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Whole-Body Vibration
Characteristics of the Human Body

Headache 13 -20 Hz
Speech disturbances 13 - 20 Hz
Jaw resongcnce & - 8 Hz
Pharynx disturbances 12 -16 Hz
Respwration complaints L - 8 Hz
Chest pain S - 7 Hz
Back pain 8 -12 Hz
Abdomnal pain & -10 Hz
Constant urge to urinate and defecate 10 - 18 Hz
Increased muscle tension 13 -20 Hz
General discomiort L - 9 Hz

Early whole-body vibration studies were
performed in response to the physical
complaints of machine operators.

Subjects were exposed to sine waves of
fixed frequency, amplitude and time
duration. Any disturbances noticed by
the subjects were then catalogued.



Whole-Body Vibration
Characteristics of the Human Body

Type of Locomotion Vertical Acceleration Transmission Factor
at the Head (m/s?) to the Head

walking/running

walking on grass 1.9 0.36
walking on asphalt streets 2.4 0.47
walking on cobblestones 3.8 0.47
walking rapidly downstairs 4.0 0.40
running on a cinder track 12.5 0.32

sitting posture

bicycle riding on asphalt streets 1.6 -

bus riding on good roads 1.5 1.5
small car on poor roads 2.1 1.62
tractor driving on field roads 2.8 1.14
motorboats in waves 8.6 1.21
horseback riding at gallop 9.5 1.28

Measurement of the r.m.s. acceleration at
the head, and division of this values by the
r.m.s. acceleration at the point of entry to
the human body, shows that vibration is
strongly amplified in sitting postures as
opposed to standing postures.



Whole-Body Vibration
Characteristics of the Human Body
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Many vibration studies have investigated the seated posture.
The graphs above present the vibration transmission to the
head measured for different frequencies of oscillation.

The seated body always shows an important resonance at
about 4 Hz and always changes response somewhat as a
function of the vibration amplitude (due to nonlinearity).



Whole-Body Vibration
Characteristics of the Human Body

ISO standard 7962 defines a spring-mass-damper model
of the human body for calculating vibration at the head
in the vertical direction for frequencies up to 32 Hz.
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This and similar models suffer a series of limitations, the
main one being the inability to represent the nonlinear
behaviour of the body. Because of these limitations,
experimental tests are often performed with human
subjects when evaluating seats and other systems.
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Perception of Whole-Body Vibration

Whole-body vibration is defined as those
macroscopic movements which arise when
a person is subjected to vibration in one of
the following ways:

e subject standing on a vibrating surface
e subject lying on a vibrating surface

e Subject sitting on a vibrating surface



Perception of Whole-Body Vibration

Local vibration is defined as those
movements which occur when only
a specific segment of the body is In
contact with the vibrating surface.



Perception of Whole-Body Vibration

Subjective Perception
of Comfort

| Steering Wheel
Vibration

Seat @

Vibration Floor & Pedal
Vibration

An automobile driver experiences both whole-body
and local vibration. Whole-body vibration occurs
due to contact with the supporting surfaces of the
seat while local vibration occurs from contact with
the steering wheel, gear lever, headrest, pedals and
floor.



Perception of Whole-Body Vibration

{a) Principal basicentric axes for a seated person (b) Basicentric axes for a standing person

{c) Basicentric axes for a prone person

A system of reference axis is required in order to measure
and report the vibrations occurring at the points of contact
between people and the environment. The reference axis
typically used in the whole-body vibration literature and in
national and international standards are shown above.



Perception of Whole-Body Vibration

For the seated posture there are three physical interfaces
between person and environment. The standard reference
axis include 3 translations at each interface and 3 rotations
at the buttocks for a total of 12 axis in all.

Many times less than 12 channels are measured because
the vibrational environment is such that the levels along
one or more axis are small in comparison to the others.



Perception of Whole-Body Vibration

Many studies have measured the human perception of
whole-body vibration by means of experimental tests.

