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Abgstract

Advances in military and civil aviation have given rise
to the need for additional information on the human responses
to lov frequency styructure borne vibration. The occupants of
certain aircraft may be exposed to whole-body vibration at
frequencies of less than 10 Hz and this is of interest in aviation
medicine since wvibrations of this type may excite human body
vesonances into large amplitude oscillations.  The presence of
vibration becomes of concern when it reaches such intensity as to
disturh the aiveraft itself and in pavticular where it wepresents

a threat to comfort, health and efficiency of aircrew.

The work which is rvepovted in this thesis concerns the
respiratory effects of whole body structure borne vibration in
man. In particular, two major areas have been studied ~ one
concerning the effects of wvibration on pulmonary ventilation and
gaseous exchange, and the other, more specifically, on the effect
of whole body vibration oun netabolic oxygen consumption in man.
The investigations weve carried out at the Royal Air Foxce,
Institute of Aviation Medicine, using a mechanical vibrator which
applied sinusoidal vibration, at frequencies of 2 - 10 Hz and
accelevation amplitudes of up to 1.4 Gz, to the buttocks of a

seated subject.

The resulis of this study have shown that whole body vibration
at cevtain frequencies and swplitudes can induce a mavked increase
in pulmonary ventilation, which is a truwe hyperventilation with
hypocapnia. With exposuxe to vibration at high intensities,
the magnitude of the hypocapnia was sufficient to produce symptoms
in some of the experimental subjects. When the amplitude of

displacement of the wvibration was held constant the greatest




e
Ll
| et

respizatory changes were found at the highest frequencies used
in this study (6, 8 and 10 Hz). With this type of vibration,
the frequencies and intensities which gave vigse to the greatest
degree of hyperventilation and hypocapnia were also those which
caused the greatest degree of discomfort and pain in the thorax
and abdomen of the vibrated subject. The onset of this pain
and discomfort during exposure to constant amplitude vibration
was advanced as a possible explanation for the observed wespirvatory
changes. By contrast, exposure of the subject to vibration at
a constant acceleration induced the greatest respiratory changes
at the lower frequencies studied (2 and 4 Hz) and since these
were not accompanied by pain or discomfort im the subject,
labyrinthine stimulation was tentatively suggested as the

causative mechanism.

The influence of a nunber of factors in wodifying the
regpiratory changes associated with whole body vibration have
been studied. It has been shown that firm restraint of the
subjeet in the vibrating seat and the posture adopted by the
gubject during vibration had no effect on the hyperventilation
and hypocapnia indueced by vibration at various £requencies and
intensities, Only by the application of fixm external support
to the thorax and abdomen of the vibrated subject (by means of
a restrainer suit) were the respiratory changes during vibration

eliminated or greatly weduced.

The practical importance of the finding of hyperventilation
and hypoeapnia in the subject exposed to whole body vibration
have been discussed in terms of the in-flight hazard associated

with this condition,.

The investigations have also shown that whole body vibration
causes a marked increase in oxygen consumption at certain fre-

quencies and intensities., The vesults showed that this was not
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due to the muscular activity rvequinved by the subject to maintain
posture in the face of vibration since changes of similar mag-
nitode were found in conditione where the subject was vestrained
by harness in the vibrating seat and where he was unrestrained
in the seat., High speed cinephotography revealed that during
whole body vibration there was alternate temsing and relaxation
of musculature ~ possibly as a protective mechanism - and it was
believed that this phenomenon could explain the increased metabolic
oxygen consumption observed during whole body vibration. The
practical iwportance of the increased metabolic activity during
vibration has been disecussed in terms of the energy required by
airerew to fly various types of aireraft in a variety of con-

ditions.

The findings of this investigation have advanced knowledge
of the vespiratory and metabolic responses of man to whole body
struciture bovne vibration. The practical implicaticns of the
results of this study hove been discussed in relation to the
possible threat which they wight pose to the comfort, safety and
wellbeing of the pllot requirved to opevate in conditions of in~

£light vibration.
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CHAPTER 1

Introduction

1.1 Vibration and man

The twentieth century stands out as an age of remarkable
technological progress, and dominant in man's achievements is
the development of new and advanced forms of transportation systems.
These systems extend from craft capable of lunar missions to those
which nov take to the depths of the oceans. IHere on earth, less
exotlc but highly sophisticated vehicles transport man over the
ground, on the water and through the air and whether ridden by a
single man or by many, these vehicles pose serious problems in
matching technological progress to the human being which this
technology is intended to serve.

One such problem, vhich is common to all forms of transportation,
concerns the vibrations which are imparted through the vehicle to
the occupants, either as a function of the machinery which powers
the vehiele, or the medium through which or over which it travels.
Whenever mechanical work is done, some of the energy of the process,
before being finally degraded into heat, may be dissipated as wave
motions set up in the system wherein the worl is done. The presence
of mechanical vibration becomes of concern when it reaches such
intensity as to disturb the machine itself, adjacent structures or

human beings operating or using the equipwent. Within the context
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of preventative medicine, vibrations are of interest in so far as
they are a threat to comfort, health or efficiency of wan.
Vibratiom disturbing man at work or in travel have many and varied
sources; they may be experienced in and around propeller-driven
alrexaft, helicopters, alr—cushion vehicles, rail transport and a
wide variety of votating and reciprocating machinery used in industry.

0f particular interesi are the conditions which lead to
whole~body vibration. In this case vibrations produced at source
may be transmitied to a standing man through his feet, to a sitting
man through his buttocks or to a reclining man through his entire
posterior body surface. Other conditions in which vibrations ave
transwitted through selected parts of the body, occur for example,
with the use of hand-held tools or certain types of vibrating
machinexry. A third type of exposure where the whole body or parts
of it are immersed in a medium transmitting vibration oceurs in
commection with high intensity sound ox blast exposure, infrasound
exposure and the use of sonic cleaning devices.

Before digscussing the physiological problems which way
surround the imposition of whole-body vibration on man, it is
first necessary to examine some of the sources and the nature of

vibrations which can occur in transportation systems.

1.2 Sources of whole-body vibration in transportation systems

In the field of transportation there are many sources of

vibration which may be transwitted through structures to the
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occupant of the vehicle, The disturbance which these structure-
borne vibrations cause in man dependson the frequency, and amplitude
of the vibration reaching the body and the length of time for which
it is sustained. In modern forms of transportation, vibrations
of widely varying frequencies may be produced and for the sake of
convenience these are classified into those vibrations which are
infrasonic and those which arve within the range of human hearing
(audible vibrations). TFigure 1.l shows some of the sources of
vibration arising in various forms of transportation systems.
Toxrtunately, structure-borne vibrations at frequencies much above
10ilz are poorly absorxbed and well damped by the human body and so
they are of interest mainly to design engineers rather than to the
physiologist concerned with the cowmfort and safety of the occupants
of the vehicle.

Tn the field of civil and wilitary aviation the problem of
whole~body structure~borne vibration may arise from a nuwber of

different sources and these will be discussed briefly in turn.

1.3 Sources of whole-bedy vibration in aviation

(a) Iimed wing airvcraft

In conventional aircraft using either internal combustion or
jet power, the presence of mechanical vibration which is disturbing

to the crew and passengers is generally subsidiary to the problem
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of noise in the cabin. In certain types of aiveraft, however,
especially those with multiple piston engines, relatively low
frequency components in the engine and propeller can give rise to
troublesome structure-borne vibration at various crew stations.

The frequency of this type of vibration lies approximately within
the rvange 10 to 1000 Hz although at the intensities normally
recorvded during flight, these vibrations are not necesearily
assoclated with specific physiological effects. Continuous heavy
vibration at low sonic frequency may, however, add to the fatiguing
effect of the internal acoustic sound field and may thus interfere
with the ability of airvcrew to carry out their in-flight tasks
efficiently. A serious in-flight hazard may also avise from the
vibration of inetrument panels and transparencies. The sources and
routes of transmission to the crew of aircraft vibration are wany
and varied., Vibrations generated by the passage of the aireraft
through turbulent aivspace, from the aircraft engines, from the jet
efflux, oy during the firing of aireraft mounted armament, may
reach the aircrew through a number of routes. These include
transmission of the vibration through airframe structures to the
alreraft seat and subsequently to the torso, head and neck of the
seated occupant. Alternatively, vibrations may reach the man
through hand or feet operated controls, or through rigid and semi-
rigid components of his personal equipnment (e.g. delivery hose and
oronasal facemask of the oxygen breathing equipment). In all

these circumstances the vibrations transmitted from the source to
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Figure 1.1

Some of the sources of vibration arising

in various forms of transportation systems.
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the man may be attenuated, altered or amplified depending on the
specific characteristics of the aireraft, seating position of the

ocecupant, etc.

(b) Rotary wing aircraft

Helicopters vibrate predominantly at frequencies related to
the speed of the main wotor blades and in addition, harsh vibrations
ewanate from the engine, gearbox, transmission system and tail
rotor blades. As in conventional fixed wing aivcraft these sources
are important in the generation of both internal and external sound
fields, but in votary wing aircraft heavy vibrations in the infra-
gsoniec Ffrequency range (below 10 Hz) and of quite congiderable
acceleration -~ amplitudes way be present as well. TIn some conditions
of £light, vibration in helicopters may approximate fairly closely
to simple harmonic motion (sinusoidal vibrations) while in other
conditions of flight, recordings in more than one geometrical plane
may reveal a composite motion containing both horizontal and vertical
components of vibration. In aircraft of this type, low frequency
structure~borne vibration is liable to occur and is of pariicular
nuisance during transitional phases of flight (e.g. from hovering
mode to straight and level flight). Under these ;:-.ondit:ions9
vibration way seriously interfere with the task of the pilot, at

a time when most exacting flying is demanded of him.
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(c) Supersonic passenger transport aircraft

Recent developments in the field of ecivil transport aviation
have brought problems of wvibration in large passenger carrying
airvcraft designed to operate at high altitude and at speeds greater
than that of sound. Because of their large size and supersonic
configuration, such aircraft may have major modes of structural
vibration at frequencies below 10 Hz, and the amplitudes of trans-
ient vibration may be considerable at the crew stations and in
cexrtain vegions of passenger compartments. One special area of
concern in aircraft of this type velates to the lack of damping
of even moderate vibration disturbances by the ravified air at an
altitude of 60,000 feet. Supersonic transport aivcraft operating
at such altitudes are unlikely to encounter severe turbulence but
even mild vibration excited by a single gust may take the form of
a poorly damped train of oscillations, at a frequency characteristic
of the aircraft and taking several seconds to decay to impevceptibility.
Oscillations of this type may at the least be disturbing to passengers,
and at worst may induce physiological disturbances which could
interfere with the efficiency of airerew flying the aircraft.
Structure borne vibration in the low frequency range may also be

encountered during taxying of aiveraft of this type.

(d) High speed, low level flight

Certain requirements in military aviation have given rise to

the problem of low frequency structure-borne vibration. In order



to avoid radar detection, many tactical and strategic missions of
eurrent military aircraft include the requirement for flight at
altitudes of less than 150 feet at near sonic or supersonic speeds,
and this brings with it the physiological stresses of noise, heat
and vibration to the occupanis of the airvevaft. Since air is a
viscous and resistive medium it offers considemable impedance to
bodies moving through it at even moderate velocities. The
resistive force on the moving aircraft vises steeply with increasing
airveraft velocity and at subsonic speeds is rvelated to the square

of the indicated air speed. At speeds greatev than 400 miles per
hour, penetration of the atwosphere by an aireraft demands an
enormous expenditure of power and under these conditions of £light
there is a strong likelihood of power generated structure-borne
vibration. In addition, at low altitudes thermal and ground
atmospheric turbulence is present move or less continuously, depend-
ing for its magnitude upon the pressure, tempervature and veloecity

of the aixr. Passage of an aircraft through areas of intense
atmospheric turbulence may seriously disturb the £light path due

to random bumps of low frequency, large amplitude and irregular
wave form. The vibration disturbance to the occupant of‘the
airveraft flying in these conditions is proportional to the indicated
air speed, and at high speed £light at low level, the bumps are
encountexed more frequently and move abruptly. The vertical

components of the vibration are generally considered to be the
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most disturbing, but during high-speed £light through turbulence,
aireraft can indulge in unpleasant pitching and yawing movements
in addition to purely vertiéal oscillation. The quasi-vandom
jostling to which the crew ave subjected may make the task of the

pilot and navigator extvemely difficult and tiring under these

cirvcumstances.

(e) Firing of weapons

When powerful weapons, such as machine guns or cannon are
fired from fixed wing oy votary wing aiveraft, a periodic series
of impacts is trausmitted to the aivframe through the gun mountings.
The quality and intensity of the vibration imposed by weapon firing
depends laygely upon the length of the burst of gunfire, and the
relationship between the rate of fiving and the resonant frequencies
of the responding structures. Structural vibration can also be
excited by the expanding gases from gun wmuzzles impinging upon

nearby surfaces of the aivevaft,

L.4 Charxacteristics of vibration exposure

Vibration is conveniently defined as the condition in which a
body undergoes a series of reversals of velocity (Crede, 1957).
This definition, although it does not embrace all conceivable
conditions of wvibration, sexves as a rveminder that several factors
must be considered in any dynamic system. Veloeity implies dig-

placement in finite time and the reversal or change of velocity
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involves acceleration and its derivatives. The displacement and
its derivatives may be translational or angular, as in torsional
vibration; they may be free as in a swing pendulum, or forced,

in which the disturbance is maintained by an external fluctuating
force. In the field of aviation medicine, one is normally
concerned with sustained foreing vibrations and Guignaxd (1960)
suggested a more restricted definition of vibration relating to
human physiology, to the effect that vibration is a sustained,
gtrocture~borne disturbance applying a translatory movemenf to the

body and perceived by the senses other than heaving.

(a) Regular or periodic vibration

The vibration from any particular source bas a characteristic
quality which depends upon the frequency composition of the wave-
form., The simplest possible vibration is a steady to and fro
movement, Like a pendulum or a tuning fork emitting a pure tome.

In simple harmonic motion (SHM) of this type, the shape of the

displacement/time graph is termed sinusoidal, since the motion can
be treated as the projection on the diameter of the locus of a
point moving round a civele with constant angular velocity. An
example of sinusoidal vibration of this type is shown in figure 1.2,
The nature of the vibration is defined by its fvequency and its
amplitude. The frequency is the number of complete cycles of
motion per second (Hz) and the amplitude is thae extent of the

motion from the mid or equilibrium position (the larger the
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amplitude the more intense is the wibration). In physiological
studies of the effects of vibration on man, sinuscidal vibration
is usually applied to the subject and it is customary to use
acceleration—amplitude as a measure of the intensity of the
vibration rather than displacewent amplitude. The acceleration-
amplitude of a sinusoidal vibration {(in G) is obtained from the

displacement (in inches) by the formulas

) R 4% F2A
accelaration = 356

1

where 1 © = force exerted by gravity

A = displacement (inch)

£ = frequency (Hz)
and 386 is the International Standard Acceleration (inchi--pound-
second scale)

In aviation, pure sinusoidal vibration is rarely encountered,
although something appreaching it may oceur at very low frequencies
in airverafi, uwnder the influence of bunting in automatic £ilight
control systems. DMove frequently occurring in aircraft is a
steady state periodic vibration approximating to simple harwonic
motion but often containing several harmonics. Vibration of

this type, known as complex harmonic motion, cannot be defined

in such simple terms as the sinusoidal wave and in determining
its source and assessing its importance it is necessary to
analyse it into simple cowponents. This type of vibration way

be vegarded as the sum of a number of sine~wave vibrations going
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on simultaneously each having its own amplitude, frequency and

phase angle. If the vibration is fairly complex, it is helpful

in visuallsing the results of analyses to plot the amwplitude of

each Fourler component against a scale of frequency -~ the so called
frequency ‘spectrum'. TFigure 1.2 shows exauples of simple

harmonic (sinusoidal vibration) and complex harmonic vibration

with their appropriate 'spectra'. It may be seen that the spectrum
for a pure vine-wave consists of a single line whose position

marks the frequency and whose height indicates the displacement
amplitude. The complex harwonic vibration shown in the illustration
has two spectrum lines but in more complex examples may have

wultiple spectrum lines.

(b) Irrepular ox aperiodic vibration

Qulte commonly, a vibration wave-form recorded in flight will
appear to be completely irvepular and will contain no recognisable
periodicity., It is then said to be aperiodic. This type of
vibration is encountered in aircraft flying through meteorological
turbulence in which the airframe is continually shaken by masses
of moving air, or gusts whose local velocity, momentum and time
of incidence have a random distribution. The harmonic content
of vibrations of this type is great and inconstant and unlike a
sinusoidal wave canmot be described by a simple equation of motion.
In practice, the nmature of such vibrations 4g best assessed

using methods of spectrum analysis. In figure 1.2 an example of
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aperiodic vibration is shown together with the appropriate spectrum.
In a truly random vibration the representation of all frequencies
would be equal over a finite time but in wany real cases (as in the
example shown in figure 1.2) vepresentation is mamimal in the

region of one specific frequency. The main intevest in random,
aperiodic vibration of this type lies in the ability of the
fundamental and harwonic wave motions to excite parts of the body

to vesonate at their inherent natural frequencies. A move detailed
discussion on body resounance phenomena in velation to the effects

of whole~body vibration in man will be given in a later chapter of

this thesis,

(e) Directional modes of whole-body vibration

Whole body wvibration can have three linear snd thyee rotational
degrees of freedom. Linear vibrations ave chavactervised by the
three axes of a recitangular coordinate system and the terminology
commonly used in physiology relates the ccoordinate system to the
human skeleton., Thus, acceleration vibration in the longitudinal
(head to foot) axis is designated by G-zQ acceleration in the forve
and aft (chest to back) axis by Gx and acceleration in the lateral
axis by Gye Rotational accelerations around a centre of votation
are separated into pitch (rotation about the y axis), roll
(rotation about the = axis) and yaw (votation about the z axis).

These wmodes of vibration are illustrated in figure 1.3,
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l&

VERTICAL

Figure 1.3

The linear and rotational modes of whole body

vibration.
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(d) Natuve of vibration used in expervimental studies

It has been shown in previous paragraphs that structure
borne vibration is a problem assoclated with many different forms
of transport systems and in the present context is frequently
encountered in both clvil and wilitary aviation. It has also been
noted that the charactevistic of vibrations which occur in aviation
may be of extvemely complex wave form and may i1each the occupant
of the aixcraft from a number of directions and by vavious routes.
In studying the response of the human subject to vibration of the
type encounterved in aiveraft, two complementary approaches are
generally adopted., The fivst is by observation of subjective
veaction or alteration of a task pevformance under conditions of
vibration ag they actually occur in flight. Such ip~flight
studies ave expensive, occasionally hazardous, and wmay place
restrictions ou the design of experiments and recording of
physiological data and ave in addition, very difficuli to repeat.
This approach is therefore often supplemented by the use of large
vibrating machines (gust—simulators) which reproduce in the
laboxatory gome components of the real wvibratory motion. The
second approach is to examine human vesponse to experiwental
steady~state sinusoidal vibration, applied in one awis of the body
using a variety of sine-wave genevaltors for the purpose. This
latter approach is the oue often used by aviation physiologists

as a First step in vibration studies since it has the advantage
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that the stimulus can be conveniently produced, measured, repeated
and defined in simple numerical tevms of frequency and awplitude,
In the experiments on whole body vibration which have been carrvied
out in this investigation, and which form the basis of this thesis,
the experimental vibration has been applied to the buttocks of the
seated subject by means of a hard platform oscillated in the
vertical plane by an eleetvic motor. The physiological responses
of the subject to whole~body vibration which are wveported in this
thesis vefer, thevefore, only to pure sinusoidal vibratious of
varying frequencices and amplitudes which have been applied to the

body in one divection only (veriical, Gz).

1.5 Human response to whole body vihration

Previous gtudies relating to the human responses to vibration
cover the physioclogical and pathological effects of structure-
borne vibration as well as subjective veactions, cowfort and
performance and the results of many of these investigations have
been veviewed in detall by Guigoard (1965), The physiological
mechanisme underlying wmany of the effects of whole-body vibretion
have not yet been established with any certainty and are at present
the subject of active study.

In the field of aviation medicine, rhere iz consgiderable
interest in the physiological effects of low frequency structure-

borne whole-body wvibration due to the emphasis on high speed
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low~level flight as a tactical requirement in military aviation.

In previous paragraphs it has been stated that flight at high speed
and low level, particularly in conditions of meteorological
turbulence, may induce accelerations in the aircraft which resemble
mechanical noise with superimposed quasi-steady state vibration

due to airframe structural response. To the physiologist, vibrations
produced in airerafi flying in these conditions are of particulaxr
interest since they present with frequencies below about 15 Hz

at which boih human body resonances and major ailrveraft modes arve
excited into laxge amplitude oscillations. Mechanical vibration
at higher frequencles can occur in these circumstances and may
produce physiological disturbance to the occupant of the airecralt
but in the main they are well attenuated by the body itself and by
the adoption of gimple protective measures by airvcerew. Vibrations
at these higher frequencies occurring in £lipght arve of less concern,
therefore, than the wmore commonly produced low frequency structuie-
borne variety.

There have been comparatively few studles on the physiological
disturbances brought about by structure-borne vibration in the low
or infrasonic freguency range, although it is known that they may
affect man in a vaviety of different ways. These disturbances
include effects on the rvespivatory system, intevference with speech,
effects on the control of posture, blurwing of vision, interfevence

with performance of a psychomotor task and body injury due to
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jolting. A nuumber of these physiological disturbances due to
whole~body vibration and the range of f£requencies at which the
disturbances are produced is given diagrammatically in figure l.4.
In the field of aviation medicine, interest is directed primaxily
towards these disturbances dve to whole body vibratlon which may
impair the ability of alverew to caryy out their in-flight tasks
with efficiency. The diagram shown in figure 1.5 summacises some
of the ways in which disturbance due to whole-body vibration may
adversely affect the periovmance of aiversw. It should be noted
that the effects of vibration on the cceupant of the aiveraft may
be compounded with other stresses which arve liable to be encountered
during high speed low~level f£light, for exaumple, accelevation,
nolae, heat and excessive work load.

A detailed study of the literature, has vevealed that there is
a pavticular lack of information concerning the effects of whole-
hody wibwration on the human respiratory svstem. Farly German
research before and during the Second World War suggested that
whole=body vibration could induce manifestations of alarm with
increases in respiratory rate, pulmonary ventilation and metabolic
oxygen consumpiion (MUllex, 19395 C8rmann, 1940; Loeckle, 1940).
The increases in metabolle oxygen uptake during whole-body vibration
at infrasonic frequencies have been studied both in man (Duffner,
Homilton & Schwitz, 1962; Dixon, Stewart, Mills, Varvis & Bates,

1961; Eensting, 1961), and in animals (Carter, Lavgent & Ashe, 1961),
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Figure 1.5 Diagram of some of the ways in which whole

body vibration may affect the performance

of aircrew.
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and in most cases these have been velated to the intensity of the
applied vibration. The same groups of workevs have also measured
pulmonary ventilation in. the human subject exposed to vhole—-body
vibration and have observed a marked increase in ventilation volume,
during the applied vibratory stimulus., One of the mos{ important
vesplratory effects noted by several invegtigators ig that of
hypexrventilation induced by whole-body vibration at low frequencies
with, in sowme casces, marked gymptoms of hypocapnia (Brnsting, 1961;
Hornick, 1961; Dixon et al, 1961 and Duffner ei al, 1962).

Certain other vespirvatory variables, including vital capacity
(Duffner et al, 1962) and pulwonary compliance (Brunsting, 1961)
have been measuved during and following low frequency vibration
applied to the whole body.

In aviation medicine, the respiratory effects of whole-body,
low frequency vibration are noi only of acsademic interest but axe
of extreme practical importance in the comfort, well-being and
safety of airerew opevating in stwessful conditions of high speed,
low~level f£light. Thué, a knowledge of metabolic oxygen con-
sumption and the related metabolic heat outpui of the subject
during all conditions of f£light is essential to the design and
development of aircraft and personal thermal conditioning systems,
which are required to maintain aiycrew in thermal comfort
particulavly in conditions of high speed £light. Similarly, it

is desirable to have a knowledge of the level of pulmonavy
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ventilation in ailvcrew during vavious flight conditions and to
be able to define the conditions of vibration in £light (e.g.
during high speed flight in turbulence) which can induce hyper-
ventilation and hypocapnia in the subject with the attendant
threat to flight safety.

It was considered, therefowe, that it would be of great
practical value to carry out investigations into the effects of
whole~body vibration in the low frequency range (2 - 10 Hz) and
to measure the metabolic oxygen consuiption, gaseous exchange and
pulmonary ventilation in man under these conditions. In the
succeeding chapters of this thesis the resulis of these experiments
are reported and discussed in velation to their significance in

aviation medicine.
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CHAPTER 2

Review of the literature

In the introductory chapter atiention was drawn to the fact
that advances in aviation have given rise to the need for
additional information on the human responses to low frequency
structure-~borne vibration. 1Ii was stated that very few studies
have been carried out on the effects of low frequency vibration
on the human regpirvatory system and that, in pavticular, there is
a paucity of information on the effects of vibration on pulmonary
ventilation and metabolic oxygen consumption in man.

An examinaiion of the literature relating to the human responses
to low frequency whole~body vibration hag shown that previous
investigators have been comncerned with mechanical resonaunce effects
arising in the body in rvespouse to the vibratory stinmulus. The
reports of previous authors point to the sigpificance of such body
resonance in the human responses to low frequency vibration which
include discomfort, degradation of performance and a number of
physiological effecte of varying specifity. There is now strong
evidence to gupport the belief that many of these physiological
digsturbances in men avise directly or indirectly as a result of
diffevential movement oy deformation of particular body structures
as they vresonate at a characteristie fvequency during esposure of

the subject to whole body vibration. In view of thepast and recent
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interest in this aspect of the human response to vibration, the
first part of this review of the literature deals with previous
investigations which have been carried out in the field of body
resonance phenomena.

The second part of the review deals with the work of previous
authors on the vespiratory effects of whole body vibration in man
with particular emphasis on the effects of vibration on pulmonary
ventilation, gaseous exchange and metabolic oxygen consumpiion.
These aspects of whole body vibration form the bulk of the
experimental investigations veported and discussed in this thesis.

It has been stated previously that aiverew f£lying certain
types of fixed wing and rotary wing airvcraft are pavticularly liable
to encounter low frequency structure borne vibration and this may
cause an increase in metabolic energy expenditure at a time when
the work load may be already high. In order to assess the
practical importance of this physiologiecal response, examination
has been made of the litervature relating to the energy expended
by aircrew flying various types of alreraft. TFor convenience,

this veview is inecluded in the last part of thils chapter.

2.1 Body resonapnce phenomena

Resonance affects in the human body as a vesponse to vibration
at low frequencies were first noted by Germwan workers before the

Second World Wax. They obserxved that on excitation along the
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gpinal axis, the human body possesses a dominani mode of vibration
in the frequency wange &4 to 6 Hz which could he elicited either by
steady-state sinusoidal vibration (Miller, 1939) ox by vertical
impact (Weas, 1935). Prior to these investigations, Reiher and
Meister (1931) had carried out a study of the thresholds of
tolevance o lov frequency vibration in a large number of subjects
and had observed that exposure to vibration at freguencies avound
5 and 10 Hz was associated with particular discomfort. Although
these workers made no comment on the significence of this observation,
it is now clear that this effech was most likely due to a resonance
phenonenon In early studies on the human response o vhole-body
vibration, von B8k8ay (1939) reported that he could find no effects
which could be attribuied to vesonance at frequencies of vibration
below about 3 Hz, while C8imann (1240) who gtudied the mechanical
vegponse to low frequency whole-body vibration in a lavge number of
subjects found no resonance charactevistics at frequencies above
15 Hz. In laver investigatlons, Goldman (1948) measured the
tolerance of human subjects to low frequency vibration and noted
that thewe was a pronounced reduction in the threshold of subjective
tolerance with applied vibraﬁionﬁ in the frequency range 4 to 5 Hz,
This effect he attributed to resonance of various parts of the body.
Toeekle (1950) observed s vertical mwode of human hody vibration in

p

the frequency range 6 to 10 Hz which he attyibuted to vesonance

£

of the abdominal viscera in general and to resonance of the liver



mass in particular. In later studies, the bhelief that resonance
effects of the thoraco-abdominal system wmay play a wajor role in
the human response to low frequency vibration was strengthened by
obgervations by Latham (1957) who described sevewe upper obdominal
pain elicited by vibyration at a frequency of 8 Hz and by Magid,
Coermann & Ziegenvuecker (19€0) who noted chest disconfort in their
subjects exposed to whole~body vibration at frequencies between

5 and 9 Huz.

Although a aunber of workers have veported efifects due to
body resonance which have avisen in the couwse of gtudics into
various aspects of the human rvesponses to low frequentcy whole-body
vibration, theve have been cowparatively few investigations aimed
specifically at defining the frequencies of vibration which will
illicit these resonance phenomena. In the maln, two techniques
have been usad by independent groups of workerg Lo carry out more
detailed and specific analysis of body resonance. These techniques
involve measurement either of the transmissibility of the applied
vibratioﬁ through the body, or the measurement of the mechanical
impedance characteristics of the hody iun response o vibration.
With each of these techniques, it i1s posseible to observe and
measuce the response of parts of the body to vibration at various
frequencies and accelevation~amplitudes applied ito the whole body
and to defiune the charactevistic of the vibratory stimulus which
will set up resonance in any pavticular struciture of the body.

The majority of investigators who have studied resonance effaects



in the body in vesponse to vibzration have uvtilised the first of
the iwo alternative experimental techniques - measurement of «
transmisaibility. ‘Transwissibility is defined as the ratio of
the vibration amplitude measured at the part of the body under
consideration to the amplitude of the forcing vibration. If the
motion of the parxt concerned 1s equal in amplitude to the forcing
frequency, resonasnce of the part is absent, and transmissibility
is unity. In conditions of wvesonance, however, the ratio is
greater than vwnity since the input vibration iz amplified in the
structure concernad., In pracitice a numbey of workers have
measured the transmissibility of wibration and observed the cccux—
rence of resonance by means of accelevoweters attached to the part
of the body under investigation (Dieckmann, 1957; Guignard, 1959;
Latham, 1957; Roman et al, 1959), Other workers have studied
resonance in body structures by wmeasurement of iransmissiblility
using cinematographic techniques (Guignard & Yrving, 1959; Roman
et al, 1259) and specifically in the abdominal viscera by means of
radiography (Loeckla, 1944). Measuremwent of transmissibility
has also been used to gstudy resonance effects in the thewaco~
ahdominal system in man by Du Bois, Brody, Lewis & Burgess (1956}
and in animals by Brody, Connolly & Wander (1959) who observed the
response to sinusoidally varying air pressuves applied to the trachea.
An alternative approach to the measurement of body resonance

has been used by a few investigators in this field. The technique
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used by these workers has been the measurement of the mechanical
impedance characteristics of the body in response to applied
vibration. Mechanical impedance is defined as the complex ratio
of the power transmitted to a vibrated system to the vibrationsl
velocity of excitation. If values of mechanical impedance of
whole ox part of the body are plotted graphically against vibration
frequency, resonance of a body sgtructure at any particular frequency
ig observed as a localised maximum value in the curve. ‘This
technique has been used more extensively in situdies of resonance
effects in the skull and other parts of the human skeleton which
are excited by vibiauiona in the higher frequency range L600 to
1800 Hz. It has, bowever, been applied to investigations of
resonance phenowmena during whole-body vibration at infirasonic
frequencies (Dieckmann, 1957; Coermann, Ziegenvuecker, Wititwer &
von Gierke, 1960).

The vesults obtained by various workers in the field of body
resonance phenomena point to the fact that there are certainly two
and possibly three major wodes of resonance in the human body.
There is general agreement amongst investigators that the fivst
mode of body vesonance occurs at a vibration frequency of about
4 to 5 Hz.  Although the existence of this mode of body resonance
is now firmly established, the anatomical basis for the phenomenon
is less well understood. Using a technique of transmissibility

measurement: supplemented by bigh speed cinematography, Guignard &
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Lrving (1359) coucluded thet the first wode of body resonance an
freguencies of about 4 o 5 ¥z was due lawpely to vesonases of the
upper torso and shoulder gilwvdle. Ia thelr work, & graphical plot
of measared tvansmisslbility sgafnst the froeguency of the applicd
vibration showed o maxivun value at § Hz which was wmore prominent
whent recorded at the shoulder than ot the bead, in n later

inves tigation Joermang et al {lu&q) showsad, howaver, that resongnes
at the shouldey gizdle alone was wolb sufficlent to explain the
fivse wode of vhole-body rasonance., Uslng a technique whoreby

the wechanical ifmpadance of tha body was seasuved these workors
dewonstrated a resenance of the thoraco-abdowinal aystenm at a
fraguency of about 4 Hz.,  This observation was later confivmed by
the work of Binsting {1961} in whieh fatra—-abdominal pressuxe wvas
mepasured in the seated subject during vhole-body low frequency
vibration. It is cleaw from theas studies that no siuwple anstonical

anplanation can bs given foy the fivst wode of whole-body vesonance

ab 4 to 5 iz buk it iz possible that this vesponse la dictated by
at loast two resonating eystens ~ the pectoval givdle and thoraco-
abdominel viscora,

Several gvoups of investigators have described a second mode

o

of vesonance in the body durlag applied longitudinal vibeation.
This second woede of resomance which ogeurs in the frequency range
11 to 14 ¥ was first obsarvad by von Bfldsy (1939) and latew by

Dieckuman (1357), Hagid et al (1960) asd Coermanma (1962).  Those
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workers observed maxinum values in their impedance curves at
frequencies between 11 and 14 Uz duving whole-body vibration
studies in man. Goldman (1957) has sugpested that this second
mode of resonance may be assocleted with axial compression of the
body between the tyunk and head during whole-body vibration,
although as yet, no satisfactory explanation for this phenomenon
is possibla. A thind resonance oceurring in the huwan body at
frequencieg of wvibration between 17 and 25 Hz has been described
by Dieckman (1957) and Latham (1957) and this may be due to
vesonance of the head on the trunk with possible axial compression
of the curvical spine.

Although the main interest in body resonance phenomena has
been dirvected towards vibration in the longitudinal (veriical)
divection there have been a few studies on the effects of vibration
appliaé to the human body in more than one plane. Thus it has been
shown that when the seated subject ig vibrated by a fore—and-aft
or sideways movement of the seat, a sheaving force is applied to
the buttocks., A low frequency vesonsnce occurs due to flexion of
the lumbo-dorsal spine, and, in fore-and-aft vibration, ariticulation
at the hip joints. Von B&k&sy (1939) vecordad a lateral bending
wode at 1.6 Hz and wore recently, maximum values in bhowiiontal
seat~to~head transmissibility have been reporvted in the range 1.5
to 2.5 Hz (Dieckmann, L958; Hornick, Boettcher & Simons, 1961).

it is now believed that resonance near 2 Hz is the dominant mode
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in hovizontal vibration of the seated man., The importance of
the human raesponse to vibration applied simultaneously in more
than one axis has been pointed out by Grant (1961). He showed
that in the composite vibration of helicopters the direction and
magnitude of the resultant acceleration are important in deter-—
mining its subjective accopiability. Thus, if a subject is
ezposed to sisultaneous vertical and horizontal (fore-and-afi)
vibrations of equal frequency and amplitude, a civeular moiion of
the seat may be pyoduced by suitable phasing of two vibrations,
and it has been demonstvated that depending oun the direction of
circular motion the subjective vesponses will be characteristic
of those due to either vertical ox hovizontal excitation. In
practice, and of ilmportance in the present context, a coupled wode
related to the transverse resonance chavacteristics of the torso
can be excited at a frequency of 2 Iz applied to the body in a
vertical dirvection. Begbie, Gainford, Wansfield, Stirling &
Walsh (1.963) have recorded vertical vibrations of 3 te 4 Mz and
- lateral oscillations of 0.5 to 1.5 llz at the head in railway
passengers, the dowmilnant resonent system to the body presumably
having amplified particulaw cowponents of the forcing vibration of
the train. It is believed that similar phenomena may occur in
aviation.

0f congiderable interest to the physiologist are the physical

factors, apart from frequency itself, which determine the appearance
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of any particular body resonance. Guignard (1965) has classified
these factors into those which are intrinsic, like body build,
posture and muscular tension, and those which are extrinsic, like
the divection, intensity and site of application of vibration to
the body, the distribution, weight and stiffness of clothing and
equipment carried on the person and dynamic interactions between
the body and the structure through which vibration is applied.
Thus, Guignard & Irving (1960) found that tensing the pectoral
‘musculature modified the wesonance at a frequency of 5 Hz, which
occurred with whole~body vibration and had the effect of increasing
both the stiffness and damping of the system, Edwards (1950) and
Coermann (1962) showed that changes in posture could markedly
influence the transmission of vibration through the body. Among
the extrinsic factors which wodify resonance in the body, one of
the wost important is the direction of application of vibration,
and certainly the intensity or force of the applied vibration has
a marked effect. Thus, Coermann (1962) found that the trans-
missibility of the body at vesonant frequencies was reduced at
acceleration—amplitudes greater than about 0.5 G, an effect
attributed (Guignard & Irvving, 1960) to involuntary muscular tensing.
A similar reduction of the seat~to~head transmissibility with
increasing forced acceleration from 0.2 to 0.4 G was reported

by Hoxnick et al (1961). Other extrinsic factors like stiffening

of the body by means of bindings or semi~vigid £lying clothing may



modify the response to whole-body vibration by augmenting body
resonance (Coermann, 1962). It is clear from a review of the
literature velating to the human wvesponse to whole~body wvibration,
that many investigators have failed to appreciate the significance
of intrinsic and extrinsic factors which can modify body resonance
effects and in turn the physiological response to the foreing
vibration.

In the present context, great interest surrvounds the resonance
characteristics of the human chest-~lung and abdominal system since
this may play a majoxr part in the respirvatory effects of whole-body
low frequency vibr&ﬁien. In a previous paragraph it was stated
that Coermann ei al (1960) using mechanical impedance methods
demons trated resonance of the human thoraco-abdominal system at a
frequency of about 4 Hz, It was also stated that a similar
observation had been reported by Erxnsting (1961) during experiments
in which seated subjects were exposed to whole~body vibrations at
infrasonic frequencies. This latter author measured the intra-
abdominal pressure during whole-body vibration and noted that
maximum amplitude of oscillation occurred at frequencies of vibration
between 3 and 5 Hz. In their studies, Du Bois, Brody, Lewis &
Burgess (1956) connected a small sinusoidal pump with a constant
stroke volume directly to a mouthpiece placed between the lips of
a relaxed subject. They determined the relationship between the

mouth pressure and gas flow into and out of the mouth at various



pump frequencies and recorded movements of the chest wall and
abdeuen. The overall preassure and flow changes thus weasured
were in phase at a frequency of 5.8 Hz indicating at least one
rasonange of the chest~lung system at this frequency. Using
similar methods in aniwals i€ has been shown that in the dog, the
natural vesonant frequency of the chest-lung system is 5.4 Ha
(Hull & Long, 1901) and in the cat 9 - 10 Hz (Brody, Du Bois,
Nissell & Englebevg, 1956). In an extension of these aniumal
studles Brodie, Connolly & Wander (1959) examined the contribuiion
made by various viscera &0 the resonant frequency of the ovevall
thoraco~abdominal systom in the cat. By surgicel venoval of
various viscera they demonstrated that the sbdowinal wall and the
liver exert a wmajor influence on the resonant characteristies of
the whole system. Using radiographic techniquas, Nickevson &
Cocrmann (1962) showed that in the dog the abdomipnal viscera and
thorax wesonate as o single mess av o frequency of between 3 and
9 Hae

Hsing a vaviety of eleectvical analogue deviecez Shephard
(1966) and Clements, Shavp, Johnson & Blam (1959) invastigated
the parts played by various components of the raspivatory sysbenm
in the overall resonance behaviour of the chest-lung system.
foth groups of workers demonstrated that the uppey respiratorvy
traet plays a majoy éal& in this vespect. Using a more covplexn

electrical analogue model o simulate parallel branches in the
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respivatory broanchial tree, Van den Berg (1960) showed that

various components of the vespiratory tract have their own

characteristic resonant frequency and suggested that the vesonant

frequency of the whole wvespiratory system may be compounded from

the interaction of resonance properties in the individual components.
Although the exact resonance behaviour of the human chest~lung

system is not yet cleaxr, it is now believed that resonance phenomena

may be responsible for some of the resplratory effects of low~

frequency whole-body vibration. Indeed, Coermann et al (1960)

describe the thoraco~abdominal system as one of the most important

systems affecting the resonant propertiecs of the human body and

the physiological responses of the subject to low frequency whole~

body vibration.

