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Abstract: Man, as a mechanical system, is extremely complex and his mechanical properties readily undergo change. There is
limited reliable information on the magnitude of the forces required to produce mechanical damage to the human body. Our interest in
devoted to evaluation of harmful shock and vibration effects during transportation on already sick or injured patients, assessing possible

health deterioration degree and developing countermeasures.

This article considers the following problems: (1) the determination of the structure and properties of the human body regarded as a
mechanical as well as a biological system, (2) the effects of shock and vibration forces on this system in healthy and injured states during
ambulance transportation, (3) the protection required by the system under various exposure conditions and the means by which this
protection is to be achieved, and (4) tolerance criteria for shock and for vibration exposure in injured state and assessing possibilities of

additional health deterioration.

This article introduces methods used for mechanical shock and vibration studies on man. Subsequent sections deal with the
mechanical characteristics of the body, the effects of shock and vibration forces on man, the methods and procedures for protection against

these forces, and safety criteria.

KEYWORDS: RANDOM VIBRATION, VIBRATION ANALYSIS, AMBULANCE ENVIRONMENT, TOLERANCE CRITERIA,
INJURED PATIENTS, BIOMECHANICAL SYSTEM, PATIENT SAFETY.

1. INTRODUCTION

Forces may be transmitted to the body through a liquid,
solid or gas. They may be diffused or concentrated over a relatively
small area. Also may vary from tangential to normal and may be
applied in multiple directions. In all these cases position, injury
severity and shape of the human body are quite determinant factors.
All these aspects must be taken into account in comparing injuries
produced by shocks, blows, vibration, etc. Laboratory studies often
allow fairly accurate control of force application, but field situations
are extremely complex. Therefore it is often very difficult to predict
what will happen in the field on the basis of simulated laboratory
experiments. It is equally difficult to interpret field observations
without the benefit of laboratory studies.

The term shock is used differently in biology and medicine
than in engineering; therefore one must be careful not to confuse the
various meanings given to the term. In this case the term shock is
used in its engineering sense and is defined as: non-periodic
excitation characterized by suddenness and severity. A shock wave
is a discontinuous pressure change propagated through a medium at
velocity greater than that of sound in the medium. In general,
forces reaching peak values in less than a few tenths of a second and
of not more than a few seconds’ duration may be considered as
shock forces in relation to the human system.

Biological systems may be influenced by vibration at all
frequencies if the amplitude is sufficiently great. This article is
concerned with the frequency range from about 1 Hz to 30 Hz.

2. RESEARCH METHODS

Our end goal is safer ambulance transportation of already
critically ill or injured patients without any meaningful health
deterioration induced by transportation process. Most quantitative
investigations of the effects of shock and vibration on humans are
conducted virtually in controlled, simulated environments.
Meaningful results can be obtained from such tests only if
measurement methods and instrumentation are adapted to the
particular properties of the biological system under investigation to
ensure noninterference of the measurement with the system’s
behavior
(can vary based on degree and severity of injuries, patient position
and shape). This behavior may be physical, physiological, and
psychological although these parameters should be studied
separately if possible. The complexity of a living organism makes
such separation, even assuming independent parameters, only an
approximation at best. In many cases if extreme care is not exercised
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in planning and conducting the experiment, uncontrolled interaction
between these parameters can lead to completely inadequate results.
For example, the dynamic elasticity of tissue of a certain area of the
body may depend on the simultaneous vibration excitation of other
parts of the body; or the elasticity may change with the duration of
the measurement since the subject’s physiological response varies;
or the elasticity may be influenced by the subject’s psychological
reaction to the test or to the measurement equipment.

Compensation for complexity of living systems is absolutely
essential because of the variation in , size, shape, injury severity,
sensitivity, and responsiveness of people and because these factors,
for a single subject, can vary with time. The use of adequate
statistical experimental design is essential and almost always
requires a large number of observations and carefully arranged
controls. A range of mechanical and hydraulic vibration exciters can
be simulated virtually through software.

In determining the effects of shock and vibration during
patient transportation, the mechanical force environment to which
the human body is exposed must be clearly defined. Force and
vibration amplitudes should be specified for the area of contact with
the body.
Vibration measurements of the body’s response should be made
whenever possible by noncontact methods. X-ray methods can be
used successfully to measure the slight displacement of internal
organs. Optical and stroboscopic observation can give the
displacement amplitudes of parts of the body. If vibration pickups in
contact with the body are used, they must be small and light enough
so as not to introduce a distorting mechanical load. This usually
depends on the frequency range of interest and the effective mass to
which the pickup is attached. The lack of rigidity of the human body
as a supporting structure makes measurements of acceleration
usually preferable to those of velocity or displacement. The
mechanical impedance of a supine subject is extremely useful for
calculating the vibratory energy transmitted to the body by the
vibrating structure. The mechanical impedance of small areas of the
body surface can be measured in different ways for example by
vibrating pistons, resonating rods, and acoustical impedance tubes.

