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Scand. j. work environ. & health 2 (1976) 87-95

Transmission of vibration in the hand-arm
system with special reference to changes
in compression force and acceleration

by ILMARI PYYKKO, M.D.,l MARKUS FARKKILA, B.SC.,2

JARMO TOIVANEN Lie. Tech.,3 OLLI KORHONEN, M.D.,4

and JUHANI HYVARINEN, M.D.2

PYYKKO, 1., F.ARKKILA, M., TOIVANEN, J., KORHONEN, O. and HYV.ARINEN, J.
Transmission of vibration in the hand-arm system with special reference to changes
in compression force and acceleration. Scand. j. work environ. & health 2 (1976)
87-95. The transmission of longitudinal vibration in the hand-arm system of five
subjects was investigated. Altogether 405 individual tests were made. Vibration
was measured with an accelerometer (weight 0.4 g) fixed in turn to the wrist, the
elbow, and the upper arm by means of a supporting device (weight 34 g). A handle
with strain gauges attached ·was used to study the effect of compression force (10, 20
and 40 N) and constant acceleration (1, 3 and 10 g) on the transmission of vibration
at frequencies from 20 to 630 Hz. In the curves recorded, sharp dips appeared which
were evidently caused by resonances from the soft tissues of the hand. However
in the hand-arm system no common resonance frequency was observed that would
harmfully affect the health of workers. Vibration in the hand-arm system was
attenuated at an average of 3 dB per octave at the frequencies between 20 and
100 Hz. Between 100 and 630 Hz the attenuation was about 6 dB per octave in
the wrist and 10 dB per octave in the elbow and upper arm. At the frequency of
630 Hz the attenuation was hence about 35 dB in the wrist and about 45 dB in the
elbow. The attenuation of vibration in the elbow joint was 2 to 4 dB at all fre­
quencies. The hand-arm system appears to be linear at the acceleration range con­
sidered; the increase)n handle vibration by, e.g., 10 dB also increased vibration in the
hand by 10 dB. When the grip strength was increased fourfold, Le., 12 dB, vibration
increased only 3 to 5 dB in the hand-arm system. Thus changing the weight of a
vibrating tool does not reduce vibration enough. Therefore attempts to reduce Vibra­
tion should concentrate on the mechanical parts of the engines.

Key words: vibration syndrome, hand-arm system, vibration transmission, tissue
resonance, compression force, acceleration, chain saw modeling, vibration attenuation.

1 Ear, Nose and Throat Clinic of the University
Central Hospital, Helsinki, Finland.

2 Institute of Physiology, University of Hel­
sinki, Helsinki, Finland.

3 Helsinki University of Technology, ESIloo,
Finland.

4 Department of Physiology, Institute of Oc­
cupational Health, Helsinki, Finland.

Reprint requests to: Dr. Ilmari Pyykk6, Ear,
Nose and Throat Clinic, University Central
Hospital, Haartmaninkatu 4, FIN-00290 Hel­
sinki 29, Finland.

The vibration syndrome is prevalent in
men operating vibrating tools (1, 4, 11, 20).
It consists of symptoms which indicate
the involvement of the vascular regula­
tory system, peripheral and central nerves,
bone and articular tissue, and the mus­
cles of the hands (17, 19, 35, 36). The
most prooninent symptom of this disease
is the periodical blanching of fingers in
a cold environment, the so-called trau­
matic vasospastic disease (TVD) or vibra-
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tion-induced white finger (9, 33). In
contrast to, e.g., collagen disease these
circulatory disturbances almost never
cause atrophy or necrosis of the fingers.
Although several etiological mechanisms
have been proposed for vibration syn­
drome, it is debatable whether the dif­
ferent symptoms in various organs have
a vascular origin or whether they are
caused by the direct influence of vibra­
tion on the organs involved (12, 21, 23, 31).

The affinity of the syndrome to men
using vibrating tools depends on factors
such as operation time, weight of the
tool, manner of handling the tool, domi­
nant frequency of vibration, etc. It has
even been suggested that body constitu­
tion plays an important role in the etio­
logy of the vibration syndrome (11, 34).
In Finland it has been estimated that
about 40 % of the 40,000 professional
lumberjacks are disabled by vibration
syndrome (10, 24).

