to 20
Hz using sinusoidal vibration at the seat. The subjects
were instructed to sit in two body postures: relaxed and
erect. Although eight subjects took part in the
experiment, data for only one subject were presented and
these are shown 1in Figure 2.7. The transmissibility
results show that, for this ohe subject, a relaxed posture
transmitted more motion to the head for frequencies below
about 5 Hz and substantially more head motion occurred with
the subject sitting in an erect posture for freguencies

greater than 5 Hz up to 20 Hz. A slight dncrease 1in
resonance frequency from 4.5 Hz to 5.2 Hz was observed when
the posture changed from relaxed to erect. Also, four

resonance peaks are seen 1in the transmissibility figure
(Figure 2.7) for an erect posture, these being at 3 Hz, 5.2
Hz, 10.8 Hz and 14.8 Hz. The 1lowest resonance frequency
has been attributed as that caused by motion of the

abdominal mass.
Clearly, from the above reviewed studies, it is seen that

posture and muscle tension. are important variables in the
measurement of seat-to~-head vibration. However, no
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Figure 2.7 The transmission of vibration from the seat to
the head for one subject sitting 1in relaxed
(- -~ - =) and erect ( ) postures (Coermann,

1962).

consistent study to look at the range of postures and the
effect of these on head motion had been reported. A
single-subject experiment was conducted by Griffin et al.
(1979) to establish the effect of posture on the
transmission of seat vibration to the head. Eight
different postures were requested ranging from ’slouched’
to ’erect' and the effect of these at different frequenéies
ranging from 1 Hz to 100 Hz was determined.
Transmissibilities up to 50 Hz are presented 1in a
three—-dimensional form in Figure 2.8 to show the variation
with posture. This shows that generally, there was
substantially more motion at the head for the subject
sitting in an erect posture for frequencies greater than
3 Hz. Also, two clear body resonance peaks occurred when
the subject sat 1in an erect posture; one near 6 Hz and the
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other over the 15 Hz to 25 Hz fregquency region. In a
separate study, the effect of muscle tension was also
determined on the same subject: the subject sat in two
conditions, normal and tensed, The tensed ceondition
involved increased muscle tension of the arms, neck,
shoulders, abdomen and the legs. The results showed a
higher transmissibility for the tensed condition, however,
the effect was smaller than that of changes in posture.

Transmissibitity

Siouched

Figure 2.8 The seat-to-head transmissibility from 1 to 50
Hz of a single subject sitting in 8 postures
from siouched to erect (Griffin et al., 1879).

In a stightly earlier study than the one mentioned above,
Griffin (1975) undertook an experiment to 1look at two
extreme postures and the effect of these on head motion.
Twelve male subjects took part in the tests and were
instructed to sit in two postures: these being to ensure
firstly, maximum vibration at the head (’most severe
posture’) and then minimum vibration at the head (’Jleast
severe posture’). The subjects were told that they may
have to alter their back posture, neck orientation and the
manner in which they sat in order to achieve the required
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head vibration. Transmissibilities were obtained at
discrete sinusoidal frequencies ranging from 7 Hz to 75 Hz.
Head motion was monitored using a bite-bar which the
subjects held between their teeth. It was shown that large
differences occurrad in transmissibility between
individuals and that a consistent difference occurred
between the ’most severe posture’ and the ’least severe
posture’. At some fregquencies (35 Hz to 45 Hz), ratios of
mean transmissibility for the twelve subjects between the
"most severe posture’ and the ’least severe posture’ were
greater than 6, i.e. six times as much head motion occurred
for the ’most severe posture’ than the ’least severe
posture’ over the stated freguency range. This clearly
shows the range of transmissibilities that could be

obtained by differing postures.

The effect of three postures on the transmission of seat
vibration to the head was reported by Rowlands (1977), the
postures were ’slumped’, ’‘normal’ and ’erect’ - all with
the back in contact with the backrest. 8ix subjects took
part in the experiment and each subject was allowed to make
their own interpretation of the postures although the
experimenter gave 1instructions on the positions of the
arms, back on backrest, head position, etc. Vibration
characteristics 1included sine swept motions covering the
freguency range 1 Hz to 25 Hz and three vibration
magnitudes: 2.0 ms %, #2.8 ms ° and 4.0 ms"° (1.41 ms 2,
1,98 ms™% and 2.83 ms % r.m.s.). {(Three magnitudes were
used so as to determine the 1linearity characteristics of
vibration transmission through the human body.) Mean
transmissibility results for the subjects showed that only
small differences occurred with the subjects sitting in
normal and ereact postures for the three vibration
maghitudes. The siumped posture resulted in higher levels
of head motion for frequencies below 7 Hz and lower
transmissibilities for frequencies greater than 7 Hz
compared with the other two postures. (It was also found
that a posture 1in which no c¢ontact was made between the
back and the backrest resulted in significantly lower
Tjevels of head motion for freguencies above 10 Hz.)
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Approximately similar postures to the above were
investigated in a study by Griffin et al. (1979); the

postures were ’normal wupright’, ’relaxed’ and ’stiff’.
Thirty male subjects (12 boys and 18 men) took part in a
vertical seat vibration study. Transmissibilities between

seat vibration and head motion were calculated as ratio of
r.m.s. accelerations at 21 third-octave freguencies ranging
from 1 Hz to 100 Hz. It was found that the ’stiff’ posture
showed lower transmissibility values than the other two
postures below 6 Hz and higher values above 6 Hz. There
were only small differences in seat-to-head
transmissibility between the ’'relaxed’ and the ’'nhormal

upright’ postures.

The above two studies have iooked at the effect of three
similar postures on the transmission of vibration from the
seat to the head and found differing results. However, it
is difficult to compare the results directly since, though
the postures were similar, they were not identical and
small deviations in posture have been shown to have a large
effect on seat-to-head transmissibility. There were other
differences such as seating conditions: Rowlands (1977)
used a backrest whereas no backrest was present in the
study reported by Griffin et al. (1979). This has been
shown to greatly affect head motion (see Section 2.8.2.2).

It has been demonstrated by some of the above studies that
a tensed posture results in a slight increase 1in the
reschance frequency when compared with a normal posture
(Guignard, 1959; Guignard and Irving, 1959, 1960; Coermann,
1862). This is associated with a combination of stiffening
of the muscles and change 1in posture which increases the
resochance frequency. Mertens (1978) reported an increase
in resonance frequency 1in transmissibility for subjects
exposed to vertical seat vibration while under increased
gravity. (This was tested with subjects in a centrifuge.)
Main resonance frequency of the human body increases when
exposed to increased static acceleration - this has the

same effect as tensed muscles.
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There are other studies concerned with the transmission of
seat vibration to the heads of seated subjects but the
factors under investigation have been either irrelevant or
the effect of a less reported variable has been determined.
One such study is by Wilder et al. (1982) in which a large
number of subjects were used and the investigation included
the effect of seven different postures (neutral relaxed, 5°
forward Tlexion, 5° extension, 5° left lateral bend, 5°
right lateral bend, maximal left axial rotation, maximal
right axial rotation) plus neutral position with a Valsalva
manoeuvre. This large number of variables makes comparison
between specific variables difficult. The variable that
would be of interest 1in this context is the Valsaliva
manoeuvre (maintaining an increased air pressure 1in the
lungs with the nasal and mouth passages blocked). The
effect of this when compared with the neutral posture was
that, at the first resonance frequency (approximately 5
Hz), greater levels of head motion were measured, resonance
increased to a slightly higher frequency and, the human
body appeared to become stiffer. The percentage changes in

these factors were different for the two sexes.

One of the most recent studies to determine the effect of
body posture on the transmission for vertical seat
vibration to the head is by Messenger and Griffin (1989).
Two experiments involving the effect of body posture were
reported: the first was to investigate the effect of pelvic
angle and the second to determine effect of upper back
inclination. In the first ihvestigation, eight male
subjects were required to sit on & rigid flat seat with no
form of backrest or harness. Many postural variables were
controlled in order to reduce the effect of other factors
ocn the results: variables controlled 1included head angles
in roll, pitch and yaw axes, position of the legs, angle of
knee joint and position of the arms. The posture of the
back was controlled using an anthropometric stand - this
ensured small deviation 1in posture between vibration
exposures. The subjects sat with three different pelvic
angles, these were 105: 95 and 85. A fourth vibration
exposure was conducted with the subjects seated in a
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‘normal upright’ posture - interpretation of this posture
was Jleft to the subjects judgement. Vibration stimulus was
randem in nature covering a frequency range of 0.5 Hz to 40
Hz and the magnitude was 1.0 ms™% r.m.s. Head moticon was
measured in the three transiational axes and in the pitch
axis using a bite-bar gripped between the subject’s teeth.
Resulits showed that changing hip angle had only a small
effect on head motion 1in the TJateral and pitch axes.
Significant effects occurred 1in x-axis and z-axis head
motion. A forward tilt (anterior) of the pelvic region
increased transmissibility 1in the fore-and-aft axis for
frequencies above 3 Hz; the increase in transmissibility
was for frequencies above 8 Hz for motion 1in the vertical
axis. Figure 2.9 shows these changes for mean
transmissibility data for eight subjects. There was a
change 1in posture associated with change in pelvic angle
which could also have contributed to the above differences

in transmissibility.

2.00
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Figure 2.9 Seat-to-head transmissibility for zhesd motion
with four sitting postures {mean of 8

subJects). (A = pelvic angle of 105
(———3; B = ‘normal upright’ posture
( ) C = pelvic angle of 95

(— — —); D = pelvic angle of 85 (- - - =})

{(Messenger and Griffin, 1989).
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The second experiment by Messenger and Griffin (1989) was
to determine the effect of upper back incltination on head
motion. Twelve male subjects were exposed to vertical
randcm vibration of magnitude 1.0 ms‘2 r.m.s. and covering
a freguency range of 0.5 Hz to 35 Hz. The subjects sat on
a rigid flat seat with no backrest contact. Accelerations
at the head in the mid-sagittal plane were monitored using
a bite-bar. Five postures of the back were investigated
with different angles of the back measured at T5; angles at
T56 were 203 30? 40: 50" and 60? these were measured using
accelerometers as inclinometers. Results from this
investigation showed that increasing upper back angle
increased head motion 1in the fore-and-aft and vertical
directions at the mouth for freguencies below 5 Hz and
decreased motion above 5 Hz. It was concluded that these
changes in transmissibility could not only be attributed to
variation in upper bhack angle but also to postural changes
in the lower back and in the pelvic region.

Discussion

A1l the above studies have shown that posture and muscle
tension are important variables when investigating the
transmission of vibration through the body to the head,
Postures which Jlook identical to the experimenter can give
different results and vice-versa (Griffin et al., 1979).
Overall, it has been established that erect and tensed
postures both result in an increase in rescnance frequency.
This increase 1in frequency might indicate an increase in
whole-~body stiffness. Alsco, greater levels of head motion
occur when seated in an erect posture or with tensed

muscles, although this depends on Treguency.

2.6.1.3 Intra-subject variability

When determining the effect of any variable on the
transmission of vibration through the human body to the
head, it would be ideal if all the other parameters could
be kept constant and only the variable under investigation
alteread. When attempting such an investigation, it would
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also be helpful if an estimate was known of the variability
that should be expected over repeat measures. There are
many Tactors which would have to be kept constant in the
determination of transmissibility, these include both
intrinsic variables (those peculiar to the subject) and
extrinsic variables (those 1inherent 1in the experimental
set-up). The extrinsic variables can be maintained with
ease between repeat measures. The difficulty arises 1in
keéping intrinsic variables the same (these include
posture, muscle tension, head position), although attempts

can be made.

Small differences have been reported elsewhere (Sandover,
1978) 1in repeatability measures and effectively, the only
variable was time. If only small differences are found in
the response, then this is a good indication if the effect
of other variables is reguired. Rowiands (1877) conducted
repeatability measures (2 runs only) for many subjects and
conditions while maintaining constant all extrinsic
variables. He concluded that since the variability between
runs was small, the effect of other factors could be

evaluated.

One factor that «can be important and can affect
repeatability resuits, this being the duration between
successive runs and whether the subject atights from the
seat between the runs. Less variability would be expected
for runs conducted immediately one after the other than
those in which a Jlong duration separated the runs. This
may be the case due to the subject not being able to recalil
the precise seating position e.g. posture. Griffin et al,
{1979) reported on the results of an intra-subject
variability study 1in which a subject (male, 68 Kkg) was
exposed to the same vibration condition on 20 occasions and
this being over a period of two weeks. Transmissibilities
were calculated between seat and head vibration at 21

different frequencies ranging from 1 Hz to 100 Hz using

sinusoidat vibration. Median, 10" and so'" percentile of
transmissibility of seat-to-head vibration 1is shown 1in
Figure 2.10, This demonstrates that response in head
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motion can vary by more than 35% at some frequencies (e.g.
5 Hz). It is interesting to note that the individual peak
and trough data are not 1Jlost but retained even after
averaging. Distinct rescnance peaks are seen for this
subject at 2 Hz, 5 Hz and 12.5 Hz.

Transmissibility

1 10 - 100
Frequency (Hz)

Figure 2.10 1Intra-subject variability in seat—-to-head
transmissibility of a single subject during 20
repeat exposures of vertical, .seat vibration.
Shown are median, 10 and 80 percentiles of
transmissibility (Griffin et al., 18798).

Intra-subject variability estimates would be essential when

determining the effect of other variables. It has been
shown that small unnoticeable changes in posture can alter
the transmission of motion to the head. Repeatability

would obviously have to be smaller than the effect of the
variable under investigation for a true genuine trend to
emerge. It is unknown as to whether repeatability depends
upon the seating condition e.g. the difference between a
set—-up in which a backrest is used and in which no backrest
is present. Attempts will be made to provide answers to
this question in the following sections.
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2.6.1.4 Inter—-subject variability

Variability in transmission of seat vibration to the heads
of seated subjecis has been demonstrated by many
investigators though quantitative data on individual
variability has usually been inadequate. Value Jjudgements
such as ’'targe variability’® have been made without
numerical or graphical data which poses problems when
comparing data from different studies. In determining the
variation in seat-to-head transmissibility of vibration for
different subjects, it is essential that the experimental
set-up is maintained constant. Subject instructions would
be needed to ensure they sat in the required posture,
maintained the requested muscle tension, etc. Three
studies are reviewed below all repeorting on 1inter—-subject

variability.

Rowlands (1977) conducted an experiment on 1inter-subject
variability of transmissibility with only six subjects.
The subjects sat on a hard flat seat with no harness; input
vibration characteristics were swept sine motion, frequency
range of 0.5 Hz to 40 Hz and, three vibraticon maghitudes:
+4.0 ms %, £2.8 ms 0, and 2.0 ms ° (2.83 ms °, 1.98 ms -
and 1.41 ms ° r.m.s.). Transmissibilities were calculated

between seat vibration and acceleration measured at the top

of the head. Numerical data on the wvariation in
transmissibility peaks and troughs and the corresponding
frequencies were determined. Mean resonance values weare

calculated for the six subjects and are shownh in Table 2,3.
The results show that, generally, the variability in
transmissibility and frequency was %16% fTor the first and
second resonance peaks for the two postures inveétigated:
normal (back-on) and back-off. Higher ievels of
variability were found for transmissibility magnitude for
the second resonance peak with the subjects seated in a
back-off posture - no explanation has been put forward for
this.
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Table 2.3 Mean transmissibility amplitudes, frequencies
and deviations for inter-subject variability
(Rowlands, 1977).

Peak Sitting Mean % Maximum Deviation
ConditionjAmplitude/FrequencyjAmpliitude/Frequency
Normal .25 @ 3.59 Hz -14 = 15/-12 - 14
First |{Back-on)
Back-off 1.40 @ 4.07 Hz -9 - 16/-12 - 11
Normal i.87 @ 12.8 Hz -16 = 16/-6 = b
Second| (Back-on)
Back—off 0.86 @ 12.2 Hz -36 = 37/-7 - 12

Bennett et al. (1978) reported on measurements of vertical
head motion during exposure to whole-body vertical
vibration. Head motion was measured using accelerometers
attached to a close fitting safety helmet. Twelve male
subjects participated 1in the study 1involving random
vibration of the seat with three magnitudes of vibration:
0.21g, 0.28g and 0.35g r.m.s. (2.06 ms 2, 2.75 ms 2 and
3.43 ms™’ r.m.s.j. Transfer functions were calculated
between both seat and head motion, and between vibrator
plate and head motion. This was to evaluate the effect of
the seat on the transmission of vibration to the human
body. Unfortunately, data above about 10 Hz were
unreliable as relatively high 1levels of noise occurred.
However, some good data were obtained and showed a "very
wide range"” in transmissibility magnitudes for the
variability between subjects. Though figures simiiar to
Figure 2.11 were presented of mean (and range)
transmissibility between seat and head motion (and between
vibrator plate and head motion), no numerical values
stating, for example, the percentage differences are
included which could have been useful in making comparisons

with data from other studies.
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Figure 2.11 Mean and range of seat-to-head

transmissibility for 12 male subjects during
verfical seat vibration at 0.28g r.m.s. (2.75
ms r.m.s.) (Bennett et al., 1978).

An investigation was conducted by Griffin and Whitham
(1878) to determine inter-subject variability in
seat-to-head transmissibility during whele-body vertical
vibration. This was a major study involving a large group
of subjects (56 men, 28 women and 28 children). All were
required to sit 1in an upright comfortable posture; head
motion was measured by an accelerometer attached to a
bite-bar held between the subjedt’s teeth. Vibration at
the seat consisted of two individual freguencies, 4 Hz and
16 Hz, each with a vibration magnitude of 1.0 ms™2 r.m.s.
and a duration of 20 seconds. Results from the experiment
are shown in Table 2.4 as mean and standard deviation of
transmissibilities for the three groups of subjects and the
two vibration frequencies. This shows that there were
differences in mean transmissibility responses between the
groups but these were small. Lower Tevels of
transmissibility occurred for 16 Hz than 4 Hz and standard
deviation was also lower. Mean transmissibilities were
about 1.40 at 4 Hz and 0.62 at 16 Hz.
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Table 2.4 Means and standard deviations of seat-to-head
transmissibilities at 4 Hz and 16 Hz (Griffin
and Whitham, 1978).

Group Transmissibility mean{variance)
4 Hz 16 Hz

Men 1.835 .58
(0.11) (0.04)

women 1.40 0.74
(0.11) (0.06)

Children 1.42 0.53
(0.10) (0.03)

Average .38 | 0.61
(0.11) (0.04)

The above three studies have demonstrated the differences
that should be expected in transmissibility between
individuals. Some explanations have been proposed that may
account for the difference but these would only partially
explain the variation. These include physical
characteristics peculiar to the subjects {such as weight,
age, height, hip circumference (see Section 2.6.1.5)) and
those peculiar to the sitting condition (e.g. posture, head
angle, muscle tension). Although attempts can be made to
ensure consistent sitting conditions, it has been shown
that these can greatly affect the transmission of seat
vibration to the head (see Sections 2.6.1.1 and 2.6.1.2).

The third paper reviewed (Griffin and Whitham, 1978)
pnresents data from a wide range of éubjects although these
are limited to only two frequencies. {Also inciuded are
subjective responses of participants to these two vibration
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frequencies.) When presenting data of this nature, it is
essential to include a measure of spread in responses which
would be ’lost’ 1if only averages are reported. An
indication of wvariation could include variance, standard

deviation, percentiles, range, etc.

2.6.1.5 Physical characteristics of subjects

It would be beneficial 1in understanding the nature of
variation in head motion between individuails in response to
seat vibration to determine any correlations that exist
between subject characteristics and head motion (e.g.
height, age, weight, sex). It has been shown that
variability in the transmission of vibration from the seat
to the heads of seated subjects can vary by 6:1 at some

frequencies (see Section 2.6.1.4). It is clear that as ’'no
two people are the same’, a wide spread of subject
characteristics 1is found. The next step would be to

calculate correlations between the various factors, e.g.
transmissibility versus weight, transmissibility versus
height. Such data would be valuable in the development of
biodynamic models of the human body.

In such a study, it is essential to include a large number
of subjects (greater that approximately 10); the larger the
number of subjects the more reliable the final conclusicns.
An example of this is a study by Woods (1967) in which only
three subjects took part. Measurements were made of motion
at the shoulder while the subjects were exposed to
whole-body vertical vibration. This is too small a number

for valid results to emerge. (No significant correlations
were found between seat-to-shoulder transmissibility and
subject characteristics inciuding build, weight and

height.) It has been shown elsewhere (Griffin et al.,
1979) that after using a large number of subjects (18 men,
18 women) and various subject characteristics (height,
weight, age, hip size, thigh size, leg size), only one
factor might show significant correlations with
transmissibility. This woulid be an +important result in
that the factor showing high significance (which in this
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study was subject weight) may require further investigation
and the other factors may be excluded.

Following are studies reviewed on the possible correlations
between subject characteristics and head motion during
whole-body vertical seat vibration.

Age

Rowlands (1977) conducted a study in which shoulder motion
was measured for six subjects exposed to whole-body
vibration; their mean age was 32 years and a range of 19 to
55 years. Two postures of the body were investigated in
the experiment; a ’back-on’ posture in which the subjects’
backs were 1n contact with the seat backrest and, a
'back-off’ posture in which no backrest was used. The
results showed a significant positive correlation between
age and the resonance frequency of shoulder motion {around
4 Hz) 1in the ’'back-on’ posture (p<0.01) and, age and
transmissibility when subjects were seated in the
'back-off' posture (p<0.05).

For statistically significant differences in data, a large
number of subjects would be required with possibly, a
greater spread of ages. (The spread of age amongst
subjects might have been sufficient for statistical
analyses in the above study.) Griffin et al. (1979) report
of an experiment conducted with 18 men and 12 boys (mean
age 7 years, range 9 to 16 years). The subjects sat in a
’normal upright posture’ and were exposed to 21
third-octave sinusoidal frequencies ranging from 1 Hz to
100 Hz. Transmissibilities were calculated between seat
vibration and head motion at each of the 21 frequencies,
these are shown in Figure 2.12 for the men and the boys.
It is seen that the mean transmissibility for the boys was
generally Tower than that for the men over most of the
frequencies, especially over the 10 Hz to 100 Hz frequency
range. Lower transmissibilities have been reported
elsewhere for children at 16 Hz though no significant
differences were found (Griffin and Whitham, 1978).
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Figure 2.12 Mean seat-to-head transmissibilities of 18 men
and 12 boys (Griffin et al., 1979).

Weight

Ten male subjects comprising of two different builds (5
small: mean weight 140.2 1b (83.7 kg) and 5 1large: mean
weight 160.2 1b (72.7 kg)) took part in an experiment
carried out by Guignard and Irving (1960) to investigate
the nature of vibration +transmission through the body.
Vibration 1dnput was of a sinusoidal nature covering a
frequency range of 2 Hz to 13.5 Hz and a maghitude of
+0.25g (1.73 ms 2 r.m.s.). Transmissibilities wers
calculated between seat and shoulder vibration. The
results showed that at resohance {approximately 4.8 Hz),
the ’smaller’ subjects displayed a mean transmissibility of
2.68 and for the larger subjects it was 2.16. This tended
to show that heavier subjects demonstrated significantily
more damping than the 1ighter subjects (p<0.01).
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Wisner et al. (1964) reported of an experiment with 12
subjects exposed to wvibration over the 1 Hz to 20 Hz
frequency range and *1 mm to 7 mm displacement range. It
was Tfound that subject weight had no effect on

transmissibility between seat and head motion.

Griffin (1972) made vibration measurements of head and seat
motion of eight pilots 1n a helicopter during various
flight manoeuvres. The weights of the pilots ranged from
79.0 kg to 90.7 kg with a mean of 80.7 kg. Vibration at
the seat consisted mostly of the main rotor frequency of 7
Hz together with its harmonics (14 Hz, 28 Hz, 56 Hz). It
was found that vertical vibration at the head correlated
negatively (p<0.02) with the weight of the pilots; this was
the «case at the main rotor frequency. Negative
correlations were alsc observed by Rowlands (1977) between
head vibration and weights of the six subjects during a
laboratory based vertical seat vibration experiment

(p<0.05).

In a major study conducted by Griffin and Whitham (1978)
involving 112 subjects (56 men, 28 women, 28 children),

some interesting correlations emerged between head motion

and subject characteristics. Weights of the subjects
ranged from 45 kg to 95 kg for men, 45 kg to %5 kg for
women and 26 kg to 64 kg for children. Correlations were

calculated between age, weight, height and hip size and,
head motion at 4 Hz and 16 Hz. No significant correlations
were found at 4 Hz for any subjedt group. At 16 Hz, again
no clear trends were observed for the children between head
motion and subject characteristics, however, fTor men at 16
Hz, the results showed significant negative correlations

(p<0.05) between head motion and weight and, head motion

and hip size. The data for women showed negative
correlations (p<0.05) between head motion and height and,
head motion and weight. Further analysis of the data

involving partial correlations showed that for both men and
women, 1t was subject weight that was significantly
correlated with head motion at 16 Hz (p<0.05).
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In another study, Griffin et al. (1979} set about
determining correlations batween seat-to—-head
transmissibility and subject characteristics. Thirty-six
adult subjects (18 men and 18 women) took part in the
experiments and the various subject characteristics

measured were height, weight, age, hip size, thigh size and

teg size. From the mass of data collected, it was found
that subject weight was the only factor that showed any
significant correlations with head motion. Negative

correlations between subject weight and transmissibility
were found for men at 1.25 Hz, 1.6 Hz and 3.15 Hz and were
significant at the 5% 1level while Tfor women subjects,

negative correlations were found at 2.5 Hz.

The above studies have measured vibration at the shoulders
and heads of subjects and have been able to correlate
subject weight with head motion. Vertical vibration at the
thorax of subjects exposed to vertical seat vibration was
measured for 15 male subjects (weight range 49 kg to 74 kg)
to determine the nature of transmission of vibration by

Donati and Bonthoux (1983}, Frequency range of Gaussian
random vibration was 1 Hz to 10 Hz and vibration magnitude
was 1.6 ms'2 r.m.s, Subject weight was found to be

positively correlated with transmissibility at 4 Hz
{(p<0.05), while at 8 Hz negative correlations existed at

the same significance level.
Height

A few researchers have tried to correlate subject stature
with the magnitude of head motion for subjects exposed to
vertical seat vibration. Griffin (1972) was able to
correlate vertical head motion transmitted to the heads of
helicopter pilots during various flight conditions to the
heights of the pilots (ranging from 1.68 m to 1.92 m). The
analyses were conducted for two different sets of
measurements. The results indicated that vibration at the
head correlated signhificantly with subject height at the
main rotor fregquency of 7 Hz (p<0.05 for the Tfirst
experiment; p<0.02 for the second experiment). There is a
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conflict between the data from the two experiments as the
parameters for the first experiment (stature and vertical
head vibration) were negatively correlated and whereas for
the second experiment, a positive corretlation was

calculated. No explanation was put forward.

Two studies published at approximately the same time both
reported no correlations between vertical head motion and
subject height (Rowlands, 1977; Griffin et al., 1979). 8ix
subjects took part in the former investigation and 36 in

the tatter extensive study.

Che other researcher who found correlations between subject
height and vibration transmitted to the subject’s body was
Donati and Bonthoux (1983) who measured vertical moticon on

the thorax. Fifteen male subjects took part 1in the
experiment, mean height of subjects was 1.75 m (minimum
height 1.65 m, maximum height 1.84 m). There was evidence

of significant positive correlations (p<0.05) between
height and seat-to-thorax transmissibility at frequencies
of 3 Hz and 4 Hz.

Gender

Only three studies have been found 1in the literature
reporting ohn the guantitative differences in the
transmission of seat vibration to the head between male and
female subjects; although other studies have been found to
mention the matter in passing. Transmission of vertical
vibration from the seat to the heads of seated subjects was
measured for 18 male and 18 female participants 1in an
experiment reported by Griffin et at. (1979).
Transmissibilities were calculated between seat and head
vibration over the frequency range 1 Hz to 100 Hz and
compared for the two sexes, mean seat—-to-head
transmissibilities are displayed 1in Figure 2.13. This
shows that men had a higher transmissibility than women
over the 1.25 Hz to 4 Hz freguency range while women had
the highest transmissibility over the 4 Hz to 100 Hz
frequency range. The differences in transmissibility were
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significant at the 5% level for some frequencies (hamely
2.4 Hz, 12.5 Hz, 32 Hz, 40 Hz, 50 Hz and 64 Hz)} and, were
significant at the 10% level for most frequencies above
8 Hz.

Transmissibility

1 10 100
Frequency (Hz)

Figure 2.13 Mean seat~to-head transmissibilities of 18 men
and 18 women (Griffin et al., 1979).

A study involving a large number of subjects was conducted
by Griffin and Whitham (1978) to investigate individual
variability to the transmission of seat vibration to the
head. Gender was one of the factors to be investigated; 56
men and 28 women (and 28 children) took part in the
experiment. The subjects were required to sit in a
comfortable upright posture and were exposed to two 20
second periods of sinusoidal vibration at 4 Hz and 16 Hz.
Vibration magnitude was 1.0 ms™® r.m.s. Transmissibilities
were calculated between vertical seat and vertical head
motion for all subjects exposed to vibraticon at these two
frequencies. Mean transmissibilities for the subjects were
shown 1in Table 2.4 (see Section 2.6.1.4, inter-subject
variability) and indicated that for adult subjects, lower
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transmissibilities occurred for males than for females at

both freguencies of vibration.

Wilder et al. (1982) report of a large scale experiment
with many subjects (30 male, 15 female) in which head
motion was measured during exposure to vertical seat
vibration. It was found that female subjects demonstrated
more scatter 1in the transmissibility data than male
subjects. It is hypothesised that the possible cause for
scatter may be due to the female breast mass, although such
a relationship is not entirely supported by the available
data. Unfortunately, Griffin et al. (1979) presented only
mean transmissibility curves with no indication of
inter-subject variability for maile and female subjects. 1In
the above study (Griffin and Whitham, 1978) a greater
spread 1in transmissibility data was seen for female
subjects (variance of 0.06) than for male subjects
(variance of 0.04) at 16 Hz; however, the transmissibility
values were aiso greater for female subjects (0.74) than
for male subjects (0.58). Wilder’s hypothesis for the
possible causes of scatter 1in transmissibility between the
two sexes cannot be tested with data presented by Griffin

and Whitham (1978).

There was one significant difference that Wilder et al.
(1982) observed in the transmissibility data for male and
female subjects, that was with the subjects seated in a
Valsalva manoeuvre. (This was achieved by maintaining a
constant pressure within the Tungs - no air is allowed to
pass through the mouth or the nasal passage.) Both male
and female subjects were required to sit with this posture
during exposure to vertical seat vibration.
Transmissibilities for both sexes were compared between the
neutral posture and the Valsaiva manceuvre posture: the
results showed no differences for male subjects, but for
female subjects, there were significant increases (p<0.05)
in frequency and magnitude of transmissibility for the
subjects seated with the Valsalva manoeuvre. No

explanations have been proposed for these differences.
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Others

There have been other less reported correlations between
head motion and body characteristics; one such parameter is
hip circumference. Griffin ({(1972) found a significant
negative corretation between head motion and hip
circumference (p<0.005) at 7 Hz for vibration exposure in a
helicopter. Griffin and Whitham (1978) also found
significant correlations (p<0,05) between hip size and head
motion (for men only) and this was at 16 Hz. However,
partial carrelations revealed that hip size was
significantly correlated with subject weight (p<0.01) and
that weight was the main parameter that correlated with
head motion. In the former study, hip circumference was
correlated with weight (p<0.005) and maybe the effect of
hip circumference would have partialed out. No significant
correlations were found between seat-to-head
transmissibility and hip size 1n a study conducted by
Griffin et al. {(1979) with 18 men and 18 women.

A1l the above subject characteristics have been main body
parameters. Griffin {1972), in his study of
transmissibility in pilots expesed to helicopter vibration,
attempted to correlate head height with motion at the head.
Head height (chin to bregma) was shown to be significantly
positively correlated with vertical head motion (p<0.05)
and transmissibility (p<0.02) at four times the main rotor

frequency of 28 Hz.

Discussion

Correlations between four main body parameters and head
motion have been presented above and these have shown
varving degrees of significance. Subject age has shown
some significant correlation with shoulder and head motion
but more data would be required for firm conclusions to be

made. Subject weight has shown the most significant
correlation with motion at the thorax, shouilder and the
head. In Table 2.5 is shown in summary form the results

from the studies concerned with subject weight and measured
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body motion. The most 1interesting result of these
correlations between head motion and subject weight is that
the data indicate a negative correlation implying that head

motion decreases with subject weight. S0, heavier people
demonstrate more damping than lighter people and thus
attenuate greater magnitudes of vibration. Data of head

motion show a significance level of at least 5% and cover a
range of frequencies (1.25 Hz, 1.6 Hz, 2.5 Hz, 3.15 Hz,
7 Hz and 16 Hz).

Table 2.5 Correlations obtained by various investigators
between subject weight and seat vibration
transmissibility to different parts of the body.

Investigator Shoulder Thorax Head

Guignard and +{p<0.01) -— -
Irving (1960)

Griffin (1872) — - -(p<0.02)

7 Hz
Rowlands (1877) - - -{p<0.05)
Griffin and - - —-{p<0.05)
wWhitham (1978) 16 Hz
Griffin -— - -({p<0.05)
et al. (1979) 1.25 Hz, 1.6 Hz

3.15 Hz for men

- - -(p<0.08)
2.5 Hz for women

Donati and - +{p<0.05) -
Bonthoux (1983) 4 Hz
- ~(p<0.058) —
' 8 Hz
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Subject stature showed some significant correlations with
head motion but generally, more data would be required for
conclusive evidence. Gender was found to have some effect
on head motion: greater leveis of head motion occurred in
women for most of the high freguencies. No plausible
explanations have been found 1in the literature on the

causes for the differences.

surprisingly, there has been only one study 1in which
attempts have been made to correlate head motion with
dimensions of the head (Griffin, 1972); this study found
that head height correlated significantly with seat-to-head
transmissibility at 28 Hz (p<0.02). It is possible that
other dimensions of the head might show similar
significance levels (since most dimensions of the head will
be correlated with each other) and this would prove
valuable in modelling the response of the human body to

vibration.

2.6.2 Extrinsic variables

This section covers the effect of those variables which are
easily altered and are 1inherent 1in the eguipment or the

hardware being used.

2.6.2.1 Effect of vibration magnitude

The effect of vibration magnitude on the transmission of
seat vibration to the head has been studied by many
researchers in an attempt to explain whether the human body
behaves in a linear or a non-linear manner; or indeed,
whether vibration magnitude has an effect at all. Seven
different studies are reviewed in which the effect of this

variable on head motion was investigated.

Bennett et al. {(1978) conducted an experiment into the
behaviour of the human body to vibration, some of the
parameters investigated 1included physiclogical measures
(oxygen intake, heart rate, etc.), performance measures and

transmissibility measurements. Twelve male subjects took
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part in the study to determine the effect of different
magnitudes of vibration on head motion. The waveform was
of a narrow band nature and had shocks superimposed to
simulate a military vehicle traversing rough ground. The
magnitudes were 0.21g, 0.28g and 0.35¢ r.m.s. (2.06 ms ,
2.75 ms™® and 3.43 ms ? r.m.s.). The results showed that
vibration magnitude had only a smalil effect. This could
well be due to the small range of vibration magnitudes

Uused.

A study was conducted by Sandover (1878) intc head motion
of a seated person when exposed to vertical vibration,
Broad band random vibration of 2 ms ° r.m.s. magnitude was
used: subjects sat in an erect posture 1in an ’office
chair?. Vertical head motion was measured using an
accelerometer attached to a bite-bar. The results showed
that non-linear effects were small and no apparent trends
were seen 1in head motion that could be attributed to

changes in vibration magnitude.

Griffin et al., (1979) also investigated the effect of seat
vibration magnhitude on motion transmitted to the head by
using 100 second duration sine swept wavefeorms varying in
seven equal magnitude increments from 0.4 ms ° to 2.8 ms 2
r.m.s. Some trends in the transmission of seat vibration
to the head were seen at lower frequencies (below about 20
Hz). However, it was pointed out that the effect of
vibration magnitude on motion at the head was smaller than

the variation found within and between individuals!

Pradko et al. (1965) demonstrated that the transmissibility
of the human body toc vertical vibration was linear by
exposing 31 subjects to vertical vibration at the seat and
measuring the vertical motion at the head. Discrete
sinusoidal vibration frequencies ranging from 3 Hz to 60 Hz
were used over the 0.1g to 1.0g r.m.s. (0.98 ms > to 9.81
ms'2 r.m.s.) vibration magnitude. The results of that
study shown 1in Figure 2.14 clearly 1illustrate the high
degree of l1inearity in the average transmissibility of head

motion for 10 subjects.
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Figure 2.14 Comparison between head motion magnitude and
seat vibration magnitude (Pradko et al.,

1965).

Further analyses of the form of linear regression were
conducted and are presented in Table 2.6 which again, shows
that the body responded in a linear manner. A correlation
coefficient of unity would indicate a perfect Tlinear
relationship between head motion magnitude and seat
vibration magnitude. These tests were carried out for both
sinusoidal and random motion of the seat and both sets

showed similar results.

As did Pradkoc et al. (1965) try to correlate wvibration
magnitude with motion at the head for individual
frequencies, Zag6rski et al. (1976) report on an experiment
involving 20 seated male subjects exposed to two differing
vibration magnitudes of a sinusoidal vibration waveform:
2.30 ms~? r.m.s. ("exposure Tlimit") and 1.15 ms % r.m.s.
("fatigue 1imit"). Motion transmitted along the spine was
monitored at four points using translational accelerometers
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Table 2.6 Linear regression between head motion magnitude
(y) and seat vibration magnitude (x} for
different frequencies {Pradko et al., 1965).

Frequency Line eqguation Standard Correlation

(Hz} Deviation

3 y = -0.019 + 1.328 X 0.005 0.93990

4 y = =0.005 + 1.484 x 0.002 0.9988

5 y = —0.048 + 1.694 X 0.040 0.983830
10 y = +0.029 + 0.722 X 0.035 0.9767
20 y = -0.008 + 0.854 x 0.013 0.9977
30 y = =-0.005 + 0.675 X 0.027 0.8835
40 y = 4+0.005 + 0.467 % 0.003 0.9908
50 y = +0.015 + 0.257 x| ©0.0003 | 0.9996
80 y = +0.024 + 0,126 X 0.018 0.8424

and head motion was measured at the vertex using an
accelercmeter fixed with an elastic tape. Data were
analysed 1in the form of +transmissibility between seat
vibration and motion at the different points on the
vertebral column. From the two vibration magnitudes, it
was concluded that over the 2 Hz te 5 Hz freguency range,
vibration transmitted and vibration magnitude showed an
inverse relaticnship while over the 6 Hz to 12 Hz frequency
range, the two parameters appeared to be directly
proportiocnal. This study tends to show that the degree of

linearity depends on the input frequency.

Rowlands (1972) demonstrated that the response of the
seated person to vertical vibration was linear, although
the freguency and maghitude ranges were smaller than those
used by Pradko et al. (1865). The conclusions were based
on only visual inspection of the results. (Experiments to
investigate the transmission of lateral vibration from the
seat to the head showed that the body responded in a
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non-linear manner 1in this axis.)

Other researchers have also tried to measure and explain
the non-linear nature 1in the transmission of vertical seat
vibration to the head. Though some have been successful in
obtaining firm conclusions on the non-linear behaviour of
the body (e.g. Edwards and lange, 1964), the analyses,
experimentation, number of subjects, etc. have been

"sketchy’.

One of the few thorough studies conducted to prove the
existence of non-linear behaviour of human response Lo
vibration was by Griffin (1975). In the experimentation,
vertical motion of the head was monitored for 12 male
seated subjects during vertical vibration of the seat. The
nature of vibration at the seat took the form of
sinusoidals over the frequency range 7 Hz to 75 Hz and
vibration magnhitude 0.2 ms™® to 4.0 ms° r.m.s. The
subjects were instructed to adopt two different body
postures, the first so as to minimise vibration transmitted
to the head (’least severe’) and the second, to maximise
motion at the head (’most severe’). At these two postures,
both vibration frequency and magnitude were varied and head
motion recorded. Results of the ensuing analyses revealed
that the subjects demonstrated differing levels of
non-linear response; the greater non-linear response being
at Tower freguency than higher freguenhcies {(i.e,
approximately below 35 Hz for the ’'most severe posture’ and
below 20 Hz for the 'least severe'posture’).

One of the few papers available on the measurement of head
motion in all six axes is a study conducted by Johnston et
al. (1978) to determine the vibration characteristics of
head motion for subjects seated in a reclined seat. One of
the parameters ijnvestigated in the experiments was the
effect acceleration magnitude had on vibration transmitted
from the reclined seat to the head. Input motion was of a
swept sinusoidal nature covering a frequency range of 2 Hz
to 25 Hz and of a 20 second duration. Two‘magnitudes of

the input motion were used: 1.5 ms™ % r.m.s. and 3.0 ms”°
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r.m.s. After only a visual inspection of the data, results
for five male subjects showed that transmissibility in all
the transiational axes at the head was reduced for
increased vibration magnitude and that rotational motion at
the head was increased for the higher input magnitude. The
effect on translational motion at the head appears to be

only for freguencies below about 16 Hz.

Discussion

These studies have shown differing results, there clearly
is an effect of vibration magnitude on motion transmitted
from the seat to the head for a seated person. Though some
of the investigations have showh the response of the head
to be linearly correlated with vibration magnitude, it is
Tikely that there is some degree of non-linearity. The one
study found on the effect of this parameter on the six axes
of motion at the head showed that vibration magnitude
affected translational and rotaticonal motion in a different

manner.

2.6.2.2 Effect of backrest angle

There are very few vehicles with seats which do not have
backrests, indeed there are not many seats which do not
have backrests. The purpose of the backrest is to provide
support for the back which, from an ergonomic point of view
is advantageous (Pheasant, 1986). The height of the
backrest is also important depending on the location where
support is required, e.g. a small backrest would provide
support only 1in the tumbar region. For a seat comprising
of 1ap and shoulder straps {(e.g. an ejection seat), the
backrest would be regquired to extend up to the shoulders.
The angle between the backrest and the seat surface has
been shown to be an important factor in distributing the
weight of the upper body and in determining the comfort
offered to the occupants., Different angles of the backrest
(’rake’ angle) have been cited in the literature as being
cptimal, these have been 1in the range 100° to 110°
(Grandjean, 1980; Pheasant, 1986).
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The first variable to be investigated should be *to
determine the effect a backrest has on the transmission of
vibration from the seat to the head. A backrest
effectively introduces ancother path through which vibration
is transmitted and is very much dependent on the height of
the backrest., Rao (1982) conducted an experiment in which
8 male subjects sat in two different body postures: one 1in
which no contact was made with the backrest and the other
in which the subjects were asked to Tlean against the
backrest. The seat used was a car seat and the subjects
were not restrained in any way on the seat,
Transmissibilities were calculated between seat and head
vibration by determining ratios of the r.m.s. accelerations
measured at the head and the seat at various discrete
frequencies. Mean results for the subjects showed that the
effect of contact with the backrest was a slight reduction
in head motion at about 5 Hz and a significant increase in
high freguency content (10 Hz to 20 Hz) compared with a no
backrest posture. The main drawback with this study was
that the effect of the dynamics of the seat used on the
transmission of seat-to-head vibration was unknown, a seat
of known vibration characteristics should have been used.
However, similar results have "been obtained 1in other

studies.

Three completely different postures and seats were used in
an investigation by Dennis and Elwood (1858) to assess the
effect of vertical vibraticon on subjects sitting in these
seats. The three seats included a tank driver’s seat, a
reclining seat and a prone position seat. The tank
driver’s seat had an upright backrest and both the seat and
the backrest were padded. Both the other seats had a thick
soft cushions, the reclining seat (subjects lying on their
back) had a padded headrest and the prone seat (subjects
lying on their chest) had a support for the chin. {No
geometrical dimensions about the seats were reported.) The
apparatus used was somewhat basic consisting of a platform
hinged at cne end and connected to a motor by an adjustable
arm at the other end. Motion used in the experiment was
sinusoidal, covered a freguency range of 3 Hz to 21 Hz 1in
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3 Hz steps, and the vibration magnitude ranged from 0.33g
to 1.32g peak-to-peak (1.14 ms? to 4.58 ms ° r.m.s.).
Motion of the head was measured in the fore-and-aft and the
vertical axes. The results showed that the reclined
position seat imparted greater accelerations at the head
compared with the tank driver’s seat. This was due to the
differing geometry of the seats: the subjects’ heads were
in contact with a vibrating surface (the headrest) when 1in
the reclined seat whereas only a backrest (possibly
extending up to Jjust below the shoulders) was present on
the tank driver’s seat. Head motion measured while seated
in the prone position seat was of similar magnitude to that

in the tank driver’s seat.

