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Measurements of the impedance of the hand and arm
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Summary The mechanical impedance of the hand and
arm was studied on ten healthy subjects during exposure
to sinusoidal vibration within the frequency range of 2 to
1000 Hz A special handle for the measurements was
constructed The influence of vibration direction, handle
grip, grip force, vibration level, hand-arm posture and
sex as well as anthropometric data were studied The re-
sults show that the impedance of the hand-arm mainly
depends on the frequency and direction of the vibration
stimuli Higher vibration levels, as well as more firm
hand-grips, resulted in higher impedance Furthermore,
the outcome shows that experiments conducted with dif-
ferent hand-arm postures had an active influence on the
mechanical impedance Moreover, the subjects' sex and
constitution of the hand and arm affected the impedance
to a large extent.

Key words: Hand-arm Measurement technique Vi-
bration

Introduction

Vibration exposure of the hand and arm often produces
an illness of the hands known as the vibration syndrome.
It is most prevalent among workers using vibrating hand-
held tools (see Brammer and Taylor 1982).

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 ef-
fects, physiological effects occur depending upon several
factors, such as intensity, frequency, direction and dura-
tion Therefore, it is necessary to determine the dynamic
properties of the hand-arm system in order to under-
stand the physiological effects.

Mechanically, the hand and arm can be broken down
into several separate elements consisting of masses of
various structures and sizes, i e different bone struc-
tures, muscle groups, blood vessels etc , held together
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by different kinds of springs and viscous dampers (Hixon
1976 ; Reynolds and Keith 1977 ; Olesen and Randall
1979) It would be a hopeless task to give an exact de-
scription of this complex system with respect to all kinds
of excitation of the whole frequency range, not forget-
ting the fact that there is a great variation as to the in-
dividual Nevertheless, when reviewing the literature,
more or less sophisticated hand-arm models can be found
(Reynolds and Soedel 1972 ; Mishoe and Suggs 1977).
Although these models are simplified they can still pro-
vide information about how the hand and arm behave
when exposed to vibrations.

Another possibility of obtaining a good insight into
and describing the dynamic properties of the complex
hand-arm system is to use a mechanical impedance tech-
nique (Mishoe and Suggs 1977) Similar to the measure-
ment of a complex resistance, such as the so called impe-
dance of an electrical circuit which consists of inductivi-
ties, capacities and resistances, it is possible to measure
the mechanical impedance of the human hand-arm sys-
tem Like the electrical impedance, which is the complex
ratio of the voltage to the current going through the cir-
cuit, the mechanical impedance (Z) is defined as the
ratio of the transmitted force (F) to the velocity (v), i e.
Z = F/v (Ns/m) This quantity can be measured for exci-
tation by way of an experiment for each subject regard-
less of how complicated the system really is Plotting the
modulus of the impedance and the phase angle as the
applied frequency gives two curves from which it is pos-
sible to derive, under certain limitations, the response of
the subject's hand-arm system to vibration.

The modulus of the impedance can thereafter be de-
composed into a large number of separate elements,
consisting of masses, springs and viscous dampers Fig-
ure 1 shows how the separate impedance and phase char-
acteristics vary with frequency and how they are gene-
rally represented in symbols (Coermann 1962 ; Hixon
1976 ; Lundstr 6 m 1984).

In the literature the mechanical impedance of the
hand-arm system have been studied in several investiga-
tions (see Panzke and Balasus 1985 ; Lundstr 6 m and
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Fig 1 The separate elements into which the
mechanical impedance can be decomposed, mass,
spring and damper The upper part of the figure
shows the symbols for separate elements in
mechanical models, the lower part shows how the
specific magnitude and phase of the impedance are
frequency dependent (after Lundstrom 1984)
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Burstr 6 m 1989) However, the results from these stud-
ies do not generally show close agreement (Panzke and
Balasus 1985) This is probably due to the fact that dif-
ferent experimental techniques and conditions were
used.

The aim of this study was to investigate how the
mechanical impedance of the human hand-arm system is
related to different vibration directions, handle grips,
grip forces, flexions of the elbow, abductions of the
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shoulder, hands, velocity levels and sex as well as the an-
thropometric data.