2.2 Respiratory effects of whole-body vibration

(a) Pulmonary ventilation

There have been very few studies on the resplratory effects
of low frequency whole-body vibration. Early German workers
(Millex, 1939; COrmann, 1940 and Loeckle 1940) veported that
subjects exposed to vibration showed an increase in respivatory
rate, pulmonary ventilation and metabolic oxygen consumption.
These respiratory effects were attributed to a raised metabolic
activity due to muscular effort on the part of the subject in

order to maintain his posture in the face of the vibratory stimmlus,
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This explanation was re~inforced by the finding that the increases
in the respiratory indices were nuch greater when the subjects
were sianding up, then when they were seated during low frequency
vibration.

The idea that passive movement of the body, particularly of
the limbs might stimulate pulmonary ventilation was first imtroduced
by Geppert & Zuntz (1888) and later 'restudied by Bahnson, Horvath
& Comroe (1949). These latter authors showed that passive move~
ment of the legs on motor—-driven pedals was accompanied by a
marked imcrease in metabolic oxygen consumption and a covresponding
increase in pulwmonary ventilation. In a later study, Dixon,
Stewart, Mills, Varvis and Bates (1961) investigated the vespiratory
effects of passive movement of the body using a commercially made
domestic exercising machine whieh applied rhythwical movemente at

frequencies of 0.5 to 0.8 Hz to the buttocks, avms and legs of
the seated subject. They showed that certain types of passive
movement of the body cavsed a balanced increase both in pulmonary
ventilation and metabolic oxygen consumption in the experimental
subjects, while certain other types of movemeni caused an increase
in pulmonary ventilation which was in excess of the metabolie
requirements of the body. The passive vibratory movement which
caused hyperventilation (and in a few subjects symptoms of hypo-—
capnig) was that applied to the buttocks of the subject in a

nearly vertical mode, although it was found that passive flexion



and extension of the arms and to and fro movement of the upper
torso could augment the observed respiratory effects. The
authors were unable to explain the mechanism of production of
hyperventilation and hypocapnia during neax~vertical whole-body
vibraiion although they considered it possible that labyrinthine
reflexes might be involved. They also believed that this
mechanism might explain the hyperventilation in pilots flying at
high speed and low level thyough turbulence, previously reported
by Balke, Wells & Clark (1957).

In the course of experiments to determine the transmission
of vibration through the human body at frequencies between 1,7
and 9.5 Hz, CGuignard & Irving (1960) noted that some of their
gubjects complained of lightheadedness, pevipheral paraesthesia
and other symptoms of hypocapnia which suggested that the form of
whole~body vibration used in their experiments might induce
hyperventilation. Since at that time, advances in wmilitary
aviation required the occupants of certain aivcraft to fly at
high speed and low altitudes it was feaved that exposure to
structure~borne vibration at frequenecies of less than 10 lz
under these circumstances might induce dangerous hyperventilation
and hypocapnia in aircrew. In order to investigate this problem,
therefore, Ernsting (1961) examined the resplratory effects of
vertical sinusoidal vibration applied to the buttocks of a

seated subject over the frequency rvange 1.7 te 2,5 Hz and at

36,
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accelevation amplitudes of up to + 1G. He demonsirated in his
siudy that there was a significant increase in pulmonary ventilation
at foreing accelerations which exeeeded 0.5 G at a frequency of

9.5 Uz. A disproportionately large incraase in pulwmonary
ventilation when related to the increase in ozxygen uptake, together
with an increase in the vespivatory exchange ratio was adduced as
evidence of hyperventilation., TIn some of his gubjects Ernsting
also recovded an arterial carbon dioxide partial pressure of less
than 25 mm Hg after only 2 winutes of wvibration at about 16
accelervation~amplitude and at a frequency of 9.5 Hz. These subjects
reported mavked symptoms of hypocapnia. In seeking a cause for

the hyperventilation found during low frequency vibration in these
experiments, Binsting examined the possibility that a contvibutoxy
factor might be the superimposition of ogcillations upon the
respirvatory flow at the foreing frequency. IHe pointed out, however,
that the magnitude of the passive mechanical effect (which was
greatest at 3 ~ 4 Hz) was considerably swaller, in terms of volume
veciprocation, than the anatomical dead-space and he considered

that the contribution by these oscillations to the production of
hyperventilation would be minor, except perhaps at whole~body
resonance. Brasting did note, however, that vibration which was
sufficiently severe to cause a significant increase in pulmonary
ventilation at the higher vange of frequencies studied, also caused

discomfort in his subjects and he believed that the observed
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hyperventilation might be explained by the stress of physiecal
discomfort added to the metabolic demands of postural muscle
activity during whole-body vibration. Parvadoxically, it was
found that during vibration at a constant acceleration-amplitude
of + 0.25 G, the increase in pulmonary ventilation was greatest
at the lowest frequency studied (1.7 Hz). This frequency is
below that of any known mechanical vesonance of the respiratory
system, and vibration exposure was not associated with any dig-
comfort on the part of the experimental subject. The changes in
pulmonary ventilation which occurred duving vibration of this
type was, therefove, tentatively attributed to labywrinthine
stimulation - an explanation which was also advanced by Dixon et
al (196L) for the hyperventilation and hypocapnia obsexved during
their whole~body vibration studies.

In an attempt to define some of the human responges to whole-
body vibration of the type likely to be encountered in aviation,
Duffner, Hamilton & Schmitz (1962) carried out an investigation
into the respiratory effects of low frequency vibraition. They
exposed thelr subjeets to vibration at constant accelevation=-
amplitudes of + 0,15 and + 0.35 G and frequencies of 2 to 7 Hz
for a period of about four minutes, They observed a marked
inerease in pulmonary ventilation at the start of vibration at
all frequencies, which gradually returned towards resting levels

near the end of the vibration period. The changes in ventilation
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which occurred at an acceleration—-amplitude of *+ 0.35 G wexe
greater than those which cccurred at an accelevation-amplitude
of + 0,15 € and quite marked hyperventilation was found at
fraquencles of vibration of 4 -~ 5 Hz, Since the longitudinal
vesonant frequency of the human body lies in this wange, the
authors suggested that oscillation of the thovaco-abdominal viscera
with stimulation of deformation veceptors including those in lung
tissue, might be responsible for initiating a veflex hyper—
ventilation during whole~body vibration.

Hoover & Ashe (1962) pointed out that previous workers had
studied the respiratory effects of whole-body vibration in man
during relatively short term exposures lasting 3 to 5 winutes.
They investigated the effects of vibration at accelevation-
amplitudes from 4 0.3 to + 2.9 G over the frequency rvange 2 to
15 iz with ezxposures lasting twenty minutes, and found a very
marked increase in pulwmonary ventilation at forcing frequencies
of 6, 8, 11 and 15 #Hz, In thelr study the increase in pulwonsry
ventilation at these frequencies of vibration was brought about
almost entirely by an increase in tidal volume. Although no
measurements were made of end—itidal or arvterial cavbon dioxide
partial pressures, the authors belleved that the increased
pulmonary ventilation at the bigher vrange of vibration frequencies
studied was true hyperventilation since on cessation of the

vibration stimulus valuves of minute volume ventilation, respirvatory



rate and tidal volume fell o below those obtained during the

period of vest prior to vibration - a phenomenon which is often

seen during rvecovery from expevimental hyperventilation. No
explanation, however, was offered by the authors for the respiratory
changes obgerved during the vibration period.

Thera is now strong evidence that whole-body vibration at
certain acceleration—amplitudes and frequencies can cause a marked
increase in pulmonary ventilation and, in gome cases, hyperventilation
and hypoecapnia. The exact wechanism causing the hyperventilation
ig, however, laess eleav. Lawb & Tenney (L966) carried out a
series of ewperiments in ordey to try and elucidate the mechanisms
invelved in the production of hyperventilation during whole-body
vibration. They studied the effectn of vibration applied to
supine subjects by means of wmotor—driven foot pedals. The frequency
of the applied vibration in their experiments was 6.6 Hz and the
aceceleration~amplitude of the vibration as measured by means of
accelerometers applied to the thorax, was + 0.9 G. The
ventilatory wesponse of the subject exposed to the vibratory
stimulus was vapid in ounset, highly veproducible and persistent.

By the first or second byeath after the start of vibration tidal
volume and respiratory frequency increased and the end—-tidal
carbon dioxide partial pressure began to fall, reaching a new
steady value within about 60 - 120 seconds., By the end of a

sixn winute period of vibration the end-tidal partial pressure of
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carbon dioxide had fallen by as much as 13 me Hg in some of the
experimental subjects, indicating that the vibration had induced
a severe degree of hyperventilation and hypocapnia. The authors
noted that there was a direet velationship between the magnitude
of the applied vibratory stimulus and the magnitude of the
ventilatory response.

In an attempt to discover the mechanism involved in the
production of hypexrventilation during whole~body vibration Lanb &
Tenney cavried out an additional series of experiments. In this
study vibration was applied directly to the lowexr liwbs of the
gubject but failed o exclte hyperventilation although there was
an increase in minute volume ventilation which was proportional
to the slight increase in metabolic oxygen consumption. Vhen
vibration (at a frequency of 6 Hz) was applied to the abdowen alone,
by means of cyclical inflation of the bladder of a standawd United
States Air Force antigrvavity suli no hyperventilation wasg seen,
This evidence, together with the fact that rigid abdominal binders
applied to the thorax and abdomen failed to weduce the ventilatory
response during the vhole-body vibration experiments, led the
authors to suppose that the respiratory responges could not be
mediated through specific mechanoreceptors sited in the abdominal
and thoracic viscera. In order Co test an alternative possibility
that stimulation of the semicircular canals during whole-~body

vibration might be responsible for the observed wespiratory changes,
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Lanb and Tenuey applied local antevior-posterior vibration move-
ments directly onto the head (which was encased in an American
football type protective helmet). With locally applied vibrations
of this type {(at a frequency of 6 Hz) they were able to reproduce
a range of nodding head movements gimilar to those obsenved
during their whole-body vibration experiments. In spite of
vigorous head wovement at this frequency of vibration there was,
however, no hyperventilation observed in the expevimental subject
and the authors concluded that stinulation of the semicircular
canals could not be the prime cause of thehyperventilation seen
during whole-body vibration. As in previous studies, the work
of Lamb & Tenney (1966) failed to demonstrate a specific anatomleal
site for the reception of the stimulus to ventilation during whole-
body vibration., Thelr experiments, however, confirmed the mavked
hyperveniilation and hypocapnia found during whole-body vibration
at certain frequencies and accelerations—amplitudes and the authors
suggested that this ventilatory rvesponse somchow depended upon the
vhole experience of vibration applied to the body.

Alvhough very litile is known gbout the causative mechanism,
the significance of hyperventilation during whole-body vibration

lies in its effect wpon penformance and in its possible synergism
with other forms of environmental stress in aviation. Part of
the work reported in this thesis, thevefore, has been caxried out

in order to define the natuve and magnitude of the respiratory
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changes which occuy with the application of whole~body vibration
and also to provide additional information in this field which might
contribute to the safety, comfort and wellbeing of aircrew exposed

to low frequency structure-borne vibration in flight.

(b) DMetabolic oxygen consumpiion

In the introductory chapter attention was drawn to the paucity
of information concerning metabolic oxygen consumption in the
subject exposed to whole-body low frequency vibration., It was
stated that such knowledge iz essential to the design of aircraft
and personal thermal conditioning systems for aircrew operating in
conditions of high speed, low level flight through turbulence where
thermal stress is alveady a problem.

In early investigations into the respiratory effects of whole-
body vibration, Gexman workers noted that there was an increase in
metabolic oxygen consumption which they believed was due to the
added muscular effort required to maintain posture in the face of
the vibratory stimulus. The magnitude of the increase in metabolic
oxygen consumption and the nature of the vibratory stimulus causing
the effect was not, however, clearly defined in these early reporte
(Millex, 1939; CHrmanm, 1940 and Loeckle, 1940). In his work
on the respiratory effects of low frequency whole~body vibration,
Frnsting (1961) measured the metabolic oxygen consumption and
carbon dioxide output in the subject exposed to vibration for

periods of up to five minutes. He observed that there was a
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significant increase in metabolic ozmygen consumption when the
forcing frequency of vibration was 9.5 Hz and the acceleration-
amplitude was greater than + 0.5 G, The metabolic oxygen uptake
of the subject increased from a mean value of 0.346 LNTP)/min at

rvast to a value of 0.557 L(NTP)/min during the peviod of whole-

body vibration. 'The author suggested that this inerease in

46,

metabolic oxygen consunption might be due to the incveased muscular

work required ©o maintain posture during the violent shaking which

occurred in these civcumstances. A similar explanation for an
increase in metabolic oxygen consumption was advanced by Duffner,
Hamilton & Schmitz (1962) who obsexved this phenomenon during
exposure of thelr subjects to whole-body vibration at frequencies
of 2 ~ 7 Bz and at two levels of peak acceleration—awplitude

(+ 0.15 and 4 0,35 G).  These workers observed that the greatest
increase in metabolic oxygen consumption occurred with vibration
at: the lower frequencies in the range studied and at the higher
level of intemsity (+ 0.35 G). They believed that the increase
in metabolic oxygen consumption occurred at the lower frequencies
of vibration rather than at frequencies causing body vresonance

phenomena sinee laxge vertical displacement of the vibration

platform was vequired at low frequencies and considerable physical

exertion was requived on the part of the subject in oxder to

maintain his posture.
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Gaeumen, Hoover & Ashe (1962) emposed human subject to whole—
body vibration at frequencies of 2, 6, 8, 11 and 15 Hz with pealk
accelevation~amplitudes of -+ 0.05, *+ 0.46, + 0,82, + 1,35 and
4 2,88 ¢ respectively. The data obtained in thelr experiments
showed that there was a positive linear correlation of metabolic
oxygen consumption in the subject with respect to increasing fre—
quency of wvibration, In these studies, the subjects sat on a
gimple seat attached to the vibrating platform, no form of body
restraint was used and the subject was free to assume the most
comfortable pogture during the vibration. ‘The authors offered
two possible explanations for the increased metabolic oxygen
consumption obtained at the higher frequencies studied. 1In the
first case they agreed with some previous workers that the
mscular effort involved in attempting to maintain posture was one
possible explanation for the observed phenomenon. As a second
explanation, they offered the possibility that metabolic oxygen
uptake increased as a vesult of voluntary or involuntary tensing
of mugscle masses durdng vibration as an attempi by the body to
dawpen the vibration and thereby reduce transmission to move
valnerable parts. While the cause of the inereased metabolic
oxygen consweption duving low frequency vibration could not be
explained in precise terms, the authors pointed out that the
increase in muscular activity (either to maintain posture ox as

a protective dampening measure) was of sufficient magnitude as to
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be a contributor to fatigue over extended peviods of vibration.
This observation 1s of significant practical importance in the

field of aviation vhere low frequency structure~borne vibration
may be encountered in the aireraft over long periods.

From the data obtained in their studieé, Hood, Murray, Urschel,
Bowers & Clark (1966) concluded that an increase in muscular
activity was responsible for the large increase (+ 76%) in the
metabolic oxygen consumption which they obtained with supine subjects
exposed to whole~body vibration at a frequency of 10 Hz and an
acceleration~amplitude of + 1.2 G. Since their subjects were
fully vestrained and in a supine position, little or no effort
was required on the part of the subject to maintain posture and
the authors believed that reflex muscular contraction occurred
during vibration possibly as a vesult of stimulation of muscle
spindies, in various situations in the body. In their investigations
they compared the metabolic oxygen consumption obtained in man
during exposure to vibration at a frequency of 10 Hz and an
acceleration—amplitude of + 1.2 G with that obtained during
exposure of an anaesthetised dog to vibration at a frequency of
10 Hz and an acceleration-amplitude of + 1.3 G, Tn both
expervinents there was o large inerease in metabolie oxnygen con~
sumpiion during the period of exposure to vibration (in man, the
increase was 76%, and in the anaesthetised dog, the increase was

83%). The authors concluded from this experiment that nuscular
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tension due to anxliety could be r»uled out as the prime causative
factor in the increased metabolic oxygen consumption observed
during the period of vibration.

It is clear from a review of the acant literature rvelating to
the metabolic oxygen consumption of subjects exposed to whole-
body low fyequeney vibration, that more information is requirved in
this field. In particular a morve pracise knowledge of the
magnitude of the increase in metabolie oxypen consumption is
required for human subjects exposed to vibrations of various fre—
quencies and accelevation~amplitudes. In addition, more information
is vequired in owder to allow an explanation of the cause of the
increasae in metabolice activity which occurs during vhole-body
vibration. Part of the work reported in the thesis is concerned
therefore with nmeasurement of metabolic oxygen consumpiion during
exposure of the subject to various conditions of experimental
low frequency whole—~body vibration together with an investigation
of the possible mechanisms which may be responsible for the
phenomenon,  The results of studies carvried out in ahis'area are

reported in the succeeding chapters of this thesis.
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2.3 DInerpgy expended by aivevew flving various types of aiveraft

It has been pointed out in a previous paragraph that exposure
of the human subject to whole body vibration at certain frequencies
may induce an increase In metabolic activity. It has also been
stated that whole body structure borne vibration is liable to be
encountered in certain types of fixed wing and votary wing airvcraft
during conditions of flight in which the occupant of the aiveraft
may be already exposed to a heavy work load. Theve is considerable
interest, therefore, in knowing the metabolic energy expended by
the pilot at the controls of aiverafit of this type during normal
vibration ~ free f£light, Although there is much information
regarding the energy costs of performing a wide range of human
activities (Passmore and Durnin, 1955) very few studies have been
caryied out on the energy expended by aiverew during £light -
mainly due to the technical difficulties iwposed by the accommodation
of measuring equipment in the confined space of an alrcraft cabin.
Some of the most detalled reports on the energy expended by aircrew
relate to the piloting of siwple propeller driven light and medium
weight aiveraft (Corey, 1948; ILdttell & Joy, 1969; Billings,
Foley & Huie, 1964), while others relate to the energy requived by
aiverew to fly multi-engined heavy weight aireraft in routine
emgrgency and couwbat gituations (Lovelace, Carlson & Wulff, 1944;
Hitcheock, 19503 Kaufwan, Callin & Harvis, 1970). 1In the present

contexrt, however, the data gained from these studies areof limited



intevest since they refer to the energy costs of flying aireraft
in which in-flight structure borne vibration is unlikely to

reach sufficlent magnitude as to induce sewious physiological
disturbance in the pilot. Theve have been very faw reports on
the metabolic energy expended by airvcrew flying fizmed wing aiveraft
of the type in which whole body sgiructure-borne vibration may be
encountered and until recently there has been a paucity of
information regavding the energy vequivemants of the pilot flving
votary wing aiveraft. In this part of the chapter, theraefore,
the previous siudies which have been carried out on the energy
expended by aircrew £lying these two categories of ailveraft ave
reviewed in turn.

High Performance Combat/Training Aircraft

There ove very few reports in the literature velaving to the
energy expended by airverew flying high performance aircraft. In
an early study, Penrod (1942) reported values of pulmonary |
ventilation in pilots flying World War II, US fighter type airevaft.
Using these limited data, Kaufwan et al (L970) attempted to estimate
the energy expended by the alrevew operating in routine and in
combat £light. In their analysis, a number of assumptious were
made in the calculations of energy ezxpended, with regard to the
breatling patiterns of the airvcrew, the mean body surface aiea, the
caloric equivalent of oxygen and respiratory exchange ratio.

The result of this analysis shows that ailrervew of World War IX
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fighter type alrcrafi during routine £light expended little more
energy than they did duving rvesting conditions (mean value estimated
for rest and routine flight = 46keal/whr). During combat
situations, however, certain complex attack or defensive aerobatic
wanoeuvres, caused a mean increase in enargy expenditure to an
estimated value of 65 keal/m%hr.

Recognising the difficulty of applying the conventioaal
techniques of measuving energy ewpenditure within the confined
space of a single seat high pevformance airvceraft, Tiller, Greldery
& Grabiak (1957) used a standaxd laboratory open—civeuit technique
to measure the metabolic oxygen consumptilons of alrerew during a
variety of simulated flight conditions in a ¥9¥~5 airvcraft simulator.
The study involved nine experienced aiverew four of whom had active
conbat experience. Metabolic oxnygen comsumption of the alrcrew
subjects was nmeasured at rest, during simulated routine £light,
during combat aevobatic and in certain in-flight emergency situations.
The results of this study showed that voutine 'flight' in the
For-5 gimulator caused a small inerease in the mean value of
energy expended by the pilot at west (mean resting value = 50 keal/m%hr)
to a mean value of 59 keal/n®hr during the flight profile. The
phyeical activity vequirved to correct a simmlated emsrgency
situation caused a further increase in energy czpenditure (msan
value during the emevgency phase = 73 keal/m®hr).  The highest

value of enewvgy expended by airerew occurved during the simulated



conbat attack/defensive manoeuvre and reached a mean value of

78 keal/w’hr. Although there is no informetion available con-
ceining the velationship between the physical forces required to
operate the controls of the ¥F9¥-5 simulator as compared with the
actual aiveraft controls it is believed that the sophistication
of the simulatox was such as o make these rvesulis of energy
expenditure veasonably representative of values expected for
aiverew flying the airvcraft itself in various manoeuvres.

The only study of the energy expvended by the pilot flying a
wodern high performeance aircraft is that reported by Lorentzen
(1965). In his investigation, five experienced pilots flew a
T33 jet tvaining aiveraft in various in-flight manoeuvres at
altitudes ranging from 4,000 to 10,000 ft. Metabolic oxygen
consuuption was wmeasured using an ‘open cirveuit' technique with
the pileot at vest, during routine level flight and during the
in~flight manoeuvyres. The aercbatic manceuvre used in this study
was degigned o place a work load upon the pilot similar to that
which would be requived during a cowbat gituation. The results
of this study indicate that the values of energy expenditure
obtained with the pilot flying the T33 jet trainer aiverafi in
woutine flight wewre the same as those obtained with him at rest
(mean value at rest and during routine f£light = 46 keal/m?hr).
During shoxt-terw intensive aerobatlc manoeuvres (similary to those

which would be executed under conditions of combat) the mean value
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of energy expenditure was reported as 97 keal/m hr. This latterw
value is considerably higher than the estimated values of energy
expenditure in pilots flying World Wav 11 fighter aiveraft in
actual cowbat conditions. The validity of the values of energy
expenditure of pilots during combat aevobatics in Lovenizen's study
is, however, highly doubtful since measurements were obtained only
over a very short peviod of aciivity, the Iin~flight manoeuvre wag
not repeated in exacitly the same manner on each occasion and con-
sideribile difficuliy was experienced in obtaining accurate measure-
ments of pulmonary ventilation due to outboard leaks from the
oronasal Facemask.

The mean walues of energy expenditure reported by various
authors for aiverew flying hish performance aircraft during a

variety of in-flight conditions ave summarised in Table 2,1,

Table 2.1  Mean values and raunge of energy eupended by aircrew
£lying high performance combatitvaining aiveraft

Mean values and range of energy
‘ Type of Number | expended by airerey (kecal/why)
Sourece Mreraft of during
TEEEERE 1dubjects Routine [Ewergency or
| | 7 Ragi £light combat flight
Penrod World 8 l G RS 65%
(1942) Way I1
fighter
Tillex F-OF-5 9 50 59 78
et al (simulator) {47-53) (50-62) (74~84)
(1967)
Loventzen 33 jet 5 4G 51 97
(1965) trainer (36-51) (45-58) (84~122)

% Values estimated by Kaufman et al (L970) from data
orviginally reported as pulwonary ventilation.



Rotayry Wing Alveraft

Littell & Joy (1969} measured the energy expended by twelve
experienced pilots flying thwvee types of US Army helicopters.
The airvcraft used in this study consisted of a single votor, Light-
wakght (2,163 1b) OH~6A helicopter; a mediuvm welight (9,500 1b)
single wotor ngility UR-1D helicopter and a heavy-weight (33,000 1b)
tondem rotor CH-47A helicopter. FEnergy expenditure was measured
with each pilot seated at vest and during voutine flight at an
altitude of 500 ft, and in close proximity to the ground (take-off,
hovering, etc.). Although the three alvcrvalt used in this study
differed greatly in mechanical complexity (vanging from the gimple
OH-6A to the highly complex CH-47A) the authovs found no significant
difference in the energy expended by the pilots flying each type
of helicopter for each phase of flight. The mean values of energy
expended by aiverew £lying the three airveraft in various situations
ave given in detail in Table 2,2, 1In general, however, it was
observed that the energy required to f£ly the airvcraft close to
the ground (hovaer, ascend) was very muech greater than that required
for voutine flight at an altitude of 500 £, During routine flight
at altitude, the energy expended by aircrew was not inecreased beyond
that expended with the pilot seated at vest (mean values for thyee
aircraft with pilots at rest and during routine flight were both
50 kealf/m?hr). The enevgy expended by aiverew durving the ascent

phase and hovering close to the ground was 59 keal/m*hr and
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61 keal/m®hr vespecitively. The vesults obtained by Littell &
Joy indicate that hovering wotary wing aircraft requirves a high
level of physical activity on the part of the pilot to maintain
precise control and stability of a dynamically unstable aircraft.
Billings, Bason & Gerke (1970) used an 'open clivcuit' technique
to measure the energy expended by the pilot flying two types of
helicpter, the Hiller UH~12E and the UO~L2EL. The latter aircraft
differved from the former only in that it had a pllot—assist
hydraulic boost system on the cyelie and collective pitch controls
and therefore presumably required less physical effort on the part
of the pilot during flight. These authors pointed out that in the
study by Littell & Joy (1969) the helicopters whieh they had used
were sophisticated turbine powered vehicles whereas there ware
in serviece a nuwmber of the older reciprocating engine models
which lacked many of the control vefinemenis found in newer alrveraft.
Using the older UH~12E series helicopters, Billings et al (1970)
measured the energy expended by the pilot first at vest and then
during pre~flight vun~up, take-off and routine level flight with
a subsequent approach and landing. Measurements weve vepeated
during a period of 7 - 9 minutes of hovering, manceuvres close to
the ground and also during a period of 10 minutes during which the
aircreaft was f£flown at cruising speed at an altitude of 500 ft.
The results of this study show that the enewgy expended by aircrew
flying the two types of helicopter (UH~12E and UH-12BL) in vavious

situations was not significantly different. DBillings et al (1970)
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confirmed the finding of Littell & Joy (1969) thet hovering and
operation of the aixeraft close to the ground demanded counsiderably
moxe physical effort amd energy expenditure oun the part of the
pilot as compaved with that requived for cruise and wvoutine flight
at altitude, The values of enevgy expended by alverew flying in
the UH~121 sexies helicopiers were considerably bigher Loy all
phases of flight as compared with values obtained by Litctell & Joy.
During cruise at altitude the mean energy expended by the pllots
was 73 keal/whe and duving hovering aud operation close to the
ground was 85 keal/m®hre  The authors concluded that the highex
energy cost obtained with the UH~12E series aivevaft in all pbases
of flight, was probably due o the lack of sophisticsated control
systems (e.g. lack of auto-throtile and full control boost). The
investigation suggests that powerad controls in helicopters do
gspare the pilot a significant degree of energy expendituve.
Kaufman, Caliin & Harris (1970) weasured the energy expended
by aircrew flyilng a heavy duty (21,000 1b) twin gas turbine engined,
J=CH3 helicoptey, in routine f£light and duwring a simlated emergency
procedure, The emevgency situation used in this study consisted
of the pilot hovering the aivcraft close to the ground with all
pilot—aseist devices inoperative. It was found in this gtudy that
cruise £light at alvitude denmanded the least energy expenditure
on the parit of the pilot as comparved with the emergency situation

(hovering with all pilot~assist systems inoperative), where the



enexgy expended by the pilot increased from a mean value of
50 keal/nfhr during routine flight to a mean value of 69.5 keal/nZhy
in the emergency.
Mean values of the energy expended by airerxew flying a
variety of types of rotary wing aircraft are summavised in Table 2.2,
Although theve are only a few reports velating to the energy
cost of flying high performance fixed wing and rotary wing airveraft,
this part of the review of the literature indlcates that the
total £light profile of the aircraft wmay be congidered as a nuwber
of different phases (e.g. ascent, routine flight, emergency
situation etc.), all of which place differing demands on the pilot
in terms of physical activity and energy expenditure. The veporis
of previous authors show that the energy required to £ly a high
performance fixed wing aircraft in normal voutine flight requives
little energy in excess of that expended by the pilot seated at
vests. During other in-flight activities, however, which require
more active and precise control of the aircraft (e.g. instrument
approach, landing and in-flight manoeuvres), or during active
combat flying more physical exertion is demanded of the pilot and
his energy espenditure is high. It is also during these periods
of high phys#cal exertion that structure borne vibration may be
encountered in the aivecraft and there is evidence that this may
well cause additional metabolic activity in the pilot. The

practical importance and the magnitude of this additional disturbance
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is discussed in a latev chapter of this thesis.

The rxeview has also shown that while helicopter alrcrew
expend about the same enevgy as pilots of fixed wing aircraft
when f£light is zoutine and at an altitude well clear of ground
obstacles, flight close to the ground (.e.g. hovering, ascent and
descent) requires high physical activity on the part of the pilot
and hig metabolic energy expenditure is correspondingly high.
Since hoveving flight cloge to the ground may under certain
conditions augment the structuve beorne vibration which is constantly
present in aircraft of this type, the energy expended by the pilot
may be very high indeed. The practical significance of this
disturbance to helicopter aircrew is discussed in a later chapterw

of this tbesis.
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CHAPTER 3

Experimental Methods

The experimental work described in this thesis was carried
out primarily to investigate some of the effects of low frequency
structure~borne, whole~body vibration on the human respiratory
system. In particular two areas of investigation were undertaken.-
one relaiing to the effects of whole-body vibration on pulmonary
véntilation and the other relating to the effects on metabolic
oxygen consumpition. In the course of these experimental studies
a nuwber of techniques were employed which were common to both
areas of study. In this chapter, the main experimental techniques
uged in the investigations ave described in detail., Other
experimental methods which were used to investigate specific
problems rvelated to the main study are described in the appropriate

chaptexs of this thesis.

3.1 The vibration generator and asgociated equipment

(a) The vibrator

The vibration generator used in this investigation applied
sinugoidal vibration to the buttocks of a seated subject by means
of & hard platform which was oscillated in the vertical plane at
frequencies between 2 Hz and 10 Hz. The essential working parts
of this vibration vig are shown in diagram in figure 3.1. The

vibratox consisted of a 5 hp electric motor which drove a crank
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and piston rod comnected to a havd steel platform upon which was
mounted the seat used by the experiwental subject. The frequency
of vibration applied to the seat of the subject was varied beiween
2 Hz and 10 Hz by contvolling the speed of the electiic motor
through a wvariable resistance. Tine adjustment of the frequency
of vibration was achieved by means of a 'variator' (manufactured
by Kopp Litd) which was interposed between the drive shaft of the
electric motor and the crank and piston rod to the vibration platform.
The displacement double amplitude of the hard platform could be
adjusted between O and 5 cm by varying the eccentyicity of the rod
comnecting the platfornm to the drive of the electric motor. The
double amplitude was measured after each adjustment had been made
by means of a dial gauge which read to 0.001 inch.

In order to provide a comparable sitting posture to that normally
adopted in £light, an aivcraft ejection-type seat was mounted onto
the hard platform of the vibrator. A low-pass mechanical filter,
consisting of a series of 'anti-shock’ mountings, was interposed
between the base of the ejection seat and the hand platform of
the vibrator. 1In this way the seat plus the mounting used by
the experimental subject had a natural frequency of about 35 Hz.
The vibration seat used in the experiments was congiructed from
a Martin Daker Type 4 ejection seat which had been salvaged from
an aircrafi accident but which had ramainaé-structurally intact,

This type of ejection seat is commonly employed in wmilitary
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aiveraft to allow the occupant to escape from the aeroplane in an
emergency. LIt is a rigldly constructed seat which is forcibly
ejected from the airveraft by a ballistic explosive charge and
conslsts of a metal bucket~type seat (seat pan), a back support
(back pan), headrest and sides which give lateral support to the
legs (thigh guards). The seat pan normally containg a fibreglass
‘seat-pack® which provides a sitting surface for the occupant of
the aircyraft and in which is contained a nuwber of items vequired
for purposes of survival at sea or on land after the occupant has
escaped from the aircraft, The back pan of the seat contains a
packed parvachute whiech wndexr normal civcumstances of £light gives
support to the back of the seated occupant.

In oxder to lighten the weight loading on the vibration
generator, a number of structures was vemoved from the seat before
it was wounted on the vibration platform. In the main, these
superfluous structures were assoclated with ballistic ejection of
the seat from the aircraft and their removal in no way interfered
with the sitting posture adopted by the subject. The modified
seat was next mounted on to the vibration generator by means of
four steel clamps which secuved the base ?f seat to the platform
of the vibrator. A footrest was constructed from sheet steel
and attached by bolis to the foxward thigh guards of the ejection
seat. In this way, the experimental subject seated in the ejection

seat on the vibrator could position his feet and legs in a position
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similar to that adopted in an aircraft during flight., The foot-
rest was provided with an adjustable rake which could be vaised

and lowered to sult variations of leg length in the experimental
subjecis, The items contained in the fibreglass seat pack were
removed (e.g. inflatable liferafi, survival rations, ete), the

shell of the container was styengthened using bleocks of wood and

it was then replaced in position in the bucket of the wetal seat
pan of the modified ejection seat, This fibreglass container
provided the sitting surface for the occupant of the vibration seat.
The packed parachute was vetained in the back pan of the ejection
seat and this served to provide back support for the seated subject.
The photographa in figures 3.2 and 3.3 show the essential features
of the modified ejection seat mounted on the vibration generator

as well as the sitting posture adopted by the subject during the

experimental procedures.

(b) Haruness vestyaint system

In a number of experiments, the respivatory effects of whole-
body vibration were studied with the experimental subject sitting
fully restrained by a harness system incorporated in the seat.

The vesults obtained in this way weve compared with those obtained
vhen the subject was completely unrestrained in the seat. Tox
the purposes of this experiment a combined parachute and restraint
harness system was Incorporated in the nodified ejection seat

wounted on the vibrator. The system used in this investigation
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Figure 5. 3
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was typical of the type of harness restraint system used in cuvvent
high performance aireraft and its efficacy in providing sound
restraint of the subject in an aiverafi seat against forces of
aceeleration aad decelaf&ticn in various axes is well known and
thoroughly tested (Reader - personal comuwunication).

The main features of the harness system used in this study
are shown in diagramlform in figure 3.4. It consisted of two
nylon webbing shouldev straps, two lap straps and a single ‘tie-
down' strap, 'This latter 'tie-down' strap (see figure 3.4) is a
feature of wmodern harness vesivalnt systems and serves to vesist
any upward pull of the shoulder styaps during the gpplication of
negative accelexation and therveby pvevents the subject from vising
up off the seat and also prevents the lap straps from being displaced
into the abdomen of the subject. Lach harness vestralint strap
was provided with a tensioning buckle which allowed adjustment of
the system Lo provide sound restvaint in the seat. [Fach strap
ternminated in a wetal lug which was inserted into the appropriate
part of a aingle point attachment and release fitting. The harness
system was adjusted in each case so that this fitting rested
comfortably on the surfaece of the abdomen of the seated subject

(see figure 3.4).

(¢) Measurement of vertiecal acceleration of the vibration

In one series of experiments the total displacement amplitude

of the vibration was held constant at 0.625 cm (0.25 in) over &
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frequency range 2 to 10 Hz which was ewxplored in frequency steps

of 2 Hz, In the other experimental series the displacement
amplitude of vibration was adjusted between each vibration exposure
in such a way as to maintain an accelexation of + 0.4 G at the

seat over the same f£requency range. In cach case the vertical
acceleration of the seat during each ezperimental run was fixst
calenlated and then measured using a varlable resistance accelero
meter in conjunction with a carrier amplifier and recorder.

The calculated value of vertical acceleration was obtained

using the following equations=-
Vertical acceleration (G) = T

where A = half~wave amplitude (ianch)
£ = frequency of vibration (Hz)

and 386 is the Intermational Standard Acceleration (inch-pound-—
sacond scale)

In each experimentﬁl gsession the vertical acceleration of
the vibrating seat was vecorded and displayed continuousgly through-
out each period of vibration. Tor this purpose, a Statham variable
rosistance accelevometer (range *+ 10 G) was mounted on the under-
surface of the seat pack in the vibrating seat. In this way the
aceeleration data was recoxded as close as possible to the butitocks
of the seated gubject. 'The output signal from the accelervometer

was fivst amplified using an appropriate amplifier and then
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displaved on one channel of a Devices pen recowder. Calibration
of this accelerometeyr was carvied out before snd after each
experimental session by recording the output signal from the
transducer first with it in the horizontal plane, then in the
upright vertical plane and finally in the inverted plane., In
this mamewx, calibration recoxdings of zexo aceceleration, + 1 @

and -~ 1 G aceelerations were obtained.

{d) Harmonic analysis of the applied sinusoidal vibration

The purity of the sinusoidal waveform as measuved at the
buttocks of the subject seated in the vibrating seat was analysed
using a Digital Transfer Fuaction Analyser, Type JM 1600 in con-
juncition with a MVechanical Reference Synchroniser, Type JX L1606
(both manufactured by Solartron Electronic Group Ltd). With this
instrument, the sinusoidally varying input signal weasured at the
vibration seat was compaved with a generated reference sigoal
with vespect to velative amplitude (displayed as root maan‘squared
voltage) and phase angle. By selecting the appropriate band-pass
filter, the amplitude and phase angle difference hetween the test
and refexence sinusoidal signals were measured for the fundamental
frequency and for havwonic frequencies up to and including the
10th harmonic. In this way a spectyrum analysis of the test wave-~
form was carrvied out and this was expressed for each harmonic

frequency component as a pevcentage value of the fundamental f£requency.
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The refervence signal used in this analysis was obtained by
attaching a thin strip of metal to the shaft of the motor drive
to the eccentric of the vibration generator. With each revolution
of the drive ghaft, the rotating metal strip interrupted a light
beam which was focussed onto a photoelectric cell. The inter~
mittent signal thus obtained was First sultably amplified and then
fed at an appropriate level of woltage into the Mechanical Reference
Synchroniser. The signal to be measured was dtained by means of
the Statham variable resistance accelervometer mounted in the seat
pack of the vibratow seat, the output of which was suitably amplified
and also fed into the Mechanical Refevence Synchroniser,

Analysis was caxried out of the vibration waveform at
frequencies of 2, 4, 6, 8 and 10 Hz and with a total displacement
awplitude of 0.625 eme During each test vibration, a subject was
seated fully restrained in the vibration seat., Table 3.1 summarises
the results of this analysis, for each frequency of applied
vibration. In each case, the harwonic content (up to the 10th
harmonic) is expressed as a percentage of the fundamental frequency.
It may be seen by reference to Table 3.1 that throughout the range
of frequencies uged in the investigation the distortion of the
vibration waveform (wmeasured at the buttocks) from its fundamentdl
frequency was relatively small and for the purposes of this study

could be considered aceeptable.
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Table 3.1 Harmonlce analysis of the vibration waveform as
neasured at the vibrator seat
Harmonic content of waveform expressed as a percentage
g . of the fundawental at vibration frequencies of (iz):—
iarmonic
2 &4 6 8 10
2nd 0,55 6.60 2,91 241 0.99
Ard 0046 2.31 Q.72 55.43 1.02
4th 0,69 0.36 0.72 024 0.28
Sth 0-92 0020 3072 OoOﬁ 0018
6th 1.07 0.83 0.36 0.4l 0.26
7th 1.15 0.16 0.72 0.13 0.07
Sth 10’%6 0.08 0036 Oo{f‘g 0.28
gth 1084 Oal}a 0072 0038 0'26
10th 2.07 1.03 Q.72 0.36 0.52

3,2 The experimental breathing svystem

An expervimenial breathing system was designed and constructed

in ovder to study the effect of wibration upon pulmonary ventilation

and gaseous exchange. The subject breathed through an open

circuilt breathing system by means of a mouthpiece, whilst his

nostrils wexe occluded using a nose clip. The mouthpiece was

connected to a valve box which was fitted with two lightly spring~

loaded mica dise valves. One mica dise non-return valve allowed
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one~way passage of inspired room air to the subject’s respivatory
tract, while the other non~return valve allowed expired gas to

pass through widebore connecting tubing to rvespiratory recording
and gas collection appavatus. In a siwmilar vibration experiment,
Ernsiting (1961) found sultable non—-return valves only after con-—
siderable preliminary experimentation. He found that conventiomal
rubber £lap valves failed to act as non-return valves wader certain
conditions of vibration. In the present investigation, thereforxe,
only mica~disc valves were used throughout the expeviments. The
efficiency of these mica~disc non—-return valves was assessed at
intervals through the investigations, by carrying out simultancous
recordings of the flow pattern in both the inspiratory and
expirvatory hoses during all the conditions of.vibration used in

the study. In each case the results of these checks indicated
that the valves were functioning satisfactorily even under the
worst conditions of vibration.