A systematic study into the determination of the effect of
seat backrest angle on motion transmitted to the head would
involve successive changes of the backrest angle and the
corresponding motion at the head measured for each angle.
This approach was taken by Johnston (1878) who investigated
the effect of four different angles of the backrest, namely
20° {(normal), 300, 45° and 60° from the vertical. The seat
used in the experiment was a Mk 10B ejection seat with a
backrest extending up to the shoulders and a headrest on
top of the backrest; a shoulder and lap harness was worn
tightly during the experiment. Ten male subjects took part
in the vibration experiment and motion at the head was
monitored 1in the three translational axes (x-, y-, z-)
using a bite-bar during vertical vibration of the seat.
One of the main conclusions of the study was that motion
transmitted to the head increased with increasing backrest
angle. This was the case for all three translational axes

at the head.

In some of the reported studies concerned with head motion
during whole~-body vibration of seated subjects, the
differing experimental conditions include a ’back-off’
posture involving no contact between the subject’s back and
the backrest and, the subjects in contact with the backrest
while wearing a harness. In such a set-up, three different
postural conditions would provide information on the
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gradual addition of backrest and then the harness on the
transmission of seat vibration to the head. Two seats and
two main postures were 1investigated in a study by Moseley
et al. (1981); the two seats were an actual Westland Sea
King helicopter seat and a hard wooden simulated version of
a Westland Sea King helicopter seat. The two postures
were: a ’back-off’ posture 1in which no contact was made
between the subject’s back and the backrest and, a
*back—-on’ posture in which the subject was in contact with
the backrest and wore a five point harness. (Both seats
had a five point harness.) Mean transmissibility data of
vertical seat-to-head vibration for 12 male subjects 1in
both seats showed that greater levels of vibration occurred
at the head when the subject sat in a ’'back-on’ posture (in
contact with the backrest and using a five point harness)
than a ’hack-off’ posture. Pitch motion of the head showed
different transmissibilities for both seats: more pitch
motion at the head for a ’back-off’ posture below 9 Hz for
the actual Sea King seat while for the simulated seat, only
small differences occurred in pitch head motion between the
two postures up to 20 Hz; a ’back-on’ posture resulted in

increased head motion in the pitch axis.

Parsons et al. (1982) report of an experiment conducted
using a similar set-up to the one above {(Moseley et al.,
1981): the measurement of vertical head vibration during
vertical whole-body vibration and the effect of two body
postures on head motion. The different conditions were a
’back—-off’' posture {comfortable upright, no backrest) and a
"back-on’ posture (back 1in contact with the backrest and
wearing a five point harness). Again, as was the case
above, the effect of a combined backrest and harness would
be determined rather than just the bacKkrest. Mean
seat-to-head transmissibilities were calculated for 12
subjects over the frequency range 2 Hz to 30 Hz. Results
showed that for frequencies greater than about 8 Hz,
significantly more vibration was transmitted to the head
when the backrest and harness were used than a ’back-off’
posture; at around 16 Hz, over 2.5 times as much motion
occurred at the head 1in a ’back-on’ posture than a
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'back-off’ posture.

One variable that becomes important when a headrest is
present is the effect it has on motion transmitted to the
head. Many seats are provided with headrests, some have
variable geometry such as height and angle. The purpose of
a headrest is to support the head during normal
circumstances (e.g. driving a motor vehicle) and can prove
to be invaluable during extreme conditions, e.g. 1in
reducing the effect of whiplash in an accident. Johnston
(1878) and Johnston et al. (1978) conducted experiments in
which head motion of seated subjects was measured while the
head was in contact with the headrest and then no contact
with the headrest. Motion of the head was measured in the
three translational axes (fore-and-aft, lateral, vertical)
during exposure to whole-body vertical seat vibration.
Another factor introduced was backrest angle, four angles
were investigated (207, 30°, 457, 60°). Average
transmissibility curves showed that for all the different
backrest angles, head motion was considerably greater when
the head was in contact with the headrest compared with the
condition in which no contact was made with the headrest.

Discussion

In the above reviewed studies, although some fundamental
data were obtained, the aims of the experiments were
possibly to establish the effect of the parameters
investigated when exposed to vibration 1in a particular
seat. Overall, the data tend to suggest that contact with
a backrest will result 1in increased head motion than a
posture in which no backrest is used. The disadvantagé of
using a commercially available seat, used for 1instance in
vehicles is that the vibration characteristics of the seat
would be unknown and this would complicate the measurements
of vibration to which the subjects were exposed. It is
well known that a car seat can greatly affect the frequency
content of the vibration transmitted through it (Griffin,
1978). Maybe the seat to use 1in such experiments should be
a hard flat seat with no padding which would not alter the
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transmission of vibration from the floor teo the person-seat
interface; the subjects would be exposed to the same
vibration whether they sat on the seat or the floor! Such
a seat could have a backrest with an adjustable height,

adjustable angle, etc.

2.6,2.3 Effect of body harness

There are many situations in which some kind of harness is
required (e.g. car seat belt, aircraft) and 1in others,
though restraints may be necessary, they are not present
(e.g. public transport trains, buses, etc.}. There are
three main conditions which need to be investigated to
determine the nature of the effect of a harness on motion
transmitted to the head:

(1) a no backrest condition,
(i1) leaning against a backrest and,
(ii1i) the effect of a harness.

(The effect a backrest has on vibration transmitted to the
head 1is discussed in Section 2.6.2.2.) Essentially, the
aim of a harness is to ensure that the body remains 1in
contact with the seat and the backrest depending on the
type of restraint system used (it may only be to reduce

injury in an accident).

Rowlands (1972) conducted an experiment with 7 maie
subjects to determine the effect of a harness on the
transmission of seat vibration to the head. Two postures
were used: a no harness condition with the subjects leaning
against a backrest and then with a three point harness
(shoulders and a mid-seat strap). It was observed from the
results that the effect of a harness was a reduction in
vertical head motion over the 1 Hz to 10 Hz frequencies
(1 Hz to 2.5 Hz at 0.5 Hz steps; harmonics were used of
these for higher frequencies). A slight increase in the
frequency of whole-body resonance and a marginal increase
in the amplitude was seen as a result of using the harness.

78



Griffin et al. (1979) carried out an investigation into the
effect a combined backrest and harness had on the
transmission of seat vibration to the head. Twelve male
subjects took part in the two-condition experiment: the two
body postures included a ’'normal upright comfortable’
posture without a backrest and a condition involving a
slightiy tilted backrest on a hard seat replica of a Sea
King helicopter seat with a five point harness (shoulder
straps, Tlap straps and a mid-seat strap all Jjoined at a
common point). Yibration toock the form of discrete
frequencies ranging from 2 Hz to 50 Hz. The results showed
that when the subjects sat in the latter posture (backrest
and harness), there was an increase in vertical head motion
transmissibility at the three higher frequencies
investigated (i.e. 16 Hz, 32 Hz and 50 Hz) and a decrease
at 2 Hz when compared with the normal posture. These

differences are shown in Figure 2.15.
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Figure 2.15 Comparison of the mean seat-to-head

transmissibility for 12 subjects sitting in a
normal posture (no harness or backrest) and
sitting with a harness and backrest (Griffin

et al., 1979).
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A similar experiment to the one reported above (Griffin et
al., 1879) was undertaken by Moseley et al. (1981},
although rather than only use a replica of a Sea King
helicopter seat, simulated and actual Westland Sea King
helicopter seats were used. Again, 12 male subjects took
part in the experiment to understand the effect of a
backrest and a harness on head motion during whole-body
vibration compared with a ’normal upright comfortable’ no
backrest posture. Vertical vibration transmissibilities of
head motion confirmed the results of the above study that
contact with the backrest and a harness results 1in
significantly greater magnitudes of vibration being
transmitted to the head, this being the case for both
seats. Pitch motion was alsc monitored during the
experiment and these data showed that, generally more pitch
motion occurred during a posture involving the backrest and
the harness than the normal upright posture.

A complex study conducted by Rao (1982) was to investigate
the effect of many variables on the transmission of seat
vibration to the head. Three of the postures included the
above stated conditions: no backrest, 1leaning against a
backrest, and the effect of a harness. Eight male subjects
took part in the experiment and the subjects sat in an
'erect upright’ posture on a car seat mounted on a vertical
motion simulator. The restraint system on the seat was a
normal car seat belt comprising of a lapstrap and a strap
from one shoulder to a point near the pelvis on the
opposite side. Transmissibility results of the first two
postures (no backrest and leaning against a backrest)
showed that there was a slight +increase in vertical head
motion over the frequency range 4 Hz to 6 Hz, and a
substantial increase 1in head motion over the freguency
range 8 Hz to 30 Hz when the subjects were instructed to
lean against the backrest. The effect of using the harness
was an even greater increase in vertical head motion over
the higher frequency range. The data broadly confirm the
findings of Griffin et al. (19798).
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Discussion

During whole-body vertical vibration, the transmissibility
of vertical head motion consists mainly of two resonance
peaks - one at about 6 Hz and a comparatively broad peak
near 12 Hz. Though not reported, a close inspection of the
results obtained by Rao (1982) reveals a slight increase in
freguency of the second peak as the postures changed from a
no 'backrest, backrest, and then a backrest and harness
condition. This was also seen by Rowlands (1872) though at
a Tlower freguency (possibly the main body resonance).
Generally, an increase in the transmission of seat-to-head
motion is observed as a result of using a restraint system

of some form.,

2.7 SEAT MOTION IN OTHER AXES

A great deal of investigative work has been conducted since
about 1950 on human response to vibration. Most of the
work has concentrated on vertical vibration at the seat and
the research has advanced so much that the effects of a
large number of variables is known with varying degrees of

success. This, unfortunately, is not the case for seat
vibration in the other axes, that is, x-, y-, roll, pitch
and yaw.

Following is a review of some of the literature available
concerned with the transmission of seat vibration in
various axes to the heads of seated subjects.

2,7.1 Horizontal seat vibration

2.7.1.1 Fore-and-aft seat vibration

Three research papers are reviewed in this section dealing
with the transmission of fore-and-aft seat vibration to the
heads of seated subjects. Two of the papers date back to
the late 1950's and early 1960’s. No very recent work has

been reported on this matter.
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Dieckmann (1957a, 1958) conducted some of the early
transmissibility experiments with seated subjects and
x-axis seat vihration. The frequency range covered was 1
Hz to 5 Hz and the motion was sinusoidal. No details could
be obtained about the equipment used (due to Tlanguage
translation difficulties) which could greatly affect the
transmission of seat vibration to the head (e.g. seat
backrest). With the subjects undergoing whole-body
vibration, their heads were seen to move 1in an elliptical
manner in the x-z plane. Pitch motion of the head was also
induced and this 1in turn demonstrated z-axis motion
(depending on position on the head). Figure 2.16 shows
transmissibility of seat-to-head motion calculated from
measurements made wusing an “acceleration meter”. A
distinct resonance peak 1is seen at around 2 Hz. It 1is
interesting to note that at about 1.5 Hz, the head
demonstrated minimum motion before the main resonance at

2 Hz,

Transmissibility

0.0 1.0 2.0 3.0 4.0 5.0
Frequency (Hz)

Figure 2.16 Transmission of fore-and-aft vibration from
the table to the head for seated subjects
(Dieckmann, 1958).

Hornick et al. (1961} reported on a study in which 20 maile
subjects took part. They were required to sit on a hard
rigid wooden chair with a backrest. Head moticn was
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measured using an accelerometer tied firmly around the
subject’s head. Vibration at the seat was sinusocidal
covering 1 Hz frequency steps from 1.5 Hz to 5.5 Hz.
Vibration exposure was of three magnitudes, these being
0.15g, 0.25g3 and 0.30g peak accelerations (1.04 ms_z, 1.73
ms > and 2.08 ms 2 r.m.s.) for the five stated frequencies.
Transmissibilities were calculated as a ratio of
peak-to-peak acceleration at the head and peak-to-pezak
acceleration at the seat for the different fregquencies.
The combined mean for the different vibration magnitudes is
shown 1in Figure 2.17 with a variation of one standard
deviation. No cliear distinct rescnances are present
although an increase in transmissibility is seen at 5.5 Hz
with respect to the other frequencies. The mean data show
that over the frequency range studied, there was an
attenuation of vibration +transmitted to the head, 1.e.

transmissibility was Tess than unity.

Transmissibility
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Figure 2.17 Mean +transmissibility and variation of one
standard deviation of fore-and-aft seat
vibration to the head {Hornick et al., 1961),

Approximately two decades later, Lewis and Griffin {(1980)
carried out an experiment to 1nveétigate the effect of
seating on the transmission of fore~and~aft vibration to
the head. Vibration exposure consisted of a sine swept

83



waveform of a duration of 100 seconds covering a freguency
range of 2 Hz to 64 Hz and of a magnitude of 1.6 ms ™2
r.m.s. Head motion was measured in the vertical and pitch
axes using a bite-bar weighing 128 g; unfortunately,
fore-and-aft head motion was not monitored. Ten male
subjects were required to sit in two different seats; the

first was a simulated helicopter seat with a hard wooden

seat and backrest. A footrest was provided which moved
with the seat and the subjects were restrained by a tight
five point harness. The second seat consisted of a flat

rigid surface with no backrest and a stationery footrest.
Transmissibilities were calculated between seat and head
motion; mean transmissibilities for the 10 subjects with *1
standard deviation for the two axes at the head {(vertical
and pitch) and the two different seats are shown in Figure
2.18. It is clear that significantly greater Jlevels of
vibration occurred in the vertical and pitch axes at the

head for the subjects seated 1in the simulated helicopter

seat than the Flat seat. The 1increased levels of head
vibration would have been caused by a combination of
backrest and harness. With the flat seat (no backrest),

only Tow levels of head motion occurred for freguencies
greater than about 20 Hz for vertical head motion and 50 Hz
for pitch motion at the head. There was also substantial
variability 1in transmissibility between subjects for the

helicopter seat, however, the levels were also greater.

From the above three studies, it is clear that there 1is a
shortage of data concerned with the transmission of
fore-and-aft seat vibration to the heads of seated
subjects. The first +two studies present data using
completely different seating conditions. Lewis and Griffin
(1980) showed that contact with the backrest (and a five
point harness) resulted in greater levels of head motion in
the vertical and pitch axes. Had measurements been made of
fore-and-aft head motion, further fundamental data would
have been provided, this would have also confirmed (or not,
whatever the case may be) data obtained by Dieckmann (1958)
and Hornick et al. (1961).
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Figure 2.18 Mean translational (z-axis) and rotationa?l
(pitch) head motion at bite-bar, in response
to fore-and-aft (x-axis) seat motion with
simulated helicopter and flat seats (Lewis and
Griffin, 1980).

2.7.1.2 Lateral seat vibration

Only a few studies exist in which the transmission of
lateral seat vibration to the head 1is discussed and
experimental data presented. Five investigations are
reviewed below 1in which transmissibilities have been

obtained.
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Hornick et al., (1961) conducted experiments to determine
seat~-to-head transmissibility for 20 maie subjects seated
on a rigid chair with a backrest. Laterai head motion was
measured using an accelerometer strapped around the
subject’s head. They were exposed to sinusoidal vibration
at five frequencies (1.5 Hz, 2.5 Mz, 3.5 Hz, 4.5 Hz and 5.5
Hz) and at three different vibration magnitudes (peak
accelerations of 0.15g, 0.25g and 0.35g: 1.04 ms 2, 1.73
ms° and 2.43 ms ¢ r.m.s.)J. Transmissibilities were
calculated between seat and head motion as a ratio of
peak-to-peak acceleration at the head and the seat. Mean
transmissibilities are presented in Figure 2.192 for the 20
subjects and the three vibration magnitudes, A clear
resonance is seen to exist at a freguency of 1.5 Hz or
below. Unfortunately, the lowest frequency investigated
was 1.5 Hz making it impossible to determine ithe actual

resonhance frequency. The graphs show significant
attenuation of vibration at the head for freguencies
greater than about 4 Hz. Alsec, it is interesting to note

that data show a decrease in transmissibility for increased

seat vibration magnitude.

0.25g
0.6t 0.35g

Transmissibility

0.0 1 i 1 l 1 i i l 1 I L
0.0 1.0 2.0 3.0 4.0 5.0 6.0

Fregquency (Hz)

Figure 2.19 Mean transmissibilities for tateral head and
seat motion for three vibration magnhitudes
(Hornick et al., 19681).
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Woods (1967) investigated the transmission of Tlateral
vibration through the body for seated subjects. Four
subjects took part in the experiment; they sat on a hard
seat with a backrest and with no Tlateral restraint. Each
subject was exposed to sinusoidal motion at discrete
frequencies over the range 0.8 Hz to 7 Hz. The magnitude
of vibration at the seat was 0.1g r.m.s. (0.98 ms-2
r.m.s.J. Transmissibility between Tateral motion at the
seat and the head was calculated as a ratio of vibration
maghitudes for 15 individual freguencies over the specified
frequency range. Average transmissibility curves for the
four subjects are shown in Figure 2.20. Three resonhances
are seen from the data at 1.5 Hz, 4 Hz and 6 Hz; the main
being at 1.5 Hz with a maximum transmissibility of just
over unity. Che point that merits attention 1is the
realisation of a whole-body resonance at a low freguency
(1.5 Hz) and, hence, the use of a fine frequency
resclution to investigate this (i.e. 0.25 Hz) and the use
of a coarse resolution at high frequencies (i.e. 0.5 Hz
steps from 2 Hz to 6 Hz and a 1 Hz step from 6 Hz to 7 Hz).
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Figure 2.20 Average transmissibility for lateral seat and
head motion (Woods, 1967).

Seven male subjects were used in an experiment undertaken

by Rowlands (1872) to obtain transmissibility of lateral
seat vibration to the head. The subjects sat in a modified
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Martin-Baker Mk 8 ejection seat with a three point harness.
Motion of the head was measured by attaéhing an
accelerometer on the temple of a subject wusing an
elasticated head harness. Characteristics of the vibration
input included discrete sinusoidals at steps of 0.5 Hz from
i Hz to 4 Hz. The vibration magnitude for all runs was
.49 r.m.s. (3.92 ms-2 F.m.s.). One parameter under
investigation was the effect of a harness on
transmissibility, so each run was conducted twice: once
with a three point harness and once without the harness.
Average transmissibility results indicated the presence of
a resonance at about 1 Mz with an amplitude of 1.1 for a
honh-harness condition and 1.3 when a harness was used.
This shows that greater levels of head motion occurred with
the subjects seated wearing a harness than a no harness

condition.

Johnston et al. (1978) reported on the measurement of
transmissibility between Jlateral seat vibration and six
axes of motion at the head. Five male subjects sat in an
experimental reclined ejection seat and were restrained
using a tight harness comprising of shouider and lap
straps. The backrest on the seat was reclined with a
shoulderrest and a headrest. Subjects were instructed to
wear a Mk 2/3 flying helmet and measurements of head motion
were made using a bite-bar weighing 300 g¢. Vibration at
the seat covered a fregquency range of 2 Hz to 25 Hz and was
swept over a 20 second duration. Two vibration magnitudes
were used: 1.5 ms > r.m.s. and 2.0 ms > r.m.s. Head motion
measurements were made with the head on the headrest and
with the head off the headrest. Transmissibilities were
calculated between lateral seat vibration and the six axes
of motion using spectral methods. The results mainily show
that for the condition in which the head was on the
headrest, transmissibilities between seat vibration and,
lateral and vertical motion at the head showed a peak at
aroﬁnd 13 Hz. No explanation has been put forward on the
cause of this relatively high resonance freguency. Data
also showed that head motion was reduced to about half the
tevel when the head was not in contact with the headrest
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compared with the head on the headrest condition.
Transmissibilities for translational axes at the head (i.e.
X-, y—, z—=) indicated a reduction as the vibration
magnhitude was increased from 1.5 ms™ > r.m.s. to 3.0 ms°

r.m.s. whereas transmissibilities for the rotational axes

showed an 1increase.

Finally, Lewis and Griffin (1880) present
transmissibilities between seat vibration and head motion
with 10 male subjects and two different seats. The first
seat consisted of a hard flat surface with a stationary
footrest and no backrest. The geometry of the second seat
was similar to that used in a Sea King helicopter but it

had hard wooden surfaces. The backrest and the footrest
were attached to the main frame of the seat and were thus
vibrated with the seat. The subjects were instructed to
wear a tight five point harness. The vibrator on which

these seats were mounted was operated using a sine swept

waveform covering frequencies from 2 Hz to 864 Hz over a

duration of 100 seconds. The vibration magnitude at the
seats was 1.6 ms'2 r.m.s. A bite—-bar was used to mohitor
head motion 1in the lateral and roll axes. Mean

transmissibilities were calculated for measurements 1in the
two seats and Tfor the two axes at the head; these are
presented in Figure 2.21. These show that greater levels
of lateral motion occurred with the simulated helicopter
seat than with the hard flat seat and that roll motion at
the head was greater at higher frequencies for the

helicopter seat.

The above five studies have shown some fundamental data but
the three latter studies have lacked in presenting low
fregquency information. Hornick et al. (1961) and Woods
(1967) demonstrated that a main body resonance occurred at
about 1.5 Hz; Johnston et al. (1978) and Lewis and Griffin
(1980) started the frequency range from 2 Hz thus
completely ignoring the 1low freguency resohance. These
studies do, however, present some interesting high
frequency data showing that greater levels of vibration are
transmitted to the head when the back is in contact with a
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backrest,

Mean translatiocnal (y-axis) and rotational
{roll) head motions- -at bite-bar, in response
to lateral (y-axis) seat motion with simulated
helicopter and flat seats (Lewis and Griffin,
1880).

head 1in contact with a headrest and that a

harness will also increase transmission.

Johnston et

al. (1978) presented data of lateral

transmissibility but no ’'base line’ data were included, for
example, transmissibilities while seated on a hard flat

seat with no backrest. The data incliuded are very specific
for a subject seated in a reclined seat wearing a helmet
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and a harness. This makes comparison with other studies
very difficult uniess other studies are conducted under
similar conditions.

2.7.2 Rotational seat vibration

Motions in vehicles usually occur in all six axes to some
extent and with varying magnitudes. Generally, greater
magnitudes occur in the vertical axis for road vehicles and
smaller levels for rotational axes. The situation would be
different in, for example, a tractor traversing across a
ploughed field or a vehicle travelliing over a cross-country

track.

Studies have been published on the discomfort caused by
rotational vibration of the seat for a seated person
(Parsons and Griffin, 1978; Parsons and Griffin, 19882) but
there appears to be a shortage of data concerned with the
transmission of rotational seat vibration to the head.
Only one study has been found on the guantitative
measurements of head motion during seat vibration for each
of the three rotational axes. One of the important
parameters that would affect vibration transmission is the
distance between the centre of rotation and the point of
measurement on the body e.g. the head. There are many
positions that could be used for this parameter; centre of
rotation at the seat surface has been shown to cause Jeast
discomfort (Parsons and Griffin, 1878). The greater the
separation between centre of rotation and the head, the
greater the translational motion at the head and hence,
higher transmissibilities. This would apply egually to
roll, pitch and vaw axis seat motion.

2.7.2.1 Rol]l seat vibration

One of the early investigations on human exposure to roll
motion of the seat was by Walsh (1968). Centre of rotation
was arranged to be Jjust below the subjects’ feet. A seat
was mounted on to a tilting pltatform and driven by a
variable speed electric motor. The frequency range covered
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by this apparatus was 0.25 Hz to 6 Hz with a maximum
sinusoidal tilt angle of 1° (maximum rotational
acceleration magnitude of 8&8.77 rads™? r.m.s.). No numeric
measurements of the head were made but visual observation
showed large oscillations occurring at around 1 Hz to 1.5
Hz. (The axes in which dominant motions occurred were not
reported.) At higher frequencies up to & Hz, the head
appeared to be stabilized with the body attenuating the

vibration.

S§joflot and Suggs (1973) conducted a study to investigate
the transmission of vibration to the subjects’ shoulders
using seat motion as a series of sinusoids of different
freguencies {(t Hz, 1.7 Hz, 2.5 Hz, 4.0 Hz). The centre of
rotation was 1.57 m below the subject (precise location of

measurement was hot reported) - this wouild induce
gsignificant magnitudes of lateral motion together with
rotational rolil motion. There is a slight confusion over

the vibration magnitudes used: the Tlateral acceleration
magnitudes were 0.25g (2.45 ms”%)and 0.50g (4.91 ms %) but
it is unclear as to whether this was measured at seat floor
level, seat pan level or shouider height. Nevertheless,
measurements of acceleration at the shoulder for the higher
input acceleration magnitude showed maximum response for
lateral and wvertical axes at frequencies of 1.7 Hz and
2.5 Hz. {Note that both lateral and vertical axes are in
the same plane as the excitation motion, i.e. the

mid-coronal plane.)

The final study to report data of the inducement of head
motion by roll seat vibration 1is by Barnes and Rance
(1875). They conducted an experiment with eight male
subjects and a rigid seat with armrests and anh aircraft
harness. The subjects were instructed to sit with a
relaxed posture of the head. To ensure that the wvisual
system had no effect on head motion, the subjects sat in a
darkened room with their eves closed. Tﬁe seat was placed
such that with the subject seated, the centre of rotation
was approximately near the second or the third lumbar
vertebrae. Input motions took the form of sinusoids at 16
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frequencies ranging from 0.5 Hz to 20 Hz with peak
amplitudes of 10 rads > (572 degrees/s?). A bite-bar
weighing 250 g was used to measure motion of the head in
the roll, pitch and vyaw axes. Mean seat-to-head
transmissibility for the eight subjects together with =1
standard deviation 1is shown in Figure 2,22. The
transmissibility tends to show a resonance at around 4 Hz
with a mean peak value of 4.0. Significant magnitudes of
motion were 1induced at the head in the other rotational
axes; transmissibility ratios of 0.96 at 4 Hz for pitch
axis head motion and 1.74 at 3 Hz for yaw axis motion at
the head.
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Figure 2.22 Mean transfer function between roll seat and
head motion with shading for 1 standard
deviation (Barnes and Rance, 1975).

The above studies have all had differing distances between
the centre of rotation and the subject’s head. This might
have had an effect on the rotational motions transmitted to
the head. This separation would be an important factor
when measuring translational motion as the translational
acceleration induced by rotational motion is directly
proportional to the separation between the centre of
rotation and the point of measurement.
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2.7.2.2 Pitch seat vibration

The only study found in the literature in which experiments
were conducted to determine the transmission of pitch seat
motion to the head was by Barnes and Rance (1975). The
apparatus and procedure was the same as that for the
determination of transmission of roll seat motion to the
head (see above Section 2.7.2.1): namely, 8 male subjects
were exposed to sinuscidal motion at 16 freguencies between
0.5 Hz and 20 Hz. A lower vibration magnitude of #5 rads °
(£286 degrees/sz) was used than that for roll seat motion.
The subjects sat on a rigid seat restrained with an

aircraft harness; they maintained their head in a relaxed

posture., To exclude the influence of the visual system,
the subjects were instructed to close their eyes while
sitting in a darkened room. The centre of rotation was at

approximately between the second to the third ‘lumbar

vertebrae and head motion was measured in the rotational

axes using a bite-bar. The mean transmissibility results
for the eight subjects are shown 1in Figure 2.23 with a
spread of 1 standard deviation. Almost unity

transmissibility is seen up to about 1 Hz then an tincrease
to about 3.35 over the fregquency range 3 Hz to 9 Hz.
Relatively lower magnitudes of roll and yaw motion occurred

at the head during pitch motion of the seat.

2.7.2.3 Yaw seat vibration

Barnes and Rance (1974) appear to be the only investigators
to have conducted experiments to determine the transmission
of yaw motion as the input and measured head motion. Two
seating conditions were used: unrestrained and restrained.
In the first condition, the subjects sat on a rigid wooden

seat with an erect back and head held horizontal. In the
second, the subjects sat on a seat with a backrest and wore
a shoulder harness. In both setups, the subject’s 1legs

were fastened to prevent influence on trunk motion and the
centre of rotation was arranged such that the centre of
gravity of the body was directly over the centre of
rotation, In order to exclude any effects of 'visua1
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Figure 2.23 Mean transfer function between pitch seat and
head motion with shading for £t standard
deviation {Barnes and Rance, 1975).

feedback, the experiment was carried out in a dark room and
the subjects were required to close their eyes. Eight male
subjects participated in the experiment and their head
motion was measured in the rotatiéna? axes using a bite-bar
weighing 250 g. Input motion was sinuscidal covering a
frequency range of 0.5 Hz to 20 Hz and had an acceleration
magnitude of 1150 degrees/s2 (20 rads'z) peak~to-peak {(7.07
rads”? r.m.s.). Mean trahsmissibility results between yaw
vibration at the seat and yaw motion at the head are shown
in Figure 2.24 for the restrained and unrestrained seating
conditions. A resonance peak of about 1.5 is seen at 2 Hz
for the unrestrained condition although there is 1large
variation between subjects. Above 4 Hz, there 1is a rapid
decrease in head motion. The restrained condition showed
maximum motion at lTow frequency and a steady decrease in
head motion with increasing frequency. Significant levels
of motion were reported in the roil and pitch axes with
resonance peaks at 4 Hz. There was slightly more roll
motion at the head in the restrained condition than with

the unrestrained condition.
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2.7.3 Discussion

The few studies reviewed investigating the transmission of
fore-and-aft and lateral seat vibration to the heads of
subjects have presented basic fundamental data. These show
the characteristic transmissibility curves to be expected
during horizontal vibration of the seat. Some studies have
attempted to investigate the effect of variables on
seat-to-head transmissibiltity (Johnston, 1978; Lewis and
Griffin, 1980). It is seen for lateral seat vibration that
a main body resonance possibly occurred in the region of 1
Hz to 2 Hz, this was demonstrated by the early studies on
transmissibility. The later studies, however, appear to
have completely missed the sighificance of this by
investigating the lowest freguency around or above 1 Hz to
2 Hz. This shows one area that requires further
investigation and will form the basis of some of the

experiments to be reported in this thesis.

The above studies have demonstrated the shortage of data
available on the transmission of rotational seat vibration
to the head. Large masses of data exist concerned with,
for example, the transmission of vertical vibration to the
head but only basic data are available for rotational seat
vibration. Barnes and Rance (1974, 1975) successfully
measured such data and presented transmissibilities to the
rotational axes at the head. Some of the questions that
arise from their work for future investigation would be the
measurement of translational motion at the head, effect of
position of centre of rotation with respect to the human
body, effect of posture, effect of seating, etc. Their
work showed that much of the activity at the head was below
20 Hz and whole-body rescnances occurred at freguencies
below & Hz, therefore it would be worth conducting
experiments at these Tow frequencies to further establish
this. Also, at very 1low freguencies, active postural
control might play an important role and the effect of this

is, as yet, unknhown.
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2.8 HEAD MOTION FOR STANDING SUBJECTS

There are many vehicles and machinery that require people
to stand upon vibrating platforms, examples of these
inciude buses, trains, etc. In the previous section
(Section 2.8), literature was reviewed presenting data of
the +transmission of vibration to the head for seated
subjects - this including different axes of vibration and
the effect of many variables. A1l these experiments could
be conducted equaily for standing subjects with the
exception of a few variables (e.g. backrest). There would
be different postures of the body that could be
investigated (standing erect, standing with legs bent,
etc.), different foot separation (for stability), the
effect of holding on to a vibrating structure while under

going whole—-body vibration, etc.

The basic transmissibility results to be expected for
standing subjects and the main frequencies of interest were
part1a11y-resoTved in the late 1950’s by Dieckmann (1957a).
Freguencies up to 100 Hz were investigated and the resultis
showed that for fore-and-aft vibration of the platform, the
head moved in a complex manner with significant motions in
the fore-and-aft and vertical axes. The magnitudes of head
motion depended upon the frequency excitation, see

Figure 2.25.

The available literature investigating the transmission of
floor vibration to the heads of standing subjects s
reviewed below. As was the case for experiments with
seated subjects, most studies are reported for vertical

vibration while no studies exist for some of the other

axes,

2.8.1 Vertical floor vibration

Goldman and von Gierke (1861) report of data presented
elsewhere (Dieckmann, 1957b) on ~the transmission of
vertical vibration from the floor to the head of a standing
subject, the transmissibility is shown 1in Figure 2.26.
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Figure 2.25 Head movement of a standing subject during
fore-and-aft vibrations of the platform
(Dieckmann, 1957a).

Though no details are given about the experimental set-up
and procedure {(due to difficulties in Tanguage
translation), the results show a main resonance peak at
about 4 Hz with a second, but of lower magnitude at around
20 Hz. This gives the basic information on the frequency
range that required further investigation.

An experiment involving eight standing subjects was
conducted by Coermann (1962) 1in whidh vertical head motion
was measured using an accelerometer tied to the subject’s
head with an elasticated bandage. The subjects were
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Figure 2.26 The transmission of vertical vibration from
table to the head of a standing subject
(Gotdman and von Gierke (1961) adapted from
Dieckmann (1957b)).

required to stand in an erect posture with ’stiff knees’
(presumably knees 1locked to maintain a straight Tegs
posture). The frequency range investigated was 1 Hz to 20
Hz {1 Hz to 14 Hz at 0.5 Hz steps, 14 Hz to 20 Hz at 1 Hz
steps) and a vibration magnitude of 0.5g (4.91 ms °).
Transmissibi1jty data for a single subject are shown in
Figure 2.27. A clear resonance peak is present at about 5
Hz and the occurrence of significant head motion over the
frequency range 11 Hz to 15 Hz. This demonstrates that for
that subject standing 1in a 'stiff knees’ posture, there
were two main resonance peaks up to the frequency
investigated, i.e., 20 Hz. An experiment carried out with
subjects standing with Tegs bent at the knees showed a
lower resonance frequency and significant attenuation of

vibration above 2 Hz.

Hornick (1962) attempted to determine the effect of
standing in such a posture so as to reduce the transmission
of vibration from the floor to the head. Six male subjects
took part in the experiment and were instructed to stand in
a slightly "crouched position" to "socak up" vibration in

100



Transmissibility
o

0.0 L ' : : . .
0 2 4 5 8 10 12 14 16 18 20

Frequency (Hz)

Figure 2.27 The transmission of vibrations from floor to
head for one subject standing 1in an erect
posture (Coermann, 1962).

the legs - thus attenuating vibration transmitted to the
head. Motion at only two freguencies was 1investigated:
2 Hz and 5 Hz. Mean transmissibiiity data between vertical
floor and vertical head motion for the subjects showed
values of approximately 84% for 2 Hz motion and 35% for
5 Hz motion. It was demonstrated that head motion at 2 Hz
was affected by time (there was a gradual increase 1in
transmissibility with 1increased exposure to the same
vibration) this indicating that the 1tlegs appear to become
stiffer (i.e. higher transmissibility) with time. Duration
had a similar effect at the 5 Hz frequency. Though
interesting transmissibility data were obtained in this
experiment, there was no ’standard’ posture to compare the
data with, e.g. standing upright with straight legs.

Vertical head motion was measured during vertical flioor
vibration 1in an experiment conducted by Garg and Ross
(1978) with 12 subjects (8 male and 4 female) standing in a
normal stance. Vibration at the floor was sinusoidal

covering a frequency range of 1 Hz to 50 Hz and amplitudes
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of 0.003 inch to 0.02 inch (0.076 mm to 0.508 mm). Average
transmissibility results showed four distinct resocnance
peaks in this freguency range, these are noted in Table 2.7
with the corresponding transmissibility magnitudes. It is
hypothesised that the 2 Hz peak may be due to a resonance
of the internal organs; 6 Hz peak caused by a rescnance of
the vertebral column; 20 Hz being a response of the Tlegs
and the 33 Hz peak possibly caused by the neck stiffness.
Attempts were made at explaining these frequencies by
developing a biodynamic model. A  higher resonance
freguency was also observed at about 43 Hz which was
thought to be caused by pitching motion of the head.

Table 2.7 Resonance freguencies and amplitudes between
vertical floor and head motion for standing
subjects (Garg and Ross, 1978).

Resonance Frequency Ampiitude
Number (Hz)

1 1.99 1.35

2 6.14 1.71

3 19.44 1.563

4 33.20 -

The effect of different leg-postures on head motion while
undergoing whole-~body vibration was investigated by Rao et
atl. (1975): the postures were standing erect with straight
legs and then to stand with kneses bent so as to absorb as
much of the vibration as possible, Vertical head motion
was measured for 8 male subjects using an accelerometer
gripped between the teeth. Each subject was exposed to
random vibration covering freguencies up to 50 Hz and at
four different vibration magnitudes: 0.030g, 0.064g, 0.132g
and 0.240g r.m.s. (0.29 ms™ %, 0.63 ms >, 1.30 ms™> and 2.35

ms r.m.s.). Interesting results emerged from the
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experiment, mean transmissibility data for a straight legs
posture showed two resonance peaks, ohe over the frequency
range 3.5 Hz to 5.5 Hz and the second around 12 Hz to 15
Hz. When standing in a knees bent posture, only one
resonance peak occurred and this around 2 Hz to 3 Hz. The
legs bent posture greatly attenuated vibration transmitted
to the head above 6 Hz. The transmissibilities for the
different vibration magnitudes showed that for both
poétures, greater levels of head motion occurred for Tower
magnitudes of floor vibration although there were no linear

changes.

In a later investigaticn, Rao (1¢82) reported of the effect
of the arms on head motion while standing on a vibrating
platform. Eight male subjects were required to stand in
two postures: (i) standing straight with arms at the sides
and (i) standing straight with arms stretched out 1in
front. Head motion was measured for each subject whilst
being exposed to sinusoidal motion at 11 discrete
freguencies (ranging frem 2.5 Hz to 30 Hz) at three

different vibration magnitudes (0.64 ms'z, 1.32 ms-z, 2.0

ms"2 r.m.s.). In Figure 2.28 are shoWn mean
transmissibility curves between vértical fliocor and vertical
head motion for the subjects standing with their arms
hanging down at their sides, while being exposed to the
vibration magnitude of 1.32 ms > r.m.s. The Tigure shows
two resonahces, one at about 5 Hz and the second around 18
Hz. The differences in transmissibility for the subjects
standing in the arms stretched posture were small: a slight
reduction in head motion at the first resonance peak and a
slight increase in transmissibility at the second resonance

peak.

As the head 1is free to move in all of the six axes of
motion, 1t must not be assumed that no head motion would
occur in axes other than the vertical during vertical floor
vibration for a standing subject. This was demonstrated by
Kobayashi et al. (1981} in an experiment where fore-and-aft
and wvertical motions at the head were monitored during
exposure to whole~body vertical vibration. ‘ Fore—-and-aft
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Figure 2.28 Mean transmissibility between vertical floor
and head motion for standing subjects (Rao,
1882).

moticn at the head showed transmissibilities of
approximately the same magnitude as vertical motion at
about 5 Hz. Though measurements were not made of motion in
the other axes at the head, significant maghitudes of
motion might have resulted in the pitch axis (i.e. the

third axis in the mid-sagittal plane}.

2.8.2 Horizontal fleor vibration

One  study is known of where thé transmission of
fore—-and-aft vibration from the floor to the head for
standing subjects has been investigated. This was a study
by Dieckmann (1958) {(cited by Goidman and von Gierke,

1961). No details about the experiment set-up could be
found, however Figure 2.29 shows the transmissibility
measures obtained. It appears that the lowest freguency

investigated was 1 Hz with increments of 0.5 Hz and the
greatest transmissibility for fore-and-aft motion at the
head occurred below 1 Hz. This clearly shows the lack of a
fine frequency resolution to investigate the most important
frequency range. Vertical motion at the head was also
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measured and these data showed that above 5 Hz, the
transmissibiiity between vertical head motion and
fore—-and-aft flcoor vibration was between 0.1 and 0.3. This
would depend very much on the position of measurement on
the head as pitching motion would also be excited and thus
would result 1in differing magnitudes of vertical motion

(Dieckmann, 1958).

Transmissibility
o

0.0 1.0 2.0 3.0 4.0 5.0
Frequency (Hz)

Figure 2.29 Transmission betwesen fore-and-aft table and
head moticn (Goldman and von Gierke (1961)
adapted from Dieckmann (1958)).

No reportings have been found concerned with the
transmission of lateral floor vibration to the heads of

standing subjects.

2.8.3 Rotational floor vibration

There are three axes that could be included 1in this
section: roll, pitch and yaw. Unfortunately, no reports of
experiments have been found dealing with the exposure of
standing subjects to roll and pitch vibration of the floor.
For yaw motion, only one study has been found 1in the
Titerature and this mainly concerned the effect of
vibration on vision (Benson, 1972). In the experiment, 10
subjects were exposed to sinusoidallyaw oscillation of the
floor covering a frequency range of 0.5 Hz to 10 Hz and
peak accelerations of 280 degrees/s2 {vibration magnitude
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of x4.88 rads"z}. Head motion was measure using a dental
mould bite-bar with a rotational accelerometer attached to
it. The subjects were instructed tc stand in two postures;
relaxed and tensed. The data were anailysed in the form of
transmissibilities and are presented in Figure 2,30. It is
seen that head motion occurred mainly up to 5 Hz with rapid
attenuation above this freguency. This appears to be the
case for both postures. Standing in a tensed posture
resulted in the transmission of larger magnitudes of motion
to the head and, for both postures, the variability in
transmissibility between subjects was large for freguencies
below 5 Hz,

+0-2

-0-2 F
-0

-0-6 +

AR,
Leg,y~-0-8
Units

‘ —1-0

_1,2 b

~1-4 1 Peak acceleration == +280%sec?

Tensed
Mean and S0 10 subjects

—1.8 -

[ T— } & 1 H 1 1 -}
0-5 i 2 3 4 5678 10
Frequency Hz '

Figure 2.30 Mean transmissibility for yaw axis motion
between floor and head vibration for standing
subjects (Benson, 1972).
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2.8.4 Discussion

Most of the research conducted on the transmission of floor
vibration to the heads of standing subjects has been for
vertical vibration, and this amounts to only a few studies.
These data indicate that the body demonstrates two
resonance peaks in the floor-to-head transmissibility; one
at around 5 Hz and the second of lower magnitude 1in the
region of about 15 Hz to 20 Hz. This has been for only
vertical vibration at the head. It has been recognised
that the head also moves in other axes although

measurements made have not been as comprehensive.

Only individual studies exist of the exposure of vibration
in fore-and-aft and yaw axes while no reportings have been
fouhd of vibration in the lateral, roll and pitch axes.
Results from these studies would hnhot only provide
fundamental biodynamic data but may prove valuable 1in
determining postural stability of people standing 1in

vibration environments.

2.9 CONCLUSIONS

This section discusses the work that has been done by
previous researchers together with the current status of
studies reporting the biodynamic response of the human body
to vibration. Also, the possible areas that require

further investigation are examined.
2.2 Methods of head motion measurement

From the several different types of instrumentation
reviewed 1in the measurement of head motion, the
accelerometer appears to be the most commonly used.
This kind of apparatus could be used 1in various
environments and need not be constrained to only
laboratory conditions. Some of the other methods
would be more suitable to the laboratory rather than
in 'field trials’ (e.g. pulleys, optical-photographic,
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potentiometers}. The effect of the Earth’s
gravitational field on the accelerometer signal can,

in most cases, be accounted Tfor.

