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The study considers the dynamic nature of the human power handtool operator
as a single degree-of-freedom mechanical torsional system. The hand and arm are,
therefore, represented as a single mass, spring and damper. The values of these
mechanical elements are dependent on the posture used and operator. The
apparatus used to quantify these elements measured the free vibration frequency
and amplitude decay of a known system due to the external loading of the hand
and arm. Twenty-® ve subjects participated in the investigation. A full factorial
experiment tested the eVects on the three passive elements in the model when
operators exerted maximum eVort for gender, horizontal distance (30, 60, 90 cm),
and vertical distance (55, 93, 142 190 cm) from the ankles to the handle. The
results show that the spring element stiVness and mass moment of inertia changed
by 20.6 and 44.5% respectively with vertical location (p < 0.01), and 23.6 and
41.2% respectively with horizontal location (p < 0.01). Mass moment of inertia
and viscous damping for males were 31.1 and 38.5% respectively greater than for
females (p < 0.01). Tool handle displacement and hand force during torque buildup can, therefore, be predicted based on this model for diVerent tool and
workplace parameters. The biomechanical model was validated by recalling ® ve
subjects and having them operate a power handtool for varying horizontal
distances (30, 60, 90 cm), vertical distances (55, 93, 142 cm), and two torque
build-up times (70, 200 ms). Tool reaction displacement was measured using a
3D-motion analysis system. The predictions were closely correlated with these
measurements (R = 0.88), although the model underpredicted the response by
27% . This was anticipated since it was unlikely that operators used maximal
exertions for operating the tools.

1. Introduction
Industrial power handtools such as nutrunners, screwdrivers and drills require the
operator to react against non-harmoni c forces generated by the tool and
transmitted through the handle. Torque build-up during power handtool operation
constitutes a relatively short period of time, but its in¯ uence on muscle exertion is
most signi® cant due to repeated exposure to relatively high reaction forces. As the
operator attempts to maintain static equilibrium by posturing the body and
contracting upper limb muscles, it has been found that muscle contraction is rarely
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isometric (Oh and Radwin 1997 1998, Oh et al. 1997). Typically, the operator
initially overcomes the tool reaction force with a concentric exertion, but as the
force rapidly rises the operator is overcome by the tool, resulting in upper limb
motion in opposition to muscle contraction, producing in eccentric muscle
exertions.
Eccentric exertions are sometimes considered more eYcient since strength for
eccentric contractions is generally greater than for isometric or concentric
contractions (Walmsley et al. 1986, GriYn 1987). Furthermore, the physiological
cost as well as perceived exertion are less for eccentric contractions compared with
other types at similar intensities (Henriksson et al. 1972, Rasch 1974, Pandolf
1977, Stauber 1989). Eccentric contractions, however, have reported negative
consequences including onset of muscle soreness (Komi and Buskirk 1972, Talag
1973), greater strength decrements compared with isometric and concentric
exertions, and possibly greater risk for injuries (Komi and Rusko 1974, FrideÂn et
al. 1983, McCully and Faulkner 1985, Lieber et al. 1991). A theoretical model for
the early stages of contraction-induce d micro-injury in skeletal muscle was
proposed by Armstrong et al. (1993), suggesting that high-level eccentric
contractions with high-level velocities may be related to power handtool
operation.
In a survey of hand-tool related accidents by Aghazadeh and Mital (1987),
`struck by or struck against power handtools’ were responsible for 62.6% of all
14 002 accident cases from eight states in the USA. The second cause was `overexertion’, which included 27.9% of all cases. It is generally agreed that using
tools that minimize force, shock, recoil and vibration can reduce physical stress,
fatigue and musculoskeletal disorders. Control of these factors depends on tool
selection and on installation appropriate for the speci® c application. Two
important parameters are reaction force magnitude and build-up time (Radwin
et al. 1989).