The valve box and its mouthpiece were supported only by
horizontally placed, thick-walled, connecting hoses. ‘These hoses
vere made of nyvlon reinforced rubber with an internal diameter
of 3.0 cm aud were secured at each end to rigid metal pylons
mounted on the platform adjacent to the vibrating seaf at a
distance of 1 metre on either side of the valve box (figure 3.3).

Thick~walled, xubbexr hoses were used in oxder to eliminate any



Tpumping' action due to wovements tvansmitted to the hoses from
the vibrating subject. The absence of any "pumping’ action was
confirmed at frequent intervvals throughout the study. Yor this
check, the mwouthpiece of the valve box was blanked off and the
subject sat in the vibwating seat holding the blanked-off mouth-
piece in his wouth and breathing through his nose. Vibrations
were then applied to the seated subject at all frequencies and
acceleratlon-amplitudes used in the cxperiments, Forward move-
menit of gas along the conducting hoses due to any "pumping' action
was detected and measured by means of a heated VPlelsch flowvmeter
inserted Iinto the expivatoxry hose. The flow signal thus obtained
was amplified using a sultable amplifier and then converted by
electrvonice integration into a volume signal which was displayed
on one chamnel of a Devices pen veecorder. Any Fforward movement
of gas was also measured by means of a 10 litwre Pavkinson Cowan
dry gas meter which was inserted into the expiratory conducting
hose, The rxesulis of these tests showed that under all the
conditions of vibration used in the present expeviments, movement
of gas in the conducting hoses, as a vesult of transmitted
Teumping' action, was negligible.

Resistance to breathing through the circult

The resistance to breathing through the experimental circuit
was measured, fivst for that portion of the system between the

inspiratory port and the mouthpiece (inspivatory vesistance), and

75,
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then for the portion between the mouthpiece and the expiratory
port of the circuit (expiratory resistance). Included in the
resistance imposed by the expiratory side of the breathing cincuit
was the ventilation voluwe measuving equipment together with a
length of wide bore conducting hose. Air was passed through the
inspiratory and explratory portions of the breathing eircuit at
known f£lows (up to 100 iitwves (ATPD) and in steps of 20 litres
(AYPD) per minute). The pressure drop associated with each flow
of gas through each portion of the circuit was measured and the
vegulits of these measurements are presented graphically in

figure 3.5,

3.3 Meagsurement of Pulmonary Veniilation

In & nunber of the experimental studies, measurements were
made of minute voluwe ventilation, tidal volume and respivatory
frequency with the subject at rest, duving the period of chosen
vibration and during the subsequent recovery pexriod. ¥or this,
expired gas from the gsubject was conducted to a wodified dry gas
meter using flexible wide-bore hose. The gas meter used in the
study (10 litre "Spirometer' wodel manufactured by Pavkinson &
Cowan) wag modiffed in such a way that a continuous record of
expived gas volume could he displayed on a pen recorder. The
modification to the gas meteir consisted of the addition of a
continuous rotation type precision potentiometer (type DBAGS/L

manufaciured by Penny & Giles Ltd) the spindle of which was
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attached indirectly to the rotary shaft driving the needle pointexr

o1

of

of

&It

the volume indicator dial of the meter. One complete wevolution
the needle pointexr on the gas meter (corresponding to the passage
10 litres of expired gas) rvotated a contact wiper arm through

angle of 360° on the eleetrical coil winding of the potentiometer,

This caused a vawviation in a standing voltage applied to the

potentiometer coil winding which was proportional to the volume of

gas which had passed through the gas meter. The voltage output

signal from the potentiometer was then fed directly into one

channel of a Devices pen recovder. A break in the winding of the

potentiometer coil between the angles 357° and 360° allowed the

recording pen to return to the base-line, zero position of the

trace wecord after a total of 10 litres of gas had passed through

the neter,

The accuracy of the modified gas meter in measuving gs volume

was assessed by measuring values of expired gas volume obtained

with the subject at vest and during two levels of physical

activity and comparing rhe resulis obtained from the modified gas

meter with those obtained by collection of the same gas voluwe

and subsequent measurement using a water sealed (wei) gas meter.

For this part of the asgessment, the subject sat on a bicyecle

ergometer and breathed »rcom air using a wouthpiece attached to a

Light~weight valve box. The nasal pagssages were occluded by

means of a suitable nose clip. Expirved gas from the subject was
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conducted by wide bove smooth-walled £lexible tubing from the
expiratory port of the valve box to the inlet port of the rvecording
gas meter. After passing through the experimental gas meter, the
expirved gas was next collected in a plastic Douglas bagz (volume
100L) and the collected gas volume was later measurved using a
water sealed gas meters The volume of gas which passed through
the recording gas meier was measuned by recording the output

signal from the potentlometer mounted on the votary shaft of the
gas meter needle pointer. This signal was fed divectly on to

one channel of a Devices pen recoxder., Iu this way a continuous
record of exzpired gas volume was displayed on the pen recorder,

The temperature of the gas entering the gas meifer and the temperature
of the room aly was measured using mercury~in-glass thermometers.
Meagurement and collection of expired gas volume was carried out
fivst with the subject seated at vest and then during light and
moderate exercise on the bicycle ergometer. During cach of these
activities, gas volume measurements and collections were carried
out over periods-of three minutes. During the peviods of
exercise the subject pedalled the bicycle ergometer at a rate of

70 pedal revolutions per minute and brake band tensions of 1.25 Kg
and 2.25 Kg for light and moderate exercise respecitively. The
external work loads thus applied were 290 kg w/min and 540 kg w/min
respectively for the two levels of physical activity. The volumes

of expired gas obtained from the subject during each physical



activity were measuved from the recovd obtained with the
experimental gas volume vecoxding system and these were compared
with the volume collected in the Douglas bag and measured using
the water sealed gas meter. ALl volunes were converted to

STPD (Standard temperature and pregsure, dry) and BTPS (Body
tampeéatuﬂe and pressure satuvated with water wvapour). The
rvesulis of this comparison of the two methods of voluwme wmeasure-
ment ave shown graphically in figuve 3.6 which plots the ratilo
of the actual vespired volume (as measured on the wet gas metern)
to that indicated by the experimental dry gas vecovding system.
It may be seen from this figure that forx a total of 30 estimations
(range of pulmonary ventilation 7 -~ 46 Litve/wmin) the modified
dry gas meter tended to undervead in the lower range of values
of vespired volume, For 30 estimations, the factor (k) needed to
correct the volume indicated by the recording dry gas meter to

the actual respived volume (BTP8) was 1.02 + 0.025,

3.4 Measurement of end—tidal carbon dioxide concentrvation

During a number of ezpeviments in the present investigation
the instantancous conéentration of carbon dioxide in the pas
leaving the Qespirétaxy tract was recorded with the subjeet at
rest, during the period of whole-body vibration and during sub~
sequent recovery. For this purpose an infra-red Carbon Dioxide

analyser (Beckman Model, LB-1, Medical Gas Analyser) was used,

80,
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This carbon dioxide analyser opevates on the principle that
carbon dioxide absorbs infra-red vadiation. The analyser
coni:aing two parallel sources of infra-ved radiation, one of which
pasges through a reference cell and the other through a sampling
cell., The wadiation falls on a detector cell which contains carbon
dioxide vnder reduced pressure and which is divided by a flexible
diaphragn which forms one plate of a vavriable capacitance, When
infra~ved radiation ls absorxbed by carbon dioxide in the sampling
cell, a differential pressure ls created in the detector cell and
this alters the capacitance of an oscillation civeuit. The output
gignal from this oscillator is vectified to give a direct voltage
whieh is then amplified and fed onto one chaymel of a suitable pen
recorder,

During the experiments in the present study, a continuous
sanple was taken of the gas passing through the mouthpiece used
by the experimental subject. This was drawn through a fine bore
polyethylene tube by means of a vacuum pump and delivered into the
measuring head of the carbon dioxlde analyser (which was mounted
close to the subject). The outpui of the amplifier of the carbon
diozide analyser was displayed on one channel of an Rstexline-
Angus pen recorder, The analyser vas calibrated immediately
before and after each experimental procedure using calibration
gases obtained from cylinders containing four diffevent mixtures

of carbon diozide in air, the concentrations of which spanned the
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scale of values expected duvring the experimental runs. ‘The
calibration gas miztures had been previously analysed using a
Lloyd~Haldane apparatus and repeaied samplés had to agree to within
0.02%. The end tidal carbon dioxide concentration was determined
from the maximum amplitude of the defleciion recorded on the pen
recorder during each expiration, and from the curve comstructed
from the calibration data. A typical calibration curve for the
infra~red carbon dioxide analyser is shown ia figure 3.7,

The accuracy of the infra-red cerbon dioxide analyser was
checked by comparing resulis obtained simultaneously using a
resﬁiratoxy mass spectrometer, M54 (known to be able to measure
carbon dioxide to within + 27 of full scale deflection). A aubject
was mwade to hypexventilate after a peviod of rest and a comparison
was made between the readings given by the Respiratory Mass
Spectromater and the carbon dioxide avalysaer. The vesults of this
comparison are given in Table 3.2 from which it can be seen that

the differences between the two analyses were random.
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Table 3.2  Compaorison of the end tidal carbon dioxide concentration
measured with the infra-ved analyser ond the respiratorny
Mass Spectrometer

Cavbon dioxide concentration (4) wmeasured by :

Infra-ved Mass

analyser Spectrometer Difference
(1 {2) (L - 2)
5.53 5.50 + 0,03
5,62 5,60 4+ 0.02
5.41 544 ~ 0.03
5.80 5.85 -~ 0.05
4o 76 4,78 ~ 0,02
4o 34 4432 + 0,02
3.22 3.26 - Q.04

A further test was carried out in order Lo neasure the vise
time of the carbon dioxide analyser and to assess its ability to
cope with meagurvements should hyperventilation and an increase in
respivatory rate occur during any of the experimental procedures,
For this test, the sampling line from the measuring head of the
anglyser was ingerted into one Limb of a Douglas tap and air which
contained carbon diogide was fed into another lind of the tap.

By opening the tap, the analyser could be switched rapidly from
sampling room air to air containing carbon dioxide., With this
technique it was found that the vise time of the analyser-vecorder

syotem for 907 response was less than 0.2 seconds., This was
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considered adequate for vecording end-itidal carbon dioxide con-

centration at all respirvatory frequencies expected in the

experiments.

3.5 Techniques in measurement of paseous exchange

In a nwiber of experiments explved gas was collected from the
subject during a period of rvest, during the chosen vibration
condicion and during subsequent recovery from vibration exposure.
In cach case the collection of expired gas was nade using a plastic
Douglas bag (voluwe 100 L) and Douglas tap connected to the
expirvatory portion of the experimental breathing system. wmalysis
of the contents of the bag was carrvied out either immediately
after collection oy within 10 minutes following collection in order
to minimise inaccuracies dve to gaseous diffusion throupgh the
wall of the plastic bag. The contents weve analysed for oxygen
and carbon dioxide concentrations and from these data calculations
were made of metabolic oxygen consumption, carbon dioxlde output
and vespiratory exchange ratlo.

tThe actual experimental procedure involved in the collection
of expired gas at various times during the experimental procedure
will be dealt with in the appropriate chapter of this thesis.

In this section, however, a brief description of the technique used
to obtain data necessary for the calculation of gaseous exchange

in the experimental subject will be given.
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() Measuvement of expired gas volume

Expired gas volumes were measured using the vecording gas
meter which has been described fully in a previous paragraph.
Duxing the period when collection of expired gas for analysis was
carvied out, a vecord of gas volume passing through the recording
gas meter was obtained on one channel of a Devices pen recordaw,
The temperature of the gas enteving the inlet porit of the gas
neter was measured at intervals of half a minute over the three
minute collection period and the mean tempevature thus obtained
was used in the conversion of the measured volume of gas to STPD,
Anmbient room temperature was also measured and the atmospheric
pregsurve during the experimental run was obtained firom a wall-

mounted mercury barometer.

(b) HMeasuvrement of ewpived carbon dioxide conceutration

After collection the contents of each Douglas bag were
analysed for carbon dioxide concentration. The content of the
collection bag was fivst thoroughly mixed by vigovous and frequent
aglitation and a quantity of gas (about 500 ml) was expelled vnder
pressure through the sampling side~tube of the Douglas bag in
orvder io purge oub any wealdual gas therein. Part of the contents
of the bag was then expelled through the slde-~arm sampling tube,
through a columm of silica-gel dvying crystals and subsequently
into the measuring head of the infra-red carbon dioxide analyser,

A desgerxiption of this measuring equipment and the performance
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characteristics have been given in a previous paragraph. The out-
put from the carbon dioxide analyser was fed onto one channel of

an Egterline Anpus pen recorder. The concentrvation of carbon
dioxide in the collected expived gas sample was cobtained by noting
the maximum deflection of the pen and by veference to the calibration
curve for carbon dioxide previously constructed. This procedure

was repeated on four occasions.

(c) lMeasuvement of expired omygen concentration

-

The remaining contents of the Douglas bag were analysed for
expived oxygen concentraiion. Tor this purpose a Beckman model
E2 oxygen analyser was used. This analyser operates on the
principle that oxygen is sirongly paramagnetic (attracted into a
magnetic fiald) as distinet from most other gases which are
dismagnetic (repelled out of a magnetic field)., The heaxt of the
measuring system 18 a hollow glass dumbell suspended on a taut
quarts fibre in a megnetic ficld. Vhen no oxygen is present, the
magnatic fovce exactly balavces the towvque of the quaritz fibre
and the dumbell rewains stationary, When a gas sample containing
oxygen ig drawn into the chambey gurrounding the duwbell, the
magnetic force is altered and the dunbell rotates ~ the degree of
rotation being proportional to the concentration of oyzgen. A
small mlrror attached to the duwbell throws a beam of light onto

a translucent scale and measurement of oxygen concentration ia

made by adjusting a voltage (by means of a precision potentiomater)



to veturn the light beam to a central 'mull® position on the trans-
lucent scale. The veading of oxygen concentration is taken
directly from the potentiomater dial which has 1000 divisions.

The oxygen analysex was calibrated at frequent intervals
throughout each experimental run using gases from cylinders which
contained onygen in alr in conpcentrations which spamned the scale
of values expected duving the experiments. The calibration gas
mixtures had been previously analysed using a Lloyd Haldane
analysis apparvatus, To measure the oxmygen concenirvation in the
sample of expirved gas obtalned from the subject at each collection,
the content of the Douglas bag was once again mixzed thoroughly
by agitation and a quantlty of gos was expelled through the
sampling side tube of the bag to purge out unwanited residual gas,.
The content of the bag was passed through silica-gel dvying crystals
and then into the oxygen analyser at a rate of 250 ml/min.

Readings of ouygen concentration were taken on three separate
occasions for each collection sample and these were requived to
agree to within an oxypen concentration of 0.02% of each other.

A diagrvam of the expervimental breathing system, gas collection

and measuring equipment usad in the study is shown in figure 3.8.

(d) Caleulation of matabolic oxyzen consumpiion

From the data obtained by analysis of expived gas from the

experimenial subject (oxygen and covbon dioxide conceuntrations and
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by exclusion nltrogea concentration) metabolic oxygen consumption

was calculated uging the following equations—

where VOQ

£

-]

In oxrder to

required in

2

f

i
(1

]

o
i

) = (VB x E, )

Oy 9,

=V % Ty

oxygen uptake per minuie (Litre, SIPD)
inspived minute volume (Litwe, STPD)
expired minute volume (Lityve, 8TED)

fractional concentration of inspirved oxygen

fractional concentration of erpived oxygen

obtain values for the inspired volume of gas (Vx}

the caleulation of metabolic oxygen consumption, a

corxvection wag appiled to the meosured expired gas volume using

the following

vhere Vi

o]

equations-

the inspired miaute volume ventilation (Litre, 57TPD)
the expired minute volume ventilation (Litre, STPD)

the fractional concentration of nitvogen inspired

(assumed for room alr = 78%)

the fractional concentration of mitvogen in expirved

gas (by execlusion)
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(¢) Calculation of carbon dioxide oubput

The volume of carbon dioxide produced by the experinmental

subject in one minute was calculated from the formula:-—

L3 -}
Vi =V Ry
GO, CO?
@
Where VF = yolume of cavbon dioxide excreted in expived
_‘CO o L * - A
2 aly in one winute (Litve, 57PD)
Q
Vo =  the cxpirved minute volume ventilaition (Litee, STPD)
FF = fractional concentvation of carbon diowide iIn
“Co .
2 explred gas

(£) Calculation of the Respiratory Bzchange Ratio

The Respiratory Exchange Ratio was calculated from the following

& . e
equations- v,
co,,
Respiratory Exchange Ratio (R) = >
v
0
2
-]
vhere VCO = vyolume of carbon dioxide excreted per minute
4
") S P
“ (Litve, STPL)
-]
Vb = meitabolic oxyzen consumption pby minute (Litre, STPD)
2
(-3
For convenlence, the equations used in the determination of V.,
L] .
VCO and R were entered info a compuier programme and the

2
caleculations were carried out using a digital computer.



3.6 Measurement of cardiae frequency

In some of the experimental vibration esposures, the cardiac
frequency of the subject was measured using an eleetro—cardiograph
(FCG). After a number of trials it was found that during vibration
the most suliable FOG recording could ba obtained by using salf-
adhesive RCG electrodes (wanufactured by Devices Lid), one electrode
mountad on the skin overlying the wmanubilum sterni and the other
on the shkin surface overlyilng the cardisc apex. A third electrode
affixed to the skin of the vight ankle served as oo earth lead.

The BCG signal thus obiaived was gultably aaplified and displayed
on one chanmel of a Devices pen vecovdor.

In one part of the investipation, the Iinstantancous cardiac
frequency (time between successive "R' waves of the ECGR) was
measured during the transition from vest to vibration exposure.

The equipment for this purpose was constructed from a eircuit
designed by Whittle (personal cowmmunication) which measuved and
digplayed IR interval from the TCG on a second chamel of a
Devices pen vecovder. With this apparatug, the output signsl
from the BCG amplifier was fed into a bandpass filter which
filterad components of the FCG having frequenciecs on either side
of a frequency band 5 ~ 15 Hz. The filtered ECG signal was next
fed into the iupulb of a level-sensitive monostable vibraior
civeuit which converted the signal to a square-~wvave output when

the input signal exceeded a certain preset threshold value (the
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threshold value was adjusted so that the cirvcuit was triggered only
by 'R? waves of the 1CG). The square-wave oubput was next
differentiated electronically and the rvesultant signal was used

to ground tﬁe input of an dntegration circult and then to start

a lineay "vamp' of voliage. Tn this way the awvrival of an "RY
wave of the BCE started the veliapge rawmp and the guceceeding 'RF

wave stopped and rveset the vawmp. Thug the duration of ramp voltage
ouitput was proportional to R-R interval of the LCG wave.  This
voltage vamp output sipral was fed directly on to o channel of a
Devices pen recorder and the R-R interval of the BECG was displayed
as a 'picket fence' record - the heipght of successive cxcursions

of the recording pen from the base line indicating the duration of
the R-R interval. The measuring equipnent was calibrated using

a clectronic cirveuit which produced syuthetic 'R waves at various

known time intervals.
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CHAPTER 4

Experimental studies on the effects of constant

amplitude vibration on the wespivatory system

4,1 TIntroduction

In the preceding chapters it was shown that there is vexy
little information regarding the effects of struciture-~borne whole~
body vibration on the human vespiratory system. In particular,
attention was drawn to two areas in thie field which have con-
siderable practical importance in aviation medicine and in which
there is a paucity of knowledge., The first of these concerns
the effects of low frequency vibration on pulmonary ventilation and
gaseous exchange., The second area which has been relatively
unexplored relates mowe specifically to the effecis of low frequency
whole~body vibration on metabolic oxygen consumption,

Tn previous investigations of the huwan responses Lo low
frequency whole body vibuation, research workers have exposed their
experimental subjects to conditions of vibration in which the
relationship between the displacement amplitude and frequency varied
in two ways. Some investigators have used vibvations in which
the amplitude was held constant and the intensity of the vibration
increased with an increase in freguency. In other studies the
amplitude of the vibration platform was adjusted in such a way as

to maintain coanstant scceleration over the vange of frequencics
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studidd. In onder to study a wide vange of Ffrequencies and
intensities, both types of vibration exposure have been used to
investigate the respivatory efifects of whole-body vibration. In

the first series of exwpeviments deseribed in this chapter, the

total displacement awmpliiunde of vibration was held constant at

0.635 cm over a frequency yange 2 —~ 10 Hz, and in a sccond sevies

of experiments (descuibed in a later chapter), the amplitude of

the vibrating platform was adjusted to maintain a constant accelewation
of + 0.4 Gz at the seat of the subject.

In the veview of the litevature it was shown that a nunber of
previous authors have reported an increase in pulmonary ventilation
in the svbject exposed to low frequency whole-body vibration. A
few previous workers have also observed that at certain frequencies
and intensities of vibration the relative increase in pulnonany
ventilation is out of proportion to the relative increase in
netabolic oxygen consumption and that in these circumstances there
is a true hyperventilation with a measurable hypocapnia. Others,
however, have adduced evidence of hyperventilation during exposure
of the subject to whole body vibvration only by inference, and
there iz comparatively little known about the magnitude of this
phenomenon ox the nature of the conditions of whole body vibration
vhich can give vise to it. In addition, there have been a2 variety
of different explanations advanced for the occwrrence of hyper-

veniilation in the subject exposed to whole body vibration. Many
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of these ave unsatisfactory and so the true nature of the causative
factors iuvolved grill remains obscure,
The experiments which have been cavvied out in this series
were designed thexefore in order to study the effects of whole
body vibwation at a constant displacement amplitude and various
frequencies, upon ithe pulmonaxry ventilation in the human subject,
They weve also designed to establish vhether counditions of whole
body vibration of this type could imduce hyperventilation and
hypocapnia in the subject and also to elucidate, if possible, the
mechanism or mechanisms vesponsible for these respivatory changes.
A second objective in the present experiments was to define
the metsbolic activity in the subject exposed to whole-body
vibration at & constant digplacement anplitude and at various
frequencies., Previous work in this field has shown that under
certain conditions of whole-body wibration there way be an increase
in metabolic activity in the exposed subject. The magnitude of
such an increase im metabolic activity during whole~body vibration
!
has not yet been satisfactorily defined and the mature of the
vibration stimulus which induces this chonge is still obscure.
In addition wery little is known about the mechanisws involved
in the increased metabolic oxygen consumption observed in the
subject during vhole body vibration. The present expeviments were
designed, thervefore, to establish the meiabolic energy expended

by the human subject exposed to whole hody vibration at a constant



displacement amplitude and various frequencies up to 10 Hz. 1In
an attempt to define the causative factorxs in rhis phenomenon, a
study wag carried out of the behaviour of nuscle wasses in the
subject during each condition of vibration using a technlgue of
high speed cine photography. Finally, a study was made of the
metabolic oxygen uptake in the subjeci exposed to vibration whilst
sitting in the vibrator seat fully restrained by bavness and the
results were compared with those obtained with the subject sitiing
in the seat completely uwnrestrained and required to maintain his
posture in the face of the wvibration.

The vesulits of both parts of this experimental study arve
given in this chapiter of the thesis, topether with a discussion of
the findings in relation to the praciice of aviation preventive

medicine.

4 o2 :Lie th 952&3

Mine experimental subjects dvn the ape group 23 - 42 years
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took part in the investigation. Details of theln heights, weights

+

E

and body surface aveas arve given in Table 4.1,

§

The experiments wewe carried oub using a mechanical vibratowv
on which was mouvnted a nodified aiveraft type ejection seat
fivted with appropriate parvachute and seat packs. Detalls of
the vibrator rig and seak have baeen glven in the tethods section

. o

of this thesis. Vibvations at frequencies of 2, &, 6, § and

10 Hz were used in this study and the total displacewent amplitude
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of the vibrating platform was held constant at 0.625 em. Tn
this way the acceleration~amplitude of the applied vibration
ranged from + 0.05 Gz at a frequency of 2 Hz o 4+ 1.43 Gz at a
frequency of 10 Hz. The accelevation of the vibration was
measured at the seatb of the subject by means of a varisble resistance
accelevometer (ange + 10 &) mounted on the under surface of the
seat pack of the vibrating seat. The output signal from this
accelevometer was suitably amplified and displayed on one channel
of a Devices pen recovder. In this way a continucus record of
the vibration acceleration was obtained thvoughout the period of
vibration exposure. Hach subject expervienced whole-body vibration
at each of the frequencies used in the study whilst seated in the
vibrator seat in either of two conditions of restvaint. In one
condition, the experiment was cavvied out with the subject sitting
fully restvained by means of an alrcraft type restraint harness
incorporated in the vibrating scat. In the second condition, the
experiment was performed with the subject wnresitwained and free to
adopt whatever pogture he desived. The exposure to each frequency
of vibration and the condition of vestraint weve applied in a
rvandom fashion and the subjects were unawvare of the object of the
experiment.

Bach subject wore a lightweight Roval Alr Force pattern flying
coverall and a standard Mk 2 RBAF integral protective helmet. The

protective helmet was carvefully fitted to each subject using a
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Table 4.1  leight, welght and body surface area of the nine
experimental subjects

Subject Height (cm) Weight (kg) Bzgza5%3§?°§
AM B76.5 725 1.89
s 173.9 741 1.87
AC L75.4 69,4 1o75
Wiy 17543 72.9 1,88
Be 172.7 The3 1.84
Gy 174.,6 6644 1.77
cp L7165 67,2 1,79
ED 19045 T4l 2,02
Py 1930 20,5 2,18

® Body supface avea cowmpubed from the nowogram of Dubols (L936)

standard aivevew fitting procedure. Electrocardiograph leads
were applied to the chest and vight ankle and the subject was
instructed to sit in the ejection seat, mounted on the vibrator
platform. The subject sat with his feet vesting lightly on the
footrest which was attached to the wvihrating seat.

The subject breathed thvough the experimental Lreathing
cireult {previously described in the Methods chapter) using a
mouthpiece whilst his nostrils were occluded Ly a sultable nose

elip. The wouthpiece was connected to a valve box which had a



small dead space and wasg fitted with lightly gpring-loaded mica
disc valves. IBapired gas was conducted from the expiratory port
of the valve box by means of wide hore, low-resistance tubing

to the recovding gas meiter and gas collection equipment. Those
have been described in detail in a previous section. AL each
experimental session a contrel weasurement of ventilation volume
and 2 collection of expived gas wag made over a perioed of three
minutes during o five mdnute vest period. During thio peried
heart rate and end bidal curbon dioxide nmeasurensnis were also

wade.  The subject was theon exposed to the chosen conditions of

101

vibration fou a total peviod of 10 minutes during which measurements

of pulmonary ventilation, end ziddal carbon diozmide concentration
and cardiac frequency were nmade continuously,  Colleetion of
expired gas was made oun iwo occasions duving the vibwations
exposure. The first collection was wade beiween the second and
£ifth minutes of vibration and the other collection was wade
between the seventh and tenth minutes of vibration., Tor con~

venience, the data obtained from these samples will be described

hereafter as those obtained afier Ffive and ten minutes of vibration.

The wvibration exposure was followed by o five-minute recovery
peried during which weasurements of pulmonary ventilarion and end
tidal carbon dioxide concentration were continued and a final
collection of espired gas was taken. Pulwonary ventilation and

respirvatory frequency were calculated from the vecord obtained
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from the recording pas weter for each minute of the countrol,
vibration and recovery periods. Carvdiac frequency for each minute
of the same period was calculated from the RCG facording. The
metabolic oxygen uphake, carbon dioxide output and vespiratory
exchaage vatio weve calculated from pulmonary ventilation and the
expired gas analyses.

As an additional experiment to this series, a study was nade
of the response of various groups of muscles of the body during
exposuve of the subject to vibration at frequencies of 2 -~ 10 Hz,
In this part of the study the conditions of vibration exposure and
the measurement of physiological variables were identical to those
of the main experiwment. The subject sat in the vibrvation seat
(either restrained by seat harness ox unrestrained) and he wore
only a pair of bathing trunks. A high speed cinematograpl F£ilm
was taken of vibration rung at 2, 4, 6, 8 and 10 Hz using a
Milliken cine cawera which operated at a film speed of 500 frames
per zecond.  The high speed cine £ilm was taken fivet with the
subject ai vest and then for iwo peviods (each of 3 minuvies
duration) during each vibration esxposure. After it was developed,
the f£ilm was vun at glow speed through a cine editor and a frame
by frame analysis was made of the wmovements exhibited by various

groups of muscles during vibration exposure at ecach frequency.



443 Results

(a) Acceleration—amplitude of vibration

During each of 90 euperimental vibration exposures the

acceleration—amplitude of the vibration was measured at the seat

using a variable resistance accelerometer.

The mean values and

range of values for acceleration-amplitude of vibyation thus

obtained during the experiments are given

in Table 4.2.

Table 4.2 Mean values and range of values of acceleration~

amplitude of vibration measured during each

experimental vibration run at

frequencies of

2, 4, 6, 8 and 10 Hz

Acceleration~amplitude of vibration (+ Gz)
at a vibration frequency of (Hz)

2 4 6 3 10
Mean value 0.05 Q.21 0.50 0.89 1.43
Rc’inge of (0 « Ol (0019"“' (0048"" ‘:0087"" (lclﬁl“’
values 0.06) 0.23) 0.51) 0.92) 1.45)

(b) Pulmonary ventilation

Mean values of pulmonary wventilation
minute of the experiment with the subject
to vibration and during recovery from the

figures 4.1 and 4.2. In figure 4.1, the

obtainad for each
at rest, during exposure
vibration are shown in

results are given for

conditions in which the subject was restrained and uwmrestrained

in the vibration seat during exposure to vibration at frequencies

103.
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of 2, 4, and 6 Hz. The results obtained with subjects exposed

to vibrations at frequencies of 8 and 10 Iz are shown in figure
4e2. 1t way be seen from figure 4.1 that with exposure to
vibration at frequencies of 2 Hz and 4 Hz there was no marked
altevation in values of pulwonary ventilation over those obtained
during the period of vest prior to vibration exposure. With
vibrations at a frequency of 6 Hz, however, there was an increase
in the mean values of pulmonary ventilation obtained duxing the
vibration period. This increase in pulmonary ventilation occurred
within the first minute of exposure, was greatest at the beginning
of the vibration period and gradually declined although the
vibration was maintained. Directly vibration at a frequency of

6 Hz was stopped, the pulmonary ventilation fell below the control
level. It may be seen by reference to figure 4.2 that with
exposure to vibrations at a frequency of 8 Hz therve was a marked
increase in wean values of pulmonary ventilation obtained during the
vibration peviod and that the greatest increase was obtained with
exposure to vibration at a frequency of 10 Hz. At both these
frequencies, the increase in pulmonary ventilation was rapid after
the onset of the vibration, was greatest at the start of the
vibration period and gradually declined towawds the end of the
period of exposure. In both conditions of vibration the pulmonary
ventilation fell below resting values as soon as the vibration was

terminated.,
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The mean values of pulmonary ventilation for all the subjects
are shown in Table 4.3 for the pewiod of vest, after 5 minutes
and 10 minutes of exposure to vibration (frequencies vange 2 - 10 lz)
and during subsequent recovery., The values obtained with the
subject restrained in the vibration seat are shown together with
those obtained when the subject was unvestrained in the seat.
Table 4.3 VMean values of pulmonary ventilation at rest, during

vibration exposure and recovery Ffrom vibration.

Nine gsubjects exposed to vibration (range of frequency
2 -~ 10 Hz) in restrained and unrvestrained conditions

Pulmonary ventilation (L/min BIPS) during:
Frequency of
RESTRAINED
2 874 8.51 7.87 8.27
4 8.21 8.68 8.20 7.62
874 11.64 10,80 7.37
8 8.55 13.51 14453 7.62
10 8460 16,36 15.40 7.95
UNRESTRAINED
2 8459 864 8.12 7.94
4 8.40 9.14 8.25 7.13
6 8.64 11.41 9.81 7.85
8 9,49 14,60 13.93 7.94
10 8.53 14,56 13.15 7.21
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The wesults obtained for pulmonary ventilation duriang the
geries of experiments were treated using an Analysis of Variance
techniques  The results of this analysis have shown that there
was no significant difference between the values of minute volume
ventilation obtained with the subjeet restrained and wnrestrained
in the vibrating seat. It has also shown that with vibration at
frequencies of 2 and 4 Hz the pulmonary ventilation was not
significanily increased beyond that obtained during the rvesting
control period. At frequencies of 6, 8 and 10 lz, however, the
values of pulmonary ventilation obtaluned during the vibration
period were significantly increased (¥ = 0.00l) over those values
obtained with the gubject at rest. TFurthermove, analysis has
revealed that at these frequencies the increase in pulmonary
ventilation after 5 minutes exposure to vibration was significantly
greater than that obtained after 10 wminutes exposure (P = 0,01).

Tn these exposures in which the ventilation was greatly increased

(at frequencies of 6, 8 and 10 Hz) during vibration, the values
obtained in the recovery period were significantly reduced below

the control resting level (P = 0.001)., The mean values of
pulmonary ventilation with subjects at vrest, during exposure to
vibration at frequencies of 2 - 10 Hz and during recovery are shown
graphically in figure 4.3. In the data used to consiruct this
figure, the values obtained with subjects restrained and unvestrained

in the vibrating seat have been pooled.
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(¢) Respiratory frequency

110.

Mean values of vespiratory frequency obtained with the subject

at vest, after 5 minutes and 10 minutes exposure to vibration

(frequencies 2 =~ 10 Hz) and during recovery are shown in Table 4.4.

In this table the results are given for the conditions in which the

subject was restrained and unrestrained in the vibrating seat.

Tahle 4.4 Mean values of respivatory frequency with subject at

rest, during vibration exposure (frequenecy range

2 = 10 ilz) and during recovery.

Nine subjects,

restrained and unrestrained in the vibrating seat

Trequency of respiration (Breaths/min) during:
?fequ?ncy of ) : -
vibration (liz) Rest Ai;g;aiigzn Agzgiaigogln Recovery
RESTRAINED
2 12.4 12.9 11.1 12.8
4 12.5 12.4 1l.4 11.6
6 12.1 13.8 12.4 11.9
13.2 15.7 15,6 12.1
10 13.2 17.9 15.3 12.5
UNRESTRAINED
2 1.9 11.4 10.3 10.9
4 12.3 11.6 10.6 10.6
11.9 15,2 12.7 11.7
8 12.7 17.0 14.7 13.2
10 14,0 18.7 16,3 12.5
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salyois of tha data has shown that significont changes in
vespirvatory freagupney occcurred during the pevied of wibration at
frogqueneies of 6, 8 and 10 Hz but not at frequencles of 2 and 4 Ha.
Thus, it has been shown that witch vibratione at froquencios of
2 and 4 Uz there was no chonge in yespivatory fregueney abovae
those valuas obtained duniog the pariod of rest.  With vibrations
at fraquencies of 6§, 8 and 10 Hs thove wag o marked incerease in
raspivatory fraguency duvdng the period of vibration. Thosa
values differved alignificantly from the values obtained during the
pariod of rast (P = 0,001). Furthevmors, Lt hasg becn shown that
the incvesss in vespivatory vate at those frequeneles of vibration
was greatest after ) mdnutes vibration exposure and declined
towards zesting values aftor 10 winutes of vibration exposure.
There was no sipnificant diffevence between values of vespivatory
vate obtained during the recovery poariod from theoss values obtalined
with the gubfeet ot vest. Wikh all conditions of vibwvation
axposure, there were no slgniflesct difforencos betwesn the values
of vaspiratory wvate obtainad with thae subject vestvalnaed and
varestirainad in the wibrating scat.  The wean values foy
resplratory frogueacy with the subjeot ae vost, duving vibration
exposure and during vecovary from vidration ave shown graphieclly
in flgure 4.4 In constructing this graph, the values of

veapliratory froqueney in the two conditions of the euxporinens



(subject vestrained and uwarestrained in the vibration seat) have

been pooled.

(d) Tidal volume

Mean values of vespiratory tidal volume obtained with the
subject at rest, after 5 minutes and 10 minutes exposure to
vibration at frequencies from 2 ~ 10 Hz, and during subsequent
recovery from the vibration, arve shown in Table 4.5. In this
table the results obtained with the subject vestrained in the
vibrating seat ave given together with those obtained with the
subject wmrestrained in the vibrating seat.

Analysis of the data has shown that the values for tidal
volume obtained in all conditions of the experiment were not
significantly different for the conditions in vhich the subject
wag restrained or wnresirained in the vibration seat. Tt has
also shown that at frequencies of 2, 4 and 6 Hz there was no
gignificant change in tidal volume during the vibration period
from that obtained with the subjeet at vest. At frequencies
of 8 and 10 Uz, however, there was a marked inecrease in values
of tidal volume during the vibration period and these weve
significantly greater than those obtained during the peviod of
resit (P = 0,001). Unlike the changes in respiratory frequency,
analysis has shown that the increases in tidal volume during
perioda of vibration at frequencies of 6, & and 10 Hz were

gsustained throughout the period of vibration and no gignificant

112,



18

17

16

15

14

13

12

11

10

/

. BEGPIRATORY

RATE
breaths/min

Figure 4, 4 Mean values for respiratory frequency during

l

REST

VIBRATION

RECOVERY

[y ] & L 5 J

exposure to constant amplitude wvibration,

113,



1140

Table 4.5 Mean values of tidal volume obtained with subjects at

rest, during a peviod of vibratlon exposure and during

recovery from vibration.

Results for nine subjects

restrained and unrestrained in the vibrating seat

Tidal voluwe (Litre, BIPS) during:
Fregueney of
vibration (Hz) Resi: Af?er S,min Af?ei %? min Recovery
vibration vibration
ESTRALNED
2 0.71 0.68 0.71 0.69
4 0.69 0.76 0.74 0.68
6 0.75 0.77 0.80 0.68
8 Q.74 0,91 0.99 0,65
10 Q.65 0.99 0.97 .64
UNRESTRALNED
2 0.78 0,81 0.83 0.76
4 0.73 0.75 0.78 0.71
0.74 0.74 0.80 0.67
0.7% 0.93 0.98 0.67
10 0.73 0.94 0.98 0.70

differences could be detected between values obtained at 5 minutes

and 10 winutes after the start of vibration.

In the conditions

of the experiment where tidal volume showed a marked increase over

values obtained at rest, there was a

significant fall in values

of tidal volume (P = 0,001) below those obtained with the subject

at rest. Mean values fov tidal volume with subjects at rest,

after 5 minutes and 10 minutes exposure to vibration at frequencies



of 2 - 10 Hz and during subsequent recovery are shown graphically
in figure 4.5, In comnstvuciting this graph, the values of tidal
volume in the two expervimental conditions (subject vestrained and

unrestrained in the seat) have been pooled,

(e) ind tidal cavbon dioxide tension

The results of the effects of whole-body vibration upon the

end tidal carbon dioxide tension are presented in Table 4.6,

Table 4,6  The effeci of whole-body vibration at frequencies of
2, 4, 6, 8 and 10 Hz upon end tidal cavbon dioxide
tension. (Pooled values for 9 subiects restvained
and wnrestrained in the vibrator seat.)

Mean values of end-tidal cavbon dioxide
Frequency of tension (mm Hg) duving
vibration (Hz) nogt | MfEer 5 min  After 10 min | Recovery
e vibraiion vibration 4 min
2 39.6 38.7 38,9 38,5
& 401 39,0 39.3 God
6 39.4 36,2 35.8 37.5
¥ 39,0 23,7 34,1 36,1
10 39.2 32,83 33.4 36.9

The mean control value for cavbon dioxide tension obtained with
the subjeet at rest is shown together with the wean values which
existed after five minutes and ten minutes exposure to vibration

at frequencies of 2, &, 6, & and 10 Hz. The mean values of



110,

140
TIDAL ) 5
VOLUME A OHZ/'
Litro BTPS
09 : |
o
o8k
.
pd
| gf(% \e
(s)
o .
07t 0
0:Gla
REST [ VIBRATION RECOVERY

[ 2 | - 1 3
. ‘time min . v

FPicure 4. 5 Mean values of +tidal volume during

exposure to constant amplitude vibration.




