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Abstract

Owing to the strong dependence of the health risks associated with vibration exposure of the human hand and arm on

hand force, a laboratory study was conducted to develop a methodology for measurement of the contact force at the

tool handle–hand interface, and to identify the relationship between the contact force and the hand grip and push

forces. A simulated tool handle fixture was realized in the laboratory to measure the grip and push forces using

compression/extension force sensors integrated within the handle and a force plate, respectively. The contact force was

derived through integration of the interface pressure over the contact area. These were measured using a capacitive

pressure-sensing grid. The measurements were performed with 10 male subjects and three circular cross-section handles

of different sizes under different combinations of grip and push forces. The hand–handle interface pressure data were

analyzed to derive the contact force, as functions of the constant magnitudes of the grip and push forces, and the handle

size. The results suggest that the hand–handle contact force is strongly dependent upon not only the grip and push

forces but also the handle diameter. The contact force for a given handle size can be expressed as a linear combination

of grip and push forces, where the contribution of the grip force is considerably larger than that of the push force.

The results further suggest that a linear relation can characterize the dependence of the contact force on the handle

diameter. The validity of the proposed relationship is demonstrated by evaluating the magnitudes of errors between the

estimated contact forces with the measured data for the range of handle diameters, and grip and push forces considered

in the study.

Relevance to industry

The methodology proposed in this study can be applied to measure the effective hand–handle contact force at

workplaces for assessing the health risks associated with exposure to hand-transmitted vibration exposure and

hand–wrist cumulative trauma. The relationship proposed in the study could be effectively applied for estimating the

hand–handle contact force from known grip and push forces that are conveniently and directly measurable in

laboratory studies involving vibration analyses of the human hand, power tools and relevant vibration attenuation
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devices. It is expected to be most useful in field applications, where it could provide an estimate of the range of

magnitudes of the hand-grip force applied to the handle of an actual tool, which is quite difficult and expensive to

measure. The relationship is also expected to contribute to the on-going standardization efforts for defining a correction

factor to account for the effects of hand force on the vibration transmission and hand injuries.

r 2004 Elsevier B.V. All rights reserved.

Keywords: Hand force; Hand–arm vibration; Hand–handle contact force; Tool handle; Grip force; Push force; Hand coupling force;

Hand–handle contact pressure
Fig. 1. Definitions of the grip, push and contact forces.
1. Introduction

The variations in contact force between the
hand and a vibrating tool handle affect the nature
of vibration transmitted to human hand–arm
system, and the stresses imposed on the anatomi-
cal structure of the system. Many studies have
suggested that the magnitude of the hand force
imparted on a vibrating tool handle affects the
severity of exposure to the hand–transmitted
vibration and hand–wrist cumulative trauma
disorders (Fransson and Winkel, 1991; Pyykkö
et al., 1976; Radwin et al., 1987). The hand force
may also have a synergistic effect with vibration
exposure on anatomical structures, such as the
vascular system, nerves and joints. The assessment
of health and safety risk associated with exposure
to hand-transmitted vibration, as defined in the
current standard (ISO-5349-1, 2001), is solely
based upon amplitude, frequency and duration
of vibration exposure, while the contribution due
to the hand force is ignored. Owing to the strong
dependence of the hand–arm responses on the
hand force, the need to measure the hand force has
been recognized by many investigators, and an
international draft standard (ISO/WD 15230,
2000) has been proposed specifically for the hand
force measurement. The CEN-12349 (1996) and
the recent revision of the ISO-5349-1 (2001) also
emphasize the need for measurement of the hand
force. These standards, however, provide no
guidance regarding the techniques that can be
used for the hand force measurement. This is most
likely attributed to lack of a reliable measurement
methodology.
It has been suggested that the hand force be

