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Abstract:  The hand-tool coupling force in the operation of a vibrating tool is generally composed of
applied force (AF) and biodynamic force (BF).  There is wide interest in quantifying the coupling
force.  The objectives of this study are to develop an effective method for estimating the BF and to
investigate its fundamental characteristics.  Using the biodynamic response of the hand-arm system,
such as apparent mass or mechanical impedance, and the acceleration that can be measured on
vibrating tools, this study proposed an indirect method for the BF estimation.  The BFs distributed
on the fingers and the palm of the hand along the forearm direction (zh-axis) in the operations of
eighteen types of tool were estimated and used to identify the distributed BF characteristics.  The
results indicate that the BFs depend on both the tool vibration spectrum and the biodynamic
properties of the hand-arm system.  The dominant BF frequency component is usually at the same
frequency as the dominant vibration frequency of each tool.  The BF distributed on the palm (2–98
N) is much higher than that distributed on the fingers (1–30 N) at frequencies less than 100 Hz, but
these biodynamic forces (2–22 N) are comparable at higher frequencies.  The palm BF on several
tools with relatively low dominant frequencies (≤ 40 Hz), especially in the resonant frequency range
(16–40 Hz), is comparable with the applied palm force (50–100 N).  Since the resonant frequency of
the palm BF is also in the range of the dominant vibration frequencies of many percussive tools, the
palm BF may be related to the disorders in the wrist-arm system.  The BF on the fingers is likely to
be closely related to the dynamic stresses and deformations in the fingers and it may thus be used to
quantify the finger vibration exposure.

Key words:  Hand-transmitted vibration, Mechanical impedance, Biodynamic force, Hand-arm vibration,
Hand-arm vibration syndrome

Introduction

The operation of many powered hand tools such as rock
drills, road breakers, grinders, chain saws, chipping hammers,
etc. requires the application of significant hand forces (applied
force) to control and guide the tools and to achieve the desired
productivity.  These tools are also known to generate high
magnitudes of hand-transmitted vibration.  The response of
the hand-arm system to the vibration may generate a
significant dynamic force at the interface between the hands

and the vibrating surface.  These two types of forces constitute
the total hand-tool coupling force/pressure.  A high coupling
force may not only impede blood circulation1), cause pain,
discomfort, and other acute effects in the hand2), but it can
also impose high stresses on the other parts of the hand-
arm system.  The use of vibratory tools in combination with
the forceful and repetitive hand actions may result in a greater
incidence of various cumulative trauma disorders (CTDs)
such as hand-arm vibration syndrome (HAVS) and carpal
tunnel syndrome (CTS)3).  Therefore, there is wide interest
in the determination of the hand coupling force4–6).

While it has been relatively easy to measure the applied
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force on non-vibrating tools, the measurement of the general
coupling force, especially its dynamic component, on
vibrating tools at workplaces remains a formidable research
task.  In order to help develop effective methods for measuring
the coupling force on vibrating tools, an ISO standard on
the definitions of the coupling force parameters and the
general guidelines of their measurements has been proposed
(ISO/CD 15230, 2004)5).  A few recent studies have
established the general relationships among the total contact
force, the peak contact pressure, and the grip and push forces
on cylindrical handles, as well as the effect of the handle
size on the relationships7, 8).  Another recent study has
identified the effects of the hand and handle sizes on the
distribution of the maximum voluntary grip force in two
orthogonal axes on a cylindrical handle9).  While the results
from these studies should be used to improve the proposed
ISO standard, further studies are required to improve the
understanding of the coupling force, especially the dynamic
component, so that the guidelines for the measurements can
be further improved.