The equ{pment should ideally be capable of monitoring
motion in all axes at the head, that is, x-, y-, z-,
roll, pitch and yaw,. Such a set-up, 1if attached to
the head, should be Tight enough so as ncet to affect
the motion of the head. A six-axis bite-bar will be

developed and discussed in a later section.
Input motions used during whole-body vibration

Variations 1in vibration spectra have been shown to
have a small effect on seat-to-head transmissibility,
this was concluded from an experiment involving a
single subject and three  types of motions: random
vibration spectra, sine swept and discrete sinusocidal
vibration. However, it must be emphasized that the
effect was small and was of the order of intra-subject
variability. For the investigation of a whole range
of frequencies, a random vibration spectra would be
advantageous, Vibration = spectra used in the
experiments reported below were computer generated
where the frequency content could have been carefully
selected. Some studies exist where head motion
measurements were made in, for example, vehicles where
the vibration would have a spectrum peculiar to that
vehicle and more than one axis at the seat would be
active. Further studies on this topic might
concentrate on comparison between transmissibility
data obtained 1in laboratory and field conditions.
Also, the variation 1in transmissibility could be
investigated when using recorded vehicular motion and
computer geherated vibration. This will be addressed

in a later section.
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Locations of measurement of motiohn

There are a whole range of measurement sites on the
upper body that could be used to measure vibration
including the head. This loccation is not important if
the body behaved in a linear manner and there was no
rotational motion. However, this is not the case as
the head is free to move in any of the six axes of
motion. Many researchers have pointed out the effect
of rotation of the head on translational motion
measured but have stopped short of actuatltly
calculating the effect, 1i.e. have not calculated
motion at other points of the head. A bite-bar
appeared to provide vibration data of the head with no
problems which would have been encountered with other
methods (e.g. skin movement). Motion at the head can
be moniteored in the six axes using a bite-bar enabling
motion to be calculated at any point on the head, thus
overgoming any problems that rotation of the head
might have posed. There are numerous positions on the
head at which motion could be calculated, one of which
is the centre of gravity. Such a system and analyses
will be used for the current studies and will be

discussed 1in a later section.
Methods of analysis of head motion data

The type of analysis used depends very much on whether
a simple voltmeter, strip chart recorder or a computer
is available and used. A voltmeter or an oscilloscope
would be suitable for determining transmissibility
values using the peak-to-peak or r.m.s. method - also,
a sinuscidal 1input motion might be needed. For any
type of frequency analysis, a digital computer would
be required. It is envisaged that heavy use will be
made of a computer in some of the complex and involved

spectral analyses to be used in this study.
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2.6 Variables affecting the transmission of vertical seat

vibration to the head
2.6.1 Intrinsic variables
Z2.6.1.1 Effect of head angle

These studies showed that, generally, a head pitch
angie -above the horizontal resulted in the
transmission of increased vertical head motion while
lower transmissibilities occurred for angles below the
horizontal compared with a looking straight and

horizeontal head position. These data might be of
value in determining, for example, whether increased
head motion (i.e. for pitch angles above the
horizontal) resuited in a decrement of performance in
a head aiming task. The 1increased head motion for

increase pitch head angles is thought to be due to the
head centre of gravity being closer to the neck (i.e.
line of motion) - the centre of gravity of the head
being almost vertically above the neck.

2.6.1.2 Effect of posture and muscle tension

There are two main extreme postures that have been
investigated by many researchers, these are relaxed
(slouched or slumped) and erect (tensed or stiff).
Overall, it has been demonstrated that an erect
posture results in increased vertical head motion for
frequencies greater than about 5 Hz. Different
results have emerged from different studies for
vertical head motion at lower frequencies but a
relaxed posture generally shows a 1large whole-body
resonance peak at around 4 Hz to 6 Hz. Recent studies
have concentrated on the effect of pelvic angie on the
transmissibility of vertical seat vibration to the
head showing this to be an 1important factor almost
dictating the motion of the head for frequencies
greater than about 6 Hz. A pelvic angle of 105°
resulted 1in increased head motion for freqguencies



above 6 Hz than a pelvic angle of 85°. Posture of the
boedy is one variable that can give completely
differing transmissibilities for visually similar

seating postures.
2.6.1.3 Intra-subject variability

This 1is one area that has been overlooked by many
investigators when determining the effect of a
particular variable on the transmission of vibration
to the head. An indicaticn of variability that should
be expected during intra-subject measures is essential
in that if the effect of a variable on
transmissibility is smaller that that found during
repeat measures, then it is highly unlikely that the
parameter under investigation had any significant
effects. indications of intra-subject variability
would ideally be required for all seating and
experimental conditions to be investigated. This
would include input vibration in the fore-and-aft and
the lateral axes at the seat rather than Jjust the
vertical axis. This will be investigated in some of

the following sections.
2.6.1.4 Inter-subject variability

Interestingly enough, more studies were found in the
literature reporting inter-subject variabiiity in
seat-to-head transmissibi]%ty that intra-subject
variability. inter-subject variability is Jjust as
important as this shows the variability that should be
expected between individuais. These data might be of
value to, for example, designers of vehicle interiors
who might need to knhow the range of head movements
that might occur between individuals so that they can
position their instruments appropriately. Biodynamic
modelling is another application of such data. There
is a range of factors that might contribute to such
variation between people such as physical
characteristics, muscle tension, seéting condition,



head orientation and the most important (and likely)

parameter, subject posture. It has been shown that
slight postural variations can lead to surprisingly
different transmissibilities. Detailed studies will

be reported 1in the Tlater sections dealing with

inter—-subject variability.
2.6.1.5 Physical characteristics of subjects

Correlating physical characteristics of subjects with
head motion would be one step 1in the right direction
in attempting to explain differences 1in head motion
between individuals. Several studies exist in which
such correlations have been determined between head
motion and subject characteristics 1including age,

weight, height and gender. From these bodily
parameters, data have shown that subject weight
correlated significantly with head motion: Tlower

magnitudes of head motion are 1ikely to occur in
heavier people than with relatively lighter subjects -
this finding was significant at the 5% level. Other
significant correlations were found between the other
parameters but no plausible explanations have been

offered. Such a finding was that greater levels of
head motion were likely to occur in female subjects
than male subjects. It must be borne 1in mind that

some significant findings would be expected as just
chance due to the large number of subjects. One point
to remember is that a small difference 1in posture or
muscle tension is l1ikely to cause greater changes 1in
seat-to~head transmissibility than those to be found
due to subject physical characteristics!

2.6.2 Extrinsic variables
2.6.2.1 Effect of vibration magnitude
This is one parameter that has been studied by several

investigators with differing results. Some have
concliuded that the human body behaves Tike a linear



biodynamic system while others have shown Jlarge
non-linearity in seat-to-head transmissibility.
Attempts were made by one researcher (Pradko et al.,
1865) 1in determining a linear regression between seat
vibration magnitude and head motion. These data
showed almost perfect linear relationship between the
two factors for some frequencies. Such a finding
would be invaluable in the development of biodynamic
models. Ideally, if such 1linear relationships could
be obtained {(or exist) between physical
characteristics of subjects and head motion, this
could be a sure step in explaining the transmission of

vibration through the human body.
2.6.2.2 Effect of backrest angle

This section discussed the effect a backrest and
backrest angle had on head motion transmissibility.
The studies have shown that when contact is made with
a backrest, head motion will increase compared with a
condition in which no backrest is used. The data also
show that the magnitude of head motion will generally
increase with increasing backrest angle. One study of
the effect of headrest indicated that head motion was
considerably increased when contact was made with a
headrest. In conducting such studies, it is important
to realise that the surfaces at the seat, backrest and
the headrest must not alter the vibration
characteristics, i.e. should not have a foam cushion
as this will affect vibration transmission. The
effect of contact with a backrest on head motion will

be reported in detail in later sections,.
2.6.2.3 Effect of body harness

There are essentially three seating conditions that
could be investigated, these are ’back-off’ (no
backrest contact), ’‘back-on’ (back on backrest) and
harness (back on backrest with harness). The previous
section (Section 2.6.2.2) showed that when contact is



made with a backrest, more vibration is transmitted to
the head than a no backrest condition. This sectiocon
showed that even greater levels of vibration occur at
the head when a harness 1s worn. This conclusion

comes from only a few systematic studies.
2.7 Seat motion in other axes
2.7.1 Horizontal seat vibration

Fore-and-aft seat vibration shows some whole-body
resonances and these have tended to appear at
different freguencies in the few reported studies.
This could be due to the differing seating conditions
which has been shown to greatly affect seat-to-head
transmissibility. A  whole-body resonance QOCCurs

possibly around 2 Hz to 8 Hz.

For lateral seat vibration, a whole~body rescnance has
been reported to occur at Tow freguencies (= 2 Hz).
The studies include the effect of some other variable
on head motion such as body harness, headrest and
seating condition. It 1is difficult to determine
whether the transmissibility data were greatly
affected by these variables since only one-off studies
exist investigating the effect of a particular

parameter.

It is clear that there is a shortage of information
dealing with the transmission of horizontal seat
vibration to the head. One main point that appears to
have been overlooked in the reported studies 1is the
need for low Tregquency measurements. The studies of
the transmission of vertical vibration have advanced
so much that the effects of many variables are well
documented. This 1is far from the case for horizontal
seat vibration - basic fundamental transmissibility
data are required for these axes of excitation. These

topics will be addressed in a later section.



2.7.2 Rotational seat vibration

A search through the 1literature showed that there
appears to be onily one study per axis to vyield
transmissibility data between rotational seat and head
motion, these studies were conducted by Barnes and
Rance (1974, 1975). These data provided a basic
insight into the frequency response to be expected.
Transmissibilities between seat and head motion for
both roll and pitch seat vibration have shown that
maximum transmissibilities can be of the order of 4
over the freguency range 2 Hz to 10 Hz. The body
tended to attenuate frequencies above 2 Hz 1in the
transmission of yaw vibration to the head and this was
heavily dependent on whether a restraint system was
used or not. Unrestrained subjects tended to display
maximum yvaw axis head motion at about 2 Hz while no
amplification of seat motion occurred for restrained
subjects. This shortage of information concerned with
the transmission of rotational seat vibration to the
head shows the need for more studies on this topic.

2.8 Head motion for standing subjects

The transmission of vertical vibration from the
vibrator table to the heads of standing subjects has
been investigated by a few researchers and reports
included the basic transmissibilities. In general,
twe vibration peaks can be seen in the data, one at
around 5 Hz and the second (a broad peak) over the
freqdency range 11 Hz to 20 Hz. Most of the studies
have measured vertical motion at the head and one
study reported of the measurement of both fore-and-aft
and vertical vibration. Resonance peaks occurred in
both axes at about 5 Hz and were of similar magnitude.
This implies that other axes at the head (e.g. pitch)
may have also been excited and shows the need for
motions 1in other axes at the head to be measured.
Also, the posture of the 1legs has been shown to
greatly affect floor-to-head transmissibility: a legs
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bent posture will substantially attenuate vibration
transmitted to the head compared with a normal stance
straight leg posture. These points will be
investigated in a set of experiments and reported in a

later section.

Only two studies were found concerned with floor
vibration in other axes: one on fore-and-aft vibration
and one on vaw vibration at the standing subject’s
feet. The one reporting horizontal floor vibration is
an old study (wWritten over three decades agec) and
showed that mainly low frequencies (<1 Hz) were
transmitted to the head and high freguencies (>1 Hz)
were attenuated by the body. The study of experiments
with yaw motion at the floor also showed that high
frequencies (»5 Hz) were greatly attenuated by the
human body. There 1is a whole new area of research
that could be studied for these axes of vibration
(e.g. body postures, position of centre of rotation
for rotational motion, etc.). The transmission of
horizontal vibration from the floor to the heads of
standing subjects will be discussed in detail in a

later section of the thesis.-

This section has reviewed most of the work conducted so far
concerned with the transmission of vibration through the
body to the head for seated and standing subjects. A great
deal of research has been directed towards vertical seat
vibration and knowledge of this topic 1is well advanced.
However, as always is the case, many questions arose from
the studies and information gaps were found which needed
more and specific experiments to be conducted. In the case
of vibration in other axes than the vertical direction,
much advancement 1is required for both seated and standing
subject data. It is hoped that the following sections of
the thesis will shed light on some of the questions posed
above and generally provide detailed information on the

study of biodynamics.



CHAPTER 3

EQUIPMENT

3.1 INTRODUCTION

Most of the experiments conducted within the Tlaboratory
required similar apparatus which is discussed briefly under

the appropriate section (see Chapters 5, 6 and 7). This
chapter discusses in detail some of the apparatus used for
those experiments, such as the bite-bar. Detaiis are also

given of other equipment used 1including vibrators for
vibration generation, a seat for seated subjects and some
portable vibration measurement and recording eguipment used

primarily for field trials.

3.2 DEVELOPMENT OF THE SIX-AXIS BITE-BAR AND SIT-BAR

Motion of the head during whole-body vibration could be
measured at several alternative locations of the combined
head and helmet system. Since most helmets have a rigid
shell, accelerometers could be easily attached to the
surface using a screw or adhesive attachment. However,
measurements made on a helmet would only be an
approximation of the motion since there are relative
movements (transliatiocnal and rotational) between heads and
helmets (Jarret, 1978; Wells, 1982).

A bite-bar with attached accelerometers allows more
accurate monitoring of the movements of the head than can
be achieved by mounting accelerometers on the helmet. A
bite-bar with three translational and three rotational
accelerometers can be used to determine the motion of the
head 1in all six axes. However, since rotational

accelerometers are both large and delicate, they make a



bité—bar heavy and delicate. The weight might affect the
motion of the head while the lack of robustness will limit

applications in harsh environments.

An accelerometer mount was designed so that it could be
used with a bite-bar to measure six axes of head moticn.
The design was based on a method employed by Lawther and
Griffin (1980) for the measurement of ship motion. In this
method the rotational accelerations are determined from
sighals provided by pairs of translational accelerometers.
The bite-bar 1is shown 1in Figure 3.1. Translational
accelerations were taken as those measured by three
mutually perpendicular accelerometers on block 3, i.e, Axi
for x-axis, AY1 for y-axis and A, for z—-axis motion at the
head. The signals A, and A and the separation between
blocks 2 and 3 enabled roll accelerations to be calculated,
A21 and A23 together with the separation between blocks 1
and 3 were used to determine pitch; yaw motion was

calculated using A A and the separation between blocks

x1? x2
2 and 3. (This concept has been previously used by many
investigators: Padgaonkar et al., 1975; Morris, 1973;
Lawther and Griffin, 1880). The formulae required for

calculating rotational accelerations were:

AzZ - Az‘l
roll acceleration ro = pe
b 4

. . Az3 B Azi

pitch acceleration ry = B E—
X

. sz - Ax‘l

yaw acceleration r. = —3g

where: A A and A23 are accelerations 1in

sz’ Azi’ z2
various axes and at different locations, and
dx and dy are distances between accelerometers on

blocks 1 and 2, and between blocks 2 and 3

x1’

respectively.

The mass of the bite-bar including accelerometers was 135 g
and with the dental mould, it was 158 g. This compares
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favourably with the heavier bite-bars used by previous
researchers to monitor fewer axes of motion (e.g. 300 g
used by Johnston (1978), 250 g used by Barnes and Rance
(1975)).

Counterweight

z Dental mould 2
1 2
y .~ Block Block 2
1 3
X o %o - axes of fore-and-aft accelerometers
Y, - axis of lateral accelerometer
Zys Z5. Zg T axes of vertical accelerometers

Block 1

Figure 3.1 Bite-bar with relative positions of the
accelerometers, mounting biocks and a
counterweight.

The design of the bite-bar was such that the Jlowest
inherent resonance frequency of the various attachments was
of the order of 80 Hz. The mode shape of the bite-bar at
this resonance was vibration in the vertical axis between
block 1 and block 3. This frequency was measured assuming
the rod joining blocks 2 and 3 is held rigidly at the
dental mould. This was greater than the frequency of
interest to be used during these studies {(i.e. 25 Hz).

It was also desired to measure motion at the principal
input to the body which, for a seated subiect, 1is the
motion on the seat surface. In the case of a subject
seated on a laborateory vibrator the motion may be



unidirectional. More generally, the motion of a seat in a
vehicle occurs in all six axes of motion. A device for
measuring seat motion 1in all the six axes was therefore

needed.

A SIT-BAR (Seat Interface for Transducers indicating Body
Acceleration Received) could be used to measure seat
vibration. This would allow both translational and
rotational accelerations to be monitored (Whitham and
Griffin, 1977). If rotational accelerometars were used
they would have to be attached on to a ’leg’ which sticks
out from the SIT-BAR: this could pose space problems in the
confines of some of the mititary vehicles this was to be
used in. Also, rotational accelerometers are generally
larger, heavier, dearer and more prone to damage due to

impacts when compared with translational accelerometers.

Figure 3.2 shows the arrangement for a six-axis SIT-BAR
containing the same three mounting blocks on the bite-bar.
(The alloy rods joining the bliocks and the dental mould are
removed before placing the accelerometer blocks in the
SIT-BAR.) This design was closely based on that used by
whitham and Griffin (1977). A perspex block with space for
the accelerometers and the cabling is shown in Figure 3.2.
A thin alloy plate is screwed on to the perspex to protect
the transducers and the layer of felt material was glued on
the alloy plate to ensure that the subjects did not sit
directly on to the cold metal plate. The total mass of the
SIT-BAR was 1.07 kg.

Both the bite-bar and the SIT-BAR were designed such that
translational and rotational accelerations couid be
calculated using the same analyses: same equations as above
were used to calculate rotational accelerations for both

head and seat motion.

The accelerometers mounted on the bite-bar (and SIT-BAR)
vibration measuring blocks were miniature transiational
accelerometers manufactured by Entran. These were
full-bridge piezo-resistive (strain gauge) type
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Figure 3.2 SIT-BAR with the re]ative. positions of the
accelerometers,

accelerometers, the model number was EGAXX5 with an
cperating range of ®5g (gravity). The accelerometers had a
viscous fluid medium to provide damping which was nominally
0.7 critical to protect the transducer against damage
should excitation occur at the reschance freguency or be
exposed to a severe impact. Also, the accelerometers had
internal mechanical overrange stops making the
accelerometers capable of sustaining accelerations of
+10000g which reduced the possibility of damage due to
shock or impact. A temperature compensation module was
present on all accelerometer cables near the transducers
which ensured that temperature changes within a specified
range (SOOF to 130 F) had no significant effects onh the
acceleration sighals measured. The useful frequency range
over which the accelerometers would faithfulily provide
acceleration signals was from d.c. up to about 200 Hz; the
deviation 1in frequency response of the acceleration was
less than 1 dB at 200 Hz. Each accelerometer weighed
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0.5 gram and there were six accelerometers on the bite-bar.
The weight contributed by the accelerometers was smatll
(i.e. 3 gram) compared with the total weight of the
bite-bar (i.e. 1568 gram). Also, the total weight of the
bite-bar was small when compared with the weight of the

head which would be around 4.5 kg.

Before each experiment, the accelerometers were calibrated
using two different types of testis. A static calibration
of the accelerometers was performed by turning the
sensitive axis of the accelerometer through the Earth’s
gravitational field (x1g). A typical exampie of the output
is shown 1in Figure 3.3 for an accelerometer calibrated to
give 1 volt per gravity (i.e. 1/9.81 volts per msnz). The
second calibration (called the Jjerk calibration) was to
determine the correct polarity of the system (i.e.
accelerometer, cabling, signal conditicning}. This was

carried out by holding the accelerometer in the position as

accelercmeter orientation

4
s T e
§
1.0 F f—_-“-j
0.5 F
0.0 1 L

L 1 1 b1

0 2 4 6 8 i0 12 14 16 18 20

Time (s)

Figure 3.3 Static calibration voltage signal from an
accelerometer calibrated at 1 volt per gravity
and the corresponding accelerometer
orientations.



would be used in the experiment and then rapidly moving it
in the positive direction, then in the negative direction;
the accelerometer was moved in each direction only once.
The expected output from an accelerometer with a positive
sense is shown in Figure 3.4. Should the system
demonstrate a reversed polarity, the acceleration waveform
acquired into a digital computer can be inverted to give
the correct sense. A dynamic calibration procedure was
conducted between paired accelercmeters (by calculating
transfer functions between accelerometers on the bite-bar)
to check for any differences in relative sensitivity.

Displacement

Acceleration
9

L L] H | 1 i L

0 2 4 6 g 10 12 14 16

Time {(s)

Figure 3.4 Acceleration signal from an accelerometer moved
through the above displacement during a Jjerk
calibration.

3.3 EXPERIMENTAL SEAT

In the determination of transmission of vibration through
the human body to the head, it is essential that vibration
is measured at the input to the body. For a seated person,
this would be at the person-seat interface and at the floor
for a standing person. If a seat with some form of cushion
or foam is used, then the vibration characteristics of this
would be required. In laboratory experiments, a seat which
had no effect on vibration transmitted from the base of the
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seat to the seat-person interface would be advantageous as

this would not involve dynamics of the seat.

A rigid flat seat was to be used in alil of the major

experiments carried out to determine the transmission of

seat-to-head vibration (intra- and inter-subject
variability experiments with seat vibration in  all
translational axes). A diagram of the seat is shown in
Figure 3.5. The frame work was made of steel square tube

and angle sections to give the structure rigidity in all
axes. Sections on to which the backrest was attached
extended up to the subjects head so that, if required, a
' headrest could be fitted on the frame work. The seat and
backrest surfaces were made of wood; the supporting surface
of the seat was 480 mm above the moving footrest and
inclined backwards at an angle 01’_3o to the horizontal.
The backrest was inclined backwards at an angle of 6" to
the vertical. The lower and upper edges of the rigid fTiat
backrest were 145 mm and 533 mm above the seat surface. It
was found that neither the seat nor the backrest had any
resonances within the frequency range (studied maximum
freqguency of 25 Hz) during exposure to vibration in any of
the three translational axes. A thin layer (3 mm) of high
stiffness, high friction rubber was glued on to both the
seat and the backrest surfaces to reduce relative movements
between the subjects and the seat due to sliding. A lap
strap was worn by all subjects for safety purposes.

3.4 FIELD VIBRATION MEASUREMENT SYSTEM

Portability of equipment 1is wusually not essential for
apparatus used within a Jlaboratory since normally a
suitable ptlace can be found for each item and then left
there. The situation 1is quite the opposite when making
measurements 1in, for example, vehicles, Compactness,
portability, size and number of items was important when
making vibraticn measurements in military vehicles due to

the small confines within the vehicle.

A ’helt-pack’ system was developed for making Tield
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Figure 3.5 Hard flat experimental seat used in some of the
studies.

measurements where the environment required the equipment

to be small and portable; the system is shown 1in Figure

3.6, The system consisted essentially of three small
boxes:

1) a connections box containing all the signal

conditioning, balancing potentiometers and

cohnections to the accelerometers, battery box and

data cassette recorder,
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ii) a battery box and,

117) a data cassette recorder.
Y
]
w
2
@
g connections battery
E box box
™
@
O
0
©
¥

data

cassette

recorder

Figure 3.6 Diagram of the portable vibration measuring
system: the ’‘belt-pack’ system.

The three boxes could be attached on to a waist belt so
that the experimenter could waik into a vehicle with the
system. The whole system weighed 3.3 kg.

The system was designed =Ye] that sSix full-bridge
accelerometers could be attached to the connections box.
Normally, the bite-bar or the SIT-BAR arrangement was used,
see Section 3.2. The accelerometers need not all be at one
position (e.g. head or seat), they could be spiit up so
that measurements were made at two or more locations. This
was convenient in determining seat-to-head
transmissibilities since simultaneous vibration measures
would be required of both seat and head motion. A transfer
function of one channel showed a flat frequency response
with a low-pass Tilter at 2000 Hz which showed a decrease
in response of 3 dB. This fully covers the freguency range
used for whole-body vibration measurements in Tfield
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conditions (see Chapter 7). A1l the other channels on the

connecticns box showed similar freguency characteristics.

The battery box contained two lead acid rechargeable
hatteries and was the heaviest of the items weighing 1.74
kg. when fully charged, the batteries were capable of
maintaining power to the system with six accelerometers for

up to six hours.

Acceleration signals from the connections box were reccrded
on small high quality magnetic tapes using a compact FM
(frequency modulation) data cassette recorder TEAC HR-30E.
1t was a 7-channel record only machine and was lightweight
(600 g), portable and battery operated. It covered a
frequency range of d.c. to 1250 Hz with a frequency
response deviation of +0.5/-1.0 dB and had a recording
duration of 45 minutes. The signal-to-noise ratio of the
FM recording system was »>38 dB. Replay of data was carried
out using a TEAC R-71 recorder, this had similar frequency

characteristics to the HR-30E.

3.5 VIBRATORS

Two vibrators situated within the Human Factors Research
Unit, Institute of Sound and Vibration Research,
Southampton University, were used 1in the studies to
investigate the transmission of vibration through the human
body. One was used to expose subjects to horizontal

vibration and the other for vertical motions.

3.5.1 Horizontal vibration simulator

The horizontal electro-hydraulic vibrator was manufactured
by Silverridge Technology Limited and is capable of
producing displacements of 1 metre. It consists of an
aluminium platform 1.57 m x 1.00 m which is attached to two
hydraulic actuators via piston rods. Depending on the sign
of the demand signal, both pistons work together to drive
the platform in one direction or the other. The vibrator
can simulate waveforms over the 0.05 Hz to 50 Hz frequency
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range. The response of the vibrator could be adjusted
using a bank of in-built filters to obtain a reasonably
flat response. This could be further modified by
equalising for the response of the vibrator - this involves
frequency spectral analysis and is explained in detail in

Appendix 1.

The vibrator was capable producing accelerations of 20
ms_2 and displacements of 0.5 m; for safety reasons, these
were 1imited to £10 ms'2 and +0.35 m respectively. There
were other safety features built in the system to ensure
that the subjects were exposed to controlled and safe
vibration. Both the subject and the experimenter had
emergency stop buttons, these operated a controlled
shutdown of the complete hydraulic system of the vibrator.
There were end buffers on each piston to reduce the
magnitude of transient in the event of the platform
impacting its maximum displacement Timit with maximum
velocity. These end buffers consisted of a ccne shaped
piston and trapping a volume of o0il in the buffer which is

expelled through a small annular gap.

Vibration was measured on the platform using a calibrated
accelerometer attached on firmly using double sided sticky
tape. This method of attachment has been shown to be
sufficient for frequencies up to 50 Hz (Wells, 1982).

3.5.2 VYertical vibration simulator

The vertical electro-hydraulic vibrator was manufactured by
Servotest and 1is capable of producing displacements of up
to 1 metre. It basically consists of an actuator supported
vertically by four struts, fixed on top of the actuator is
a 1.50 m x 0.82 m aluminium platform. The vibrator had a
nominally flat response from 0.05 Hz to 50 Hz and this
could be further modified using a spectral egualisation
procedure explained in Appendix 1. Acceleration waveform
distortion was of the order of 5% arnd this was achieved by
the use of hydrostatic bearings on the piston and no oil
seals which minimised friction. Motions in the cross-axes
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ware Tess than 1.5% of those in the axis of excitation.

The vibrator was capabie of producing displacements of
#0.01t m to 0.5 m and accelerations of 0.5 ms_2 to £20
ms—z though these were Tlimited to #0,.35 m and =10 ms—2
respectively for safety reasons. The system had a dynamic
force capacity of 10 kN and a static force capacity of 8.8
KN. It had been tested to accelerations of £ 20 ms ° with

a pay load of 400 kg onh the platform.

Safety was of the utmost importance and the vibrator was
designed to reproduce motions which are suitable and safe
for the study of human response to vibration. It’s safety
features and performance was 1in accordance with BS 7085
{1989) (GQuide to safety aspects of experiments 1in which
people are exposed to mechanical vibration and shock).
Built im the system were electrical, mechanical and
hydraulic safety switches. These were necessary in order
to prevent subjects from being exposed to hazardous
motions.. In addition to these safety measures, both the
experimenter and the subject were equipped with emergency
(panic) buttons which dumped the hydraulic pressure in a
controlled manner, this in turn bought the platform (with

the subject) to rest.
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CHAPTER 4

ANALYSIS OF HEAD MOTION DATA

4.1 INTRCODUCTION

Head motion data can be analysed using different methods,
each method providing either the same data in differing
forms or showing various depths of information. Biodynamic
data gathered from whole—-body vibration experiments and
used for the calculation of transfer functions normally
consist of an dnput signal (e.g. seat vibration) and an
cutput signal (e.g. head motion). Most of the data
collected for this research are 1in this form, 1i.e.
excitatioh and response. The number of axes measured might
vary between field trials and laboratory measurements thus
differing methods of analysing data would be required for
the two cases: laboratory experiments are normally confined
to single axis excitation whereas all six axes would be

active during field trials.

This chapter presents different methods of analysing data
collected during laboratory experiments and those collected

during field trial measurements.

4.2 TRANSMISSIBILITIES

There are many types of transfer functions that can be used
in the analyses of biocdynamic data, the two spectral
analysis transfer functions used in this study are ’'power
spectral density function methed’ and the ’cross-sgpectral
density function method’. Consider a simple single—~input
single-output system with the addition of extraneous noise

in the process as shown in Figure 4.1,
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neise n(t)

input H(E) output
x(t) y(t)

Figure 4.1 Single-input single-output system with noise
addition at the output.

The first transmissibility, Hp(f) can be obtained using the
‘nower  spectiral density function method’ {sometimes

referred toc as the ’'input/output autospectrum method’), it

GYY(f) v
KR BN )

ie defined as:

where:
ny(f) is the power spectrum of the output motion
Gxx(f) s the power spectrum of the input motion.

The total energy present in the output signal is taken into

account in the calculation of Hp(f).

The second transfer function, Hc(f) considers only the
linearly correlated proportion of the output motion with
the 1input motion, it will be called the ’cross-spectral
density function method’ (it 1is sometimes referred to as
the ’input/output cross-spectrum method’) and it s

calculated using the eguation:

G, (f)
H(T) = & 1
where:
ny(f) is the cross-spectrum of the input and output

motions.
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The first method (Hp(f)) is a direct ratio of energies
netween the output motions, therefore, it produces only a
real part of the transfer function, 1i.e. modulus. The
second method (Hc(f)) uses a complex quantity (ny(f))
which contains phase 1information between the input and
output signals. So the transfer function can be split into

its two components, i.e.

modulus = ((R(Hc(f)))z + (I(Hc(f)))2)1/z
1 I(Hc(f))
phase = tan ﬁTQZFFTT

where
R(Hc(f)) is the real part of the transfer function

I(Hc(f)) is the imaginary part of the transfer function.

Ordinary coherency can be calculated for the cross-spectral
density function method and this would provide an
indication of the amount of motion at the output which was
linearly correlated with the 1ﬁput motion. It can be

calculated as:

s
|6, () |

ordinary coherency sz(f) = G (F) & (f)
xx vy

The coherency will show values between 0 and 1; a coherency
of 0 would indicate no correlation between input and output
motions whereas 1 would imply perfect correlation between

the two motions.

Since the first method of calculation of transmissibiiities
takes into account all the energy in the output and the
second method uses only the Tinearly correlated energy, the
magnitude of transmissibility obtained using the power
spectral density function method will always be greater or
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equal to that calculated using the latter method. For the
ideal condition when there 1is no noise present 1in the
system and the system 1is 1linear, both transmissibility
methods would show identical moduli values and the

coherence function would be equal to unity.

4.3 THREE-INPUT SINGLE-QUTPUT SYSTEM

The above analyses were developed for a single-input
single-output system which in some cases can be adequate.
Complex systems can be developed which would provide a
better understanding of real situations. An exampie of
this 1s the measurement of transmission of vibration
through the human body during a taboratory experiment and a
field experiment. In the laboratory, a single axis input
vibration can normally be used (e.g. vertical) and one or
more axes of motion measured at the head. A single—-input
single-output system might be sufficient for such a set-up.
The situation 1is different for the analyses of field
measurement data where input vibration might be in all the
axes of motion (i.e. three +translational and three
rotational). For the analysis of such data, a six-input

single-cutput system might be required.

A three-input single~output system would be required for
the analyses of biodynamic data collected during triaxial
seat vibration and head motion in, for example, a vehicle.
(A11 six axes at the seat might be active during a vehicle
ride though vibration in some axes can be considered to be
comparatively small in magnitude. ) A three-input
single—-output system with the addition of noise at the
output is shown in Figure 4.2. The procedure required for
the analyses of a two-input single-output system has been
described elsewhere (Bendat and Piersol, 1966) and this can
be extended for a three-input single-ocutput system. The
complete analyses for a three-input single-output system is
given 1in Appendix 2 and the various important terms are

described below.
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Figure 4.2 A three-input single-ocutput system.

4.3.,1 Coherencies

The term ’ordinary coherency’ was discussed in Section 4.2
above and was explained as providing an indication of
correlation between two waveforms, e.g. an excitation
signal and a response signal. This quantity can be
calculated for a single-input single-output system and is

given by the equaticon in Section 4.2.

The ordinary coherence function cannot be usefully employed
for a three-input single-output system, e.g. for the
calculation of 7i1y(f) for the coherency between input
xi(t) and output y(t) since both xi(t) and y(t) might have
been affected by inputs xz(t) and x3(t). That 1is, the
ordinary coherency cannot account for the proportion of the
output motion caused by the other inputs. To overcome this
problem, partial coherencies can be determined between the
various inputs and output motions: input xl(t) and output
y(t) can be ’conditioned’ for the effect of inputs xz(t)
and xg(t), that 1is, the effect of Xz(t) and XB(t) can be

removed from xi(t) and y(t). Then a partial cocherence
. 2
function Txiy.xeS(f) can be calcuiated as:
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| @ (f) |°

2 x1y . x2x3

(f) =
x1y.x2x3 Grax1. x2xat ) ny-xzx3(f)

7

where:

(f) is the cross—-spectrum between input xl(t) and
output y{(t) conditiocned for inputs xz(t) and

x,(t),

xly.x2x3

(f) 1is the power spectrum fTor input xi(t)
conditioned for inputs xz(t) and xs(t), and

Gx1x1.x2x3

(f) 1is the power spectrum for output y(t)
conditioned for +inputs xz(t) and xa(t).

ny.x2x3

4,.3.2 Conditioned spectra

The above analysis can be taken further to determine the
various correlated and conditioned spectral components for
one signal. For example, consider the output signal y(t)
and three input signals xi(t), xz(t) and xa(t). The output
signal can be divided into its components as follecws:

Power spectrum of output y(t)

= proportion of output y(t) linearly correlated with
input xi(t)

+ proportion of output y(t) linearly correlated with
input xz(t) after conditioning 1input xz(t) and
output y(t) for input xl(t)

+ proportion of output y(t) linearly cerrelated with
input x3(t) after conditioning input xa(t) and

output y(t) for inputs xift) and xz(t)

+ proportion of output y(t) after conditioning for
inputs xi(t), xz(t) and xa(t).

A1l the above terms and expressions are explained in detail

in Appendix 2.
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CHAPTER 5

TRANSMISSION OF TRANSLATIONAL SEAT VIBRATION TO THE HEADS

OF SEATED SUBJECTS

5.1 INTRODUCTION

Many factors can influence the transmission of vibration
through the human body. It has been demonstrated that
posture and seating conditions can completely dictate
seat-to—head transmissibiiity (e.g. Rowlands, 1972; Griffin
et al., 1979; Lewis and Griffin, 1980). The response of
the head during seat vibration can vary from moment to
moment for an dindividual and there will be greater
variation between individuals. Experiments conducted
elsewhare have reported large variabilities between
individuals in head motion (Griffin, 1975: Griffin et al.,
1979; Johnston, 1978). There are other factors such as
position of the seat, the legs, the pelvis, the spine and
the head which may all affect the nature of transmission of

vibration through the body.

The experiments presented in this chapter were conducted so
as to obtain some fundamental data to determine the
repeatability of the transmission of translational
vibration from the seat to the head for an individual and
the wvariability that occurs between subjects. The main
measures were obtained using two different repeatable body
postures: a 'back-on’ posture which involved a backrest and
a ’back-off’ posture with no backrest. Effects of some
other parameters were also to be investigated. Data
presented 1in this chapter have been published elsewhere
(Paddan and Griffin, 1988a, 19888b).
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5.2 FORE-AND-AFT SEAT VIBRATIOCN

5.2.1 Introduction

People are exposed to vibration in all axes during any
vehicle ride. In the case of people 1in a motor car, they
would normally be seated facing in the same direction as
motion of the vehicle. There may be sudden jerky movements
to which the occupants are exposed due toc, for example,
improper gear changes or sudden acceleration or braking.
These vibrations would be transmitted to the head and
normally result in large displacements of the head in the
fore—-and-aft direction. Depending on the restraint system
used and the motion of the vehicle, occupants might even
impact with the 1interior of the vehicle. This would
particularly be true in the case of an accident. Oonly a
few studies have been conducted to investigate the nature
of transmission of vibration in the fore-and-aft direction
from the seat to the heads for seated subjects (see Section

2.7.1.1).

This section presents data from experiments conducted to
determine the transmission of fore-and-aft seat vibration

to the heads of seated subjects. Factors inciuding
repeatability of data, individual variability and the
effect of a backrest are discussed. Also to be

investigated was the centre of rotation for pitch motion at
the head caused by fore-and-aft seat vibration.

5.2.2 1Intra-subject variability

5.2.2.1 Intreduction

In the determination of the effect of a particular variable
on the transmission of seat vibration to the head, an
estimate is required of the variation in data that should
be expected during repeat measures. Then, if any trends
are seen in the data that are greater than intra-subject
variability, these might have been due to the parameter

under 1investigation.

137



This section presents data from experiments to determine
the repeatability of transmission of seat vibration to the
head for a single subject. Also, data are included of the
effect of two body postures on head motion, these 1two
postures being back in contact with the seat backrest and

no backrest condition.

5,2.2.2 Apparatus

Vibration generation

This experiment was conducted using an electro—hydraulic
vibrator capable of producing horizontal displacements of
up to 1 metre. A rigid seat with flat seat and backrest
surfaces was mounted on the vibrator. The seat pan was
inclined backwards at an angle of 3? to the horizontal and
the backrest was inclined at an angle of 6 to the
vertical. A thin layer of high stiffness, high friction
rubber was glued on to the seat and backrest surfaces to
reduce sliding movements of the subjects on the seat. More

details about these are given 1in Chapter 3.

A computer—-generated Gaussian random waveform of 60 seconds
duration was fed into the vibrator, The waveform had a
flat spectrum limited by 36 dB Butterworth band-limiting
filters sef at 0.20 Hz and 16 Hz. The subject was exposed
to a vibration magnitude of 1.75%0.05 ms™% r.m.s.

Vibration measurement

Motion of the head was measured using a six-axis bite-bar
explained in detail in Section 3.2. It consisted of six
transiational piezo-resistive full-bridge Entran type
EGAXxB accelerometers located and orientated so as to
enable the three translational and three rotational axes of
motion of the head to be monitored. A perscnal sterilised
dental mould was fixed on the bite-bar; the subject was

able to grip this part between his teeth.

The signals from the accelerometers were passed through
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signal conditioning amplifiers and then low-pass filtered
at 16 Hz via 48 dB/octave anti-alifasing filters. The
acceleration signals were sampled into a DEC PDP11-34
camputer at a sample rate of 128 samples per second. Seven
acceleration channels of data were acguired intoc the
computer simultaneousiy (6 from the bite-bar and 1 from the

vibrator platform).

A1l seat-te-head transfer functions were calculated for
motion occurring at 100 mm to the left of the mid-sagittal
plane at mouth Teveld. Transfer functions, Hc(f) between
motion 1in one axis at the head (output) and 1in the
fore-and-aft axis on the seat (input) were determined using

the ’cross-spectral density function method’:

Gio(f)
HOP) = 519
11
where
GiO(F) = cross-spectrum of input and output motions,
Gii(f) = power spectrum of input motion.

A frequency resolution of 0.25 Hz was used giving 58
degrees of freedom. Ordinary coherencies were also
calculated between seat and head motion using the following

eguation:

IGio(-F)lz
Yo e e ()

where Gio(f) and Gii(f) are as above and Goo(f) is the

power spectrum of output motion.

5.2.2.3 Procedure

Subjects

A male subject (38 years old, 1.85 m tall and weight 80 kg)
took part 1in the 1intra-subject variability study. He

139



attended the laboratory on two separate occasions, once for
each of the two postures. On the first occasion, he sat
with a ’back-on’ posture (leaning slightly against the
backrest) and on the second occasion, he sat with a
"back-off’ posture (a comfortable upright posture with no
contact with the backrest). A locose lap strap was placed
around the subject for safety purposes only. The subject
was instructed to direct his eyes at a cross marked on a
stationery wall approximately 1.6 m distant. The subject
was given a set of written instructions, a copy of these is

incliude in Appendix 3.

Experimental desian

In each of the two postures, the subject was exposed twelve
times to the vibration stimulus while his head motion data
were acquired by the computer. There was a five minute
pause between each exposure during which the subject stood
up and left the seat.

5.2.2.4 Resuits

Transmissibility curves (i.e. moduli of the transfer
functions) determined for the six axes of head motion are
shown 1in Figure 5.1 for the subject seated in a ’'back-on’
posture. Two main resonances are seen for x-axis head
motion, one at 1.5 Hz and a broad peak near 8 Hz. Vertical
head transmissibility shows one peak at 6.5 Hz. The pitch
axis transmissibility is greatest at about 7.5 Hz.
Lateral, roll and vyaw axes show comparatively smaller
transmissibilities, thus indicating that motion at the head
occurred mainiy in the mid-sagittal plane.

In Figure 5.2 are shown the transmissibilities for the
"back-off’ condition. Only one peak is present for x-axis
head motion, this being at 2 Hz. Vertical and pitch axes
display values much smaller than those for the ’back-on’

posture.
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Figure 5.1 Transmissibilities for 1 subject in a ’back-on’
posture during fore-and-aft seat motion.

(Resolution = 0.25 Hz, degrees of freedom = 58)
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Figure 5.2 Transmissibilities for 1 subject in a ’'back-off’
posture during fore-and-aft seat motion.
{Resolution = 0.25 Hz, degrees of freedom = 58)
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It is seen from Figures 5.1 and 5.2 that head motion
occurred mainly 1in the mid-sagittal plane (fore-and-aft,
vertical and pitch axes) so phase data for only these axes
are presented. Figure 5.3 shows phase between fore-and-aft
seat vibration and head motion in the mid-sagittal plane
for the 'back-on' and the ’'back-off’® postures.

360 = =z pitch

back-on back-on back-on
180

~-180

-360

z pitch

180 back-off back-off back-off

Phase (degrees)

-180

-360

T

-540

-720 ¢

-800 . : : . . e ' : '
0 4 8 12 O 4 8 12 0 4 8 12 16

Freguency (Hz)

Figure 5.3 Phase for 3 axes of head motion for 1 subject
in a 'back-on’ and a ’'back-off’ posture during
fore—and-aft seat motion.

Ordinary coherencies were also calculated for these data
and are included 1in Appendix 4 for all the axes at the head

and for both postures. Coherencies for motion 1in the
mid-sagittal plane axes with the ’back-on’ posture were
higher than the other coherencies. Data for the lateral,

roll and vyaw axes show incoherent motions.
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5.2.2.5 Discussion

Median transmissibilities for head motion in the six axes
for the twelve vibration exposures with the subject seated
in both ’back-on’ and ‘back-off’ postures are shown in
Figure 5.4. Comparison between the transmissibilities for

the two conditions shows that a resonance peak occurs in
the 6 Hz to 8 Hz region sclely due to the backrest contact.
In the x- and z-axes of ithe head, contact with the backrest

increases vibration at freguencies above about 4 Hz. In
the pitch axis of the head, the motion is increased at all
frequencies above about 1 Hz,. This dramatic increase in

head motion 1in the mid—-sagittal plane axes may be
associated with back-slap (constant 1impacts between the
back and backrest), these sudden impacts being transmitted
to the head. These results are in broad agreement with
those obtained by Lewis and Griffin (1980) who showed that
contact with the backrest increased the transmission of

Xx—axis seat motion to the head.
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Figure 5.4 Median transmissibilities for 1 subject in a

’back-on’ ( ) and a ’back-off’ (- - - =)
posture during fore-and-aft seat motion.
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The transmissibilities presented in Figures 5.1 and 5.2
show that at some frequencies (e.g. ’back-on’, vertical
head motion, 6 Hz) variation 1in head response Dbetween
repeat measures was as large as 27%. Variation in response
between individuals would be expected to be larger than
that found during repeat measures (see Section 5.2.3).
There appear to be well defined envelopes the curves
follow, this 1is also true for the distinct peaks and
troughs in the data - such as the one around 12.4 Hz for

the mid~-sagittal plane axes.

Phase data showed larger phase Tlags for the ’back-off’
posture than the ’back-on’ posture. Also, the phase appear
to be slightly more erratic for the ’back-off’ posture. A
phase lead is seen in the data at some frequencies, this is
the case for the whole of the frequency range for vertical
head motion during a "back-on’ posture. At Tow
frequencies, this could be associated with active feedback
of the body to keep the head still with respect to the
vibration or the direction of the axes chosen are out of
phase. This might also be inherent in the manner a torso

(or any solid body) behaves.

5.2.2 Inter-subject variability

5.2.3.1 Introduction

In the above experiment (Section 5.2.2), data were
presented of intra-subject variability 1in the transmission
of seat vibration to the head. The next step would be to
obtain similar data for a range of subjects so as to
estimate the variability that should be expected between
individuals. This section includes transmissibility data
for 12 subjects exposed to fore-and-aft seat vibration and
determines the differences 1in head motion while the

subjects sat in two different body postures.
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5.2.3.2 Apparatus

Vibration generation

The apparatus used for the generation of the vibration

stimulus was the same as in Section 5.2.2.2.

