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Abstract The purpose of this study was to investigate
the mechanical impedance of the human hand-arm
system during exposure to random vibration under
various experimental conditions and to evaluate stat-
istically whether these experimental conditions have
any influence on magnitude and phase of the mechan-
ical impedance. A further aim was to compare the
obtained results with other investigations where
sinusoidal excitation has been used. The mechanical
impedance was estimated in ten healthy subjects during
exposure to random vibration, with a constant velocity
spectrum within the frequency range 4-2000 Hz, by use
of a specially designed laboratory handle. In the study,
the influence of various conditions, such as vibration
direction ( X, Y4, Zy), grip force (25-75 N), feed force
(20-60 N), frequency-weighted acceleration level (3, 6,
9,12 m/s?) and hand and arm posture (five flexions, two
abductions) were studied. The outcome showed that
the vibration direction and the frequency of the vibra-
tion stimuli have a strong significant influence on the
impedance of the hand. An increased vibration level
resulted in a significantly lower impedance for frequen-
cies over 100 Hz. Increased grip and feed forces led on
the other hand to an increased impedance for all fre-
quencies. With regard to hand and arm posture, the
results show that the flexion and abduction had a sig-
nificant contribution for frequencies below 30 Hz. Fur-
thermore, the influence of some of the studied variables
had a non-linear effect on the impedance but also
differed between different exposure directions. It was
concluded, moreover, that the vibration response char-
acteristics of the hand and arm differ, depending upon
whether the signal is a discrete frequency signal or
a signal consisting of several frequencies.
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Introduction

It is known that occupational usage of vibrating hand-
held tools can cause different symptoms including vas-
cular disorders, bone alterations and joint deforma-
tions, neurological disturbances and muscle disorders.
Vibrations have first of all a mechanical effect on the
human hand-arm system due to the dynamic properties
of the system. As a consequence of these mechanical
effects, physiological effects will occur depending upon
several factors such as intensity, frequency, direction
and duration. Therefore, determining the dynamic be-
haviour of the hand-arm system can provide know-
ledge for understanding the mechanisms behind the
development of vibration injuries.

As an approach, the human hand and arm may be
considered a complex system of masses, springs and
dampers. These elements are interconnected and influ-
ence each other and cannot of course be measured on
the human hand and arm directly. Instead, to measure
the properties of the hand and arm, the transfer func-
tion could be used. The use of transfer functions comes
from electrical engineering. Similar to the measurement
of a complex electrical resistance, the mechanical impe-
dance of the hand and arm can be measured. It is
defined as the complex ratio of transmitted force (F)
and vibration velocity (v) at the point of excitation, i.e.
Z = F/v (Ns/m). The magnitude of the impedance and
the phase relationship between the two parameters and
frequency-dependent. With impedance measurements,
the magnitude and phase can indicate whether the
hand and arm have a mass-like, damper-like or spring-
like response. The impedance can thereby provide the
information necessary to calculate the effective masses,
spring constants and damping factors. Mathematical
and mechanical models are widely used to explain the
impedance results [for example; 12, 15, 28, 30, 37, 38,
42]. Although these models are simplified they can still
give a lot of information about how the hand and arm
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behave when exposed to vibrations. Some authors have
also used these models for the construction of physical
models [7, 17, 22]. For the hand and arm, no interna-
tional standard has been presented, but such a stan-
dard is in preparation in the working-group ISO/TC
108/SC 4/WG 5: “Biodynamic modelling”. Moreover,
impedance measurements can also be used to deter-
mine the energy absorbed by the hand and arm [4].

The effects of the time history of vibration have been
studied in only a few investigations. Very little is known
about the human response where this is concerned
[13]. Evidence has been presented where in some cases
the vibration response characteristics of the hand and
arm differ depending upon whether the signal is a dis-
crete frequency signal or a signal consisting of several
frequencies [5, 35]. In the international literature,
a great number of reports can be found where the
mechanical impedance of the hand-arm system has
been studied [2, 5, 7, 8, 10, 11, 16, 18, 19, 23, 24, 25, 27,
29, 30, 31, 33, 34, 37, 38, 39]. However, these studies do
not generally show close agreement. This is probably
due to the fact that different experimental techniques
and conditions have been used. Furthermore, most of
these studies are made during sinusoidal vibration ex-
posure and only two investigations could be found
where random vibration exposure has been used [8,
16].