Several approaches have been used to measure the coupling
force.  One of them is to instrument the tool handle using
strain gauges or force transducers10–17).  However, the
application of instrumentation to tool handles is usually tool-
specific, inconvenient, and expensive.  The handle
instrumentation may also alter the dynamic properties of
the handle.  This may not be critical for a non-vibrating
tool, but it may change the vibration pattern on the handle
of a vibrating tool17).  The instrumented handle should be
sufficiently stiff to minimize this problem17).  Instrumented
adapters may also be used for the measurement without
changing the original handle structure17–19).  With the adapters,
however, the hand contact area and coupling relationship
may be changed.  To identify the true coupling force, it is
also necessary to eliminate the effect of the inertial force
resulting from the mass of the force sensors, instrumented
handle, or the adapter20).  It may also be very difficult to
determine the accurate value of such an inertia force in some
cases because the handle or adapter may vibrate differently
with and without the hand holding the handle17).  While the
applied push or pull force can be measured relatively easily
using a force plate or similar devices, it has been difficult to
directly measure the grip force at workplaces.  The
measurement of the biodynamic force at workplaces is an
even more challenging task.

The recent developments of several new technologies have
made it possible to overcome some of the above-mentioned
confounding factors and technical difficulties.  Wafer-thin,
light, and flexible force pressure sensors are now available.

They can be wrapped around the tool handle or incorporated
into a work glove7, 8, 21–23).  So far, however, such
instrumentation installations have been shown to be
expensive and/or fragile for many workplace environments.
Some of these flexible sensors may also have significant
hysteresis and non-linear behavior23).  While such sensors
may provide reasonable measurements of the pressure that
is perpendicular to the contact surface, it is difficult to use
such sensors to measure the tangential or friction force on
the tool handles.  These sensors have also been used to
measure the dynamic forces26, 27), but their reliability and
accuracy have not been sufficiently proven.  The further
advancement of these technologies may lead to more
convenient and reliable methods for the measurement.  So
far, however, while the applied grip, push, and contact forces
on several vibrating tools have been reported from a few
studies6, 16, 23, 26), limited information on the biodynamic force
is available27, 28).  Thus, the fundamental characteristics of
the biodynamic force have not been seriously investigated.

As an alternative approach, the present study proposed
an indirect method for estimation of the dynamic component
of the coupling force.  It is based on the biodynamic response
(BR), such as apparent mass (AM) or mechanical impedance
(MI), and the tool vibration spectrum.  The specific aims of
this study are (i) to demonstrate this method using available
experimental data; (ii) to investigate the fundamental
characteristics of the biodynamic force distributed on the
fingers and the palm of the hand, and (iii) to explore the
potential applications of the biodynamic force.

Method

Theory
The apparent mass (AM) and the mechanical impedance

(MI) are the most frequently used biodynamic response
parameters.  They are conventionally defined as

AM =
F

 and  MI =
F

(1)
A V

where F, A, and V are the biodynamic force, vibration
acceleration, and vibration velocity at the hand-vibrating
surface interface, respectively.  In the frequency domain,
each of the BRs defined in Eq.(1) can be obtained by
performing a transfer function or transmissibility-like
calculation.  Specifically, they can be computed from:

Z(ω) =
Gfm(ω)

(2)
Gmm(ω)

where ω is the vibration frequency in rad/s, Z(ω) represents
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either of the BRs, Gfm is the cross-spectrum of force and
dynamic motion (either acceleration for AM, or velocity
for MI) and Gmm is the auto-spectrum of the motion.  The
biodynamic response parameters can be derived from each
other.  For example, when the mechanical impedance is
available, the apparent mass can be calculated as follows:

AM(ω) = MI(ω) / jω (3)

where j =   –1.
The apparent mass and the mechanical impedance can

be measured in a laboratory experiment17).  Using a vibration
test system to provide the desired vibration source, an
instrumented handle can be used to control the applied grip
force and to measure the biodynamic force.  The vibration
is measured via a control accelerometer affixed to the handle
to obtain the motion parameters for the BR calculation20).
When the magnitudes of BR parameters and a tool vibration
spectrum (Atool) expressed in frequency domain are available,
the biodynamic force acting at the hand-tool coupling
location, Ftool(ωi), at the ith frequency can be calculated using
the following formulas:

Ftool(ωi) = AM(ωi) · Atool(ωi)  or
Ftool(ωi) = MI(ωi) · Atool(ωi) / jωi (4)

The root-mean-square value of the biodynamic force can
be calculated from:

Ftool = ∑ [Ftool(ωi)]2 (5)
i=1

The human hand is a very flexible structure and it can
adapt to very complicated geometry.  The biodynamic force
distributed at different locations of the hand could be very
different and complicated, which may be important for fully
assessing hand-transmitted vibration exposure and its health
effects.  Although the indirect method proposed in this paper
can be generally applied to estimate the distribution of the
biodynamic force at any interface between the human body
and a vibrating surface, this study focuses on the biodynamic
forces distributed on the fingers and the palm of the hand
using a power grip on a cylindrical handle.