Vibration measurement

Similar apparatus were used to measure the vibration as
those explained 1in Section 5.2.2.2. The subjects were
asked to bite on to a tight fitting sterilised plastic
tubing attached on the bite-bar rather than a personal
dental mould used 1in the intra-subject variability study
(Section 5.2.2.2).

5.2.3.3 Procedure

Subjects

Twelve male subjects participated in this experiment, their
individual characteristics are shown 1in Appendix 5 and are

summarised in Table 5.1.

Table 5.1 Characteristics of twelve male subjects who
participated 1in the 1inter-subject variability
experiment.

Age (yrs) Weight (kg) Stature {m)

Minimum 18 58 1.65
Maximum 34 81 1.91
Mean 26 .1 70.8 1.80
Standard 4.4 7.9 0.07

deviation
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The procedure during the experiment and the sitting
postures were the same as those explained in Section
5.2.2.3.

Experimental design

Each subject was exposed to the vibration stimulus two
times: once with the ’back-on’ posture and once with the
*back~off’ posture. The order of presentation of the
postures was arranged such that six subjects commenced with
the ’'back-on’ posture followed by a 'back-off’ posture and
six subjects were exposed in the reversed order.

5.2.3.4 Results

Transmissibilities for the six axes of head motion during
fore—and-aft seat vibration with the ’back-on’ posture are
presented in Figure 5.5. Clearly, the spread of
transmissibilities 1is 1large above 2 Hz for the three
dominant axes: x-, z- anhd pitch. These three axes show two
main resonance peaks: near the frequency of 2 Hz and in the
region of 6 Hz to 10 Hz. The Tower freguency peak at
around 2 Hz 1is always sharper than the second broad "hump’.

Lateral, roll and yaw axes show much smailer values.

The effect of removing the backrest (Figure 5.8) 1is to
eliminate the second peak at around 6 Hz to 10 Hz. The
first peak near 2 Hz for the ’back-on’ position appears at
a slightly higher frequency of about 3 Hz and is broader
with the ’back-off’ posture. Analysis of variance showed
that there was a significant effect (p<0.01) of both
vibration frequency and the backrest for all the axes of
head motion. The interaction between frequency and
backrest was also significant for all axes of head motion
at the p<0.01 level,.

Phase for the mid-sagittal plane axes 1is shown in Figure
5.7 for the subjects seated in the ’back-on’ and ’back-off’
postures. It is seen that for freguencies above about 12
Hz, the phase data appear to be erratic, this 1is due to
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Figure 5.5 Transmissibilities for 12 subjects in a ’back-on’

posture during fore—-and—~aft seat motion.
(Resolution = 0.25 Hz, degrees of freedom = 58)
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Figure 5.6 Transmissibilities for 12 subjects in a ’back-off’
posture during fore-and~aft seat motion,

(Resolution = 0.25 Hz, degrees of freedom = 58)
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retatively low transmissibility values at these frequencies
(see Figure 5.6). Also, phase data are more sensitive to
noise (uncorrelated motion) than modulus data and at Jlow
transmissibilities, the phase unwrapping algorithm used was
unable to correctly determine true phase values; this is a
common problem encountered in phase unwrapping. The
correct phase can be determined where shifts of 360 occur
by either_adding or subtracting 360 from subsequent phase
values depending on the direction of the shift.

Coherencies of these data were calculated for all axes and

are included in Appendix 4.
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Figure 5.7 Phase for 3 axes of head motion for 12 subjects
in a ’back-on’ and a ’back-off’ posture during

fore-and-aft seat motion.
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5.2.3.5 Discussion

For an easier comparison of transmissibilities between the
two postures { "back-on’ and "back-off’), median
transmissibilities are presented in Figure 5.8 for all
axes. The ’back-off’ posture showed a gradual decrease in
transmissibility with frequency after about 3 Hz; there was
very small head motion for frequencies above about 14 Hz.
Attenuation of motion inh the lateral, roll and vaw axes was
so great that virtually no motion was transmitted to the
head above 12 Hz. A completely different result is seen
from the ’back-on’ posture transmissibilities: vibration
transmitted to the head was significantly higher over most

of the frequency range. Although transmissibilities for
motion in the y-, roll and vaw axes were low, it 1s still
seen that higher values occurred with the ’‘back-on’
posture.
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posture during fore-and-aft seat motion.
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The advantage of median data 1is that differences (or
similarities) are easily observed, however, the
disadvantage 1is that there 1is no indication of the
variability in data. This can be seen by looking at the
original data (Figures 5.5 and 5.6) or by calculating a
measure of spread (e.g. range (maximum and minimum),

standard deviation or inter—-guartiles).

A hhase lead appears in the data for fore-and-aft motion at
the head, this might be related to active postural control
of the body. Data for the ’'back-on’ posture appears to be
'well behaved’ since the backrest was able to ’‘guijde’
vibration transmitted to the head whereas in a ’'back-off’
situation, the body attenuated a large proportion of the
vibration resulting in low transmissibility and jerky phase
data. Coherency data for these axes (shown in Appendix 4)
demcnstrate very low correlation at fregquencies above about
10 Hz for the ’back-off’ posture - this would also result

in unreliable data at those freguencies.

5.2.4 Centre of rotation for pitch head motion

5.2.4.1 Introduction

During pitch motion, the head rotates about a centre on the
head and the actual position of this is unknown. Pitching
motion of the head can be induced by many different motions
at the seat 1including fore-and-aft, vertical and pitch
motion or a combination of these. Due to convenience, it
was decided to expose subjects to fore-and-aft vibration of
the seat and since large magnitudes of pitch motion were
required for this experiment, subjects were required to sit
in a "back-on’ posture. This experiment was conducted to
check the hypothesis that during pitch motion of the head,
the centre of rotation lies near to an axis passing through
the auditory meatus. These data could aiso be used to
provide estimates of inter-subject variability in
transmissibility since many subjects of differing

characteristics would be used.
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5.2.4.2 Apparatus

Vibration generation

The eqguipment used in this experiment was the same as that
employed for the intra-subject variability experiment (see
Section 5.2.2.2). The vibrator was driven using a
computer-generated Gaussian random waveform of a duration
of B0 seconds. The vibration maghitude of motion on the
vibrator table was 1.0 ms ° r.m.s. This was the same

signal as that used 1in Section 5.2.2.2 but of a lower

magnitude.

Vibration measurement

The equipment used and the analyses employed were simiiar
to those used 1in the 1intra-subject variability study
{Section 5.2.2.2). A sterilised piece of plastic tubing
was used on the bite-bar for each subject. Only those
channels of bite-bar acceleration which enabled head motion
to be measured 1in the mid-sagittal plane were acguired

(i.e. x-, z— and pitch axes).

In determining the centre of rotation, refer to Figure 5.9
for the derivation of the equation to be used. Assuming
the head behaves as a rigid body and that all the vertical
motion 1is <caused by pitch metion of the head, then

rotational pitch acceleration (Ap) is given by

A = A a
e z
where
Az is the vertical acceleration and
a is the distance of centre of rotation from the
point of measurement of Az.
But pitch acceleration Ap was measured, therefore

re—arranging the above equation gives:

A

z

>
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Using frequency domain analysis gives:

G, ()

2 =& 1M
PP

where sztf) is the cross-spectral density between pitch
and vertical acceleration and, Gpp(f) is the power spectrail

density of pitch acceleration.

Ap - pitch acceleration
Ay, - vertical acceleration
0 - centre of rotation

a - distance of centre
of rotation from
the point of
measurement of A,

Figure 5.9 Calculation of centre of rotation for pitch
motion of the head.

5.2.4.3 Procedure

Subjects

Thirty-one subjects of both sexes and varying
characteristics took part 1in the experiments. Various
subject characteristics shown in Table 5.2, were measured
inciuding sitting height to auditory meatus, sitting height
to shoulder and head dimensions so as to determine whether
these parameters showed any correlation to the calculated
centre of rotation. Data for the individual subjects are

shown in Appendix 5.
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Transmissibility

The subjects were given clear verbal instructions on the
lines of those included in Appendix 3. There was only one
posture that the subjects sat in, this was a ’back-on’
posture (back 1in contact with the backrest). For safety
purposes, the subjects wore a loose lap strap during the
experiment. In order to maintain the required head posture
and reduce voluntary movements of the head, the subjects
were required to direct their eyes at a cross marked on a
stationery wall in front of them approximately 1.6 m
distant.

Experimental design

Each subject underwent only one run during which motion of

the head was monitored.

5.2.4.4 Resuylits

Transmissibility curves for axes in the mid-sagittal plane
at the head are shown 1in Figure 5.10. These data indicate
the inter-subject variability in transmission of
fore—-and-aft seat vibration to the head - it is seen that
there is a large spread of transmissibilities in the three

axes.

2)

(ms=2)/(ms~2)
(rads~2)/(ms~

C 4 8 12 0 4 8 12 16
Frequency (Hz)

Figure 5.10 Transmissibilities for 3 axes of head motion
for 3t subjects in a ’back-on’ posture during
fore-and-aft seat motion. (Resolution = 0.25
Hz, degrees of freedom = 58)
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Phase between seat vibration and head motion for the three
axes at the head are shown 1in Figure 5.11 for the 31
subjects. Data for most of the subjects tend to follow the
main trend but data for some of the subjects appear to
deviate with large phase lags. This occurs where the
transmissibility and coherency (shown in Appendix 4) are

both very small.

540
b d z pitch

360 |

180 L

(degrees)

-180

-360

Phase

-540 |

-720 F

L 1 (] L ] ]

_900 ) L 1
0 4 8§ 12 0] 4 8 12 0 4 8 12 16

Frequency (Hz)

Figure 5.11 Phase for 3 axes of head motion for 31
subjects in a ’back-on’ posture during

fore-and-aft seat motion.

Figure 5.12 shows the centre of rotation distances
calculated using the equation explained in Section 5.2.4.2;
the abscissa on the figure 1indicates the distance of the
centre of rotation from the bite-bar accelerometers
horizontally backwards (i.e. in the -x direction from the

subjects corner of the mouth).

5.2.4.5 Discussion

In Figure 5.13 are shown the median and inter-quartiles for
transmissibility data for the 31 subjects, this gives an
indication of spread of the data. The spread shows
relatively low 1inter-subject varijability for motion below
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Transmissibility

Distance (m)

J 1

-0.4 R ———
6 8 10

Frequency (Hz)

12 14 16

Variation in centre of rotation for head pitch
from the bite-bar during fore-and-aft seat
motion for 31 subjects. {Resolution = 0.25
Hz, degrees of freedom = 58)

Figure 5.12

in response between subjects
at some frequencies
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about 4 Hz, the differences
large after that frequency:

"at b Hz),

are very
{e.g. fore-and-aft head motion
between individuals is seen to vary by as much as 25:1 (see

Figure 5.10).
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Median and inter—-quartiles of the distance of centre of
rotation were calculated from Figure 5.12 and are shown in
Figure 5.14. The curves show that the ’point’ of rotation
for pitch motion of the head depends on freguency and is
approximately 10 cm behind the bite—-bar Tor frequencies
below 4 Hz and moves closer to the mouth as frequency
increases. Similar results have been reported by Sandover
and Soames (1975) although seat vibration was in the
vertical direction. Though it is difficult to extrapolate,
data for frequencies above 13 Hz show no appreciable change
in centre of rotation with freguency which might suggest
that the centre of rotation remains at about 5 cm behind
the mouth for frequencies +immediately above 16 MHz.

0.00
—=0.05
C \
[} "-0.10
&}

5
5 -0.15
n
Ea
5 -0.20
_0.25 i 3 1 13 1 1 1

0 2 4 6 8 10 12 14 16
Frequency {(Hz)

Figure 5.14 Median and inter—-gquartiles of distance of
centre of rotation for pitch head motion from
the bite-bar during fore—-and-aft seat motion
for 31 subjects.

These data show only rotational motion of the head and do
not take into account rotation of the head and neck system
around the base of the neck. Also, rotation could occur at
regions lower than the neck, e.g. near the cervical
vertebrae, although these rotations might be associated

with relatively low freguencies.
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5.2.5 Discussion and conclusions

Fundamental data have been presented in this section from
experiments to determine the transmission of fore-and-aft
seat vibration to the heads of seated subjects. Some
previous data exist of such matter but they involved the

measurement of head motion in mainily the fore-and-aft axis

at the head. In this experiment, a main resonhance
frequency of fore-and-aft motion at the head during a
‘back-off’ posture was observed to be around 2 Hz. A

whole-body resonance 1in this region was reported by
Dieckmann (1957a). It would be misleading to compare these
data in detail since the results depend highly on such
parameters as measurement of location of head motion, seat

condition and posture of subjects.

Only cnhe study has been cited in the literature 1in which
pitch motion of the head has measured during fore-and-aft
seat vibration {Lewis and Griffin, 1980), although

fore—-and-aft motich at the head was not monitored. The
data from these experiments are in broad agreement with
their results: ’back—off’ posture showed small magnitudes

of pitch motion at the head while a ’back-on’ posture
resulted 1in a broad resonance peak at arcund 8 Hz with
significantly more head motion in the pitch axis. Vertical
motion at the head was also measured in their study and
these data again, confirm transmissibilities obtained in

their investigation.

In comparing x-axis motion at the head for the ’'back-on’
and ’'back-off’ postures, it is seen that both have a low
frequency peak around 1.5 Hz to 2 Hz while the ’back-on’
condition presents a second peak at a higher frequency of 8
Hz. To explain this, consider the head-neck-body system
moving in the mid-sagittal plane. There are three ’points’
around which rotation occurs: shoulders rotating about the
hips; head and neck rotating about the base of the neck and
the third being rotation of the head about its pivot, near
the auditory meatus., The low frequency peak in both cases
is thought to be due to pitch motion of the head and
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shoulders about the hips with a complementary rotation of

the head/neck system around the base of the neck. This
would not give rise to large pitch motions at the head but
there will be 1large fore-and-aft displacements. This 1is

clearly seen in the pitch motion data.

The peak at 8 Hz for x-axis motion at the head 1in the
’back-on’ conditicn is due to pitch motion of the head
abdut a point near the auditory meatus. For the ’'back-off’
condition, the absence of this peak 1implies that pitch
motion of the head about this point was small - probably
because of the low transmission of x-axis motion of the

spine without the backrest.

In comparing vertical motion at the head for the two
conditions, both show a similar transfer function up to
4 Hz, after which, the ’'back-on’ transmissibility rises to
a peak. This can be explained by the high frequency pitch
motion of the head about the auditory meatus giving rise to
vertical motion at the location of the accelerometer, In
the ’back-off’ condition, the body attenuates these high

freguencies and they do not reach the head.

Transmissibilities from the intra-subject variability study
have shown that all the curves follow a distinct shape
including the individual peaks and troughs. There 1is some
variation in transmissibility but this is small. Data for
most of the subjects who took part in the 1inter-subject
variability study show the main resonance peaks and the
variation in response between individuals 1is very large in
comparison with the repeatability study. Some subjects
demonstrate a Jlarge deviation 1in response from the main

mass of data although there is no particular order.

In the above investigations, the inter-subject variability
study and that to determine the centre of rotation both
employed a large number of subjects. Measurement of
acceleration for axes in the mid-sagittal plane were made
in both studies; median transmissibilities for the three

axes at the head (x-, z- and pitch) are shown 1in Figure
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Transmissibility

5.15 from both experiments for direct comparison. These
data are of medians from Figure 5.8 (’back-on’) and Figure
5.13. Approximately similar experimental set-ups were used

in both cases. Transmissibilities Jook similar for all
axes with only small differences indicating a high degree
of repeatability between experiments. The small

differences wouid have been expected and are probably due
to an accumulation of a number of factors such as small
experimental differences, vibration magnitude, subjects (12
for inter-subject and 31 for centre of rotation).

2.5 25

pitch

20 F

15

(rads~2)/(ms-2)

0] 4 8 12 0 4 8 12 16
Frequency (Hz)
Figure 5,15 Median transmissibilities for 31 subjects

( ) and 12 subjects (- - -} in a ’back-on’
posture during fore-and-aft seat motion.

Median transmissibilities from intra- and inter—-subject
variability studies are shown 1in Figures 5.4 and 5.8 with
the subjects seated in ’back-on’ and ’back-off’ postures
respectively. Both figures show that the effect of contact
with the backrest was to 1increase head motion at all
freguencies up to 16 Hz in all the six axes (p<0.01). Only
one resonance peak occurred for the ’back~off’ posture (at
around 2 Hz) and two rescnance occurred with the subjects
seated in the ’back-on’ posture (2 Hz and 8 Hz). Head
motion occurred mostly 1in the mid-sagittal plane axes
during fore-and-aft vibration of the seat and substantially
more head motion occurred when the back was in contact with
the backrest than a ’back-off’ posture. The effect of
frequency and the 1inter-action between frequency and
backrest was significant (p<0.01) for all1 axes of head

moticon.
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A non-parametric measure of correlation (Kendall's tau) was
used to determine whether subject characteristics of
participants had an effect on the transmission of vibration
tc the head 1in the inter-subject variability study.
Subject age and weight did‘not, in general, correlate with
transmissibilities for either of the two seating conditions
- apart from a negative correlation (p<0.01) between weight
and x-seat to x-head transmissibility with a ’back-off’
posture over the frequency range 3 Hz to 6 Hz. Stature
showed a negative correlation (p<0.01) for x-seat to z-head
transmissibility from 11 Hz to 12 Hz with the subjects
seated in the ’back-off’ posture. Hip size correlated
negatively (p<0.01) in the 3 Hz to 6 Hz frequency range
with x-seat to x-head transmissibility with a ’back-off’
posture. Other correlations (p<0.05) were seen between
lower leg length and motion in various seat and head axes.
Since lower and total leg lengths are themselves highly
corretated, similar resuits were found for correlations
between total leg length and transmissibility. In Table
5.3 are shown the Kendall’s tau correlation coefficients
between the six subject characteristics. It is seen that
several characteristics are highly correlated.

Table 5.3 Kendall’s tau values for subject characteristics
from twelve male subjects.

Age Weight| Height| Hip |[Lower leg|Total leg
size|l length length

Age X
Weight 0.000 X
Height -0.26410.290 X

Hip size |-0.095[0.719"%|0.326™* X

Lower leg|-0.177{0.349 {0.583%*|0.323 X
length

Total leg|-0.286[0.188 [0.605 [0.254| 0.807°** X
tength

(xx = p<0.01, xxx = p<0.001)
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Kendall’s tau correlation coefficients were also determined

between x-, z- and pitch axis head motion and the eight
subject characteristics (sitting height, age, weight,
stature, ear—-mouth x-distance, ear-mouth Zz-distance,

ear-shoulder z-distance, ear-pelvis z-distance) for the
centre of rotation experiment. Also, those between subject
characteristics and Tocation of the centre of rotation were
calculated. There were a TfTew significant correiaticons at
the 5% level; this was to be expected with such a Tlarge
number of correlations. No consistent trends in the data
were observed. Correlations between the various subject
characteristics themselves were determined and these are
presented in Table 5.4, These data are more comprehensive
than those in Table 5.3 since a larger group of subjects of
different ages, weights, etc. took part 1in this study.
Some highly significant values are seen between various

characteristics.

E.3 LATERAL SEAT VIBRATION

5.3.1 Introducticn

Human exposure to pure lateral vibration is not common in
vehicles and machinery which would require human operators.
In vehicles, people would normally be exposed to large
magnitudes of fore-and-aft vibration than lateral vibration
if facing in the direction of motion of the vehicle though
this might not be the case during, for example the vehicle
manceuvring around a corner. However, there are vehicles
(for example, some buses) in which people would be facing
sideways to the main motion; 1in such environments, the
passengers would be exposed to Tlarge maghitudes of
vibration in the lateral direction. Such vibrations might
induce large movements of the body and affect comfort. It
is not clear what effect a backrest would have on the
transmission of vibration to the head in such cases and
indeed the manner in which vibration is transmitted through

the body.
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This section presents data from experiments to determine
the measurement of head motion during exposure to lateral
seat vibration. Parameters investigated include
repeatability, individual variability and the effect of
contact with a backrest on the transmission of vibration to

the head.

5.3.2 Intra-subject variability

5.3.2.1 Introduction

Prior to the investigation of the effect of any variables
on the transmission of seat vibration to the head, it is
essential to have an idea of the spread of data that might
be expected. This 1is even more fimportant in the study of

biodynamics where many factors may influence the results.

This section ccncerns the collection and reporting of data
to determine the repeatabiiity 1in the transmission of
lateral seat vibration to the head of a single subject.
The effect of two body postures {back in contact with a
backrest and no Dbackrest} on head motion is also

investigated.

5.3.2.2 Apparatus

Vibration generation

The eqguipment used in this experiment for the generation of
vibration was the same as that explained 1in Section
F.2.2.2. The hard flat seat was mounted on the vibrator
platform so as to expose the subject teo lateral vibration.

Vibration measurement

The measurement of vibration and subsequent analyses of

data were the same as those emplioyed in Section 5.2.2.2.
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5.3.2.3 Procedure

Subjects

Cne male subject participated in this 1intra-subject
variability experiment, he had the following
characteristics: 38 years old, 1.85 m tall and weight
80 kg. He was reguired to sit on the hard flat seat in two
different body postures, these were ’back-on’ (back 1in
contact with the backrest) and ’back-off’ (no backrest).
The subject was asked to direct his eyes at a cross
approximately 4.3 m distant on a stationary wall and for
safety purposes, he wore a loose lap strap. A set of
written instructions were given to the subject on the
required maintenance of his posture, leg position, arm
position, etc.; a copy of the instructions is included in

Appendix 3.

Experimental design

The subject attended the ‘taboratory on two separate
occasions; once for each posture. He was exposed to the
same vibration stimulus twelve times during which motion of
the head was acquired into a computer. There was a 5
minute pause after each 1individual exposure during which
the subject got off the seat.

5.3.2.4 Results

Transmissibilities were calculated between Jateral seat
vibration and motion in the six axes at the head, these are
shown in Figure 5.16 for the subject seated in a ’back-on’
posture. During lateral seat vibration with the ’back-on’
posture, the head moved mainly 1in the y-axis. Roll motion
was the largest of the rotational motions and this gave

rise to some vertical head motion. There was also vyaw
motion which produced a small amount of X-axis vibration of
the head. Lateral, vertical and roll motions show
resonance peaks near 1.5 Hz. In all axes, motion of the

head occurs only at low freguencies.
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Figure 5.16 Transmissibilities for 1 subject in a ’'back-on’
posture during Tateral seat motion.
{Resolution = 0.25 Hz, degrees of freedom = 58)

Similar data were obtained with the ‘back-off’ condition

and are shown in Figure 5.17,. In x- and yaw axes, there
tends to be slightly more motion around 2 Hz with the
'back-off’ posture. Generally, however, contact with the

backrest had 1ittle effect on transmissibility for this

axis of excitation.

It was seen from Figures 5.16 and 5.17 that generally,
larger transmissibilities occurred for motion in the
mid-coronal plane (i.e. lateral, vertical and roll axes)
although for some cases motion 1in the other axes was not

insignificant. Phase data for axes 1in the mid-coronail
plane are presented 1in Figure 5.18 for the ’back-on’® and
bhack-off’ postures. The data for the ’back-on’ posture

show a slight phase 1lead at about 1 Hz, this may be
associated with active postural control of the body and it
could also be an inherent dynamic property of the human
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Figure 5.17 Transmissibilities for 1 subject in a

’back-off’ posture during lateral seat motion.
(Resolution = 0.25 Hz, degrees of freedom = 58)

torso. For both postures, it is éeen that the data became
erratic at some freguencies and the curves ’fork out’ at a
difference of about 360 .

Ordinary coherencies for these data were calculated for
both postures and all axes at the head, these are shown in

Appendix 4.

5.3.2.5 Discussion

Some minor differences are seen between transmissibilities
for the ’back-on’ and ’back-off’ postures from Figures 5.18
and 5.17 but these are not clear due to the variation
between the runs: Figure 5,19 shows medians of these
transmissibilities for the two postures Tfor ease of
comparisocn. These data show on]yrsma11 differences and
therefore, contact with the backrest had only a small
effect on motion transmitted to the head.
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Figure 5.18 Median transmissibilities for 1 subject in a
"back-on’ ( ) and a ’back-off’ (- - - =)
posture during lateral seat motion.

Phase data were seen to demonstrate a chaotic behaviour for
all axes but for differing frequency ranges. The data tend
to follow the general underiying trend but at a position
displaced by multiples of 360 ., This 1is due to the low
transmissibilities at (and beyond} these fregquencies and
also due to incoherent data; this 1is illustrated by the
coherencies inciuded in Appendix 4. For example, consider
the phase and coherencies for lateral axis head motion when
seated in a ’back-on’ posture. The coherency falls sharply
to about 0.3 at 8 Hz and to about 0.05 at 12 Hz. the phase
becomes unpredictable and then ’'forks out’. Therefore,
data beyond about 10 Hz for lateral motion at the head
during a ’back-on’ posture might be unreliable.

It 1is seen from the transmissibility data that most of the
head motion occurred at frequencies below about 10 HMz. The
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greatest variability 1n transmissibility appears to have
been at the main resonance frequency for each axis. For
lateral motion at the head, the difference between minimum
and maximum response was about 1:1.5 at the resonance

freguency while for vertical motion at the head, the

difference was as great as 1:2.5.

5.3.3 Inter—subject variability

5.2.3.1 Introduction

The above study was concerned with the variability in the
transmission of lateral vibration from the seat to the head
for a single subject. It showed the results that should be
expected for all axes and the possible spread in data due
to repeat measures. This study repeats the above but with
many subjects in order to obtain a measure of variability
in response between subjects and investigates the effect a
backrest has on the transmission of lateral seat vibration

to the head.

5.3.3.2 Apparatus

Vibration generation

The set-up used for the generation of vibration was the
same as that explained 1in Section 5.2.2.2. The only
difference was that the hard flat seat was mounted on the
horizontal vibrator platform so as to expose subjects to

lateral axis vibration.

Vibration measurement

The apparatus used and the analyses employed on the
acquired data were the same as those included in Section

5.2.2.,2.
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5.3.3.3 Procedure

Subjects

Twelve male subjects took part in this experiment, their
characteristics are summarised in Table 5.1 (see Section
5.2.3.3) and data for dndividual subjects are shown 1in
Aphendix 5, Section 5.3.2.3 explains 1in detail the two
postures adopted and the instructions given to the subjects

(see Appendix 3).

Experimental design

Each subject was exposed to the same vibration stimulus on
two consecutive runs: once for a 'back-on’ posture and once
for a back-off’ posture. The order of posture
presentation was balanced across the subjects such that six
volunteers were required to sit in a ’back-on’ posture

first while the other six proceeded with the ’back-off’

posture.

5.3.3.4 Results

Transmissibitities between lateral seat vibration and the
six axes of head motion are shown in Figure 5.20 for the
twelve subjects seated in a ’'back—-on’ posture, A peak 1is
present in the 2 Hz region for y-, z-, roll and yaw axes.
There is little motion at the head above about 8 Hz.

Transmissibilities for the ’back-off’ posture are displayed
in Figure 5.271, Significant motion occurred at the head
for all axes below about 6 Hz apart from the pitch axis.

Phase data were calculated for motion in the mid-coronal
plane axes (i.e. lateral, vertical and reoll) and these are
shown 1in Figure 5.22 for the two postures. These data show
the curves ’'forking out’ as seen for the intra-subject
variability data (Secticn 5.3.2). The reliability of the
transmissibility and the phase data can be estimated by
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Figure 5.20 Transmissibilities -for 12 subjects in a
'back—-on’ posture during lateral seat motion.
(Resolution = 0.25 Hz, degrees of freedom = 58)

Tooking at the corresponding coherencies for these postures

shown in Appendix 4.

5.3.3.5 Discussion

The grouped transmissibility curves do not show any obvious
differences that could be attributed to change in posture.
However, it is seen that the difference in responhse between
subjects can vary by a factor of 5.5 {(e.g. ’back-on’
lateral head motion at 1 Hz). Figure 5.23 shows the median
transmissibility data obtained from Figures 5.20 and 5.21
for ease of comparison. Visual 1inspection reveals no
obvious differences apart from the small increase 1in
lateral axis head motion with the ’back-on’ posture at
about 1.5 H=z. Analysis of variance showed that there were
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Figure 5.21 Transmissibilities for 12 subjects in a
'back-off’ posture during lateral seat motion.
{Resolution = 0.25 Hz, degrees of freedom = 58)

significant differences between the two postures for only
the y- and vyaw axes of the head (p<0.05 and p<0.01
respectively). Even 1in these axes the effect of the

backrest was small.

The coherencies for these data showed low values for most
of the frequency range and for most of the axes. This
implies that beyond some frequency (which can be estimated
for each axis from the coherencies), both transmissibility
and phase data might be unreliable. The relatively 'high’
coherencies for both postures show that most of the motion

at the head occurred in these axes.
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Figure 5.23 Median transmissibilities for 12 subjects in a
"back-on’ ( y and a ’back-off’ (- - - =)
posture during lateral seat motion.

5.3.4 Discussion and conclusions

Transmissibilities obtained from these studies of the
transmission of 1lateral seat vibration to the head for
seated subjects have shown that leaning against the
backrest did not have a significant effect on head motion.
This might be due to the back sliding on the backrest and
thus transmitting no extra motion through the body to the
head. (It was shown 1in Section 5.2 that for a person
exposed to fore-and-aft vibration of the seat, leaning
against the backrest resulted 1in substantially more
vibration being transmitted to the head around 8 Hz.) Data
from both 1intra- and inter-subject variability studies
showed that, as expected, variation in response was smaller
for the repeatability study than the inter-subject
variability study. It is seen from the data that variation
in response depends upon the magnitude of transmissibility:
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more varijation for high transmissibility and less variation

for smaller transmissibility values. It was expected that
frequency would have a significant effect on head motion,
this was found to be the case (p<0.01). Interaction

between frequency and backrest was significant at the 1%
level for all axes at the head bar fore-and-aft and yaw

axes.

Comparisons can be made with studies conducted by other
researchers (see Section 2.7.1.2) although one of the
drawbacks with other studies has been the coarseness of
frequency resclution. It is seen from this investigation
that most of the activity at the head occurred below about
6 Hz and mostly around 2 Hz. Hornick et al. (1961)
attempted to measure head motion while the subjects were
exposed to lateral seat vibration, a resonance of the body
was seen to occur at about 1.5 Hz. Unfortunateiy, since
the frequencies used were 1.5 Hz, 2.5 Hz, 3.5 Hz, 4.5 Hz
and 5.5 Hz, it would be extremely difficult to determine
the precise location of the resocnance. Woods (1967) found
a main resonance fregquency at around 1.5 Hz for whole-body
vibration in the lateral axis. Lewis and Griffin (1980)
also found similar results but again, the main freguency of
interest in this study of around 2 Hz was the lowest
fregquency used in their tests. However, these data appear
to confirm the transmissibilities obtained by them for
motion in the lateral and roll axes at the head.

High values for y-axis head motion are seen Tfrom the
transmissibilities for about 1 Hz, these are thought to be
partly due to the lateral axis accelerometer on the head
sensing a component of the Earth’s gravitational field.
Although there would be genuine lateral motion at the head
caused partly by the body rocking in the mid-corcnal plane
{(y-z plane) about the two buttocks. Roll motion at the
head shows a maximum at 1.5 Hz, and this gives rise to a
similar frequency of vertical motion at the head. 'Yaw
motion at the head is due to the centre of gravity of the
head being in front of the point of rotation, i.e. in front
of the axis vertebra about which the head will yaw. This
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yaw motion will give rise to similar x-axis motion at the
accelerometer - this 1is clearly seen from the x-axis and

vaw axis transmissibility curves.

A non-parametric measure of correlation (Kendall’s tau) was
calculated between subject characteristics and head motion
for the inter-subject study. It was found that age and
weight did not correlate with transmissibility for either
of the two seating conditions (’back-on’ and ’back-off’).
Subject stature showed a positive correlation (p<0.05) for
fore-and-aft head motion transmissibility from 3 Hz to 5 Hz
in the ’back-off’ posture. A positive correlation (p<0.01)
was found between lower Jleg length and fore-and-aft head
motion transmissibility with the ’back-on’ posture between
10 Hz to 15 Hz. Some correlaticons were found between total
leg length and head motion, these were similar to those
with lower leg length; these would have been expected since
both Tlower and total 1leg lengths are themselves highly

correlated (see Section 5.2.5).

5.4 VERTICAL SEAT VIBRATION

5.4.1 Introduction

The effect of vertical seat vibration on the body is the
most investigated topic in biodynamics. The effect of many
variables (e.g. vibration magn{tude, seat condition,
posture, frequency) and the effect on numerous variables
{e.g. transmissibility, comfort, task performance,
vibration perception) has been well documented. This can
be seen by returning to Section 2.6 where most of the
previous research has been concerned with vertical seat
vibration while a few studies were cited in which vibration
at the seat occurred in other axes. However, in some of
the reported literature, there is either a shortage of data
for. some cases or deficiencies 1in the results of data

reported.

This section concerns the measurement of head motion during
exposure to vertical vibration of the seat. The effect of
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extrinsic and intrinsic wvariables is determined including
bite-bar mass, bite grip, visual feedback, posture and

vibration spectra. Also 1included are data which show
variability in head response both within and between
subjects. The effect of positions of measurement of

vibration on the head is determined and discussed.

5.4,2 Effect of variables on head motion

5.4.2.1 Introduction

In most of the studies concerning the measurement of head
moticn during whole-body vibration, head vibration has
generally been measured using either an instrumented bar
which subjects grip tightly 1in their mouths, or through
instruments attached to the head via a harness. The
reliability of the mounting method and the influence of the
mass of the mount on motions of the head has rarely been
reported. It is important to determine the effect of these
minor variables on head motion as they might mask out the

effect of other variables being investigated.

The aim of this section is to determine whether variables
such as bite—-bar mass, bite grip and the visual field
influence motion of the head. The results from these would
be used to plan further experiments. Also, the effect of
two contrasting body postures is investigated, the postures

being ’upright comfortable’ and ’erect’.

5.4.2.2 Apparatus

Vibration generation

The experiments were conducted using a 1 metre stroke
electro-hydraulic vertical vibrator designed to reproduce
motions which are suitable and safe for the study of human
response to vibration. The vibrator consists of a moving
platform (1.50 m x 0.89 m) which can carry various seats
and one or more subjects. For these studies, the
acceleration distortion may be considered to be less than
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5%; motions in the cross axes were less than 1.5% of those
in the axis of excitation. More details about the vibrator

are given 1in Section 3.5.2.

Two different seats were used in the study. The seat used
for an investigation of bite-bar mass and bite—-bar grip had
a rigid flat surface and a rigid flat backrest (inclined at
an angle at 13° to the vertical) which extended up to the

neck of the subject.

A more simple rigid flat seat was used for the studies of
the effect of a visual field and postural change
experiments. The supporting surface of this seat, which
was 480 mm above the moving footrest, was 1inclined
backwards at an angle at 3° to the horizontal. The lower
and upper edges of a rigid flat backrest were 145 mm and
535 mm above the seat surface. The backrest was incltined
at an angle at 6  to the vertical. Neither the seat not
the backrest had a resonance 1in any axis within the
frequency range studied. Both the seat and the backrest
surfaces had a thin (3 mm) layer of high stiffness, high
friction rubber to reduce relative movements between the
subjects and the seat due to sliding. This was the same
seat as that used 1in the fore-and-aft and lateral seat

vibration experiments (see Sections 5.2 and 5,3).

ATl experiments employed the same computer-generated
Gaussian random vibration presented for 60 seconds at
1.75x0.05 ms'2 r.m.s. with a flat spectrum, limited by 35dB
Butterworth bandlimiting filters at 0.2 Hz and 31.5 Hz,

Vibration measurement

A six—-axis bite-bar was used in this study and is described
in detail 1in Section 3.2. It had six transtational
piezo-resistive fulli-bridge Entran type EGAX accelerometers
located so that motion of the head could be determined in
all three translational and three rotational axes of the
head. A sterilised dental mould securely attached to the
bite-bar was used to hold the bite-bar between the teeth.
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The acceleration signals from the accelerometers were

passed through signal conditiconing amplifiers and then
low-pass filtered at 31.5 Hz via 48 dB/coctave anti-aliasing

filters. The vibration data were then acguired into a
digital computer system (DEC PDP11-34) at a sample rate of
128 samples per second. Seven channels of vibration were

acquired 1into the computer simultaneocusly (6 from the

bite-bar and 1 of the vibrator platform).

The data were analysed to determine seat-to-head transfer
functions using the ‘cross-spectral density function
method’ (see Section 5.2.2.2). A freguency resolution of

0.25 Hz was used which gave 58 degrees of freedom.

5,4.2.3 Procedure

Subjects

Che male subject (38 years old, 1.85 m tall and weight 80
kg) toock part in these experiments. He was given written
instructions on the required posture of the head, body,
arms and the legs; the instructions were similar to those
included in Appendix 3. For the effect of bite-bar mass
and bite grip experiments, the subject was restrained 1in
the seat by a five point harness while only a loose lap
strap was worn for safety purposes in the visual field and
postural change experiments. A comfortable upright posture
was requested for the visual field experiment.

Apart from the experiment involving postural changes, for
the other three short investigations, a 510 mm Jlong
sight-tube with cross wires on either end was provided to
assist the control of head position and orientation by
atigning his tine of sight down the tube. The sight-tube
was located 460 mm in front of the subject and moved with
the vibration table. The subject was instructed to lTook at
a cross approximately 1.3 m away on a wall and moving with
the vibrator table in the visual field experiment.
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Experimental design

To determine the effect of bite-bar mass on head motion,
the bite-bar (which in its normal configuration had a 40 g
counterweight) was locaded by increasing the counterweight
in increments of 40 g. The weights were positioned such
that the centre of gravity of the total counterweight
remained at the same point (12 mm behind and 57 mm to the
left of mouth Tlevel). In its normal configuration, the
total mass of the bite-bar was 135 g (excluding the dental
mould) and with the heaviest counterweight, the mass was
375 g. The order of experimentation was such that the mass
was increased for successive runs. There were seven
vibration exposures with different bite-bar mass and there

was a pause of 5 minutes between exposures.

In the determination of the effect of bite-bar grip, the
subject was instructed to grip the dental mould in five
different conditions: ’extremely loose’, ’lToose’, ’normal’,
’tight’, ’extremely tight'. The order of experimentation
was such that the grip was successively made tighter for

each run.

In the study of the effect of the visual field, two runs
were carried out: one with the subject looking through the
sight-tube and the other with the eyes closed. The subject
sat with his back in contact with the seat backrest.

The subject took part in two runs with different body
postures to determine the effect of these on head motion:
the postures were ’upright comfortable’ and ’erect’. Both
runs were conducted with the subject in a ’'back-off’
position (subject’s back not 1n contact with the seat

backrest).

5.4.2.4 Results

Transmissibility curves for the six axes at the head (three
translational and three rotational) for the subject seated
with seven different bite-bar masses are shown 1in Figure
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5.24, The only curve that shows a systematic change with
bite-bar mass is in the pitch axis: the transmission ratio
increases by 18% at both the resonance freguency (i.e.
about 7 Hz) and above 13 Hz with increased mass. The small
differences that occurred in all the axes can be explained

by intra-subject variability (see Section 5.4.3}.
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Figure 5.24 Transmissibilities for 1 subject for different

bite-bar masses during vertical seat motion.

(ResoTution = 0.25 Hz, degrees of freedom = 58)

The transmissibility curves for the single subject using
the five different bite grips on the bite-bar are shown in
Figure 5.25. The small differences between the curves for
different bite grips occurred in no systematic order and
can be explained by intra-subject variability. Even though
bite grip force was altered over the widest 1likely range
and 1in the extreme, muscles 1in the neck and head were
greatly tensed, the changes in trénsmissibi11ty are not

important.
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Figure 5.25 Transmissibilities for 1 subject for different
bite grips during vertical seat motion.
(Resolution = 0.25 Hz, degrees of freedom = 58)

In Figure 5.26 are shownh transmissibility data for the two
visual conditions of sight-tube and eyes closed. For x-,
Zz- ahd pitch axes, the curve which is slightly higher than
the other at arcund 6 Hz corresponds to the condition 1in

which no sight-tube was used (1.e. eyes closed).
Differences between the two curves are only present around
the major resonance frequency of the body, other

freguencies show very small differences. The difference is
of the order of idntra-subject wvarijability and a slight
change in subject posture might have caused this change.

Translational and rotational transmissibility curves for
the six axes of head motion for the subject seated 1in
’upright comfortable’ and ’erect’ postures are illustrated
in Figure 5.27. The effect of the different postures is
seen only in the x-, z- and pitch axes. A major difference
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Figure 5.26 Transmissibilities for 1 subject for two
visual environments (with sight-tube (—)
and eyes closed (- - - -)) during vertical
seat motion. (Resolution = 0.25 Hz, degrees
of freedom = 58)

is present in only the vertical axis at the head. The two
postures gave simitlar transmissibilities up to about 10 Hz
but differed at higher frequencies. At 18 Hz the curve for
the ’erect’ posture is 130% higher than that for ’upright
comfortable’. The second peak 1in the transmissibility
curve occurs at 11 Hz for the ’upright comfortable’® posture
but 1is at the higher frequency of 15 Hz for the ‘’erect’

posture.

5.4.2.5 Discussion
The effect on the dynamics of the head of normally

overlooked factors such as bite-bar mass, bite grip and the
visual environment have been studied. There may have been
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Figure 5.27 Transmissibilities for 1 subject in an ‘upright
comfortable’ (———) and an ‘’erect’ posture
() during vertical seat motion.
(Resolution = 0.25 Hz, degrees of freedom = 58)

a small systematic effect of bite-bar mass con head motion
in the pitch axis but it is difficult to be conclusive and
only ohe subject took part 1in this experiment. The
variation in transmissibility during different bite grips
was small and could be explained by repeatability measures.

It was thought that the visual environment might infiluence
results 1in that visual feedback may induce low freguency
correcting movements of the head. It was considered most
Tikely that the sight-tube would influence pitch or
vertical axis head motion at freguencies below 1 Hz,
however, this was not found. The small variation could
again, be explained by intra-subject variability (see

Section 5.4.3).
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The experiment to invesitigate the effect of posture
demonstrated that during axposure to vertical seat
vibration, considerably more motion resulted at the head
with the subject seated 1in an ’erect’ posture than the
"upright comfortable’ posture. These two postures appeared
visually to be very simiiar although completely different
results emerged. Smaller unintentional changes 1in posture
might have contributed to the variability 1in head motion

found for the other three variables.

5.4.3 Intra-subject variability

5.4,3.1 Introduction

In determining the effect of a variable on the transmission
of seat motion to the head, an estimate is reguired of the
variation to be expected during repeated measures. These
measures would be conducted assuming that other parameters
were not altered (e.g. posture, head angle, etc.): the only
variable 1in such a study would be time. Some of the
variation in head motion between subjects could also be
partly explained by these measures of variability within

subjects,

The aim of this section is to estimate the varijation 1in
head motion response that should be expected for repeat
measures during exposure to vertical vibration of the seat.
The effect of two body postures on the transmission of seat
vibration to the head is also determined.

5.4.3.2 Apparatus

Vibration generation

The 1 metre vertical electro-hydraulic vibrator was used in
this experiment and the subject sat on a simple hard flat
seat which had rigid seat and backrest surfaces (see

Section 5.4.2.2). The same Gaussian randem waveform as
that described 1in Section 5.4.2.2 was used for this
experiment: 60 seconds at a vibration magnitude of
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1.75x0.05 ms 2 r.m.s. and over the frequency ranhge of
0.2 Hz to 31.5 Hz.

Vibration measurement

Apparatus used in this part was the same as that employed
in Section 5.4.2.2,

5.4,3.3 Procedure

Subjects

One 38 year old male subject of height 1.85 m and weight 80
kg volunteered to take part in this experiment. He was
asked to adhere to the instructions shown in Appendix 3 and
to maintain the required posture for the whole duration of
each vibration exposure. He was required to ensure that
his head remained in a forward facing posture and to direct
his eyes at a staticnary cross approximately 1.3 m in front
of him. A loose lap strap was worn by the subject to

comply with the safety regulations.

Two postures of the body were investigated: a ‘back-on’
posture in which he sat with his back 1in contact with the
seat backrest and a ’back-off’ posture in which case there
was no ccntact between the subject’s back and the backrest.