The measured impedance could also reflect the dif-
ferences that occur both between and within subjects.
The “within subjects” deviation has proved to be quite
small but the magnitude of the “between subject” stan-
dard deviation could be rather greater [5, 16, 33].
Unfortunately, in the studies presented there is a lack of
statistical evaluation of the influence of different experi-
mental conditions on the mechanical impedance where
these effects have been taken into account. Normally
only descriptive statistics have been used.

Against this background, the purpose of this study
was threefold: (i) to investigate the mechanical impe-
dance of the human hand-arm system during exposure
to random vibration under various experimental con-
ditions; (ii) to evaluate statistically whether investigated
experimental conditions have only influence on magni-
tude and phase of the mechanical impedance; (iii) to
compare the results obtained with other investigations
where sinusoidal excitation has been used.

Materials and methods

Apparatus

The mechanical impedance of the hand-arm system was calculated
by measuring vibration force, velocity and phase between these
parameters as closely as possible to the surface of the hand. These
were obtained using a specially designed handle, used in earlier
studies [6], mounted on an electrodynamic shaker, equipped with
two force transducers and one accelerometer for force and velocity
measurements, respectively. The handle was also equipped with

strain gauges for measurement of both grip and feed forces applied
by the subject to the handle. By feeding the signals from a signal
generator, random vibration within the frequency range 4-2000 Hz,
through a spectrum shaper it was possible to achieve a constant
velocity spectrum (1/3-octave band) on the handle independent of
frequency and dynamic laod. The varying outputs from the trans-
ducers were amplified by separate charge amplifiers and were fed to
a dual-channel real-time analyser.

The signals from the strain gauges were amplified by a strain
gauge bridge and monitored with a pointer instrument in order to
give the subjects the possibility of both achieving and maintaining
the grip and feed forces at the given level.

The dual-channel real-time analyser was used for measurement of
the auto spectra of the force and the velocity signal. Furthermore the
cross-spectrum between the two signals was used for determining the
phase. The measured spectra were, after each experiment, transferred
to a computer for calculations of the mechanical impedance. These
calculations also included subtraction of the additional dynamic
force produced by the handle itself.

Subjects and studied variables

The study was carried out in a laboratory (air temperature
22.5°C £ 1.5°C) on ten healthy right-handed subjects (age 28—48
years, mean 37.3 years; height 162—188 cm, mean 171.4 cm; weight
54-74 kg, mean 63.6 kg), five males and five females, with no pre-
vious work-exposure to vibration. All subjects gave their informed
consent to participation in the study, and the project was approved
by the Ethics Committee of Umea University.

Three different hand-arm postures were used to achieve vibration
exposure in the three orthogonal directions: vertical, transverse and
proximal-distal. In accordance with ISO 5349 [21] these directions
refer to an excitation of the hand and arm X, -, Y- and Z,-directions.

Three grip and feed forces were used (25, 50, 75 N and 20, 40, 60 N
respectively) and the angle between upper and forearm (the flexion of
the elblow) was varied (60°, 90°, 120°, 150°, 180°). The influence of
a 90° angle between shoulder and upper body (the abduction of the
shoulder) as well as the effect of vibration amplitude on impedance
was investigated by using four different velocities (6.5, 13, 19.5 and
26 mmy/s). These velocity levels represent frequency — weighted accel-
eration levels of 3, 6,9 and 12 m/s? in accordance with ISO 5349. All
studied variables were considered to be within the normal range
during regular use of vibrating tools [30].