The cylindrical handle is frequently used on many powered
hand tools.  The applied force on such a handle is most
frequently quantified by separately measuring the grip and
push/pull forces6–8, 14, 20).  Flexible pressure sensors can be
used to measure the total contact force, and it can be used
to calculate the grip and push/pull forces5, 7, 8).  Similarly,
the corresponding biodynamic forces can also be quantified
in such a manner14, 20).  As conceptually sketched in Fig. 1,
the cylindrical handle can be evenly split into two parts at
the centerline.  The centerline divides the hand coupling

force into the finger coupling force (Ffapp for finger applied
force and Ffdyn for finger dynamic force) and the palm
coupling force (Fpapp for palm applied force and Fpdyn for
palm dynamic force).  While the finger coupling force
represents the effect of the grip action or the combined grip
and pull action, the palm coupling force reflects the effect
of the push action or the combined grip and push action.  A
special instrumented handle has been developed by
investigators at the National Institute for Occupational Safety
and Health (NIOSH) and it has been used for the
measurements of finger and palm biodynamic responses14, 20).

BR data and tool vibration spectra
To demonstrate the practical application of the proposed

methodology and to understand the fundamental
characteristics of the biodynamic force distributed on the
fingers and the palm, this study used a set of mechanical
impedance data measured at the fingers and the palm of the
hand obtained from our earlier study of the biodynamic
response20).  Briefly, these BR data were measured using
six subjects.  Each subject took the same posture as that
required for the ISO-standardized glove test (ISO 10819,
1996)29).  With this test posture, the vibration input to the
hand-arm system is in the zh-axis4) (along the forearm
direction).  Discrete sinusoidal vibrations with a constant-
velocity (14 mm/s) at ten different frequencies (16, 25, 40,
63, 100, 160, 250, 400, 630 and 1,000 Hz) were used in the

Fig. 1.   Hand coupling forces and acceleration at
the interfaces between the fingers and the handle,
and between the palm and the handle.
Ffapp: static or applied finger force; Ffdyn: dynamic force

acting on the fingers; Fpapp: static or applied palm force;

and Fpdyn: dynamic force on the palm; and A: handle

vibration acceleration.
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experiment.  In the present study, the missing values within
the 1/3 octave band frequencies from 10 to 1,000 Hz were
estimated using quadratic interpolation.  The combined grip
and push action may be the most frequently used action in
the operation of many vibrating tools.  The grip-only action
may represent a special working condition.  Hence, the data
measured during two types of actions (50 N grip-only, and
combined 50 N grip and 50 N push) were used.  The mean
values of the six subjects are plotted in Fig. 2.  The major
reason for choosing this set of data for the estimation is not
only because it provides the distributed impedance but also
because the summed impedance for the entire hand-arm
system is very comparable with that measured using the
vibration spectra measured on two typical vibrating tools
(chipping hammer and grinder)20, 30).

This study used eighteen tool vibration spectra reported
from three studies31–33), which include spectra measured on
a rock drill, road breaker, chipping hammer, angle grinder,
rotary file etc.  The major vibration exposure direction on

these tools is likely to be either on the zh-axis4) or the vibration
magnitude is on this axis is comparable with that on any
other axis.  These spectra also represent a diverse selection
of vibration characteristics of powered hand tools.

Results

Figure 3 shows the apparent mass values calculated using
Eq.(3) from the mechanical impedance data shown in Fig.
2.  The data indicate that the resonance of the hand-arm
system in the zh-axis4) under the applied forces used in the
BR measurement is in the range of 16 to 40 Hz.  The
resonance of the fingers under the combined grip and push
action is not obvious.  Increasing the palm force increases
the resonant frequency and the magnitude of the apparent
mass at frequencies higher than 25 Hz.  The apparent mass
generally diminishes with an increase in frequency beyond
the resonant frequency range.