Mechanically the hand-arm system
consists of solid bones linked elastically
by joints and muscles. According to von
Bekesy (3) ,and Keidel (16) the vibration
properties of the hand-arm system resem­
ble closely that of solid bars joined to­
gether with elastic material so that the
system makes both translational and
rotational movement when exposed to
vibration. Dieckman (5) and Reynolds
and Soedel (29) have shown that the
muscles influence this system by chang­
ing the mechanical impedance. Inspite
of the fact that the importance of grip
force on the handle of the vibrating tool
is well documented and the fact that the
physiological and mechanical process in
the muscles of the hand during vibration
is well known, the relation of grip force
to the transmission of vibr.ation from a
tool to the hand is not properly under­
stood.

Information on the resonance frequen­
cy in the hand-ar.m system is contradic­
tory. Iwata et al. (14) found that the
hand-arm system is resonant at frequen­
cies below 5 Hz and between 30 and 40 Hz.
Dieckman proposed that resonance oc­
curs between 40 and 70 Hz, whereas
Teisinger (34) pointed out that no remark­
able resonance frequencies exist in the
hand-arm system.

Attenuation of vibration in different
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parts of the hand-arm system has not
been sufficiently clarified. Most studies
have focused mainly on moderately low
frequencies, up to 100 Hz, and little
attention has been paid to the high fre­
quency vibration considered especially
harmful in causing TVD (1, 8, 25).

In this study we used a dynamic shaker
to measure the transmission of vibration
of up to a frequency of 630 Hz in the
hand-arm system. We also measured the
effect of different compression forces on
the transmisson of vibration.

SUBJECTS AND METHODS

Five subjects were tested, one of which
was left-handed. Two of the subjects
were professional Ilumberjacks (aged 39
and 48 years), and three (aged 22, 29, and
29 years) were members of our investiga­
ting team.

A block diagram of the equipment used
is shown in fig. 1. To evoke vibration
in the hand, we used a dynamic shaker
(Ling 403). The shaker was placed longi­
tudinally on the antebrachium. It was
driven by sinusoidal sweeps beginning at
frequencies of either 20, 50, or 100 Hz and
proceeding up to 630 Hz. The lowest
frequency depended on the acceleration
used. The duration of the sweep from
20 to 630 Hz was about 5 min. Because
momental changes in muscle tone like
those caused by tonic vibration reflex
could have interfered with the propaga­
tion of vibration, we preferred a slow
sweep to a fast one.

The acceleration of the shaker was re­
corded by an accelerometer (Briiel and
Kjaer 4330) fixed to the handle. The
output voltage of the accelerometer was
amplified and used for the control of the
acceleration, which was held constant to
an accuracy of about 0.5 dB.

We measured the vibration transmitted
to the hand-arm system with an accelero­
meter (Briiel and Kjaer 8304) weighing
0.4 g. A plexiglass form was used as the
support, and it kept the accelerometer
longitudinal to the vibration. It was
placed in turn on the styloid process in
the wrist, on the olecranon in the elbow,
and on the medial epicondylus in the
upper arm.
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Fig. 1. Block diagram of the test apparatus. (B & K = Briiel and Kjaer)

A metal ring with screws held the mea­
suring system in position. We used .a
rigid fixation in order to eliminate the
responses of the cutaneous, subcutaneous,
and connective tissue around the bones
because such tissue response could have
interfered with the attenuation of vibra­
tion. The total weight of the measuring
system was 34 g. Since the sensitivity of
the accelerometer w.as low and electrical
noise could have greatly influenced the
recordings, we used a 3.16 Hz band-pass
filter (Briiel and Kjaer 2010), which fol­
lowed the frequency of the generator. The
vibration level was recorded as a function
of frequency on paper calibrated for fre­
quency and acceleration.

For measurement of grip (compression)
force, the handle of the shaker consisted
of two metal bars with strain gauges
(diameter 25 mm). The output voltage
of the strain gauges was recorded with an
ink writer (Watanabe H611). The subject
kept the grip force constant by following
the signal of the strain gauges on the ink
writer.

The subject sat during the test with his
upper arm 30° below the horizontal level

and the elbow joint at an angle of 120°.
The shaker was placed longitudinally on
the antebrachium.