Materials and methods

Apparatus The mechanical impedance of the hand-arm system
was calculated by measuring vibration force and velocity as closely
as possible to the surface of the hand (Fig 2) The handle consists
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Fig 2 Handle design and the location of
the accelerometer, the force transducers
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of two parallel beams between two U-shaped holders The beams,
one upper and one lower, were covered with a thick layer of poly-
carbonate Between the handle and holders two force transducers
(Briel&Kjaer 8200) were mounted for dynamic force measure-
ments The handle was also equipped with a small piezo-electric
accelerometer (Brtiel & Kjaer 4374) for velocity measurements At
both ends of each beam, strain gauges were glued to measure both
grip and pull/push forces applied by the subject to the handle The
weight fo the handle was 225 g and the size elliptic was 31 x 42 mm.

The handle was mounted on an electrodynamic shaker (Ling
Altec 7/600) driven by a power amplifier (Ling Dynamic System,
LDS 300) and a signal generator (Brilel & Kjaer 1027) Sinusoidal
vibrations were delivered to the handle with an increasing fre-
quency from 2 to 1000 Hz (sweep rate; 50 s/decade) The output
from the accelerometer was amplified and integrated to velocity
by a charge amplifier (Briel & Kjaer 2635) before it was fed to a
phase meter (Briel & Kjaer 2971) The velocity signal was also fed
to a feed-back network facility on the signal generator in order to
maintain the velocity amplitude at a constant level independent of
test frequency and dynamic load The varying outputs from each of
the two force transducers were amplified by an charge amplifier
(Bri Uel & Kjaer 2635) and afterwards summarized The summar-
ized force signal was fed into an RMS-recorder (Brtiel&Kjaer
2309) and also to the phase meter The phase between the force
and velocity signals was also monitored on the RMS-recorder The
signals from the strain gauges were amplified by a strain gauges'
bridge and monitored with a pointer instrument in order to give
the subjects the possibility of both achieving and maintaining the
grip and pull/push forces at the given level.

In order to collect data for different vibration directions of
input to the hand, two different orientations of the handle were
used The one shown in Fig 2 A was used for proximal-distal and
vertical direction For the transverse direction the handle was
mounted parallel to the vibration direction (Fig 2 B).

The measured dynamic force, velocity level, phase relationship
and test frequency were, during each experiment, transferred to an
on-line IBM AT-computer which calculated the mechanical impe-
dance of the hand-arm system For the entire frequency range
these calculations also included a vectorial subtraction for the ad-
ditional impedance produced by the handle itself, i e mass cancel-
lation The impedance of the handle itself was determined by vib-
rating the unloaded handle.

Subjects and studied variables The study was carried out on ten
healthy right-handed subjects, five males and five females, with no
previous exposure to vibration For the subjects some anthropo-
metric parameters were measured, in order to study the influence
of these variables on the mechanical impedance (Table 1).

During the experiments three different hand-arm postures
were used in order to give a vibration exposure in the three ortho-
gonal directions: vertical, transverse and proximal-distal The
hand-arm postures with these directions are schematically shown
in Fig 3 In accordance with ISO 5349 these directions are defined
as an exposure in Xh-, Yh and Zh-direction.

Three grip forces were used in the experiment ( 25, 50 and 75
N) and the influence of the angle between upper arm and forearm
was studied for five positions ( 60, 90, 120, 150, 180 °) Moreover,
the influence of a 90 ° angle between the shoulder and upper body
was investigated as well as the differences between left and right
hand-arm systems Furthermore, two different handle grips were
used in the study from above and from below The effect of the
vibration amplitude on the hand-arm impedance was also investi-
gated by using four different velocity levels ( 8, 14, 25 and 45 mm/s).
These velocity levels represent frequency-weighted acceleration
levels of 0 8, 1 4, 2 5 and 4 5 m/s 2 within the frequency range of 16
to 1000 Hz in accordance with ISO 5349.

Experimental procedure All subjects were asked before each ex-
periment to wear normal office clothes (without jackets) and were
asked to remove rings, watches etc to minimize any possible ef-
fects of clothing The subjects were then asked to place themselves

a O

o

i-a-

OL a 

0 a -O aU)

C

a

= 4

mt

5 E

5 QE

tb

On

<

>e
o

V: n

.O <,

Cl i

a)

.