117,

carbon dioxide teansion obtained during recovery from the
experimental vibration are also presented in Table 4.6, The
maan changes induced in the end-explratory carbon dioxide tension
by vibration at frequencies of 2 ~ 10 Hz with subjects restrained
and unyestrained in the seat are shown graphically in figuve 4.0.
T may be seen that with exposure to vibration at frequencles of

2 and 4 Uz theve were no navked changes iu the values of end
expiratory carbon dioxide tension during the vibration period,
from those values obtained duving the period of west, With
exposure to vibrations at frequencies of 6, & and 10 Hz, however,
there was a reduction in the values of end tidal cavben dioxide
tension during the vibration period and this veduction was main-
tained uvatil the vibration ceased. The effect was greatest with
vibrations at the higher freguencics (8 Hz aud 10 Hz) and in three
subjects moderately severe syimtows of hypocapnia occurved during
exposure to vibration at a frequency of 10 Hz, In thoso subjects
who exhibited aymptoms of hypocapnia the end tidal cavbon dioxide
tensions fell Ffrom mean values of 38 - 40 wmm fg obtained during
rest to values of 28 - 32 wm dg during the experimental vibration
pexriod,

During those cxperimental vibration composures in wiich a £all
in end tidal carbon dioxide tension occuryved, the cffcct was
evident within about 15 to 20 seconds afier the stavt of vibration.
Within one minute of vibration exzposure the ead tidal carbon

dioxide tension reached a new level and this was maintained fairly
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constant throughout the period of vibration. On cessation of
vibration, there was a rapid increase in end tidal carbon dioxide
tension with a further move gradual increase towards pre~vibration
control values over the next 2 ~ 3 minutes. A return of end tidal
carbon dioxide tension to values which existed prior to the onset

of vibrations was complete in most cages within 3 ~ 4 minutes

of stopping vibration. These effecis of whole-body vibration on
end tidal carbon dioxide tension ave illustrated in figure 4.7.

This figure shows a record of end tidal carbon dioxide concemtration
obtained during an experimental run in which the subject was exposed
for a shoxt period to high intensity expervimental vibration
(frequency 8 HUz). The rapid decline in values of end tidal carbon
dioxide concentration following the onsef of wvibration and the

fivst vapid then gradual retwin to pre-~vibration contwrol values

may be geen from the experimental record shown in figure 4.7,

(£) Metabolic oxmygen uptake

The results of the measurements of metabolic oxygen uptake
which were made during this gsevies of eyperimenis arve presented in
Table 4.7, for nine subjects who were resirained and wnrvestrained
in the vibration seat and exposed to vibrations at frequencies

of 2, 4, 6, 8 gnd 10 ilz.
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Table 4.7
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Effect of whole-body vibration on metabolic oxygen

consumptiion. Nine subjects, exposed o vibration

at frequencies of 2 = 10 Hz in the restrgined and

unrestrained conditions

Mean values of oxygen consumption (L/min STPD)
Frequency of in the following condition
vibration (Hz) Rasi: After 5 min  After 10 min
ent vibration vibration Recovery
RESTRAINED
2 0.299 0.301 0.270 0.302
& 0.278 0.274 0.271 0.274
0,280 0.388 0.390 0.272
8 0.317 0.472 0.476 0.292
10 0.277 0.525 0,505 0.260
UNRESTRATNED
2 0.313 0,283 0.278 0,272
4 0.287 0,270 0274 0,261
6 0.282 0.372 0.332 0.269
8 0,302 0.476 0,509 0,272
1o 0.278 0.518 0.531 0.274

It may be seen from Table 4.7 that with the subject both in

the restrained and uvnvestrained conditions in the vibrating seat

there wags a marked increase in the mean values of oxygen consumption

during exposure to vibration at frequencies of 6, 8 and 10 Iz,

It may also be seen that mean values of oxygen consumption

inereased with increasing intensities of vibration exposure and



thai: the greatest increase occurved with exposure of the subject
to vibration at the highest frequency (10 Hz).used in the study,
With exposure of the subject to whole~hody vibration at
frequencies of 2 Hz and 4 Hz there were no significant increases
in values of metabolic oxygen consumption in the subject over
those obtained with him at rests With vibration exposures at
frequencies of 6 Hz, 8 Hz and 10 Hz the mean values of oxygen
consumption were significantly greater than those obtained at rest
(P = 0.00L). Analysis has showﬁ, also, that there were no sig-
nificant differences in values of metabolic oxygen consumption in
both expevimental conditions (where the subject was restrained by
a seat harness and wvhere he was unvestrained in the vibrating seat).
In those experimental conditions in which an increase in metabolic
oxygen consumpiion occurred this increase was sustained alumost
unchanged throughout the period of vibration exposure. At the
termination of vibration, the mean values for metabolic oxygen
consumpiion fell below those measured during the rvesting period
priox to vibration., This effect was highly significant following
exposures to vibration at frequencies of 6, 8 and 10 Hz., The
mean changes in the values of metabolic orygen consumption which
cccurred in this part of the luvestlgation ave summarised in
figures 4.8 and 4.9 for nine subjects exposed to various conditions

of whole body vibration.
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In ovder to allow a comparison to be made of the metabolic
activity associated with exposure of the subject to whole-body
vibration with that associated with flying various types of
aivcraft, values of metabolle oxygen consumpiion have been re-
ealeulated in the wniis keal/m*hy and these are shown in Table 4.8.
It may be seen from Table 4.8 that after exposure of the subject
to vibration at a frequency of & Hz for a period of five minutes
there was an increase in the value of energy expenditure from
46.7 keal/m?hr obtained at rest to 59.3 keal/m?he during vibration.
With exposure to vibration at a frequency of 8 Hz this value
increasad from 47,3 keal/m®hr obtained at west to 75.8 keal/mPhe
during vibration and at a frequeney of L0 Hz the value increased
from 46.5 keal/m?hr during rest to 82.5 keal/m?hr during vibration
exposure. At the higher frequencies in the vange studied, the
values of energy expenditure obtained in the geated subject during
vibration were similar in magnitude to those obtained in the
pilot during sowe of the most intensive phases of £light (e.g.
ingtrument approaches, combat and emergency situations) in fixed

wing airerafi ond duving hovering, ascent and landing in helicopters.
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Table 4,8 Effects of whole—~body vibration at a constant displace~
ment amplitude on metabolic energy expenditure. Mean
values for nine subjects exposed to various conditions
of wvibration

Mean value of metabolic energy expenditure
Frequency of (keal/m hr) durings
vibration (Hz) Regp  |AFLer 5 min  After 10 min 5

e vibration vibration Lecovery

2 L7 .4 46,8 43,9 4ty 2

& ¢ 4240 4L.6 40.9

6 46,7 59,3 58.8 42.6

8 4744 75.8 78.7 43,2

10 46,5 82.5 81.8 406

(g) Caxbon dioxide ouiput

The results of measurements of cavbon dioxide output which
were obtained in this series of experimenis are presented in
Table 4.9 for nine subjecis, restrained and unresivained in the
vibrating seai. It may be seen by veference to Table 4.9 that
with the subject both restrained and wnrestrained in the wvibrating
seat there was a marked increase in the mean values of carbon
dioxide production during vibration exposures at frequencies of
6, 8 and 10 Hz., The mean values of carbon dioxide production
during expogure to vibrations at frequencies of 2 Hz and 4 Hz
were not significantly different frowm thogse obtained with the

subject at vest., It may be noted that in those conditions of



Table 4.9
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Lifect of whole=body vibration on carbon dioxide

outpui. Mean values for nine subjects exposed

to vibration at frequencies 2 ~ 10 Hz in the

restrained and wnrestrained condifion

Mean values of carbon dioxide output (L/nin
Frequency of 57TeD) in the following conditions:

vibraiion (Hz) Rost After 5 min  After 10 min Pa ,
o vibration vibyration eovery

2 0.263 0,259 0,024 0.250

4 0.258 0.258 0.240 0,225

6 00260 0,353 0,320 0,210

8 0,201 0.489 0.491 0.224

10 0.263 0,523 0.541 0.230

UNRESTRATNED

2 0.265 0.270 0,240 0,231

4 0.251 0,274 0,242 0,209

6 0.271 0.350 0,300 0.233

3 0.266 0.470 0.490 0.234

10 0.253 0527 0,513 0.232

the experiment in which a marked increase in carbon dioxide

production occurred during the vibration exposuve, that increase

wvas ielated to the ivtensity of the vibratioa and the highest

values were obtained wiith exposure to vibration at a frequency of

10 H=,

The values of carbon dioxide obtained with vibyation exposures

at frequencies of 6, 8 and 10 Hz were significantly greater than



those obtained during the rvesting control period (P = 0.001). The
values obtained with exposuves to vibration at frequencies of 2 and
4 Wz were noi, hovever, significantly gveater than those obtained
during the vesting period. Turthermore, with those exposures io
vibration where an increase in carboun dioxide production occurred
that increase was sustained until the vibration ceased after which
there was a significant (P = 0.,01) £fall in values during the
recovery phase of the eyperiment, below those obtained with the

subject at rest.

(h) Respirvatory Ezchange Ratio

The vesults for measuvement of the Respiratory Exchange Ratio
obtained in this series of experiments are presented in Table 4.10
for nine subjects exposed to vibration at frequencies of 2 ~ 10 Uz,
both restrained and unvestrvained by harness in the vibrating seat.
It may be seen by reference to Table 4.10 that in both conditions
of the experiment (i.e. with subject vesitvained and unvestrained)
there was an increase in mean values of Respiratory Bxchange Ratio
with the subject enposed to vibration at frequencies of 6, 8 and
10 Hz, although with exnpogsure to vibration at frequencies of 2
and 4 Hz the Ratio remained virtmally unchanged. It may also be
seen that with'exposure to vibration at the highest frequency used
(10 Hz) the mean value of the Ratio incrcased above unity. The
values of Respivatory Exchange Ratio found duving exposure bo

vibration ait frequencies of 6, 8 and 10 Hz were in each case



Table 4,10
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Lifects of whole-body vibration on the Respiratory

Exchange Ratio. HMean values for nine subjects

exposed to vibration at freaquencies of 2 ~ 10 Hz

in the restrained and unrestrained condition

Mean values of Respivatory Exchange Ratio in
¥requency of the following conditionss
vibration (Hz) . After 5 nin  After 10 min .

Rest wvibration vibraiion Recovery
2 0,927 0.915 0,898 0.884
4 0.870 0,942 0.874 0.827

0.938 1,004 0940 0,841

0.820 0.943 0,974 0.760
10 0.8753 1,004 1.021 0,889

UNRESTRATNED

2 0,848 0.874 0.333 0,813
4 0.872 0.975 0.874 0,800
<] 0.845 0,921 0.913 0.7406
3] 0.854 0,981 0.970 0.3804
10 0,866 1.008 1.020 0.825

significanitly greater than those obtained duwing the resting

period (P = 0.001) whilst with vibration exposures at frequencles

of 2 and 4 Hz the diffevence in values obtained in the period of

vibration were not gsignificantly differvent from those obtained

with the subject at rest. TIn the conditions in which the Ratio

increased during the vibration exposure, this increase was sus-~

tained throughout the period of vibration and on cessation of the



130.

vibration fell significantly below the value obtained with the
subject at veste The differences in the behaviour of the
Respiratory Exchange Ratio were not significant between the
condition in which the subject was rvestrained and unrestrained in

the vibration seatb.

(L) Symptoms arising during vibration

At the ead of each experimental iun, khe subject was asked to
complete a questiomnaive listing the sywptoms he had experienced
during each vibration ewposure. This questionnaire asked speci-
fically for details of general cowmfori duving the vibration run,
any discomfort arising in the chest, abdomen, back, head and neck,
pelvis or in any other anatomical gite. 1In this part of the
investigation no attempt was made to quantify the intensity of the
discomfort, although a quantitative approach was used in a sub-
sequent experiment which is wveporited in 2 later chapter of this
thesis. ‘The number of wveporits of gymptoms arising during a total
of 90 expevimental vibration exposuves ave sumwarised in Tables
4,11 and 4.12 fov nine subjects, cach of vhom expevienced vibration
at frequencies of 2, 4, 6 and 8 Hz for a peviod of 10 wiautes.

The vesults presented in Table 4.1l show the sywptoms reported by
subjects during the runs in whiech they were fully vestrained in
the seat and in Table 4.12 the vesults ave given for the condition

wheve subjects were unresirained in the seat,



Table 4.11 Summary of syuwptomsg reporited during whole-body
vibration at frequencies of 2 =~ 10 Hz with the
subject restrained in the vibration seat
(Wine subjects) (Each + represents one report)

'requency of vibration (Hz)
SympLom .
v 2 4 G 8 10
RESTRAINED
General discomfori Joprefets funforfarteurts ferfeefoefertefededets
Dy - L PP L2 3
Pain Of discomfort EX el Jerfeedefeoterte refesfeferirrtesgcde
in chest
3 4 PR ¥ £ene
Patn or discomfort o ot Sppds
in abdomen
1Pain oxr disconmfori
N ool o
in back
Pain oy discomfort
» b ES
in head and neck
Paln or discomfort -
! > ek
in pelvis

131.




132,

Table 4,12  Summary of sympiome veported during wholte-body
vibration at frequengies of 2 - 10 Hz with subject
uprestrained in the vibrating seat (Nine subjects)
(Fach <+ vepresents one veport)

Trequency of vibration (Hz
Sympitom 4 y v tion (Hz)
2 4 6 8 10
UNRESTRATNED
General disconfort 4 ool Areanfordofe RRORR RO 2
) = 3 3 (=¥ el ? o
Ldln.or discomfort + o ottt ot
in chest
% e “ (‘{i e
Pd:naor peomiort . it et
in abdomen
Pain oxr disconfort .
in back
Pain or discomfort
- hels -
in head and uneck
Pain ox disconfort N
in pelvis




g may ba seen by vefovence to Tahlas 4,11 and 4,12 theat in
penerdal, wost subjscts found vibesticn unuondovtable st frequenciog
ef 8, § and 10 Hz both when restysined and wowresteained in the

Ere ]

vibhwaging seole phe tablos show aquits clesrly thet 2 greatar
degres of dizeopfort in both conditions of veotyalnt wis assoeiated
with vibration at the higher zashoy than et the lewver levels of
Intenuliy.  Thus, with exposura to wihvation at o froguency of
2 Uz theve wvers no repovis of discomfort with the subjeat either
vastrained or wnrastrained in the sant. Iundasd, o numbey of
subjoaty fouwad cuposuve o wibyvation at shis Frequency actuslly
pleasant and some subjeoty exparviemced a soporofie senzation.
Hith avppsure to vibvation at s fraquenay of 4 He {Lotensity
m - Q.21 Gu) thare vas only one report of discomfiors and this
ook the fowm of wild flutterlog of pactoral muscles duving the
Iater ainutos of the vibration pevied. With vibwatlon exposuraes
ot a frequency of 6 Hz (Intensity = ¢ 0.4% Gz} the ausber of

-

raports of discomfort boath in the rostrained and wovesntrained
conditions showad a warkad inereass. ¥t is koown that ot thie
fregueney thero Lz a dominant wode of resonance in the body and &
avsber of cubjoets cowmplained of superficlal ebost discomfort
{probably assosioted with resenonee of the peetoral muscele wass),
with wild disconfort in the uppoew right quadrent of the abdonen
{probably due Lo rvosonance of liver sud other vigseera) and in the

A

shoulders, head sad noeck. hare werse also twe roports of discomiors
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in the avea of the pelvies at this Ffrequency of vibration.

With exposure to vibration at a frequenecy of 8 Hz (intensity
=+ 0,89 Gz) theve was a very marked increase in the nuuber of
reports of general discomfort both with the gsubject restrained
and unrestrained in the vibrating seat. The predominant anatowmical
sites for the pain experienced during this vibration exposure
ware the subcostal and svbsternal arveas. Thus, five subjects who
were unvestrained and six subjecis who were westvoined in the
vibrating seat complained of severe vretrosternal and subcostal
pain which avose sarly in the peviced of wvibration, increased in
gseverity and finally vadiated to the neck and visht shoulder.

It was observed by one subject that this pnain could be velieved to

a cervtain extent by applying pressure by hand to the affected

area although all subjects were therveafter styrictly instructed to
make B0 attempt to devise means of velieving their discomfort.

Two subjects veporited pain in the upper abdomen both when restrained
and wnrestrained in the vibrating seat. This pain was described

in each case as deep seated, dull in nature and confined to the
upper wight quadrant of the abdomen, Two subjects repovted diz-
comfort in the Lumbar area of the spine after about 4 - 5 minutes

of vibration at a frequency of 8 Ha.

By #ar the greatest number of veports of acute discomfort
during the vibration period were obitained with exposure of the

subject to vibration at a frequency of 10 Hz (vibration intensity =




135,

+ 1,43 Gz).  The acute discomfort reported during exposure to
vibratvion at this frequency occurred with the subject restrained
and unrvestrained in the vibrating seat. During vibiration at this
frequency almost every experimental subject complained of neax
intolerable discomfort which began in the first few seconds after
the start of vibration and elther remained unchanged or increased
in intensity as the vibration exposure progressed. The majority

b

of subjects complained of very severe pain in the chest which had
similar characteristics to that emperienced during exposure to
vibration at 8 Hz but diffeved slightly in itg radiation characteristics
(radiation mainly to the upper back region) and was of much greatex
severity, Duving one ewpevimental procedure, the vun was stopped
because the subject experienced intolerable discomfort in the chest
after 4 minutes exposure at this frequency. This run was repeated
at o later date and the data obtained during the fivst vibration
run were not used in the series. With vibvation exposure at a
frequency of 10 Hz, abdominal discomfort was also veported but was
less commanding than the acute chest pain. Two subjects reported
acute discowmfori in the head due to excessive movement which occurred
in the latev minutes of the vibration exposuve.

The symptoms experienced by the gsubjects in the present study
were broadly similay to those reported by Guignard (1964) who
exposed his subjects to vibration at frequencies of 2 ~ 10 Hz.

It is believed that in the present study most of the symptoms
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degeribed by the experimental subjects were mechanical in origin
and associated with resounance cffects in the torso and pectoral
girdle,

In gummary, it may be stated that the vesulte of this
experiment show that exposure o constant amplifude whole-body
vibration in the frequency wange 2 - 10 Hz induces warked dig~
comfori in the subject at certain frequencies. This discomfort
ariges wainly in chest and abdowen although to a lesser extent
may occur in the pelvis, head, shoulders and neck. The severity
of the discomfort is apparently velated to the intensity of the
iwposed vibration and ranges from either total lack of, or minor
discomfort at frequencics of 2 and 4 Hz (intevsitics of vibration
2005 Gz and &+ 0,21 Gz respectively) to frankly intolevable pain
at vibration frequencies of 8 and 10 Hz (intensities of vibration
40,89 Gz and + 1.43 Gz vespectively). It has alse been demon-
straced that the incidence and magnitude of discomfort associated
with whole~body vibration within the range of frequencies studied
occurs both with the subject vestrvained and wvesivained by a

narness in the vibrating seatbs

(i) GCardiac frequency

Previous studies on the respivatory effects of vhole-body
vibration, notably those of Hood et al (L966) suggest that vigorous
mechanical wmovement of the whole body and particularly of the

extremities acts as a "mild cirvculatory stress™. Since very few



investigators have studied these changes in detail the main effect
of whole-body vibration on the cizculatory system which is
reported in the literature velates to the cardiac frequency.

In the present series of experiments the results of measuring
cardiac frequency during each vibration exposure with subjects
reastrained and unrestrained in the vibrating seat are presented

in Table 4.13.

It may be seen by reference to Table 4.13 that with the
subject both restrained and unvestrained in the vibrating seat
there was an inecrease in cardiac frequency during vibration
exposures ot frequencies of 6, 8 and 10 Hz, the greatest change
occurring with ¥ibration at a frequency of 10 Hz, The mean
values of cardiac frequency observed during the exposure to
vibration at freqﬁendies of 6, 8 and 10 Hz were significantly
greater than those obtained with the subject at rest.

(P = 0.001l)., Turthermore the observed increase was greater
after 5 minutes of vibration and declined towards the end of the
vibration period. This effect was significant at the 17 level.
In those vibration exposures where an increase in cardiac
frequency occurred, cessation of the vibration caused a fall in
values below those recorded duving the control rest perilod.

Thig effect was highly significant (P = 0.001). The effects of

exposure to vibration at frequencies of 6, & and 10 Hz on heart
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Table 4,13 Effects of whole~body vibration on cardiac frequency.
Mean values for nine subjects exposed to vibration at
frequencies of 2 ~ 10 Hz in the vestrained and un-
restrained conditions

Mean values of cavdiac frequency (beats per
Frequeney of minute) in the following conditions:
yibration (Hz) Reat After 5 min  After 10 min o .
@8t 1 sibration vibration Recovery
RESTRATHED
2 841 0245 81.3 80.1
b 79,1 78.0 755 76.7
81.2 86.3 78.9 77.5
2 84,6 89.2 85.2 79.5
10 84.8 97.0 92.3 82.6
UNRESTRALNED
2 82,2 84,6 80.1 79.5
&4 81.0 7945 30.2 7744
6 83.4 86.0 79.2 78.4
8 85.0 89.3 84,7 80.0
10 84.0 96.2 92.2 80,1
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rate occurred in the two experimental conditions, il.e. with the
subject restvained and unresirained in the vibrating seat (P = 0,001).
The mean changes in heart rate obsexrved for each minute with the
asubject at vest, during exposuve to vibration at frequencies of

2 -~ 10 Hz and during recovery arve shown in figure 4.10. In this
graph the values obtained with the subject restvained in the vibra-
ting seat have been pooled with those obtained with the subject

unrestrained,

(k) Movement of muscle masses duvning vibration

The response of varilous muscle masses of the body during
exposure to constavi awplitude vibration at frequencies of 2, 4,
6, 8 and 10 Hz was examined during this series of experiments using
high speed cinephotography. Observations were made on the
response oFf various.grﬂups of muscles in the body to the expeyi-
meptal vibration by running the exposed cine £ilm through an
editing viewer at a gpeed of 16 frames per seccond and where
appropriate by examining each separate frame,

The observations carvied out iu this parvt of the ewperiment
show that when the subject was axposed to vibration at a frequency
of 2 U=z ghﬁ behaviour of muscle masses was little different fvom
that observed during the period of rvest prioyr to vibration.

With vibrations at a frequency of & Hz theve was mavked movement
of the pectoral moscles in an uwpwards and dovnwards direction at

approzimately the sawe frequency of motion as the fovcing vibration,
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Theve was, however, no attempt on the part of the ewxperimental
subject te tense thesc muscles in ownder to veduce the degree of
movement.  Similar movement of mwsculature in the calves and
upper region of the thigh was obsexved and the nature of this
movement remained essentlially unchanged throughout the period of
vibraition, An vpwards and downwards wovement of the shoulder
girdle wasz also observed during exposure o vibration at a
frequency of & Hz and no atbewmpt was made by the subject to modify
or attenuate this motion,

During exposure of the experimental subject to vibration at
a frequency of 6 iz a number of intevesting phenomena were
obzserved on analysing the high speed cine film. At this

frequency, vibration caused alwmost lmmediate and simvltancous

novement of muscle masses in the calves and upper g ion of the
thigh, hese movemenis were lawvge in magnitude and at approx—

imately the same frequency as the forcing vibration and were
probably due to resonance effects at thie Iveguency. Within
two to three seconds of the start of this muscle motion, the
experinental subject vesponded by tensing the appropridte muscle
eroup for a pexriod of sbout three to four seconds during which
the movewment of the musecle mass was visibly reduced. At the
end of this period of muscle tensing, there was obvious relaxa-

tion on the part of the subject and the musele wass veturned to
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a motion at about the same frequency as the forcing vibration. At
the end of approwimately 5 seconds of velaxation the muscle tensing
procedure was oncemore adopted by the experimental subject.
Throughout the pericd of observaitieon the subject alternately
tensed and relaxed musculature probably in an atienmpt to attenuate
the excessive movewment oceasioned by the foreing vibration. A
similar phenomenon was observed at this frequency of vibration for
the large mass of pectoral muscles which alternaiely relaxed and
tensed during the period of vibration.

Similar observations were made duving exposure of the subject
te vibration at a frequency of 8 Hz., With this condition the
groups of wuscle masses involved included calf and upper thigh
masses, pectoral muscles, biceps mugecles and strap muscles of the
neck, Fach of these muscle groups exhibited a warked degree of
movenent immediately after the vibration was stavted and this
was Followed within a few seconds by vigorous tensing of the
appropriate muscle mwass and consequent weduction in wmovement.
Throughout the period of vibration in which observations were
carried out, the phenowenon of alternate tensing and velaxation
of musculature was clearly visible. In figure 4.11 two frames
of the high speed cine f£ilw have been reproduced. In one frame,
the characteristic phase of ruscle relaxation is shown during
exposure of the subject to vibration at a frequency of 8 Hz., In

the adjacent photograph, tensing of various groups of muscles may
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be_aaeﬁ as a chavactevistic response to vibration at the same
fregquency and intensity.

Observations of the high speadwaine film taken during
exposure of the subject to vibration at a frequency af 10 ¥z
show that a very large number of muscle groups were involved
in the tensing ~ velaxation phenowenon observed at other
frequencies of vibration. In this expevimental condition it

was noted that in addition to tensing of muscles of upper and

lower Liwbs and the chest, there was also marked contraction of

abdominal musculature. Also, it was noted that with the onset

of high intensity vibration at this frequency the subject tried

to adopt an avched posture by contraction of lumbar and dorsal

musculature presumably in an attewpt to modify orv attenuate

transmission of vibration to more vulnevabla parts of the body.

Tt was noted that at this frequency of vibration the neriods of
Y ¥

sustained nuscular contraction were longer Tthan those observed

during vibrations of lesser intensity, and in these ecircunstances

the periods of muscular relaxation were consequently reduced.
The wesponse of muscle groups to vibration exposure at various
fraquencies and inteusities, was the sawe for both conditions
of the expeviment (l.e. wvhere the subject was restrained ox

unrestrained by harness in the vibrating seat).
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4.4 Discussion

The ezpeviments which have been described in this chapter have
dempngtrated very cleavly that at cevtain frequencles constant
amplitude whole—-body vibwation cauges an increase in pulmonary
ventilation in the experimental subject. Thug, it has been shown
that with vibration exposure at foreing frequencies of 6, 8 and 10
Hz thexe was a marked increase in mean values of minute volume
ventilation, tidal volume and respirvatory frequenecy with the
maximum changes in these values occurring at the highest foreing
frequency (LOlz) used in this study. The resulits indicate that
at those frequencies of vibration pulmonary ventilation reached .
mazimmn values aftdr about 5 minutes of vibration and thereafter,
deelived in magnitude towards the end of the vibration period.

The fagultg show that after five minutes of vibratlion at frequen-
cles of 6, 8 and 10 Hz ﬁhére was an increase in minute volume
ventilation of 35%, 637 and 80% vespectively over values obtained
with the subject ak rest., After ten minutes of vibration at these
frequencies the increase in minute volume was veduced to 18,57,
61.5% and 67% of vresting control walues at 6, 8 and 10 Hz respec~
tively, The magnitude of the changes in minute volume ventila-
tion observed during this sevies of experiments was similar to that
obtained by previous workers (Exmsting, 196Ll; Hoover & Ashe, 1962)
ﬁhn exposed theiv subjects to comstani amplitude whole-body

vibration. In the present study it was found that the increase
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in minute voluwme ventilation was brought about by increase in both
tidal volume and respirvatory frequency during the period of

- vibration. This finding is in agreement with that of Hoover &
Ashe, 1962 but differs from that of Ernsting (1961) who rveported
that the increase in minuﬁe volume ventilation obtained in his
subjects during the vibration period was produced lavgely by an
increase in tidal volume. In the present study, there was a
moderate increage in tidal volume after the pnset of vibration at
frequenciecs of 6, 8 and 10 Hz, and thig incvease was sustained
almost unchanged throughout the entirve period of wvibration. It
is believed that at least part of the increase in tidal volume

can be explained on the basis of superimposition of oscillations
upon the respiratory flow at the foreing frequency. Iun his
investigations, Eransting (L961) showed that suech oscillatory
volume of gas resulted from Ilnveluntary wmovement of viscera in and
oui: of the thoracic cage with cach cyele of wibration, thus
driving gas into agnd oub of the lungs. He demonstrated however
that the superimposed oscillatory volume of gas during the
vibration periocd was for the most part effective only in ventila-
ting the functional dead space and could not thevefore be rvespon-
gible for the hyper-ventilation which he obaerved in his
experimenis. This finding was supported by the studies of Hoover
& Ashe (1962). By contrast, the changes in respivatory frequency

induced by whole-body vibration in the present study match the
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changeg observed in minute volume ventilation. Thus, the increase
in respivatory frequency which oceurred duving ewxposure of the
subject to certain conditions of whole-body vibration, réached a
maximun value after about five ninutes of vibration and thereafter
declined in value towards the end of the total period of vibration
axposure. This observation strongly suggests that the change in
regpivatory frequency was the predominant factor contvelling the
change in pulwmonary ventilatlon obgenved during the vibration
period, although an increase in tidal volume undoubtediy contri-
butted to this phenomenon bui to a lesser axient,

In the present context, one of the most imporiant resulis
obtained in this sexies of experiments concerns the relative
increase in pulmonary ventilatlon produced by a given combination
of frequency and amplitude of vibration vhich was grester than the
corresponding increase in metabolic oxygen uptake. This provides
evidence that with exposure to vibration at fragquencies of 6, 8
and 10 Hz tree hypav-ventilation was induced in the emperimental
subject and this is supporvied by the finding of a greater iucrease
in carbon dioxide production then in metabolic oxygen uptake as
veflected by the values of respiratory exchange ratlo duving these
conditions of vibration. Furither evidence of hyperventilation
iz provided by the marked veduction in values of pulmonary venti-~
lation and wespiratory exchange ratio below their respective

control values in the vecovery peviod followlng conditions of
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vibration in which the pulmonary ventilation was waised. Thege
findings agree with those of the few previous authows who bhave
exposed human subjects to whole-body vibration at wvarious frequen-
cies and intensities (Duffner ot al, 1962; Dixon et al, 1961
Fxnsting, 1961L; Hornlek, 1961; Lawb & Tenney, 1966: Hood et al
1966) and who geunerally agree that the minute volume ventilation
increases beyond that expected on the basis of oxygen consumption
alona, In many cases however the evidence for true hyper-
ventilation occurring during the period of vibration exposure

has been circumstantial and ill-defined. One of the most con-
vineing dewmonstrations that true hyperveniilation could be induced
by whole~body vibration was that given by Ernsting (1961) who
measured end—expiratory and arterial carbon dioxide partial pressure
in subjects ewxposed Lo constont amplitude vibration and vecorded
values of avierial carbon dioxide partial pressures of less than
25 mm iy after 2 minutes of vibration at about + 1 8z acceleration
amplitude at 9.5 Hz. In the present experiments, 1t has been
gshown that exposure of subject to wibration at frequencies

6, & and 10 Hz {(acceleration-awplitudes, + 0,49, + 0.89 and

4 1.43 Gz respectively) caused a significant reduction in end
tidal carbon dioxide tension with maximum reduetion in these
values at a forecing frequeney of 10 Hz. At these frequencies

the mean reduction in end—tidal carbon dioxide tenmsions were

3.2; 6.1 and 6.4 mm Hg for frequencies of 6, & and 10 Hz

respectively. In three subjects nodevately severe
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syaptoms of hypocapnia (tingling of extremities, feeling of detach-
ment) occurred during vibration at a frequenecy of 10 Hz. In the

subjects who showed sywptoms of hypocapnia, the end exmpiratory carbon
diozide tensions fell from wvalues of 38 - 40 mm Hg obtained at rest,

to values of 28 -~ 32 wm Hg obtained during the esperimental wibra-
Thia finding provides convincing evidence that moderate

tion period,
to severe hyperventilation and hypocapnia can ccewr wilh exposure of

the subject to whole-body, constant amplitude vibration particularly

ait higher intensities.
A nunber of suggestlons have heen advanced by previous workers

to-explain the mechanisms responsible fovr the oceurrence of hyper—
ventilation during exposure to low frequency structure~borne whole~
body vibration, aslthough the exact cause still remsins ohscure.

One faector which has been considered relates to the anzmiety invoked
in the subject by vibration especially at the higher intensities
The results

nd Frank paln.

which are lisble to cause discomfort a Tar
however supporh snxiety

obtained in the present experiments do unot
Thuga,

as a causabive Factow in vibration induced hypevvenitilation.

uged in the present study weve highly ezpevienced,

all the subjects
and in the answers given in the guestionnaire on completion of each

vibration exposure all denled anniety as a factor present. In
addition, examination of the vecord of cardiac £requency obitalned
during the period of rest and duving the transition from rest to

vibration at each frequency, failed to veveal uny 'anticipatory®
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increage in heart vate during that time, and this would also support
the belief that anxiety was eithey minimal or absenit.  Although
measurvements of cardiac frequency obtained during vibration expos—
ure of the subject at each frequency showed a significant increase
with exposureg at frequencies of 6, 8§ and 10 lz, increases in
heart vate of similar magnitude were obtained by Hood, Murrav,
Urschell, Bowers & Clark, (L966) and by Clark, Williams, Hood &
Murray, (L967) in their studies. These workers also measured mean
arterial blood pressure and cavdiac output during each vibration
condition and helieved that the vise in cardiac frequency observed
in their experiments was a physioclogical respouse induced by whole-
body vibration and not in any way assoclated with anziety. As
further supporit of this belief, these authors report that vibra-
tion of the avaesthetised dog (at a frequency and intensity of
vibration which induced hyperventilation in man) caused wavked
hyperventilation in the mimal under civcumstances in which
clearly, anziety could be ruled out as a causative factor, It
wag therefore considerved that snxiety was not a causative factor
in the hyperventilation ohserved in the present saries of emperi-
WRNES .

A nunber of authors have suggested that hiypervenitilation
during whole~body vibration may avise as a vesult of stimulation
of certain mechanoveceptors through mechaniecal distortion of

tlssues with a reflex increase in pulmonary ventilation beyond the
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requirvements of the body. Although the existence of such a
mechanism has never been proved, it would be expected that it
wouvld exert the greatest effect on ventilatlon in the sltuation
where thewve is maxiwel distortion ov novement of tissues and
organs of the body -~ i.e., at a major regonance. In the review of
the liteveiture, Lt was chown that such & resonance in the seated
huwan body oceurs at a foreing fregquency of 4 < 5 #Hz and vibra~
tion at this frequency producas maximan tensile and compres-
sional strain which wight be expecied to activate proprioceptors
of the Lype suggested as responsible for the reflex hyperventila—
tion. In the present servies of ewperiwments, howevey, the
greatest degree of hyperventilation was obtained not at resonant
but at considersbly higher frequencics of vibration.  This faect
suggests that the hyperventllation isg related wore to the
intensity of the vibration rather than to a pure resonguce

Iy

phenouenon invelving stlmulation of mechanorveceptors with veflex
increase in ventilation. Indeed, previocus atitempits to demon-
strate such a mechanlam have failede  Thus, Lawb & Teonny, (1966)
carried out a sevies of ewperiwments in which they applied
vibration to various parts of the body and observed the rasplra-—
tory response of the subject to this vibratory stimulus.
Vibrations ai various Lrequencles and intensities applied to the
lower Limbs alone, caused a moederate increase in minute volume

vantilation which was however propovtional to the increased
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metabolic oxygen consumpiion and therefore unot a true hyper-
ventilation. In a further attempt to locate the anatomical

site of possible mechanoreceptors which might be responsible for
veflex hyperventilation, these workers vibrated the abdominal wall
of a subject by means of an anibil ¢ suit the abdominal bladder of
which was inflated by a sinuscidal alyr pump opevating at a
fregquency of 6 Hz, Vibratory stimulation of the abdominal wall
at intensities considerably higher than those invoked by whole-
body vibvation at this frequency, failed to induce hyper-
ventdlation ln the expevimental subject. In a further study by

these authors, the application of abdowminal binders to the subject

bt

during a peviod of vibration (known to cause hyperventilation)
failed to reduce the degiree of hyperventilation induced in the
subject, Ou that experiment the effect of applying abdominal
bindevs to the subject would be to weduce the awplitude of
oscillation of the abdominal wall and to alter the resonant
frequency of the thoraco—abdowinal sysiems. In turn, this
might bave been empected to change the nature or magnitude of
the hyperventilation induced by whole-body vibration if the
causative factor was stimulation of mechanoreceptors contained
in the abdominal wall viscera ox diaphragm. No such change was
obgerved, however, in the experiments described by Lawb& Tenuy,

and they considered that i€ was higbhly unlikely that any
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specific receptor site for low frequency vibration exists in the
body.

Observations made during the present series of experiments
suggest that hyperxventilation induced in the subject during
whola~body vibration may be explained on the basis of sheer dis—
comnfort experienced by the expevimental subject at certain fre-
quencies and intensities. Thus it has been shown that there is
a relationship between the magnitude of the vibration stimulus
and the ventilatory response. HNo increase in pulmonary ventilation
Iag been found with vibration at frequencies of 2 and 4 Hz
(intensities = + 0.05 G and + 1.43 ¢ respectively) although at
higher freauencies (6, 8 and 10 Hz) there was a marked incfea&e
in pulwonary ventilation (which was true hypervemtilation), the
greatest changes being found at the vibration exposure of greatest
frequency and intensity (10 Hz). During exposure to vibrations
at high frequency and intensity, the subject complained of acute
discomfort pavticularly in the abdomen and chest. This dis-
comfort was rapid in onset after the start of vibration and
remained either unchanged or became more intense ag the vibration
exposure continued, It is generally accepted that discomfoxt
and pain can cause an increase in the rate and depth of breathing
and if of sufficient intensity can lead to hypevventilation and

hypocapnia. It ig believed that in the present experiments the
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waenitude of discomfort and pain experienced by the subjects
during exposure to conmstant amplitude wvibration at frequencies of
6, B and 10 Hz was aufficient to explain the hypevventilation and
this is offered as the wost Llikely factor wvesponsible for the
oceurrence of the phenonenon.

In connection with the ventilatory vesponse of subjects
exposed to lov frequency whole-body wibraition, tha effects of
firm restraint by a seat harness is of considerable practiecal
interest in aviation medicine. Ewnsting (L9561) suggested tha
the hyperventilation induced by certain conditions of whole-body
vibration might be avoided or veduced if the subject could
be suitably westrained in the vibrating seat, and he suggested
that a formal study along these lines wight vyield information
of considerable importance to the protection of alrcvew flying
in econditions of wvibration at high speed and low level, In
the present seriles of experiments a typical alvcraft seat
harness was used which affovded excellent westraint of the
subject’s towso in the vibrating seat. The rasults have shoun
however that the use of firm restraint failed to reduce the
pain and discomfort associated with whole-body vibration at
certain freguencies and intensities and did not proteci the
subjecit from the hyperventilatioun and hypocapnia induced by
whole body vibration at these frequencies. Although it is

believed that firm restraint of the subject in an aivcraft seat



will protect him against a nunber of the injurious effects of
whole~body vibration (particularly with high intensity "jolting'
type of wibration) it is regrettably quite clear that no such
protection will be offered by harness restraint against the
respirvatory changes induced by low frequency whole~body vibration
which can occur with low~level high—-speed flight.

The results of the present investigation confiim the findings
of previous workers that whole-body vibration at cextain frequencies
and intensities induces an increase in oxygen consumption.

Larly rvesearch workers in Germany observed that severe whole~body
vibration could increase metabolic activity in experimental
subjects., In more vecent measurements of oxygen consumption
during whole-body vertical vibration at infrasonic frequencies
the observed increases have been related to the intensity of
vibration both in man (Duffuner et al 1962, Emmsting 1961, Gacuman
et al, 1962) and in animals (Carter et al 1961). Ewnsting
vecorded a significant increase only at forcing accelerations
exceeding 0.5 G at a frequency of 9.5 €z, while Gaeuman and his
co-workers reported a falrly linear increase in oxygen consumption
with vibrations at increasing frequencies fyom 6 to 15 Hz at a
fixed displacement-amplitude of + 0.132 in, the forecing
acceleration ranging from + 0.40 to + 2,88 G, In the present
experiments, the nature of vibration exposure was siwmilar to

that employed by Gaeuman and his co-workevrs, and the wesulis

'
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obtained for metabolic oxygen uptake were also similar.  Thus,
vhen the subject was ezxposed to vibration at a congtant amplitude
displacement and frequencies of 2 and 4 Hz there was no significant
diffarence between values for oxygen uptake obtained with the
subjact at vest and during the period of vibration exposure.