considered as a weighting factor to account for its
contribution in the risk associated with the
vibration exposure (Reidel, 1995; Kaulbars,
1996). This requires identification of quantitative
relationships between the hand force, the vibration
transmission and health effects. Moreover, a
consistent definition and a measurement method
for the hand force would be needed. Several
studies (Iwata et al., 1972; Pyykkö et al., 1976;
Reidel, 1995; Hartung et al., 1993; Gurram et al.,
1995; Miyashita et al., 1990) have investigated the
relationships between the hand force and different
measures of the hand–arm responses to vibration.
The reported studies on biodynamic response of
the human hand and arm to hand-transmitted
vibration suggest that an increase in the hand force
yields an increase in the magnitude of the response
(Iwata et al., 1972; Pyykkö et al., 1976; Gurram et
al., 1995). The hand force in these studies is
considered either as the grip force or the push
force. The grip force Fg is the clamp-like force
exerted by the hand when enclosing a handle,
which is compensated within the hand by a
gripping action acting in the opposite direction
towards a dividing plane (Fig. 1). The push force
Fp is the force exerted by the hand away from the
operator’s shoulder towards the work surface,
which is not compensated within the contacting
surface of the hand. On the basis of laboratory
measurements performed on 10 male subjects,



ARTICLE IN PRESS

D. Welcome et al. / International Journal of Industrial Ergonomics 34 (2004) 507–518 509
Hartung et al. (1993) showed that the magnitude
of vibration transmitted from a vibrating handle to
the wrist increases considerably with increasing the
grip and push forces. The increase also resulted in
higher frequency of the peak vibration transmis-
sibility. Higher grip and push forces further yield
increased electrical activity of the m.flexor carpi
ulnaris and finger-flexor muscles, and reduced
peripheral circulation of fingers (Hartung et al.,
1993; Gurram et al., 1995; Miyashita et al., 1990).
Reidel (1995) investigated the influence of grip and
push forces on the acute reaction of the hand-arm
system under vibration exposure in terms of
biodynamic response, shifts in vibration percep-
tion threshold and subjective vibration sensation.
The conclusions of the study were similar to those
reported earlier (Iwata et al., 1972; Pyykkö et al.,
1976; Gurram et al., 1995; Hartung et al., 1993).
The hand force in all of the above-referred

reported studies has been invariably measured in
terms of grip and push/pull force components,
using split handle designs and force plates,
respectively. It is anticipated that these hand force
components will continue to be used in further
studies of vibration transmission and health effects
due to the ease of their measurement and control
with high degree of accuracy and repeatability in a
laboratory setting using a dynamometer and/or
other force measuring devices. While the push
force component may be easily measured with real
tools in a workplace, the measurement of grip
force component with real tools is extremely
complex and costly. On many typical power hand
tools such as chipping hammers and riveters, it
would likely be impossible to implement the split
handle designs for the grip force measurement
without using a customized tool handle. In
addition, the instrumentation for the grip force
measurement on many tools handles may also
alter the nature of the transmitted vibration.
Therefore, it is required to build a ‘bridge’ that
can link the grip and push forces to a practically
measurable hand force parameter.
The resultant hand contact force, the sum of the

distributed normal force at the hand–handle
interface surrounding the handle shown in Fig. 1,
may be considered as a good measure of the hand
force. It may be directly correlated with the hand-
transmitted vibration. Thin-film resistive or capa-
citive flexible sensors can be effectively used to
measure the resultant hand force. The application
of such sensors on a real tool handle would be
relatively less complex than the measurement of
the grip force. These sensors have been successfully
applied for qualitative measurement of hand–han-
dle interface pressure distributions (Fellows and
Freivalds, 1989; Gurram et al., 1995). The total
contact force could be theoretically derived from
the contact pressure distribution and the effective
contact area. The grip and push forces are simply
the summation of the vector projections of the
distributed contact force components on a specific
axis of the handle at two different sides of the
handle, as also shown in Fig. 1. A definite
relationship between the effective hand contact
force and the grip and push force components
therefore should exist. This relationship could
serve as the vital ‘bridge’ that links the laboratory
results with their field applications. Such a
relationship would permit the estimation of the
total hand contact force from the grip and push
forces that are widely measured in the laboratory
studies, if the contact force could be proven as a
better measure of the hand force for assessing the
risks associated with exposure to hand-transmitted
vibration and other hand injuries.
The specific aims of this study are (i) to develop