Such tests start by exposing the subject to a reference
sinusoidal vibration of fixed frequency, amplitude and
time duration. The vibration is then switched to a
different frequency and the person is asked to adjust
the amplitude until they feel the new signal is as close
as possible to the original reference.

By testing many frequencies, many amplitudes and
many people it is possible to define equal comfort
(equal sensation) curves such as those shown below.
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Perception of Whole-Body Vibration

Equal Comfort Curves provide a means of
guantifying the relative importance of the
different frequencies present in vibration

signals.

By taking the inverse of an equal comfort
curve, and by dividing the result by the
maximum value so as to normalise it, a
Frequency Weighting Curve is obtained.



Perception of Whole-Body Vibration

Frequency weighting curves are
used to represent human perception
of vibration. They convert measured
acceleration signals into perceived
acceleration signals.

>

measured perceived
acceleration acceleration

Frequency o~
Weighting -»>



Modulus

Perception of Whole-Body Vibration
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Standards such as ISO 2631 and British Standard
6841 define families of frequency weighting filters.
The modulus value associated with each frequency
defines how much the acceleration signal should
be amplified or reduced by the combined workings
of the mechanical response of the body and the
perceptual response of the nervous system.



Perception of Whole-Body Vibration

Interface  Axis Weighting Name Multiplying

Factor
Buttocks X Wy 1.00
y Wy 1.00
Z Wb 1.00
Ix W, 0.63
Iy W 0.40
Iz We 0.20
Back X W, 0.80
y Wy 0.50
Z Wd 0.40
Feet X W, 0.25
y Whp 0.25
Z Wb 0.40

British Standard 6841 defines four discomfort
weighting filters named W,, W,, W, and W,_. The
four are sufficient to cover the complete set of 12
measurement axis because the equivalent
comfort curves have been found to be similar in
more than one axis, the difference being only a
scale factor. The table above lists the weighting
filters and multiplication factors used for each
axis in BS 6841.



Perception of Whole-Body Vibration

 The frequency range of interest for whole-
body vibration is roughly from 0.05 Hz to
100 Hz.

 The frequency weightings are highest in
the region from 4 to 10 Hz, the range
containing the principal resonances of the
seated body.

» All weightings show strong attenuation
above 10 Hz, and this attenuation is
proportional to the frequency (-6 dB per
octave).

 The multiplication factors (scale factors)
establish that the interface at the buttocks
IS the most important, followed by the
back and then the feet.



Perception of Whole-Body Vibration

The frequency weighting filters convert acceleration
signals into perceived acceleration signals. It still
remains to quantify the complete disturbance. The
statistical indices normally specified in the human
vibration standards and literature are the following:

1
17 2
Root Mean Square Value r.ms. = - a“(t) dt
0
1’ E
Root Mean quad Value r.mg. = - a’(t) dt
0
1
T 4
Vibration Dose Value VDV = a*(t)dt
0
eak value
Crest Factor Crest Factor = -

r.m.s.



Perception of Whole-Body Vibration

People’s feelings of discomfort involve more
than the physiological intensity quantified by
the frequency weightings.

People’s opinions also depend on cognitive
elements such as the nature of the
environment in which the vibration occurs,
the expectations of the person involved, the
role of the vibration in the person-machine
relationship, the person’s motivation, etc..



Perception of Whole-Body Vibration

Despite the complexity of the situation, general
guidelines are nevertheless needed to permit
engineers to design systems for human use.
One such set of guidelines was suggested by
M.J. Griffin and has been incorporated in British

Standard 6841.
Weighted i
acceleration ' _
ms™2 r.m.s. g

0 = not 0.2
oncomfortable 0.315
0.4 1 = a little
0.5 uncomfortable
2 = fairly 0.63
uncomfortable 0.8
1.0 3 =
1.25 uncomfortable
4 = very 1.6
uncomfortable 2.0
2.5 5 = extremely
uncomfortable




Perception of Whole-Body Vibration

Although the whole-body vibration filters

were developed from comfort studies, they
are regularly used for evaluating phenomena

other than comfort.