Experimental design

The subject was exposed to the same vibration twelve times
on the first occasion with him seated 1in a ’back-off’
posture and then again, twelve times on the second occasicn
with him sitting in a ’back-on’ posture. There was a pause
of approximately 5 minutes between the runs during which

the subject left the seat and relaxed.

5.4.3.4 Results

In Figure 5.28 is shown the variation in transmissibility

of vertical seat vibration to the six axes of head motion
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within one subject with the subject seated in a ’back-on’
posture. The x-, z- and pitch axis transmissibilities are
greatest and show that most of the motion occurred in the
X—-z plane. Although motion in other axes was much less, it
may not be negligible for all applications (e.g. Wells and

Griffin, 1984). The three dominant axes show a resocnance
near 6 Hz and teast motion at 12 Hz, 8 Hz and 13 Hz for x-,
Zz- and pitch axes respectively. There 1is evidence of a

second broad peak for vertical head motion around 14 Hz.
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Figure 5.28 Transmissibilities for 1 subject in a 'back-on’
posture during vertical seat motion,
(Resotution = 0.25 Hz, degrees of freedom = 58)

Figure 5.29 shows the transmissibilities for the ’back-off’
posture. At high freguencies in the vertical axis, the
variability has increased: near 15 Hz the maximum response

18 48% higher than the minimum response.
Since most of the motion at the head occurred in the

mid-sagittal plane, phase data for only these axes (i.e.
Xx-, z- and pitch) are presented in Figure 5,30. A slight
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Figure 5.28 Transmissibilities for 1 subject in a
*back-off’ posture during vertical seat
motion. (Resolution = 0.25 Hz, degrees of
freedom = B8)

peculiarity nearly occurred in the phase at about 8 Hz for
the pitch axis at the head when seated in a 'back-off’
posture, this is due to the very Jow transmissibility

values at this freguency.

Coherencies for the six axes at the head for the two

postures are shown in Appendix 4.

5.4.3.5 Discussion

There are notable differences between transmissibilities
for the and ’'back-off’ these occurred
mainly in the x-, z- and pitch axes.

from the median transmissibilities shown
increase

postures,
These are easily seen

'back-on’

in Figure 5.31.
the
and a

Fore—-and-aft head motion shows an cver

frequency range 4 Hz to 8 Hz with the ’back-on’
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Figure 5.30 Phase for 3 axes of head motion Tor 1 subject
in a 'back-on’ and a 'back-off’ posture during

vertical seat motion.

definite dip at about 11 Hz. In the vertical axis, the
’back-on’ posture resulted in approximately 60% more motion
at the main resonance frequency of 6 Hz and, over the
frequency presented, the ’back-off’ posture displays a
slightly greater spread between successive runs than the
"back-on’ posture. In the pitch axis, there 1is a decrease
in the freguency and magnitude of the main resocnance peak
with the ’back-off’ posture. The point of minimum response
decreases from 13 Hz for the ’back-on’ posture to 8 Hz with

the ’bhack-off’ position.

It 1is seen that for both postures, the variation 1in
transmissibilities 1is very much dependent upon freqguency:
for. vertical motion at the head, variation between repeat
measures was small for low frequencies (i.e. below 5 Hz)
and Tlarge for high freguencies. It is difficult to say
whether the spread depends on the magnitude of

transmissibi]ity.
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Figure 5.31 Median transmissibilities for 1 subject in a
*back-on’ (~———) and a ’'back-off’ (- - - =)
posture during vertical seat motion.

Relatively high coherencies were obtained for motion
occurring 1in the mid-sagittal plane and the differences
between the two postures (’back-on’ and ’back-~off’) varied
between axes. As the coherencies were high, phase data
were free from large sudden deviations that occurred in
phase for other experiments (see inter-subject variability
Section 5.4.4). Reliability of these data can be estimated

using various spectral parameters as shown in Appendix 10.

5.4.4 Inter-subject variability

5.4.4.1 Introduction

In Section 5.4.2 it was found that variables such as
bite~bar mass, bite grip and visual environment do not
affect vibration transmitted from the seat to the head for
seated subjects. The previous section showed the
variability in transmissibility that should be expected
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within an individual during repeat measures. The resuits
from these two sections will be used to explain data
obtained from this section which determines variability in
transmissibility across a group of individuals. Also
investigated will be the effect of body posture and

vibration spectra on head motion.

5.4.4,2 Apparatus

Vibration generation

Equipment used in this study was the same as that explained
for the 1intra-subject variability (see Section 5.4.3.2).
In addition to the Gaussian random waveform used for the
intra-subject study, two vertical vibration recordings
obtained from off-road tracked military vehicles were also
used; these were from an Armoured Personnel Carrier (APC)
and an Armoured Fighting Vehicle (AFV). The simulations of
the vehicle motions were such that the r.m.s. accelerations
of the moticons on the vibrator seat were approximately the
same as those recorded on the seats within the vehicles.

The vibration magnitudes were:

Gaussian random 1.7 ms_2 r.m.s.
APC 1.5 ms™ % r.m.s.
AFV 0.8 ms % r.m.s.

Power spectral densities for these three vibration
waveforms are shown in Figure 5.32. The Gaussian random
waveform had a uniform distribution of energy across the
freguency spectrum and this was of approximately eqgual
proportions over freguency; the APC spectrum shows mostly
low frequency motion below about 5 Hz; the AFV resembled a

combination of the above two spectra.

Vibration measurement

The equipment employved for this study was the same as that
explained in Section 65.4.2.2.
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Power spectral densities of vibrator ptatform
for different waveforms during vertical seat
motion. (Resolution = 0.25 Hz, degrees of
freedom = 58)

Procedure

Subjects

Twelve healthy male subjects took part in this experiment,
their mean physical characteristics were 26.1 years old,
weight 70.8 kg and stature 1.80 m. More details about the
subjects are given 1in Section 5.3.3.3 and in Appendix 5.
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The postures required and the instructions given to the
subjects about the procedure of the experiment are
expliained in detail in Section 5.4.3.3 and Appendix 3.

Experimental design

The order of presentation of the two body postures
(’back-on’ and ’back~-off’) were arranged such that six
subjects commenced with the ’‘back-on’ posture while the
other six started with the ’'back-off’ posture. In the part
of this experiment to determine the effect of vibration
spectrum on head motion, the order of exposure of the three
different waveforms was balanced across subjects in an
effort to eliminate the effect of order of presentaticn.

Each subject was exposed ohly once to each body posture and
waveform. There was a brief pause between successive runs.
A ’back-off’ posture was adopted during the ‘investigation
of the effect of different vibration spectra on head

motion.

5.4.4.4 Results

Figure 5.33 shows the transmissibilities of twelve subjects
with a ’back-on’ posture. Again, most of the motion at the
head was 1in the x-, z- and pitch axes with a relatively
small amount of motion occurring in the y-, roll and yaw
axes, A1l subjects exhibit a main peak 1in Tfore-and-aft
head motion at approximately 7 Hz. Near this frequency,
fore-and-aft motion of the head can be up to twice the
magnitude of the vertical seat vibration. Vertical head
motion shows a transmissibility near unity up to 2 Hz, then
an 1increase to a maximum at around 6 Hz. It falls to
within the approximate range 0.4 to 0.8 by 25 Hz. Pitch
head motion displays one main resonance at 6 Hz and a point

of minimum motion at about 14 Hz.
Transmissibility curves for the ’back-off’ posture during

vertical seat vibration are shown 1in Figure 5.34. The
variability in the z-axis is large for frequencies greater
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Figure 5.33 Transmissibilities -for 12 subjects in a
’back-on’ posture during vertical seat motion.
(Resolution = 0.25 Hz, degrees of freedom = BS8)

than about 2 Hz. The curve which deviates from the others
in the x- and z-axes around 12 Hz and in the pitch axis
around 15 Hz was from the same subject (subject 12, see

physical characteristics 1in Appendix B5). The subject
repeated the experiment at a later date and provide simitar
values. The difference from other subjects may be

associated with his tall slender build. He was also found

to have a history of neck injury.

Phase between seat vibration and head motion for the
mid—-sagittal plane axes are shown 1in Figure 5.35 for the

subjects seated in the two body postures. The phase data
for some subjects appear to be erratic 1in nature when
compared with the general trend - this is associated with

low coherencies for motions in these axes (see Appendix 4).

195




Transmissibility

(ms=2)/(ms=2)

(rads—2)/(ms—2)

Figure 5.34 Transmissibilities for 12 subjects in a
'pack-off’ posture during vertical seat
motion. (Resolution = 0.25 Hz, degrees of
freedom = 58)

Transmissibilities were calculated between seat and head
motion for the 1investigation of the effect of different
vibration spectra; median transmissibilities for these
conditions are presented in Figure 5.36. O©One curve in this
figure (Gaussian random motion) corresponds to the median
transmissibility values calculated from data shown in

Figure 5.34.

5.4.4.5 Discussion

Median transmissibilities for all axes at the head and for
the ’back-on’ and ’back-~off’ postures are shown in Figure
5.37. Comparisons between the transmissibilities obtained
in the two postures show that with a ’back-on’® posture,
fore-and-aft head motion was increased over the full
frequency range with almost twice as much motion at the
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Figure 5.36 Median +transmissibilities for 12 subjects
while exposed to different vibration spectra
during vertical seat motion (Gaussian random

; APC - - - —; AFV — — —),

main resonance frequency of 7 Hz. With the ’back-on’
posture, vertical head motion shows a distinct peak and
less variation between subjects than with a ’back-off’
posture (see Figures 5.32 and 5.33). With a ’back-on’
posture, pitch transmissibilities have a greater spread,
the resonance peak is at a slightly higher frequency and

the minimum response at about 14 Hz is more definite.

Analysis of variance showed that the backrest had a
significant effect on the transmission of vibration to the
head for all axes of head motion except the pitch axis (x-,
z- and yaw axes p<0.01; y- and roll axes p<0.05).
Furthermore, the interaction between vibration frequency
and backrest was significant (p<0.01) for all axes except

the y-axis.
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Figure 5.37 Median transmissibilities for 12 subjects in a
"back-on’ ( ) and a ’back-off’ (- - - =)
posture during vertical seat motion.

Phase and coherency data show that the only axes which may
provide any useful results are those in the mid-sagittal
plane. However, it is further seen that irregular results
occurred for motion in the pitch axis for some subjects.
The frequencies causing these irregular ’jerks’ in the data
correspond to those where the transmissibility was
relatively Tow. The phase contains information necessary
for modelling the response of the body and it is necessary
for calculating the instantaneous position of the head and
the seat. Differences 1in phase between the two postures
are small: similar to the intra-subject variability in
phase (see Section 5.4.3), The reliability of these data
has been estimated and is explained 1n.Append1x 10.

It was seen from Figure 5,38 that- the type of seat
vibration (i.e. @Gaussian random, APC vibration and AFV
vibration) had l1ittlie effect on the characteristics of head
motion. The only axis that gives any indication of a
difference is pitch in which the curve which 1is slightly
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higher than the other two above 11 Hz corresponds to the
Armoured Fighting Vehicle. Random motion produced slightly
Tower pitch transmissibility values over the frequency
range 6 Hz to 11 Hz than the two vehicle motions. However,
visually the differences appear to be small. Analysis of
variance showed that, as expected, all seat vibrations
affect head motion differentiy at the various freguencies;
this was significant at the 1% level for all axis at the
head. Apart from pitch (p<0.01) and yvaw (p<0.05) motions
at the head, the differences in head motion for other axes
caused by the three seat vibrations were not significant.
Interactions between seat vibration and fregquencies were
signhificant {(p<0.01) for all but the horizontal axes at the

head.

5.4.5 Effect of measurement position on the head

5.4.5.1 Introduction

Motion df the head has been measured by various
investigators and the position of the transducers or the
point of measurement has varied between the experiments
conducted. A bite-bar has been Tfrequently used 1in
measuring the motion of the head (e.g. Griffin, 1875;
Johnsteon, 19878), but the bite-bars have varied between
experiments in construction, size, etc. Some studies have
obtained measurements of motion at the top of the head
using a head harness with accelerometers (e.g. Rowlands,
1872; Sandover, 1978), motion at the forehead has been
reported (e.g. Kobayashi et al., 1881) and at the top of
the spine (e.g. Messenger and Griffin, 1989).

These differing Jlocations of measurement of head motion
make comparison between different investigations very
difficult. The difficulty arises because the head dces not
move in oniy the translational axes but moves alsoc in the
rotational axes - the head is free to move in all six axes!
A reference point would be required on the head for
calculating motions such as the head coordinates proposed
by Ewing and Thomas {1974) {see Section 2.4.1).
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calculated for
Data

This section presents transmissibilities
motion occurring at different points on the head.
used were the acceleration time histories for the six axes
at the head for a subject who took part in one of the
previous experiments (see Section 5.4.2). in the

using the method of

Motions

axes were calculated
in Appendix 6 and then transmissibilities

translational
analysis shown

determined using the ’cross-spectral density function
method’.

5.4.5.2 Results and discussion

In the head motion experiments previously reported,

transmissibilities were calculated of translational motion
at the head for a point at mouth level on the bite-bar, 100
mm to the 1left of the mid-sagittal planes of subjects.
Translational motions have now been determined at different
points on the head. As the point of 1interest 1is moved
along one transiational axis of the head (e.g.
maghitude of the other two translational motions (x-
y-axes) will change due to the presence of two rotational

Transmissibilities obtained with

Z-axis) the
and

motions (roll and pitch).
a frequency resolution of 0.5 Hz from one subject are shown
in Figure 5.38 as a function of the position on the head.
The individual 3-dimensicnal solids showh are as follows:

Figure 5.38(a) - variation in y—-axis motion
transmissibility along the x-axis

Figure 5.38(b) - variation in z-axis motion
transmissibility along the x-axis

Figure 5.38(c) - variation in X-axis motion

transmissibility

aleng the y-axis

Figure 5.38(d) - variation in Z-axis motion
transmissibility along the y-axis

Figure 5.38(e) - variation in x-axis motion
transmissibility along the z-axis

Figure 5.38(f) - variation in y~axis motion

transmissibility
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The distance increment shown on all the figures corresponds
te 1 cm and the unit 1increment of transmissibility is

marked for reference. For clarity, the directions of the
axes and the locations used on the head are shown in Figure
5.39, Also, for ease of referral, the transmissibilities

shown 1in Figure 5.40 are for data used in calculating the
transmissibilities in Figure 5.38 (Figure 5.40 contains
data for one vibration exposure taken from the seven runs
to investigate the effect of bite-bar mass on head motion;
this run was with the subject biting on to the bite~bar in

its normal configuration, see Figure 5.24).

Mid=coronal
plane

Mid-sagittal

plane \\\\\\\\

Figure 5.39 Two biodynamic planes on the human head.
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Figure 5.40 Transmissibilities -for 1 subject during
vertical seat motion. (Resolution = 0.25 Hz,
degrees of freedom = 58)

The variation in fore-and-aft motion transmissibility with
distance from the left to the right ear is shown in Figure
5.38(c). From this figure it 1is seen that the change in
the fore-and-aft motion along the y—-axis of the head is
small. This was to be expected since yaw motion, which
would cause this variation, was small as shown 1in

Figure 5.40.

Variation in x-axis motion with distance from the chin to
the crown of the head is shown 1in Figure 5.38(e). This
indicates that motion increases with distance up to the top
of the head - the chin showing the lowest transmissibility.
It can be concluded that in pitch, the head rotates about a
point near the base of the neck. The centre of rotation
can be calcutlated by extrapolating the contours on this
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figure and 1t 1is seen that the centre of rotation varies

with freguency.

Figure 5.38(a) shows the change in y—-axis motion along the
x~axis from the back of the head to the front. Differences
in this moticon are small but it is clear that a slight dip
cccurs nearer to the front of the head at around 7 Hz.
This might be a point about which the head may rotate in
vaw at this frequency. Yaw motion was the greatest at

about 6 Hz (see Figure 5.40).

Figure 5.38(f) shows how y-axis motion varies from the chin
to the crown of the head. Not much variation is seen at
low freguencies but at 11 Hz, motion appears to 1increase
from chin to the top of the head. It is roll motion at the
head (which showed small transmissibilities, see Figure
5.40) which would have caused the variation in lateral axis

transmissibilities.

Motion in the vertical-axis is shown 1in Figure 5.,38(b) as
it changes with position from the back of the head to the
front. This 1is a very revealing figure 1in that the
transmissibility value at resonantée not only increases with
distance from the back of the head to the front but there
is a slight 1increase in the freguency at which resonance
occurs. The freqguency corresponding to a major body
resonance at the front of the head corresponds to a
frequency with relatively low transmission at the back of
the head. The second peak seen at about 9 Hz at the back
of the head i1s not present at the front. It is clear that,
for this subject, a completely different transmissibility
curve would result if motion was measured at the back of
the head rather than at the mouth.

No variation 1is seen 1in z-axis transmissibility curve
between the left and the right ear as illustrated in Figure
5.38(d), thus indicating that roll motion (which would have
been responsible for the variation) was small as shown in

Figure 5.40,
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These resuits have shown that the position of measurement

of vibration on the‘head is a very 1important parameter.

However, its location 1is of importance only 1in the
fore-and-aft and vertical direction since motion of the
head occurred mostly in the mid-sagittal plane. Variation

in transmissibility for the fore-and-aft and vertical
motions with position along the 1lateral axis was small,
therefore this 1implies that the position of measurement
along the lateral axis was not soc crucial. These data
apply to only head moticn caused during whole-body exposure
to vertical seat vibration and different results might
emerge if vibration at the seat was in other axes.

5.4.8 Discussion and conclusions

The effect on the dynamics of the head of factors that are
normalily overlicoked such as bite grip, bite-bar mass and

the visual environment was ijnvestigated in the first set of

experiments. These indicated that the Jjaw grip used to
retain the bite-bar 1in the mouth had 1ittle effect on
measurements of seat-to-head transmissibility. Similar

transmissibilities were obtained when the bite-bar was
almost resting freely in the mouth and when it was clenched
firmly with extremely tense muscles of the Jjaw and neck.
It can also be concluded that the mass of a bite-bar
similar to that used (135 g) will not greatly affect head
motion, The mass of this bar 1is insignificant compared to
the head mass (approximately 4.3 kg). Higher masses may be
acceptable but the location of the mass will influence the
moment of inertia. In the present case, for a centre of
rotation 90 mm from the bite-bar, the total moment of
inertia of the bite-bar is 1.56 x 10~3 kgm2 compared with
the moment of inertia of the human head which 1is
approximately 2.0 kgm2 about the same axis. The change 1in
the total moment of inertia due to the added mass of the
bite~bar was therefore less than 0.1%. (It is interesting
to note that wearing a helmet can almost double the moment
of inertia of the head.) Overall, it 1is thought that the
effect of these variables will be negligible 1if the
bite-bar is used in its normal configuration with a normal
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bite grip. The small differences in response of the head

can be explained by the repeatability experiments.

The intra~-subject variability data suggest a igh
repeatability in transmissibility compared to the
differences caused by changes in seat conditions and those
associated with inter-subject variability. However,
measurements were obtained over a short period in which the
well-trained subject was able to recall the precise form of
his sitting posture. It is likely that repeated measures
obtained over a Jonger period would exhibit a wider

variation in response. The scatter shown in Figures 5.28
and 5.29 therefore probably represents the minimum
variability that can be expected. These results show

variation in responses during repeat measures to be of the
same order as that reported elsewhere (Griffin et al.,
1979; Rowlands, 1977).

Large differences between subjects are particularly
apparent 1in the vertical seat-to-head transmissibility
curves shown in Figure 5.34, At 6.5 Hz, one subject had a
z-axis transmissibility below 0.1 while another had a
transmissibility in excess of 1.6, This variability was
obtained despite instructions and aids to the maintenance
of the required posture and careful observation by the
experimenter. Since the reasons for the scatter are not
vet clear, some caution is required in the interpretation
of any single curve showing the median transmissibility of

a group of subjects. These data are consistent with the
findings of previous studies (e.g. Griffin and Whitham,
1978; Griffin et al., 1982). Inter-subject variability

could be used to explain the spread in head motion data
with different seat vibrations; it can be concluded that
different vertical vibration spectra had 1little or no
effect on the median transmission of vertical seat

vibration to the head.
The change in transmissibiiity when contact is made with

the back of the seat arises partly from the additional
transmission path for vibration. However, the backrest may
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also alter the dynamic response of the body by providing a
stiffening and so tend to increase some resonance
frequencies. In addition, the process of leaning against a
backrest 1involves a change in forces within the body and
alterations in the skeletal posture. It would appear
appropriate to consider changes introduced by the backrest
to be of a complex type rather than solely due to an
additional vibration input to the body. Contact with the
backrest had a sighificant effect on head motion for all
but the pitch axis. Interaction between frequency and
backrest and head motion was significant (p<0.01) for all
axes at the head apart from the lateral axis.

One possible reason for the scatter is the different static
characteristics of the subjects. Correlations between
transmissibility measures and subject characteristics (age,
weight, height, hip size, leg size) were determined using a
non-parametric measure (Kendall’s tau) at 0.25 Hz steps,
from 0.25 Hz up to 25 Hz. Although some significant
correlations were observed, the results did not suggest
that variability could be primarily attributed to these
sources. Other studies 1in which a greater number of
subjects have been investigated have provided c¢learer
indications of the influence of such factors on vertical
seat-to-head transmissibility (Griffin and Whitham, 1978;
Griffin et al., 1982). Some high correlations were found
between the subject characteristics themselves (see Section
5.2.5).

The point of measurement of motion on the head has been
shown to greatly affect the results. Since the head moves
mostly in the mid-sagittal plane during vertical vibraﬁion
of the seat, the measurement Tlocation is more important
along the x- and z-axes at the head than the Tlateral
position. Motions in the x- and z-axes at the head were
more sensitive to changes in position of measurement than
motion in the lateral axis. Data measured or calculated at
a particular common point could be used to compare data

between different studies.
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5.5 DISCUSSION AND CONCLUSIONS

The general conclusions from the study of inter-subject
variabitity 1in head motion during translational seat
vibration are similar to those from the 1intra-subject
variability study, the general underlying trends have been

the same. However, the inter-subject variability
eXperiments revealed a very large spread of
transmissibilities between 1individuals. In some axes and

at some frequencies during fore-and-aft seat vibration, the
difference in head response between subjects was as large

as 10:1. Differences in transmissibility of the order of
9:1 and 13:1 were seen in head motion during lateral and
vertical seat vibration respectively. The variability in

transmissibility demonstrated by the subject during repeat
measures was typical of other subjects since repeat
vibration exposures for some subjects were conducted which
showed similar variability (e.g. see Sectiocn 5.4.4.4),

During fore-and-aft seat vibration, motion at the head
occurred in the mid-sagittal plane (i.e. x-, z- and pitch

axes). Head motion with a ’back-on’ posture showed a
distinct peak near 8 Hz. The effect of removing the
backrest is to remove this peak. The effect of the

backrest on the magnitude of head motion during Tlateral
seat vibration was small: a ’back-on’ posture produced
slightly more roll motion of the head than a ’back-off’
posture. For vertical motion of the seat, a ’back-on’
condition resulted in greater magnitudes of motion being
transmitted to the head than a ’'back-off’ posture. This
was over most of the frequency range apart from possib]y
freguencies below 5 Hz for vertical and pitch axes at the
head and about 13 Hz for all axes in the mid-sagittal

plane.

One of the assumptions involved in the measurements is that
all accelerometers responded only to transiational movement
in their sensitive axes. In fact, they also respond to the
gravitational field of the Earth -~ the inclination of a
horizontally orientated accelerometer through € degrees
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will result in an acceleration of gsin® (where g = 9.81

ms'z). Pitch and roll motions of the head will therefore
result in additional signals from the x- and y-~ orientated
accelerometers. However, the magnitude of the

gravitational component is dependent on the angle of head
inclination and this is generally very small. For example,
a pitch transmissibility of 10 rads”> per ms_2 at 5 Hz
corresponds to a fore-and-aft head acceleration of only 0.1

ms per ms'z of vertical seat vibration and would have
only a small effect on the measured z-seat to x-head

transmissibility at this frequency. The greatest
gravitational influence will arise from high pitch or roll
transmissibilities at Tow frequencies. The high

transmissibility values in the x- and y-axes of the head at
very low fregquencies in some conditions (e.g. inter-subject
variability, lateral seat vibration, Tlateral head motion,
'back-off’ posture) are influenced by gravitational
components being detected by the horizontaily orientated
accelerometers as the head tilts. The magnitude of this
effect may be estimated from the corresponding roll and
pitch transmissibilities. Calculations show that for
frequencies below 1 Hz, the gravitational component may
account for around cone fifth of the signal measured by the
fore-and-aft accelerometer and about one third of the
signal measured by the 1lateral accelerometer. Rell and
pitch transmissibilities for head motion tended to zero as
vibration frequency decreased during vertical seat
vibration, therefore, the gravitational influence on these

data is low.

The measurement of six axes of head motion with only six
translational accelerometers involves several assumptidns.
In general, it is necessary to employ nine transducers to
correctly determine the motions (see Appendix 6 and
Padgaonkar et al., 1975). The errors introduced with six
axes arise from cross-coupled motions. These could have
occurred 1if there was rotational head motion of similar
magnitudes about more than one axis. However, it 1is seen
from the transmissibility data that the head moved mostly
in the mid-sagittal plane (x-z plane) during fore-and-aft
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and vertical vibration of the seat: roll and yaw motions
being smaller than pitch motion at the head. During
lateral vibration of the seat, the head moved mostly in the
mid-coronal plane (y-z plane), i.e. pitch axis and yaw axis
motions at the head were small. This 1implies that
cross—-coupled motions were of small magnitudes and that the
errors introduced by employing a six-accelerometer system

are small.

Measures of translational head motion are always dependent
on the measurement position at the head. For example,
vertical head motion is partly caused by pitch motion of
the head: the motion would have been smaller 1if the
vertically orientated accelerometer had been nearer the
centre of rotation of the head. Although other
transmissibilities could be obtained by measuring at other
locations, the position used in these studies is convenient
and commonly used when measuring head vibration. The
transmissibilities for rotational head vibration are
unaffected by the accelerometer locations.

Changes 1in posture may also account for some of the
variability between subjects. Although instructed in the
gross sitting posture, there was no attempt to monitor or
control the angle of the pelvis, the spinal position or
forces at the feet or backrest. Small changes in head
inclination may alsc have occurred. Further systematic
study of the influence of these factors on the transmission
of vibration to the body may provide a beneficial insight
into individual variability in all responses to whole-body

vibration.
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CHAPTER 6

TRANSMISSION OF TRANSLATIONAL FLOOR VIBRATION TO THE HEADS

OF STANDING SUBJECTS

6.1 INTRODUCTION

A search through the literature revealed a large number of
studies concerned with the transmission of translational
vibration from the seat to the head for seated subjects.
Fewer studies have been conducted with standing subjects
and those that exist have 1involved mainily vertical
vibration at the floor (Dieckmann, 1957b: Coermann, 1962;

Hornick, 1962; Garg and Ross, 1878). Even fewer studies
are known of where horizontal fleor vibration has been
investigated (Dieckmann, 1957a; Dieckmann, 1958). The

effect of many variables on head motion is known for seated
subjects, most of these variables and others can be
investigated for standing subjects. The main parameter for
such studies that might be considered 1is posture of the
legs since this is the main different additional path for
the transmissicon of vibration between seated and standing
subjects (Rao et al., 1975)}.

The aim of this chapter is to present basic and fundamental
data from studies to determine the transmission of floor
vibration to the head for standing subjects. Vibration at
the floor was in the three transtational axes and, for each
axis of vibration, dintra- and inter-subject variability
studies were conducted. The effect of different postures
of the legs on the transmission of vibration from the floor
to the head has also been determined. Data ‘included in
this chapter have been published elsewhere (Paddan, 1887,
1888).
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6.2 FORE-AND-AFT FLOOR VIBRATION

6.2.1 Introduction

There are some environments in which standing people are
exposed to fore-and-aft vibration of the floor, examples of
this include buses, trains, escalators and moving
platforms. Under such conditions, people might have
difficulty in maintaining their balance should certain
vibrations occur and a handrail of some sort might provide
postural suppoert in such a case. The transmission of
vibration to various parts of the body might provide clues
in determining such vibration and provide data to
understand the biodynamic response of the body to

vibration.

This section presents data from experiments conducted to
determine the transmission of fore-and-aft floor vibration
to the heads of standing subjects. One factor investigated
is the effect of a person holding on to a handrail on
vibration transmitted to the head. Studies reported
include intra-subject variability and inter-subject

variability.

§.2.2 Intra-subject variability

6.2.2.1 Introduction

An indication of the variability over repeat measures is
often required 1in explaining the effect of a particular
variable on floor-to-head transmissibility and the
variability between individuals. This section concerns the
variability in the transmission of vibration from
floor-to-head for a standing subject exposed many times to
the same vibration waveform. This variability was
determined with the subject holding rigidly on to a
handrail.
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6.2.2.2 Apparatus

Vibration generation

This experiment was carried out on an electro-hydraulic
vibrator capable of producing horizontal displacements of 1

metre. The vibrator was safe for the exposure of human
subjects to vibration and is described in detail in Section
3.5.1. The subject stood on the vibrator platform such

that the motion occurred in the fore-and-aft direction. A
handrail was provided 30 cm in front and 1.05 m above the
vibrating platform for the subject to hold on.

A computer-generated Gaussian random waveform having a
nominally flat acceleration spectrum was used with an
acceleration magnitude of 0.50 ms % r.m.s. at the vibrator
platform. The waveform was sampled at 32 samples per
second and low-pass filtered at 12.5 Mz before being fed to
the vibrator. The duration of each vibration exposure was

240 seconds.

Vibration measurement

A light-weight bite-bar was used to measure head motion.
Six small translational piezo-resistive accelerometers were
mounted on the bite-bar which gave it the capability of

measuring motion in all six axes. It had a sterilised
personal dental mould which was held tightly between the
subject’s teeth. The total weight of this six-axis

bite-bar was 158 g, this is explained in detail in Section
3.2.

The sighals from the fu??—bridge bite-bar accelerometers
were passed through signal conditioning amplifiers and then
Tow-pass filtered at t2.5 Hz through 48 dB/octave
anti~-aliasing filters. The seven acceleration signals (6
from the bite-bar and 1 from the vibrator platform) were
then digitised 1into a PDP11-34 computer system at a
sampling rate of 32 samples per second.
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Acceleration data were analysed to obtain
transmissibilities between the vibrator platform and the
head for all transtational and rotational axes at the head.
This was for motion occurring at 100 mm to the left of the
mid-sagittal plane at mouth level. Transfer functions,
Hc(f) between motion in one axis at the head (output) and

in the fore-and-aft axis at the floor (input) were

determined using the 'cross-spectral density function
method’:
Gio(f)
H(F) = 5 )

where: Gio(f) cross spectral density of 1input and

output motions,

G. . (f) power spectral density of fjnput motion.

ii

A frequency resolution of 0.06 Hz was used giving 58
degrees of freedom. Ordinary coherencies were also
calcutated between floor and head motion using the
following equation: ’

2z I Gio(f) lz
F) =
Tio G, (f) 6__(F)

where G, _{(f) and Gii(F) are as above and Goo(f) is the
poewer spectrum of the output motion. Ordinary coherency
functions provide an indication of the correlations between
motion at the output and motion at the input. - A value of
unity shows that all the motion at the output (e.g. moticn
at the head in a particular axis such as fore-and-aft) was
caused by motion at the input (i.e. fore-and-aft floor

vibration).
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6.2.2.3 Procedure

Subjects

One 41 year old male subject took part in this study. His
weight was 85 kg and he was 1.87 m tall. He was given a
set of written instructions about the reguired posture of
the Jlegs, body, hands, etc. during the exposure of

vibration, a copy of these dnstructions 1is shown 1in

Appendix 7. The subject stoced in a ncormal stance with an
upright comfortable posture with a foot separation of
30 cm. only one posture Was used during these

measurements, this was with the subject holding on to the
handrail with a rigid grip. The subject was 1instructed to
ook at a cross on a stationary wall approximately 1.5 m
distant in front on him. The subject was provided with an
emergency button which, when activated bought the vibrator

platform to rest in a controlled manner.

Experimental design

There were twelve identical vibration exposures and during
each run, the subject maintained the required rigid grip
posture. There was a 5 minute pause between successive

runs during which the subject was asked to relax.

6.2.2.4 Results

Transmissibilities between flcoor vibration and the six axes
of motion at the head are shown 1in Figure 6.1 for the one
subject. Higher transmissibilities occurred for moticn in
the mid-sagittal plane axes than the other axes,
Transmissibilities for the different runs all clecsely
follow a speciTic pattern with only small deviation showing

a high degree of repeatability.

Phase data were calculated for all axes and for all runs
but, since most of the motion occurred in the x-, z- and
pitch axes and that these axes also showed higher coherency
values (shown in Appendix 8), data for only these axes are
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Figure 6.1 Transmissibilities for 1 subject 1in a rigid
grip posture during fore—and-aft floor
vibration. (Resolution = 0.08 Hz, degrees of
freedom = 58)

presented here. Figure 6.2 shows phase data for moticon in
the x~, z- and pitch axes at the head.

6.2.2.5 Discussion

Transmissibilities between fore~and-aft floor vibration and
fore-and-aft head motion showed one main resonance peak at
about 1.1 Hz, the magnitude was approximately 1.85. Both
the vertical and pitch axes demonstrate a peak at about 4
Hz with possibly a lower peak at about 2.2 Hz masked by the
4 Hz peak. Although transmissibilities for the other axes
were small, they were not insignificant. The variation in
transmissibility response appears to be small over all the
frequency range showing a high degree of repeatability
between the twelve vibration exposures.
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Figure 6.2 Phase for 3 axes of head motion for one subject
in a rigid grip posture during fore-and-aft
floor vibration.

The coherencies for motion in the mid-sagittal pliane axes
all appear to be relatively high compared with those for
the other axes. This gives an 1indication of correlation
between the floor and head vibration signals. It is seen
that the transmissibilities for vertical motion at the head
at about 1 Hz are 1low compared with those for other

frequencies. The coherencies are small indicating Tlow
correlation between floor and head motion. The phase data
appear to be erratic at this freguency. A1l this shows

that uncorrelated data can result if poor coherencies and

low transmissibilities cccur.

§.2.3 Inter—-subject variability

6.2.3.1 Introduction

The above study {Section 6.2.2) gave an 1indication of
vibration transmission characteristics that should be
expected for a standing subject and also showed the
variation in response during repeat measures. This section
presents data of the transmission of fore—-and-aft floor
vibration to the heads of many subjects while standing and
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holding on to a handrail with firstly, a 1light grip and
then a rigid grip.

6.2.3.2 Apparatus

Vibration generation

The apparatus used for generating the vibration stimulus

was the same as that described in Section 6.2.2.2.

Vibration measurement

The bite-bar used in this study had a sterilised tight
fFitting plastic tubing which the subjects held between
their teeth rather than a personal dental mould used in the
intra-subject study. A1l the other eguipment and method

was the same as that explained in Section 6.2.2.2.

6.2.3.3 Procedure

Subjects

Twelve fit male subjects tock part 1in this experiment,
their physical characteristics are shown in Appendix 9 and

these are summarised in Table 6.1.

Table 6.1 Physical characteristics of 12 male subjects who
took part in the inter-subject variability

experiments.

Age (yrs) Weight (kg) Stature (m)
Minimum 20 60 1.73
Max imum 41 87 1.92
Mean 28.42 74.33 1.81
Standard 5.75 8.82 0.06
deviation
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The subjects were given a set of written 1instructions
(shown in Appendix 7) on the maintenance of their body and
posture. Two postures were requested: a light grip posture
with the subjects holding on to the handrail only in the
event of becoming unstable and a rigid grip posture 1in
which the subjects held rigidiy with both hands on to the
handrail in front of them. The same procedure as that for
the 1intra-subject variability study (Section 6.2.2.3) was

used for this experiment.

Experimental design

The order of presentation of the two postures was balanced
across the subjects so that six subjects commenced with the
Tight grip posture and the other six started with a rigid
grip posture. Each subject was exposed twice to the same
vibration stimulus: once for each posture. There was a
pause of approximately 5 minutes between the two vibration

exposures.

6.2.3.4 Results

Transmissibilities for translational and rotational motion
of the head with fore-and-aft vibration of the floor while
holding rigidly on to a handrail are shown in Figure 6.3,
One main peak showing whole-body resonance is present in
the fore-and-aft axis, at about 1.5 Hz. Motion in the
vertical and pitch axes at the head show transmissibilities

with similar characteristics: one broad peak in
transmissibility over the 1 Hz to 6 Hz frequency region
with significant motion above 6 Hz. Motion was present

mostly in the mid-sagittal plane (x-, z- and pitch axes).

A small but consistent peak exists in the roll motion

transmissibility at about 1.5 Hz.

In Figure 6.4 are shown the transmissibility curves for
subjects standing while holding lightly on to the handrail.
Fore-and-aft vibration at the head 1is again the principal
axis with high transmissibilities below 1 Hz.
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Figure 6.3 Transmissibilities for 12 subjects in a rigid
grip posture during fore-and-aft floor
vibration. (Resolution = 0.06 Hz, degrees of

freedom = 58)

Transmissibilities in the vertical axis tend to show one
peak at about 5 Hz with a magnitude of approximately 0.4.

Phase data were calculated for all axes at the head but
since main motion at the head occurred in the mid-sagittal
plane axes, phase for only these axes are presented.
Figure 6.5 shows phase between fore-and—-aft floor vibration
and head motion for the inter-subject variability study.
Data for the rigid grip posture show a high degree of
repeatability with most of the curves following the generatl
trend however, phase data for the light grip posture show a
very erratic behaviour with large deviations. This is due
to the relatively low transmissibility values.
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Figure 6.4 Transmissibilities for t2 subjects in a 1light
grip posture during fore-and-aft floor

vibration. {Resolution = 0.06 Hz, degrees of
freedom = 58)

Ordinary coherencies for the two grip postures are included
in Appendix 8 and give an 1indication of confidence 1in the

data.

§.2.3.5 Discussion

For direct compariscon, median transmissibilities of data
shown 1in Figures 6.3 and 6.4 were calculated and are
presented 1in Figure 6.6. It is seen that significantly
more motion was transmitted to the fore-and-aft axis of the
head (p<0.01) at freguencies above about 1 Hz when the
subjects held the handrail rigidly than when holding it
lightly. The situation is reversed at Tlower frequencies.
The figure also shows less motion at the head (p<0.01) for
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Phase for 3 axes of head motion for 12 subjects
in a rigid grip and a light grip posture during
fore-and-aft vibration.

Figure 6.5

the vertical and pitch axes for the subjects holding only
1ightly on to the handrail. It is also clear from this
figure that motion at the head occurred mainly in the x-,

Zz- and pitch axes.
The confidence of both transmissibiTity and phase data can

be estimated by considering the appropriate coherencies.
It is seen from Appendix 8 that the coherencies for motion
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Figure 6.6 Median transmissibilities for 12 subjects in a
rigid grip (—) and a 1light grip (- - - =)
posture during fore-and-aft floor vibration.

in the mid-sagittal plane axes were relatively high for the
rigid grip posture, thus genuine data were obtained. Low
coherencies were calculated for all axes at the head when
the subjects stood in a 1ight grip posture, this is partiy
seen by the erratic behaviour of the phase data.

6.2.4 Discussion and conclusions

A search through the literature of reports dealing with the
transmission of floor vibration to the head has revealed
only one study in which fore-and-aft vibration was used,
this was an old study by Dieckmann (1857a) (see Section
2.8.2). The study provided only the basic information with
ohe main deficiency: the lowest frequency investigated was
1.0 Hz and a very coarse frequency resolution was used for
the high frequencies, The frequencies considered were
1.0 Hz, 1.5 Hz, 2.0 Hz, 3.0 Hz, 4.0 Hz and 5.0 Hz. The
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transmissibilities showed Jjust one main rescnance peak,
this being possibly below 1 Hz and difficult to distinguish
as it appears though the transmissibility value at 1 Hz was
joined to unity at 0 Hz. No other data could be found
concerned with the transmission of fore-and-aft floor
vibration to the head for standing subjects.

The inter-subject variability data has shown that the grip
used to hold the handrail had a significant effect on
motion in some axes at the head. A non-parametric Wilcoxon
matched-pairs sighed ranks test showed that signhificantly
more motion occurred at the head (p<0.01) in the
mid-sagittal plane above 1t Hz with the subjects helding the

handrail rigidly than when using a light grip. This was
seen in Figure 6.6 which showed the median
transmissibilities for the two hand grips used. A rigid

grip posture showed a distinct main body rescnance at 1.2
Hz 1in the fore—-and-aft axis whereas the peak occurred at a
freqgquency of 0.5 Hz for the light grip posture and was of
Tower magnitude. Both vertical and pitch axes displayed
two frequencies at which maximum transmissibility occurred,

these being at approximately 2 and 4.2 Hz.

It 1is seen from the two figures for inter-subject
variability data that the spread in transmissibility can be
large; for example in Figure 6.3 (rigid grip), fore-and-aft
axis at the head shows that at about 5 Hz, head motion
varied between subjects by a factor of 12! The variation
might be even greater for some axes e.g. vertical axis head
motion at 2.7 Hz in Figure 6.3. Repeatability measures in
Figure 6.1 show smaller variation than those for the twelve

subjects.

A non-~parametric measure of correlation (Kendall’s tau) was
calculated between the various body parameters (age, weight

and height) and head motion. This was in an attempt to
explain the large variation in transmissibility response
between individuals. Some statistically significant

correlations were found between the various parameters and
head motion at discrete frequencies but this would have
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been expected with such a large range of fregquencies,
subjects and variables. This was found to be the case for
both hand grip postures. One relatively interesting
finding occurred with vertical head motion and the two body
characteristics weight and height: over the 4 Hz to 9 Hz
frequency range, a significant negative corretation
{(p<0.05) occurred between head motion and subject
characteristics with the subjects ho}ding on to the

hahdrai] with a rigid hand grip. However, it is seen from
Table 6.2 that subject weight was significantly correlated
with height at the 1% level. Therefore, a partial

correltation procedure was conducted which revealed a

significant correlation between vertical head motion and

subject stature.

Table 6.2 Kendall’s tau values for subject characteristics
for twelve subjects.

Age Weight Height
Age X
Weight 0.250 - X
. * XK
Height 0.173 0.636 A

{xx = p<0.01)

6.3 LATERAL FLOOR VIBRATION

6.3.1 Introduction

A standing person exposed to lateral vibration of the floor
can easily become unstable. The posture adopted (e.g. foot
separation) and the type of support provided are known to
greatly affect postural stability. This section aims to
determine the nature of transmission of ‘tateral floor
vibration to the six axes of motion at the head and the
effect of three different separations of the feet on
transmissibility. Also investigated will be the variation
in floor-to-head transmissibility during repeat vibration
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exposures and the variation in response between individual

subjects.

6.3.2 Intra-subject variability

6.3.2.1 Introduction

This section concerns the determination of variaticn in
trénsmission of Tateral floor vibration to the head of a
standing subject when exposed several ftimes to the same
vibration waveform, One posture of the body will be
specified and used for all repeat measures. Such data
would be required 1in explaining the variation 1in head
motion between individuals and in determining the effect of
body and experimental variables on floor-to-head

transmissibility.

6.3.2.2 Apparatus

Vibration generation

The vibrator, safety frame and the vibration waveform used
for this experiment were the same as those expltained 1in
Section 6.2.2.2. The acceleration magnitude of the
vibration on the vibrator platform was 0.50 ms @ F.m.s.
with a maximum Trequency of 12.5 Hz and duration of 240
seconds. The subject stood on the vibrator platform so
that vibration occurred in the lateral direction.

Vibration measurement

The equipment used and the following analyses of data were

the same as those described in Section 6.2.2.2.

6.3.2.3 Procedure

Subjects

A male subject (age 41 years old, weight 85 kg, height
1.87) took part in this experiment, this was the same
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subject as that who participated in the other intra-subject
variability experiments (e.g. see Section §.2.2). He was
asked to adhere as closely as possibly to a set of written
instructions on the posture of his body, legs, etc.; these
instructions are 1included 1in Appendix 7. The experiment
was conducted with a foot separation of 60 cm. He was
instructed not to hold on to the handrail unless he was
about to lose balance. The subject was asked to direct his
eyés at a staticnhery cross approximately 8 m away and to
avoid voluntary movements of the head. Throughout this
experiment, the subject was provided with an emergency
button which, when depressed, would stop the vibration in a

controlled manner.