a methodology based on a capacitive pressure-
sensing matrix to measure the total hand–handle
contact force for different sizes of circular cross-
section tool handles; (ii) to investigate the influence
of directly measurable grip and push force
components, and the handle diameter on the
contact force; and (iii) to derive a relationship
between the total hand contact force and the grip
and push force components as a function of the
handle diameter.
2. Methods

A test fixture, comprising an instrumented
handle and the mountings, was designed to
perform measurements of grip, push and contact
forces. Three handles of circular crosssection
(30, 40 and 48mm diameter), split along the
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length, were developed and instrumented to
measure the hand grip force on the basis of the
design outlined in ISO-10819 (1996). Two force
sensors (Kistler 9212) were integrated within each
split handle and the grip force was derived from
the sum of the two force signals. The calibration
data revealed linear force measuring characteris-
tics of the handles in the 0–100N range, irrespec-
tive of the position of the applied load along the
span of the handle. Each handle was installed on
an electro-dynamic shaker in a horizontal plane to
permit gripping of the handle along the Yh-axis
using a mounting bracket, as shown in Fig. 2. It
should be noted that the shaker was merely used to
provide a support for the test handle, since the
concerned forces are measured under static condi-
tion alone. The push force imparted by a subject
on the mounted handle was measured using a
force plate (Kistler 9286AA). Both the push and
grip forces were conditioned and displayed on
computer screens for monitoring and control
purposes. The refresh rate of the displays was set
at 1 sample/s.
The EMED measurement system, developed by

NOVEL Electronics, was used to measure the
hand–handle interface contact pressure distribu-
Fig. 2. A schematic of the experimental setup.
tion. The measurement system included a capaci-
tive thin-film pressure sensing grid, and a Pliance
mobile data conditioning and acquisition system.
The sensing grid, consisting of 16� 11 (16 rows
and 11 columns) pressure sensors encased within a
2-mm thick elastomeric mat, was applied to the
handle for measuring the hand–handle interface
pressure distributions over the contact region.
Each sensor covered an area of 0.766 cm2, includ-
ing the spacing between the adjacent sensors. The
sensing mat was calibrated under a pneumatic
bladder in the 0–30N/cm2 range. The sensing mat
was wrapped around the handle with an adhesive
tape, as shown in Fig. 3. Selected numbers of rows
in the sensing grid were masked to ensure that
overlapping of active sensors did not occur on
smaller diameter handles. The 30 and 40mm
diameter handles required masking of 4 and 2
rows, respectively, of the sensing matrix, while no
masking was needed for the 48mm handle. With
the mat applied, the undeformed diameters of the
three handles were measured as 36, 44 and 52mm.
A total of 10 male subjects were employed in the

study. Table 1 summarizes the age, height and
hand sizes of the test subjects, where the dimen-
sions of the dominant right hands were measured
as shown in Fig. 4. The hand volume was
measured using the water displacement method.
The hand size of each subject was further derived
in accordance with EN-420 (1994), which varied
from 8 to 11 with mean being 9. With regards to
the anthropometric data reported from several
studies of US military personnel, the hand size of
the test subjects would lie between the 75th and
Fig. 3. Pressure sensing mat wrapped around a test handle.
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Table 1