During exposure to vibrations at frequencies of 6, 8 and 10 Hz
there was, bowever, a marked increase in the oxygen consumption
which was fairly linear with ivncreasing frequency.  The energy
expended by the subject during exposure to vibration at the

higher intensities us

-~

ed in this study is gimilav in magnitude to
that expended by the pilot of & fixed wing or rotary wing airverafi
during the most energetic and dewanding phases of £1ight (e.g.
instrument approaches, combat and emergency sitwvations, ctc.).
Gonsiderable interest survounds the nature of the mechanismg
regponsible fov the ineveased wetabolie oxygen uptake induced by
whole-body vibration at certain Frequencies and intensities., In
previous gtudies (Eynsting, 1961l; CGasuman et al, 1962) the
subjects exposed to expervimental vibration sabt unvestrained
either on the platform of the vibratoyr or on a simple upright
saat mounted thereon. In hoih these previocus investigatlons it
wag suggested that the increased metabolic activity obsewved
during the pevied of vibration might be due to the muscular
effort requived by the subject to maintain his posture in the

face of violent shaking, This explanation for vailsed metabolic
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activity was also advanced by Duffner et al (1962) who zeported

a large jncrease in metabolic oxygen consumption at low frequencies
rathey than at resonant frequencies duving exposure of these
experimental subjects to constant acceleration whole-body vibration.
In this latter study lavge vertical displacements of the vibration
platform were needed to obtain the acecelerative forces at the low
frequencies used in thely experiments. AThe reaults obtained in
the present experiment suggest thalt muscular effort required by
the subject to maintain posture is not the primary factor responsible
for the increased metabolic activity during the period of whole~
body wvibration., Thus, it has been shown that at frequencies of

6, 8 and 10 Hz, vibration of the subject fully restrained by a
harness in the vibratiang seat produced increases in the values of
metabolic oxygen uptake which were of the same magnitude as these
obtained with the subject unrestrained in the seat and exposed

to vibration at these same frequencies. In the condition in
which the subject was fully restrained in the vibrating seat
virtually no muscular effort was required to maintain his posture
in the face of vibratlion. A second possible explanation for the
vaised metabolic activity duving whole~body vibration has been
considered, and this velates to the increased muscular work
involved in exchanging larger quantities of gas in and out of

the lungs during vibration emposure. Cherniak (1959) showed

that the work of breathing accounts for only a very small pexcentage



of the overall metabolic oxygen consumpiion in man, and ap,

explanation for the increased mebtabolic activity during vibratior

et

mist be sought elsewhere,
The vesults of the present investigation support the hypo~
thesis that the increasse in metabolic owmygen consumption during
whole-body vibration is a vesult of increased muscular tenmsion,
which is unrelated to the maintenance of posture and may be elther
voluntary or involuntary in nature. [ his early studies CBrmann
{1940} obsevved that on exposure to whole-~body vibration at certain
frequencies a genevalised increasge in muscular tension occurred
in the subject alwost as soon as the vibration commenced. In
the pregent oxperiments, analyels of high speed cine £ilm taken
during each vibration exposure of the ewperimental subject showed
that a sindlar phenomenon cccuryed, with alternate tensing and
relaxzation of various muscular groups throughout the entive period
of wibvation at frequencics of 6, 8 and 10 Hz. The muscle groups
involved and the duratious of muscular tension and velaxaiion
varied congiderably with the nature of the forveing vibration,

At the highest intensity of

o

vibration (at a frequency of 10 Hz)
it was noted that there was considerable tensiog of the muscle
groups in the upper and loweyr limbe, chest, sbdomen and back

in vesponse to the vibration and that the observed muscular
contraction was sustained fox considerxably longer periods without

relazation at the higher frequencies than at lower frequencies
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of vibration. Lt is believed that this phenomenon is responsible
for the increased metabolic activiiy observed during whole-body
vibration at frequencies of 6, 8 and 10 Hz.

The nature of the muscular resgponse by the subject during
whole-body vibration is obscure, although arguments can be made
that this may be partly voluntary, as a protective mechanisn,
and partly involuntary due to a rveflex initiated by stimulation
of mechanoreceptors. In support of the fact that muecle tensing
in the face of high intensity vibration is partly voluntary, it
has been demonstrated in this investigation that when asked to
do so the subject was able to velax hig musculature voluntarily
for a short period during which the muscle masses exhibited marked
movement at approximately the foreing frequency of vibration.

In each case, however, the subject complained that deliberate
relaxation of museculature in this way intensified the pain and
discomfort in abdomen, chest, head and neck particulaxly during
exposure to vibration at high acceleration amplitudes. It is
pogsible that voluntary tensing of muscles may be a protective
mechanisnm which can modify the transmission of the vibration
through the body to cextain wmore vulnerable parits, or reduce
the discomfort which resulis from movementi of lavge groups of
mugcle and overlying tissues during exposure vto high intensity

wibratione.
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hile part of the incresse ivn museular setivity during whole-
bady vibratios way he g voluatory mochaninm, thove i evidonee
frow the Literatupe whieh suggaste thap theve wmay also be goww
faveluntary voflexw mmwoelar tenslag.  Tho work of Guignavd and
Travars (AE59) Las shown that csposure of seated experimental
eubiccts fo vibeasion st Frequencies of 4 - 10 Ha wikth a eonsbang
anplituds dlsplacenmcnt of ¢ .33 om alicits synghrouws streteh
vaflexas from mesting postural susele (guodriceps) ia the 1inbs,
Tha anount of myotatic osetivivy which they ebtained in thelr
aunpaviment varied wich tho invensity of the npplisd vibration and
could be zaduced during whole-bedy vibyvation by vesersining dif-
forvential movencent of the Llower limbe, R is Compiing ©o
apaoulote thot roflow musenley contraction of the involuntany
prpe aight bo fodelaied by mechanieal disvortion of tisoues acting
posaibly rhrough smeels opindles. In this connoction, it in
sorehy of note that Lippoeld, Bedfeam & Voaco (L938) recopded
mupele spindle dlacharge sovivity dn the cab during sinusoidal
magale styatebing, vhloh was Syequency dopendent and had maninal
fovilitation nt a fvequaney of 1% Ha.  While the cecourrenen of
relicn lovelmniary musowlor contvaction during whole-body vibratioen
at sertoin fyaguencles nust zemadn speovlative, tho possibilicy
of sueh a pechanisn sontvibueing to the inewvesszad wmetsbolie
activity fouad in these eopndifions cannot he ruled out,

The practical ieportance in the £inding of inewoased mwsculay
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activity duving exposure o whole-body vibration iies in the
effect which this may have on a pilot requived to £ly at high
apead aad low level through turbulence. In these conditions
inveluntary or volunkary tensing of nusculature could be a

aignificant factor contvibuting to faitlgue.
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CHAPTIER 5

The modifving effects of thoraco—abdominal

support on the respivatory changes induced by constant~

amplitude whole-body vibration

5,1 Intvoduction
In the previous chapter it was shown that exposure of an
expevimental subject to congtant-amplitude whole~body vibration

at frequencies between 2 Hz and 10 Hz caused an ingrease in
pulmonary ventilation at ceriain fraquencies. Furthermore, it
was shown that wnder these civcumstances there was o true hypar-
ventilation with hypocapnia of sufficlent wagnitude ag to cause
gymphoms in some subjects, Lt was also shewn that at these
frequencies of vibration in which thare was hypexv&ntiiationg the
expervimental subject expericuaced considevable discewfort in the
chaest and to a lesser extent in the asbdomen and back. it was
sugzested that this pain and disconfort avising during ezposure
of the subject to vibration at higher intensities wight be
regspousible for the obaevved hyperventilatlon and hypocapnis.

If such a hypothaesis is true, then it might bhe expecied that if

gteps were taken to veduce the degres of discomfort which arvises

162.

during vibration at cevtain frequenciesg then this might also reduce

or eliminate the hyperventilation and hypocapoia observed in the

experimental subject. In the design of the experiment, described

¢

in this chaptew, consideration was given to the possibility that
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if firm support was given to the thorax and abdomen of a subject
during vibration then this might reduece the discomfori and in
turn modify the respiratory changes induced by the vibration.
There is some evidence both scientific and apocxyyphal that
abdominal support increases the human tolerance to whole-body
stypucture-borne vibration, at least in that pavi of the frequency
spectrum which contains the frequencies of major body resonance
in man (Nickerson & Coermann, 1962; Roman, 1958). It has there-
fore been argued that the use of some kind of abdominal restraining
device might improve the comfort and efficlency of subjects
exposed to whole-body vibration of this type. Indeed, such a
device in the form of an experimental anti-vibration abdowinal
restrainer was devised for possible use by aiverew vequived to
f£ly in conditions where whole-body wvibration wmay occur. This
device, tested by Guignard (1964a) consisted of an inelastic
walsthand with an abdominal portion made of indistensible material
and suppovted by three semi~rigid stays giviag firm abdouminal
SUPPOLL. The whole of this exverimental garment was tightened
by means of two vows of adjustment laces at the back of the
binder, in the manner of a Victorisn lady's covset. In his
study, Guignard examined the protective effect of this device
using four expevimental subjects exposed to vertical sinusoidal
vibration at frequencies from 4.8 Hz to 16 Hz with an acceleration-

amplitude of + 0.5 Gz, The wesults of that study showed that
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axposure of the subject to vibratlon s cevtain frequenclies caused
a warked inevease in pulmonary ventilation and yesplratory rate
with sympaoss vofevable to vesonance of abdowminal and othex
viseera. VWearing the abdominal restraiuning device, hoveverx,

had no measurable effect upon the ventilatory response of the
gubject or upon the dynamic response of the weaver's body to the
applied vibration.

Tn apother fnvestigabion (Guignard, 1964b) oxztended this
study to test the savl-vibratory effects of an expevimental anti
¢ suit. Thig garment was similar to the anti ¢ sull assenbly
wort by advevew ss a protestive device during acceleration
manoauvres in aiveraft aud counsisted of inflatable rubber bladdeys
applicd o the calves, thipghs aod abdomen of the wearew and
supportad by an outer layer of indistensible makewial. iIn
Gudgnard’s study only the abdominal portion of the anei & suit
was used and this wae inflated teo o pressuve of 1 Ib/sg.in.

The effect of wesving this svlit wlih the abdominal bladder
inflated was tested by exposing the experimgntal subject o whole-
hody vibration at Eveyuencies fyom 4,8 Hz to 9.5 Hz with
acceloration—anplitudes of + 0.5 g and & 1.0 Gz. A& compariscon
was wada of the offect of wibration at eaech frequency wpon
pulmonary ventilation with and without the subject wearing the
egneringntal angi~f suilt. In his study, Guignavd noted that

at certein frequencies of vibration theve was & wmarked increasa




in minute volume ventilation and respiratory vate and these

respiratory effects occurred whether or mot the abdominal portion

of the anti G suit was inflated. Despite the negative vesults

as vegavds protecting the subject from the vespirvatory effects

of whole~body vibration, a subjective assessueni by questionnalze
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suggested that abdominal support did slightly reduce the discomfort

associated with vibration at certain frequencies. In these two
previous experiments, support was given only to the abdominal
reglon of the subject and no attempt was made to provide support
for the upper half of the torso. In the pregsent sevies of
experinents, therefore, account was taken of the findings of the
experimental work described in the previous chapter, in which it
wags demonstrated that at certain frequencies of vibration the
greatest degree of discomfort occurved in the chest. In his
review, von Glierke (1971) auppmrts\the view that subcostal and
subsiernal pain is predominant during whole-body vibvation at
certain frequencies and he believes that this discomfort is the
prime factor Limiting the ability of subjects o tolerate low
frequency whole-body vibration.

It wag thought therefore that the mogt suitable garment fov
use in the present sevies of experviments would offer support not
only to the abdomen but also to the chest during experimenial
vibration of the subject. Such a garment exisis in the form of

a standard item of alrevew clothing (the combined pavtial
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pressure/anti G/aiy ventilated suit Mk 2) which is worn by airepew
as a protective device should they wvequire to breathe oxygen
ai inereagsed pressuve in the event of emergency alrveraft pregsure
cabin failure., This suit also provides protecition against the
effects of long duration'accelexaﬁion (by means of anti~G bladders)
and has a built~in aiy ventilation system. Lt was thought that
even with the functional bhladders uwninflated, the sult wmight offex
gufiilcient exibernal support to the thorax and abdomen of a subject
as to veduce the discowfort experienced in these areas dering
exposure Lo vibration ai certain freguencies,

In the experiments descyibed in this chapter the subject was

exposed Lo constant-suplitude vhole-body vibration at frequencies

of 2, 4, G, & and L0 ¥z and accelevation—awplitudes of up to

A+ 143 Hz.  The subject experienced cach frequency of vibration

On LWo oceasions. On one occasion, he wore the combined paxtial
pressure/anti~Gfair ventilated suit while on the other occasion
he did not. During each experimental nun, measurements weve

made of pulmonary ventilation and end tidal carbon dioxide tension
and the resulis obtained were compared for the conditions where
the subject did and did not wear the experiwmental suit. At the
end of each esperimental vibration period the subject was also
asked to make an assessument of the degree of comfort/discomfort

which he expevienced during each period of vibration. The resulis



obtained in the study ave vepovted in this chapter of the thesis.

5.2 Methods

(a) Technique of applying torso support

Tor the purpose of this experiment a standavd iltem of air-—
crew equipment was used ~ the conbined partial pressure/anti G/

air ventilated suit, Mk 2. A photograph of a subject wearing
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this suit is ghown in figure 5.1. ‘The sult is a one-piece garment

covering torso, avms and legs, and containg inflatable bladders
made from chloroprene coated nylon contained within an outer
xesﬁwainigg layer made from terylene. 'Iwo sepavate sets of
inflatable bladders are contained within the suit, those which
when inflated provide counterpressure to torse, arms and legs

(in the event of emergency loss of cabin pressure when the wearer
is required to breathe oxygen at increased pressure) and those
which inflate in ovder to protect the weaver against the efifects
of acceleration during hipgh speed manoeuvres in aiveraft, This
latter set of bladders covers the abdomen, thighs and calves and
can be inflated gquite sepavately from the counterpressure bladders
when required to do so. The entire sult €an be adjusted to fit
the wearer's body by means of a series of lacing cowxds which run
dovn the sides of the body and leg pontions, In order to allow
donning of the sult, a set of sliding fasteners ave incorporated;

one fastener vunning from neck to left hip reglion, one on the




inside of each leg and one sel cach at the vight and left wrists.

Tor the purposes of the present ewpariment the suit was fltted

w

T

to sach subject snd the laces were adjusted to give fivm support
to the torso whiilst the arn and leg adjustment laces wave left

relatively Loosa.

(b} Condeet of the exnevimant

Five experivental subjects in the age gyoup 23 -~ 38 vears
took pavt in the iawvestigation. The experiwont was carried out

using the mechanical vibrator and wodified alrevaft type ejection
geat, detalls of which have been given previously in the Methods
section of this thesis. Vibrations at freguancies of 2, 4,
and 10 Uz were vsed and the total amplitude of the wvibrating
platfors was Leld constant al 0.62% em. The acecelevaiion~
amplitudes of vibration wanged from + 0.05 Oz at a Irequency of
2 Ha to 4 1.43 Gz at a freguency of 10 dz.  The accelevation
amplitude of the applied vibratlion wvas measured at the seat of
the subject using a variable resigtance acceleromweter (range
LG 1) mwounted on the under surface of the sgeat pack in the
vibrating seat. The output signal from this accelevoneter was
gultably auplificd and displayed on one channel of a Devices pen

a

recorder. I this way o contlnuous vecord of the vibration

acceleration was obtained throughout the period of wvibration
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FiPVLece 5. 1. Subject wearing the - combined partial pressure/
anti G/ air ventilated suit, Mk.2,
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The subjecl was exposed to whole-hody vibration in two
experimental conditionz. 1In one condition of the experiment
vibration exposure was carvied out with the subject seated,
wnres trained by harness on the vibrating seat whilst wearing an
integral protective helmet Mk 2 and a lightweight £lying overall.
In the other condition of the experiment, the subject wove tﬁa
experimental sult (the cowbined partial pressurefanti G/air
ventilated suit Mk 2) and a protective helmet. At each attendance,
the c¢lothing assembly worn by the subject and the frequency of the
vibration was applied in a rondom fashion and the subjects were
unaware of the object of the experiment.

Bach subject sat in the vibrating seat and breathed room
air through the mouthpiece of the experimental breathing cireuit.
Pulmonary ventilatlion was measured continuously by means of the
recording dry sas meter and end tidal carbon dioxide concentration
was measuved by weauns of the infva red carbon dioxide meter, the
sampling tube of vhich was loserted into the breathing eircuit
close to the subject’s lips. Details of the measuving equipment
used in this pavt of the investigation have been given previously
in the Methods saction of this thesis,

At each expevimental session measurements were made of
pulmonary ventilation, vespiratory frequency and end tidal carbon
dioxdde concentration during a period of vest which lasted five

minutes, Measuremonts were then continued thywoughout the peviod
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of chosen vibration which lagted five winutes, and thereafter

duping a five minute period of recovery following the vibration.

;"':

At the end off each experimental session, the subject was
asked to complete o questiomnaive velating to the degree of
disconfort ezpervienced duving each period of wvibration. A
specimen of this gquestionnaive is given in Amex A of this chapter,
The questionnaire called for the subject to indicate on & series
of predvavn Lines (each measuring 100 mm) the degree of geneval
comfort/disconfort experienced during the period of vibration and

@

any, esperienced in various

E‘ii

also the degree of discownfort, il
anatomical sites (chest, abdomen, back) under the same experimental
conditions. Tor each subjective assessment, a line mark wvalue
of zeve indicated that the subject experlenced no discownfort
whatsoever during the pecviocd of vibration, whilst a line wark
value of 100 wm indicated thai the paln and discomfort experienced
ither in general or in & pavticular anatomical site was absolutely
intolerable. Intermediate line wark values indicated the subjects
assessment of the degree of cowfort/discomfont between these two
ERTTOMAS o This type of questionnalve was designed by Gedye,
Adtken & Vexres (1961} to allovw quantitetive measurewment of
subjective zssesswents which ave awenable to standard nethods of

(3

astatistical analysis.
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5.3 Resulis

(a) Pulmonary wentilation obtained with each subject during the

control period of vest and during vibration at each frequency

are given in Table 5,1, This table shows the values which were

obtained when the subject was vibrated with and without wearing

the experimental suit,

Table 5,1

Maan values of minute volume ventilation at rest and

during exposure to vibration at ecach frequency.

Five subjects vibrated with and without the expevimental
suit

Mean values of winute volume ventilation (Litre/BIPS)
during rest and vibration at a frequency of (Hz)
Subject
G‘zgzggj 2 4 6 5 10
WLTHOUT SULT
GS 8,31 8,04 7.76 11.78 14.76 15,42
LT 7.72 8,26 9.53 13,56 15,50 21,90
W 8,29 7.35 7.84 942 10,33 12.48
CW 7.8% Z.00 8e51 15,40 15.90 13.24
G 7,08 7.0% 7.04 1052 16.16 16.28
WITH SULT
GS 8,81 8,26 9,00 11.16 12.74 12.86
BT 7.62 7,11 8,36 9,08 13.52 15.68
W 8.43 7.54 8.00 8.22 0.96 12,12
CW 7.08 7.186 7.34 9,40 11.44 12.42
e 7.51 6.38 7.22 11,26 15,48 14,31
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It may be seen by refevence to Table 5.1 that in both exwperimsntal
conditions (l.e. subject wearing and not wearing the sulk) there
wag an inerease in pulmonary ventilation during the period of
egpoguve Lo vibrotion at frequencies of &, § and 10 iz,  The
values of pulnonarvy ventilation obtained at these freguencies
were sienificanitly greater than those obtained during the contrel
period of vest (P = 0,001}, During ewmposure to vibration at
frequencies of 2 and 4 iz, theve was no sipnificant increase in
pulmonary ventilation for either coondition of the experiment.
Analysis has shown that when the subject wore the expevimental
sult during vibration the nean increases in pulwmonsyy wventilation
aver‘ﬁhoﬁa obtained at vest were 23,87, 59,37 and 69.9% for
frequencies of 6, 8 and 10 Hz rvespectively,  Uhen, however, the
subject was exposed to vibration at these freguencies (6, 8 and
10 Hz) without weaving the suilt, the increases in pulwmonary
ventilation over xesting control values weve 54.8%, 85.3%7 aund
102.3% respectively. The ventilatory resvonses with exposure to
vibration at frequencias of 6, & and 10 #Hz were significantly
lower (P = 0,001) wheun the subject wore the suli than wbhen he did
not.

The increase in pulmonary ventilation obiained duving
exposure of the subject o vibration occurred wainly as a resuli
of an increase in vespiratory frequency with only a small incvease

in €idal volume. Mean values of respivatory frequency obtained
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for each subject at vest and during exposure to vibration at each

foreing frequency arve given in Table 5.2 for two conditions of

the experviment (subjeect vibrated with and without the experimental

suit). It may be seen by wveference to this table that in both

conditions of the emperiment whole-body vibration at frequencies

of 6, 8 and 10 Hz caused an increase in values of respiratory

frequency over those dtained with the subject at rvest. (P = 0.001),
The wvalues of rvespiratory frequency which were obtained

during the condition of the experiment in which the subject wore

the sult during vibration were 8.5%, 24.0%, and 38,77 greater than

resting control values for frequencies of 6, 8 and 10 Hz. The

values obtained with exposure to vibration, when the subject did

not wear the suit, were 25.87, 50.37 and 68,9% greater than conirol

values for frequencies of 6, 8 and 10 Hz, The values of rvespiratory

frequency ohtained during the period of vibration were significantly

lower in the gondition in which the subject wore the suit than

when he did not. (P = 0.,001)

(b) End tidal carbon dioxide tension

Values of end tidal carbon dioxide tension were calculated
for each breath from the rvecord ohtained of end tidal cavbon
dioxide concentration with the subject at rest and duvring each
exparimental vibration exposure. - The mean values of end tidal
carbon dioxide tension obtained with the five expeximental subjects

at rest, during vibration at various fregquencies and during



-

subsequent recovery fvom vibration are shown in Table 5,3.  This

table shows wvalueae abiained with the subject exposed to vibration

at each foveing frequency In the conditions of the expeviment in

which he wore the eypexvimental guilt and in these conditions in

which he 4id nob,

Table 5.2  Mesn values of vespiratory frequency ovbtained with
subject ab rest and during exposure Lo vibration at
varioys frequencies in two experimental conditlons

{(with and without the esxvaerimental suvit)
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RO

Mean wvalues of wespiratory frequency (breaths/min.)
chtained duving vest and vibration at the following
frequencies {(iz)

12,1 2.5

dubject
Rest 2 A 6 8 10
WETHOUT 8ULT
5 172.1 12..0 11.9 14,2 1.1 18,7
Y WA 12.4 12.6 15.1 18.2 193
T 12.3 12,3 12.2 16.1 18.2 ZL.4
40} L1.9 12.2 il.4 15.8 18.2 225

I SULE
12,1 13.3 15.1
11.4 12.0 12.6
11..6 12.4 12,9
12.8 1 14.2

130 14,3

GB
AN
Wi
CuW
&P

17
11,9
12.6

13.2

12.0

11.9

A
9t
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Table 5.3 Mean wvalues of end—tidal cavbon dioxide tension for
five subjects at rest and during exposure to vibration
at vavious frequencies (with and without the
aexperimental suit)

Mean value of end tidal carbon dioxide tension
- (mm Heg)
Irequency
of WLTHOUT SULT WITH SULT
vz?;z?mon Rest Vibratlon Recovery | Rest Vibration Recovery
2 39.5 39.7 39,5 39.2 39.8 39.4
4 39.4 40,0 39.3 38.7 37.9 38.2
6 40,0 35,2% 37.6 39,5 39.7 39,0
8 39.7 33.0% 38.2 39,7 35,.4% 38.6
10 39.6 32.1% 36.3 38.8 33.1% 38.0

% walues during vibration significantly different from
values obtained at rest (P = 0,001)

Tt may be seen by rvefevence to Table 5.3 that in the expevimental
condition where the subject did not wear the experimental suit,
exposure o vibration at certain frequencies caused a wmarked fall
in end tidal carbon diozxide tension from values obtained during the
control pewviod of rest. Thus, with vibration at frequencies of
6, 8 and 10 Hz the end tidal carbon dioxide tension fell during
the period of vibration by values of 4.8, 6.7 and 7.5 mm Hg
respectively, These values of end tidal carbon dioxide tension
obtained during the period of vibration exposure were significantly

greater than those obtained at rest (P = 0.001). During exposure
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to vibration at a frequency of 10 Hz, one subject (not wearing
the experimental suit) complained of sywptoms which were highly
suggestive of hypoecapnia (tingling of fingers and toes). In
this subject the end tidal carbon dioxide tension fell from a
mean value of 39.4 mm Hg obtained during the resiing peviod, to
29.7 mn Hg during the period of wvibration.

It may be s=zen by reference to Table 5.3 that the changes in
end tidal carbon dioxide tension obtained with the subject wearing
the experimental suit during the period of vibration were in
sharp contrast to the condition where the subject did not wear -
the suit. Thus, with exposure of the subject wearing the
ewperimental suit to vibration at a frequency of 6 Hz there was
no measurable change in values of end tidal carbon dioxide tension
over values obtained at rvest., With vibration at a frequency of
8 Hz, the mean value of end tidal carbon dioxide tension fell by
4,3 mm Hg (compared with 6.7 nm Hg at the same frequency with
the subject not wearing the suit), and with vibration at a frequency
of 10 Hz the mean value of end tidal caxbon dioxide tension fell
by 5.7 um Hg (this compared with a fall in the mean value of end
tidal carbon dioxide tension of 7.5 mw Hg obtained during vibration
at 10 Hz with the subject not wearing the suit). In the condition
of the experiment in whieh the subject wore the experimental suit,
there were no complaints of symptowms which could be referred to

hypocapnia,
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The mean changes in end tidal carbon dioxide tension
obtained in the two experimental conditions are shown graphically
in figure 5.2, It is clear from Table 5.3 and figure 5.2 that
wearing of the experimenial suit during the period of vibration
prevented hyperventilation and hypocapnia in the subject exposed
to wvibration at a frequency of 6 Hz and markedly reduced the
hypocapnia which occurred with exposure to vibratlon at frequencies

of 8 and 10 H=z.

(c) Subjective assessment of comfortc/discomfori during the period

of vibration

An analysis was made of the replies to the gquestionnaire
relating to comfort/discomfort experienced by each subject during
gach vibration tun. Mean values for general subjective discomfort
and for discomfors experienced in varlous anatomical sites during
exposure ©o vibration are presented in Table 5.4 for two couditions
of the experiment (i.e. subject wearing end not wearing the
experimental suit), It may be seen from this table that the
gsubjective assessments for general comfort/discomfort obtained
during the period of vibration at frequencies of 6, 8 and 10 Hz
indicate that at these frequencies of vibration the subjects were
more comfortable when they were wearing the experimental suit
than when they were not. In addition it may be seen from
Table 5.4 that vibration at frequencies of 6, 8 and 10 Hz caused

congiderably leas discomfort in chest, abdomen and back of the
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Table 5.4 Mean values for line mavking subjective assessment of
-~ confort/discomfort during wholo~body vibration at
various frequencies. Mean of five subiects wearing
and oot wearing experimeptal sull

ean value of Line marhing agssessment of
, . e mye oy g 'y b o Q‘Af.t. :‘ ving '] ,
Froquency of gomtort. ﬁ&a@naﬁﬁmiggm the left of the line
vibration (Hz) 7 )
Wearing sulg Hot wearing sult
GERE RAL COMPORT
2 De2 0.3
& 4ah dod
6 11.3 19.5
8 31.3 66,1
1{3 lﬁvﬁ ® 9 %??2 ° ﬁ
ABROMINAL CONMFORT
2 Gad 0,3
& 0.1 2.6
6 0.5 9.1
8 1.7 25,0
10 ‘!’% @ 5 é@? s 6
GUEBT COMEORT
2 0.3 0.2
4 0.2 20
6 3.9 48
7 25,5 72,0
10 58.6 754
BACK COMFORT
2 Uefd .2
!ﬁ» 1.0 ’fi‘ o3
6 0.0 Ue "‘fi
3 204 205
10 38,5 4036
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subject when he was wearing the sult than when he was not., The
data for subjective assessment of comfort/discomfort as indicated
on the line marking guestionnaive was analysed using the *"Wilcoxon—
matched-pairs-signed-ranks' test., This analysis has shown that
the differences in both general comfort assessment and assessment
of conmfort in abdomen and chest of the subject in the two conditions
of the experiment (vibrated with and without wearing the suit) axe
significant with vibration at frequencies of 8 and 10 Hz (P = 0.01)
and at a frequency of 6 Hz (P = 0,03). There was, however, no
significant diffevence in the values of indicated subjective dis-
comfort in the back for the two conditions of the experiment.

The vesults for the subjective assessments of general comfort
and for comfort/discomfort experienced in the two main anatomical
sites (abdomen and chest) during exposure of the subject to vibration

at various frequencies ave preseated graphically in figure 5.3,

Se&  Discussion

These experviments have confirmed the findings of the
previous study {(described in chapter 4) that constant amplitude
whole-body vibration at certain frequencies cavses an increase
in pulmonary ventilation in the experimental subject, which is
brought ebout by a moederate increase in tidal voluwe and a marked
inerease in vespivatory frequency. Furthermore it has confivmed

the fact that the increase in minute volume ventilation induced
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by vibration at certain frequencies is a true hyperventilation with
hypocapnia. As in the previous study it has been shown that the
degree of hyperventilation and hypocapnia increases almost linearly
with increasing intensicy of vibration exposuve with maximum values
being obtained at the highest intensity of vibration used in this
study (frequency = 10 Hz, acceleration-amplitude = + 1.43 Gz).

The important finding in this part of the overall investigation
is that the inecrease in pulmonary ventilation brought about by
exposure of the empevimental subject to whole-body vibration at
frequencies of 6, 8 and 10 Hz was greatly reduced when an
experimental garment giving firm support to the abdomen and chest
was worn by the subject during the period of vibration exposure.
Furthermore, it has been demonstrated that when thig garment was
worn by the experimental subject, the hypocapnia induced by vibration
at these frequencies wés either eliminated or greatly reduced.

The findings of this experiment algo show that when the experimental
suit was worn by the subject during the period of vibration it
offered a considerable degree of protection against the discomfort
and pain assoclated with vibration at frequencies of 6, 8 aad 10 Hz.
This finding supports the hypothesis advanced in the previous
chapter of the thesis that pain and discomfort experienced by the
subject during constant—amplitude whole~body vibration at certain
frequencies may be of sufficlent magnitude as to induce the

ventilatory chenges found with these conditions of vibration.
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Figure b, 3, Subjective ratings for comfort/discomfort * during
. vibration with and without the experimental suit,
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This belief ig further reinforced by the faet that protection

from the respiratory changes assoclated with constant—amplitude
low frequency vibration was achieved by providing the subject with
a suit which gave firm support not only to the abdomen but also

to the chest. It may be recalled that in the previous series

of experiments in which subjecis were exposed to constant-amplitude
vibration at frequencies of 2 - 10 Hz the greatest degree of dis-
comfort experienced by the subject during certain conditions of
vibration occurred in the chest vegion and only to a lesser extent
in the abdominal avea. It is likely that failure to support the
chest during the period of vibration may explain the negative
findings of Guignaxd (1964 a and b) in his assessment of various
garments designed to protect the subject against the effects of
vibration.

There are two possible explanations for the mechanism whereby
the application of fivm thoraco—abdominal support veduces ox
eliminates the vespivatory changes induced by constant amplitude
whole-body vibration at cevtain frequencles. One possibility is
that the expevimental suit cauwsed a stiffening of the torso in the
subject during the pexriod of vibration and thereby modlfied the
distribuitlon of the input vibration stimulus through the body.
Nickerson & Coermann (1962) showed that stiffening of the trunk
during exposuve Lo whole-body vibration can alter the trans-

wissibility of the vibration in the body and can protect certain



parts from the differential movement induced by the vibratory
stimulus. It seems more likely, however, that the application
of external support to the abdoninal wall reduced the degree of
painful ogeillatory movement of viscera and that similar support
to the thowvax reduced the movement of pectoral muwecle masses
during exposure of the subject to whole-body vibration at cextain
frequencies and intensities,

Whatever the protective mechanism involved might be, the
practical importance of the findings of this experiment lies in
the fact that it offers a possible solution to improving the
comfort, safety and wellbeing of the aviator exposed to conditions
of vibration in~flight. At the present time, very lictle is
known about the subjective discowmfort associated with random

vibration in alverafi and work ls currently being undertaken to
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asgess this. The regults of the present study show that if futuwe

advances in the opevation of military aircraft expose the pilot
to conditions of vibration which give rise to severe discomfort
and associated vespiratory changes, then steps can be taken te
reduce or eliminate these effects by providing him with thoraco-
abdominal support. Furthermore, it has been shown thal even
moderate gupport of the type offered by a current item of aircrew
clothing will provide adequate protection against the adverse

effects of certain types of structure borne whole-body vibration.
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5.5 Anmex to Chapter 5

SPECTIMEN OF QUESTIONNAIRE

Experiment A 0164

Datﬁ a0 sQRBOREQCRIBOLEAEG0 RSO

Equipment: sesssesensasssssocs RUND NOe evsnssnce Su%)j@'.ct tceesssscnscoe

Please congider carefully the vibration exposure which you have

just experienced and indicate your assessment of comfort/discomfort

in the following mannen:

Place a single vertical stroke through the appropriate
pre~drawn line according to your own personal rating of
comfort during the period of vibration. If you experienced
little discomfort duving vibration mark the line to left

of centywe; if you found it vevry uvncomfortable mark the

line to the right of centre. The further away from centre
(either way) vou mark the line, the stronger your feaelings
about thies condiiion of vibration. Please use the ends of

the line only if you thionk the wording appropriate.

GENERAL COMFORT

Absolutely Intolerable
no disconfort disconfort
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COMFORT IN CHEST

Abgolutely Tntolerable
no discomfort discomfort

COMIFORT IN ABDOMEN

Absolutely Intolerable
no discomfort discomfort

COMFORT IN BACK

Absolutely Intolerable
no disconmfort discomfort
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The wvespiratory effects of whole-body vibration

at a constant acceleration-ampllitude
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CHAPTER O

A LA AL R PR R

The respiratory effects of whole-body vibration

at a constant acceleration~amplitude

6.1 Introduction

In an earlier chapter (chapter 4) the respiratory changes induced
by whole~body vibration were studied using conditions of wvibration
in which the displacement amplitude was held constant and the
intensity of the vibration increased with an increase in forecing
frequency (constant amplitude vibration). An alternative approach
to studies of the human responses to vibration can be made using
conditions of wvibration in which the total displacement of the
vibration platform is adjusted in such a way as to maintain a
constant acceleration—-amplitude over the range of frequencies
studied. By using both types of experimental vibration,
physiological responses can be studied over a wide range of
frequencies and accelevation—amplitudes.

There have been very few investigations, however, of the
regpiratory changes induced by constant accelevation vibration,
although in their expeviments Duffner et al (1962) found an
increase in metabolic oxygen consumption and pulmonary ventilation
at the lower frequencies of vibration studied (range 2 - 7 Haz).
These workers demonstrated that hyperventilation oceurred in

their subjecte during exposure to vibration at frequencies of
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4 ~ 5 Hz and they believed that this might have been brought about
by stimulation of certain deformation receptors situated in various
parts of the body. ILrnsting (1961) also used constant acceleration
vibration (acceleration-amplitude = + 0,256) and noted that there
was an increase in pulmonary ventilation in his experimental
subjects which was greatest at the lowest frequency used (1.7 Hz),
Since this frequency of wvibwation 'is below that of any lknown
mechanical resonaunce of the respiratory system and was not
accompanied by any discowfort on the part of the subject, this
respiratory effect was tentatively attributed to labyrinthine
stimmlation., This explanation was also advanced by Dixon et al
(1961) who produced marked hypocapnia in their subjects exposed

to vibration at a constant acceleration and at frequencies between
0.5 and 0.8 Hz.

In veviewing the literature, it is of intevest to note that
in previous veports the respiratory changes induced in the
experimental subject by vibration at constant acceleration were
observed at the lower end of the range of frequencies studied.
This contrasts with the situation during exposure of the subject
to constant amplitude vibration where it has been shown that the
respiratory changes occur at the higher frequencies in the range
studied. This suggests that there may be a diffevence in the
causative mechanisms involved in the respiratory changes observed

in the two expervimental conditions.



In the present investigabion, therefore, ewxperiments were
designed to study the vespiratory effects of whole-body vibration
held at a constant acceleration-amplitude over a vange of fre-
quencies; to define the magnitude of these changes and to attempt
to elucidate the physiological mechanisms involved in theiyx
production. In this sevies of exmperiments the frequencies of
vibration studied were 2, 4, 6, 8 and 10 Hz and the acceleration-
amplitude was held constaat for each frequency at + 0.4 Gz. The
results cobtained for this sewies of experiments are veported in

this chapter of the thesis.

6.2 HMethods

hight expevimental subjects in the age group 23 - 42 years
took part in this sevies of experiments. Seven of the subjects
had partiecipated in the previous experviments rvepovied in chapter 4
of this thesis (the constant—amplitude vibration series). One
subject who took part on the previous occasion was uwnable to
participate (subject AC) and he was replaced by another subject
(BT) who had similar anthroponetric chavacterisitics., The details
of height, weight and body surwface area of the elght experimental

subjects used in this stwdy are given in Table 6.1,

1%0.
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Table 6.1 Detalls of height, weight and body suwface area of
the eighlt experimeatal subjeets used in the study

Subject Helght (em) Weight (kg) 2gg§ %;§§§Cﬁ
AM 176.5 725 1.88
GS 173.9 74.1 L.87
BT 175.3 70,1 1.80
Wi 175.3 72.9 1.88
W 174.6 G664 1.77
Gp 1715 67.2 1.79
ED 190.5 7641 2.02
Py 193.0 80,5 2.18

% Body surface area computed from the momogram of DuBois (1936)

The experiments wewe carvied out using the mechanical
vibrator upon which was mounted o modified airvcraft type ejection
geat. Detalls of the vibration equipment and the seat have been
given previously in the Methods chapter of this thesis (chapter 3).
Vibrations at frequencies of 2, 4, 6, & and 10 Hz wexe used in
thisz study and for each forecing frequency of vibration, the total
displacement of the vibratiag platform was adjusted to give a
constant accelevation-amplitude of + 0.4 Gz, The acceleration-
amplitude of vibration was measured at the seat of the subject
throughout each experimental vibration session using a vaviable

resistance accelerometer (range + 10 G), appropriate amplifiex
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and pen recorder.

Bach experimental subject attended on ten separate occasions.
On half the number of attendances the expeviments were conducted
with the subject sitting in the vibration seat fully restrained
by means of an aircraft type harness system (described in chapter 3)
and on the other half of the attendances the subject was completely
unrestrained in the seat. Ixposure of the subject to each frequency
of vibration (2 « 10 Hz) and the condition of restyvaint were carried
out in a random fashion, and the subjects were unaware of the object
of the experiment.

Each subject wore a lightweight Royal Air Force flying
coverall and a standaxd protective flying helmet (RAF Mk 2) each
of which was fitted using aiverew fitting procedures, and he sat
either restrained or unresitrvained by harness in the vibration seat
with his feet vesting on the footrest. The breathing civeuit used
by the subject was identical to that used in the constent amplitude
vibration studies and this equipment has been described in detail
in chapter 3 of this thesis. The subject breathed woom air from
this breathing civeuwis using a mouthpiece while the nostrils were
oceluded by a pose elip. IHzpived gas was conducted from the
expivatory port of the valvebox inm the breathing civeuit first to
the recording dvy gas meter and then into gas collection equipment
(these have been deseribed in detail in a previous chapter). End

tidal carbon dioxide concentration was measured using an infra-~
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vad carbon dioxide meter, the sampling line of which wes inserted
{into the wvalvebox close to the lips of the subject. The output
from this meter was sultably amplified and diszplayed on a single
channel of an Eéterline Angus pen vecorder.

At each experimental session, the subject vested for a period
of five minutes during which no recordings were taken. During a
further peviod at rest, wmeasurements were made of pulmonary venti-
lation and end tidal carbon dioxide concentration and expired gas
wag collected in a Douglas bag over the last three minutes of the
rast period. The subject was then exposed to the chosen condition
of vibration for a total period of ten minutes during which measure-
ments were made continuously of pulmonary ventilation and end tidal
carbon dioxide conecentration. Collections of expired gas were
made on two occasions during the vibration period. The first
collection was'takan over a period of three minutes (between minute
2 and minute 5 of vibration) and the second collection was made
between minute 7 and wninute 10 of the vibration period., Tor
convenience, these collections will be referved to, hereafter, as
gamples after five and ten minutes of vibration. Vibration
exposure was followed by a recovery peviod lasting five minutes
during which measurements of pulmonavry ventilation and end tidal
carbon dioxide concentration were continned and a final collection
of azpired gas was taken in the last three minutes of the vecovery

phase. Values of minute volume ventilation and respirvatory
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frequency were calculated from the recordings obtained for each
minute of the control, vibration exposure and recovery phases of
the experiment, Values of end tidal carbon dioxide concentration
were calculated from the maximum defléction of the trace recorded
with each breath from the output signal of the carbon dioxide
neter. Values of metabolic oxygen upiake, carbon dioxide output
and respiratory exchange ratio were calculated from pulmonary
ventilation and analysis of the expired gas for oxygen and carbon
dioxide concentrations. The techniques of measurement and the
calculations involved in this procedure have been described in

detail in a previous chapter.