3. SIMULATION PROCESS AND APPLICATION
FIELD

The establishment of limits of already injured human
tolerance to mechanical forces, and the explanation of further
injuries produced when these limits are exceeded, frequently
requires experimentation at various degrees of possibilities. To
avoid unnecessary risks to
humans, software based simulations are used for experimentation.
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As a result of these studies, levels may be determined which are,
with reasonable probability, safe for human subjects in real life.
However, such comparative experiments have obvious limitations.
The different structure, size, weight and injury degree of patients
may shift their response curves to mechanical forces into other
frequency ranges and to other levels than those observed in
simulations. These differences must be considered in addition to the
general and partially known physiological differences between
individuals. For example, the natural frequency of the thorax-
abdomen system of a healthy human is between 3 and 4 Hz; for an
injured person the same normal frequency can induce some pain,
urge body to make additional movements, consequently increasing
the frequency range. Therefore maximum effect and maximum
damage occur at different vibration frequencies and different shock-
time patterns in human depending on the body state. However,
simulations based on healthy human values are well worth making if
adequate interpretation of the data and scaling laws are established.
Many kinematic processes, physical loadings, and can be studied on
dummies which approximate a human being in size, form, mobility,
total weight, and weight distribution in body segments.. Figure (1)
shows the sensor placement on the pivotal body parts, granting
opportunity to evaluate the impact of forces individually. The head,
neck, chest, and knee responses are designed to mimic human
responses, namely, the head acceleration resulting from head
vibrations, bending of the neck, the impacts on the knee and so on.
Another alternative is computer based simulation process, which
mimics the movement patterns of a human body and considers most
of the forces transmitted through the surface and their impact.

‘ Head accelerometerand neck load cell |

‘ Knee displacement and tibia load cell

Figurel. Scheme of dummy on the Stretcher with sensor placement

Such simulation allows evaluation of the mechanical
responses of the human body and tissues exposed to vibration and
impact [1]. The data can be used to calculate quantitatively the
transmission and dissipation of vibratory energy in human body
tissue, to estimate vibration amplitudes and pressures at different
locations of the body, and to predict the effectiveness of various
protective measures. Table (1) lists some dynamic mechanical
characteristics of the body and indicates some of the fields
where these data can find its application. In cases where detailed
quantitative investigations are lacking, the information may serve as
a guide for the explanation of observed phenomena or for the
prediction of results to be expected.

Most physical characteristics of the human body presented
have been derived from the analysis of experimental data in which it
is assumed that the body is a linear, passive mechanical system. This
is an idealization which holds only for very small amplitudes.
Therefore these data may not apply in analyses of further
mechanical injury to tissue. There is actually considerable
nonlinearity of response well below amplitudes required for the
production of additional damage. Bone behaves more or less like a
normal solid; however, soft elastic tissues such as muscle, tendon,
and connective tissue are affected differently [2].

Tablel. Field application of mechanical studies of the body

Dynamic  mechanical
guantity investigated

Field of application

Vibration mechanics,
Vibration suppression

Stretcher improvements -
decreasing impact of vibrations,
Ambulance design

Mechanical properties of
outer, middle,
and inner ear

Device research; Correction of
hearing deficiencies; Ear protection

Resonances of mouth,

Theory of speech generation;

nasal, and pharyngeal | Correction of speech deficiencies;
cavities Oxygen mask design

Response  of mouth- | Respirator design, Tube and
thorax system breathing circuit design
Propagation of pulsed | Circulatory physiology;

cardiac pressure

hemodynamics

Heart sounds, Heartbeat
Frequency

Physiology of heart; diagnosis

Response of the thorax-
abdominal mass

Stretcher design; belt and strap
advancements

system

Impedance of subject | Isolation and protection against
lying on vibration | vibration and short-time
platform accelerations

Hand-arm impedance Isolation and protection against

hand transmitted vibration;

Impedance  of  body | Theory of energy transmission in
surface, sound velocity in | tissue; determination of tissue
tissue, absorption | elasticity and  compressibility;
coefficient ~ of  body | determination of acoustic and
surface vibratory energy entering the body;

vibration isolation; design of

vibration pickups; transfer of

vibratory energy to inner organs
and sensory receptors; soft tissue
and organ imaging
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4. EFFECTS OF VIBRATION

The motions and mechanical stresses resulting from the
application of mechanical forces to the injured human body during
transportation have several possible effects: (1) further health
deterioration or severe pain from already injured body areas; (2)
direct interference of vibrations with physical activity of ambulance
staff members; (3) mechanical damage or malfunction of medical
equipment; (3) secondary effects (including subjective phenomena)
operating through biological receptors and transfer mechanisms,
which produce psychological changes in the organism. Damage of
this kind is produced when the accelerative forces are of sufficient
magnitude. The additional injuries to heart and lungs probably result
from the beating of these organs against each other and against the
rib cage. The brain injury, which is a superficial hemorrhage, may
be due to relative motion of the brain within the skull, to mechanical
action involving the blood vessels or sinuses directly, or to
secondary mechanical effects.
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An increase in body temperature is also observed after
exposure to intense vibration, witch is probably mechanical in
origin. Estimates of energy dissipation from body mechanical
impedance data suggest that heat can be generated at large vibration
amplitudes.