Age, height, weight and hand sizes of the test population

Minimum Maximum Mean Std. Deviation

Age (yr) 18 60 29.5 14.8

Height (m) 1.73 1.90 1.83 0.05

Weight (kg) 64 127 84.2 17.8

Hand length (cm) 17.5 22.0 19.6 1.2

Hand circumference (cm) 20.5 25.0 22.3 1.4

Overall hand width (cm) 10.5 12.0 11.0 0.5

Hand thickness (cm) 4.5 5.5 4.9 0.4

Hand volume (cm3) 345 525 424 55

Hand size (EN 420) 8 10–11 9 —

Fig. 4. Dimensions of the subjects’ hands.
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90th percentile (NASA, 1978). The measurements
were performed without the presence of handle
vibration to study the relationship between the
static grip, push and contact forces. Each subject
was advised to stand on the force platform and
grasp the installed instrumented handle with his
dominant right hand with a specified arm posture
(elbow angle=9017101), as shown in Fig. 2. The
platform height was adjusted to ensure horizontal
lower arm and 01 shoulder abduction. The subjects
were instructed to maintain specified grip and push
forces to their best ability using the visual displays
of both the forces. The contact pressure data were
acquired for a duration of 7 s after the subject had
assumed steady values of grip and push forces. The
subject was instructed to take a brief rest for
approximately 30 s between successive measure-
ments.
The experimental design for each subject was a

three-factor factorial type. The factors included
handle diameter with three levels (30, 40 and
48mm), grip force with five levels (0, 15, 30, 50 and
75N) and push force with four levels (0, 25, 50 and
75N). Each subject received brief training on the
test procedure and was permitted a number of
practice runs prior to the measurements. The
measurements with different handles were per-
formed on different days and the order of the
specified grip and push forces were randomized for
each subject. Each test was performed twice and
the data obtained in terms of contact force and
contact area were examined to verify repeatability.

2.1. Data analysis

The hand–handle contact pressure distribution
was analyzed using the EMED software, which
computed the total contact force through integra-
tion of the local pressure over the effective contact
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area. The effective contact area was defined as the
area covered by sensors with pressure values
exceeding a threshold value of 0.286N/cm2. The
threshold value was chosen at this level to
minimize electrical background noise in the zero
grip and zero push condition. Since each sensor
area is constant, assuming uniform pressure over
the small sensor area the contact force Fc can be
estimated from

F c ¼ DA
Xn

i¼1

pi; ð1Þ

where DA=0.766 cm2 is the sensor area, pi is
pressure measured by sensor i and n is the number
of active sensors.
The subject’s hand position with respect to the

sensing grid on each handle was marked during
the first test and the subject was advised to use the
same position in subsequent tests. The contact
condition corresponding to 0N grip and 0N push
force was realized by lightly grasping the handle
covered by the sensing grid, while monitoring the
grip and push force displays. The sensing mat, in
general, resulted in a contact force in the 1–15N
range under this condition. This was attributed to
the subject-related factors, and hysteresis and
offset of the sensing mat, and was treated as a
bias in the measured signals.
The data acquired for 10 subjects and 2 trials

were analyzed to derive the mean and standard
deviation values of the contact force and area
corresponding to each grip and push force, and
handle size combination. The data attained for
two trials revealed very good repeatability in terms
of the contact force and contact area, but
considerable variation in the peak pressure, which
was attributed to variations in the hand’s position
and inconsistency in localized pressure imparted
by the hand.
3. Results and discussion