6.3 Results

MR g AP U AL RO

(a) Pulwmonary ventilation

Mean values of minute volume ventilation for the eight subjects
taking part in the experiment ave shown in Table 6.2 for the period
of rest, after five minutes and ten minutes exposure Lo vibration
at each frequency and during subsequent recovery. Values obtained
with the subject seated fully restrained in the vibration seat ave
shown together with those obtained when the subject was unrestrained
in the seat. The mean values of pulmonary ventilation are shown
graphically in figure 6.1 for each minute of rest, exposure to

vibration and subsequent Tecoverys



Table 6.2 Mean values of pulmonary ventilation at rest, during

vibration sxposure and Yecoverve.

Eight subjects

vestrained and wvnrestrained in the vibration seat

Pulmonaxy ventilation (L/min BTPS) during:
Trequency of :
vibration (Hz) Rest: Af?ex 5‘min Af?ar 1? min Recovery
vibration vibration .
 RESTRAINED
2 9,24 11.15 9,86 8,37
4 .32 10,92 9,08 7.55
9,90 12.58 10,58 8.42
8 9.60 10.82 10.52 B.56
10 9,30 9,75 9,48 8,02
UNRESTRATINED
2 9.64 11.43 1020 8,60
4 9,41 11.538 11.43 8.14
$.98 11.69 10.68 1.75
9.27 10.48 3.56 830
10 9.80 10.61 10.35 9,13
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An Analysis of Variance carried out on the data on pulmonary
ventilation obtained in the present experiment has shown that
there was no significant difference in values obtained with the
gsubject vibrated either unrvesitrained or vestrained by harness in
the vibrating seat. It may be seen by refervence o Table 6.2
and figuve 6.1 that after five minutes exposure of the subject to
vibration at a constant acceleration~amplitude there was an increase
in pulmonary ventilation only at frequencies of 2, 4 and 6 Hz,

In these conditions of vibration in which an increase in pulmonary
ventilation was obtained, this occurred within half to one minute
after the start of vibration, reached a maximum value after five
minutes vibration and thereafter declined in magnitude towards the
end of the ten minute perilod of vibration. The values of pulmonary
veniilation obtained during the vecovery period fellowing vibration
exposure at each frequency were significantly reduced below values
obtained during the vesting contrvol period (P = 0.001).

Analysis hasg also shown that the increases in pulmonary
venitilation observed after 5 min and 10 min of vibration exposure
at frequencies of 2, 4 and 6 Hz were significantly greater than
those obtained with the subject at rest (P = 0,001)., The greatest
increage in pulwonary ventilation (28.57 increase over resting
values) occurred during exposure of the subject to whole-body
vibration at a frequency of 6 Hz. With exposure of the subject

to vibration at frequencies of 2 and 4 Hz the increase in values
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of pulmonary venitilation over those obtained with the subject at
rest vere 19.67Z and 19.9% wespectively. There was, however, no
significant change in pulmonary wventilation with exposure of the
subject to vibration at frequencies of 8 and 10 Hz.

Examinatlion of the data has wevealed that at these frequencies
of vibration in which a change occurred in pulmonary ventilation,
that change was brought about by an increase in tidal volume, the
respiratory frequency remaining vivtually uvnchanged throughout the
vibration and vecovery peviods. The mean values of respiratory
frequency obtained with the subject at rest, during vibration
exposure at each frequency and during subsequent recovery f£rom
vibration ave shown for the eight experimental subjects in

Table 6.3,

(b) End Tidal carbon dioxide tension

The mean changes induced in end tidal carbon dioxide tension
by whole~body vibration at a constont acceleration and various
frequencies are shown in Table 6.4 and ave presented graphically
in figure 6.2. In Table 6.4 the value for carbon dioxide tension
obtained with the subject at vest is shown togethew with the carbon
dioxzide tension which existed after 5 minutes and 10 minutes
exposuxe to vibwation and during the subsequent recovery phase.

It may be seen that the veduction in end tidal carbon dioxide
tension was greatest at the lower freguencies of vibration (2 Hz

and 4 Hz) used in this study. The greatest change in values of



Table 6.3 Mean values of wespirvatory frequency with the subject

at rest, during exposure to vibration at frequencies

between 2 and 10 Hz and during subsequent recovery

from vibration.

Eight gubjecks westrained and

unresivained in the vibrating seat

199,

Respiratory frequency (breaths/min) during
Frequency of .
vibration (Hz) Rast Af?eﬁ é’min Af?@r %? min Recovery
vibration vibration
RESTRAINED
2 11.3 11.8 11.6 10,9
& 12.0 11.6 10.9 11.2
6 12.7 11.8 12,1 12.2
13.8 13.8 13.0 12,9
10 11.6 11.6 12.2 11.3
UNRESTRATNED
2 12.7 11.9 12,1 12.6
b 12.2 11.6 12.0 12,5
6 10.2 1.1 10.8 10.7
8 11.8 12.5 13.0 12.6
10 11,6 12.2 12,0 12:4

end tidal carbon dioxide tension occurred within the fivet five

minutes of the vibration perviod after which they returned towards

control values in the last minutes of the period of vibration.

Analysis of the xesulis have shown that there was no significant

difference between values of end tidal carbon dioxide tensions

obtained with the subject restrained and unvestrained in the

vibration seat.



Table 6.4 The effect of whole-body vibration at a2 constant
acceleration~amplitude upon end tidal carbon dioxide
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tenslon. (Pooled values for eishi zubjaecits restrained

and warvestrained in the vibration seat,)

Mean value of end tidal cavbon dioxide
Frequency of tengion (mm Hg) duving 3
vibration (i) Rage | After 3 min  After 10 min |,
o vibration vibration recovery
2 38,6 3443 382 39.3
& 39,5 35.4 38.0 38.7
6 40,2 39.4 38.7 39.1
8 39.2 38.4 38.5 40,2
10 39.9 39,2 38,7 39,5

(¢c) QMetabolic oxvgen consumpiion

The mean values of oxygen consumption whieh were obtained
during this series of experiments ave presented in Table 6.5 for
eight subjects in a restrained and unyrestrained condition in the
seat and exposed to frequencies of 2, 4, 6, 8 and 10 Hz at a

constant acceleration-amplitude (+ 0.4 CGz).

It may be seen by reference to Table 6.5 thait during exposure

to vibration at ceviain fregquencies (both with the subject restrained

and unrestrained in the vibrating seat) there was a moderate
increase in metabolic owyzen consumption which veached a waximum
value after five minutes of exposure to vibration and therveafier

deelined towards the end of the paviod of vibration. Analysis
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at a constant acceleration~amplitude,
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Table 6.5 LEffect of whole~body vibration (constant acceleration)
upon metabolic oxyeen consuwption. Nilght experimental
subjects exposed to vibration at various frequencies
while restrained and unrestrained in the vibration seat

Mean value of metabolic oxygen consumpiion
Frequency of (L/win STPD) in the following conditions:
vibragion (Hz) Rest After 5 min Af&ér 10 nin RECOVAL
- vibration vibration ' 24
RESTRATNED
2 0.304 0.335 0,311 0.298
& 04300 (.340 0.326 3,278
6 0.322 0.398 0. 351 0.297
8 0.313 0.312 0,318 0.293
10 0,307 0,313 0,297 0.283
UNRESTRAINED
2 0.321 0.351 0.350 0.313
& 0.313 0.370 0,356 0.282
6 0,287 (3,356 0,324 0,261
8 0.302 0,314 0.207 0,280
10 0306 0.311 0.319 0,308

of vhe data has shown that with exposuve Lo vibration at frequencies
of 2 Uz and 4 Hz the nean values of oxygen consumpiblon wexe
significantly greater in the coudition in which the subject was
vnrestrained in the vibvating seat than when he was fully restrained
(P = 0,01}, On the other hand, theve were no significant

differances Ffor condltions of vesiraint during exposure of the
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subject to vibration ot frequencies of 6, & and 10 Hz. This
observation is of considerable intevest in explaining the mechanism
involved in the increase of metabolic activity during exposure of
the subject to low frequency vibration at a constani accelevation-
awplitude. The results for metabolic oxygen consumpiion obtained
in this experviment ave shown graphically in figure 6.3,

Analysis has also shown that thae inerease in metabolic oxygen
consunption observed afier 5 min and 10 min exposure to vibration
at a frequency of 6 Hz was significantly greater than that obtained
with the subject at rest prior to vibration (P = 0.001). The mean
value for metabolic oxygen consumption obtalned during vibwation
at this frequency was 26,77 greater than that obtained with the
subject at rest. It is noteworthy that the increase in metabolic
ozygen consumption obtained during vibration at a frequency of
6 Hz almost exactly balanced the incerease in pulwmonary ventilation
obtained duving exposure of the subject to vibration at the same
fregquency.

Analysis has shown that with exposure of the subject to
vibration at frequencies of 2 and 4 Hz there was a wmodervate but
gignificant increase in wvalues of metabolic oxygen consuwmption
over those obtained with him at vest (P = Q.00L). The mean values
of metabolic oxygen consumption obiained in these conditions of
vibration were vespectively 19.6% and 19.97 greater than those

obtained during the peried of rest. It is of particular importance
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to note that the inercases in metabolic oxyzen consumption obtained
with the subject exposed to vibration at frequencies of 2 Hz and

4 Hy were disproporviionately less than the corresponding increases
in values of pulmonavy ventilation obtained during vibration
exposure at the same frequencies. With exposure of the subject

to constant accelevation vibration at frequencles of 8§ and 10 Hz
there were no significant changes in values of metabolic oxygen
consumption over those obtained with the subject ai rest.

In order to allow a compavison to be nmade of the metabolic
energy expended by the subject during whole-body vibration with
that expended by the pilot flying various aivevaft, msan values of
metabolic oxygen consumpiion have been converted to values of
energy expenditure (unit, keal fohe) These are presented in
Table 6.6 for eight subjects exposed to vibration at a constant

accelaration amplitude and various frequencies.

(d) Carbon dioxide oubput

The results of measuremenis of cavbon dioxide output obtained
during this sevies of experiments ave shown in Table 6.7 for eight
subjecis who were westrained and uavestrained in the vibration seat.
Tt may be seen by veference to this table that for both conditions
of the expeviment (subject restrained and unvestrained) there was
a mpdevate increase in the values of cavbon dioxide production

during vibration at frequencies of 2, 4 and 6 Hz over those values
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Table 6,6 Metabolic enerpy expended by the subject during
expogure to whole-body wibration at various
frequencies. Mean values for eipht subjects,

Mean metabolic energy expenditure (kecal/w?hr)
Frequeney of in the following conditions:
vibration (Hz) Rest After 5 min After 10 min R

e vibration vibration ecovery

2 4842 5645 56.0 48,3

3 48,1 0.7 58,9 bh o2

6 50.0 62,3 59.4 46.7

46,8 46,9 45.3 4241

10 46,7 48.4 49,2 47.3

obtained with the subject at rest prlor to the vibration period.
The meximmm increase in cavbon dioxide output was obtained after
the first five minvtes of vibrvation and theveafter declined towards
control values at the end of the ten minute peviod of vibration
exposure. ‘The greatest chapge in carbon dioxide oubput was
obtained with exposure of the subject Lo vibraiion at a freguency
of 6 Hz and analysie has shown That this was significantly greater
than values obtained with the subject at wesi (P = 0.001). With
exposure of the subject to vibration at frequencies of 2 and 4 Ha
there was a woderate imerease in carbon dioxide production after

5 winutes and 10 minutes exposure and the values obtained were

gignificantly greater than those obtained during the peviod of



Table 6,7 Effect of whole~body vibvation (constant acceleration—

amplitude) upon carbon dioxide productlon Llu elpht
subiects exposed to vibration at firequencies 2 -~ 10 Hg

207 .

in the restvained and uaresirvained condition

Mean value of carbon dioxide output /(L/min
Frequency of STPD) in the following conditions:
vibration (Hz)
Regt: Af?eF %imin Aﬁfer 10 min Recoveyy
vibration vibration ?
RESTRATNED
2 0.284 0.335 0,279 0.248
4 0.275 0.320 0.297 [ 0,215
0.284 0.342 0.321 0,220
0.281 0.310 0.280 0.242
10 0.291 0,300 0.287 0.251
TMRESTRATNED
2 0.293 0.352 ¢.308 0,257
& 0.284 0,360 0.338 0.232
0,287 (. 339 0.317 G228
0.279 0,306 0.281 0.240
| 10 0.289 0,301 0,279 0,243

vest (P = 0,001). Witgh exposure of the subject to vibration at
frequencies of 8§ and 10 Hz however theve was no significant
difference in values of carboun dioxide output obtained during the
pericd of vibyavion over those values obltained with the subject
at rest. There was no significant differences in the values for

carbon dioxide output between the two conditions of the experiment
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in which the subject was restrained and uwavestrained in the

vibrating seat duving vibration ezposure.

(&) Respiratory exchange ratio

The resulis of measurenmenis of Respiratory Rschange Ratio
obtained in this series of experiments ave presented in Table 6.8
for eight subjecis exposed to vibration at a constant accelevation-
amplitude, both in the vestrained and unwvestrained positions in
the vibrating seat, It may be seen by rveference to Table 6.8
that in both conditions of the experiment (l.e. with the subject
vastrained and uvarestrained in the seat) there was a marked increase
in values of vespivatory exchange ratio (in sowe casaes to values
greater than unity) during the first five winutes of exposuve of
the expevimental subject to vibration at frequencies of 2 and 4
Hz. These changes were highly significant (P = 0.001) when
compared with values of respivatory exchange vratio obtained during
the period of rest prior to vibration. Analysis has shown that
at these frequencies vhere a change in Respivatory Bxchange Ratio
occurred, this was preatest after five minutes of exposure to
vibration, after which thewve wes a reduction in the value obtained
towards the end of the vibration period. With vibration exposures
at frequencies of 6, 0§ and 10 Hz there were no significant chanpes
in the wvalue of Respirvatory Exchange Ratio from those obiained

during the rest period prior to vibration,



Table 6.8
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Bffects of whole~body vibration at constant acceleration

ampLitude on the Regpilratory Exchange Ratio. Bight

subjecis exposed io vibration at freguencies of 2 ~ 10

He in the vestrained and unrestrained condition

Hean value of Respivatvory Exchange Ratio in
fraquency of the following conditions:
vibration (fa) N After 5 min | After 10 win
es T vibration vibration Recovexy
WS TRAINED
2 .94 1.03 0,590 0,83
4 0.93 1.04 0.91 0.80
6 0.89 0.98 0.90 0.80
8 0.8¢ 0.94 0,92 0.82
10 0.92 0.90 : 0,89 0.83
UNRESTRATHED
2 0,91 1.02 0,91 0.82
4 0.91 1,01 0.95 0.82
6 0,91 .96 0.90 0.52
5 3,91 0,95 3.92 0.82
10 0,92 0,92 0.89 0.84

(£) Symptoms arvising during whole~body vibration
) 5

As in the previocus series of experimenis, each subject was

asked to complete a questionmnaire at the end of ecach exposure to

vibration at constant acceleration-amplitude. This questiomaire

asked specifically fox details of general comfort during the
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vibration run with particulayr emphasis on any symptom of dis-
comfort expevienced in the chest, abdomen, back, head and neck,
pelvis ov othey anatowical site., The veporits of discomfort
arising duving a total of 80 experiwmental vibration exposures
are summarised in Tables 6.9 and 6.10 for eipht subjects exposed
to vibration at a constant accelervation-amplitude and freguencies
of 2 ~ 10 Ha. The vesults in Table 6.9 show the number of
reports of discomfort during the runs in which the subject was
fully restrained in the vibr&king seat, while in Table 6.310
results ave given for the condition iIn which the subject was
unrestrained in the seat,

It may be seen by veference to Tebles 0.9 and 6,10 that in
general terme, there were very few veports of discomfort by
subjects exposed to vibration of the type uged in this pavi of
the study. In the conditions of the experiment wvhere the subject
was resirvained and vnrestvained in the vibrating seat theve were,
however, a few veports of discomfort in the chest and abdominal
regions during euposure of the subject to whole-body vibration
at a frequency of 6 Ha. In each case, however, the veporiing
subject stated that these symptouws of discomfort could be relieved
by deliberate tensing of musculature of chest wall and abdomen.

It should be re—cmpbasised at this stage that the subjects ware
repeatedly instructed to make no deliberate attempts to relieve

their discomfort during the vibration period. The discomfori



Table 6,9 Swmory of symptoms veported during whole-body vibration

at constant acceleration-amplitude and frequencies of
2 o~ 10 Uz, Eight gubjecis restrained in the vibrating
seat {each + vepresents one report of discomfort)

Frequency of vibration (Hz)
8 tom ‘
yep 2 4 6 8 10
REBTRATNED
General e
discomfort
Discomfori or pain )
2 t‘.‘l
iwn ¢hest
Digscomfort ox pain . .
in abdomen
Discomfort ox pain
. i
in back
Discomfori or pain ,
s . 5
in head and neck
Daconfort or pain
in pelvis
t

arising in sows subjects during exposuve {o vibyration at a
freguency of 6 Uz was sinilay in nabture but of less severity than
that ezperienced at the same frequency (O Hz) during the constant
amplitude vibration euperiments,

Of pavticulayr intevest in the present context is the alwost

total absence of reports of discomfort during cazpesure of the

subject to vibration st frequencies of 2 and 4 Hs.  With ezposure




Table 6,10  Suwwmary of svaptows reported during whole~body
vibration at constant acceleration-amolitude and
frequencies of 2 « 10 Hz. Eisht subjects
unrestrained in the vibratiog seat

Frogueney of vibration {(Hz)
Symp Lom 9 4 G g 10
UNRESTRATNED
Fenaval "y
X Geolerts
discomfort
Digcomfort oxr paiw "
in chest
Discomfort or pain .
in abdomen
Dincomfort or pain \ -
: & e
in bacl
Discomfort ox pain ,
» ~ r‘
in head and neck
Discomfort or pain .
. . ’ w
in palvis

4 8

to vibration at these frequencies it will be reecalled that thewe
was an increase in pulmonary ventilation to values greater ihan
those obtained at rest, with a woderate degree of hyperventilation
and hypocapnia. The absence of symptoms of discomfort during
vibration at the frequencies causing the preatest resplratory

changes contrasts with the findings of the previous experimenis
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(constant amplitude sevies - reporied in Chapter 4) wheve the
subject experienced severe discomfort during exposure ko the
highewr freguencies of vibration used in the study and wheve the
greatest respivatory changes were also observed.

In the present series of oxperiments no subject reporied
any syopioms which could be atitvibuted to hypocapnia at any of

the frequencies of vibyation used in the study,

6.4 Discussion

The experiments vwhich have been descyibed in this chapter
confirm the findings of the few previous workers in this field
(Dixon et al, 1861l; Ernsting, 1961; Duffner et al, 1962) that
whole-body vibration at a constant accelervation-amplitude and at
certain freguencies causes an inevease in the level of pulmonary
ventilagion in the expevimental subject. Thus 1t has been shown
that with vibration at an acceleration emplitude of + 0,4 Gz and
at frequencies of 2, 4 and 6 Hz theve was on increase in minute
volume ventilation to wvalues grester than thosae obtained at rest.

perlod of

i

This inerease in winute volume ventilation duving the

whole-body vibration cceurrzed within § o 1 ninute of the start

of the vibration exposuxwe, veoched a chium valve duving the
flvst {ive minutes of vibration and theveafier, decvrased in

magnitude toverds the and of the vibration paeriod. The chavacteristics

of the changes in pulmonsry venkilatlon weve similar fo those
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reported by previous workers Ffor vibration at a constant acceleration-
amplitude although in the present series of experiments the

magnitudes of the increases in pulmonary ventilation weve somevhat
legs than those obtained by previous authors who used similar
conditions of vibration.

Io contrast to the findings of the previous series of
experiments carvied out in this investigation (using constant
amplitude vibration) the changes in pulmonary ventilation in the
present expeviments were greatest at the lower frequencies used
in the study (l.e. at 2, 4 and 6 Iz with constant accelevation—
amplitude vibration as compared with 6, 8 and 10 Hz with constant
amplitude vibration). The increase in pulwnonary ventilation at
the lower range of frequaencies studied (2 and 4 lz) was brought
about: alwpst exclusively by an lncvease in tidal voluwe, the
respivatory frequency remgining viriually unchauged throeughout the
period of rost, vibration and recovery. This conbvasts with the
findings in the earliex series of ewperiments wheve exposure of
the subject to vibration at a constant gmplitude caused an
increase in pulmonavy ventillation at certain frequencies which
was brought about parily by an inerease io Cidal volume and
partly by an incresse in vespivatory rate.

Analysis of the data has shown thai the preatest incvease in
pulmonary ventilation during the pevied of vibration at constant

acceleration~amplitude ocevrred at a frequency of 6 Hz.  Thias
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finding is similar to that of Duffner et al, 1962, who observed

the greatest ivevease in pulmonary venbtilation during sxposure of
their subjects to vibration at a constont accelerstion-amplitude
of + 0.35 Gz and a frequency of 5 Uz. Since this is one of the
dominant wmodes of vesonance in the seated body, these authovs
offered this as an explanation for their fiandings. In that study,
however, Duffner et al adduced evidence that truelyperventilation
occurred with exposure of the subject to vibration at this

frequency as there was an increase in the respiratory quotient to

&

values preater than 1.0 and a modest fall in alveolar carbon dioxide

b

conceatration. By contrast, the findings of the present experiments

clearly indicate thal ezposure of the subject to vibration at a
frequency of 6 Hz did not induce hyperventilation or hypocapnia.
Thus although the greatesl change in pulnonary ventilation was
obtained during vibration at a frequency of & Hz (duving vibration
mean pulmonary ventilavion was 28.5% greater than values obtained
at resi) there was o pwoporitional increase in meitabolic oxygen
consumption during exposure to vibration at the same frequency
(mean incrcasze = 26.77 over resting values), vivtually no change
in the Respiratory Exchange Ravlo and no veductiow in end tidal
carbon dioxide tensionm. It is likely that the rvesplratory changes
observed in the subjeci sxposed to vibration et a frequency of

6 Hz resulted as a consequence of increased metsbolic actlvity

during the period of vibwvation. It dg noteworthy, that with
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the conditions of vibration used in the present study (acceleration
= + 0.4 Gz) no hyperventilatiou occurved in the exposed subject
at a forcing frequenecy of 6 He although in a previous experiment
(reported in Chapter 3) exposure to vibration at this frequency
and an acceleration of + 0.5 Gz caused quite marked hyperventilation.
It is clear from this observation that the intensity of the
imposed vibration stimulus is an impaitant factor in the respiratory
changes induced by whole~body vibration at this frequency and
it is likely that the explanation for this diffevence lies in the
fact that the vibration at lower intensity (acceleration + 0.4 Gz)
vas of insufficient magnitude as to cause serious discomfort or
pain in the subject. Lt should be noted that in the present
experiments there were vevry few reporis of discomfori during
vibfatian expostre and those that did ocecur were of a comparatively
minoy nature onlve

bn iwmportant finding in the present sevies of experiments is
that at certain frequencies, whole~body vibration at a constant
acceleration—amplitude inducad hyperventilation with hypocapnia.
Thus it has been shown that emposure of the subject to vibration
at a constant aceelervation-amplitude and fregquencies of 2 Hz and
4 Uz induced a woderate dncrease in values of puluwonawy ventilation
over those values obtained during the period of rest {(mean increases
at 2 Mz and 4 Oz were 19.6%F and 19.9% rvespectively).  With

exposure to vibration at the same frequencies there was a small
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inevease in metabolic oxygen consunption (mean inereases over
resting values for 2 Hs and 4 Hz weve 9,77 and 9.6% respoctively)
although at these froequencies of vibwation thewve was a greater
inexease in pulmonary ventilation than the corrvesponding relative
increase in metabolic oxygen conswption. Further evidence Eor
the occurvence of truve hyperventilation is supported by a greater
increase in carxbon dioxide production than in oxygen uptake as
reflected by values of the respiratory exchange ratilo obtained
duving these conditions of vibration. The occurrence of lypo~
capnia in the subject exposed to vibration at frequencies of

2 ¥z ond 4 Hz was demoustrated by a moderate £all in end tidal
carbon dioxide tension during the first five minute period of
vibration exposure at these frequencies. It was obgerved that
the hyperventilation and resuliting hypocapnia occurved only during
the fivet five minutes of wibration exposure at frequencies of

2 Hz and 4 Hy and that towards the end of exsosure to vibration
at these frequencies the increase in pulmonavy ventilation was
propoxrtional to the welative increase in oxygen consumpiion.

This contrasts with the findings of the previcus experiments
(using constant amplitude vibration) where hyperventilation and
hypoecapnia oceurved ai certain frequencies of wvibration studied
and was sustained throughout the entire period of vibration
EEPOSULL. In their studies, Duffner ei al (1962Z) observed a

similac phenomenon during exposure of their subjecis to whole-body

G
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vibration at constant acceleration~amplitede (4 0.35 §) and
frequencies of 2 ~ 7 Hz., The veturn of effective ventilation
towards control wvalues during the vibration period aiter initial
hyperveniilation suggested to these authors that there might be
elther a countevacting stimulus to hypevventilation or some form
of adaptation to the vibration condition.

The wesulis of this study show that aftex a certain period,
exposure of the subject to whole~body vibration al coustant
acceleration~amplitude (4 0.4 ¢) induced hyperventilation and
hypocapnia at the Lover frequencies studied (2 Hz and 4 Hz).  This
iz in contrast to the findings of the previous sevies of cxpeviments
in which exposuve of the subject to vibration 4t a coustant
ampiitude indueced the respiratory changes at the higher frequencies
of vibration studied (6, 8 and 10 Hz}. An explanation fox the
hyperventilation and hypoeapnia observed in the constant awplitude
vibration studies was advanced on the basis of sheer discomfor:
induced by vibration at high intensity. In this series of
experinents (usiog vibration at a constant acceleration~amplitude)
hyperventilation and bypocepnia which occurred at the lower end
of the frequency range studied; was not accompanied by any dis-
comfort. Similar changes have been described by Dizon et al
(1961) who exposed normal subjects to positive near vexrtical
movenents of the tyunk at frequencies of 0.5 and 0.8 Hz. They

found that this procedure induced a considervable increase in
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pulmonary ventilation in the absence of any discomfort on the part

of the subject and these authors suggested that these vespiratory

changes might be due to labyrinthine stimulation.

in the studies

carrvied out by Ernsting (L961) subjects were exposed to vibration

at a constant accelevation (*+ 0.25 Gz) over the frequency range

1.7 to 9.5 Hz, and an increase in pulmonary ventilation with

evidence of hyperventilation and hypocapnia was obtained with the

subject exposed to vibration at the lower end of the frequency

range studied.

In that investigation as in the present experiments,

there was no apprecisble discomfort at the lower frequencies of

vibration and the hyperventilation which occurred at thesa fre~

quencies was al

so ascribed by this autbor to labyrinthine stimulation.,

It s possible that such a mechanism was responsible fox the

N

respilratory changes observed iu

¢

but before advancing thisg hypothesis
congider and exclude =
been responsible,
Attention has bheen dvawn to the
subject to Low fvequency (2 and 4 Hz)

acceleravion-amplitude (+ 0.4 Gxz) was

pain or disconmfovt ai the frequencles

hyperventilation and hypocapnia were ohserved.

21,

therefore

it

nuwber of othey

the prasent series of experviments,

igs first necessary to

factors which might have

fact that swpesure of the

vibration at constant

not asseelated with either
of vibration during which

It is ecleax

that in contyast to the vesults obtained in the previous

expeviments where frank pain and discomfori occurred at the highaer



intensities of vibration studied (and during which marked hyper—
ventilation acd hypocapnia were observed) this cannot be advanced
as the explanation for the cbsevvad respiratory changes. iIn
common with both series of ewperiments (l.e, constant amplitude

and constant accelervation wibration) theve was in the present
experiments no anxiety on the part of the subjects, all of whom
were highly esperienced in wvibration procedures, and it is belleved
that this could not have been a factor contributing to the obaserved
hypexventilation. A nuvuber of authors have consideved the
possibility that hyperventilation during whole~body vibration
could avise az a vesult of stimulation of mechanoreceptors through
mechanical distortion of tissues with & congequent rveflex increase
in pulmonary ventilatlion beyond the requirenents of the body.
Although suech a mechanism cannot be excluded, it would he expected
that the greatest degree of hyperventilation would arise in the
vibration situation which zives vise to the greatest degree of
mechanical movement of tissues and ovpans of the body ~ i.e, at
regonance. As previously stated, one such regonance exists in

the seated subject st a frequency of sbout 5 Lz and the resulis

of the present study have showm that at a foveing freguency of

6 Hz there was considerable movement of coviain tissues accompanied
by slight but maasurable discowmfort on he pavt of the subject,

At this fraguency of wvibvation there was, however,. no cvidence

*
)

of hyperventilation in the expevimental subject and this would
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support the belief that stinulation of mechanoreceptors was not
the mechaniem veaponsible for the hyperventilatlon and hypocapnia
induced by vibration at the lower frequencies studied,

Ome possibllipy which must be congidered 1g that a proportion
of the increase in pulmonery ventllation observed at certain
frequencies durxing whole-body vibration at a constant acceleration—
awplitude might have been due to the abdowinal contents oscillating
in and out of the thoracic cage during vibrabion and thus driving
gas in and out of the lungs. Tn his investigations, Brnsting
(1961) showed, however, that the voluwe of gas oscillating in and
out of the respivatory tvact in this way was counsidevably less
than the volume of the anatowmical dead space and it is wnlikely
therefore that such a process could contribute gignificantly to
the production of hypocapnia.

Lo is very difficule, therefore, to advance an explanation
for the respivatory changes observed in this study with exposure
of the subject to whole-body vibration at a counstant accelevation-
amplitudes.  One possibility, however, rewains — that at the
lower frequenciss in the vange studied, whole-body vibration may
anduce vertical and votatlonal wovements of the hasd of such
magnitude ag to cause stlwslation of the Lobyrinth and refles
nyperventilation.  Although theve iz wo conclusive evidence for
the existence of a veflex mechonism of this type causing an

¥

inerease in pulmonary ventilation it is koown that there is o
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wide distribution of vestibular reflexes. It is possible,
therefore, that among the many veflexes associated with vestibulav
stinulation there may be a reflex mechanism causing hyperventilation
in response to short duration Llinear and rotational accelaration
of the head during certain conditions of whole~body vibration,
To date, however, all previous attempts to demonsivate such a
mechanism (Lamb and Tenney, 19266) by exposing the head of a
subject divectly to vibrations have not proved successful. Until
more evidence becomes avallable any proposal that such g reflex
mechanism iz the cause of hyperventilation during certain conditions
of vibration must, of course, remain entively speculative.

With regard to the metasbolic energy oxpended by the subject
during exposure to whole-body vibration at constant acceleration
it bag been shown in this siudy that theve was a woderate incresase
in oxygen consumption during vibwation at frequencies of 2 lsz
and 4 Hz., At these lower froguencies, considerable displacement
of the wvibrating vlatform was rveguired in oxder to maintain an
accelevation amplitude of C.4 Gz and it is likely that the increase
in oxygen consumption obtalned during vibvation vesulted from
the muscular effort reguived by the subject to maintain his
posture in the face of violent shaking. This belielf is reinforced
by the filoding that duwing vibration with the 3§hj&aﬁ restrained
by harness in the seat, the values of ouxygen cousunpiion were

significantly lower at fraquencies of 2 Hz aund 4 lz than values
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obtained when the subject was unvesitrained by harness, The
greatest Increase in metabolic oxyren consuwption occurved in

the subject exposed to constant sccelevation vibration at a
frequency of 6 Hz and it is believed that this increase may have
been brought about by musculay tensing on the part of the subject
as an attenpt to modify the transwmission of vibration through the
body or to reduce uvncomfortable differential wovement of various
parts. It will be recalled that duving exposure to vibration

at a frequency of 6 Hz there were a few complaints of discowmfort
in chest and sbdominal regions. The increase in oxygen con-
sumption at this frequency could not have resulted from a
requirement to maintain posture since the values of the
vespivatory variables weve of the same magnitude in the experimental
condition in which the subject was mrestvained (and free to
adjust postuve duving vibration), as in the condition where he
was fixmly restrained by harness din the vibrating seat.

Trom a practical point of view, this part of the study has

Ll

shown that exposure to vibration at an accelavation of + 0.4 Gz

and frequencies of 2 Hz and 4 Yz causes an incrvease in wetsbolie
activity which is similay in waguitude to that oblained in the
pileot flying various fized wing and votary wing aiveraft in
routine strvaight and level flighe, Hith exposure o vibration

of this type at a frequency of & Iz, however, there is a groster

increase in netabolic energy expenditure during the period of
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vibration and this approximates in nmagnitude to rthe enevgy expended

.J

by the pilot of fiued wing oy votavy wi T

1 e

[
" 5," }
Sl o a¥n

eraft engaged in
mora strenuous phases of flight { eop. ascont, descent, Instrument
approach in fixed wing and hovering clese te the ground in rotary

&

wing aircrvafi).
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7.1  Intvoduction

In the previous chapter, experiments were described in which
the subject was exposed to whole~body vibration at a constant
acceleration-amplitude (+ 0.4 Gz) whilst seated in an aircraft
type seat mounted on the vibrator platform. In that study it
wag shown that exposure to vibration at frequencies of 2 Hz and
4 Hz caused a modervate increase in pulmonary ventilation which was
a true hyperventilation with hypocapnia. The magnitude of the
changes in pulwonary ventilation were, however, slightly less
than those obtalned by previous workers (Ermsting, 1961; Duffnex
et al, 1962) whose subjects were exposed to similar conditions of
vibration but were seated in an upright postuve either directly
on the platform of the vibrator oy on a simple seat attached
thereon.,. This suggested therefore that the differences in the
magnitude of the respiratory changes obtained in the experiments
performed by previous workers and those obtained in the present
series might be explained on the basis of a difference in sitting
posture. There is some evidence that the response of man to
wvhole~body vibration at or near resonant frequencies of the body,
nay be wodified by the adoption of a slouched posture, or by
leaning back in a reclining seat (CGuignard, 1965) and it is
believed that major resonance effects may be veduced by suitable
posture and orientatien of the seated wman in relation to the

direction of vibration. It was considered possible that the

225,
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adoption of a semi-reclining posture (repremantative‘of that used
in normal flight) might broaden the distribution of the forece

of vibration along the spinal axis in such a way that differential
movenment of parts of the body would be veduced, and the effects
resuliing from this movement correspondingly less.

In viev of the practical intevest in the sitting posture of
airvcerew vequived to operate in diffevent f£light conditions, it was
congidered that it would be worthwhile to measure the vespirvatory
changes associated with exposure of the subject to vibration whilst
seated in an upright posture, and to cowparve the vesults with those
obtained during exposuve of the subject to the same conditions of
vibration, but seated in a semi-reclining posture. For this study
it was decided to espose the geated subject to whole body vibration
at a constant acceleration-amplitude (rather than at a constant
digplacement amplitude) sinee the results of the previous expeviments
had suggested that the respiratory changes associated with exposure
to vibration of this type might be related more to movement of
the subject's head (and stimulation of the labyrinth) rather than
to the pain and discomfort induced by the vibration stimulus.

In this part of the investigation, thevefore, the respiratory
effects of whole body vibration at a constant acceleration amplitude
(+ 0.4 Gz) and at frequencies of 2, 4, 6, 8 and 10 Uz have been
measured in five subjects who sat in an upright posturxe in a

seat which was specially constructed for this purpose and mounted
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on the platform of the vibrator. The resulis of these measure-
ments have been cowpared with those obtained during exposure of

the svbject to the same conditions of vibration but with hinm

seated in a semi~reclining posture in a wmpdified aircraft seat which
wasg mounted on the vibrator platform. The results of this in~
vestigation ave reporied in this chapter of the thesis.

In the planning atages of the experiments it had been hopad
that measurements would be taken of the vertical and rotational
components of head movements during exposure of the subject to
vibration in each sitting posture. It was found, howaver, by
preliminary experimentation, that the wagnitude of the accelerative
force of each of these components of head movement during exposure
to vibration at a coustant accelevation of + 0.4 G, and frequencies
fyom 2 - 10 Hz was beyond the measuring capabilities of the
electronic transducers which were available for this purpose. As
an addition o the main experimental programme therefiore, ithe
vertical and rotational components of head movement were measured
with the subject seated in each of the test postures, but with
the intensity of vibration exposure reduced to an acceleration
amplitude of + 0.1 Go 1t was found by preliminary experiments
that wich vibration at this intensity accurate measurements of
head movenent could be obtained at foreing frequencies of 2, 4 and
6 Hz using the available transducers. The vesults of this

additional experiment ave also included in this chapter of the thesis.
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7.2 Methods

In oxrder to compave the wvespivatory effects of exposing the
subject to whole-body vibration in each of two postures (ppright
and semi-reclining) two different seats were wounted in turn on
the platform of the vibrator. For the eupeviments in which the

subject was vequired to assume a semirveclining posture, a modified

aircraft ejection seat with iis appropriate back pack and seat-

pack was wounted oa the vibrator. This seat was the same one

as that used in previous experiments described in this thesis

and detalls of its construction and nature have been given elsewvhere.
Tor the experiments in which the subject was requived to adopt aﬁ
upright postuve a special gseat was constructed and mounted on the
platform of the vibrator. This experimental seat consisted of

a rectangulay shaped framework which was constructed from angle

ivon and bolted on to the platform of the vibrator by weans of four
mounting lugs welded on to each coxner of the framework. A fibre-
glaseg seat pack (the same one as that used with the wodified air-
craft seat) was inserted into the metal framework in such a way

that its upper surface was hovizontal to the floor upon which the
vibrator was mounted. A fooirest affixed to the front edge of

the framework allowed the experimental subject to sit upright in

a comfortable posture. No backrest was included in the construction
of this seat.

Five subjects, each of whom had participated in the previous



experviments ook part in this investigation. Each subject wore
a standard Royal Airx Force pattern lightweight coverall, and an
integral protective helmet Mk 2, and sat in either of the two
seats wmounted ou the platform of the vibrator. Tor the experi~
mental sesgions in which the subject was required to adopt an
upright posture he sat on the ewperimenial seat which had been
constructed for this purpose, and he was instructed to maintain
his back as straight as possible, fixate his vision on a distant
eye datum point and o keep his hands vesting lightly on his

kneeg throughout the period of vibration exposure. Similar

229.

instructions were given to the subject in the expervimental sessions

in which he was vequlrved to waintain a semi~reclining posture

in the wodified aircraft type seat. On this occaslon, however,
he was insteucted to place his back firwmly against the backpack
mounied in the seat pan and thereby to asgumz a posture as close
to that used by aivevew in £light as was possible. Fach subject
beeathed room aivx from the expevimental breathing circuit, which
vas the same as that used in the previous expeviments. The
nosirils were oceluded by a suitable nose~clip. Ixpived gas
was conductoed by means of wide bove hose from the expiratory
portion of the breathing circuit to a recording gas meter and
then to gas collection equipment (a deseription of which has
been given elsevhere). A continuous measurement was wade of

end tidal carbon dioxide concentration using an infra-ved carbon
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dioxide meter, the sampling probe of vhich was inserted into the
breathing cirvcuit close to the lips of the subject. The output
signal obtained from the vecording head of the infra-red carbon
dioxide meter was amplified and displayed on a2 single channel of

an Esterline-Angus pen recorder. The accelervation-amplitude of
the vibration measured at the seat of the subject during exposure
at: each forcing frequency was obtained using a variable resistance
accelerometer (range + 10 6), a suitable gmplificr and pen recorder.

At various periods throughout the experimental procedure
a collection was made of expired gas over a period of three
minutes. In each case the collection was made in a Douglas bag
and the contents of the bag werve analysed for carbon dioxide and
orygen concenirations and the data obtained in this way were used
to caleulate metabolic oxygen consumpiion, cavbon dioxide output
and respirvatory exchange ratlio for vavious times during the
experimental procedure. A wore detalled deseription of the nature
and mode of opevaiion of the measuring equipment used in this
study has been given elsewhere, together with the calibration
procedures involved.,

With each sitting posture (upright and sewi~veclining) each
subject was exposed to identical conditions of whole-body vibration
at a constant acceleratlon—amplitude (+ 0.4 Gz) and at each of
five different foreing frequencies (2, 4, 6, 8 and 10 Hz)., The

sitting posture adopted by the subject and the forecing frequency
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of vibration used in each experimental session was applied in a
random fashion and none of the subjects was aware of the purpose
of the experiment. Lach experimental session consisted of a
period of rest which lasted five minutes, a peviod of exposure to
the chosen condition of vibration lasting ten minutes and a sub~
sequent period of recovery from vibration which lasted five
minutes. Measurements of pulmonary ventilation and end tidal
carbon dioxide concentration were made continuously throughout the
peviod of rest, vibration exposure and recovery. A collection

of expired gas was made during the last three minutes of the vest
period. During vibration two collections were made. The first
was taken between minute 2 and minute 5 of vibration and the other
between minute 7 and minute 10 of vibration (hereafter these are
referred to as the five and ten wminute samples respectively).,

A final collection of expived gas was obtained during the last

three minutes of the necovery period.