Vibration can induce physiological responses in the
cardiovascular, respiratory, skeletal, endocrine, and metabolic
systems and in muscles and nerves. The cardiovascular changes in
response to intense vertical vibration are similar to those
accompanying moderate exercise: increased heart rate, respiration
rate, cardiac output, and blood pressure. Vibration of sufficient
intensity will cause mechanical pumping of the respiratory system,
but is unlikely to produce significantly increased ventilation or
oxygen uptake [3]. Changes in blood and urine constituents are
commonly used as indicators of generalized body stress and may, in
consequence, be observed in persons exposed to vibration. Vibration
can stimulate a tonic reflex contraction in muscles, which is a
response to the stretching force (the tonic vibration reflex), disturb
postural stability, and lead to body sway. Extremely low-frequency
whole-body vibration, which occurs during regular transportation,
may also cause motion sickness (kinetosis).

5. HUMAN RESPONSE TO VIBRATIONS

Feelings of pain, discomfort and apprehension may be
associated with exposure to whole-body vibration once the stimulus
has been perceived. The extent of the pain and discomfort depends
on the magnitude, frequency, direction and duration of the exposure,
and the posture and orientation of the body, injury severity and
cover area, as well as the point of contact with the stimulus. The
response is also influenced by the environment in which the motion
is experienced (e.g., stretcher motion on ambulance floor). The
range in response of different individuals to a given stimulus is
large. In general, subjective responses to vibration may be
subdivided into three broad categories: the threshold of perception,
the onset of unpleasant sensations, and the limit of tolerance -
feeling pain.

Once detected, the growth in sensation follows a Stevens’
power law function with index Kk, in which the psychophysical
magnitude of a stimulus, v, is related to its physical magnitude ¢ by:

v = constant {o “} (1)

For discomfort associated with whole-body vibration, k ~ 1.
Frequency contours of equal sensation magnitude depend
principally on the direction in which vibration enters the body and
whether the person is standing, seated, or lying. Contours which
summarize current knowledge may be inferred from the frequency-
weighting functions employed in the international standard for
whole-body vibration. The effect of the duration of exposure t on
subjective responses to vibration is often found to follow a power
law relationship of the form:

@"t = constant 2
Where the magnitude of the index n is from 2 to 4. For situations in
which the perception of vibration is judged unacceptable, the
boundary between acceptable and unacceptable exposures will be
related to the physical magnitude of the stimulus corresponding to
the threshold of perception, and will not depend on the duration of
exposure.

The goal of an experiment is to establish subjective limits
of tolerance to various vibrations for short-duration exposures (less
than 5 minutes) Figure (2). The peak accelerations at which injured
person is not able to withstand the exposure can be seen to depend
on frequency. Reason for not withstanding the exposure is either
general discomfort or, within restricted frequency ranges, difficulty
breathing (1 to 4 Hz) or chest and/or abdominal pain (3 to 9 Hz).

International Standard ISO 2631 defines methods for the
measurement of periodic, random, and transient whole-body
vibration [4]. The standard also describes the principal factors that
combine to determine the acceptability of an exposure and suggests
the possible effects, recognizing the large variations in responses
between individuals.
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Figure 2. Peak acceleration at various frequencies at which
subjects refuse to tolerate further exposure (less than 5 min) to
vertical vibration. The blue lines describe the standard deviation on
either side of the mean

6. PROTECTION AGAINST VIBRATIONS

Protection of patient against mechanical forces is
accomplished in two ways: (1) isolation to reduce transmission of
the forces to the man and (2) increase of man’s mechanical
resistance to the forces. Isolation against shock and vibration is
achieved if the natural frequency of the system to be isolated is
lower than the exciting frequency at least by a factor of 2. Both
linear and nonlinear resistive elements are used for damping the
transmission system and stretcher; irreversible resistive elements or
energy absorbing devices should also be used. Injured patient’s
tolerance to mechanical forces is strongly influenced by selecting
the proper body position with respect to the direction of forces to be
expected. Man’s resistance to mechanical forces also can be
increased by proper distribution of the forces so that relative
displacement of parts of the body is avoided as much as possible.
This may be achieved by supporting the body over as wide an area
as possible, preferably loading bony regions and thus making use of
the rigidity available in the skeleton (strapping on the stretcher). The
flexibility of the body is reduced by fixation to the rigid structure.
The mobility of various parts of the body, e.g., the abdominal mass,
can be reduced by properly designed belts and straps. The factor of
training the ambulance staff members is essential for the best use of
protective equipment, for aligning the injured patient’s body in the
least dangerous positions during intense vibration exposure.
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