Experimental procedure

All subjects were asked to wear normal office clothes, without
jackets, and to remove rings, watches, etc., to minimise any possible
effects of clothing. The subjects were then placed in one of the
postures, gripping the handle with the appropriate force. After the
correct posture and grip and feed forces were established, the vibra-
tion exposure was started. The subjects were requested to keep the
grip and feed forces at a constant level during the exposure by
looking at the displayed force signals. The test was restarted if the
subject failed to maintain grip and feed forces or posture. Every test
took about 20 s to conduct and during each experiment five to eight
different conditions were investigated. The total number of experi-
ments for each subject was 33 (198 conditions) and only one experi-
ment was performed each day to avoid the effects of fatigue.

Statistics

In order to investigate the influence of different variables on the
magnitude and phase of the impedance and to study their frequency
dependency (1/3-octave band), regression analysis was carried out.



Fig. 1 Mean values for the Impedance (Ns/m)
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mechanical impedance as 1000 -
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N, feed force 20 N, flexion 180°,
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With the logarithmic impedance as the dependent variable, a model
has been specified where all the other experimental variables have
been used as explanation variables. Also included in the model are
indicator variables for the subjects. The number of observations
used is 47520 (10 subjects, 198 experimental conditions, 24 1/3-
octave bands).

The experimental variables were excluded one at a time from the
regression model, and the parameters of the model estimated by the
weighted least-square method, where velocity was used as a weight-
ing variable [32]. From this smaller model, the residuals were
calculated. The residuals include the error-term of the model and the
effect of the excluded variable, but the effects of all other variables
have been eliminated.

The residuals were separated for each of the three orthogonal
directions (X;,, Yy, Zy,) and for each frequency (1/3-octave band). The
mean value for the residuals was calculated for each level of the
excluded variable. The hypothesis that the mean values are the same
was tested by a two-sided ¢-test or by analyses of variance [32]. Since
a great number of analyses have been conducted, the control for
mass significance was done by use of the Holm method [20]. The
multiple significance level of o = 0.05 was used for these tests.

Results

The influences of the different experimental conditions
on the magnitude and phase of the mechanical impe-
dance as a function of the frequency (4-2000 Hz) are
presented in Figs. 1-6. However, only representative
sets of measured data are shown to highlight the overall
pattern and the influence of each experimental variable.

Direction

The mean magnitudes and phases of the impedance for
the three different directions of vibration are illustrated
in Fig. 1.

As can be seen, the mechanical impedance was de-
pendent on the frequency of the mechanical stimulus.
The impedance increases with frequency toward a max-
imum of about 20-200 Hz, depending on the exposure
direction, followed by decreased impedance with fre-
quency. At higher frequencies the impedance increases
again. The statistical analyses show that an exposure in
the X;-direction gives a higher impedance compared

1000 1 10 100
Frequency (Hz)

Frequency (Hz)

with an exposure in the Y,-direction for frequencies
below 10 Hz and above 80 Hz. For frequencies between
20 and 80 Hz the opposite was found. A comparison of
the X, - and Z,-directions shows that an exposure in
the X,-direction gives a lower impedance for frequen-
cies below 60 Hz. Furthermore, the Z,-direction gives
a higher impedance than the Y-direction for all fre-
quencies except for those at about 80—-100 Hz. When
comparing the phase graphs obtained for the three
vibration directions, it can be noted that the phase
graphs have pronounced differences, especially in the
frequency range 10-500 Hz.

Grip force

Firmer handgrips produced in general a higher impe-
dance for all frequencies and for the three exposure
directions (Fig. 2). For the X,-direction an increased
grip force leads to a significantly higher impedance for
all frequencies, except at about 80 Hz. For the Y-
direction, a higher grip force gives a higher impedance
for frequencies above 10 Hz. Moreover, it could be seen
that the frequency for the maximum impedance is shif-
ted upwards when the grip force increases. For the
Z,-direction an increased grip force leads to a higher
impedance for all frequencies and is especially pro-
nounced for frequencies around 30 Hz. The phase of
the impedance is not statistically influenced by the grip
force.