Meapurement of head movenent

In addition to the main experiments, a separate study was
made of the vertical and rotational components of head movement
during exposure of the subject o wvibration at a constaont
acceleration~amplitude and with hin seated in each of two sitting
postures (upright end gemi-reclining)., Tor technical reasons
which have been euplained in the intwoductory pavagraphs of this
chapter, the vibration emposure used in this peart of the study

was reduced in intensity. Three subjects were exposed 0



whole-body vibration at a constant acceleration-—-awplitude

(+ 0.1 Gz) and at frequencies of 2, 4 and 6 Uz, scated first in
an upright posture in the vibration seat and then in a semi-
reclinjng posture. The head movements obtained with each postuxe
were measured and compared using two accelerometers, each mounted
on elther side of a protective helmet worn by the subject during
each vibration exposure. One accelerometer (range + 5 G),
mounted on the pight-hand side of the protective helmet recovded
movement in the vertical plane with the head erect, whilst the
other accelerometer (range + 50 radians/sec?) mounited on the
left~hand side of the protective helmet recorded movement of the
head only in the votational axis. These accelerometers were -
mounted as close to the right and left ears of the subjeect as was
possible and the protective helmet was fitted very cavefully
uging standard aizcrew fitting procedures. The output signals
from each accelerouneter were fed on to separvate channele of a
magnetic tape recovder and were later analysed using a Digltal

Tranafer Function Analyser (Type JM 1600) in conjunction with a
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Mechanical Refevence Synchroniser (Type JX 1606), both manufactured

by the Solartyvon Electronics CGroup Ltd. With this instrument,
the signal recorded from each transducer mounted on the pro-
tective helmet worn by the subject, was cowpaved with a

genevated reference signal with respect to the relative awplitude.



The relative amplitude of the test signal was displayed on a
digital voltmeter as a Root Mean Squared (RMS) voltage. The
accelerative force for each component of head movement (vertical
and rotational) obtained with the subject seated in a semi-
reclining posture to that obtained with the subject seated in an
upright position was measured for each of the conditions of
vibration at frequencies of 2 Hz, 4 Hz and 6 Hz. Trom this
data calculation was made of the relative amplitudes of veritical
linear and votational head movenwent during vibration in a semi-
reclining posture to those obtained during vibration im an upright
posture.

The weference signal for this measuvewment was obtalned by
attaching a thin strip of mstal to the shaft of the motor drive
to the eccentric of the vibration generator. With each
revolution of the shafi dvive the votating metal strip interrupted
a beam of light which was focussed on to a photo electwic cell.
The intevwittent signal thus obtained was suitably amplified and
fed at an appropriate voltage on to one chamnel of a magnetic
tape recovder. The vecorded signal was later fed into the
Machanical Reference Cenerator during the subsequent analysis

of vertical and votatiopnal head movements.

7.3 Results

e

(a) Pulwonaxy ventilation

The results obtained for minute volume ventilation for

233.



five subjecis esposed to whole-body vibration at frequencies of

2 =~ 10 Hz and a constant acceleration—amplitude {i 0.4 Gz) ave

given in Table 7.1,

This table gives the wmean values obtained

for minute volume ventilation with the subject seated on the
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vibrator seat in an upright postuve and in a semi~veclining posture.

Table 7.1  Mean values of minute volume ventilation in five

gubjects at rest, during vibration and during recovery,

whilat seated in upright and semi~reclining postures

‘requency of
vibration (Hz)

Minute volume venililation (Litre BIPS) during:

After 5 min

After 10 min

Rest vibration vibration Recovery
SEML-RECLINING POSTURE
2 9.40 12.26 10.45 8.91
9.38 1240 11,56 8,37
6 9.17 14,21 12.55 8.07
8 Qb 10.06 9.84 9.17
10 9,09 9.80 9.82 9.53
UPRIGHT POSTURE
2 9.52 14,84 11.76 8.32
4 8,91 13432 11,14 8.56
6 9,02 14,76 12,83 B.05
8 Q.27 10,18 9,95 8.82
10 944 9.89 9.96 8,40
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It may be seen from Table 7.1 that with exposure to vibration

at: frequencies of 2, 4 and 6 Hz there was a marked increase in
pulmonary ventilation during the vibration period, in both con-—
ditions of the expevriment where the subjeci was seated either in
an upright ovr a semi-reclining posture. The increase in pulmonary
ventilation at each of these frequencies of vibration was greatest
at the beginning of the exposure and gradually declined in mag-—
nitnde towards the end of the peviod of vibration. Tor both
conditions of the experiment (subject in an wpright and semi-
reclining posture), the greatest increase in minute volume ventilation
occurved with exposure of the subject to vibration st a frequency
of 6 Hz. In those exposures in which the subject sat on the
vibrator seat in an wpripght posture the increases in pulmonary
ventilation at frequencies of 2 Hz and 4 Hz were greater than those
obtained at the same frequencies but with the subject seated in
a semi~veclining posture (P = 0.001)., With exposure to vibration
at a frequency of 6 Hz there weve, however, no significant
differences detected in the values of minute volume ventilation
for the conditions in which the subject sat upright or in a semi-
reclining posture.

The values of vespiratory frequency obtained for each
exposure to vidbration at varvious frequencies and fox the two
conditions of posture ave summarised in Table 7.2, It may be

seen from this table that no significant change occurred in the



Table 7.2 Mean values of regpiratory frequency with the subject

at rest, during exposure to vibration and during

Yecovery.

¥ive subjects seated in an upright and

semi-~reclining posture

236.

Respivatory frequency (breaths/min) during:
Frequenecy of
SEMI-RECLINTNG POSTURE
2 11.8 12,0 11.6 10.2
4 12.3 12.6 11.8 11.2
6 1244 11,9 12,1 11.8
12.7 13.1 12.9 18.2
10 11.8 2.1 12.3 11,9
UPRIGHT POSTURE
2 12.5 11.9 12.1 11.7
4 12.1 12.0 11.6 12.2
6 11.7 11.1 10.9 10.7
3 11.8 12.2 12.6 12.0
10 11.6 12,1 11.8 1244

rate of breathing during the wvibration ov recovery periods for

either conditions of posture, and it is ecohcluded therefore, that

the increases in minute volume ventilation obtained with exposure

of the gubject to ceriain frequencies of vibration were brought

about by an increase in tidal volume.
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(b} End tidal caxbon dioxide tension

Calculations of the mean values of end tidal carbon dioxide
tension werve made From the measurad values of end tidal carbon
dioxide concentration obtained throughout the experimental procedure.
The mean values obtained with the subjecit at resi, after five
minutes and ten minutes exposure to vibration at vavious frequencies
and during recovery are presented in Table 7.3 for the conditions
of the experiment in which the subject was seated in an upright
and in a semi~veeclining posture. It may be seen from this table
that exposure to vibration with the subject seated im an upright
and semi~reclining posture caused a wveduction in end tidal carbon
dioxide tension which was greatest at the stavt of wvibration gnd
at the lower frequencies of vibration (2 Hz and 4 Hz). The mean
changes induced in the end tidal carbon dioxide tension were highly
gignificant (¥ = 0.00L) at those frequencies althoupgh there was
no signliicant difference in the changes associated with each of

the twoe postures used in the experiment.

(¢} Metabolic oxvgen consumpiion

The mean values of metabolic oxygen consumption obtained
with the subject at rvest, during exposure to vibration for five
and ten minutes duration and during subsequeni recovery, are
presented in Table 7.4 for the conditions of the expeviment in
which the subject was seated on the vibrator in an upright and

a semi-~veclining posture. I mav be seen fyrom thie table that



Table 7.3 The effect of whole~body vibration upon end tidal
carbon dioxide tension during exposure of the subject
seated in an upright and & semi-rveclining posture

Mean value of end tidal carbon dioxide
Irequency of tension (mm Hg) during:
vibration (Hz) - :
SEML-RECLINING POSTURE
2 39.4 34.1 37.1 39.2
& 39.5 34,2 38.1 39.3
39.8 39.4 38.8 39.0
40.1 39.3 38,7 40.2
10 40.0 39,2 39.0 39.5
UPRIGHT POSTURE
2 40,1 3446 36.5 38.7
& 38.9 33.1 37.5 ©39.2
39.5 38.7 39,0 39.0
8 38.8 9.2 - 39.0 38.9
10 40,4 39.6 3847 39,3

there was an increase in metabolic oxygen consumption during the
periods of vibration exposure at frequencies of 2, 4 and 6 Hz,

For both conditions of posiure the values of wetabolic oxygen
consumpiion obtained at those frequencies of vibration weve sig-
nificantly greater than those obtained during the centrol period
of rest prior to vibration (P = 0.001). In each case the increase

in the value of matabolic oxygen consunpiion was greatest at the




239,

start of the vibration exposure and thereafter declined towards
the end of the vibwation period. Analysis has shown that the
increagse in values of metabolic oxygen consunption obtained during
exposure of the subject to vibration at frequencies of 2 Hz and

4 Hz was significantly greater when the upright posture was adopted
than wvhen a semi-veclining posture was adopted (P = 0.00L)., This
difference in the magnitude of the changes in value of oxygen
consunption with posturve were not significant with exposure of the
subject to vibration at a frequency of 6 Hz. It may also be seen
from Table 7.4 that the greatest change in the value of oxygen
consumption occurred with exposure to vibration at a frequency of

6 Hz in both conditions of posture.

{(d) Respiratory exchanpge ratio
B 4 ! :

The results of the measursments of Respiratory Exchange Ratio
obtoined in this sevies of ewperiments for the subject exposed to
various condiitions of vibration in two different sitting postures
are shown in Table 7.5. Tt may be seen from this table that with
the subject seated in both the uwpright and semi-veclining postures
expogure to vibration caused an increase in the Respirvatory Exchange
Ratio at foreing frequencies of 2 He and 4 Hz only. With
exposure to vibration at all other frequencies there was no
difference in the valuves of the Ratio between conditions of rest,
vibration expogsure and subseguent recovery. At those frequencies

where a change in the Ratio oceurved with vibration exposuve, the
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Table 7.4 Rffects of vhole-body vibration on metabelic oxygen

consumption in five subjects seated in an upright

aad a semi~veclining posture

Mean value of metabolic oxygen consumption
Frequency of (Litre/uin STPD) in the following conditions:
vibration (fz) Rest After 5 min  After 10 min Recoves:
v vibration vibraiion overy
SEMI-RECLINING POSTURED
2 0.304 0.380 0.342 0.307
4 0.319 04343 0.339 0.290
6 0,320 0.396 0.343 0.285
3 0.313 0,317 0.300 0.294
10 0.305 0,313 0.310 0.3
UPRTGHT POSTURE
2 0.318 0.435 0,384 0.287
& 0,315 0,378 0.355 0.280
0.329 0,409 0.351 0,298
0,325 0.324 0,312 0,284
10 0.328 0.337 0.326 0,304

maximun increase was obtained after an exposure of five minutes

after which it declined towaxds the end of the period of vibration.

For both conditions of posture the Respiratvory Exchange Ratio

exceeded wnity duxing the f£irst five minutes of the exposure of

the subject to whole~body vibration at frequencies of 2 Hz and

&4 Hz. Analysis has shown furxthermore, that there wevre no sig-

nificant diffevences in the values of Respiratory Exchange Ratio
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Table 7.5 Lffeects of whole-body vibration on tho Respivatory
Puchanse fatlo lo five subjects seated in an upright
and o gemi-veclining povture

Mean value of Respivatory Exchange Katio in

. , the following conddtions:
‘raguancy of -

vibration (s}

After B min After 10 win

N . Y Rooovey
wibration vibration * ¥

BE-RECLINING POSTURE

2 0,87 1.04 Q.28 0,79

& .69 1.03 0.96 Dok
& .85 .84 3,32 3,82

i 0.87 .91 0,859 0.85
G 0,51 | 0,80 .88 0.83

UPRTCHT PORTURE
Z 3,88 1.03 1.00 .83

& 0e91 1.02 (0,02 (e 70
6 0,52 0,59 .50 .85

8 0.90 (.95 0,94 (O, 84
10 0. 87 0,86 021 G.87

which could be accounted for by the postuve adopted by the

experinental subject.

(e) Veriical end wotational nowponents of head movemeat

Maasurements of the vertical linear and wvetational components

<

£ head movement ware obtained with exposurse of three exporimontal

subjects to whole-bady vibration ot a congtant ageelevation~

&0

ampd i tude (g (0ol Gu) and ab fyequencies of 2, 4 and 6 Ha. The

o
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vesults of this part of the investigation are summarised im

Table 7.6, and are presented as a ratlo of the amplitude of each

component of hesd wovement obtained with the subject exposed to

vibration in a semi-veclining posture, to that obtained with the

subject vibrated in an upright posture.

Table 7.0

Ratio of the relative suplitude of each component of

head wovemani obtained with the subject vibrated in

a semi~reclining posture, to that obtained with the

subject vibrated in an upright posture.

Resulta

obtained from three subjects (81, S2 and 83)

Fraquency of
vibration (Hz)

Ampiitude of head wmovement component -

Ratio =

(subjaet semi~reclining)

" Amplitude of head movement component -

(subject upright)

Vertical component

51
1.06
0,71
0.77

82 83 (ueam)
1.22  1.05  (1.11)
1.0  1.03 (0.93)
0.94 1.00 (0.90)

Rotational component

51 82 53 (mean)
0.82  1.08 0.80 (0.90)
0.85 1.05 1.09 (0.99)
0.84 0,85 1.21 (0.97)

It may be seon by woference to Table 7.0 that in the three

subjecis studied, there was a large variation in the watio of

vertical and rotational components of head wovement obtained with

the two conditions of posture.

From the results obtained in this

part of the study, it way be stated that there was no evidence

that the adoption of an upright posture during the conditions of

whole~body vibration caused any sigulficant changes in elther the
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vartical or rotational components of head movement over thoge
obtained with the subject vibrated in a semi-reclining posture.
These results would support the belief that for the conditions

of whole~body vibration used in this part of the study (acceleration-
amplitude + 0.1 Gz, frequencies 2, 4 and 6 Hz) the adoption of

a gemi-reclining posture of the type normally employed by air-
erew in £light would be unlikely to reduce the wagnitude of the
stimelus applied to the labyrinth £rom that which would be obtained
with the subject in an upright seated posture. While these
findings are related only to exposure of the subject to low
intensity vibration (accelervation-amplitude = + 0.1 Gz) it is
believed that they would apply equally to conditions of whole~body
vibration at a greateriintensity (acceleration-amplitude = 0.4 Gz)
since Guigoard (1965) has shown that at or near vesonant fre-
quencies the trausmlesibility from seat-to-head during vibration
is virtually vnchanged at higher intensities. The seat~to-head
transwissibility obtained in the subject during enposure to low
intensity vibration has been caleulated and is shown in Table

7.7 for the three forecing frequencies used in this parvt of the
experviment, Also shown in this table is the transmissibility
from seat to head obtained by Guignard (1.965) for vibration of

the same intensity (acceleration + 0.1 G) as that used in the
present study and for a higher level of intensity (+ 0.5 G)

comparable o thai used in the main experimental programme.
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it way also he seen from this table that maximum values for
peat—-to-head tvansmissibility were obtained with exposure of the
subject té vibration at a frequency of 4 Hz in the present studies
and in those conducied by Guignard. This indicates a vesonance
of the head on the shoulders at or near this frequency of
vibration.
Table 7.7 Seat—to-head transmissibility in the subject exposed
to whole-body vibration at various frequencies and
intensities. A comparison of the results obtained

in the present experiments with those obtained by
Guignard (1965)

Acceleraiion Seat-to~head transmis-
Source amplitude of Posture 8lh%1ltyfaﬁﬂﬁfef
vibration (+ Gz) quencies of (Hz) :
B 2 4 6
Guignard 0.1 Upright 1,01 .90 1.8
(1965) . prigh . . L 81,
n 0.5 Upfighﬁ 1.492 2':11 1@72
?i‘zzﬁ?t 0.1 Upright 1.0L 2.60 2,2
0 0.1 SemitEeT | g 49 9,50 1,91
elining

Tt may be seen by wveferemce to Table 7,7 that the values
of seato-to-head transmissibility obtaived during exposuve of
the subject to vibration at frequencleg of 2, & and 6 ¥z and
an acceleration amplitude of + 0.1 Gz were similar in magnilude

in both studies (Guignaxd, L8965, and the present experimenis).



It may also be seen that at those frequencles there was little

change in values of seat-to-head transmisesibility with exposure

8

to vibration at a higher intensity (acceleration~amplitude
+ 0.5 6z), These wesults suppori the belief that for the vertical
linear component at least, Lt is ublikely that emposure of the
gubject to higher intensities of vibration would greatly affect

the magnitude of head movements. They also allow the results
obtained for head wovemsnts in the present studies (which for
tochnical reasons weze measured at a reduced intensity of vibration)
to be carrvied over with veascnable confidence to the conditions of
vibration vsed in the main experimenis (l.c. at an acceleration—

smplitude of + 0.4 Gz).

7.4  Biscussion

In the experiments which have been described in this chapter
the subject was exposed to whole-body vibration at a constant
acceleration amplitude (+ 0.4 Gz) and fvequencies of 2 - 10 Uz,
Heasurenents were made of the respirvatory changes associated
with exposure of the subject to vibration at each frequency whilst
he was seated fivst in an upright posture and then in a semi-
reclining posture. In general, the obsewved respivatory chauges
were similar in nature to those obtained in a previous study
(veported in Chapter G) wheve the subjecl was euposed to the same
conditions of wibration, alihough there were o nuwber of minorv

differences related to sitting posture, Thus in the present study



it has been shown that with exposure to whole-body wibration at
frequencies of 2 iz and 4 Hz there was a wmoderate incvease ion
pulmonary ventilation in the gubjects who adopted & semi~veclining
posture during the period of vibration and o larger increase in
pulmopary ventilation in the subjects who adopied an upright
posture during vibration. In both conditions of the experiment
the incresse in pulmonary ventilaiion was observed soon after the
start of vibratlon exposure reached & maxinmum value after about
five minutes of vibration and thereafter declined in magnitude
towards the end of the period of vibration. In those conditions
off the experiment where an increase in pulwonsry veutilation
occurved, this was brought aboul by an inerease in tidal volume,
the respiratovy rate reamaining virtually unchanged during the
peviods of vest, vibration aud subsequent YeCOVEIV.

%

Analysis of the data obtalued in this study bhas shown that
in both conditions of the experiment (l.e. with the subject in

an upright and sewmi~reclining posture) exposure to vibration at
freguencies of 2 Hz and 4 Hez induced a moderate degree of hyper-
ventilation and hypocapnia., Thus the relative increase in
pulmonary ventilation which was preduced at these frequencies

of vibration was greater than the corresponding relative increase
in metabolic oxmygen uptake. Although the magnitude of the

alues of pulwonayy ventilation obtained duving exposure of the

subject to vibration at frequencies of 2 Hz and 4 Uz were greatew
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with him seated in an upright posture, than with him seated in a
semi~reclining posture, the increase in values of metabolic oxygen
\cﬁnaumption were correspondingly graater in the former condiiion
of the experiment and the degree of hyperventilation induced by
vibration was of similar magnitude with both conditions of posture,
This is supported by the 0bsérvation that the degree of hypocapnia
obtained during vibration (as cvidenced by the measurements of end
tidal carbon dioxide tension during the experiment) was alwost
identical for hoth conditions of posture. Also, the measurements
showed that the greater increase in carbon dioxide cutput than in
oxygen uptake (as reflected by the values of respiratory exchange
raitio) during vibration at frequencies of 2 Hz and 4 Hz was no
different for the two conditions of posture.

With exposuve of the‘subjﬁct to whole-body vibration at a
frequency of 6 lz there was a marked increase in pulmonary venti-
Lation both with the subject seated upright and in a semi~rveclining
posture during vibration. With both conditions of posiure the
relative incvease in pulwonary ventilation was in proporiion to
the welative increase in metabolic oxygen uptake and at this
frequency (6 liz} no evidence of hyperventilation ox hypocapnia
was obtained fox either condition. I was also obseyved that the
increases both in pulwonary ventilation and wetebolic oxygen con-
sunpélon observed at this frequency of vibration, were similar in

magaiiude for both conditions of posture.
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Yor both conditions of posture, exposure of the subject to
vibration at ffequencies of 8 Hz and 10 Hz caused no significant
changes in pulmonary ventilation or gasecus exchange from those
obtained duving the periods of rest and recovery.

Thus 1t would appeax from the vesulis of this study that
whilst the adoption of a seml-veclining sitting posture during
vibration may induce smaller changes in pulmonary ventilation from
those obtailned with the subject in an uwpright posture, it has no
effect on the degree of hyperventilation and hypocapnia induced
by the vibration at certain frequencles. Tt is believed that
the higher values for pulmonary ventilation and metabolic oxygen
consupition obtained with exposure of the subject o vibration in
the upright sitting posture may be velated to the wmetabolic sctivity
of the subject vequived to maintain peaturé during the vibration
exposure. It will be recalled that av f£requencies of 2 Hz and
4 Wz laxge displecement amplitudes were requived to malntain the
vibration at a constant accelexation of » 0.4 Gz and it was
noticed during the experimental procedures that the subject seated
uprlghit in the vibrator seat requirved much more effort to retain
his posture duwxing vibration than when he was seated in a sewmi-
reclining posture. Tt is likely that the differences in sititing
posture and the conseguent muscular effort wequirved by the subject
to maintain that posture may also explain the differences im the

ragults for pulmonavy ventilation obralned in a previous czpeciment
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in this sevies and those obtained by previcus woikers in this

field (Brnsting, 1961; Uuffner et al, 1962), for similax
conditions of vibration exposure, It will be recalled that the
subjecis used by those previous authors sat upright either directly
on the platen of the vibrator or on a simple seat attached to the
vibrator whilst in previous experiments described in this thesis
the subjects were cxposed to vibyvation in a semi~reclining posture
in an aireraft type seat mounted on the vibrator.

The finding that the two different postures used in this
study have little effect on the hyperventilation and hypocapnia
induced by vibration at certain frequencies and intensities has
an important practical application in the field of aviation. Thus
it has been suggested that alrcrew exposed to whole-body vibration
in £light might be protecied to a certain extent from the respivatory
digturbances induced by the vibration by virtue of the fact that
they are vequived to sit in a semi~reclining posture in most
typical airveraft seats. Tt was postulated that the adoption of
a semi-veclining posture might distyibute the vibration over a

largey area of the body in such a way as to pyotect the head from
; _

3 & .

dififervential movement during vibration. If it is accepted that
whole~body vibration of a certain type may induce hyperventilation
aund hypocapnia in the subject as a result of a reflex due to
sitinulation of the labyrinth, then it could be postulaited that

reduction in head movemente during vibration mighi also reduce
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the associated respiratory changes. The results of this study
have shouwn, however, that vartical linear and votational head
movements are of virtually the same wepnitude in the upripght and
in the semi~reclining posture during exposure of the subject o
whole~body vibration at an acceleration of + 0.1 Gz and frequencles
of 2 Hz, 4 Hz and 6 Hz, Argumente have been put forward in
support of the belief that this ls also true for exposure of the
subject to vibration at the hipgher intensity used in the study
(acceleration—amplitude » + 0.4 Gz). It is concluded, therefore,
that from a practical point of view the sitting posture adopted
by an aircrew member during exposure to certain conditions of
in~flight vibration would have no effect on the degree of hyper-

ventilation or hypocapnia which may be induced by that vibration,



CHAPTER 8

General Discussion of tha Resulis

Part 1 = Pulmonary ventilation and gaseous exchange
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CHAPTER 8

Ganeral Discussion of the Besulis

In the field of aviation medicine thexe is considerable
interest in the physiological effects of low frequency structure~
borne whole-body vibration in wan. This was oviginally brought
about by the requivement for certain military alrcraft to operate
at high speed and low level in conditions of meteorological
turbulence. In~flight conditions of this type may induce short
duration accelevations in the aiveraft, which resemble mechanical
noigse with superiwposed quasi~steady state vibrations due to air-
frame structural response. To the aviation physiologist vibrations
produced in aivervaft £lying in these conditions are of pariticulax
interest since they present at frequencies below about 15 Hz, at
which both human body resopances and major aiveraft modes arve
excited into laewge amplitude osecillations, The presence of
mechanical vibrations of this type becomes of concarn when they
reach such intensity as to disturb the airvcvafi itself, ox
adjacent stvuctures and in particular where they vepresent a threat
to comfort, health or efficicency in alrerew,

Although there have been conpavatively few studlies on the
physiological disturbances broupht about by structure horne
vibration in the low frequency vange, it is Lkoown that they may

affect man in a varlaty of differvent ways. A number of these
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disturbances may occur singly or may be compounded with other
stresses liable to be encountered during certain types of flight -
for example, acceleration, noise, heat and high work load. In

the field of aviation medicine it is of great practical inportance
therefore, to have knowledge of the physiological disturbances
induced in man by exposure to whole~body vibration so that wedical
advice nay be given with wespect to the design of aircraft and
personal protective systems. This is required in order ©o improve
the comfort, well-being and safety of aircrew operating in con~
ditions of stwessful flight.

The expeviments which have been veporied in this thesis were
carried out in ovder to advance knowledge of some of the physio-
loglcal effecis of low frequency struceture~borne whole-body
vibration in man. In particulayr, iwo arveas of disturbance have
been invesiigated -~ that relating to the effects of vibrations on
pulmonary ventilation and that velating to the increased metabolic
activity induced by low frequency whole-body vibration. Although
any separvation of these two disturbances of vegpiratory funcition
in wan must be aviificial, each presents a distinctive practical
problem to aivcrew vequirved o operate in conditions of in-flight
vibration. Tor this reason, a discussion of the experimental
rasults obtained in this investigation aud their significance in
the field of aviation medicine has heen separated into two parts -
one concerning the effaqﬁ of whole~body vibration on pulmonary

ventilation and gaseous exchange., and the other concerning, more



specifically, the effects on metabolic oxygen congumption in wan.

PART G

Pulmonaxry veniilation and gaseous exchange

The ewperiments carried out in this investigation have

233,

demonstrated very clearly that at certain fragquencies and amplitudes

vhole~body vibration induced an increase in pulmonary ventilation.
When the amplitude of displacement of vibration was held constant
there was a greater increase in pulmonary ventilation at the
higher frequencies than at the lower ones investigated, whilst
when the peak accaleration of the applied vibration was kept con-
stant, the reverse held true. Thus it would appear that this
phenomenon is neither solely acceleration noyx amplitude dependent.
In the conditions of the ewperiment in vhich vibration at a
constant amplitude was applied to the buttocks of the seated
subject, there was a mavked increage in pulmonary ventilation
during the period of exposure to vibration at frequencies of 6,
8 and 10 Hz with the maximum changes occurring at the highest
foreing frequency (L0 Hz) used in this study, The results have
indicated that at these frequencies of vibration whevre a change
in winute volume ventilation occurved, the increase was vapid

in onset after the stavt of the vibration, in wost cases veached

2 maximum after shout five minutes vibration and theveafter declined

in mognitude towards the end of the ten wminute vibration period,
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1t was found that the inerease in winute velume ventilation
induced by exposure of the subject o vibration at a constant
amplitude was brought about by an increase in both tidal volume
and vespiratory rate. After the onset of vibratlon at fre-
gquencies of 6, 8 and 10 Hz there wag a moderate increase in values
of tidal wolume which was sustained throughout the entive peviod
of vibration. The respiratory frequency on the other hand |
increased shortly after the onset of vibration, weached maxinum
values after about five minutes of vibration exposure and thexe-
after declined in magnitude towards the end of the peried of
vibratione.

One of the most imporisunt findings in this part of the
study was that whole~body vibration at cextain frequencies and
amplitudes way induce quite sevare hyperventilation and hypocapnia
in the experimental subject, Thus during the pavi of the
investigation in which vibration at a constant amplitude was
applied to the byttocks of the seated subject, it was noted
that the welative incveasce in pulwmonary ventilation at the
higher frequeucics studied was greater than the covresponding
relative increase in wetebolic oxygen upiake. These measuvements
suggested that theve was true hyperventilation at these frequencies
of vibration and this counclusion was supported by the greater
increase in carbon dioxide output than in oxygen uptake as

refiecied by the values of the vespiratory exchauge vatio duving



233,

vibration., The reduction of pulmonary ventilation and vespivatory
exchange ratio in the racovery period below thelr rvespeciive
control values, in the expeviments in which pulwmonary ventilation
was raised duving vibration, adds weight to the hypothesis that
there was actual hyperventilation in these civcumstances. The
determinations of end tidal cavbon diomide tension demonstrated
again, that under ceriain circumstances, whole-body vibration
can cause very marked hypocapnia. In three of the subjects,
each of whom developed well marked symptoms of hypocapnia on
exposure to whole-body vibration at a constant amplitude and at
a frequency of 8 Hz, the end tidal carbon dioxide tension fell
to a value below 28 mm Hg after only three wminutes of vibration,
These findings confizm the previous veports in the literature
(Dixon et al, 1961l; Dufiner et al, 1962: Erasting, 1961), which
show that exposuvre of fhe humaé subject to whole—body low fre-
quency vibration may induce an increasse in pulmonary ventilation
at certain frequencies and intensities. Although in previous
reports evidence has been adduced that whole-body vibration way
cause moderate to severe hyperventilation and hypocapnia in
certain subjects (Bimsting, 196L; Dixon et al, 1961; Duffner
et al, 1962), the exact mechanism vesponsible for these
respiratory changes was not clear,

In the present sevies of experiments a number of possible

explanations for the vespivatory changes during exposure to
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whole-body vibration at a constant displacement awplitude, were
considered in detail, Thus it was believed that one possible
mechanism ~ anxiety in the experimental subject - was not a
factor in the causation of hyperventilation and hypocapnia during
the pevriod of wvibration exposure, since all the subjecis used in
the experiment weve highly experienced in the procedures involved.
Also, in the guestionnalre completed by each subject at the end
of the period of wvibration, all denied that theve was any anxiety
or apprehension present. Tt will be recalled that early workers
In this field advenced this as a possible factor in the production
of hyperventilation during vibration exposure of experimental
subjects.

A second possible explanation for the respivatory chanpges
during whole~body vibration was also considerad. A number of
authors suggested that the ghenomsnon may arise as a reflex due
o stimulation of certain non-gpecific or specific wechanoreceptors
sltvated dn vavious parts of the body.  The existence of such
a reflex mechanism as 2 cause of hyperventilation is highly
speculative, and all previous attempts to denmensirate it have
failed (Laub and Tenney, 1966). The results of the emperiments
carried out in the investigation support the view that such a
reflex mechanisw, if it exists, is not the prime cause of the
hyperventilation and lLypocapnisa.  Thus it was argued that if

such a mechanism was responsible, the greatest effect on ventilation
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might be expscted with the conditions of vibration giving rise

to maximum distortion and differentisl movement of tissues con-
taining the alleged mechanoreceptors, i.e. at a major mede of
body resonance. Tn the present investigation, however, it was
shown that the greatest degree of hyperventilation ocecurred with
exposure of the subject to vibration, not at the resonant fre-
quencies of the body, but at frequencies comsidevably higher than
those known o induce body resonance.

Observations wade during the pwesent series of experiments
point 0o the fact that hyperventilation which ceccurs during
exposure of ithe subject to whole-body wibration is move likely
explained on the basis of sheer discomfort induced by the vibration
movement at cevitain frequencies and intensities, This exvplanation
was one advanced by Frneting (1961) for the marked hyperventilation
and hypocapnia induced in bis subjecits by whole-body vibration
sinllar in nature to that used ln the present experiments., In
the experiments carried ouvt by Lrasting, and in these wreported in
thig thesis, the frequencies and intensiities of vibration which
caused the greatesi chanpe in vantilation were also those which
induced the greatest degree of pain and discomfort in the
expervimental subject. Tt is penevally accepted that paln, ox
acute discomfori, may cause hyperventilation and hypocapnia in
a aubject, and it is believed that the discomfort associated with
the conditions of whole-body vibration used in this study was

of sufficient magnitude as to explain the vespiratory effects,
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There ave a numher of vepovrts in the literature testifying
to the acute discomfort associated with whole-hody vibration en~
countered in variouvs foxms of fransport as well as in laboratory
expervinmental conditions, and 1t is well lnown to airerew operatin

-. ¥

helicopters that low fregquency vibrations cccurring in the aiv-
craft can glve rise to agbdominal and chest disconfort, after

a relatively short period of emposure. There wes, therefore,
considerable intevest in the possibility that the use of a

restraining harness of the type vsed in £ixed wing and rotary

wing ailvevalft wmight help to suppress the pain and discowfort

s
&
o
Q
0
i

tated with wvhele-body vibration gad might in tura reduce ox
eliminate the undesivable vespivatory changes. In addition to
protecting the weaver againai severe forces of crash landing ovx
assisted escape from alreraft, safety harnegses are lknown to
provide a certain measure of profection apgainst the severe low
frequency oscillation of £iight through turbulence. In the
prasent experimenis the vespivatorvy effects of whole-body
vibration were studied in subjects who were fully restvained in
the ejection seat mounted on the vibrator pletform using s modern
harness system which, during the period of vibration, nrovided
excellont restraint in all peometrical axes, The results
obtained in this part of the study weve compared with those

obtained during vibration exposure with the subject seated in the

ejection seat on the vibratory withont any form of harness restraint.



259,

A comparison of the results obtained from that study showed quite
clearly that torso restraint in the subject seated on the vibrator
failed o reduce the pain and discomfort sssociated with whole~
body vibration at a constant amplitude of displacement, and at
the higher frequencies studied. Furthermove, the inervease in
pulmonary ventilation, and the production of hypevventilaiion
and hypoecapnia at these frequencies ocecurred in both conditions
of the emperiment, l.e. with the subject restrained and unvesirained
in the vibrating seat,

Lt was cleax from these studies that even a modern harness

system giving excellent restraint of the torso in the vibrating

1]

seat was, however, inadequate in the provision of suppori of the
body in the anatomical sites whexe paln ls expevienced by the
subject exposed to certain conditions of whole-body vibration.
Lt has been koown for centuries that vesopanl conditlions within

the body may be suppressed by viglid or semi-vigid bindings, and

&

thghit strapplug has been practized in past tiwmes by Arab videvs

of fast dromedariecs and is also practised by some raclug motorists,
mtor cyelists and viders of bob-sleighs.  Although this
principle has not yet been adopied in aviation it was believed
that provision of & suliable garment vhich offered external
suppart to the abdomon and chest durrug vhole-body vibration,
might help o veduce the discowmfort and pain in these areas duving

vibration and might also reduce rhe degree of hyperventilation



and hypocapnia induced at certain frequencies of vibration. In
the experviments veported in Chapher 5 of this thesis, a study was
made of the wodifyving effects of wearing a standard item of
aircvew equipmeni on the respivatovy chapges induced by whole-
body coanstant amplitude vibration., The results obtained in that
part of the investigatlon showed that the increase in pulmonary
ventilation brought about by exposure to whole-body vibration at
the higher frequencies studied (6, 8 and 10 Hz) was greatly
reduced when the subject wore a garment which gave support to
both abdomen and chesi. Turthernove, it was demonstrated that
when this garment was worn during the peried of vibration
axposure, the marked hypocapnie induced by vibration at certain
frequencies in the uwnprotected subject was either eliminated ovx
very preatly reduced., At those freyuencies of vibration vhere
the unprotected subject suifered considerable discomfort and pain
in the abdomen aod chest duving whole-body vibration, wearing of
the sult also eliminated or greatly veduced this. The vesulis

o

of this part of the ilunvestigation reinforced the belief thal pain

and discomfort in the chest and abdomen, experienced by the

260,

subject during exposure to constant awplitude whole—body vibration,

Iy

is the wmost likely explanation for the hyperventilation and
hypocapuia observed at the same foreing frequencies. Lt was
believed that the application of external suppovt to the abdomsn

prevanted painful oscillation of the viscera during vibration and



261,

gimilar support to the upper torso prevented upwards and down-
wards movement of lavge wmugele masses {(e.g. pectoral wuscles)
during the peviod of vibration exposure. Although little is
known about the nature and duration of whalanoéy vibration as
it eccurs in flight, the vesulis of this part of the study give
encouragement that the provialon of aiverew with a sultable pro-
tective supporting gorwent mipght eliminate or weduce the £light
hazards associated with the ousel of hyperventilation and hypo-
capnia during conditions of prolonged and severe vibwration in
flight. It is clear, however, that considerably more work in
this £field is essentlal,

In the second part of the ezpevimental studies, reporied

in Chaptexr 6 of this thesis, subjecis were exposed to whole-body

vibration at a constant acceleraticn amplitude (+ 0.4 Cz) and at
frequencies frow 2 -~ 10 Hz.  Theso studies confirmed the findings

reported by Dizon et al (1961), ¥rnsting (1961} and Duffner et

al (1962), that whole-body vibration at a comstant acceleration
amplitude and at certain frequencies causes an incrsase in
pulwonary ventilation in the expevimental subject. Unlike the
vegpivatory changes cbserved during whole~body vibration at a
constant displacement amplitude, the greatest increase in
pulmonary ventilation occurraed at the lower range of frequencies
studied and the waxinwm changes occurred with a foveing frequency

of 6 iz, Analysis of the data from this series of experiments
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showed that the xelative increase in pulmonavy ventilation
obtained with exposure to vibration at a frequency of § Hz was
of the same order of magnitude as the covresponding velative
incvease in metabolic oxvgen uptake, and the increase in pulmonary
ventilation was not, therefove, hyperventilation.  This belief
was supported by the wmeasurements of end tidal carbon dioxide
tension and wespiratory eschange ratio obtained duvring the period
of vibration exposure. On the other hand 1t was shown that the
increase in pulwonary ventilation which oceurved with exposure of
the subject to vibration at the lowey frequencies of 2 Hz and
&4 Uz was greater than the corrvesponding increase in metabolic
oxygen uptake, and this suggested that a true hyperventilation
occurred at these frequencies. This was further reinforced by
thae observation that there was a greater increase in carbon dioxide
output than in oxygen uptake as reflecited by the values of
respiratory exchange ratio. Also, determination of end tidal
carbon dioxide tension obtained during vibration of the subject
at these frequencies showed that there was a wederate hypocapnia
(end tidal carbon dioxide fell by 5.3 mm Hg at a frequency of
2 Hz)o in comtrast, bhowever, to the results obiained in the
constant amplitude vibration studies, no subject reporied
synpions which could be referxved to thoze of hypocapnia.
Considerable interceet attaches to the finding of hypewveatilation

and hypocapnia with exposure of the subject to vibratieon ai constant
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acceleration-amplicude, At these frequencies of vibration

(2 Uz and 4 Hz) vhere this phenomenon cccurred, there woera no
pymptoms of discomfort ov pain reported by the experimental subjects.
Tn the digeussion which followed this poavi of the euperimental
investigations argunents were vut forward in favour of the belief
that the mechanisw cauging hyperventilation snd hwpocapnia in

the subjéct exposed to vibraticn at constant acceleration was

T

diffevent from that causing the phenomenon during exposuve of the
subject to vibration at a constant amplitude of displacement,
Tt was sugpested that the explanations for the hyperventilation
assoeiated with vibration exposure of this type might he welated
to labyrinthine stimulation due to veriieal and votational head
movemenits.  This explanation was also suggested by Dixon et al
(1961) and Exasting (1961), who found congidarable hyperventilation
in subjects exposed fo whola~body vibration at consitant acecelevation
and low frequencies.

in the investigations carvied out by Dixon et al (1961) and
Brnsting (L961) the magnitude of the ivecrease in pulmonary
ventilation induced by whole~body wibration at a congtant
accelervation-awplitude and cevisin fraegquencies was considerably
greater than that obtained in the present sevies of expeviments,
using conditions of vibration exposure similary to those used hy

]

hoervation supsesied that the

oA

the previous authors. This o

differences in the magnitude of the vespiratory changes induced

#
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by whola-body vibration In the two previous and fwo present
experiments might he explained on the hasis of posture adopted
by the mx?atiméntal gubjecte during the period of vibration.
It was believed that the adoption of a semi-reclining posture
{similar to that used by aiverew) might cavee a distribution of
the forees of vibration away from the spinal axis in such a way
as te protect the head from violent vertical and rotational move-
ments. To this way it was thought posaidble that stimulation of
the labyrinth wight also be reduced during the peviod of vibration
and that this in turn might reduce the magnitude of the vespiratory
changes induced by whole~body vibration at a censtant acceleration
amplitude and at the lower frequencies studied,

In the experviments rvoepovied in Chapter 7 of this thesis,
the experimental subject was exposed to vibration al 2 constaunt

)
L)

acceleration-amplitude whilst scated on the vibrator first in an
upright posture and then in a sesl-veclining posture. The

results of that study showed that izveapective of the posture

n

adoptaed by the subject, vibration at frequencies of 2 Hx and 4 Uz

caused an increase in pulmonary ventilation which was & tvue
hyperventilation with hypocapnia,  With both postures, the
magnitude of the hypervantilation and the vasulting hypocapmia

was the seme, althoush the absclute values for pulwonary ventilotion

and metabolie ozygen consumptlon were higher in the condition of

the experimeni where the subject adopted an upright rcather than



a semi-reclining vostura. The differences in the values of
these respiratory variables probsbly veflected the inereased
muscular effort vequivaed by the subject to maintain his posture
in the upright state. An additional experiment was carvied out
to study the effects of an upripht and a semi-veclining posture
on the head moveuwents exbibited by the subject doving exposure to
vhole~body vibration et aw accelevation amplitude of + 0,1 Gz and
at frequencies of 2, 4 and 6 Hee  The vesults of that study
showed that for the conditions of vibration used, the adoption of
either an upright or a sewi-veclining posture had no effaect upon
the magoitude of vertical or rotatlonal components of head move-
ment yecovded duriug the period of vibratlon. Arguments were
put forward for belisving that the same would hold true for con~
ditions of wvibvation at a higher intensity (accelervation-amplitude
= 0.4 Gz} of the type used in the wain experimeats in ihis
investigation. Trom a practical point of vicw, the vesults have
suggaested that a semi~veclining posture of the type used by most
alrevew sitting in an ailrveraft seat, would not protect the subject
exposed to certain conditions of whola-body vibration in £light
from the vespiratory disturbances induced thereby (e.g. hyper~
ventilation and vesulting hypocapnia), although a certain measure
of protection might be affordsd by the adoption of thig sittiag
posture from the increased metabolic sctivity which would be

requived to maintain an wpright posture.