As examples, Fig. 4 shows the estimated biodynamic forces

Fig. 2.   Mechanical impedance of hand-arm system distributed at
the fingers and the palm of the hand, which are estimated based
on the data from a reported study20).

Fig. 3.   Apparent mass of hand-arm system distributed at the fingers
and the palm of the hand, which are calculated based on the data
shown in Fig. 2.
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distributed at the fingers together with five tool vibration
acceleration spectra.  Since the accelerations at each 1/3
octave band frequency are expressed as root-mean-square
(rms) values in the vibration spectra, the biodynamic forces
are also rms values.  As shown in Eq. (4), the apparent mass
functions like a frequency weighting in determining the
biodynamic force from the tool acceleration spectrum.  The
dominant biodynamic force is generally at the fundamental
vibration frequency of each tool.  The maximum finger peak
force among the five tools is less than 20 N.

The predicted biodynamic force values distributed at the
palm are presented with the tool vibration acceleration spectra
in Fig. 5.  Similar to the dynamic forces on the fingers, the
dominant biodynamic force is also at the fundamental
vibration frequency of each tool.  The peak dynamic forces
of the rock drill, road breaker, and chipping hammers are
much higher than those of the two high frequency tools (angle
grinder and rotary file).  Although the peak acceleration on

the rotary file is more than 100 m/s2 at 200 Hz, the peak
dynamic force is less than 20 N.  On the other hand, the
peak acceleration of the rock drill is 53 m/s2 at 40 Hz, but
the peak dynamic force is 74 N.

The comparisons of the finger and palm biodynamic forces
shown in Figs. 4 and 5 indicate that the basic trends of these
forces are similar to each other.  However, they also clearly
indicate that the biodynamic force on the hand at frequencies
lower than 100 Hz is mainly distributed on the palm.  At
higher frequencies, the dynamic forces on the two parts of
the hand are similar or comparable.  These distribution
characteristics are the same as those of the apparent mass
or mechanical impedance20).

The rms values of the dynamic forces distributed on the
fingers and the palm for the eighteen tools, together with
their dominant frequencies, are listed in Table 1.  The palm
dynamic forces on the rock drill, road breaker, chipping
hammer, and needle gun are comparable with the applied

Fig. 4.   Vibration spectra of the five tools (rock drill31), road breaker33), chipping hammer32),
angle grinder31), rotary file31)), and their corresponding biodynamic forces distributed at
the fingers.
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palm forces (50 N for grip-only, 100 N for combined action).
These tools have their dominant vibration frequencies at
equal to or less than 50 Hz.  The palm BFs on other tools
with higher dominant frequencies are less than 20 N, except
that on the non-anti-vibration chainsaw.  In the combined
grip and push action, the palm BF is generally more than
two times higher than that acting on the fingers at the
dominant frequency less than 100 Hz.  The difference is
smaller in the grip-only action but the palm BF is still the
major component of the hand biodynamic force at frequencies
less than 100 Hz.  The difference between the finger and
palm biodynamic forces generally decreases with a reduction
in the dominant frequency.

Discussion

Depending on the purposes, available instruments, work
conditions, and accuracy requirements of a study, different
methods may be used to quantify the hand coupling force.
This study proposed an alternative way to determine the
biodynamic force.  It can be used for the study of not only
hand-transmitted vibration but also whole-body vibration.
Since the measurement of vibration acceleration on a tool
or a vehicle seat and the measurement of the biodynamic
response in a laboratory have been developed reasonably
well, it is much easier to estimate the biodynamic force than
to measure it at workplaces.  Theoretically, if the vibration
spectra are reliable and the biodynamic response data are
selected or measured appropriately, the estimated results can
be representative and acceptable.