Feed force

Figure 3 shows the average magnitude and phase of the
impedance of different feed forces. In the X, -direction,
the impedance increased statistically with the feed force
for frequencies below 25 Hz and above 125 Hz. For the
Y,- and Z,-directions, higher feed forces caused a high-
er impedance for all frequencies. The influence of the
feed force on the phase is not significant.
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Fig. 2 Mean values for the Impedance (Ns/m)
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20 N, flexion 180°, abduction 0°,
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The angle between upper arm and forearm (the flexion
of the elbow) has an influence on the average magni-
tude of the impedance which is especially pronounced
for frequencies below 50 Hz (Fig. 4). In general, the
highest impedance was found for the 180° flexion (ex-
tended arm) and the lowest for 120° flexion. When the
angle between upper arm and forearm decreases, the
impedance in the X -direction is decreased for frequen-
cies below 15 Hz and increased for frequencies between
20 and 40 Hz. In the Yj-direction the impedance in-
creases for frequencies below 20 Hz. In the Z,-direction
the impedance is decreased for frequencies below 40 Hz
and increased for frequencies between 40 and 100 Hz.
The influence of the flexion of the elbow on the phase is
significant for frequencies below 50 Hz for all three
directions of exposure.

T
1000

Frequency (Hz) Frequency (Hz)

Abduction

The angle between shoulder and body (the abduction of
the shoulder) has for all vibration directions an influ-
ence on the impedance for frequencies below 20 Hz,
where an abduction of 90° gives the highest impedance
(Fig. 5). The phase of the impedance is not statistically
influenced by the abduction.

Velocity

The magnitude of the impedance decreases slightly
when the velocity level increases, Fig. 6. In the X-
direction this tendency is significant for frequencies
above 150 Hz. For frequencies between 60 and 80 Hz
a significant increase of the impedance was found. In
the Y,-direction a decreased impedance was observed
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Fig. 3 Mean values for the Impedance (Ns/m) Phase angle (°)
magnitude and phase of the 90
mechanical impedance as 0004 x
a function of the frequency for h 60—
different feed forces (grip force
25N, flexion 180°, abduction 0°, 304
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for frequencies below 10 and above 40 Hz. In the Z,-
direction the mechanical impedance decreases with the
velocity level for all frequencies above 10 Hz. The influ-
ence of different velocity levels on the phase of the
impedance is not statistically significant for any of the
directions.

Discussion

The results show that the mechanical impedance de-
pends more or less on all studied biodynamic variables,
but especially on vibration direction. The reason for the
influence of the direction could be differences in the
amount of viscous elements in the hand and arm as well
as the coupling of the hand and arm to the upper body.
With an increased flexion of the elbow this coupling
becomes less significant, and is especially pronounced
for an exposure in the Z,-direction.

An increased handgrip force leads to an increased
magnitude of impedance at higher frequencies. This
could be due to the dependency of the impedance on
the amount of viscous elements in the hand-arm sys-
tem. The amount of viscous elements is influenced by
the tension of the muscles, and a higher tension enables
the vibrations to put a larger part of the hand-arm
system in motion, which causes the apparent mass and
the impedance of the system to increase. This stiffer
system also leads to a frequency shift towards higher
frequencies. The influence on the biodynamic response
of grip force is also evident from the literature [ 1, 16, 36].

An increased feed force also gives a higher impe-
dance due to the system becoming stiffer and more
mass-like. The greatest influence was found in the Y-
direction and the smallest in the Z,-direction. The
influence of the feed force on the dynamic character-
istics of the hand-arm system have in other investiga-
tions only been seen at low frequency excitations [3,
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Fig. 4 Mean values for the Impedance (Ns/m)
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14]. The discrepancy is presumbaly due to the devi-
ation between and within subjects.

The abduction of the shoulder has only a minor
influence and could be seen for frequencies below
20 Hz. For the flexion of the arm the highest impedance
was found with a straight arm and the impedance
decreased for frequencies below 25 Hz when the arm
was bent. Presumably, this is due to the fact that the
coupling against the upper body decreases when the
arm is bent.