The practical significance of the findings in the present
study relate to possibility that hypoeyventilation and hypocapnia
may be induced in aizerew by certain types of vibration cccurring
in £light. Although the nature and duration of in-flight
vibration has not yet bheen clearly defined for various types of
aiveraft, it is known that random gtructure~borne vibration can
occur ¢ver quite long peviods in ailrerafi operating at high speed
and low level, pariicularly in conditions of turbulence,  Although
the nature of the vibration Is random, theve is evidence that the
fundamental frequency of this type of oageillatory disturbance lies
in the frequeney vaoge 1 ~ 10 Mz and may be vesponsible foxr the
production of vespivatory changes similar to those observed during
the esperimental vibration used in the present investigations,

The denger of hyperventllation and hypocapnls during £light in
conditions of whole-body vibration lies in its effects upon the
pexformance of aivevew du £light and in ite possible synergism

with other Fforms of envirvoumental stvess inm aviation. it is,
thevefore, necessary to ezanine the sigpificance of hyperventilation
in the aviation situation in owvder to appreciate the lwportance

of this finding in conditlons of whole-body structure-borne
vibration,

In aviation, hyperventilation way be either a physiological
reaction to hypoxia or a stvess reaction. lizcept in serious

emerganey situations, hypoxia is wvot likely to be of sufficient



magnitude as to cause aivcrew to hyperventilate but as a reaction
to a stressful situvation, hyperventilation may be common and at
times vesponsible for marked changes in psychomotor performance,
Although hyperventilation in £light may have been recognised
before this time, Hinshaw and Boothby (1941) drew attention to

the possible hazards of this condition when they reported that
one of the authors had experienced symptons of tetany when
attempting to land an sivevaft in adverse weather conditions,

He was able to repress his urge to hyperventilate, his sysmptoms
disappeared and he landed his aircraft saﬁelye Sinece that time
other veports have been published (Hinshaw, Dushmer and Boothby,
1943; Rushmer and Bond, 1944), and many othey ip-flight incidents
which suggest the occurvence of hyperventilation, have bhaeun
recounted to wmedical officers associated with flying personael.

It has bean difficult to assesa the significance of these veports
because many factors wmay be involved in the causation of bizarre
fn~flight conditions. One of the great difficultles lies in
distinguishing between the effects of hypeyventilation and
hypoxia (Wayne, 1957), and a decision as to whether eithen o
both of these conditions has been vesponsible for an in-flipht
incident involving disturbence of consclousness iz usually
extremely difficult to make from rvetrospsctive questioning and
clinical examination of the affecied crew mewber.  There is, .

therefore, very Little koown about the true nature of and

267.
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causative factors lovolved in thls condition and because of the
poteniial hazard which in-flight hyperventilation presents, work
is stdll in progrecs attempting to agsess the significance of
this condition in aviation,

Trom the knowledge which is curvently available it would
appear that the wmain hazard associlated with the conset of hyper-
ventilation and hypocapnia in alverew duping £light lies in the
adverse efifeci which this condition has on the performance of
compler tasks. L@ is not hnown with any degree of certainty
to what extent hyperventilation afifects guch performasnce although
Rahn, Otis, Hodge, Upstein, Muater and Feon (1948) concluded that
there was little decvement in the pexformance of a psychomotox
task uwntil the alveolar carbon dioxide tension hed fallen to
about 25 mm Jge it is disturbing to pote that in the present
investigavion three of the experimental subjects developed quite
marked symptoms of hyperventilation with hypoeapols alter three
minutes exposure e vibration at o constant awpliiude of dis-
placement and at the higher frequencies in the range studied.

In these subjects the sywptoms presented as tingllng of the

hauds and feet with guite marked feelings of 'mental detachment’
which pexsisted unchanged throughout the period of vibration.

In the subjects showing symptoms of hypocapnia, the end~tidal

carbon dloxide tenslons fell fyom values of 38 - 40 mm Ng

obtained during the perviod of vest prior to vibration, to values
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of 28 = 32 mm Hg obtained during the period of vibration. It
is quite clear that if such a degree of hyperventilation and
hypocapnia was to occuy during flight as a result of in~flight
structure-~borne vibration, the resulting deterioration in the
mental condition of the subject could be serious.

While laboratory studies on the effects of hypocapnia have
shown ‘that deterdoration in the performance of a mental task way
not become appavent wnitil the alveclar carbon dloxide tension
has fallen to about 25 mm Mg, it should be borne in mind that in
aviation, syuptoms of hyperventilation and hypocapnia could arise
in aiwvcrew alveady affected by other stresses of f£light.  Thus,
~it: has been stated that sipucture borne whole-body vibration is
liable to occur in the iype of £light in which the pilot ig
required to opervate at very high speeds and low level where
conditions of severe meteorological turbulence may prevail.

In thége clrecumstances, high speed £light throupgh high density

alr brings with it the disturbance of heat stress e the occupant

of the aivcraft and the resulting deterioration in mental
performance which this is known to cause. In addition, flight

off this type necessitaltes a considerable work load on the part

of the pilot who is wequired to fly his aiveraft for sirategle
purposes very close -to the gwound with the constant denger of

sround contact. ¢ has been shown (Worwis, 19064) that the

phases of flight in an aiveraft vhich demand intensive concentration

oa the part of the pilot (e.g. instrument flying in poov visibiliiy,
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or terraln following £light) ave those which mey induce an

inerease in pulmonary ventilation, hyperventilation and hypocapnia
in aiverew. Tt is belisved that in the alveady stressful con-
ditions of low-level, high—gpeed £lipght in a modern high perforwance
aireyvaft the addition of even a mild degree of hyperventilation

and hypocapnia induced in the pilot, could vepresent a serious

hazard.

PART TT

Arrfh e el s BN A8

Hetabolic oxyeen consumpiion

The measurements m£ gaseous exchange which were made during
the constant amplitude series of experiments have shown that when
the forece of vibration applied to the subject was bhigh, theve was
an increase in the metabolic oxygen uptake.  Thuas, when the
subject was exposed to whole-body vibration at a constant amplitude
of displacement and at frequencies of 6, 8 and 10 Hz, the increase
in mean values of metabolic oxygen conswwpiion, over values
obtained at rest, were 257, 507 and 72% vespecitively. In each
case, the increase in'metabalic oxyxen consumption occurved within
the first few winutes afrer the start of vibration, veached a
masxiium value after five minutes of exposure to vibratlon and
thereafter was sustained, almost uwnchanged thyroughout the enktive
period of wvibration. At the termination of vidration and during

the subsequent period of rocovery, the mean values of metabolie
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oxygen consumption fell to below those obtained in the period of
rest prior to vibration. These findings confirm the early
observations by German workers that severe whole-body vibration

may induce manifestations of alarm in the experimental subject
with, among other changes, an increase in metabolic activity.

They also confirm and extend the findings of Ernsting (1961) and
CGacuman et al (1962) that whole-body vibration at high intensities
causes a marked increase in metabolic activity in the seated
experimental subject. In Ernsting's investigations, however, a
significant increase in metabolic oxygen uptake was recorded only
at a forecing frequency of vibration of 9.5 Hz and at an acceleration—
amplitude of + 0.5 Gz, whereas, in the experiments carried out by
Gaeuman and his co-workers, a linear increase in oxygen consumption
was reported with increasing frequencies from 6 to 15 Hz at a fixed
displacement-amplitude of + 0.132 in. These latter workers used
conditions of whole-body vibration, which were similar to those
used in the present series of experiments and the results obtained
in the two investigations are also similar.

In these two main previous studies carried out on the
metabolic activity of the subject exposed to whole-body vibration,
the authors believed that the marked increase in the respiratory
variable was due to the increased muscular effort required by the
experimental subject to maintain his posture in the face of

violent shaking in the vibrator seat. It will be recalled that



272,

in both these studies, the subject sat either directly on the
platen of the vibrator or in a simple upright seat during the
period of wibrvation exposure. In neither case was the subjeet
restrained by any form of harness restraint system and the
authors noted thét considerable effort was vequired by the subject
to remain seated in the upright position during the entire period
of vibration exposure. In the present series of experiments,
the validity of this explanation for the increase in wetabolic
activity during vibration was tested by exposing subjects to
congtant amplitude vibration whilst seated in an aircraft type
seat either restrained or unrestrained by a well tested harness
system of known efficacy. The results of this part of the study
indicated that an increase in metabolic oxygen consumption occurred
in the experimental subject during eﬁposure to vibration at high
intensities, and that this occurred with the same magnitude
irrespective of whether the subject was restrained or unrestrained
in the vibrating seat. In the experiments in which the torso
of the subject was fully restrained by harness, no effort was
required on his part to maintain posture during the period of
vibration exposure, and it was consideved that maintenance of
posture could not be the primary cause of the increased netabolic
activity which was obsexved,

in an earlier investigation CBrmann (1940) noted that

alwost immediately upon exposing his subjects to whole-body
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vibration at certain frequencies and intensities there was an
obvious generalised increase in the tensilon of various groups of
muscles throughout the body. From a study of this early report,
it appeared that the muscle masses involved in this phenomenon
were not those normally associated with maintenance of posture

and this suggested the possibility that temsing of nmusculature as
a result of some mechanism other than that welated to posture
might explain the increase in metabolic activity during whole-
body vibration exposure. In the present series of experiments,
therefore, the behaviour of various groups of muscles was examined
during different conditions of exposure to vibrations using a
technique of high speed cinewmatography. A frame by frawe analysis
of the exposed cine film revealed that during exposure of the
subject to whole~body vibration at a constant displacement amplitude
and at frequencies of 6, 8 and 10 Hz, various groups of wmuscles
visible on the surface of the body exhibited alternate periods of
tensing and relaxation throughout wibration exposure., At the
higher intensities of vibration studied (8 Hz and 10 Hz) a number
of muscle groups exhibited a swstained contvaction throughout
vibration while others shoved long periods of contraction and
short periods of relaxation. Tt was also noticed that the muscle
groups which exhibited this phenomenon during vibration were not
necegsarily those associated with maintenance of posture, It

was believed that this phenomenon was the most likely explanation
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for the increased metabolic oxygen consuimption observed during
exposure of the subject to high intensity whole-body vibration.
While it must remain speculation, it was considered possible that
the muscular activity observed during vibration could be partly
voluntary and partly involuntary as an attempt by the body to

alter its mechanical impedance characteristics, wodify or redistribute
the transmission of the input vibration or alter resonance
characteristics in such a way as to protect certain more vulnerable
parts from the effects of the vibration disturbance. In support
of this view it was found that when the subject exposed to high
intensity vibration was asked to attempt deliberate relaxation

of his muscles he could do so for only a brief period and during
that time differential movement of various parts of the body was
noticeably inecreased to an extent which caused him very severe
discomfort or frank pain.

In contrast to the resulis obtained in the constant amplitude
vibration studies, it was shown that on exposure of the experimental
subject to whole-body vibration at a constant acceleration
(+ 0.4 Gz) there was a relatively minor increase in metabolic
oxygen consumption at frequencies of 2 Hz and 4 Hz, a fairly
marked increase at a frequency of 6 Hz and no appreciable change
in metabolic activity at frequencies of 8 and 10 Hz. The increase
in metabolic oxygen consumption observed in the subject exposed
to vibration at a constant acceleration (+ 0.46 Gz) and at a

frequency of 6 Hz was similar in magnitude to the increase observed



at this fvequency during exposure of the subject to vibration at

a constani displacement amplitude (acceleration amplitude in that
sevies = + 0.5 Gz). It is of interest to note that at this
frequency exposure of the subject to vibration at a constant
accelervation caused the only symptoms of discowfort recorded
during this series of vibration experiments although as previously
stated, it was considered that these were of insufficdent wag-
nitude to induce symptoms of hyperventilation and hypocapnia in
the subjeet. Although no formal cinematographic studies were
carried out on the behaviour of muscle masses during vibration in
that series, direct observation of the subject gave clear evidence
that on exposure to vibwvation at 6 Hz and an acceleration amplitude
of + 0.4 Gz the subject temsed a number of muscle groups eithex

ag a voluntary or involuntary proecedure. It was believed, there-
fore, that the increased wetabolic activity observed at this
frequency of vibration could be explained on the same basis as

for that observed at the same frequency in the coustant amplitude
series,

With exposure of the subject to whole-body vibration at a
constant acceleration and frequencies of 2 Hz and 4 Hz there was
in each case a swall inecrease in metabolic oxygen consumption.
Although swall in absolute terms, it&wa& observed that the increase
in metabolie activity with exposure of the subject to vibration

at these frequencies was gsignificanily greater when he was
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unrestrained than when he was restrained by harness in the
vibrating seat. This finding immediately suggested that the
increased metabolic activity obtained at the lower frequencies

in the range studied is probably due to the muscular activity
required to maintain posture in the face of vibration., 1Lt should
be noted that in owxder to maintain a congtant awplitude of
acceleration (+ 0.4 Gz) at these lower frequencies, a large dis-
placement amplitude setting was required for the platform of the
vibrator. In support of the view that maintenance of posture
was the mechanism respounsible for the small increase in metabolic
activity during exposure to vibration at frequencies of 2 Hz and
4 iz, is the observation that there was no perceptible muscle
tensing in any of the subjects all of whom reported that this
condition of vibration was not associated with any appreciable
discomfort. In further support of this hypothesis is the finding
that when the subject was exposed Lo vibration at a constant
acceleration amplitude and frequencies of 2 Hz and 4 Hz whilst
seated in an uvpright posture without any form of back support,

the measured metabolic oxygen consumption was significantly highex
than that obtained at the same frequencies with the subject seated
in a semi-reclining posture in an aireraft type seat. In these
experiments (reported ian Chapter 7) it was noted that at the

lower frequencies in the range studied (2 Hz and 4 Hz) the subject

seated upright in the specilally modified seat required continual



277.

and considerable effort to maintaintis posture.

It is concluded, therefore, that there may be two mechanisms
involved in the increased metabolic activity observed in the
subject exposed to low frequency whole~body vibration. At
certain frequencies of vibration where there is a large amplitude
of displacement but wherxe there is no voluntary oxr involuntary
tensing on the part of the exposed subject, mugcular activity is
required gsimply to maintain posture during the vibration and this
is reflected by a small increase in metabolic oxygen consumption.
In other conditions of vibration At higher intensities it appears
that there is a generalised reflex temsing of musculature. With
these latter conditions of vibration it is most likely that any
increase in muscular activity due to the requirements to maintain
posture are insignificant.

It has been stated previously that a knowledge of the metay
bolic oxygen consumption (metabolic heat output) of the subject
exposed to all conditions likely to be encounteved in operational
flight is of practical importance to the maintenance of comfort,
well being and safety of aircrew. Thus a knowledge of the
metabolic activity in aircrew exposed to conditions of £light
in vhich low frequency vwhole-body vibration occurg, is of value
in the design of aircraft and personal thermal conditioning
gystemg, which ave required to maintain the occupant in thermal

confort and enable him to carry out his in-flight tasks efficiently.



278,

In the past, however, it has been very difficult to assess the
requivements for aircraft or personal thermal coanditioning in
various types of f£lying condition since there is little informatiom
available on the metabolic energy expended by the pilot £lying
different types of aircraft and until now very little information
on the effect of structure-borne vibration on metabolic activity
in airerew. In reviewing the literature it was stated that the
wvork of previous authors shows that in tevms of energy expenditure
and physical activity the total f£light profile of any aireraft
may be considered as a number of different phasee (ec.g. ascent

to altitude, rvoutine flight, emergency situation, etc.) all of
which place differing demands on the pilot. In almost all of
these phases of f£light, and unfortunately in many of those where
the workload of the pilot is already quite considervable, whole
body structure borne vibration may be encounteved and may sig—
nificantly add to the problem of maintaiuning the pilot in a
condition in which he can carrvy out his tasks efficlently.

With these adverse effects of whole body vibration in mind, the
final part of this discussion highlights some of the areas

wvhere its occurrence could prove ewbarrassing to aircrew operating
under different conditions of flight. This aspect is discussed
in terms of the metabolic energy ewpenditure required by the

pillot to £ly high performance and helicopter airvcwraft.
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One type of f£lying in which the occurrence of structure
boirne whole-body vibration gives rise to the greatesi concern
is that of high pevformance airvcraft. Tt is unfortunate that
there is very little information regarding the energy expended
by the pilot flying aircraft of this type, although theve is
meagre evidence to suggest that waintenance of normal routine
flight in this type of aircraft requirves 1ittle energy in excess
of that required at rest. TFrom a veview of the literature,
however, there is evidence that the execution of intense
agrobatiec manoeuvres of the type requived for attack or defence
in the combat situation requires considerable energy expenditure
on the part of the pilot, Thus from a mean value of energy
expenditure of 50 keal/w®hr obtained with the pilot at rest
and during routine straight and level £light, the eiiecution of
a conbat type aerobatic manoeuvre causes an increase in energy
expenditure to a mean value of 80 keal/m?he. This latter value
of energy expenditure is mainly due to the physical effort re-
guired to operate the control column and rudder pedals during the
execution of the manoeuvre. Although there have been no
measurements taken of the enerpgy expended by the pilot required
to operate an alrveraft of this type at high speed and low level
it is highly likely that the physical effort required by the
pilot to maintain the altitude of the aiveraft is greater than

that required during an aerobatic manoceuvre at higher altitudes,
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Thus it is known that flight at low altitudes and at high speed
requires considerable skill and activity on the part of the

pilot in order to clear objects on the ground, and flying con~
ditions of this type are well known as a cause of intense fatigue
in the pilot. As previously stated, high speed low level f£light
often requirves penetration of turbulent airspace with the added
problem of structure borne whole body vibration., In the
experiments ecarried out in this investigation, it was shown that
whole body vibration at certain frequencies and intensities may
require the expenditure of energy in the order of 80 keal/w?hr,
In his report, Hughes (1968) showed that energy expenditure of
this mapgnitude requires that the air entering the aircraft cabin
must be considerably reduced in temperature in order to maintain
the occupant in thermal comfort. In conditions of high speed
low level flight there may be other factors present which place

a heavy dewmand in the aircraft conditioning system and there is

a visk that the occupants may be exposed to thermal stress. It
is known that heat gtress in airverew affects the ability to
perform psychomotor tasks and this condition could be an in-flight
hazard particularly in conditions of f£light dewmanding a high
degree of mental skill and flying ability., In addition, the
inereased muscular activity induced by whole-body low frequency
vibration must add in some measure to the fatigue experienced

by the pilot reguired to fly a high performance aircraft in these

conditions.
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Finally, the increased metabolic activity in airerew
exposed to low frequency structure borne vibration must be examined
in relation to helicopter flying. It has been stated previously
that severe vibrations may be generated in the engines, gearboxes
and rotox blades in this type of vehicle, and these may be trans-
mitted through the structure of the alreraft to the seated
occupant. The importance of whole body vibrations which may
avise duving £light in a helicopter lies in the fact that even
under norymal conditions this type of flying demands some of the
greatest expenditure of energy on the part of the pilot, as well
as constant vigilance and mental concentvation. Any factors which
might veduce the ability of the pllot to carvy out his in~flight
task with efficiency or which iwpogse additional workload during
peviods of ewitical f£light, are of pavticular concern in aivecraft
of this type. Thus it has been shown that the greatest expenditure
of energy by pilots flying helicopters oceurs during in~flight
phases close to the ground {(e.g. hovering, ascent and descent).
This is in contrast to the velatively small amouvat of energy
required to £ly helicopters at higher altitudes. Tt is likely
that manoeuvres close to the ground demand from the pilot more
precise and active operation of the alveraft controls than is
required with flight at a significant altitude. The mean energy
expended by helicopter aircrew (mean value = 70, wange 55 - 97

keal/m?hr) during operation of the airveraft close to the ground
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is similaxr in value to that expended by aircrew flying conventional
fixed wing airveraft in an emergency situation (e.g. with all
control servo~systems inoperative). It is, however, worthy of
congideration that while the high values of energy expenditure by
airerew flying fixzed wing aircraft occur during an infrequent
emergency situation, high levels of physitcal asctivity and enexgy
expended by helicopter aircrew occur as a routine part of the
normal operational flight profile. Xt should also be remembered
that structure borne vibration is constantly present during
helicopter £light and unlike the situation in fixed wing aircraft
is not simply an occurrence associated with infrequent phases of
flight.

In conclusion, it is now clear that aviation, and particularly
military aviation, can occasion some of the wovst conditions of
vibration to wvhich man may be exposed. The investigations reported
in this thesis have drawn attention to two inmportant human responses
to whole~body vibration which may threaten the safety and comfort
of aivcrew required to opevate in certain conditions of flight.

Thus 1t has been shown that at certaln amplitudes and frequencies,
whole~body vibration may induce an increase in pulmonary ventilation
which is a true hyperventilation, and in sowe instances this way

be accompanied by quite warked symptoms of hypocapnia. 1t has

been stated that the oceurrence of such symptoms may seriously
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impair the ability of the pllot to pevform his task efficiently
and may, thevefore, vepresent a flight hazard. The investigation
has also shown that whole-body wvibration at certain frequenciles
and amplitudes may cause a mavked increase in metabolic enerpgy
expenditure in the subject. While this latter vespiratory change
may aot represent the serious in~f£light hazard associlated with
hypevventilation and hypocapnia it way, nonetheless, interfere with
the comfori and wellbeing of alrcrew reguired to operate in
conditions of in=flight vibration. In addition the increased
museulay activity induced in the subject by certain coundltions of
vibration may contribute to the fatigue cmperienced by aivecrew in
thely £light misgion.

One of the prime objectives in the practice of aviation
nedicine is to define the nature of the disturbance affecting
aincrew,to investigate the factows which influence that disturbance
and fionlly to design possible methods of overcoming or reducing
the disturbance. In the present studies the vespivatory effects
of whole-body vibration have been defined and a number of factorvs
affecting the respivatovy responses (e.g. harness vestryaint,
sletting posture and thovaco~abdominal support) have been investigated,
These investigations have suggested other lines of study which
it is hoped may eventually lead to the final solution - that of
eliminating the disturbance to airevew., The path to this final

solution is long and difficult and much woxk is curvently being
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undevtaken in the field of vibration control to devise methods

of peducing or eliminating the disturbance at source, reducing

the vibration in its voute of tyvansmission to man or in attenuating
the effects of vibration in the man himself, Many of these
approaches to the problem involve engineering skills and final
success will require close co-operation between physician,
physiologist and engineer. It 1s hoped that the work desecribed
in this thesis may have helped towards achleving success in this.
field. It dig also hoped that the investipations may have con~
tributed in some measure to the aims of aviation wedical practice -
the promotion of safety, comfort and wellbeing in all types of

flighto



General Conclusions

The respiratory effects of vertical sinusoidal vibration

applied to the buttocks of a seated subject have been investigated

over the frequency range 2 - 10 Hz at acceleration amplitudes of

up to + 1.4 Gz. The following main findings and conclusions have

been reached.

1.

Whole body vibration at cevtain frequencies and accelervations
caused a significant increase in pulmonary ventilation,

This was brought about by increases in both respiratory
frequency and tidal volume. Vhen the amplitude of dig-
placement of vibration was held constant, there was a greater
inerease in pulmonary ventilation at the higher frequencies
than at the lower ones investigated, whilst when the peak
acceleration of the applied vibration was held constant the
rveverse held true. This phenomenon was, therefore, neither
solely acceleration nor amplitude dependent.

At certain frequencies and awplitudes whole body vibration
induced marked hyperventilation in the experimental subject.
Gvidence for this respiratory change was adduced from the
finding of a relative increase in pulmonary ventilation

which was greater than the coxresponding increase in metabolic
oxygen consumpfion at these frequencies of vibration. Also,
there was a greater increase in carbon dioxide output than

in oxygen uptake (as veflected by values of vespiratory
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exchange wratio) and there was a veduciion of pulmonary
ventilation and respivatory exchange ratio in the recovery
period below their rvespecitive contvol values. With constant
amplitude vibration, hyperventilation occuxwed at the higher
frequencies studied (6, 8 and 10 Hz) whilst with constant
acceleration vibration it occurred at the lower frequencies
studied (2 Hz and 4 Hz).

Under all the conditions of vibration exposure in which
hyperventilation was induced in the subject there was also

a modevate to seveve hypocapnia. Marked symptowms of hypo-
capnia were obtained in some subjects during exposure Lo
constant amplitude vibration at high frequency and intensiiy
(3 Hz), With constant amlitude vibration severe hypocapnia
was induced at the higher frequencies studied (6, 8 and 10
Hz) whilst with constant accelevation vibration a noderate
to severe hypocapnia was induced at the lower frequencies

{2 Uz and 4 Hz). With this latier type of vibration the
wagnitude of the hypocapunla was not sufficient to glve vise
to sywptoms in the ewperiwmental subject.

With constant amplitude vibration at high frequencies, the
respivatory changes were accompanied hy severe pain in

the thovax and abdomen of the subjeet, The degree of dis-
comfort increased with increasing intensity of vibratiow.

It was concludaed that discowmfort was ©he most likely cause
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of the hyperventilation and hypocapnia during constant
ampplitude vibration exposure. With constant acceleration
vibration no such discomfort or pain accompanied the observed
respivatory changes and it was tentatively suggesited that
Labyrinthine stimulation might have been the causative

factor in the production of hyperventilation and hypocapnia.
Sound restraint of the subject in the vibratiag seat (by
means of an alrceraft torso harness system) failed to eliminate
or veduce the respiratory changes observed during exposure

to whole-body vibration of both types (constant amplitude

and constant accelervation).

When extevnal support was applied to the thorax and abdomen
of the vibrated subject (by means of a restrainer suit) the
raspiratory changes induced by constant omplitude whole-body
vibration were either eliminated oy greatly veduced. It was
concluded that thovaco—~abdominal support helped to prevent
painful resonance moveument of viscera and pectoral nmuscles
during vibration and that this in turn prevented or veduced
the onset of hyperventilation and hypocapnia.

With exposure to constant acceleration vibration, the posture
adoptaed by the subject in the vibrating seat (either semi-
reclining or upright) did not influence the vespivatory
changes indvced at ceviain frequencies and awplitudes.

The magnitude of the vertical and rotational cowponents of
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accelevation at the head were the same for both posiures
during each condition of wvibration, and it was concluded that
stimulation of the labywinth during vibwatlion was similarly
unafiectad by posture.

The magnitude of the hyperventilation and hypocapnia induced
by experimental whole body wvibration at certain frequencies
was sufficlent to give rise o concern f£for the safety and
wallbeing of aiverew exposed to similar conditions of vibration
in £light. Lt was concluded that if these vespivatory changes
were Lo arvise in alrevew during conditions of low level,

high speed £light the resulting detevioration in wmental
condition could be hazawvdous,

Whole body vibration at a constant displacement amplitude
eansad a marked increase in wetabolie ozypen counsumpiion at
the higher frequencies studied (6, & aad 10 Hz).

The inerease in oxygen consumption was not caused by the
increased muscular effout reyuived by the subject Lo waintain
his posture during wviolent shaking. Values of metsbolic
oxygen congumpition obtained with the vibrated subject were
similar in wmagnitude for the conditions in which he vas
restrained and wirestrained by havness in the vibrating

Beata

From ezamination of high speed cinephotographs taken during

expogure of the subject to constant amplitude vibration it
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was observed thai alternate tensing and relaxzation of various
groups of museles oceccurred during high intensity vibration,
it was concluded that this musculay asctivity was probably
protective in nature and was vesponsible for the ilncreased
metabolic activity duriaeg cevtain conditions of vibration.
During exposure of the subject to vibration at a constant
acceleration there was a moderate increase in metabolic oxygen
consumption at the lower freguencles studied (2 iz and 4 Hz)
and a largey increase at a frequency of 6 Hz. No increase.
in oxygen consunption was obtained with vibration at frequencies
of 8 Hz and 10 Hz. It was concluded that the maetabolic
activity at a frequency of 0 Hz was due to muscular tensing
(similawy in nature to thai observed with constant amplitude
vibration at that frequenecy). At fvequencies of 2 Hz and

&4 Hz, no muscular activity was observed during vibration and
it was concluded that the increased oxygen consumption was
due to reguiremenis for the subject to maintein his posture
during vibration.

Values of energy expended by the subject during exposure to
vhole body vibration at certain frequencies and amplitudes
were siwilar in nagnitude to those obtained in aivcrew flying
helicopters and high performance airvcrafit in demanding voles
(eepgo emergency and conbai situations, instvuwent flying and

aerobatic manoeuvres). Lt was concluded that whole hody
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structure borne vibration occurring in f£light would represent
a threat to thermal comfort in aircrew and would in certain

types of Fflying situations contribulte to in~flight fatigue.
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THE RESPIRATORY EPFECTS OF WHOLE BODY

VIBRATION TN MAN

A Separvate Summary

In the field of aviation medicine, there is considerable
interest in the physiological effects of low-frequency, structure
borne vibration in man. This has been brought about by the
vequivement for certain wmilitary aircraft o operate at high speed
and low level in conditions of meteorological turbulence. In-
£light conditions of this type may induce short duration accelerations
in the aircraft, vhich vesemble mechanical noise with superimposed
quasi-steady state vibrations due to air-frame structural responses.
To those who practise aviation mediecine, vibrations produced in
alrcraft flying in these conditions are of particular interest
since they present at frequencies below about 15 Hz, at which,
both human body resonances amd majov aircvaft modes are excited
into large amplitude oscillations. The presence of structure-
borne vibrations of this type becomes of concern when they rveach
such intensity as to disturb normal flight in the aircraft, and
in particulayr, where they represent a threat to comfort, health
or efficiency in aircrew flying the alrcraft.

A review of the literature has shown that there have been

comparatively few studies on the physiological disturbances



_brought about by structure borne whole body vibration in the low
frequency range, although it is known that they may affect man in
a variety of different ways. A number of these disturbances
may occur singly or may be compounded with other stresses liable
to be encountered during certain types of flight (for example,
long duration acceleration, noise, heat and high work load).

There is, however, a paucity of information concerning the
regpiratory effects of whole body vibration in wmen and the
investigations, which are described in this thesis, were designed
in ovder to advance knowledge in this field and to provide
information which can be used to improve the comfort safety and
well-being of aircrew operating in conditions of in-flight vibration.
In particulaxr, two areas of disturbance have been investigated ~
that relating to the effects of vibration on pulmonary ventilation
and gaseous exchange in man, and that relating to the metabolic
energy expended by man during low frequency whole-body vibration.
The investigation was carried out using a mechanical vibration
generator which applied sinusoidal vibrations in the low frequency
range to the buttocks of a subject seated in a wodified aireraft
ejection seat. The respiratory effects of vertical sinusoidal
vibration were investigated over the frequency range 2 - 10 Hz
at acceleration amplitudes of up to + 1.45 Gz. Using various
conditions of experimental vibration, measuremenis were made of

pulmonary ventilation, end-tidal carbon dioxide tension and gaseous
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exchange during a perlod of rest, during exposure of the subject
to the chosen conditions of vibration and during a subsequent
recovery peviod following the vibration. Measurements were also
made of oxygen consumption and carbon dioxide output using an
'open circuit' technique during each phase of the experiment.
These respiratory variables were studied during exposure of the
subject to whole body vibration in which the relationship between
the displacement amplitude and vibration frequency varied in two
ways. In one series of experiments the total amplitude of
vibration was held constant at 0.625 cm over the frequency range
2 ~ 10 Hz which was explored in frequency steps of 2 Hz (constant
amplitude vibration). TIn the other series, the displacement
amplitude was adjusted to maintain an acceleration of vibration
at + 0.4 Gz over the same frequency vange (constant acceleration
vibration). In this way, the respiratory effects of whole body
vibration were studied over a wide range of frequencies and
acceleration amplitudes.

In order to investigate the causative mechanisms involved
and the factors affecting the respirvatory changes induced in man

by whole body vibratlon, additional experiments were carried out

fala

in the main programme., In some of the experiments, the respiratory

effects of vibration were studied with the subject fully restrained

in the vibrating seat by means of a typical modern aircraft torso

harness restraint system and the vesulis were compared with those

ol
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\wobtained with the subject unrestrained by harness in the seat.
In another study, the influence of thoraco-abdominal restraint on
the respiratory effects of whole~body vibration was investigated
using a standard item of airerew personal equipment, and the
results were compared with those obtained vhen the subject was
vibrated without thoraco-abdominal support. In one part of the
investigation a study was made of the effects of sitting posture
(either upright or semi~reclining posture) on the respiratory changes
induced by whole body vibration and in oxder to throw light on the
possible causative mechanisms involved in these changes, the
vertical and rotational components of head wmovement during vibration
in each sitting posture were also measured. In order to investigate
the observed increase in metabolic activity during exposure of the
subject to whole-body vibration investigation was also made of the
behaviour of various groups of muscles during the period of vibration
using a technique of high speed cinephotography.
The main findings and conclusions cobtained in this study may
be summarised as follows:
1. Whole body vibration at certain frequencies and accelerations
caused a significant increase in pulmonary ventilation.,
This was brought about by increases in both vespiratory
frequency and tidal volume. When the amplitude of dis-
placement of vibration was held constant, there was a greater

increase in pulmonary ventilation at the higher frequencies
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than at the lower ones investigated, whilst wvhen the peak
acceleration of the applied vibration was held constant the
reverse held true. This phenomenon was, therefore, neigher
solely acceleration nor amplitude dependent.,

At certain frequencies and amplitudes whole body vibration
induced marked hyperventilation in ihe experimental subject.
Evidence for this resplratorvy change was adduced from the
finding of a relative increase in pulmonary ventilation
which was greatexr than the corresponding increase in metabolic
oxygen consumption at these frequencies of vibration. Also,
there was a greater increase in carbon dioxide output than
in oxygen uptake (as reflected by values of respiratory
é¥change ratio) and there was a reduction of pulmonary
ventilation and respiratory exchange watio in the recovery
period below their rvespective control values. With constant
amplitude vibration, hyperventilation occurred at the highex
frequencies studied (6, 8 and 10 Hz) whilst with congtant
acceleration vibration it occurred at the lower frequencies
studied (2 Hz and 4 Hz),.

Under all the conditions of vibration exposure in which
hyperventilation was induced in the subject there was also

a moderate to severe hypocapnia. Mavked symptows of hypo-
capnia were obtained in some subjects during exposure to

congtant awmplitude vibratlon at high frequency and intensity



(8 Hz). With constant amplitude vibration scvere hypocapnia
vas induced at the higher frequencies studied (6, 8 and 10
Hz) whilst with constant accelevation vibiation a moderate

to severe hypoeapnia was induced at the lower frequencies

(2 Hz and 4 Hz). With this latter type of vibration the
magnitude of the hypocapnia was not sufficient, however, to
give rise to symptoms in the experimental subject.

Ao With constant amplitude vibration at high frequencies, the
respiratory changes were accompanied by severe pain in the
thorax and agbdowmen of the subject. The degree of discomfort
increcased with increasing intensity of vibration, and it
was concluded that discomfort was the most likely cause
of the hyperventilation and hypocaopnia during constant amplitude
vibration exposure. .With constant acceleration vibration
no such discomfort ox pain accompanied the observed respiratory
changes and it was tentatively suggested that with vibration
of this type, labyrinthine stimulation might have been the causative
factor in the production of hyperventilation and hypocapnia.

5. Sound westraint of the subject in the wvibrating seat (by
means of an aircraft torso harness system) failed to eliminate
or veduce the wespiratoxy changes obsexved during exposure
to whole—body vibration of both types (constant amplitude
and constant acceleration). On the other hand, when external

support was applied to the thoraxz and abdomen of the vibrated
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subject (by means of a restrainer suit) the respiratory

changes induced by constant awmplitude whole—~body vibration

were either eliminated or greatly reduced. It was concluded
therefore that thoraco~abdominal support helped to prevent
painful resonance movement of viscera and pectoral muscles
during vibration and that this in turn prevented or reduced

the onset of hyperventilation and hypocapnia.

With exposure to constant acceleration vibration, the posture
adopted by the subject in the vibrating seat (either semi-
reclining or upright) did not influence the respiratory changes
induced at certain frequencies and amplitudes. The magnitude
of the vertical and votational components of acceleration at
the head were the same for both postures during each condition
of wvibration, and it was concluded that stimulation of the
labyrinth during vibration was similarly unaffected by posture.
The magnitude of the hyperventilation and hypocapnia induced
by eunperimental whole body vibuation at certain frequencies

was sufficient to give rise to concern for the safety and
wellbeing of aircrew exposed to similar conditions of vibration
in flight., Tt was concluded that if these respiratory changes
were to arise in alvcrew during conditions of low level, high
speed flight the resulting deterioration in mental condition

could be hazardous.
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Whole body vibration at a constant displacement amplitude
caused a marked increase in metabolic oxygen consumption at
the higher frequencies studied (6, 8 and 10 Hz). This
inerease in oxygen consumpiion was not caused by the increased
muscular effort required by the subject to maintain his posture
during violent shaking, since the values of metabolic oxygen
consumption obtained with the vibrated subject were gimilar
in magnitude for the conditions in which he was westrained
and unrestrained by harness in the vibrating seat.

Irom examination of high speed cinephotographs taken during
exposure of the subject to constant amplitude vibration it
was obgserved that alternate tensing and relaxation of various
groups of muscles occurred duving high intensitcy vibration.
1t was concluded that this muscular activity was probably
protective in nature and was responsible for the increased
metabolic activity during certain conditions of vibration.
During exposure of the subject to vibration al a constant
acceleration there was a moderate increase in metabolic
oxygen consumpition at the lower frequencies studied (2 Hz

and 4 Hz) and a larger increase at a frequency of 6 iz,

No increase in oxygen consumption was obtained with vibration
at frequencies of 8 Hz and 10 Hz. It was concluded that the
metabolic activity at a frequency of 6 Hz was due to muscular
tensing (similay in nature to that observed with constant

amplitude vibration at that frequency), At frequencies of



2 Hz and 4 Hz, no muscular activity was observed during vibration
and it was concluded that the inereased oxygen consumption
observed at these frequencies was due to vequirements for the
subject to maintain his posture during vibration.
1l. Values of energy expended by the subject during exposure to
whole body vibration at certain frequencies and amplitudes
were similar in magnitude to those obtained in airerev £lying
helicopters and high performance aircraft in demanding roles
(ceg. emergency and cowbat situations, instrument f£lying and
aerobatic manoeuvres). It was concluded that whole body
structure borne vibration oecurring in flight would reprasent
a threat to ithermal comfort in alrcrew and would in certain
types of flying situations contribute to in~flight fatigue.
Finally, the results of the overall investigations have allowed
definition of the major respiratory changes induced by low-
frequency whole body vibration. They have cnabled a number of
cauvsative wechanisms involved in the production of hyperventilation
and hypocapnia during vibration, to be advanced and have highlighted
the posgible dangers of this condition to aircrew operating in
high speed low level flight. They have also suggested future
lines of investigation which may help to prevent this occurrence
in aviation. The rxesults have also shown that whole body vibration
may induce high rates of metabolic oxygen consuvmption in the

exposed subject. Possible mechanisms for this inecrease in metabolic



Laetivity bavo been put fovward and the impovtance of the findings

in welation to aviation have been discussed.