Experimental design

There were twelve identical vibration exposures and during
each run, the subject maintained the required body posture.
There was a 5 minute pause beiween successive runs during

which the subject was asked to relax.

6.3.2.4 Results

Transmissibilities were calculated between lateral floor
vibration and six axes of motion at the head; these are
given in Figure 6.7 for the subject standing with a foot
separation of 60 cm. Most of the motion at the head
occurred in the lateral direction and this was below about
3 Hz. Motion in the other translational axes showed no
particular identifiable pattern and the magnitudes were
Tow. Rotational motion showed maximum transmissibilities
of about 2 (rads_z)/(ms-z) in the roll and yaw axes.

Phase was determined for all axes at the head but since the
transmissibilities were Jlow for some axes and the
corresponding coherencies shown 1in Appendix 8 were low,
erratic behaviour was seen of the phase data. So those
axes which show retlatively high coherencies are shown in
Figure 6.8; these are for the lateral, roll and yaw axes.
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Figure 6.7 Transmissibilities for 1 subject with a foot

separation of 80 c¢cm during
vibration. (Resolution = 0.08 Hz,

freedom = 88)

floor

degrees of

¥ roll

yaw

Freguency (Hz)

Figure 6.8 Phase for 3 axes of head motion for 1
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with a foot separation of 60 cm during lateral

flocor vibration.
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6.3.2.5 Discussion

A clear distinct resonance peak is seen in the lateral axis
transmissibility at 0.8 Hz with an average magnitude of 1.8
and the maximum response being approximately 1.4 times the
minimum response. Small but consistent resonance peaks
also occurred in the vertical and roll axes. Motions 1in
all axes apart from the fore-and-aft axis showed high
coherencies (greater than 0.7) for frequencies below about
1 Hz indicating that these were probably caused by lateral
vibration of the vibrator platform. Motions at higher
frequencies which show Tlow coherencies were probably
self-induced and could be related to active postural
feedback of the body attempting to counteract the
*disturbing’ vibration at the feet.

Some 1interesting results are revealed by the phase data
shown +in Figure 6.8. Phase lags between Tlateral axis at
the head and platform vibraticon show an almost linear
retationship with frequency, the gradient being
approximately 50" per Hz. It is seen that phase for the
vaw axis begins with a phase lead of about 180" . This can
be explained by considering movement of the body 1in the
positive lateral direction, i.e. towards the 1left hand
side. This would result in yaw motion of the head and it
would tend to rotate towards the right hand side (i.e.
anti-clockwise when viewed from below). The direction
conventicon used for these ana1yées used the ’right hand
corkscrew rule’, i.e. clockwise motion about the vertical
axis would correspond to positive yaw motion. Therefore,
this genuine phase lead 1is a result of the direction
convention chosen and possibly related to the centre of
mass of the head being in front of the point of attachment

to the neck.
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5.3.3 Inter-subject variability

5.3.3.1 Introduction

During Tlateral vibration of the floor for standing
subjects, separation of the feet 1is an 1important factor
when determining postural stability. It is thought that a
feet together posture would offer less postural stability
than a condition in which the feet were separated by, for
example, 0.5 m. This section extends the experiment for
intra-subject variability (Section 6.3.2) to many subjects
and three different separations of the feet. This will
provide data of the effect of foot separation on the
transmission of floor vibration to the head and on posturaT
stability during lateral vibration of the floor.

6.3.3.2 Apparatus

Vibration generation

The equipment used for the generation of vibration
including the vibrator and the computer-generated waveform

was the same as that explained in Section 6.3.2.2. The
maghitude of the vibration on the vibrator platform was
0.50 ms~2 r.m.s., maximum freguency of 12.5 Hz and each

exposure lasted 240 seconds.

Vibration measurement

The measurement of vibration and the ensuing analyses on
the data were the same as those explained 1inh Section

6.3.2.2.

6.3.3.3 Procedure

Subjects
Twelve male subjects of varying characteristics took part

in this experiment. Physical characteristics for
individual subjects are shown in Appendix 9; the mean age
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of the subjects was 28.42 years, the mean weight was 74.33

kg and the mean height was 1.81 m (see Table 6.1 in Section
5.2.3.3).

The subjects were given written instructions about the

postures they were to adopt of the body. Three Jleg
postures were requested; these were feet together, fTeet 30
cm apart and feet 60 cm apart. buring each run, the

subjects were asked not to hold on to the handrail provided
unless they felit that they were about to fall over. Other

details about the procedure can be seen in 8ecticnh 6.3.2.3.

Experimental design

Fach subject attended the laboratory on one occasion and
was exposed to lateral fiocor vibration with him standing in
each of the three postures. The order of presentation of
postures was balanced across subjects. There was a short
pause of approximately 5 minutes between the vibration

exposures.,

6.3.3.4 Results

Transmissibilities between lateral floor vibration and the
six axes of motion at the head are shown in Figure 6.9 for
the subjects standing with their feet together.
Transmissibilities for motion 1in the translational axes
show that head motion occurred mainiy in the lateral axis
below about 2 Hz. Data above 2 Hz show transmissibilities
of similar magnitudes for all three axes. Figures 6.10 and
6.11 display transmissibilities for subjects standing with
foot separations of 30 cm and 60 cm respectively. From
these two figures, it 1is again clear that at freguencies
below about 2 Hz, motion in the lateral axis at the head
was dominant. Only small differences can be seen in

transmissibilities between the three postures.
Phase data for these transmissibilities are presented in

Figure 6.12 for the y~, roll and yaw axes. The erratic
nature of these data can be explained by the low
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Figure 6.9 Transmissibiliities for 12 subjects with feet
together during tateral floor vibration.
(Resolution = 0,06 Hz, degrees of freedom = 58)

cocherencies for these and other axes as shown 1in Appendix
8. The c¢oherencies c¢an also be used to estimate the

cerrelations between head motion and floor vibration.

6.3.3.5 Discussion

The grouped transmissibilities show only minor differences
that could be attributed to changes in foot separation.
However, these figures (Figures 6.9, 6.10 and 6.11) do show
that the response at the head between subjects can vary by
a factor of 2.3 (e.g. 60 cm foot separation, lateral head
motion at 0.8 Hz) though other axes and frequencies might
demonstrate greater variation. For ease of comparison of
transmissibilities, Figure 6.13 shows median curves

calculated from individual transmissibility data presented
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Figure 6.10 Transmissibilities for 12 subjects with a foot
separation of 30 c¢m during lateral floor
vibration. {Resolution = 0.06 Hz, degrees of
freedom = §58)

in Figures 6.9, 6.10 and 6.11. A visual inspection shows
that the main differences occurred for motion in the
Tateral axis at the head and these occurred at freguencies
below 3 Hz. A non-parametric Wilcoxon matched-pairs signed
ranks test showed that significantly more motion was
transmitted to the head (p<0.01) in the lateral axis over
the 1 Hz to 3 Hz frequency range with the subjects standing
in a 60 cm foot separation posture than the other two
postures. Some of the other axes also showed differences
though these were small such as more roll axis head motion
when standing in a feet together posture than the other two

postures,
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Figure 6.11 Transmissibilities for 12 subjects with a foot
separation of 80 cm during lateral floor
vibration. {Resolution = 0.068 Hz, degrees of

freedom = 58)

Phase data for this 1inter-subject variability study show
the main basic underlying trend but data for some subjects
appear to show large sudden 1increases and decreases at
particular freguencies. This phenomenon 1is associated with
Tow coherency values at those frequencies. No 1immediate
differences are seen 1n the phase that could be attributed

to changes in foot separation.

6.3.4 Discussion and conclusions

The measurements made of head motion during exposure to

lateral floor vibration appear to be the only data
available on floor-to-head transmissibility. Therefore,
unfortunately, no comparisons with other data can be made.
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Figure 6.12 Phase for 3 axes of head motion for 12
subjects with feet together, feet 30 cm apart
and feet 60 cm apart during lateral floor
vibration.

Variability 1in transmissibility over repeat measures and
between subjects can be seen 1in Figures 6.7 and 6.11
respectively for subjects standing with a foot separation
of 60 cm. It was expected that intra-subject variability
would be smaller than inter-subject variability measures -
this clearly 1is seen to be the case for most axes.
Transmissibiiities for moticn in the fore-and-aft axis for
intra-subject variability data show variation in responses
almost as great as those observed for inter-subject
variability. Also, no particular transmissibility shape
can be seen as is the case for all the other axes. These
may be assocciated with involuntary postural movements. The
three figures that show 1inter-subject variability (i.e.
Figures 6.8, 6.10 and 6.11) appear to indicate that
variability 1in transmissibility between subjects was Jlower
when thgy stood in a 30 cm foot separation then the other
two postures. Further analyses of data might be required

to confirm this.
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Figure 6.13 Median transmissibilities for 12 subjects with
feet together ( ), feet 30 cm apart
{- - =) and feet 60 cm apart {— — —) during
lateral fiocor vibration.

Some differences 1in transmissibility are present that can
be attributed to the separation between the feet, however,
the differences are small. Transmissibiiities for motion
in the Tlateral direction at the head show that for
frequencies below 3 Hz, greater magnitudes of head motion
occur with increasing separation of the feet. Also, the
data tend to show an increase in the frequency of peak
transmissibility with increasing foot separation.
Significantly more motion was transmitted to the roll axis
of the head (p<0.01) for freguencies above 3 Hz when the
subjects stood with their feet together than when they

stood in the other two postures.

It -was seen from the phase data for both intra- and
inter-subject variability studies that for most axes and
subjects, erratic data resulted which were possibly due to
the low coherencies. Data for one subject (intra-subject
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variability) appear to be ’well behaved’ for the axes
presented (i.e. y-, roll and vaw axes), this not being the
case for the individual variability data. Also,
repeatability data for the vyaw axis showed a phase 1lead
which was explained by the head moving in a negative yaw
axis for very low freguencies, this was not observed for

the other subjects.

AT1 subjects found it necessary to hold on to the handrail
when they stocod in a feet together posture whereas only a
few subjects heid the rail in the other two postures. The
postural stability of subjects to maintain upright appears
to be related to foot separaticn: greater foot separation
offered more stability. However, this is the case only up
to a particular foot separation as 30 cm and 60 cm
separations both offered similar postural stability. The
horizontal position of the centre of gravity of the body
might be related to postural stability in that, for a feet
together posture, the body dees not have to sway too much
before the centre of gravity is outside the area covered by
the feet.

Kendall’s tau (non-parametric rank correlation coefficient)

was calculated between head motion and subject
characteristics to determine if any correlations could be
found between the various parameters. The subject

characteristics were age, height and weight while head
motion was measured in all the six axes over a frequency
range of up to 10 Hz (at 0.25 Hz increments). This was
calculated for the three different foot separations. With
so many variables and combinations, some significant
correlations would be expected by chance, Cverall, no
pattern of correlations were seen between the subject
characteristics and head motion, although both height and
weight showed some significant correlations (p<0.05) at
various frequencies with most axes of the head with the
subjects standing in a feet together posture. It was found
that both subject height and weight were themselves
correlated at the 1% significance level.
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6.4 VERTICAL FLOOR VIBRATIOCN

6§.4.1 Introduction

The exposure of standing people to vertical vibration of
the flcocor can be seen in many situations, examples of these
include escalators, 1ifts and some forms of transport such
as buses and trains. The nature of tftransmission of
vertical vibration to the head has been the topic of some
studies and these have provided data for various postures

of the body {(see Section 2.8.1). Though results were
presented in those studies, there have been some
deficiencies in the data. These have inciuded the lowest

frequency of investigation being too high thus excluding
main body resonances, freguency resolution being too
coarse, noc ’base 1line’ posture for comparison and ho

indication of repeatability.

This section aims to provide comprehensive transmissibility
data concerned with the transmission of vertical vibration
from the fTloor to the head for standing subjects. This
will include both 1intra—- and inter-subject variabilities.
The effect of three postures of the legs on floor-to-head
transmissibility will be investigated.

6.4.2 Intra-subject variability

6.4.2.1 Introduction

An estimate of the repeatability of transmissibility would
be required before commencing any experimentation to
determine the effect of different variables (e.g. posture)
and 1individual wvarijability. This section concerns the
determination of intra-subject varijability in the
transmission of vertical floor vibration to the head for a
standing subject. The effect of three different postures
of the legs ©on head motion is also jnvestigated.
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6§.4.2.2 Apparatus

Vibration generation

An electro-hydraulic vibrator capabie of producing vertical
displacements of 1 metre was used for this experiment; it
was certified safe for the exposure of human subjects to
vibration. The vibrator has been described in detail in
Section 3.5.2. A tubular framework was fixed to the
vibrator platform for subjects to stand within: this was

used for safety purposes only.

A computer—-generated Gaussian random waveform was used to

operate the vibrator, it had a nominally flat spectrum over

the frequency range 0.1 Hz to 31.5 Hz. The vibrator
stimulus was of 80 seconds duration and low-pass filtered
at 31.5 Hz before being fed to the vibrator. The same

vibration waveform was used for all exposures 1in this
section and motion on the platform had an acceleration

magnitude of 1.75 ms > r.m.s.

Vibration measurement

Motion of the head was monitored using a six-axis bite-bar
which had six small transiational piezo-resistive
fulil-bridge Entran type EGAXt5 accelerometers located and
orientated in such a manner that motion 1in the three
translational and three rotational axes could be measured.
The total mass of the bite-bar was 135 g and it has been
shown elsewhere that the mass of the bite-bar had no effect
on head motion (see Section 5.4.2). A personal sterilised
dental mould was used Tor the subject to bite on. More
data about the bite-bar are given in Section 3.2.

Seven channels of vibration were acguired (6 at the head
and 1 at the vibrator platfeorm) intc a digital computer
system PDP11-34 at a sample rate of 128 samples per second.
These sighals were Jlow-pass filtered at 31.5 Hz via 48
dB/octave filters with Butterworth characteristics. AT
transfer functions were calculated for motion occurring on
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the bite-bar at mouth ievel and 100 mm to the left of the
mid-sagittal plane of the subject. Transfer functions were
calculated using the ’cross-spectral density function
method’ (see Section 6.2.2.2) and a freguency resclution of
0.25 Hz was used which gave 58 degrees of freedom.

§.4.2.3 Procedure

Subjects

One healthy male subject (age 41 years, weight 85 kg,
height 1.87 m) participated in this intra-subject
variability study. (This was the same subject as that who
took part 1in the previous repeatability studies, see
Sections 6.2.2 and 6.3.2.) The subject stood on the
vibrator platform and was instructed to maintain his
posture in the required manner and to lTook at the cross on
a stationary wall in freont of him approximately 1.2 m away.
Instructions given to the subject are shown in Appendix 7.
The distance between the subjects feet was 25 cm.

Three different postures of the legs were reguested: 'legs
Tocked’, ’'legs unlocked’ and ’'legs bent’. In the 'legs
locked’ posture the subject stood in a normal upright
stance; in the ’'legs unlocked’ posture the knees were
slightly forward; in the ’legs bent’ posture the knees were
vertically above the subject’s toes. He was instructed not
to make voluntary movements of the head, arms and the body
during the vibration exposure. A handrail was provided for
the subject to hold on to and this only in the event of him
becoming unstable. The subject was provided with an
emergency button which he could use in an emergency.

Experimental design

The subject attended the Tlaboratory on three occasions,
once for each posture of the legs. He was eXposed to
twelve identical vibration runs with him standing in each
posture. There was a pause of about 5 minutes between the
repeat exposures during which he was asked to relax.
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6.4.2.4 Results

Figures 6.14, 6.15 and 6.16 present transmissibilities for

the six axes of motion at the head for the one subject

standing in three different postures of the legs during
vertical floor vibration: ’legs Jlocked’, ’legs unlocked’
and ’'ltegs bent’ respectively. Transmissibilities for the

posture show that motion of the head cccurred
and pitch axes with relatively

'legs locked’

primarily in the vertical

smaller magnitudes of motion in the other axes. Data for
the ’'legs unlocked’ posture are similar to the ’legs
locked’ posture though the transmissibilities are slightly
Tower. The main difference occurred when a ’'legs bent’

posture was adopted: motion in all axes show a resonance at

about 3 Hz and magnitudes of transmissibility are much

smailer for the lateral, roll and yaw axes compared with

the fore-and-aft, vertical and pitch axes.

pitch yaw

20 0 5

10 15 20 0 5 10 15 10 15 20
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Figure 6.14 Transmissibilities for 1 subject in a ’'legs
Tocked’ posture during vertical floor
vibration. {Resolution = ¢.25 Hz, degrees of
freedom = B8)
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Figure 6.15 Transmissibilities for 1 subject 1in a ’legs
unlocked’ posture during vertical floor vibration.
{Resclution = 0.25 Hz, degrees of freedom = 58)
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Figure 6.168 Transmissibilities for 1 subject in a 'legs bent’
posture during vertical floor vibration.
{Resolution = 0.25 Hz, degrees of freedom = 58)
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It Was seean above that, in general, higher
transmissibiltities were calculated for motion cccurring in
the mid-~sagittal plane axes than the o¢ther axes. It s
also seen from the coherencies for those data included in
Appendix 8 that, overall, higher coherencies were
calculated for motion 1in the mid-sagittal pliane (though
this might noct be entirely the case for fore—-and-aft motion
at the head). Therefore, phase data for only the
mid—sagittai plane axes are presented, these are shown in
Figure 6.17 for the three postures of the legs. The rather
erratic behaviour seen for phase data in the fore-and-aft
axis for the subject standing in a 'legs locked’ posture is
thought to be associated with the low transmissibilities

and coherencies at some frequencies.

6.4.2.5 Discussion

Median transmissibilities are shown in Figure 6.18 for the
three postures 1in order to see the differences more

clearly. The main axes displaying motion at the head are
vertical and pitch followed by the fore-and-aft axis
depending onh the posture adopted. Vertical motion at the

head shows that above about 3.5 Hz, a ’legs locked’ posture
transmitted significantly greater magnitudes of vibration
than the other two postures; the *legs bent’ posture
showing the lowest transmissibility. However, below about

3 Hz, the ’legs bent’ posture showed higher
transmissibilities than the other two postures. Similar
data can be seen for pitch motion at the head. Pitch axis

transmissibilities above about 8 Hz appear to be unaffected
by the change 1in posture from a 'Jegs Tocked’ to a ’'legs
unlocked’ posture. In most of the axes, there is a slight
decrease in the first resonance frequency from about 5 Hz
to 3 Hz {(depending on the axis) as the posture was changed

from ’lTegs locked® to ’legs bent’.

Qver most of the frequency range, a high degree of
repeatability was seen between the runs with the occasicnal
run showing different but genuine transmissibilities. An
example of this is seen in the vertical transmissibilities
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Figure 6.18 Median transmissibilities for 1 subject in
' ’legs locked’ (—), ’legs unlocked’
(- - - -) and ’legs bent’ (-— - -—) postures
during vertical fleoor vibration.
in Figure 6.15 with the subject standing in a ’legs
unlocked’ posture. It is interesting to note that the
variation between the different runs is only apparent 1in
the magnitude of the transmissibilities while the
dependence on fregquency remaining mainly unaffected. A

high degree of repeatability is also seen 1in the phase data
apart from those axes which show low coherence values where
the transmissibilities are very small. The phase lead seen
in the pitch axis at low frequencies
chosen the
It could aliso be
behave with

is dependent on the
positive the
inherent in the manner the

convenhtion for direction for
various axes.

head would and does input

respect to the

vibration.

Coherencies for these data presented in Appendix 8 show

very high values for some axes and also show that the
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posture adepted affected the corretation between floor
vibration and head motion. Data for the vertical axis at
the head show an 1increase in incoherent motion as the

posture changed from a 'legs locked’, to a ’legs unliocked’
posture and then to a ’legs bent’ posture. Other axes show

different trends.

6.4.3 Inter-subject variability

§.4.3.1 Introduction

The transmission of seat vibration to the head has been the

subject of many studies. These have 1investigated the
effects of a Jarge number of variables such as seating
cohditions, individual variability, posture and head
pointing angles. The transmission of filoor vibration to

the head has been studied by a few researchers but not to

such a depth.

This study is a continuation of the previous experiment and
concerns the measurement of six-axis motion at the head
caused by vertical vibration of the floor. The effect of
three postures of the legs on the transmissibiltity will be
determined. Twelve subjects took part in this study to

investigate inter-subject variability.

6.4.3.2 Apparatus

Vibration generation

The apparatus used for generating the vibration was the
same as that used 1in the intra-subject variability

experiment - see Section 6.4.2.2.

Vibration measurement

Head motion was measured using a six—axis bite-bar with a
sterilised plastic tubing (which replaced the dental mould)
for the subjects to hold between their teeth. Other
equipment used for measuring and analysing the vibration
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sighals was ihe same as that explained in Section 6.4.2.2.

5.4.3.3 Procedure

Subjects

Twelve male subjects took part in this study. Their mean
physical characteristics were age 28.42 years, weight 74.33
kg'and height 1.81 m; their individual data are shownh 1in
Appendix 9. The 1instructions given to subjects, the
different postures of the 1tegs and other details about
experimental procedure were the same as those used for the
intra-subject variability experiment explained 1in Section
6.4.2.3 and in Appendix 7.

Experimental design

Each subject attended the laborateory on one occasion and
was exposed to the same vibration waveform three times,
ohce for each of the three postures. The order of
presentation of the postures was balanced across the
subjects to minimise any effects this might have had.
There was a short pause of 5 minutes between the vibration

axposures.

6.4.3.4 Resuits

In Figure B.19 are shown transmissibilities between
vertical vibration at the floor and the six axes of motion
at the head with the subjects standing in a ’legs locked’
posture. The large variation in transmissibility shows the
individual wvariability that should be expected. Lateral,
rotl and yaw axes show lower transmissibilities than these
axes in the mid-sagittal plane, though they are not

insignificant.

Translational and rotational head motion transmissibilities
for the twelve subjects standing in a ’'legs unlocked’
posture are shown in Figure 6.20. A comparison between the
transmissibilities for the two postures shows that there
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Figure 6.19 Transmissibilities for 12 subjects in a ’legs
Tocked’ posture during vertical floor
vibration. (Resclution = 0.25 Hz, degrees of
freedom = 58)

are only slight differences. There is a trend towards
reduced motion transmitted to the head in the ’legs
unlocked’ posture for all six axes, though there are
exceptions (e.g. pitch axis transmissibility at about

5 Hz).

Transmissibilities of motion from the floor to head for the
third posture of the legs, i.e ’'legs bent’, are displayed
in Figure 6.21, The main difference 1is more apparent
between the transmissibilities for this posture and the two
previous leg postures 1in that the variation between
subjects is smaller. This is clearly seen in the vertical
axis transmissibilities for the three postures of the legs
although the transmissibility values are also smaller for
the 'legs bent’ posture. (Data shown in Section 6.4.2 from
an intra-subject variability experiment also showed smaller
vafiation for a ’legs bent’ posture than ’legs locked’ and
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Figure 6.20 Transmissibilities for 12 subjects in a ’legs
unlocked’ posture during vertical floor
vibration. (Resolution = 0.25 Hz, degreses of
freedom = 58)

"tegs unlocked’ postures.) For vertical moticon of the
head, all the subjects produced transmissibility curves
which could be summarised as having a resonance at 2.5 Hz,
a point of minimum motion at 5 Hz and a second but smaller
peak at 13 Hz. For the two other postures of the legs,
some subjects tended to display maximum motion at the head
in the vertical axis at about 5 Hz whereas others had a

point of minimum motion at this frequency.

Phase data were calculated for all axes of head motion and
are presented in Figure 6.22 for the mid-sagittal plane
axes for the three postures of the legs. These three axes
(1.e. fore-and-aft, vertical and pitch) were chosen as they

demonstrated the highest transmissibilities. Coherencies
for these data are included in Appendix 8. These ’ordinary
coherence fTunctions’ provide an indication of the

correlation between motion at the output and motion at the
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Figure 6.21 Transmissibilities for 12 subjects in a ’legs
bent’ posture during vertical floor vibration.
{Resolution = 0.25 Hz, degrees of freedom = 58)

input. A value of unity shows that all the motion at the
output {(e.g. motion at the head in a particular axis) was
caused by motion at the dinput (i.e. vertical floor
vibration); this oniy being the case for the frequency
showing the highest coherency. The erratic behaviour of
the phase data at some of the frequencies 1is associated

with low transmissibilities and low coherencies.

65.4.3.5 Discussion

For ease of comparison of transmissibilities to determine
the effect of posture on the transmission of floor
vibration to the head, median transmissibilities are shown
in Figure 6.23 for the twelve subjects. It 1is seen from
the transmissibilities for the fore-and-aft and pitch axes
that below about 4 Hz, a 'legs bent’ posture transmitted
greater magnitudes of vibration to the head than the other
two postures and a ’legs locked’ posture transmitied the

252




Phase (degrees)

360

pitch
legs locked

b4 z
legs locked legs locked

180 |

180 |
-380
~540
~720

-900

-1080

bl z pitch
legs unlocked legs unlocked legs unlocked

180

-180

-360

-540

-720

-200

X z pitch

180 legs bent legs bent legs Dbent

-180

-360

-540

-720

-900 .
0 5 10 15 20 O 5 10 15 20 O 3 10 15 20 25

Frequency (Hz)
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least motion.

the situation

However, for frequencies greater than 4 Hz,

is reversed with the 'legs locked’ posture

showing the greatest transmissibilities and the ’'legs bent’

demonstrating

the jowest transmissibilities. These

differences were significant at the 1% significance level

for most of the frequencies. Very simiiar results are seen

for vertical
frequencies vary between 3 Hz and 5 Hz depending on the

motion transmissibilities but the cross-over

poétures being compared. Again, the differences are
significant at the 1% level. One of the main comments the
subjects made abcocut the three postures was that a ’'legs

bent’ was the least uncomfertable peosture than the others
due to the reduction in high frequency vibration at the

head.
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It was seen fTrom the pitch axis transmissibility curves
that data for one subject deviated from others in the ’'legs
untocked’ and ’legs bent’ posture (Figures 6.20 and 6.21
respectively). These data correspond to subject 2 (see
Appendix 9) for 1individual subject characteristics) and a
repeat experiment showed these to be genuine
transmissibilities peculiar to that subject. This does
show the very large variation 1in transmissibilities that
can result between subjects. An example of this is a
variation of 20:1 in the vertical axis transmissibility at
5.5 Hz for the subjects standing in a 'legs locked’ posture

shown in Figure 6.19.

The coherencies for these data showed low values for most
axes except the vertical axis at the head. The sudden
decrease in coherency seen for the vertical axis nhear 5 Hz
is due to the transmissibilities being very low for some
subjects. There 1is & trend 1in the wvertical axis
coherencies for the three postures of the legs: highest
coherencies for the ’legs locked’ posture and the lowest

for the ’legs bent’ posture.

Phase for the pitch axis at the head showed a slight lead
at about 2 Hz for the three postures of the legs. This is
possibly caused by active postural feedback of the body to
counteract the forcing motion. Phase leads for this axis
and similar frequencies were also seen for the

intra-subject variability experiment (see Section 6.4.2.4).

6.4.4 Discussicn and conclusions

Posture of the legs is obviously ah important factor in the
transmission of wvertical vibration at the floor to the
head, so this has been a variable 1in most of the

investigations by other researchers. Coermann {(1862)
noticed that his subjects standing in an erect posture with
’stiff knees’ produced two resonance peaks in the

floor-to-head transmissibility curves for vertical motion
at the head, one at 5 Hz and the other over the 12 Hz to
13 Hz freguency range. Data from this experiment are
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vaguely similar though distinct rescnance peaks are not
seen but unity transmissibility for vertical motion at the
head up to about 12 Hz. In another experiment, Coermann
(1862) found that when his subjects stood in a ’legs bent’
posture, the first resonance peak occurred at a Jlower
freguency and there was significant attenuation of
vibration above about 2 Hz. Again, broad agreement is seen
between this and his studies. Garg and Ross (1978)
observed two main resonance frequencies for subjects
standing in a normal stance, these were at 2 Hz and 6 Hz.
This would correspond to a posture between ’'legs locked’
and ’'legs unlocked’ postures 1investigated for this study.
A resonance peak only became clear ih the ’'legs unlocked’
posture, this being at about 2 Hz and a broad peak over the

6§ Hz to 12 Hz frequency range.

Rao et al. (1975) +investigated the effect of leg posture on
head motion transmissibiltity, the postures considered were
"standing erect with straight legs’ and, the second, ’with

knees benht so as to absorb the vibration’. They found that
a knees bent posture showed only one resonance peak, and
this was around 2 Hz to 3 Hz. Also, that vibration was

greatly attenuated for freguencies above about 6 Hz.
Similiar conclusions can be made from the results of the

present experiments.

There is only one known study in which head motion had been
measured 1in other axes than the vertical axis, this was
Kobayashi et al. (1981) where they found that at about 5
Hz, fore-and-aft axis transmissibility between vertical
floor vibration was approximately unity. Data from this
study showed transmissibilities of around 0.7 at about
6 Hz, this depending on the posture in which the subjects

were standing.

It is seen from the transmissibiiities for both intra- and
inter-subject variability experiments that the variation in
head motion between subjects was greater than that during
repeat measures fTor one subject. The magnitude of spread
is very much dependent on frequency, ah example of this can
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be seen in the vertical axis transmissibility for the ’legs
locked’ posture for both the 1individual variability and
repeatability studies. Also, the variation in
transmissibility is different for the various axes of head

motion.

Some differences were seen 1in head motion that could be
directly attributed to the changes 1in posture of the legs
and occurred mostly in the mid-sagittal plane axes. {Most
of the motion at the head occurred in the mid-sagittal
plane axes.) The data showed that there was a cross-over
frequency in the vicinity of 4 Hz below which a 'Tegs bent’
posture demonstrated the greatest head motion while least
head motion occurred when standing in a ’legs Jlocked’
posture and, the situation was reversed for higher
frequencies. The coherency between floor and head motion
was found to deteriorate as posture changed from ’legs
locked’ to ’'legs bent’.

A non-parametric measure of correlation (Kendall's tau) was
calculated between head motion transmissibitities for the
three leg postures and subject characteristics {age, weight
and height), these were determined for all the axes of
motion at the head. Subject age showed only a fTew
significant correlations with head motion but these were
only at specific frequencies which could be due to chance,
with such a large number of frequency levels (0.25 Hz
increment from 0.5 Hz to 25 Hz). No viable correlations
were found between head motion in the ’legs locked’ and
"legs bent’ postures and subject weight and height.
Significant positive correlations were observed with the
subjects standing in a 'legs unlocked’ posture between head
motion 1in the fore-and-aft and pitch axes and subject
weight and height. These were significant at the 5% level
over the fregquency range 9 Hz to 16 Hz for both axes and
for both subject characteristics. Further analyses of the
data using partial correlations showed height to be the

important parameter.
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6.5 DISCUSSION AND CONCLUSIONS

It 1is seen from all the experiments that variation 1in
transmissibility bhetween éubjects was greater than that
during repeat measures for a single subject. A
gquantitative example of this can be obtained with, for
example, the variation in transmissibility response for
vertical head motion during vertical floor vibration with
the subjects standing in a ’legs 1locked’ posture (i.e.
Figures 6.14 and 6.19). At 6.0 Hz, the maximum response
was 1.3 times greater than the minimum transmissibility for
the 1intra-subject variabjlity whereas the ratio was 10.7
for the 1inter-subject study. This example 1is for one
fregquency in one axis, greater variation might be found for
transmissibilities 1in other axes (e.g. pitch axis head
motion at 13.5 Hz with the subjects standing in a ’legs
bent’ posture during vertical floor vibration, see
Figure 6.21). The volunteer who tock part 1in the
intra-subject variability experiments was the same person
as that used for the seated subject experiments (see
Chapter 5). The variation in transmissibility seen during
repeat measures for this subject was typical of other
subjects (see repeat measures in Section 6.4.3.5),.

A1l data for the intra-subject variability experiments show
that the twelve repeat transmissibility curves follow a
particular definite underiying trend. There 1is small
deviation from the ’average’ curve for the repeat measures
and all the individual peaks and troughs show through 1in
the separate transmissibility curves. This is far from the
case for the inter-subject wvariability data, all the
subjects demonstrate a different transmissibility compared
with the other subjects and when compared with the
‘average’ curve. This shows that each individual has their
own distinct and unique ’transmissibility signature’ which
varies from time to time but adumbrates the general pattern
and this is different compared with ‘signatures’ of other

people.
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Transmissibilities between fore-and-aft floor vibration and
the six axes of motion at the head have shown that the head
moves mostly in the mid-sagittal plane with significantiy
Tower transmissibilities for the other axes. A main
whole-body resonance was observed in the fore-and-aft axis
at 1.2 Hz for the subjects standing with a rigid grip on
the handrail and at 0.5 Hz when holding lightly. Overall,
a rigid grip on the handrail resulted in significantly more
motion at the head (p<0.01) in the mid-sagittal plane than
the 1ight grip posture. Motions in the vertical and pitch
axes both showed bread resonance peaks at 2 Hz and 4 Hz.

Head motion occurred mostly below 3 Hz during lateral floor
vibration for the laterai axis at the head.
Transmissibilities for lateral axis head motion above 3 Hz
were relatively small - of the same order as the other axes
up to the maximum freguency investigated, i.e. 10 Hz.
Lateral transmissibility data show that for frequencies
below 1 Hz, a foot separation of 30 cm resulted in more
head motion than a feet together posture while a foot
separation of 60 cm transmitted greater motion to the head
below 3 Hz than the other two postures. Higher
transmissibilities occurred for all axes up to 10 Hz and
for the lateral axis above 3 Hz when the subjects stood in
a feet together posture than the other two separations of
the feet. A slight increase in the frequency of the main
body resonance 1is observed from 0.5 Hz for a feet together
posture to 0.8 Hz for a foot separation of 60 cm.

A general shape of the transmissibility curves of head
motion for standing subjects exposed to vertical floor
vibration cannot be described since head motion 1is greatiy
affected by the posture of the 1legs. Overall, it can be
said that head motion occurred mostiy in the mid-sagittal
plane axes with appreciably lower transmissibilities for
the other directions, i.e. lower transmissibilities for the
lateral, roll and vyaw axes. The general trend in the
effect of posture of the Tegs on head motion is that for
motion 1in the fore-and-aft and pitch axes, a cross-over
frequency appears at about 4 Hz below which a ’'legs bent’
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posture results in the greatest transmissibilities and the

Teast motion with a ’'legs 1locked’ posture; the case is

reversed for frequencies greater than 4 Hz. There 1is a
definite decrease in frequency of the main resonance peak
as posture is changed from ’'legs Tlocked’ to 'legs bent’. A

cross—-aover region is seen to occur for vertical motion at
the head: a ’'legs locked’ posture results in significantly
more motion at the head than the other postures and a ’legs
bent’ shows the Tlowest transmissibility for frequencies

greater than approximately 3 Hz to 5 Hz.

At very low frequencies (e.g. 0.25 Hz), it is seen from
some figures (e.g. Figures 6.6 and 6.13) that very high
transmissibilities were calculated for motion 1in the
horizontal axes. This is thought to be associated with the
accelerometers detecting the Earth’s gravitational

compahent. A horizontally pointing accelerometer will be
more affected by gravity than a vertical accelerometer,
this can be demonstrated as follows: assume an

accelerometer is exposed to pure rotational motion and s
placed at the centre of rotation. Then, the accelerometer
will indicate a voltage corresponding to 9.81 ms~> when its
axis 1is 1in line with the Earth’s gravitational field.
However, if it is pointed at an angle of 6 away from the
vertical, then the acceleration reading will be 9.76 ms 2.
This corresponds to a change of 0.51%. The same procedure
can be applied to a horizontal accelerometer which will
show 0 ms™® with its axis horizontal and 1.02 ms 2 if its
axis is deviated by 6  from the horizontal. Gravity is
more likely to affect the signals at low frequencies than
at high frequencies as greater rotations of the head would

occur at low freguencies. It 1is worth noting that
rotational signals calculated using the method employed
(i.e. the difference in signals detected by two

transiational accelerometers) are not affected by the
gravitational component since both accelerometers will be
affected equally by gravity and the effect will be
cancelled out when the difference 1in the signals is

calculated.
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Iin all the different vibration exposures and postures,
apart from the rigid grip posture during fore-and-aft
vibration, the subjects were instructed +to hold the
handrail only lightly and this only to stop themselves from

falling. It was observed that all subjects used the
handrail for support during fore-and-aft vibration with the
light grip posture, buring lateral floor vibration, ail

subjects found it necessary to use the handrail when
standing in a feet together posture while all subjects
commented that they did not have to use the handrail when
standing with foot separations of 30 cm and 60 cm. During
vertical vibration of the floor, postural support was
generally not required but was found to be necessary for
some of the large vertical displacements cof the vibrator

platform.

This <chapter has presented new data from several
experiments investigating the transmission of translational
floor vibration to the head. Some comparisons have been
made with previously reported results concerned with
floor-to-head transmission of vibration and these have been
either old studies or investigations that required
confirmation, some studies (concerned mostly with vertical
floor vibration) have been confirmed by these experiments.
However, since only one study was found in a Tliterature
search dea1ing'w1th the transmission of horizontal floor
vibration to head, the data in this chapter are original
and present the fundamental findings on the behaviour of
the human body to such motions. Results from this chapter
could provide subject matter for further experimental
research 1in this field and help 1in the deve1opment‘ of

biodynamic models of the human body.
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CHAPTER 7

HEAD MOTION IN A MILITARY VEHICLE

7.1 TINTRODUCTION

In various studies motion has been measured simultaneously
at both the seat and the head and some measure of body
transmissibility has been determined. Laboratory studies
have often involved a single axis of vibration so that head
motion at each frequency can be expressed as a fraction of
the input motion at the same frequency or as a fraction of
the {input motion with which it is 1linearly correlated.
wWhether it is single~axis or multi-axis motion of the seat,
it can be carefully controlled 1in T1laboratory based
experiments., Outside the laboratory, there is usually more
than one axis of vibration at the input (usually six axes:
three translational and three rotational) and additional
calculations are required before the causes of head motion

in any axis can be determined.

As an unrestrained head is free to move in any of the six
axes of motion, the guestion that arises is "Which motion
at the seat causes motion in which axes at the head?" The
answer to such a question would be of value to designer
whose aim may be to reduce head motion in a particular
axis. No studies are known of where attempts have been

made to provide answers to such a question.

This chapter aims to answer the above guestion by reporting
of simultaneous measurementis made of seat and head motion
of a subject seated in a military vehicle during a rough
cross—country ride. Spectral analyses that have not
previously been used to determine the transmission of seat
vibration to the head has been employed to explain the
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results. Data presented 1in this chapter have bLeen
published elsewhere (Paddan, 1985, 1986).

7.2 TRANSLATIONAL SEAT AND HEAD VIBRATION MEASUREMENTS

7.2.1 Introduction

The first stage in trying to correlate seat and head motion
is to decide exactly what form the measurements should
take. It 1is no use making head motion measures onh a
laboratory based single-axis motion simulator since this
would result 1in a single-input system and only 1imited
analyses can be conducted providing only the minimum of
information. Simultaneous measurements of both seat and
head motion were required and this, in an environment or
vehicle which would 1induce significant magnitudes of
vibration in all the axes. It was decided that a military
vehicle traversing over rough terrain would suit the

purpose.

There are six axes at the seat and the head which could be
investigated. Gathering such large quantities of data
would have been no easy task. Also, the next step which
would have been the analyses would have been complicated.
So, for this set of measurements, accelerations in only the
translational axes (i.e. fore—-and-aft, lateral and

vertical) at the seat and the head were measured.

This section compares the various alternative methods of
relating seat vibration to the head motion in a complex
vibration environment and attempts to find the axes of seat
motion which are responsible for the dominant movements at

the head.

7.2.2 Apparatus and procedure

Vibration measurements of the seat and the head were made
in an off-road tracked military Armoured Fighting Vehicle
(AFV). Measurements were made in the gunner’s seat while
the vehicle traversed over a rough cross—-country course
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during a run which lasted approximateliy 11.5 minutes. The
removablie backrest on the gunner’s seait was not fitted for
these measures. The driver was instructed to drive the
vehicle 1in a ’normal manner’. Figure 7.1 shows the
relative positions of the various seats within the vehicle.
The main armament on the vehicle was locked in a rearward

facing position (i.e. the same direction 1in which the

subject faced).

X
D - driver
C - commander
G - gunner
L - loader
D
X,Y - gunner axes
X,Y - vehicle axes
C L
Y
G =y
lx

Figure 7.1 Positions of crew within the AFV.

Motion 1in the three translational axes at the seat was

measured using a semi flexible pad containing three

triaxially mounted translational piezo-resistive
half-bridge Endevco type 228685-M15 accelerometers (see SAE,
1974). Head motion was measured using a bite-bar designed
to monitor six axes of motion (see Section 3.2). Only
translational head motion was -~ considered in  this
investigation. The bite-bar weighed 135 g and had

translational piezo-resistive Tfull-bridge Entran' type
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EGAXtS5 accelerometers. The bite-bar had a personal
sterilised dental mould for the subject. The measurements
reperted here are for motion 100 mm to the lTeft of the
mid-sagittal plane adjacent to the mouth. The subject was
instructed to maintain his 1line of sight towards the
viewing sight and to avoid voluntary movements of the head.
For safety purposes, the subject was told to spit out the

bite—-bar in an emergency. The subject wore an AFV crewmans

helmet.

Signals from the accelerometers were passed through signal
conditioning amplifiers and recorded on a 7-channel TEAC
R-71 portable data cassette recorder. The data were
subseguently digitised into a PDP11-34 computer system.

Subjects

A male subject of 24 years of age, weighing 77 kg and
1,79 m tall sat in the gunner’s seat of the vehicle. He
was a member of the University technical staff.

Analyses

Acceleration signals recorded in the vehicle were replayed
and lJow-pass filtered at 25 Hz wusing 48 dB/octave
anti-aliasing filters before being digitised at a sample
rate of 64 samples per second. The subsequent analyses was
conducted at a freguency resolution of 0.25 Hz which gave

588 degrees of freedom.

Data have been analysed using four different methods, two
involving the determination of transmissibility between
seat and head motion and, for the other +two, the
calculation of coherencies. The first set of
transmissibilities were obtained using the ’'power spectral
density function method’, the second set were calculated
using the ’'cross-spectral density function method’. Both
ordinary coherencies and partial coherencies were
calculated for all data, the Tlatter method providing
further information about the ’cause and effect’ of a
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multi-input single-output system. These analyses are
explained in detail in Chapter 4.

Further analyses were conducted to obtain the relative
proportions of correlated and uncorrelated motion at the
head by considering the body as a three-in one-out system.
By assuming the three inputs to be xi(t), xz(t}, xs(t) and
output y{t), four power spectra were determined of motion

in various axes at the head, these being:-

1) Power spectrum of +total head motion 1in onhe axis
(@, (),
1) Powaer spectrum of Tinearly correlated motion between

the same seat and head axes (ri y(f} ny(f)),
1

ii1) Power spectrum of linearly correlated motion between
the same seat and head axes after conditioning head

motion for the other two seat axes (?: vox % (f)
177273
By e (T
iv) Power spectrum of uncorrelated motion at the head
conditioned for all the axes at the seat, i.e. noise
@y oy (F)

A fulil explanation of these terms is included in

Appendix 2.

7.2.3 Results

Power spectral densities of the vibration measured over
11.5 minutes (688 degrees of freedom) are shown in Figure
7.2. It is seen that for motions at the seat, most of the
energy is at low frequencies, with vertical moticn showing

the greatest energy and lateral motion the 1Jeast. The
overall acceleration magnitudes for the seat motions were
1.65 ms™%, 1.38 ms™ 2 and 1.97 ms™? r.m.s. for the x—, y-
and z-axes respectively. For head motion power spectral

densities, the fore-and-aft acceleration signal is greatest
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at freguencies below 0.4 Hz while vertical motion shows the

highest energy content above 0.4 Hz. The respective
overall acceleration magnitudes for x-, y- and z-axes at
the head were 2.36 ms >, 1.39 ms™° and 1.93 ms > r.m.s.