Fig. 5.   Vibration spectra of the five tools (rock drill31), road breaker33), chipping hammer32),
angle grinder31), rotary file31)), and their corresponding biodynamic forces distributed at
the palm of the hand.
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The apparent mass or impedance may be influenced by
many factors such as vibration direction, vibration magnitude,
hand and arm posture, type of hand action, applied hand
force, handle shape and dimension, and individual
anthropometrics20, 34–36).  These factors also affect the
biodynamic force.  Because the hand BR is mainly distributed
on the palm at frequencies less than 100 Hz, it may be
acceptable to use hand BR to represent the palm BR to
estimate the biodynamic force on tools that have the dominant
vibration in this frequency range.  A caution in the selection
of the reported BR data for the prediction is that some of
the data may not be reliable36).  It is anticipated that the arm
posture and abduction could significantly affect the response
in this frequency range.  To reasonably predict the biodynamic
force, biodynamic responses should be measured under
representative postures and vibration magnitudes as close
as possible to the actual working conditions.

The estimated biodynamic force can be used to help
develop an effective measurement strategy and practical
method, select appropriate transducers, and perform adequate
calibrations.  For example, the average rms value of the palm
biodynamic force at the dominant vibration frequency (40
Hz) of the rock drill is 74 N, as shown in Fig. 5.  The time-
history peak value must be much greater than this rms value.
If some other frequency components are in phase with this

dominant frequency component, the time-history peak value
would be even greater.  This is particularly true for many
percussive tools.  If the applied palm effective force is 100
N, it is estimated that the peak value of the coupling force
could be higher than 200 N.  At workplaces, the applied
maximum force is likely to be greater than that used in this
study.  Hence, the actual peak coupling force is likely to be
significantly higher than 200 N.  The proposed standard (ISO/
CD 15230, 2004)5) recommends calibration of the force
measurement device up to 200 N.  This is not sufficient for
measurement of the coupling force on the rock drill when
the dynamic components are also of interest in a study.  In
any case, the transducers should be selected so that they
can tolerate the high dynamic force.  On the other hand, the
biodynamic force on the high frequency tools such as the
grinders and rotary file are usually not very high, as shown
in Figs. 5(d) and 5(e) and Table 1.  The biodynamic force
acting on the fingers is also fairly low, as shown in Fig. 4
and Table 1.  Therefore, it may not be necessary to consider
a large force range for the measurement of the dynamic force
on the fingers, especially in the operation of high frequency
tools.  Some capacitive pressure sensors may isolate a
significant portion of the high-frequency vibration (>500
Hz) transmitted to the fingers and the palm.  They may not
be suitable for the measurement of the high-frequency

Table 1.   Biodynamic force (BF) rms values of eighteen tools distributed on the fingers and the
palm of the hand and the dominant vibration frequencies of the tools

Location and Biodynamic Force (N) Dominant

hand action type Grip-only Grip + Push Frequency (Hz)

Finger Palm Finger Palm

*Road breaker 1 11 24   8 28   16

***Road Breaker 2 18 37 11 46   20

**Chipping hammer 1 20 41 11 47   25

*Metal drill   3   7   2   9   25

*Impact wrench   9 19   7 28     31.5

*Nutrunner   6 13   4 17     31.5

*Rock drill 30 61 26 98   40

*Chipping hammer 2   8 15   9 27   50

*Needle gun   9 21   9 40   50

*Riveting gun   1   2   2   3   63

*Dolly w/rivet gun   5   8   5 14   63

* Pneumatic 7" vertical grinder   4   5   4 11   80

*Rand orbital sander   9   9   9 18 100

*Elec.9" angle grinder   6   6   6 10 100

*Pneumatic 5" straight grinder   4   7   5 13 100

*Non-AV chainsaw 12 15 12 22 125

*AV chainsaw   2   2   2   4 200

*Pneumatic rotary file 13   8 14 12 200

*Griffin31); ** Xu et al.32); and *** Tasker33).
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biodynamic force.  If only the applied force is of concern,
or it is acceptable to use the proposed method to estimate
the biodynamic component, the requirements of the
instrumentation can be significantly reduced.  This may be
a practical option in field studies.