The table below from BS 6841 specifies the
use of the weighting filters for applications
such as health risk assessment, disturbance
to motor control, disturbance to vision and

detection of stimuli.

Table 1. Outline guide to the application of frequency weightings
Clause 4 5 6 7
reference
Frequency | Heaith Hand Vision Discomfort Perception Motion
weighting control sickness
Wy z-seat - - z-seat z-seat -

x-, y-, z-feet —

z-standing z-standing

vertical lying vertical lying
Ww. X-back — - x-back — -
Wy X-seat X-seat — X-seat X-seat —

y-seat y-seat — y-seat y-seat

X-, y-standing X-, y-standing

horizontal lying horizontal lying

y-, z-back
We - — - Tx, Ty, Fz seat = -
Ws - — - - - z-vertical
Wy - z-seat z-seat - - -




Perception of Whole-Body Vibration

The application of the whole-body vibration
filters to the analysis of hand control can be
understood from the example below. Each
line is from atest in which the subject was
asked to write while being exposed to a sine
wave of fixed frequency and amplitude.



Motion Sickness

Motion Sickness produces symptoms such
as yawning, drowsiness©@warmth, breathing
irregularity, dizziness and nausea.

Situations in which a person can suffer from
motion sickness include when travelling in
cars, busses, planes, ships and spacecraft.



Motion Sickness

The causes of motion sickness are
complex. Sensory Rearrangement
Theory states that motion sickness
IS caused by a condition of sensory
rearrangement in which the motion
sighals furnished to the brain by the
eyes, the vestibular system and the
non-vestibular proprioceptors are in
disagreement with one another or
with what is expected from past
experience.



Motion Sickness

The types of sensory conflict that can
cause motion sickness are listed in the
table below.



Motion Sickness

A frequency weighting filter called W, has been
defined for evaluating the motion sickness
potential of vibrational environments. From W;
It can be seen that motion sickness occurs at
very low frequencies in the neighbourhood of
0.1to 0.2 Hz.



Comparison of Vibrational
and Acoustic Perception

Vibrational and sound perception have
been compared. Subjects were exposed
to first a vibration then a sound and were
asked to state which caused the greatest
discomfort. By testing many stimuli and
people in this way the boundary shown
above was defined.
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Hand-Arm Vibration

Studies have investigated the mechanical
characteristics and the vibration perception
properties of the human hand-arm system.

These studies used handles equipped with
strain gauges to measure the grip force such
as the one above used by Reynolds et. al.



Hand-Arm Vibration

+Y

+Z

+X

Hand-arm vibration exposure is normally
tested and reported with respect to the
basicentric coordinate system defined
by the orientation of the handle being

gripped.



Hand-Arm Vibration

The mechanical and the perceptual response
of the hand-arm system is affected by both
the strength (coupling force) and the type of
grip employed.



Hand-Arm Vibration

Reynold’s et al. placed an accelerometer and a load cell at
the interface between handle and vibration shaker so that
the driving point mobility function (displacement/force)
could be calculated.

Curves from several subjects are presented above for the
vertical direction and the 2 pound grip force. The absence
of sharp resonance peaks shows that the hand and arm
are highly damped.



Hand-Arm Vibration

Reynold’s et al. fitted three
degree of freedom spring-
mass-damper models to their
test data. They found that the
parameters were functions of
the direction of vibration, the
grip force and the grip type.



Hand-Arm
Vibration

The outer tissue of the finger and hand
IS dermis and epidermis which consists
of densely packed cells.

Below Is the subcutaneous tissue which
Is of low density due to the presence of
nerves, blood vessels and fluids.

Below this is aregion of strong, dense,
muscle tissue then bone.



Hand-Arm
Vibration

The bond between the dermis/epidermis

layer and the subcutaneous layer is fairly
strong.