From Figure 7.2, 1t 1is c¢lear that high freguencies were
attenuated by the body and only Jlow frequencies were
transmitted to the head.
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Figure 7.2 Power spectral densities of accelerations 1in
the translational axes at the gunner’s head and

the seat in an AFV. (Resolution = 0.25 Hz,
degrees of freedom = 888)

For direct comparison, transmissibilities between the three
translational seat axes and the three head axes calculated
using the ’'power spectral density function method’® and the
‘cross-spectral density function method’ are shown in
Figure 7.3. The higher transmissibility curves are for the
‘power spectral density function method’ since this
includes all of the energy content of the output signal
while the ’cross-spectral density function method’ takes
into account only the proportion that is Tinearily
correlated. '
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Figure 7.3 Transmissibilities between seat and head motion
in the translational axes using the power
{(higher curve) and cross-spectral density
function methods (lower curve), (Resolution =
0.25 Hz, degrees freedom = 688)

Ordinary coherencies between the three transtational axes
at the seat and three at the head are shown in Figure 7.4.
An indication of the amount of correlation between seat and
head motion is given by these figures. Transmissibilities
calculated wusing the cross-spectral density function
method’ can be partly explained by using these coherencies.
These do not exclude the effect of motion in other axes at
the seat on head motion in a particular axis, e.g. the

coherency between vertical seat motion and vertical head
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Figure 7.4 Ordinary coherency curves between translational
motions at the seat and the head during an AFY
ride. (Resolution = 0.25 Hz, degrees of
freedom = 688)

motion will also include some of the effect fore-and-aft
and lateral motion at the seat had on vertical head motion.
In crder to ’subtract’ the effect of motich in other axes
at the seat on head motion in one particular axis, partial
coherencies were calculated, these are shown for the data
in Figure 7.5. These can be used to determine the
proportion of motion at the head -in a particular axis
caused directly by vibration in one axis at the seat, so
Figures 7.3 and 7.5 are best considered together.
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Figure 7.5 Partial coherency curves betweenh translational
motions at the seat and the head during an AFV
ride. (Resolution = 0.25 Hz, degrees of
freedom = 688)

7.2.4 Discussion

Direct comparisons between the transmissibilities using the
two different methods can be made by comparing
transmissibilities shown in Figure 7.3. Consider the
transmissibilities between x-seat and x-head: they are
approximately of the same shape and magnitude indicating
that, for this axis, most of the motion at the head 1is
Tineariy correlated with seat motion. A completely
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different result emerges from +the transmissibilities
between y-seat and x-head: the large difference between the
two methods suggests that only a small amount of x-head
motion 1is Tlinearly correlated with y-seat motion. The
proportion of head motion not linearly correlated may be
partly due to cross-axis coupling and due to voluntary
movements of the head. Transmissibility curves between
z-seat and x-head indicate that correlation between the
axes is high. From these three comparisons, x-seat and/or
Z-seat axes appear to be the dominant causes of x-axis

motion at the head.

Comparisons between the two methods for y-axis head motion
and x-, y- and z-axis seat motion show that most of the
lateral motion at the head is Tinearly correlated with
y-axis seat motion, so most of the Tateral head motion was

caused by lateral seat motion.

Almost the same reasoning as that for x—axis head motion
can be applied to the transmissibilities between z-axis
head motion and translational seat motions. Vertical
motion at the head is mostliy caused by x-axis and/or z-axis
seat motion. Cross-axis coupling is again seen.

Ordinary coherencies for these data shown 1in Figure 7.4
give an indication of the correlation between seat and head

motion for the various axes. Data in Figure 7.5 provide
further evidence of the coherencies and these data are free
from effects of other axes. An example of the difference

between the ordinary and partial coherencies can be seen by
comparing, say c¢oherencies between vertical head motion
caused by fore-and-aft seat vibration. Ordinary
coherencies show a value of about 0.78 at 1 Hz and
approximately 0.17 at 5 Hz; partial coherencies show the
"better’ approximations and these as 0.50 at 1 Hz and 0.08
at 5 Hz. Therefore, although ordinary coherencies provide
reasonable data for single-input systems (and as a Tfirst
approximation for a multi-input system), partial
coherencies would be regquired for a detailed explanation.
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Consider the three partial coherencies between x-axis head
motion and translational seat motions: x-seat, x-head shows
a large value 1in the 1 Hz region compared with the
coherencies between y-seat, x-head and between z-seat,
x-head. This indicates that the transmissibility curve for
x—seat, x~head in Figure 7.3 near this frequency is mostly
caused by x-axis seat motion. The same logic applies to
z-seat, x-head; the partial ccherency near this freqguency
region for y-seat, x-head 1is comparatively Tlow 1implying
that x-axis head motion is mostly caused by x- and z-axis
seat motion. Though the transmissibility curve for y-seat,
x~-head 1is seen to be approximately the same shape and
magnitude as Zz—-seat, x—head, the partiatl coherency
indicates that virtually no x-axis head motion is caused by

y—axis seat motion.

Comparing the partial coherencies between the various seat
axes and y-axis motion at the head, it is seen that the
only coherent motion is between the y-axis at the seat and
the y-axis at the head, and this 1is only at around 0.5 Hz.
This confirms the 1implication in Figure 7.3 that y-axis

head motion is mostly caused by y-axis seat motion.

Broadly similar curves were seen for the three seat axes
from the transmissibility curves between motion 1in the
translational seat axes and z-axis motion at the head
suggesting that z-axis head motion was caused by motion in
all the seat axes 1in approximately similar proporticons.
The partial coherencies show different information
disclosing that x- and z-axis seat motion caused vertical
head motion whereas y-axis seat motion hardly affected
z-axis head motion. From this, it 1s clear that z-axis
motion at the head was a result of a combination of x- and

z—axis seat motion.

Figure 7.6 shows power spectral densities of the three axes

of head motion after various stages of conditioning, that

is:

i) total head motion,

272



1) motion linearly correlated with vibration in the same
axis at the seat and no conditioning for vibration in

the other axes at the seat,

iii) motion linearly correlated with vibration in the same
axis at the seat after conditioning for vibraticn in

the other two axes at the seat and,

iv) motion not correlated with vibration in any of the
measured seat axes, i.e. remnant motion after

conditioning for all three axes at the seat.

Considering the axes separately, spectra for the
fore-and-aft axis show that noise (uncorrelated data)
dominated the fore-and-aft motion at the head over all the
freguency range except 0.4 Hz to 2 Hz. Over this frequency
range, motion at the head in the fore—and-aft axis showed
that it was l1ikely to have been caused by fore-and-aft seat
vibration' near the 1.5 Hz frequency while 1in the lower
fregquency region, motion 1in the other axes at the seat
(i.e. lateral and vertical) could well have caused motion

in this axis at the head.

Power spectral densities for motion in the lateral axis at
the head show that over the fregquency range 0.4 Hz to 1 Hz,
a high correlation existed with vibration in the 1tateral
axis at the seat. Since the 1linearly correlated and the
conditioned 1l1inearly correlated motion spectra over the
frequency range shown are very similar, this suggests that
neither fore-and-aft nor vertical axis motion at the seat
caused Tlateral axis motion at the head. This s in
agreement with the partial coherency data.

Figure 7.8 shows guantitative data whereas the coherencies
are qualitative and since a similar route was used for
calculating both coherencies and power spectra, similar

conclusions would emerge from these data. Spectra for
motion 1in the vertical axis ohly go to confirm the
previously discussed results - over the frequency range
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0.5 Hz to 3 Hz, vertical motion at the head was caused
mostly by a combination of -fore-and-aft and vertical
vibration at the seat. Once again, it 1is seen that noise

dominates head motion above about 4 Hz.

In these data, it 1is seen that the remnant spectra have
dominated some of the motion at the head. This noise
spectrum is left over after the effect of seat vibration in
the fore-and—-aft, lateral and vertical axes has been
subtracted from head motion. Vibrations in the rotational
axes (roll, pitch and yaw) at the seat were not measured
and these might have had an effect on the remnant spectra.
Ideally, vibration in the rotational axes should be
measured and accounted for in calculating the noise
spectra. Then the noise spectrum would be better
approximation of the uncorrelated vibration; this would
include voluntary movements of +the head caused by the

subject.

So, finally it has been shown that fore-and—-aft and
vertical motion at the head was mostly caused by a
combination of fore-and-aft and vertical vibration at the
seat. Head motion in the lateral axis was caused mostly by

iateral vibration at the seat.

7.3 SEAT AND HEAD VIBRATION MEASUREMENTS IN ONE PLANE

7.3.1 Introduction

The previous section involved the simulitaneous measurement
of translational vibrations at the seat and the head to
establish the possible ’cause and effect’ of vibration at
the two locations. By using the different methods of
analyses, it was found that fore-and-aft and vertical
motion at the head was mostly caused by a combination of
fore-and-aft and vertical vibration at the seat and that,
lateral motion at the seat was mainly responsible for

lateral moticon at the head.

This section takes the topic a step further by considering
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motion of both the seat and the head in two different
planes: the mid-sagittal plane (x-z plane) and the
mid-coronal plane (y-z plane}. Motion 1in the two
translationail axes and the included rotational axis was
measured 1in each plane. Estimates are made of the
proportion of head motion caused by motion in a particular
axis at the seat and the amount of motion at the head that

cannot be accounted for by seat motion.

7.3.2 Apparatus and procedure

Seat and head motion measurements were made of a subject
seated in the gunnher’s seat in an off-road tracked military
Armoured Fighting Vehicle traversing over a rough

cross—-country course. The seat had a compliant padded seat

surface and no backrest. The main gun of the vehicle was
Tocked in a backward pointing position and the subject sat
facing towards the rear of the vehicle. (The relative

positions of the seats within the wvehicle are shown 1in

Figure 7.1 in Section 7.2.2.)

Motion of the head was monitored using an instrumented
bite-bar which the subject gripped in his teeth.
Accelerations were measured using Endevco (type 2265-20)
piezo-resistive transiational accelerometers mounted on the
bite-bar. The total weight of the bite-bar was 81 g. A
SIT-BAR developed by Whitham and Griffin (1977) was
modified and used to monitor vibration at the seat surface.
The modified SIT-BAR had full-bridge strain gauge type
translational accelerometers manufactured by Entran (type
EGAX5). Accelerometers at both the seat and the head were
orientated and Tloccated to measure translational and

rotational accelerations in the required axes of motion.

Acceleration signals from all the accelerometers were
passed through signal conditioning amplifiers and then
recorded on to a portable 7 channel TEAC R-71 data cassette

recorder.

Two runs were made on the cross-country course, each ohe
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lasting &8 minutes 30 seconds. In the first run,
accelerations at the seat and the head were measured in the
mid-sagittal plane, i.e. x-, z- and pitch axes. Motion in
the mid-coronal plane axes (i.e. y-, z- and roll axes) was

recorded during the second run.

The subject was instructed to maintain a normal body
posture and a forward facing head position. He was asked
to avoid voluntary movements of the head and not to
restrain himself against the inside of the vehicle except
in the event of a possible impact between his helmeted head

and the vehicle.
Subjects

A male University worker took part in these measurements.
He was 20 years old, height 1.73 m and weight 60 kg.

Analyses

Data were transferred on to a digital computer via 48
dB/octave anti-aliasing filters set at 25 Hz and sampled at
64 samples per second. Spectral analyses were carried out
with a frequency resolution of 0.25 Hz which gave 508
degrees of freedom. Data up to only 20 Hz are considered,

Data have been analysed using similar methods to those
employed 1in Section 7.2.2 to obtain two different

transmissibilities and coherencies. These are:-

1) Transmissibility using the ’'power spectral density

function method’,

i1) Transmissibility using the ’cross-spectral density

function method’,
iii) Ordinary coherency and,

iv) Partial coherency.
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These variocus terms have been obtained for the mid-sagittal
plane and the mid-coronal plane axes at the seat and the
head.

Four power spectra have also been calculated for each axis
of measurement at the head showing the relative proportions
of correlated and uncorrelated motion at the head. (See
Chapter 4 and Section 7.2.2 for further details.)

7.3.3 Results

Motion in the two planes is considered separately. Resultis
of the different analyses are presented for the
relaticnships between the three seat and the three head

axes in each pliane.

7.3.3.1 Mid-sagittal plane motion

Power spectral density functions of acceleration in the x-,
z— and pftch axes at the seat and the head are shown in
Figure 7.7. Fore—-and-aft and vertical axes at the head
display more motion than at the seat for freguencies below
about 6 Hz, while the reverse is true for higher
freguencies. This demonstrates that the body attenuates
high frequencies. The pitch axis data show that there is a
larger energy content at the head than at the seat for
frequencies greater than 1 Hz. The acceleration magnitudes
for these motions were 1.27 ms'2 r.m.s., 1.36 ms'2 r.m.s.
and 1.78 rads > r.m.s. at the seat and 1.45 ms° r.m.s.,
1.69 ms™® r.m.s. and 5.73 rads ® r.m.s. at the head in the

X-, z- and pitch axes respectively.

Transmissibilities using the two spectral density function
methods between the three seat and the three head axes are
shown 1in Figure 7.8. As the ’cross-spectral density
function method’ takes 1into account only the Tlinearly
correlated proportion of the motion, it is always equal to
or less than that obtained by the ’'power spectral density
function method’. The difference between the curves gives
an indication of the amount of motion at the head that is
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Transmissibility

(ms=2)/(ms~—2)

(ms—2)/{rads-2)

not linearly correlated with the motion in the same axis at
the seat. For example, consider the x—axis seat to x—axis
head transmissibilities: a very large difference 1is seen
showing that cnly a smaill amount of motion 1is linearly
correlated between these two axes. Small differences
between the z-axis seat to z-axis head transmissibilities
suggest that for frequencies below about 5 Hz, most of the

z—-axis head motion is linearly correlated with z-axis seat

motion.
4.0 40
w—head z-head pitch head
3.0k X-geat X-seat 30 | X-seat
2.0 ﬁ? 20 k
ul
1.0 : S0}
~
0.0 < S0
x-head z-head g pitch heagd
5 ok z—-seat z-seat S 20 | z-seat
] S
1.0 10 ¢
. x-head z-head o pitch head
3.0 pitch seat pitch seat © 30 pitch seat
. - |
(!
i =
2.0} ~ 20
T
1.0 wm 10 ;/““MJJHA\\M\\Q
5
O_O 1 -k 1 T \&i O \ )
0 5 10 15 O 5 10 15 20 0 5 10 15 20

Frequency (Hz)

Figure 7.8 Transmissibilities between seat and head motion
in the mid-sagittal plane using the power
(higher curve) and cross—-spectral density
function methods (lower curve). (Resolution =
G.25 Hz, degrees of freedom = 508)

Ordinary and partial coherencies between the various seat
and head axes are presented 1in Figures 7.9 and 7.10

respectively. Generally, partial cocherencies are smallier
than ordinary coherencies, though there may be exceptions;
in all these graphs, partial coherencies are lower. The
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Frequency (Hz)

Figure 7.9 Ordinary coherency curves between motions 1in
the mid-sagittal plane at the seat and the head
during an AFV ride. {Resolution = 0.25 Hz,
degrees of freedom = 508)

partial coherency 1is calculated after the effect of other

seal axes has been subtracted from the motion at the head.

Figures 7.8 and 7.10 are considered together as the partial
coherencies further explain and confirm data obtained from
the transmissibilities. Fore-and-aft motion at the head
below 1 Hz is mostly caused by x-axis seat motion. For
frequencies higher than 2 Hz, the x-axis head motion was
caused more by the z-axis seat motion the x-axis seat
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Figure 7.10 Partial coherency curves between motions in
the mid-sagittal plane at the seat and the
head during an AFVY ride. {Resclution = 0.25
Hz, degrees of freedom = 508)

motion. Pitch axis seat motion caused virtuailly no
fore—-and-aft motion at the head. Most of the vertical
motion at the head was caused by z-axis seat motion below
about 3 Hz, x—axis seat motion having a small effect at
very low frequencies while pitch axis seat motion again had
no effect. Pitch motion at the head was caused mostly by
z-axis seat motion with x~axis and pitch axis seat motion

making no contribution.
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In Figure 7.11 are shown four power spectra of motion for
each axis with differing proportions of correiated and

uncorrelated energy. Consider fore-and-afi motion at the
head, the higher curve is the power spectrum of the total
X—axis head motion. The 1linearly correlated head motion

spectra with no conditioning for motion in other seat axes
are higher than those which have been conditioned as they
contain motion which 1s also correiated with motion 1in
other seat axes. The curve corresponding to conditioned
data shows that below about 1 Hz, some to the x-axis head
motion 1is Tlinearly correlated with x-axis seat motion;
noise (motion uncorrelated with x—-axis, z-axis and/or pitch
seat motion) dominates x-axis head motion above 1 Hz. For
z-axis head motion, a 1large portion of the motion 1is
linearly correlated with z-axis seat motion below about 3
Hz after conditioning for the other two inputs. bata for
pitch motion at the head show that nearly all the motion in
this axis 1is dominated by noise, 1.e. not linearly
correlated with motion in the three mid-sagittal plane axes
at the seat. These confirm the results obtained from

transmissibility and partial coherency data.

7.3.3.2 Mid-coronal plane motion

Six power spectra shown in Figure 7.12 are of acceleration
measured at the head and the seat in the y-, z- and roll
axes. Larger high frequency content is seen for y-axis and
z-axis seat motion than in the corresponding axes at the
head. The acceleration magnitudes for motion in the ¥—, Z—
and roll axes were 1.62 ms > r.m.s., 1.37 ms % r.m.s. and
2.75 rads™® r.m.s. for seat motion and 1.28 ms > r.m.s.,
1.82 ms™® r.m.s. and 3.00 rads™® r.m.s. for head motion.
(The similarity in the acceleration magnitudes and the
power spectra for z-axis seat motion measured in the two

runs shows a high degree of repeatability.)

Transmissibilities between seat and head motion for the
three axes are presented in Figure 7.13. A very large
difference 1is observed between the transmissibilities
calculated using the two spectral density function methods

283"



001 01

(80§ =
‘aue(d tejaLbBes—pLuw
pue 1e8s Jo sallLsusp

TITETrT 7 3

——-n-- T

wopesJdt JOo sasdbap

‘ZH GZ°0 = UOL3In|OS8Y)
aya uL uoLqou peay
tedqoads JdsMod SNOLJUEBEA

LL*L @JnBL

(zy) Aousnboxg
0°1 1°0 00T 01 01 1°0 001 ot 0°1 T°0
frrrTeTT TIQH T =TT | LALILELEL I ! LRI B At "y | LAAL LI B M
¢-01

z-01 g .
o ]
S_ 3
1-0T 4
N ]
o 3
T 4
01 M
zZ % 3
A il

Amm.__.”OCv UoT30W pajeiaaxooufn —

UOTQ0OWm pPo21e1aIIoD \ﬂﬁh.m..wﬁ..m._” pIuoIgqTpuUOo) ——fp——

uoTj3om pIdelallod %HHM@E..HJ_. e

ueT3omw peey Teao]

s 1 ANIDAT

501

.01
. 0T

;01

o1

0t

(zH/7(z-35W))
A3Tsusp TrIjioads Iamod

284



‘GzT0 =

uoLaniosay)

(80¢

'AdY  ue UL

wopeadl Jo saadbBap
1888 8yl

pue peey s, ,J49Uunb Byl ' aur|d [BUCJIOD-PLW Byl

UL sSuoLled®| 8008 JO SdlLljlsusp

001 01

LEJdl08ds J8MOd

gL L ®J4nbBid

(zyg) Aousunbaag

0°1 1°6 00T

01

freerrerT —:—n- LS |

qess8 110X

—._:-—a- 1

el

AL 03 NN I B 1 | ALEALAL

pesay 10X

| ALLARIR N B

I B

(2H/7z(z7-5PRI)) Aa1susp TrIlzDads Izmod

0°1 1°0 0T

0'1

1°

T T [T T

1838 Z

“-.—-—-n L) LA L O S 1

q___.__ T 1

Ili]ll_'l.ll_li_i]

aeas £

il lJJ

—._:-_ T

| e .

m:--- ]

peay %

i LB

ﬂ-..-u ] —:_-—A_d 1

lI]JIleJJJJJ

Ll

peay A

.—:__-_ LI Y

0
z-01

c-0T
z-01
[-0T

T

01

01

701

(2H/7(z-SW}) Aq1suep TeIzDeds I3m0d

285



Transmissibility

(ms~2)/(ms—2)

(ms—z)/(rads‘z)

6.0 60
y-head z-head roll head
5.0 L y-seat v-seat 50 L y-seat
4.0 F 40 F
3.0 } cil?:-so i
&
R — 20 &
2.0 | NG
[N}
10 F
=
0.0 ! T 0 K N
y—head z-head ~ roll head
z—-seat z-geat 20 z—-geat

for y-axis seat vibration to z-axis head motion. The

"power spectral density Tfunction method’ (higher curve)
considers all the motion in the v-axis at the seat and the
z-axis at the head. As z—axis head motion was of much

larger magnitude than y-axis seat motion, a ratio of the

energies results 1in large transmissibility values. The

‘cross—-spectral density function method’ takes into account
onlty the linearly correlated moticn between the z-axis at
thé head and the y-axis at the seat, which (as 1is seen 1in
the coherencies, Figures 7.14 and 7.15) is small and so

produces a lower transmissibility curve.

1.0' M\\/\,\;M\ 10 ¢

0.0 —
y-head z-head ﬁ roll head
3.0 | roll seat roil seat % 30 L roll seat
13
St
2.0 } < 20 ¢
&
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Frequency (Hz)

Figure 7.18 Transmissibilities between seat and head motion
in the mid-coronal plane using the power
(higher curve) and cross—-spectral density
functicn methods {(lower curve), (Resolution =
0.25 Hz, degrees of freedom = 508)



The ordinary and partial coherencies for the three axes are
shown in Figures 7.14 and 7.15 respectively. Lateral head
motion is seen mainly to be caused by y-axis seat motion
for frequencies below about 2 Hz. The high partial (and
ordinary} coherency between z-axis seat and z-axis head
motion suggests that below 5 Hz, most of the vertical
motion at the head was caused by vertical seat motion.
Vertical seat motion had a Tlarger effect on roll head
motion at very Jlow frequencies than the other two seat
axes., These data show that roll axis motion at the seat
had virtually no effect on head motion in the mid-coronal
plane (i.e. lateral, vertical and roll axes).

Power spectra showing various degrees of correlaticn are
presented in Figure 7.16. Lateral axis power spectra show
that below 2 Hz, y-axis head motion 1is mostly correlated
with y—-axis seat motion while at higher frequencies, noise
dominates the motion. Vertical motion at the head is well
correlated with vertical motion at the seat for frequencies
below about 4 Hz before noise dominates the motion. Rol]l
motion spectra show that there is ho correlation between

rol]l axis seat and roll axis head motion,

7.3.4 Discussion

The similtarity 1in the transmissibilities and coherencies
for z—axis seat and z-axis head moticn between the studies
in the two planes shows that the measurements c¢an be

repeated with reasonable accuracy.

In the mid-coronal plane, the three correlated z-axis seat
to z—-axis head power spectra are all high below about 4 Hz,
specifically the conditioned spectrum, This was not seen
to be the case Tor measurements in the mid-sagittal plane
(see Section 7.3.3.1). The total motion spectrum and the
Tinearly correlated spectrum with no conditioning for other
axes are very similar for both sets of measurements. The
conditioned spectrum for z-axis seat to z-axis head motion
in the mid-sagittal piane 1is lower than that 1in the

mid-coronal plane because, 1in the former case one of the
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Figure 7.14 Ordinary coherency curves between motions in
the mid-coronal plane at the set and the head
during an AFV ride, {Resolution = 0.25 Hz,

degrees of freedom = 508)

other seat axes which was monitored and conditioned
affected the z-axis head motion (i.e. the x-axis seat
motionj. So, subtracting the effect of this axis
previously resulted in a lower conditioned spectrum. The
transmissibilities and coherencies showed that neither
y-axis seat nor roll axis seat motion had any appreciable
effect on z-axis head motion, therefore, the power spectrum

remained almost unaffected.
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Figure 7.15 Partial coherency curves between motions 1in
the mid-coronal plane at the seat and the head
during an AFV ride. (Resolution = 0.25 Hz,
degrees of freedom = 508)

The analysis can be taken a step further by considering the
retation between z-axis seat and z-axis head motion for
motion 1in both planes, and considering just the conditioned
and noise power spectira. Since it has been established
that y~, roll nor pitch axis seat motion had much effect on
z—akis head motion, the itwo spectra can be taken as being
"conditioned" {mid-sagittal plane) and "partially
conditioned” (mid-coronal plane). Assuming that the energy
content which is not correlated with x-, y-, roll or pitch
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axis motion at the seat remains constant, the difference
between the two conditicnhed spectra and the two noise
spectra should be the same. By comparing the noise
spectrum for vertical head motion from Figure 7.11
(mid-sagittal plane) and Figure 7.16 (mid-coronal plane),
it is seen that greater levels of noise resulted for the
mid-coronal plane measurements than the mid-sagittal plane
measurements. This might indicate that the noise was, to
some extent correlated with fore-and-aft seat vibration and
to a much lesser extent, with lateral seat vibration. Rol1
and pitch seat vibration may also have had an effect 1in
generating the noise spectra, simultaneous roll and pitch
measures might be required to determine the respective

effects.

The results from acceleration measurements in both planes,
particularly the conditicned power spectra, show the need
to measure, if possible, motion in all the axes at the
seat. In interpreting data, transmissibilities and partial
coherencies can be used to determine the axes of seat
motion that cause head motion in a particular axis. To
provide further evidence, conditiconed power spectra can be

calculated.

7.4 DISCUSSION AND CONCLUSIONS

This section has shown that by using different and more
complex analyses, a deeper and clearer understanding can be
obtained about the transmission of seat vibration to the
head. For dinstance by considering data for translational
seat and head vibration only, transmissibilities obtajned
using the ‘’power spectral density function method’ show
that vibration in all axes at the seat caused motion in alil
the axes at the head. But then reanalysing the data using
the ’cross-spectral density function method’ together with
ordinary coherency, a better and correct understanding was
obtained. These formed the basis to the final conclusions
but the partial coherencies and conditioned spectra were
able to explain the data in more detail thus allowing finer

adjustments to be made to the conclusions.

29



Measurement of translational seat and head vibration data
showed that motion at the head in the fore-and-aft and the
vertical axes was caused mostly by vibration 1in the
fore—-and-aft and vertical axes at the seat. Also that
lateral vibration at the seat had the greatest effect on
lateral head motion, Measurement of seat and head motion
in the mid-sagittal (x-, z- and pitch axes} and the
mid-coronal (y-, z- and roll axes} showed that roll and
pitch vibration at the seat had virtually no effect on head
motion. These also confirmed the results obtained from the

translational seat and head measurements.

This section has explained the misleading resuits that
could be obtained by analysing data for a multi-input
single-output system 1if only superficial analyses are
conducted. Therefore, for a deeper understanding of the

data, further spectral analyses may be required.
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CHAPTER 8

BIODYNAMIC MODELS

8.1 INTRODUCTION

Studies of models to simulate the responses of the human
body to vibration are not a new subject - this is aimost as
old as the study of human response to vibration.
Biodynamic models have ranged from basic single degree of
freedom models {e.g. Coermann, 1962) to complex
anatomically based models (e.g. Belytschko et al., 1976).
Biodynamic models need not be restricted to whole-body
vibration but other factors can also be incorporated such
as the effects of 1impact, blast and pressure icading (von
Gierke, 1964). The development of such models can provide
a deeper understanding into the behaviour of the complex
structure of the human body.

This chapter reviews some of the 1literature available on
biodynamic models. which respond to vibration and includes
possible future modelling approaches.

8.2 A BRIEF LITERATURE REVIEW

8.2.1 Introduction

Attempts have continuously been made to model the
biodynamic response of the human body and some models have
been proposed. The final result from a model could be a
transfer function, transmissibility or mechanical impedance
and these properties are usually considered of a model to
estimate the usefulness and accuracy with which it could
simulate the responses of a human body. Some of the
biodynamic models proposed by other researchers are
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discussed below.

8.2.2 Vertical axis lumped parameter models

Coermann (1962) discussed the simplest form of a model of
the human body as a single degree of freedom system.
Comparisons were made with experimental data obtained for a
seated subject; the single degree of freedom model
demonstrated, as expected, one resonance peak in the
transmission of vibration to the top mass whereas the human
body showed (e.g. Dieckmann, 1857a: Guignard, 1959) two or
more reschance peaks depending on the posture adcpted.
This 1is an over simplificatiocn of the highly complex human
body and is far from the anatomical structure of the body.

The response of a single degree of freedom model was
compared with the transmissibility of a group of subjects
and the response for a single subject in a study by Griffin
et al. {1979). Their results showed that a one degree of
freedom system might have been adequate for modelling the
mean transmissibility for a group of subjects although
there are some subjects who would demonstrate either

greater or smaller transmissibilities than those provided

by the model. Individuals with responses which can be
modelled as a single degree of freedom are rarely
encountered! The response of the same single degree of

freedom model (i.e. natural frequency of 14 Hz and damping
of 0.6 of critical) was compared to that of a single

subject. It was shown that a multi degree of freedom
system (possibly a three degree of freedom system) might be
sufficient to provide a reasonable comparison, Haowever,

this would have been for that subject sitting 1in a
particutar posture with a specific head angle and foot
position, etc. since all these Tfactors (and more) would
alter the seat-to-head transmissibility for the same

subject.
The effect of position and posture was demonstrated by

Frolov (1970) where seat-to-head transmissibilities were
measured for a subject seated 1in three different body
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postures: normal upright, crouched and normal upright with
arms pointing upwards. These are shown in Figure 8.1 with
the corresponding transmissibilities. It was noticed that
different resonance peaks occurred in the transmissibility
curves which cculd be modelled as a stack of single degree
of freedom systems; each unit (that is, mass, spring and
damper) could be ’tuned’ to respond maximally at the

required freguency.

bxleo)

[r(m] _

——
M

2]

fx(w)

>
)
b
‘0
-

)
<y
.
Y]
[a]
—
3
—
=
‘.3‘
":’E ! E
)
~

[
i 7 ()

1 4 4810 70 49 5080100 200 Hz s 4 6 810 20 40 4080190 200 Hiz

e — NYZ2% J—

Figure 8.1 Three lumped parameter models proposed by
Frolovy {(1870) for three different sitting

postures,

The main deficiency with the above models was that the
different single degree of freedom units did not represent
any particutar part of the body. An attempt was made by
Payne and Band (1971) to calculate the responses of a four
degree of freedom model with each single degree of freedom
unit representing a part of the human body, the model
proposed is shown in Figure 8.2. Values for the different
parameters were calculated from experimental data available
on the properties of the different pérts of the human body.
The procedure adopted in evaluating a particular model was
to vary the unknown values (those not available from other
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experimental data) until the response of the model
represented that obtained experimentally. Mechanical
impedance of the model was compared with that obtained from
experiments and though data were not presented graphically
for transmissibilities, good agreement with the model was
reported. {A non-linear model was later developed but

graphical compariscns were not made.)

AN
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!:_"_':E,A—"

Viscera ®_._ F—L-l
3 7

2 X
— %"““@ Spine and Upper Thorax

Lx
;f-@ Buttocks and Pelvic Mass
It

e
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Figure 8.2 A four degree of freedom model of a seated
person propoesed by Pavne and Band (1971).

A multi degree of freedom model of the seated human body
was presented by Mertens (1978), this is shown 1in Figure
8.3 and comprises two models: a single degree of freedom
model and a fTour degree of freedom model. The individual
parameters of the model represent different parts of the
body and vaiues for the mass and spring elements were used
from either anthro-dynamic data or determined by
calculation from the resonance frequencies of the different
body parts. Both transmissibility and impedance were
calculated for the model and these were compared with mean
experimental data from nine subjects for four increased

static accelerations (i.e. +1g, +2g, +3g and +4g).
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Measured and calculated transmissibility data are shown in
Figure 8.4 for the four increasing gravity conditions. The
mcodel simulates the response of the human body with
reasonable accuracy. Though the ’goodness of fit’ might
have been 1improved fTor a specific condition (e.g.
transmissibility with a static acceleration of 1g), the
accuracy with which impedance response and phase data were

simulated might have deteriorated.

The models discussed above have been those with linear
elements and producing Tinear responses. It has been shown
elsewhere (e.g. Payne and Band, 13971) that the mechanical
impedance of the human body might be non-iinear thus
requiring the development of a non-linear model. Such
models have been proposed and the responses compared with
experimental data with varying degrees of success (e.g.
Wittmann and Phillips, 1969; Hopkins, 1970).

A complex multi degree of freedom lumped-parameter model
for the human body shown 1in Figure 8.5 was suggested by
Muksian (1970) and Tlater reported with modifications by
Muksian and Nash (1874). This anatomical representation of
a seated body has both linear and non-tinear (cubic)
elements, an example of this 1is the ballistocardiocgraphic
force exerted by the ’thorax’ element which was modelled

as:
Force F = 0.024 f 1b
where f is given by:

2.5 fi + 75

f = 60 Hz 0= fl = 10
-4, + 40

f = 60 Hz 10 < f@ < 15

f = 1.33 Hz f > 156

where f1 is the freguency of seat motion (i.e. pelvis mass

m, in Figure 8.5). Coulomb friction forces were also
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Model parts

M1 Mass
Kt Spring
C1 Damper

of the legs, resting on the seat

M2 Mass
K2 Spring
Cc2 Damper

of the buttocks

K3 Spring

C3 Damper of the spine from L1 to St

C5 Damper

K7 Spring ,
C7 Damper of the spine from C1 to C7
M4 Mass

K4 Spring
C4 Damper

of the abdominal system

M6 Mass
K& Spring
C6 Damper

of the chest system

K5 Spring } of the spine from Tt to T12

M7 Mass of the head

Figure 8.3 A multi degree of freedom model of an upright
seated person proposed by Mertens (1978).
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Figure 8.4 Comparison of measured (————) and predicted
{- - - -} transmissibilities between vertical
seat and head motion for four static
accelerations using a model proposed by Mertens

(1878).
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included in the model (forces FZ and F3 in Figure 8.5).
The model was only used for sinusoidal displacements of the
seat, It was shown that by using a combination of both
linear and non-linear elements, the model was able to
predict motions of the body at different parts ranging from
the abdomen to the head, general agreement was observed
between responses from the model and those obtained during

experiments with subjects.

Head _!

™

- L Torse my l 1

L R

1
- Thorax—rm, Back m,

. % [%Jm

Fs
.1
L Diaphragm
m

SEAET R

2g L
Abdomen=rrig

g &

z Z
7 L Peivis iy —1 i

Figure 8.5 A multi degree of freedom model of a seated
person proposed by Muksian and Nash (1874).

In a later report (though this was a preliminary
investigation to the above study), Muksian and Nash (1876)
discuss a three degree of freedom model shown in Figure 8.6
to dnclude both frequency-dependent damping coefficients
and linear spring elements. Using linear elements, it was
observed that the model provided good agreement with
experimental transmissibility data between seat and head
motion for up to 6 Hz whereas a non-linear model showed
best results for frequencies from 10 Hz to 30 Hz. For
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these data, the damping coefficients were modelled as:

damping C = 17289 f° u(f, - 10)

1l

o
~ty
P
A
[ ]

where: u(ﬁ1 - 10}

i1

-4
4
o

u(f1 - 10)

mz
EﬂCPI
KPi
Kr3 % [Hces
Z3
! Pelvis
Mz

Tﬁ(ﬂ

Figure 8.8 A 1lumped parameter model of a seated person
using nhon-linear damping elements proposed by
Muksian and Nash (1876).

The above studies have shown that a model with non-linear
responses might be required to accurately predict the

complex behaviour of the human body.

International Standard IS0 7%62 (1987) proposed a linear
four degree of freedom model shown in Figure 8.7. It is
stated that "“there 1is no direct correiation between the
elements of the model and anatomical segments” and the
transmissibility response of the model was determined at

the top mass, m, . The transmissibility data used fTor
comparison were pooled together from many studies with
differing experimental conditions, postures and no

distinction is made between seated and standing subjects.
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The experimental data presented depict an ‘average’
transmissibility for both seated and standing subjects.
The validity and applicability of such a model is in doubt
as has been noticed by Griffin (1990) that "“the
transmissibility of the model is virtually unchanged by the
removal of the 8.24 kg ’head’".
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Figure 8.7 A four degree of freedom model for seated and
standing persons proposed in IS0 7962 (1987).

8.2.3 Multi-axis models

Most of the biodynamic models reporited in the literature
have been concerned with mainly vertical motion at the seat
and vertical moticon at the head. It has been shown
elsewhere ({(e.g. Griffin, 1975: Jchnston, 19739} and in
Chapter 5 of this thesis that appreciable magnitudes of
head motion can occur in other axes at the head than Jjust
the vertical direction. A few attempts have been made to
develop muiti-axis models which not only predict motion at
the head 1in more than one axis but will also respond to
motions in the other axes at the input, for example, at the
seat. This section reviews some of the multi-axis models

reported in the literature and these can generally be
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categorised as either whole-body models or impact models.

A model of both the human body and a seat was proposed by
Wisner et al. (1964), this is shown 1in Figure 8.8. The
"head’, ’'thorax and arms’ and ’pelvis and thighs’® masses
are cohnected by springs and dampers +tc provide the
required vibration characteristics and are also Jjoined
using pivots and 1linkages. These are (presumably) to
include rotational pitch motion of the ’head’ and the
"thorax and arms’ masses, Unfortunately, no data were

presented in that study using the model.

HEAD <
4
CERVICAL SPINE & 3 uh
<[, |
THORAX AND ARMS T
3
Iy
LUMBAR SPINE é Héw

PELVIS AND THIGHS g

BUTTOCKS % 2 Lju
—
SEAT CUSHION E'—_‘—’

T T I

AT TR

Figure 8.8 A multi-axis multi degree of freedom model
proposed by Wisher et al. (1964) for the seat
and the body for a seated person (adapted from
Haack, 1955).

A Tumped-parameter model of a seated person was presented
by Meltzer (1985), this is shown in Figure 8.9, This 1is a
model for whole-body vibration for the mid-sagittal plane.
The model will respond to excitations 1in the fore-and-aft
and the vertical directions and the results provided will
be 1in the fore-and-aft, vertical and pitch axes. No
numerical data were presented from the model.
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Figure 8.9 A mid-sagittal plane model for a seated persocn
proposed by Meltzer (1985).

Melzig-Thiel and Schatte (1985) proposed a model of a
seated person Tor the mid-sagittal plane with the different
elements of the model actually representing various parts
of the human body, this model 1is shown 1in Figure 8,10,
(Some similarities can be seen between the two models 1in
Figure 8.9 and 8.10). The model, which represents a
driver’s posture, was able to simulate the response of a
seated person with reasonable accuracy when mobilities were
calculated. This was the case for separate input vibration
in both the fore-and-aft and vertical axes.
Transmissibilities were calculated between seat vibration
and head motion for both fore-and-aft and vertical seat

vibration. Data obtained from the model showed some
similarities with experimental data for fore-and-aft seat
vibration. The model was able to simulate the biodynamic

response of the head with greater accuracy for vertical
vibration at the seat than for fore-and-aft seat vibration.
Cross transfer functions between x-axis vibration as the
input and head motion 1in the z-axis and for z-axis
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vibration as the input and x-axis motion at the head showed
that the model was not able to simulate the response of the

human body for these cross transfer combinations.
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Figure 8.10 A mid-sagittal plane model for a seated person
proposed by Melzig-Thieil and Schatte (1985),

There 1is some 1literature available on bicdynamic models
which simulate the response of a seated person when exposed
to impact (e.g. Frisch and Cooper, 1978; Huston et al.,
1978; Schneider and Bowman, 1978; Smith and Anderson,
1978). Experimental data on this topic are avaitable from
many sources and, generally, each study on impact models
has obtained 1its ownh experimental data due to its
particular regquirements. The impact has been with subjects
seated on a sled that 1is accelerated to produce a -Gx
acceleration to a required velocity and suddenly bought to
a halt thus producing the requiréd impact conditions.
Impact accelerations have been of the order of 15g
sustained for about 60 msec (Schneider and Bowman, 1978}
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though higher magnitudes have also been used. Measurement
of rotational motion have been made using rate gyroscopes
and these data have normally been supplemented by using
high speed <cinematographic cameras (Ewing and Thomas,
1972). The main components of motion at the head have been
translation and rotation in the mid-sagittal plane:; these
are the motions that have been modelled (e.g. King et al.,

1979). The models, which have 1included highly complex
three-dimensional 54 degree of freedom computer based
models (Huston et al., 1978), have mainly included the head

and neck system.

The biodynamic models mentioned above have not, in general
been ’‘anatomically correct’. Indeed, any biodynamic model
developed will not be ’anatomically correct’ as the only
"model’ that 1is anatomically correct will be the human
body! However, there are varying degrees of anatomical
correcthess. Some of the basic models have considered the
torso and its different constituents (e.g. ribs, vertebral
column, viscera) as a single degree of freedom system.
These have mainly been curve fitting exercises. A
comprehensive model with a high degree of anatomical
correctness of the head-spine system has been developed by
Belytschko et al. (1978) which is shown in Figure 8.11. It
uses separate elements for the different ribs, vertebra and
the head; the inertial properties, stiffness and the
coordinates of each element were based on measurements made
on cadavers, Other elements used 1in the model 1included
spring, beam and hydro-dynamic deformable elements; elastic
properties of these were again based on cadaveric measures.
This model was primarily developed for the simulation of
the response of a pilot during ejection. However, the
medel appears to be so generally developed that there is no
restriction on the vibration applied. Mechanical impedance
has been calculated for the model and comparisons made with
experimental data (Belytschko and Privitzer, 1979). The
model has been abie to simulate the mechanical impedance of
the human body with acceptable accuracy. Unfortunately, no
comparisons have been made with transmissibility measures

of the human body.
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Figure 8.11 A complex anatomical model of the upper body
of a seated person proposed by Belyitschko et
al. (1978).

Full capabilities of some of the models reviewed above have
not been carried out due *to possibly a shortage of

experimental data.

8.3 FUTURE MODELLING APPROACHES

The 1l1umped parameter model included in IS0 7962 (1887) was
based on an average transmissibility curve obtained from a
number of biodynamic studies. The experimental details and
other variables such as seating condition, posture of
subjects and location of measurement on the head were
mostly different for all studies. Data from about 11
different reports were used 1in the "calculation of the
average transmissibility curve (see the reference list in
ISO 7962 {(1887)).

A search was made through the Titerature of the number of
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studies reporting on ’average’ transmissibility curves
obtained from experimental data. In collecting the average
transmissibility curves, the effect of different variables
was hot distinguished (such as posture, effect of backrest,
head angle, vibration magnitude). Data from 37 experiments
were collected (with assistance from Messenger (1990)) and
these individual curves are shown in Figure 8.12. (Some
investigators covered a smaller freguency range than shown
in Figure 8,12, these curves can be seen as ’'falling short’
of the full frequency range.) Studies used 1in the
preparation of these curves were not only greater in number
than those used for the curve included in ISO 7962 (1987)
but includes more recent experimentation such as the data
presented in Chapter 5 of this thesis. Figure 8.12 shows
that a very wide range of transmissibilities can occur
between experiments and, as these are average curves,
individual data would show even greater variability. Mean
and range of transmissibilities shown 1in Figure 8.12 are
included in Figure 8,13. This figure shows that 1in the
calculation of the mean curve, data which varied by as much
as 700% were used from many different studies. If these
curves were to be used for the development of a bicdynamic
model, then it shows the range of responses that could be
accepted from the model. The biodynamic model could be
tuned to mimic the mean transmissibility curve.

It is 1important to know the different parameters that
affect transmissibility and possibly, the effect of these

when developing models of the human body. It has been
shown 1in Chapter 5 that posture, which is just one of the
many variables that influence transmissibility, has

possibly the greatest effect and different postures
(ranging from slouched to erect) can completely dictate the
shape of the transmissibility curve, Experimental data
presented in Chapter 5 concerned with transmission of
translational seat vibration to the heads of seated
subjects show that for transiational input vibration in a
particular axis, the axes in which head motion will occur
can be predicted with reasonable accuracy. Furthermore, an
estimate of the shape of the transmissibility curve can, to
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Figure 8.12 Average seat-to-head transmissibilities for
vertical vibration from 37 studies inveolving a
wide range of postures, seating conditions,
head angles, etc,.

some extent, be predicted although this is highly dependent
on many factors including seating condition, subject
posture, muscie tension and head angle. However, it can be
seen from Sections 5.2 and 5.4 that for fore-and-aft and
vertical vibration at the seat, motion at the head occurred
mainly in the fore-and-aft, vertical and pitch axes, that
is, in the mid-sagittal plane. Recent studies concerned
with the transmission of pitch seat vibration to the head
(Paddan, 1988, 1990) have shown that, again, dominant
motions at the head wererin the mid-sagittal plane. This
suggests that for 1input vibration 1in the mid-sagittal
plane, a biodynamic model for axes in only the mid-sagittal
plane would, as a first step, provide a reasonable
approximation of the response of the human body.
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Figure 8.13 Mean and range of <transmissibilities for
vertical seat and head motion from 37

different studies.