Fig. 5 illustrates the mean contact force of 10
subjects, derived from integration of the localized
pressure over the hand–handle contact area, as a
function of the grip force. The mean values are
presented corresponding to each of the four
constant magnitudes of push force and handle
diameter. The results show relatively small inter-
subject variability as evidenced by the magnitude
of the error bars, denoting the standard deviation
of the contact force data. The coefficients of
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variation of the measured data were observed to
vary in the 10–20% range for the 30mm diameter
handle, and 7–18% range for the 40 and 48mm
handles. The results show a linear dependence of
the contact force on the grip force, irrespective of
the push force magnitude and handle size. The
correlation coefficients (r2: the square of the
sample correlation coefficient) of all of the linear
fits were greater than 0.99, and higher order fits
were deemed unnecessary for practical simplicity.
The variations in the push force tend to cause a
nearly constant shift in the contact force for all
handle sizes, as shown in the figure. The magni-
tude of this shift corresponding to a given push
force is quite similar to the push force magnitude,
suggesting its direct contribution to the contact
force. The magnitude of the contact force and its
rate of change with respect to the grip force vary
significantly with the handle diameter, as is evident
from the slopes of the curves attained for three
handle sizes. The contact force developed between
the hand and a smaller diameter handle (30mm) is
considerably larger than that attained with the
larger diameter handles. This is mostly attributed
to more uniform distribution of high pressures
with smaller size handles. The slopes of the curves,
however, are quite similar within a given handle
size.
Fig. 6 illustrates the variations in the mean

contact force with varying push force correspond-
ing to different handle sizes and magnitudes of
grip force. The results again show a linear
dependence of the contact force on the push force,
irrespective of the grip force magnitude and the
handle size. Again, the correlation coefficients (r2)
of all of the linear fits were greater than 0.99, and
higher order fits were deemed unnecessary. The
variations in the grip force also cause a nearly
constant shift in the contact force for all handle
sizes. Unlike the results shown in Fig. 5, the
magnitude of the shift is considerably larger for
small size handles. The rates of change of contact
force with respect to the push force remain
comparable for all handle sizes, further suggesting
almost direct dependence of the contact force on
the push force, irrespective of the handle size.
A three-factor repeated measures analysis of

variance (ANOVA) was performed on the bias
removed data using SPSS version 10. The factors
represented the three nominal diameters of the
handles, the four levels of push force and the five
levels of grip force. Based on a preliminary
analysis using Mauchly’s Test of Sphericity, the
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conservative Greenhouse–Giesser (1959) probabil-
ities were used to characterize the reliability of the
findings. The ANOVA of the mean unadjusted
contact force revealed reliably significant results
for all three main factors (po0:001)—handle
diameter, and grip and push force. The analysis
also revealed significant handle-diameter-by-grip-
force (po0:001) and push-by-grip interactions
(po0:05).
The variation in the contact force Fc is further

examined with respect to the coupling force as
defined by Reidel (1995) and Kaulbars (1996), and
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force under different constant magnitudes of grip force.
expressed in Eq. (2).

F cou ¼ Fg þ Fp: ð2Þ

From Figs. 5 and 6, it is evident that magnitude
of the contact force is far more dependent upon
the grip force than the push force, while the
coupling force definition implies equal significance
of both the grip and push forces. Considering that
a specific value of coupling force can be attained
through many different combinations of grip and
push forces, variations in the contact force with
coupling force would be nonlinear. Fig. 7 illus-
trates the normalized mean contact force (Fc/Fcou)
as a function of the coupling force for different
magnitudes of grip force. The results show non-
linear dependence of the contact force on the
coupling force for all the handle sizes considered.
It is evident that the hand–handle contact force
could be as high as 4 times the coupling force for a
30mm handle. This peak ratio reduces to nearly
3.2 for 40mm handle and 2.4 for the 48mm
handle. The normalized contact force, however,
approaches to lower values as the push force
contribution in the coupling force increases.
Larger magnitudes of grip force yield considerably
higher values of the normalized contact force,
further indicating stronger dependence on the grip
force. These results suggest that the coupling force
does not characterize the hand–handle contact
condition for assessment of vibration-induced
risks to the human hand.