The tests were made at an acceleration
of either 1, 3 (more exactly 3.16), or 10 g
(rms values). The lowest comparable fre­
quencies measured were 20, 50, and 100
Hz, respectively. At lower frequencies
the vibration could have been severely
distorted because the vibration amplitude
would have been too high for the shaker.
At each acceleration we measured the
influence of grip force (10, 20 and 40 N)
on the transmission of vibration. All
measurements were made three times at
intervals of some days between the mea­
surements. Hence we made a total of
405 recordings.

RESULTS

Shape of a single recording

In most recordings we found the deep
and narrow dips shown in fig. 2. In the
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Fig. 2. Typical curves recorded from the elbow on paper calibrated for frequency and acceler­
ation. The excitation level equaled 10 g; and the compression force, 40 N (A), 20 N (B), and
10 N (C).

location of the dips the intraindividual
variation was slight, but the interindivid­
ual variation was great. An increase in
compression force or the intensity of
vib~ation moved the dips towards higher
frequencies. To obtain numerical data, we
analyzed the recordings at preferred fre­
quencies (13) at 1/3 octave intervals.
After this operation the individual shape
of the curves disappeared.

Attenuation of vibration in the hand-arm
system

Relationship between the intensity and
frequency of vibration. The mean of all
the recordings was reconstructed to cor­
respond with an acceleration of 3 g (fig. 3).
At a frequency of 20 Hz the attenuation
of the vibration in the wrist was 10 dB;
in the elbow, about 12 dB; and in the
upper arm, about 14 dB. When the fre­
quency of vibration was increased, the
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attenuation also increased. At a frequency
of 630 Hz in the wrist the attenuation was.
35 dB; and in the elbow and upper arm,
45 dB.

The transmission of vibration was equal
in the upper arm ,and elbow but differed
from that in the wrist at higher fre­
quencies. The attenuation of the vibra­
tion in the wrist grew approximately 3 dB
per octave at the frequencies between 20
and 100 Hz, whereas the slope at higher
frequencies was about 6 dB per octave. In
the elbow and upper arm the attenuation
of vibration was of the same magnitude­
as in the wrist at the frequencies of 20 to
100 Hz, but at frequencies above 100 Hz.
the slope was about 10 dB per octave. In
the upper arm the vibration was attenu­
ated by 2 to 4 dB more than in the elbow
at all frequencies. This attenuation tqok
place mainly in the elbow.

The vibration level in the elbow ex­
ceeded that in the wrist at the frequencies
of 80 to 160 Hz, but at other frequencies.
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Fig. 3. Attenuation of vibration in the hand­
arm system at frequencies from 20 to 630 Hz.
The excitation level was reconstructed to cor­
respond with an acceleration of 3 g.
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the vibration level was lower, the dif­
ference being 7 dB at 630 Hz. As the
recordings were made at both ends of the
same bone (radius), the result gives the
transmission properties of bone tissue for
longitudinal vibration.
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Fig. 4. Attenuation of vibration recorded from
the elbow at the excitation levels of 1, 3, and
10 g. The compression force was 10 N. The
difference in the curves was about 10 dB, a
figure equivalent to the acceleration.
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Fig. 5. Attenuation of vibration recorded from
the elbow at the excitation level of 3 g. The
compression forces in the curves were 10 and
40 N. The difference between the curves was
about 4 dB, whereas that between the compres­
sion forces was 12 dB.
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Relationship between acceleration and
the transmission of vibration. Results
recorded from the elbow at accelerations
of 1, 3, and 10 g are shown in fig. 4. When
we increased the acceleration by 10 dB,
e.g., from 1 to 3 g or from 3 to 10 g, the
vibration in the hand-arm system in­
creased 10 dB. This increase was of the
same magnitude at different frequencies.
Hence the hand-arm system was linear in
the ,acceleration range considered.

Relationship between compression force
and the transmission of vibration. Fig. 5
shows the effect that the increase in com­
pression force from 10 to 40 N had on the
transmi:ssion of vibration in the elbow at
an acceleration of 3 g. The difference
between the two curves is only 3 to 5 dB.
Hence an increase in compression force
of 10 to 40 N, which is equivalent to 12 dB,
causes an increase in vibration of only
about 4 dB in the hand. Recordings from
the wrist and the upper arm yielded sim­
ilar results. It can be concluded that the
vibration level in the hand-arm system is
proportional to the cubic root of com­
pression force.
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DISCUSSION

Attenuation of vibration in the
hand-arm system

A considerable attenuation of vibration
occurred at high frequencies and mainly
in the palm and the wrist. The hand-arm
system operates thus as a low-pass filter.
The properties of this filter change at a
frequency of ,about 100 Hz. The attenua­
tion of the filter increases about 3 dB per
octave at the frequencies between 20 and
100 Hz, and between 100 and 630 Hz the
slope is from 6 to 10 dB. Changes in the
acceleration or compression force had no
significant effect on the shape of the
curve.