't

O

a

C

et

c

0
2

a 2

CZ

V)

"O
e~

Ct

-o

._

a

'0

Y=.0

r~

.U

©

E

n

-

C)

a)

.0

.0

a 1



434
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Fig 3 Hand-arm postures used in order to get a vibration expo-
sure in the three different directions Xh, Yh and Zh, as defined in
ISO 5349

in one of the postures, gripping the handle with a given force.
After the correct posture and grip force was accomplished, the fre-
quency sweep was started The subjects were requested to keep
the grip force on a constant level during the sweep by looking at a
monitored force signal on a pointer instrument The test was re-
started if the subject for any reason failed to retain the hand-grip
force or posture Furthermore, the subjects were asked to control
that no pull/push-forces were affecting the handle Every test took
about 8 min to conduct including pauses and repositioning The
total number of tests for each subject were 22 and the tests were li-
mited to only one per day in order to eliminate any possible effects
of fatigue.

Results

The influence of the different experimental conditions
on the mechanical impedance are presented in Fig 4 A-H
and Table 2, where the average magnitudes and phases
of the mechanical impedance are shown The standard
deviation for the results are also shown in Table 2.

As can be seen, the mechanical impedance is depen-
dent on the frequency of the vibration stimuli, and a var-
iation of about 10 to 700 Ns/m could be observed over
the entire frequency range.

A comparison of the impedance average graphs in
Fig 4 A shows that the mechanical impedance differs be-
tween the three vibration directions studied For vibra-
tion exposure in the Xh-direction the impedance increases
with the frequency from 2 Hz up to a maximum of about
150 Hz, followed by a decrease towards a minimum in the
region of 300 Hz Above 300 Hz the influence generally
increases quite rapidly with the frequency The Yh-direc-
tion is characterised by quite a low impedance, which in-
creases with frequency towards a maximum of about
40 Hz, followed by a decrease towards a minimum in the
region of 200 to 300 Hz Above 300 Hz an increase of
the impedance with the frequency can be seen For the
Zh-direction the impedance increases with frequency to-
wards a maximum at 20 Hz followed by a decrease to-
wards a minimum at about 100 Hz, after that it increases
again similar to the Xh-direction.

When comparing the phase graphs obtained for the
three vibration directions, it can be seen that the phase

graphs have pronounced differences, especially in the
frequency range of 10 to 500 Hz.

As can be seen in Fig 4 B, the grip direction has only
a small influence on the mechanical impedance The
most pronounced differences can be found below 100 Hz,
and hand grips from below give a higher impedance of
the hand-arm system.

In Fig 4 C the average magnitude and phase of the
impedance is presented for different grip forces and for
two different velocity levels, 14 and 45 mm/s The results
show that there is a clear relation between the hand grip
applied by the subject and the magnitude of the impe-
dance Firmer hand grips lead to a higher impedance.
The increase of the impedance magnitude also seems to
be higher at the lower velocity level There is, however,
a tendency in the frequency region below 80 Hz for the
impedance to be independent of the grip force The
phase of the impedance for different grip forces and vel-
ocity levels shows only small differences.

As can be seen in Fig 4 D, the angle between upper
arm and forearm (the flexion of the elbow) has an influ-
ence on both the magntiude and phase of the impe-
dance A tendency is that an increase of the angle gives
a higher impedance For the phase of the impedance the
differences is specially pronounced in the frequency re-
gion below 20 Hz.

The angle between shoulder and body (the abduc-
tion of the shoulder) has no influence on the impedance
(Fig 4 E).

When comparing the impedance and phase graphs,
obtained with equal postures and grip forces but with
either left or right hand exposed, it can be seen (Fig 4 F),
that the left hand-arm system has a slightly higher mag-
nitude of impedance.

Figure 4 G shows the influence on the impedance and
phase of different vibration levels The magnitude of the
impedance increases slightly when the vibration level in-
creases The phase of the impedance is, however, almost
the same It is worth noticing that the differences for the
impedance magnitude are specially pronounced in the
frequency region above 200 Hz.

Figure 4 H shows the average magnitude and phase of
the mechanical impedance for males and females, re-
spectively The figure shows that females have a lower
mechanical impedance than males and the differences
are specially pronounced in the frequency region above
20 Hz These graphs illustrate one of the studied variable
combinations, but the same tendency could be found for
the other variable combinations The average difference
between males and females are for all variable combina-
tion about 20 % Student's t-test (Box et al 1978) also
show that these differences are significant (P < O 0005).
The phase of the impedance does not show the same di-
vergence.