The bond between the subcutaneous

layer and the muscle layer is, instead,
weak.



Hand-Arm Vibration

Comparison of the anatomy of the
finger and hand to the identified
mechanical models lead Reynolds to
suggest the following interpretation.



Hand-Arm Vibration

Studies have measured the acceleration transmissibility
from vibrating handles to points on the hand and arm
using lightweight accelerometers. The transmissibility
curves below are for the vertical (a), horizontal (b) and
axial (c) directions for one individual. It is important to
note that little vibration actually reaches the shoulder
from the vibrating handle.



Hand-Arm Vibration

A fundamental mechanical characteristic of the hand-arm
system is the high level of damping. The tissues dissipate
much of the vibrational energy to to which they are
exposed. This can be seen by expressing the modulus of
the dissipated energy |E,| in terms of the modulus of the
driving point mobility function and the amplitude of the
displacement input |X]|

F
el = [xfmE =X

\2 F sns
X
Mobility functions for the hand-

arm system have a modulus

which decreases linearly with

frequency and a phase angle

which remains almost

constant. Since the dissipated

energy goes with the inverse of

the mobility function, it can be

seen that the dissipated energy

increases linearly as a function

of frequency.



Hand-Arm Vibration

The study by Reynolds et al. also produced perception
threshold and annoyance level equal sensation curves
which are shown below for the vertical (+), horizontal ( )
and axial (x) directions for the 2 and an 8 pound palm
grips. It is important to note that the threshold level
curves closely follow the vibrotactile perception curves
for human skin.



Hand-Arm Vibration

British Standard 6842 provides guidelines for
the measurement and reporting of hand-arm
vibration exposures. It defines a frequency
weighting curve W, for use along all three (X,
y, and z) measurement axis.



Hand-Arm Vibration

Hand-arm vibration standards now suggest
the use of triaxial measurements in all cases
where there is not clearly one dominant axis
of vibration of the machine. The W, weighting
IS applied to the acceleration signals of all
three (X, y, and z) axis and the vector sum is

determined.

a‘hv \/a§x+a§y+a§z



Vibration White Finger

An important application of hand-arm
measurements is for evaluating the
tissue damage potential of a vibration
exposure.

The name of the medical condition is
Vibration Induced White Finger (VWF),
also called Raynaud’s Syndrome.

It is characterised by reduced blood
circulation in the extremities of the
fingers leading to tingling, numbness
and blanching. Attacks are triggered
by exposure to vibration, or cold, or a
combination of the two.



Vibration White Finger

Examples of tools which can cause vibration white
finger and which are thus routinely measured as
part of health and safety evaluations include those

shown below.



Vibration White Finger

BS6842 provides atable for estimating the
vibration amplitudes and durations which
would be expected to produce vibration

white finger in people.



Steering Wheel
Rotational Vibration

Studies by Giacomin and Shayaa have developed
a frequency weighting curve for the rotational
vibration of steering wheels. A bench was used
which reproduced the sitting posture of drivers.

Geometric Parameter Value
Steering column angle with respect to floor 23°
Steering wheel hub center height above floor 710 mm
Seat H point height from floor 275 mm

Horizontal distance from H point to steering wheel hub center 390-550 mm

Steering wheel handle diameter 12.5 mm

Steering wheel diameter 325 mm




Steering Wheel
Rotational Vibration
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Equal sensation and annoyance threshold
curves were obtained for a group of 30 test
subjects



Decibels (dB)

10
20
a0
40

50 |

Steering Wheel
Rotational Vibration
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Below 6.3 Hz the slope of W, was defined
as 0 dB per octave based on the current
and Miwa’s results.

From 6.3 to 63 Hz the slope of the mean
contour was found to be -5.5 dB per
octave, which for simplicity was rounded
to -6 dB per octave in W,.

From 63 to 315 Hz the slope of the mean
contour was -16.3 dB per octave, which
was rounded to -16 dB per octave in W,.