3.1. Relationship between Fc, Fg and Fp

The results presented in Figs. 5 and 6 suggest
that the contact force is strongly dependent upon
not only the grip and push forces, but also the
handle diameter. The dependence of Fc on Fg and
Fp alone, however, can be described by a linear
function. For a given handle diameter, a relation-
ship between the Fc, Fg and Fp may thus be
expressed as:

F c ¼ aðDÞFg þ bðDÞFp; ð3Þ

where a(D) and b(D) are functions of effective
handle diameter D, describing the relative con-
tributions due to Fg and Fp, respectively, to the
total contact force. It should be noted that the
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elastomeric pressure-sensing mat wrapped around
the handle increases its effective diameter. Assum-
ing 50% deformation of the elastomer, the model
coefficients are derived for effective handle dia-
meters of 33 (partial overlap of mat), 42 and
50mm, respectively, for the 30, 40 and 48mm
handles. A linear curve-fit is performed to identify
the constant coefficients for each handle size,
which are presented in Table 2. The coefficient
values reveal that the contribution of the grip force
to the total contact force is far more significant
than that of the push force. The contact force
estimated from the proposed relationship is
compared with the measured data to examine its
validity for each handle size. Fig. 8 illustrates the
errors between the measured and estimated con-
tact forces normalized with respect to the mea-
sured data for entire range of grip and push forces
considered in the study. The results reveal errors in
the range of 3–14% corresponding to grip force
exceeding 15N for all the handles. The proposed
model, however, exhibits high magnitude of error
corresponding to light grip and push conditions,
possibly attributed to subjects’ inability to main-
tain 0N grip while grasping the handle, and
hysteresis and offset associated with the elasto-
meric pressure sensors. The peak errors corre-
sponding to 0N grip approach as high as 16% for
the 30mm handle, 18% for the 40mm and 16%
for the 48mm handle. The magnitude of this error
tends to be high for 25 N push force and decreases
considerably as the push force increases. The peak
error corresponding to 75N push and 0 grip force
reduces to well below 3%. With the exception of
relatively large error corresponding to 0N grip
and 25N push force, the results show that the
contact force can be effectively predicted from the
directly measurable grip and push forces.
Table 2

Model coefficients characterizing contact force dependence on

the grip and push forces

Nominal handle

diameter (mm)

Effective handle

diameter (mm)

a(D) b(D)

30 33 3.56 1.08

40 42 2.87 1.10

48 50 2.43 1.12
The coefficient values further show that the
contact force tends to diminish as the handle
diameter increases. The contact force dependence
on the grip force also tends to decrease more
rapidly with the handle size, while its sensitivity to
push force appears to be relatively small when
handle diameter is increased from 30 to 48mm.
These variations in dependence of the contact
force on the grip and push forces for different
handle sizes are attributed to changes in the
contact area and hand–handle interface pressure
in a complex manner. Fig. 9 illustrates the effective
hand–handle contact area as a function of the grip
and push forces for all three handle sizes. The
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contact areas tend to rapidly approach nearly
steady values as the grip force exceeds 15N,
irrespective of the handle size. The 48mm handle
yields the maximum steady value of the contact
area, while the 30mm yields the lowest value.
Considering that the contact force is a function of
the effective contact area and magnitudes of
interface pressure, the high contact force devel-
oped with the 30mm diameter would suggest the
presence of relatively high interface pressures.
Higher push forces yield slightly larger contact
area, irrespective of the handle size and the grip
force.
The variations in the model coefficients a(D)

and b(D) with respect to the handle size are further
illustrated in Fig. 10. The curve-fittings performed
on the data show that the diameter dependence
can be described by the following linear functions
(r240:99):

aðDÞ ¼ �0:0667D þ 5:7327; 30 mmpDp50 mm;

ð4Þ

bðDÞ ¼ 0:0024D þ 1:0021; 30 mmpDp50 mm;