From Table 2 it can be seen that the magnitude of the
"between subjects" standard deviation for the results is
greatest at the lowest and highest frequencies Further-
more, it can be observed that one tendency is that a
firmer handgrip gives a larger standard deviation More-
over, in the data analysis, it was found that the magni-
tudes of the "within-subjects" standard deviations were

�"
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Fig 4 Mean values for the magnitude and
phase of the mechanical impedance for eight
different variable combinations The average
values are based on data from ten different
subjects
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Fig 5 Correlation between different
biological factors of the subjects' hand-arm
systems and the mechanical impedance as a
function of the frequency (Vibration
direction Xh)

in the range of 15 Ns/m and corresponding deviations
for the phase angle were 10 degrees The magnitude of
the "between-subjects" standard deviations was about
150 Ns/m for the magnitude and 35 degrees for the phase.

In Fig 5 the results from performed correlation ana-
lyses (Box et al 1978) between anthropometric data
(Table 1) and calculated mechanical impedance for the
subjects' hand-arm system are presented The figure
shows which anthropometric factor has the highest cor-
relation to the individual mechanical impedance within
different frequency regions The correlations are calcu-
lated for all studied variables in the Xh-direction.

As can be seen, the mechanical impedance has the
highest correlation to the volume of the whole hand-arm
system in the low frequency region Above 15 Hz, how-
ever, factors describing the hand have the highest corre-
lation against the impedance Furthermore, in the fre-
quency range of about 200 to 300 Hz, where the impe-
dance has a low point, the highest correlation was found
for the grip force applied by the subject.

Discussion

This investigation shows that the mechanical impedance
depends more or less on all studied variables, but espe-
cially on vibration direction and the amplitude of the vi-
bration stimuli In addition to the fact that the hand-arm
system has resonant frequency areas, the system behaves
in a non-linear way Furthermore, the results show that
hand-arm postures, vibration directions and grip forces
have an active influence on the magnitude and phase of
the mechanical impedance.

The mechanical impedance of the human hand-arm
system has earlier been studied in many investigations,
but only a few of these studies have presented both the
magnitudes and the phases of the impedance It is com-
plicated to make a comparison between the present data

and these earlier studies because of the very different
experimental conditions, such as measuring techniques,
subjects, grip forces, postures etc Therefore, the follow-
ing comparison is rather informal However, the earlier
investigations (Abrams and Suggs 1977 ; Mishoe and Suggs
1977 ; Reynolds 1977 ; Hempstock and O'Connor 1986)
have been transformed to mechanical impedance in SI-
units and are summarized in Fig 6, as a function of the
frequency For comparison a corresponding graph ob-
tained in this study, shown in Fig 4 A (grip force 50 N,
vibration level 14 mm/s), has been inserted in Fig 6, one
for each direction It should also be noted that the most
investigations are marred with uncertainties in the lower
frequency region, i e below 10 Hz and for frequencies
above 500 Hz.

The most frequent studies of the hand-arm impe-
dance have been made in the Xh-direction, for which
four investigations have been found (Abrams and Suggs
1977 ; Mishoe and Suggs 1977 ; Reynolds 1977 ; Hemp-
stock and O'Connor 1986) As can be seen, the results
from the present study show close agreement with those
presented by Mishoe and Suggs ( 1977) Characteristic
for all graphs is that the magnitude has a pronounced
maximum within the frequency range of 90 to 200 Hz.
Furthermore, there is a tendency for two minima, one in
the frequency range of 40 to 60 Hz and one in the range
of 200 to 400 Hz The phase relationships of the impe-
dance have a large variation and the results from the pre-
sent investigation are most closest to those presented by
Reynolds ( 1977) Typical for all graphs is that the phase
of the impedance is about 45 degrees within the fre-
quency range of 20 to 80 Hz, followed by a decrease
against a minimum within the frequency range of 100 to
300 Hz Above 300 Hz the phase increases again.