The transmission of lateral vibration at the seat is rather
more complex since the human body 1is not symmetric about
the y-z plane as it was in the mid-sagittal plane. It was
shown in Section 5.3 that for lateral axis seat vibration,
the greatest magnitude of head motion occurred 1in the
Tateral axis with relatively smaller transmissibilities for
motion in the other axes. The whole body and the head/neck
system also moved in the mid-coronal plane (y-z pilane); the
data also showed that significant transmissibilities
occurred for motion in these axes. It was also seen that
transmissibilities for the yaw axis were not negligible,
this is thought to be due to the centre of gravity of the
head being out of line of the main roll meotion of the
head/neck system. Again, a recent study has shown (Paddan,
1989, 1990) that head motion for a seated subject exposed
to roll vibration of the seat occurred mainly in the
Tateral, roll and yaw axes. There 1is no one common plane
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on the body which contains these three axes (i.e. lateral,

roll and vaw axes),

§.4 DISCUSSICN AND CONCLUSIONS

The studies reviewed above have Dbeen concerned with
biodynamic models and the degree to which such models have
been able toc simulate the response of a seated person when
exbosed to vibration. The models discussed dealt with
mainly vertical vibration at the seat. Some models were
able to provide transmissibility curves that were similar
to those cbtained from experiments with subjects, although
possibly all models would need to be tested with different
conditions to determine the suitability and applicabiiity
of the modets. An example of this is the highly complex
model developed by Belytschko et al. (1876) which,
unfortunately, was not fully exploited. There 1is 1in
general a shortage of models which respond to horizontal
vibration and alsoc which determine horizontal motion at the
head. Data presented in a previous section of this thesis
(Chapter B) may prove valuable in developing such models
whereas sufficient experimental data may not be available

for the inclusion of other varijables.

Some models are available that attempt to simulate the
response of the body for standing subjects (e.g. Coermann
et al., 1960; Garg and Ross, 1976), but there are not as
many as those available for ssated subjects. This was
probably due to a shortage of data for standing subjects
and it is hoped that data presented in Chapter 6 might be

used for such studies.

Most of the biodynamic models available have resulted 1in
"mere’ curve it exercises (which itself is no easy feat!}).
The 1importance of anatomically correct models should be
stressed as this would allow a better understanding into
the effects of wvibration on various parts of the body.
This should not, however, preclude the use of simple models
to establish the general response of the beody to vibration.
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS

9.1 INTRODUCTION

This chapter summarises the findings of the experiments
conducted and repcrted in this thesis (Chapters 5, 6 and
7). lLaboratory experiments described in Chapters 5 and &
included the determination of both intra- and
inter-subject variability in the transmission of
whole-body vibration to the head and the effect of
various body postures on transmissibility. Data included
in Chapter 7 are from experiments conducted in field
conditions. Recommendations for further research are
made based on the conclusions from the various

experiments.

8.2 CONCLUSIONS

CONCLUSION 1

Preliminary experiments showed that bite-bar mass
(158 g), bite grip and visual environment (eyes
closed and eyes open) had no significant effects on
the transmission of vertical seat vibration to the
head of a seated subject. The variation that
resulted in seat-to-head transmissibility was of the

order of intra-subject variability.

CONCLUSION 2

Variability in transmissibility between individuals
{(inter-subject variability) was greater than that
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during repeat measures {(intra-subject variability)
for ali axes of motion at the head. This was found
to be the case for the three transliational axes of
input vibration for both seated and standing

subjects.

CONCLUSION 3

When subjects were exposed to fore-and—-aft seat
vibration, head motion occurred principaily in the
mid-sagittal plane (i.e. in the fore~and-aft,
vertical and pitch axes). This was the case for
both ’back-on’ and ’back-off’ postures. Most of the
motion at the head occurred below 10 Hz. One
resonance peak was seen at about 3 Hz in the
transmissibility curves for vertical and pitch axes
of head motion for the subjects sitting in a
"back—-off’ posture. Significantly more motion was
transmitted to the head when the subjects sat in
contact with the backrest (i.e. ’back-on’) and two
transmissibility resonance peaks resulted at about 2
Hz and 8 Hz for motion in the mid-sagittal plane.
Exposure of subjects to fore-and-aft seat vibration
showed that the centre of rotation for pitch axis
head motion moved closer to the mouth as the
frequency of vibration increased. Average data for
31 subjects demonstrated that the centre of rotation
was 11 cm behind the corner of the 1ips for 1 Hz and
5 cm behind the lips for a frequency of 16 Hz.

CONCLUSION 4

Head motion occurred mainly in the lateral axis
during exposure to lateral seat vibration. There
was no one biodynamic plane that contains the four
axes showing greatest transmissibility (i.e. the
fore—-and-aft, lateral, roll and yaw axes). This is
because the body 1is not symmetrical about the
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y-axis. Changes in body posture from ’back-on’ to
"back-off’ had only a small effect on head motion.

CONCLUSION &

Exposure to vertical vibration at the seat resulted
in head motion mostly 1in the mid-sagittal plane.
Significantly greater magnitudes of head motionh were
measured over most of the frequency range (up to 25
Hz) for the subjects seated in a ’back-on’ posture
than in a ’back-off’ posture. An increase 1in the
frequency of maximum transmissibility in the
vertical axis occurred from 4.5 Hz to 6.5 Hz when
the subjects changed their posture from ’back-off’

to 'back-on’.

CONCLUSION 8

Exposure of standing subjects to fore-and-aft floor
vibration showed that head motion occurred mainly in
the mid-sagittal plane. Subjects standing and
holding on to a handrail with a rigid grip resulted
in significantly more head motion than when holding
the handrail with a light grip. Fore-and-aft motion
at the head showed an increase 1in the frequency of
maximum - transmissibility from 0.5 Hz for the
subjects standing with a 1ight grip to 1.2 Hz for
the rigid grip posture. The general shapes of the
transmissibilities for vertical and pitch motion at
the head were similar with the rigid grip posture
displaying twoc peaks at fregquencies of about 2 Hz
and 4.2 Hz.

CONCLUSION 7

During exposure to Tlateral axis floor vibration,
head motion occurred mostly in the lateral axis and -
below about 3 Hz. The effect of foot separation
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when standing and exposed to lateral floor vibration
was to increase head motion over the 1 Hz to 3 Hz
frequency range Tor foot separations of up to 60 cm.
No firm conclusions can be made about the effect of
foot separation on motion in the other axes at the
head but there was a tendency for the feet together
posture to show higher transmissibilities than the
other two foot separations (i.e. 30 cm and 60 cm).
Greater postural stability was offered with 30 cm
and 60 c¢m foot separations than with the feet

together.

CONCLUSION 8

During exposure to vertical floor vibration for
standing subjects, motion at the head occurred
mainly in the mid-sagittal plane.
Transmissibilities for the fore-~and-aft and pitch
axes at the head showed a cross-over region around 4
Hz; the effect of standing in a ’legs bent’ posture
was to increase head motion for frequencies below 4
Hz compared with a ’legs Tlocked’ posture. The
reverse occurred for freguencies above 4 Hz: a 'legs
locked’ posture resulted in the greatest head motion
and least motion occurred when standing in a ’legs
bent’ posture. Both the fore-and-aft and pitch axis
head motions showed a decrease in the resonance
frequency as posture was changed from a 'legs
locked’ to a ’'legs bent’ posture. The cross-over
region was not so well defined for head motion 1in

the vertical axis but occcurred around 3 Hz to 5 Hz.

CONCLUSICN 9

Field measurements of motions 1in the mid-sagittal
plane of the head showed that fore-and-aft motion at
the head was mainly affected by fore—-and-aft seat
vibration for freguencies below about 1 Hz and
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vertical motion at the seat caused most of
fore-and-aft axis head moticn over the 3 Hz to 10 Hz
frequency rahge. Vertical motion at the head was
mostly caused by vertical vibration at the seat; the
effect of fore-and-aft axis seat motion was dominant
only at freguencies below 1 Hz. Seat motion in the
vertical axis was responsibie for pitch axis motion
at the head. Pitch motion at the seat had no effect
on any of the axes of head motion 1in the

mid-sagittal plane.

CONCLUSION 10

Field measurement of seat and head motion in the
mid-coronal plane showed that seat vibration in the
lateral axis mainly caused lateral head motion below
about 3 Hz. Vibrations in the roll axis at the seat
had only a small effect on lateral axis motion at
the head. The effect of Tateral and roll axis seat
vibration was small. Head motion in the roll axis
was influenced mostly by vertical seat vibration.

RECOMMENDATIONS

RECOMMENDATION 1

In the experiments reported above Tfor seated
subjects, only two postures of +the body were
investigated (’back-on’ and ’'back-off’), but these
ware researched in depth. Other postural variations
affect seat-to-head transmissibility which have not
been so well documented should be considered 1in
future experiments. These 1include body postures
ranging from ’slouched’ to ’erect’, and the effect
of seating variations such as the wearing of a
harness (e.g. three, four or five point harness).
When using terms such as ’slouched’ and ’erect’,
some gquantitative measure of posture should be used
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rather than a subjective measure. Such a procedure
would provide a better insight into the variability
in transmissibility between individuals.

RECOMMENDATION 2

Comprehensive data obtained from the above
experiments are mostly original in that they are not
available elsewhere, especially the data dealing
with horizontal seat vibration. Results from the
fore—-and-aft seat vibration study showed the large
effect that a seat backrest has on head motion; such
data could be used to determine the effectiveness of
providing backrests for vehicle operators (although
the effect of the height of backrest may require
further research for the data to be applicable 1in

design purposes).

RECOMMENDATION 3

The frequency ranges used in the experiments
reported in this thesis have been from 0.25 Hz to 16
Hz for horizontal seat vibration and 0.25 Hz to 25
Hz for vertical seat vibration: the frequency ranges
for standing subject experiménts were 0.06 Hz to 10
Hz for horizontal floor vibration and 0.25 Hz to 25
Hz for vertical floor vibration. It was observed
that peculiar phase data resulted for very low
frequencies for some axes of head motion during
horizontal seat vibration. This was thought to be
due to active postural feedback of the body -
inveluntary movement of the body to counteract
motion transmitted to the head. Future experiments
could include the study of the low freguency aspect
of vibration using finer frequency resclutions in
the analyses. The study of postural feedback at Tow
frequencies 1is even more important for standing
subjects as motion transmitted to the head during
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fore—-and-aft and lateral flocor vibration was below 5
Hz and mostly around 1 Hz. This might require the
use of Tow freqguency and jarge displacement
vibrators. For such an investigation, lTong
durations of vibration exposure would be required.
One other aspect of the effect of whole-body
vibration that could also be studied 1is posturail
stability. Fregquencies and magnitudes that cause
loss of balance and the effectiveness of handrails
could form a part of an experiment. Further
investigation and interpretation of phase data could
possibly be encouraged by the use of better

programming algorithms.

RECOMMENDATICN 4

It has been shown elsewhere (e.g. Griffin et al.,
1879; Wilder et al., 1982) that subject gender has
an effect on the transmission of seat vibration to
the head. A large proportion of the studies found
in the literature concerned with biodynamics have
involived only male subjects - this is only one half
of the population. The data presented 1in this
thesis were collected using male subjects. A
similar study could merit investigation using both
male and female subjects to determine the effect of

gender on transmissibility. The effect of other
subject characteristics on transmissibility should
also be researched. However, it must be borne in

mind that obtaining reliable data to determine the
effect of subject characteristics might prove
impracticable since variables such as posture and
muscle tension, which are known to have a large
effect on seat-to-head transmissibility, might be
difficult to maintain constant between subjects,
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RECOMMENDATION 5

Gravity 1is a force vector that will affect ali
translational accejerations measured using
piezo-resistive accelerometers. Rotational
accelerations are not affected by the Earth’'s
gravitatiocnal force. The measurement of horizontail
accelerations (that 1is, those axes which are
perpendicular to the gravity vector) will be most
affected and this is most 1ikely to be the case at
low frequencies where rotational displacements maybe
large. (This might particularly be the case for
experiments involving exposure to rotational motions
of the body.) Future analyses of biodynamic data
should calculate the effect of gravity and then
subtract the proportion due to gravity from the
measured translational motion signal to determine
the true translational signal before the calculation

of transmissibilities, etc.

RECOMMENDATION 6

A successful attempt has been made to calculate
translational motion at different points on the head
using the six axes of motion at one known point on
the head. The procedure was conducted for only one
subject and for only one posture. The procedure can
be repeated for other subjects, postures and axes of
input vibration to determine the different modes of
vibration of the head and be used as a tool for
comparison of data with other reported studies.
Future experiments on biodynamics should, if
possible, measure head motion in all six axes. From
the preliminary data it seems that the motion of the
head is almost as complex as the transmission of
vibration through the body to the head!
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RECOMMENDATION 7

Most of the experiments reported in this thesis for
standing and seated éubjects could be repeated to
obtain transmissibility responses during exposure to
rotational vibration of the seat or the floor.
Although some experiments have been conducted by
other researchers on rotational seat vibration,
further data on this topic would be useful. No
publications were found concerning the transmission
of roll and pitch vibration from the floor to the
heads of standing subjects. The main reason for
this lack of data couid be that equipment for
producing rotational vibrations is hot readily

available.

RECOMMENDATION 8

All the above different methods of analysing
biodynamic data should be used where input vibration

occurs in more than one axis or at more than one

location (e.g. at the seat surface and the
backrest). This 1includes the following methods:
‘power spectral density function method’,
’cross—-spectral density function method’, ordinary

coherencies, partial c¢oherencies and conditioned
spectra. Intermediate spectra can also be
determined; this could 1include the spectra of the
following motions for a three—-in one-out system:

i) total,

1) Tinearly correlated,

iii) subtract effect of input 1,
iv) subtract effect of input 2,

v) subtract effect of inputs 1 and 2, and
vi) neise, that is, subtract effect of inputs t, 2
and 3.
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RECOMMENDATION 8

Future analysis of biodynamic data could include an
investigation of the effect of rotational motion at
the head on the measurement of translational motiocn,
An example of this could be the measurement of
motion in the vertical and pitch axes at the head
where vertical head motion would correlate with
pitch axis motion at the head. (The magnhitude of
vertical head motion would be proportional to the
distance between the point of measurement and the
centre of rotation for pitch axis motion.) Vertical
head motion would also correlate with roll motion at
the head. Another example of this is fore-and-aft
axis head motion which would correlate with motion
in the pitch and vaw axes at the head.

RECOMMENDATION 10

Field data reported in this thesis have involved the
measurement of three axes of vibration at the seat
and three axes at the head. This 1involved the
measurement of only half the active axes at both
locations (though measurements made might have been
of motions in the 1important axes). The uJultimate
task would be to monitor 6 axes of motion at the
head and 6 axes of vibration at the seat. Then
analyses similar to the above for a system involving
six inputs and one output could be used to determine
(amongst other spectra), the remnant motion (noise)
at the head, that is, head motion not correlated
with seat motion in any of the six axes. This could
be further extended to a six-in six~out system to
estimate, for example the noise which would truly be
'noise’ which is not correlated with any axis of
seat motion nor with any axis of head motion other
than the axis containing the 'noise’. This ’'noise’
might be due to voluntary movement of the body,
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active postural control, electronic noise of the

measuring apparatus, etc.

RECOMMENDATION 11

The various spectral methods mentioned above wouild
be well suited for the analysis of field data where
seat motion would normally occur 1in several axes.
However, these methods could well be appliied to
Taboratory based experiments 1involving the use of
combined axis vibration. An example of this is seat
vibration in both the fore-and-aft and vertical axes
(both these axes are in the mid-sagittal plane). If
equipment allowed, motion in a further axis could be
included to simulate motion in a single plane (i.e.
the pitch axis). This method of ’step-by-step’
experimentation has at Teast two uses: (i)
comparisons can be made between transmissibility
data collected in field conditions and laboratory
experiments. (This thesis presents data from both
these environments which could be used for
comparison purposes.)} (ii) Laboratory data presented
in this thesis concerned with singie axis vibration
exposures c¢ould be used to establish whether
biodynamic data such as transmissibility has an
additive effect. That is, to  see if
transmissibilities obtained for singie axis
vibration exposures can be added to predict the
response during combined axis vibration exposures.
bata included in this thesis would be ideal for such

purposes.,
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APPENDIX 1

VIBRATOR RESPONSE EQUALISATION

This appendix explains a procedure for equalising for the

response of a vibrator.

1. Feed a broad-band signal into the vibrator and acquire

the response waveform.

2. Obtain a transfer functicn between the input broad-band

sighal and the vibrator response waveform.

3. Calculate the reciprocal of the transfer function to

get a weighting function.
4. Convert the weighting functicon inteo the time domain.

5. Convolve the broad-band signal from 1 or any other
input time history with the weighting function.

6. Feed the weighted <t€ime history from 5 1into the

vibrator.

The response waveform of the vibrator after using the input
signal from 6 should be the same as the broad-band signal

{or any other time history) used in 5 above.
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APPENDIX 2

THREE-INPUT SINGLE-QUTPUT SYSTEM

This appendix explains the method of calculation of partial
coherencies and correlated conditioned spectra for a three

input one output system.

Analyses for the calculation of the partial coherence
function for a two—1in one-out system have been discussed by
Bendat and Piersol (1880). This analysis for a three-in
one-out system shown in Figure A2.1 1is an extension of the
two-in one-out system involving the repetitive use of some

basic equations.

inputs
X1
output
X2 - H = X4
X3 -

Figure A2.1 A three-in one-out system.

This system can be simplified wusing a decomposition
technique shown in Figure A2.2 for inputs X, and X,

X1 Y1
L
¥2
X9 -
Y3

Figure A2.2 Decomposition of two signals.
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Input X, is decomposed into two parts; Y, which is tinearly
cerrelated with input X, via a linear filter L, and Y,
which is not correlated with X,. The notation used in this
analysis will be that, as Y has been conditioned for input
X, (that which 1is left over from X, after subtracting the

1

effect of X, from xz), it will be written as X, i.e.

.I H
input X, conditioned for input X,

The spectrum of the Tinearly correlated part of input X, is
Gy.vy = ¥ x x zexz (1)
Using notation
zexz = G, (2)

then becomes

2
Gy,y, =17,, G (3)

Gon = Gvpy, + Gyyy,
= Vyp Gap + Gy gy
Rearranging,
Gpow = (1 - 7?2) Gaz (4)

Generalising gives,

11

G, , = (1-7%)a, (5)

The- -partial coherency between input Xy and output X, is

€5 10l
7;4 12 ——= ‘ (6)
) G

33.12 G44.12
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The denominator contains second conditioned spectra which
can be determined by using a second conditioned spectra
form of equation (5), which is

2

(- ?ki.j) Gii.j (7)

ii.jk

Hence,
G = (1 =Y. ) a (8)
33.12 ‘231 33.1

and
G = (1 -7 g (9)
44 .12 *24.1 44 .1

Toc determine the single conditioned coherence function

2 s R
You 40 consider the equation

Y2 = 23.1 (10)

The conditioned cross spectrum 1in the numerator is

determined by considering Fourier transforms
G = X X {(11)

* ' '
where Xz_1 1s a conjugate of Xz_z.

Addition gives (see Figure A2.2)

X, = Y2 + X ' (12)

Y = 12 X (13)

Substituting and rearranging gives
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o, |
X, = X - 12 X (14)

e
x_:x—[ 13 X (15)

Then substitute Tor X; . and X3 1 into eguation {(11),

*

G G
12 13
G = X = X X - X {18)
23.1 2 G11 1 3 G11 1
which gives
G G
_ m 21 13
G23.1 - st G (17)
11
Equation (17) in a generalised form is
G
_ ik kj
Gij.k - Gij G (18)

kk

Anh expression 1is reguired for the humerator 1in eguation
(6), i.e. 63412. This can be easily obtained by using a
similar derivation as that for eqguation (17), which gives

‘ _ _ T24.1 32.1
G34.12 - 634.1 G (19)

_ _ mj.k im.k ‘
Giykm ~ Giix G (20)
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The general form equations (5), (7)), (18) and (20) enable

the partial coherency ¥2412 to be calculated.

Various forms of correlated and conditioned spectra can be
calculated using the above analyses and these are related
by

G44 = Y‘14 44 + y24 1 G44 1
+ 2 G + G
}’34.‘12 44 .12 44 123 (21)
where
G44 = power spectrum of cutput,
?fq qu = proportion of output linearly
corretated with input X,
2 . .
Y4 4 G44 1 = proportion of output Tineariy
correlated with  input X, after
conditioning input X, and output X,
for input Xy
2 . .
You 42 G4442 = proportion of ocutput Tineariy
correlated with input Xy after
conditioning input Xy and output X,
for inputs X, and X,
qu 129 - Power spectrum of proportion of
output xquncorrelated with inputs Xy
X, and X
REFERENCE
Bendat, J.S, and Piersol, A.G. {(1980C) Engineering
applications of correlation and spectral analysis. John

Wiley and Sons.
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APPENDIX 3

INSTRUCTIONS TO SUBJECTS DURING TRANSLATIONAL SEAT VIBRATION

Subjects who took part 1in the intra- and inter-subject
variability studies on the transmission of translaticnal
seat vibration to the head were given a set of written
instructions about the required postures of the body and

position of the head, tegs, arms, etc.

Following is a copy of the instructicns:

INSTRUCTIONS TO SUBJECTS
TRANSLATIONAL VIBRATION, SEATED SUBJECTS

The aim of this experiment is to monitor the motion of the

head during single axis translational seat vibration.

In order to minimise the effect of the other variables, it
is important that you maintain a ’comfortable upright
posture’ throughout the experiment. If you are instructed
to make use of the backrest, then lean but not push against
the backrest. If you are 1instructed to keep off the
backrest, then your back should be approximately 150 mm 1in
front of the backrest. Keep your fTeet and legs together
and your lower legs vertical. Place your hands together in

your lap and avoid meovements of either the arms or legs.

Just pricr to the start of each run, which the experimenter
will indicate, you are to place the bite-bar in your mouth
and adjust your head to a normal upright Tforward facing
position. This position is to be kept during all the runs.
Keep your eyes on the cross onh the opposite wall and avoid
voluntary movements of the head. Ensure that a normal bite

grip is kept on the bite-bar.
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You are fTree to terminate the experiment at any time by

prassing the red STOP button.

Thank you for taking part in this experiment.
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APPENDIX 4

COHERENCIES FOR TRANSLATIONAL SEAT VIBRATION EXPERIMENTS

Ordinary coherencies were calculated for experiments
involving the transmission of translaticnal seat vibration
to the heads of seated subjects. This appendix contains
coherency data for intra- and inter-subject variability
experiments. There were 12 vibrations exposures for the
subject who took part in the intra-subject variability
study. Twelve subjects participated in the inter-subject
variability studies and 31 subjects volunteered for the
centre of rotation for pitch head motion experiment. The

data are included as follows:

Figure Vibration Number of Posture
axis subjects

Ad A X 1 "back-on’
A4, 2 X 1 *back-off’
Ad4.3 X 12 ’back-on’
Ad .4 X 12 "back-off’
Ad4.5 y 1 "back-on’
A4.8 y i ’pack~off’
Ad.7 y 12 "back-on’
Ad.8 y 12 "back-off’
Ad.9 z 1 "back~on’
A4.10 z 1 "back-off’
Ad .11 z 12 ’back-on’
Ad. 12 z 12 *back-off’
Ad.13 X 31 'back-on’
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Coherency
O

Frequency {(Hz)

Figure A4.1 Coherencies for 1 subject 1in a ’back-on’
posture during fore—-and-aft seat motion.
{Resolution = 0.25 Hz, degrees of freedom = 58)

Coherency

0 4 8 1iz2 0 4 8 12 0 4 8 12 16

Frequency (HZ)

Figure A4.2 Coherencies for 1 subject in a ’back-off’
posture during fore—and-aft seat motion,
(Resolution = 0.25 Hz, degrees of freedom = 58)
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Coherency

Frequency {(Hz)

Figure A4.3 Coherencies for 12 subjects in a ’back-on’

Coherency

posture during fore-and—-aft seat motion.
(Resolution = 0.25 Hz, degrees of freedom = 58)
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Frequency (Hz)

Figure A4.4 . Ccocherencies for 12 subjects _in a ’back-off’

posture during fore-and-aft seat motion.
(Resolution = 0.25 Hz, degrees of freedom = 58)
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Coherency
Q

0 4 8 12 0 4 g8 12 0 4 8 12 16
Frequency (Hz)
Figure A4.5 Coherencies for 1| subject in a ’back-on’

posture during lateral seat motion.
(Resolution = 0.25 Hz, degrees of freedom = 58)

Coherency

0 4 8 12 0 4 8 12 0 4 8 12 16

Freguency (Hz)

Figure A4.8 Coherencies for 1 subject 1in a ’back-off’
posture during Tateral seat motion.
(Resolution = 0.25 Hz, degrees of freedom = 58)
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Figure A4.7 Coherencies for 12 subjects in a ’back-on’
' posture during lateral seat motion.
(Resolution = 0.25 Hz, degrees of freedom = 58)

o n
[} I [N (;1'
Gg} L= ",-ti; ‘*
5 L
= A
o fo ‘;'-,'")-._ R A
o . i‘; AL AR A1
“" 3’3&%&“’(. t;'t\: Fi
0.6 ff IR A‘ﬂ "I l '1\.1';;{:’1'{"“
3 i I SR
I Y" 'ﬂ @

!

| wv Y ‘ k 4’

. “%b r ‘ ' J“Ih’}“‘m M\E 1
- oo it O
%% 4 8 12 o 4 hAs 12 0 4 8 12 16

Frequency (Hz)
Figure A4.8 Coherencies for 12 subjects in a ’'back-off’
posture during lateral seat motion.
(Resoclution = 0.25 Hz, degrees of freedom = 58)
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Figure A4.9
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Coherencies for 1 subject 1in a ’'back-on’
nosture during vertical seat motion.
(Resoiution = 0.25 Hz, degrees of freedom = 68)
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Figure A4.10
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Coherencies for 1 subject 1in a ’back-off’
posture during verticail seat motion.
(Resolution = 0.25 Hz, degrees of freedom = 58)
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Figure A4.11 Coherencies for 12 subjects 1in a ’back-on’
posture during vertical seat motion.
(Resolution = 0.25 Hz, degrees of freedom = 58)
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Figure A4.12 Coherencies for 12 subjects 1in a ’back-off’
posture during vertical seat motion.
(Resolution = 0.25 Hz, degrees of freedom = 58)
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Coherency

Frequency (Hz)

Figure A4.13 Coherencies for 31 subjects in a ’back-on’
posture during fore-and-aft seat motion.
(Resolution = 0.25 Hz, degrees of freedom = 58)
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APPENDIX 5

PHYSICAL CHARACTERISTICS OF SUBJECTS TAKING PART IN
TRANSLATIONAL SEAT VIBRATION EXPERIMENTS

Twelve male subjects took part 1in the inter-subject
variability experiments to determine the transmission of
translational seat vibration to the hesad. Their following

physical characteristics were measured:

i) Age: - years

i) Weight: - clothed

ii11) Height: - stature while standing

iv) Hip size: - largest circumference around the hips
v) Lower leg tength: - sitting knee height

vi) Inner leg length: - crotch height

These are shown in Table A5.1.
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Table A5.1 Physical characteristics of subjects who took
part in the inter-subject variability
experiment on head motion during transiational
seat motion.

Subject Age |WeightiHeight!|Hip size|Lower Teg|Total

(yrs}| (kg) (m) (m) length leg

(m) (m)

1 18 62 1.77 0.94 0.59 0.85

2 34 75 1.80 0.96 0.58 0.83

3 27 59 1.65 0.89 0.54 0.76

4 26 &1 1.78 1.05 0.59 0.83

5 27 58 1.73 0.92 0.54 0.77

6 29 79 1.83 1.02 0.61 0.0

7 24 71 1.79 0.99 0.55 0.81

8 23 77 1.81 0.99 0.62 0.83

S 23 79 1.84 1.01 C.57 0.81

10 24 69 .85 1.00 0.58 0.85

11 33 72 1.75 0.98 0.57 0.75

12 25 68 1.90 0.97 0.61 0.88

Minimum 18 £8 1.65 0.89 0.54 0.75

Max imum 34 81 1.81 1.056 0.62 0.83

Mean 26.08y 70.83| 1.80 0.98 0.58 0.83

Standard 4,23 7.57] 0.07 0.04 0.083 0.05
deviation
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Thirty-one subjects of both sexes participated in the study
to determine the centre of rotation of pitch head motion
during exposure to fore-and-aft seat vibration. Their

following physical characteristics were measured:

i) Age: - years

1) Weight: - clothed

i19) Height: - stature while standing

iv) Sitting height: - seat surface to crown of the head

V) Ear-mouth X~ distance: - horizontal distance between
the auditory meatus and the
mouth

vi) Ear-mouth z- distance: - vertical distance between
the auditory meatus and the
mouth

vii) Ear-shoulder distance: - vertical distance between

the auditory meatus and the
shoulder

vertical distance between the

viiti) Ear-pelvis distance:
auditory meatus and the
pelvis

These are shown in Table A5.2 for all the subjects.
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Table A5.2 Physical characteristics of subjects who took
part in a study to determine the centre of
rotation of nead pitch motion during
fore—and-aft seat motion. (Continued)

Subject | Sender | Age | weighs | Herght 1 Sitting far-mouth { Ear-mouth EarjsheJider Ear-pelvis
{yrsl 1 f{xgl {m height | w-distance | z-distance | z-distance -distance

(cm) feni {cmi fom {cmi
1 M 28 5 1,45 M i B 1§ 31
¢ # §2 75 1,78 7 3 4 18 5
i M 0 61 £,83 i1 § § 17 54
4 M 2 50 1,35 LY. g 4 A 44
5 | ¥ 48 1,60 b / 5 1§ 58
6 H 8 3 .33 53 8 ki b &7
I H 10 71 .85 83 | 8 5 i ¥
3 TR T 5 | 1.7 3 7 ! 15 52
g M 17 ¢ .68 il 3 5 14 53
10 i i7 64 1.78 7 8 4 18 58
11 b g9 b5 1,80 17 § 3 17 58
12 ] 30 58 1.73 72 8 4 t4 33
13 4 17 &5 1,81 19 8 4 16 57
14 ¥ Kf §4 1.7¢ 75 7 4 16 55
15 ¥ 13 a4 1.8 83 i 5 16 §6
15 F 53 58 1.1 2 § ¢ 14 B0
17 4 29 61 1,69 T4 g b i5 55
té # 1 21 1,26 50 ] 3 12 37
t8 H i7 3 1,85 75 g 7 15 54
20 7 i Kt £3 1,84 83 g 5 18 B1
21 H 17 60 1,80 78 8 § 17 59
22 H 17 g6 1.92 78 § 3 11 57
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(Continued)

Table A5.2 Physical characteristics of subjects who tock
part in a study tc determine the centre of
rotation of head pitch motion during
fore—-and-aft seat motion.

23 H i 42 1,52 fé 7 1 13 i
28 H 4 163 .23 83 g 5 17 gt
25 4 1% 33 tLAD 75 g 4 17 5
z8 H 3 &7 1,78 " 3 § i1 57
21 M 18 51 1,77 7 4 § 16 6
23 # 16 g5 i, 74 2 i 5 14 52
23 H 41 £3 1,84 72 3 3 t5 54
K i 13 8 1,55 B g § 14 46
kil F 11 3 1,48 64 i ] 14 ¢7
Hinimum 7 ! 1.28 &0 7 3 i kN
Haximun E 103 182 83 3 7 18 82
¥ean 28,000 sa.3E] 17 73.0 : £.51 15.25 52,71
Standard 15,771 16,42 .15 8 .78 1,04 1.78 §.29
deviation
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APPENDIX 6

CALCULATION OF THE SIX-AXIS MOTION OF A RIGID BODY

The aim 1is to calculate the acceleration of a point on a
rigid body in all of the six axes of motion. This can be
achieved by using nine acceleration transducers mounted at
appropriate Tlocations. Figure A8.1 shows the arrangement
of nine accelercmeters which can be used to calculate all
the required accelerations. Four different orthogonal
locations are reqgquired, and the accelerometers must be
orientated so as to measure accelerations in  the

appreopriate axes.

Assume that location 1 is the origin and that locations 2,
3 and 4 are along the x-, y- and z-axes respectively.
Also, that the distance between 1 and 2 is X, the distance
between 1 and 3 is Y, and the distance between 1 and 4 1is
Z. The three rotational accelerations can be calculated
using the translaticnal accelerations (Padgaonkar et al.,

1975):

roll r - AzS B A21 _ Ayf-‘l B Ay‘l
o x 2Y 27
A - A A - A
R x4 x1 z2 z1
pitch, ry = 57 - 5%
aw r _ AyZ - Ayl _ AxB - Ax‘l
yaw, r, = 2X 2Y

At point 1, accelerations are then known 1in all the six

axes cf motion (x-, y~, z—, roll, pitch and vaw).

Now consider a point P on the body such that the
coordinates of point P are (xp, yé, zp). Translational
accelerations at point P are given by the following

equations:
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Figure A6.1

positive direction convention

ry (roil)

pd

X

Locations and orientations
accelerometer arrangement.

359

Z
1

Q ry (yaw)

\ ry (pitch)

Y

of the nine-



Xx-axis, A = A + zr —-yr
284 P

y—-axis, A = A - Zr + %xvr
Py

Z-axis, A = A + Yy r - xr
pz p

where ro ry and r, are rotational accelerations calculated

above.

The nine—-accelerometer arrangement can be simplified to a
six-accelerometer arrangement if rotationail motion of the

body was to occur mainly in one axis (i.e. roll, pitch or

vyaw). The six-accelerometer arrangement is shown in Figure
A5.2 with the different Tccaticons and orientations of the
acceleration transducers. The three rotaticnal

accelerations can be calculated using the following

equations:

Az3 - Az‘l
roll, r = —
A - A
. - _ z2 z1
pitch, ry = —
- . Ax3 - Ax‘i
yaw, r_ = —

Translational accelerations at point P with coordinates
(x , v, zp} can be calculated using the same eguaticns as

P p
given above for the nine-acceierometer arrangement.

REFERENCE

Padgaonkar, A.J., Krieger, K.W. and King, A.I. (1975)
Measurement of angular acceleration of a rigid body using
linear accelerometers. Journal of Applied Mechanics, Volume

42, Series E, Number 3, 552-556.
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Ax3

Figure A6.2 Locatiocns and orientations of the six—
accelerometer arrangement.
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APPENDIX 7

INSTRUCTIONS TO SUBJECTS DURING TRANSLATIONAL FLOOR VIBRATION

Subjects who took part 1in the 1intra- and inter-subject
variability experiments to determine the transmissicon of
translational floor vibration to the head were given a set
of written instructions about the reguired postures of the

body and position of the head, legs, arms, etc.

Following is a copy of the instructicns for horizental floor

vibration:

INSTRUCTIONS TO SUBJECTS

HORIZONTAL VIBRATION, STANDING SUBJECTS

The aim of this experiment 1is to monitor the motion of the
heads of standing persons during whole~body horizontal

vibration.

Vibration of the flcor will be in either the fore-and-aft
axis or the lateral axis. Different postures of the body

will be reguired in each axis.

During fere—and-aft vibration of the floor, there will be

two postures:
i) handrail held rigidly using both hands,
1) handrail held 1lightly and then only to prevent

yvourself from falling.

In both postures, the separation of the feet should be 30 cm
and the horizontal distance between your Teet and the

handrail should be about 30 cm.
During lateral vibration of the floor, there will be three

postures:
i) feet together,
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1) feet 30 cm apart,

i1} feet 680 cm apart.

In these three posture, the handrail can be helid tightly but
only to prevent yourself becoming unstabie. The upper body
should always be the same distance from the handrail, this

being about 60 cm.

It is important that you maintain the required position and
postures throughout the experiment. Keep your feet and legs

in the position shown.

The experimenter will indicate the order 1in which these
postures should be adopted. For all postures keep the upper
part of your body in an upright comfortable posture. For
safety purposes, you may lightly hold on to the handrail.

Just prior to the start of each run, which the experimenter
wiil indicate, you are to place the bite-bar 1in your mouth
and adjust your head tc a normal upright forward facing
position. This position is to be kept during all the runs.
Keep your eyes on the cross on the opposite wall and avoid
voluntary movements of the head. Ensure that a normal bite

grip is kept on the bite-bar.

You are free to terminate the experiment at any time by
pressing the red STOP button. Thank you for taking part 1in

the experiment,
Following 1is a copy of the instructions for vertical floor
vibration:
INSTRUCTIONS TO SUBJECTS
VERTICAL VIBRATION, STANDING SUBJECTS

The aim of this experiment is to monitor the motion of the
heads of standing persons during whole-body vertical

vibration.

363



it is important that you maintain the required position and
postures throughout the experiment. Keep your feet and legs

in the position shown. Three postures will be reguired:

i) "legs locked’,
i1) 'legs uniocked’,
i11) "legs bent’.

The experimenter will indicate the order in which these leg
postures should be adopted. For all leg postures, keep the
uoper part of your bedy in an upright comfcortable posture.
For safety purposes, you may lightly held on to the seat in

front of vyou.

Just prior to the start of each run, which the experimenter
will indicate, you are to place the bite-bar 1in your mouth
and adjust your head to a normal upright forward facing
position. This position is to be kept during all the runs.,
Keep your eyes on the cross on the opposite wall and avoid
voluntary movements of the head. Ensure that a ncormal bite

grip 1is kept on the bite-bar.
You are free to terminate the experiment at any time by

pressing the red S8TOP button. Thank you for taking part in

this experiment.
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APPENDIX 8

COHERENCIES FOR TRANSLATIONAL FLOOR VIBRATION EXPERIMENTS

Ordinary coherencies were calculated for experiments
involving the transmission of transiational floor vibration
to the heads of standing subjects. This appendix contains
ccherency data for dntra- and 1inter-subject variability
experiments. There were twelve vibration exposures for the
subject who participated in the dintra-subject variability
study. Twelve subjects volunteered to take part in the
inter—-subject variability studies. The data are included

as follows:

Figure Vibration Number of Posture

axis subjects
A8 .1 X 1 rigid grip
A8.2 X 12 rigid grip
A8.3 X 12 Tight grip
A8.4 y 1 feet 60 cm apart
A8.5 ¥ 12 feet together
A8.6 Y 12 feet 230 cm apart
A8.7 Y 12 feet 60 cm apart
A8.8 z 1 Tegs locked
A8.9 Z 1 Tegs unlocked
A8.10 z 1 legs bent
A8, 11 z 12 legs locked
AB.12 z 12 legs uniocked
A8.13 z 12 legs bent
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Figure A8.,1 Coherencies for 1 subject 1in a rigid grip

posture during fore—-and-aft floor motion.
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Figure A8.2 Coherencies for 12 subjects in a rigid grip
posture during fore-and-aft floor motion.
(Resolution = 0.06 Hz, degrees of freedom = 58)
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Figure A8.3 Coherencies for 12 subjects in a 1iight grip
posture during fore—and-aft floor motion.
(Resolution = 0.06 Hz, degrees of freedom = 58)
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Figure A8.4 Coherencies for i subject with a foot
separation of 60 c¢cm during Tlateral floor

motion. (Resolution = 0.068 Hz, degrees of
freedom = 58)
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Figure A8.8 Coherencies for 12 subjects with a foot
separation of 30 cm during lateral floor
motion. (Resolution = 0.06 Hz, degrees of
freedom = 58)
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Figure A8.11 Coherencies for 12 subjects in a ’legs locked’
posture during vertical fiocor motion,
{Resolution = 0.25 Hz, degrees of freedom = B8)
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Figure A8.12 Coherencies for 12 subjects in a ’legs

untocked’ posture during vertical floor motion.
(Resolution = 0,25 Hz, degrees of freedom = 58)
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Figure A8.13 Coherencies for 12 subjects in a ’'legs bent’
posture during vertical floar motion.
(Resolution = 0.25 Hz, degrees of freedom = 58)
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APPENDIX 9

PHYSICAL CHARACTERISTICS OF SUBJECTS TAKING PART IN
TRANSLATIONAL FLOOR VIBRATION EXPERIMENTS

Twelve male subjects took part 1in the inter-subject
variability experiments to determine the transmission of
translational floor vibration to the head. Their following

physical characteristics were measured:

i) Age: - years
i1) Weight: - cliothed
iti) Height: - stature while standing

These are shown 1in Table AS.1.
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Table A3.1 Physical characteristics of subjects who took
part in the inter-subject variability
experiment on head motion during transtational
floor vibration.

Subject Age Weight Height
(yrs) (kg) (m)
1 27 87 i.89
2 31 61 1.73
3 28 73 1.84
4 25 82 1.83
5 25 72 1.74
8 29 82 1.92
7 28 689 1.77
8 20 65 1.79
9 27 80 1.84
10 38 76 1.75
11 41 85 1.87
12 22 60 1.74
Minimum 20 60 1.73
Max imum 41 87 1.92
Mean 28,42 74.33 1.81
Standard 5.75 8.82 0.086
deviation
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APPENDIX 10

SPECTRAL ANALYSIS INTERPRETATION

This appendix explains the reliability and interpretation
of the data presented 1in the thesis by comparing two
different procedures for calculating transmissibilities and
the calculation of confidence intervals for two sets of

data with varying values for coherency.

Transfer functions were calculated between seat vibration
and the six axes of head motion for all translational axes
of seat vibration (fore—-and-aft, lateral and vertical) and
for the two sitting postures (’back-on’ and ’back-off’).
The transfer functions are presented in Chapter 5 and the
corresponding ordinary coherencies are included in
Appendix 4. These data can be further interpreted to
estimate the Tlinearity of the human body 1in vibration
transmission and the amount of noise (uncorrelated motion)

in the system.

A1l transfer functions presented 1in Chapter 5 were
calculated wusing the ’cross-gpectral density function
method’; this method takes into account only the Tlinearly
correlated proportion of the output motion with the input
motion. The results are compared with those obtained using
the ’power spectral density function method’ in which case
the total energy present in the output signal is taken into
account. {(Transmissibilities calculated using the "power
spectral density function method’ will always be greater
than or equal to those calculated using the ’'cross-spectral
density function method’.) The difference between the
transmissibilities calculated using the two methods
together with the corresponding coherency provides an
indication of the linearity of the system, noise present in
the system, correlation between input and output motions,
etc. If the coherence value 1is unity, then the two methods
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will give the same results (see Chapter 4 *Analysis of head

motion data’).

Confidence 1intervals can be calculated for a transfer
function to determine the reliability of the data (Bendat
and Piersol, 1980). These can be calculated using the
following procedure for approximately 95% confidence that
the true value (9) lies within the interval:

[®(1 - 2er) £ & < (1 + 2¢er)]
where

9 is the true value of the modulus of the transfer

function, and

&r is normalised random error.

The random error, ¢€r, 1is calculated using the following

equation:
2 1/2
o - H = xy]
Ry 2nd
where
¥ is the coherency between input x and output y, and

xy
n. is the number of degrees of freedom.

d
Two examples of the use of the above methods are
considered: one in which the coherency was high and one 1in
which the coherency was below 0.5 at some freguencies.
Figure A10.1 shows transmissibilities (calculated using
both the ’cross-spectral density function method’ and .the
’power spectral density function method’), 95% confidence
intervals and coherency between vertical seat vibration and
vertical head motion for a subject seated in a ’back-off’
posture (see Section 5.4.3). It is seen that the coherency
was above 0.85 over all the freguency range and also that
the two methods of calculation of transmissibilities gave

almost 1identical results. This 1implies that vertical
motion at the head was almost all linearly correlated with
(and caused by) vertical vibration at the seat. The
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confidence intervals are very ’'tight’ 1indicating the high
degree of relijabiltity of the data.

Figure A10.2 shows a low coherency between vertical seat
vibration and lateral head motion for a subject seated in a
"back-on’ posture {see Section 5.4.4, subject 3).
Differences in transmissibilities calculated using the two
spectral density methods show uncorrelated motion at the
head with seat vibration, this could be due to voiuntary
movements of the body, nonlinearities 1in the system and
signal noise. Even though the c¢oherency was low at some
freguencies and there were appreciable differences between
transmissibilities using the two different methods, the
confidence intervals again show a high degree of
reliability of the data.
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Transmissibilities and coherency between

vertical seat vibration and vertical

motion for a subject seated in a ’back-off’
posture. (Resolution = 0.25 Hz, degrees of

freedom = 58)
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Transmissibilities and coherency between
vertical seat vibration and lateral head
motion for a subject seated in a ’back-on’
posture. (Resolution = 0.25 Hz, degrees of
freedom = 58)
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