A major assumption of the proposed indirect method is
that the biodynamic force changes linearly with the vibration
magnitude.  This assumption may be acceptable in a certain
range of the vibration magnitude35) but the response of the
hand-arm system usually exhibits a nonlinear behavior30, 37).
A study reported that the impedance magnitude and
fundamental resonant frequency were generally reduced with
an increase in the vibration magnitude30), similar to that
observed in whole-body vibration38).  The magnitude of
vibration used in the impedance measurement was likely to
be different from those of the tools.  Hence, the estimated
results may have some errors.  Nevertheless, since the
impedance data used in this study are very comparable to
those measured using the real tool spectra20, 30), the possible
errors should not be substantial.  Further studies are required
to determine the apparent mass as a function of vibration
magnitude so that the accuracy of the force estimation can
be improved.  Besides, the apparent mass used in the
estimation should be measured under the conditions (applied
force, hand-arm posture, individual factors etc.)
representative to those at workplaces.

Many injuries in the joints are caused from excessive
stresses/strains and deformations in the joints39).  A high level
of the combined applied force and dynamic load may cause
the excessive stresses and deformations and thus be harmful
to the hand-arm system.  At relatively low frequencies (≤
40 Hz), the vibration can be effectively transmitted to the
arm40, 41).  Therefore, a large portion of the low frequency
force acting on the palm can be effectively transmitted to
the wrist, elbow, and shoulder.  The resonance of the hand-
arm system and the dominant vibration of many percussive
tools such as rock drills, chipping hammers, jackhammers
are all in this frequency range, as shown in Figs. 3 and 4.
Therefore, the dynamic force, combined with the forceful
action required in the operation of these tools, may result in
a high incidence of the injuries and disorders in the wrist-
arm system3, 42–44).  The biodynamic force measured at the
palm should be closely related to the stresses and
deformations in the joints or the arm system.  It may thus
be a good vibration measure for studying the disorders in
the wrist-arm system.

On the other hand, the dynamic stresses, deformations,
and energy absorption in the fingers should be closely related
to the biodynamic force measured at the fingers.  It has been

speculated that the energy absorption may be related to the
etiology of the vibration-induced finger injuries or
disorders12).  It has also been speculated that the vibration-
induced dynamic stresses and deformations are the essential
mechanical stimuli that directly act on the tissues and they
should be related to the etiology.  Hence, the finger
biodynamic force may be used as an alternative measure of
the vibration exposure for studying finger disorders.  The
quantification of finger BF and the identification of its
fundamental characteristics are the first step to test these
hypotheses.  The results of this study suggest that the rms
value of the finger dynamic force on a high frequency tool
is generally much less than the applied finger force.  The
effect of the dynamic force would be negligible on such a
tool if it would have the same effect as that of the fingers-
applied force.  This is likely not the case because
epidemiological studies indicate that many high frequency
tools such as grinders can cause a high prevalence of
vibration-induced white finger among workers38), although
the dynamic forces on such tools can be very low (e.g.: 4 to
6 N as listed in Table 1).  Hence, the dynamic force should
be treated differently from the applied force in risk
assessment.  The relationships between the biodynamic force
and the disorders remain interesting topics for future studies.

Summary and Conclusions

This study proposed a convenient and efficient method
for estimating the biodynamic force (BF).  Based on the
results and observations of this study, several conclusions
are made as follows:
• The biodynamic force depends on both the tool vibration

and the dynamic response of the hand-arm system.  The
peak component of the biodynamic force in the frequency
domain is generally at the same frequency as the dominant
vibration frequency of the tool.

• In the zh-direction (along the forearm) exposure, the
biodynamic force distributed on the palm is much higher
than that distributed on the fingers at frequencies less
than 100 Hz.  At higher frequencies, the biodynamic forces
distributed on the two parts of the hand are similar to
each other.

• The biodynamic forces acting on the palm for the tools
with relatively low dominant frequencies (≤ 40 Hz) are
generally much higher than those for the tools with
dominant high frequencies (≥ 100 Hz).

• Because the characteristics of the finger BF and palm
BF have some significant differences and they are likely
related to the stresses and deformation at different locations
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of the hand-arm system, they should be quantified
separately and applied in accordance with the goals and
purposes of the studies in which they are used.  While
the finger BF may be used to quantify the finger vibration
exposure, the palm BF may be used to study the disorders
in the wrist-arm system.
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