ð5Þ

where D is in mm.
Eqs. (3)–(5) fully describe the relationship

between the grip, push and contact forces. A
comparison of the values of contact force derived
from the above model attained under different
combinations of handle size, and grip and push
forces with the measured data revealed peak errors
below 9% for grip force exceeding 15N and in the
order of 20% for 0 grip condition, as observed
earlier for all three handle sizes. The peak error in
the vicinity of 0N grip occurs for 25N push
and decreases to nearly 12% for 75N push force.
Eqs. (3)–(5) are applied to study the variations in
hand–handle contact force as a function of the
handle size for various magnitudes of grip and
push forces. The results presented in Fig. 11
suggest that for given values of push and grip
forces a smaller diameter handle, despite its lower
effective contact area (Fig. 9) would yield higher
contact force. A smaller handle would thus yield
considerably higher interface pressure.
From the comparison of the measured contact

force with the hand–handle coupling force, as
defined in the literature and the ISO working
document, it is concluded that the contact force
varies nonlinearly with the coupling force. The
hand–handle contact force could be as high as 4
times the coupling force for a 30mm handle, 3.2
times for the 40mm and 2.4 times for the 48mm
handle. It is thus concluded that the coupling force
does not characterize the hand–handle contact
condition for assessment of vibration-induced
risks to the human hand. Moreover, it is quite
difficult to measure grip force on real tools in a
workplace in order to derive the coupling force, as
defined in other studies and the ISO document.
The practical implementation of the coupling force
for real tools may thus pose considerable chal-
lenges. The proposed contact force and the
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Fig. 11. Dependence of hand–handle contact force on the

effective handle diameter.
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relationship, on the other hand, could provide an
accurate estimate of the grip force magnitude for a
range of cylindrical handle sizes considered in this
study.
4. Conclusions

It has been established that the severity of the
risk posed by exposure to hand–tools vibration
increases considerably with increasing hand–tool
contact force. Reliable methods, however, do not
yet exist for measurement of the contact force,
specifically for applications involving tool handles
of complex geometry and field trials. A method for
measuring the hand–handle contact force is
proposed and evaluated. The contact force applied
at the hand–handle interface was measured using a
thin-film capacitive pressure-sensing grid under
different combinations of grip and push forces,
and handle sizes. The measured data were
analyzed to identify a relationship among the
contact, grip and push forces as a function of the
handle diameter. From these analyses it is
concluded that the contact force and the contact
area can be effectively measured using the
pressure-sensing grid.
The results suggested that the contact force is

linearly dependent upon the grip and push forces
and handle diameter. The hand–handle contact
force for a given handle size could be derived from
a linear combination of the grip and push forces,
where the contribution due to grip force is
considerably larger. The variations in push force
tend to cause a constant shift in the contact force
over the entire range of grip forces. The rate of
change of contact force with respect to push force
was observed to be comparable for all handle sizes,
suggesting that the contact force is relatively less
sensitive to handle size when a constant grip force
is considered. The rate of change of contact force
with respect to grip force, however, tends to be
considerably higher for smaller handles. Analysis
of the measured effective contact area suggests
that the largest handle considered in this study
(48mm) yields larger effective contact area. The
effective contact areas for all the handles rapidly
approached to nearly steady values as the grip
force exceeds 15N.
The dependence of the grip force and thus the

contact force on the handle diameter can be
accurately described by a linear function in handle
diameter. A relationship is formulated to char-
acterize the hand contact force on the basis of
the linear combination of grip and push forces
in conjunction with linear variations in the handle
size. The contact forces estimated from the
proposed relationship agree very well with
the measured data, with the exception near 0N
grip force. High degree of error near 0N grip is
attributed to subjects’ inability to maintain 0N
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grip while grasping the handle, and hysteresis and
offset associated with the elastomeric pressure
sensors. The proposed relationship is thus con-
sidered to be valid for the ranges of handle sizes,
and grip and push forces considered in the study.
The smaller handle (30mm), despite its lowest
contact area, yields the highest magnitude of
contact force, which suggests that a smaller
diameter handle would cause considerably higher
values of hand–handle interface pressure. The
dependence of contact force on the handle
diameter in view of the associated health risks
would require further studies on the localized
pressure peaks.
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