Iwata et al. (14) studied the properties of
the hand-arm system by using varying
psychophysical compression forces at an
acceleration level of 2 g in the frequency
range from 6.3 to 100 Hz. They reported
results similar to ours in the frequency
range of 20 to 100 Hz. They showed
moreover that at frequencies below 20 Hz
the hand-arm system has a resonant point
at which the vibration measured from the
wrist exceeds that of the acceleration level
two- to threefold. Hence at very low fre­
quencies (from 6.3 to 20 Hz) the hand­
arm system operates llike an amplifier.
However, this kind of amplifying property
is probably without any harmful health
effects, since it is assumed that vibration
at such low frequencies does not cause
TVD (20).

Frequency response of the hand-arm
system

Mechanically the hand-arm system con­
sists of solid material, e.g., bones, which
are elastically connected in the joints.
When the system is exposed to vibration,
both translational and rotationall move­
ments take place (3, 16). The bones of the
upper and lower arm therefore vibrate
rotationally around transient poles. The
attenuation of vibration takes place main­
ly in the joints.

In the curves we noticed deep and nar­
row dips which probably resulted from
resonances in the soft tissues of the upper
arm. The location of the resonance fre­
quencies mainly depended on the mass
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and compliance of the hand-arm system,
the latter depending, e.g., on muscle tone.
Hence the enhancement of muscle tone in­
creased the rigidity of the system and
shifted the velocity maximum in the soft
tissues towards higher frequencies. The
resonance dips seen in the curves were
however so narrow that they probably
have no general significance in the vibra­
tion response of the hand, e.g., in work
situations.

The resonance frequencies might be
important in the genesis of vibration dis­
orders through a mechanism similar to
that which has produced harmful whole
body vibration. No remarkable resonance
frequencies common to all measurements
could be detected when the hand-arnn
system was studied in a normal work
position. This result has been confirmed
by Teisinger (34). However Dieckman (5)
has pointed out that the hand-arm system
has a resonance frequency of about 30 to
40 Hz. Dieckman however defined re­
sonance frequency as the frequency at
which the mechanical impedance of the
whole hand-arm system, as seen from the
handle of a tool, is purely resistive. On
the other hand, in our study, resonance
was considered to occur when a prominent
dip was observed in the frequency re­
sponse of the hand-amn system. Hence
these different measuring methods and
definitions for resonance probably caused
the apparent discrepancies.

Some increase in the vibration response
of the hand-arm system could however be
noticed at the frequency of 50 Hz. At
this frequency resonance evidently takes
place in cutaneous, subcutaneous, and
muscle tissues. Probably this resonance
caused the peaks in the mechanical im­
pedance noticed by some investigators (5,
29).

The resonance frequency of the bones
to longitudinal vibration seems to be be­
tween 80 and 160 Hz, surprisingly low
figures considering the extreme rigidity
of the tissue. Suggs (32) revealed similar
resonance frequencies by using accelero­
meters fixed with screws to the bones of
cadavers. A somewhat higher frequency
(250 Hz) was however reported by Scher­
rick (30).

The attenuation of vibration in the
joints was 3 to 5 dB at all frequencies. No



significant resonance frequencies were
observed. However, if one considers the
joints in the hand-arm system as springs
in a massive spring 'System, resonance fre­
quencies should exist (5, 29). The elbow
joint is supported by connective tissue and
muscles in such rigidity that the resonance
frequencies probably occur at high fre­
quencies outside the range used in our
tests.

Effect of compression force on
transmission of vibration

Teisinger (34) proposed that the methods
used to operate vibr,ating tools influence
the occurrence of TVD. New unskilled
workers use a tight grip on the tool and
therefore allow high levels of vibration
to be transmitted to their hands, while
older, more skiJled workers support the
vibrating device lightly. The weight of
tools has even been limited to 10 kg in
some vibration standards [the Soviet
standards from 1971 and the Checkoslova­
kian hygienic norms for vibration from
1969 (18)], because a heavy tool demands
a strong grip.