The impedance of the hand and arm decreases when
the vibration level increases. This is in agreement with
other studies [4, 16], but is somewhat surprising since
the impedance of a linear system should be indepen-
dent of the vibration level. One reason could be non-
linear behaviour of the hand-arm system.

Except for the vibration direction, only the flexion
has a significant influence on the phase of the impe-
dance, and only for frequencies below 50 Hz.

The general conclusion from this study is that bio-
dynamic variables that are dependent on the body
constitution, i.e. flexion and abduction, have a signifi-
cant influence on the impedance that is concentrated at
frequencies below about 30 Hz. The biodynamic vari-
ables that are related to the hand constitution, i.e. grip
and feed forces, have an influence that is significant
within the whole investigated frequency range. The
reason for this could be that when the frequency in-
creases, the influence of mass elements which are most
distant from the vibration source decreases, followed
by a decrease in vibration transmission up the arm
[27]. This process continues and when the frequency
reaches 1000 Hz only small volumes of tissue in the
hand are exposed to vibration.

The mechanical impedance of the human hand-arm
system has, as mentioned earlier, been studied in many
investigations but only a few of these studies have
presented both the magnitudes and the phases of the
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impedance for all three directions of vibration [5, 16,
30, 35]. From these investigations, sets of measured
data during comparable conditions, i.e. sinusoidal exci-
tation, grip force, vibration level and posture, have
been used for calculation of the overall mean value and
standard deviation for the magnitude and phase of the
impedance. These values are summarised in Fig. 7, as
a function of the frequency for each vibration direction.
For comparison, a corresponding graph obtained in
this study has been inserted in the figure, one for each
direction.

As can be seen, the magnitude of the impedance
tends to be somewhat lower than that measured using
sinusoidal excitation above 400 Hz. This is also in
agreement with Gurram et al. [ 16]. For the phase of the
impedance, a relatively large variation in the results
could be noticed, especially at higher frequencies. The
main reason for these divergencies between random
and sinusoidal exaction on the magnitude and phase of

the impedance may be the different nature of excita-
tions. The vibration response characteristics of the
hand and arm seem to differ, depending upon whether
the signal is a discrete frequency signal or a signal
consisting of several frequencies [16, 35].

A low mechanical impedance is not necessarily detri-
mental. In principle it is reasonable to assume that the
biological effects might depend on the vibration energy
transmitted to and absorbed by the hand-arm system
[9, 26, 40]. These assumptions have also been sup-
ported by an investigation [26] in which the prevalence
of vibration injuries is shown to be related to the
amount of energy absorbed by the operators. Variation
of the mechanical impedance will only affect the trans-
mission of vibration into the hand and arm and will
therefore give no information about the risk of injury.
However, the real and imaginary parts of impedance
have significance with regard to power dissipation in
the physical system. The real part of impedance, i.c.
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Fig. 6 Mean values for the
magnitude and phase of the
mechanical impedance as

a function of the frequency for
different velocity levels (grip
force 25 N, feed force 20 N,
flexion 180°, abduction 0°)

Fig. 7 Comparison of hand-arm
impedance curves for the three
different vibration directions, as
defined in ISO 5349 [21],
according to results found in the
present study and from earlier
investigations (mean and
standard deviation)
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Z - cos(¢), which is related to the damping coefficient, is
proportional to the amount of power which is actually
dissipated by the system in the form of heat. The
imaginary part of impedance, i.e. Z-sin(¢), is due to
components of the system which dissipate no power
but simply store and release energy either in the poten-
tial or kinetic form [4, 41]. From the definition of
absorbed power and the mechanical impedance, the
total amount of absorbed energy per unit time can
be expressed as: P(1) = {Re(Z())} - |v(1)|*, and only
measurements of the velocity level are necessary. How-
ever, this equation demands a correct description of the
hand-arm system’s mechanical response to vibration.
The observed differences between impedance data and
the random and sinusoidal excitation imply that more
studies in this area are necessary. This will not only give
an opportunity for obtaining more knowledge about
the human hand-arm system, but could also be very
useful in setting future standards.
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