For the Yh and Zh-directions, Fig 6 show that a rela-
tively good agreement exists between the present data
and earlier investigations (Mishoe and Suggs 1977 ; Rey-
nolds 1977) For the Yh-direction the magnitude of the
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Fig 6 Comparison of hand-arm impedance curves for the three different vibration directions, as defined in ISO 5349, according to results
found in the present study and from earlier investigations

impedance is characterised by a maximum within the fre-
quency range of 2 to 40 Hz and a minimum within 300 to
500 Hz The phase of the impedance is about 60 degrees
in the low frequency area followed by a minimum be-
tween 80 to 100 Hz of about -20 degrees Above 100 Hz
the phase increases again For the Zh-direction the mag-
nitude of the impedance has a maximum within the fre-
quency range of 40 to 60 Hz and a minimum of about 100
to 200 Hz The largest variation between the investiga-
tions is found in the low frequency area where the pre-
sent investigation shows that the impedance decreases,
but the investigation carried out by Reynolds ( 1977)
shows the opposite The phase of the impedance is charac-
terized by a decrease against a negative value within a fre-
quency range of 30 to 100 Hz followed by an increase.

The hand-arm system normally has a high damping
which increases with frequency In the low frequency
range the hand-arm system reacts more or less like a
pure mass When the frequency increases the influence
of mass elements which are most distant from the vibra-
tion source decreases, followed by a decrease in vibra-
tion transmission up the arm (Lundstrom and Burstrom
1989) This process continues and when the frequency
reaches 1000 Hz only small volumes of tissues are ex-
posed to vibration.

The results show the importance of keeping factors
depending on the posture of the whole body under con-
trol when measuring the mechanical impedance For in-
stance, a slightly bent arm, i e with different angles be-
tween upper arm and forearm, affects the magnitude of
the impedance No significant differences seem to exist
between the subjects' left and right hand-arm systems,
which is in agreement with earlier investigations (Mishoe
and Suggs 1977).

An increased handgrip force leads to an increased
magnitude of impedance at higher frequencies Tenta-
tively, this is preliminarily due to the mass-like behaviour
of the hand-arm system in this region Furthermore, it
is worth noting that the relation between increased grip-
force and increased impedance are not linear One reason
could be that the impedance depends on the amount of
viscous elements in the hand-arm system This 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 The reason for the non-linear be-
haviour could be that the amount of viscous elements is
limited in the hand and arm With an increased gripforce
the muscles do not strain a corresponding amount of vis-
cous elements This could explain the comparatively
smaller increase of the mechanical impedance.

The vibration level has a rather strong influence on
the magnitude of the impedance, particularly at higher
frequencies The explanation for this could be that when
the stimulus amplitude increases, a larger part of the
hand-arm system is mechanically activated, and the dyna-
mic mass of the system increases, leading to higher impe-
dance.

The influence of the biological factors (anthropomet-
ric data) on the impedance presumably depends on dif-
ferences in the construction of the subjects' hands and
arms A tendency in the data is that larger biological size
gives a higher mechanical impedance This could explain
why females have a lower impedance than males.

A high mechanical impedance must not necessarily
be detrimental In principle it is reasonable to assume
that the biological effects might depend on the vibration
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energy transmitted to and absorbed by the hand-arm sys-
tem (Cundiff 1976 ; Lidstr 6 m 1977 ; Reynolds et al 1982).
The variation of the mechanical impedance only affects
the transmission of vibration into the hand-arm and there-
fore gives no information about the risk of injury Ac-
cording to the guidelines given in the International Stan-
dard ISO 5349 ( 1986) risk assessments are based on
"broad-banded frequency weighted acceleration levels"
within the frequency range of 5 to 1400 Hz The fre-
quency weighting should be done with a filter whose at-
tenuation, expressed in terms of vibration velocity, de-
creases from the start by 12 d B per octave up to 16 Hz.
For higher frequencies of up to 1400 Hz the velocity sig-
nals should not be affected by the filter From a mechan-
ical point of view this filter describes a pure mass below
16 Hz and a viscous damper above The results from this
study and from others (Fig 6) shows, however, that the
response of the hand-arm system is not equal for fre-
quencies within the range of 16 to 1400 Hz.

Further investigations of the mechanical properties
of the human hand-arm system are needed and could
provide an opportunity of calculating theoretically the
amount of absorbed energy, by using impedance data
and vibration characteristics (amplitude and frequency)
for a hand-held tool This not only gives an opportunity
of determining the individual risk of vibration exposure,
but could also be very useful when setting up future stan-
dards.
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