An increase in muscle tone also in­
creased the transmission of vibration in
the hand-arm system. However the gain
was not as high as expected. By in­
creasing muscle tone fourfold, e.g., from
10 to 40 N (12 dB), the vibration in the
hand-arm system increased only about 4
dB. Hence the vibr,ation transmitted to
the hand-arm system seemed to be pro­
portional to the cubic root of the com­
pression force. This connection did not
depend upon the frequency of the vibra­
tion or the measurement point.

One could speculate that the use of
lighter tools than those presently being
used would reduce the vibration reaching
the operator and vibration disorders would
become less severe. However, to reduce
the vibration level of a 10-kg tool by 10 dB,
one must reduce the weight of the tool to
300 g. In addition the vibration emitted
from a tool is proportional to the power of
the tool but inversely proportional to the
weight (22). Hence, if one decreases the
weight of the tool but leaves the power
the same, the intensity of the vibration of
the tool increases. Reducing the weight of
chain saws without reducing the power
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was one of the causes of a high morbidity
of TVD among Finnish lumberjacks in the
1960s (2, 26).

The results suggest that an increase in
the weight of the tool would reduce the
vibration level. However this solution
seems unrealistic since, in addition to vi­
bration disorders, workers often suffer
from symptoms caused by the handling of
heavy tools, e.g., strained muscles and
joints. A remarkably good example of
the lessening of strain symptoms has been
given by Pyykk6 (26), who studied lum­
berjacks using chain saws that were 2 kg
lighter than the ordinary model. FrOlID
the ergonomic point of view a reduction
in the weight of vibrating tools is justi­
fied if the effect on vibration is kept in
mind.

Dynamic response of the muscles

One physiological reaction that takes
place when the hand-arm system is ex­
posed to vibration is a contraction of the
muscles, the tonic vibration reflex (TVR)
(6). Even the smooth vibration of the
modern chain saw is capable of causing
this re£lex (27). It can be speculated that
during work, when a reflex involuntarily
increasing muscle tone is operating, mus­
cle fatigue may develop. An uncontrolled
increase in muscle tone may even diminish
dexterity, interfere with natural protective
reflexes, and therefore increase the risk
of having an accident.

Although some momentary changes in
compression force occurred at the start
of the experiment, especially at the ac­
celeration of 10 g, the process of adapta­
tion rapidly took place, and test subjects
did not have any difficulties in maintain­
ing the predetermined force of com­
pression. The lack of a disturbing TVR
probably resulted from the activation of
both flexor and extensor muscles in the
hand and arm. Hence it seems unlikely
that TVR could play any important role
in work conditions as long as the accelera­
tion level is not exceptionally high.

Protective measures

The vibration level of the modern chain
saw is so high (22, 28) that, in spite of the
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hand-arm system, the whole organism is
subjected to it and a high level of vibra­
tion can be detected even in the ankles
(15). Different mechanisms for the atten­
uation of vibration have been developed,
e.g., protective (absorbing) gloves, rubber
and spring insulators, balanced engines,
etc. (5, 7, 22). Protective gloves do not
reduce the level of vibration, but they do
interfere with work safety (22, 34). Ex­
perience with the insulation of the front
handle of the chain saw has shown prom­
ise (26, 33), but the same method does
not seem to be successful for the rear
handle because the rear and front handle
become harmfully resonant (22).

The solution to vibration disorders in
workers seems to be a radical reduction of
tool vibration itself. An engine with two
pistons could be the solution for chain
saws (22), but the problem of the heavy
weight of these tools remains unresolved.
The balancing mechanism in engines de­
veloped by a Finnish foundation (SITRA)
is promising (7), but these engines are
more complicated and thus require more
practical experience.

Physiological experiments and available
data indicate that vibration at low fre­
quencies is not so harmful as that at
higher frequencies (1, 8, 25). A decrease
in the dominant frequencies of vibrating
tools could probably reduce the prevalence
of vibration disorders. The linear re­
sponse of the hand-arm system to vibra­
tion, together with the nonlinear depen­
dence of vibration transmission on com­
pression force, indicates that it is im­
portant to produce tools in which the
genesis of vibration has been decreased,
e.g., by balancing the engine. Changing
the weight of the tool is not likely to
reduce the vibration level remarkably.
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