Studies of the biomechanical eVects of continuous random vibration on the hand
and arm have considered 1 ± 2 degrees-of-freedo m passive models (Reynolds and
Soedel 1972, Suggs 1972, Louda and Lukas 1977, Wood et al. 1978) or higher 3 ± 4
degrees-of-freedo m models (Reynolds and Keith 1977, Suggs and Mishoe 1977,
Reynolds and Falkenberg 1982, Fritz 1991). In those models, however, mass,
stiVness and damping constants, or mechanical impedance, were calculated based on
the stimulus ± response relationship in the range of 20 ± 2000 Hz. Typical torque
build-up time for power nutrunners ranges from 35 ms to 2 s corresponding to 0.5 ±
28 Hz in the frequency spectrum (Radwin et al. 1989, Kihlberg et al. 1995, Oh and
Radwin 1998, Armstrong et al. 1999). These frequencies of impulsive reaction forces
for power nutrunners are far less than those studied in previous biomechanical
models; therefore, those models may not be adequate for the reaction forces
encountered in nutrunner usage.
Hand force needed for power handtool operation was estimated under the
limiting assumption of static equilibrium (Radwin et al. 1989, 1995). Oh et al. (1997)
developed a dynamic model to estimate hand-arm responses for right angle
nutrunner operation that added an inertial element to the model. DiVerent torque
build-up pro® les were produced and controlled by a computer. The results showed
that the diVerence between the static and dynamic model was greatest when the
build-up time was shortest (35 ms). The dynamic model predicted the hand force
better than a static model did because the inertial force was included. However, the
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model did not consider the capacity of the operator in relation to diVerent postures
or diVerences between individual operators.
Lindqvist (1993) hypothesized that a power nutrunner operator can be
represented mechanically as a single degree-of-freedom mechanical system. The
data for impulsive loads in the hands demonstrated that handle displacement due to
torque inputs for hard and medium-soft joints were consistent with that hypothesis,
but no speci® c model parameters were proposed.
The aim of the present study was to develop a biomechanical model to help
understand the response of the hand and arm to mechanical shock in power
nutrunner operation. The responses include hand kinetics and kinematics during
reaction force build-up. The current model considers the forearm rotational reaction
to impulsive pistol grip handtool loading as a single degree-of-freedom passive
mechanical system. The parameters of the model elements include an equivalent
mass moment of inertia, a linear rotational spring and a viscous damper. It is
hypothesized that these mechanical system parameters are aVected by the horizontal
and vertical locations in which the tool is operated. Such a dynamic model should be
useful for designing speci® c handtools and workstations suitable for a population of
operators that minimize reaction in the hands and reduce eccentric forearm muscle
contractions by considering the capacity of human operators to react against
impulsive loads.
2. Experiment I: model parameters
2.1. Methods
An apparatus was constructed to deliver a controlled harmonic input to the hand
and arm through a 4.4 cm diameter handle in a manner similar to a pistol grip
power handtool (® gure 1). The apparatus consisted of a mechanical system
containing a known stiVness (k0 ), damping (negligible), and an inertial mass (J0 ).
The passive element parameters for the human operator (ksubject , Jsubject, csubject)
were identi® ed by measuring the eVect that the operator had on the dynamic
response, h (t), of the known system. The input, T(t), to the hand and arm was a
damped sinusoid with a rise time consistent with impulsive forces found in power
handtools. Free vibration of the system produced a hand ± arm damped rotational
vibration at a frequency of ~ 4 Hz for 2.5 s (® gure 2). Handle rotation had a
maximum peak-to-peak arc length of 2.8 cm at the centre of grip. Subjects held the
handle at 20 cm below the axis of rotation, similar to a pistol grip tool handle. A
beam was aYxed to the centre of rotation, containing an inertial mass on one end
and a linear spring on the other end to produce the equivalent mechanical system
illustrated in ® gure 1. The mass and spring could be varied to achieve diVerent freevibration responses. When one end of the beam was initially displaced and released,
the beam oscillated harmonically around the spindle axis of rotation (® gure 2).
Handle displacement, quanti® ed as the arc length that the hand circumscribed as the
hand grasped the handle attached to the rotating spindle, was measured using an
linear voltage diVerential transformer (LVDT) attached to a ® xed point on the
beam. Through geometric transformation , this measurement was converted and
calibrated to handle displacement. The data acquisition sampling rate was
1000 samples s Ð 1 .
Subjects were instructed to grasp the handle and to hold it as hard as they could
to inhibit oscillations, similar to operating a power handtool like a drill or
screwdriver. The resulting stiVness, moment of inertia, and damping constant for the
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Test apparatus used in parameter extraction from free vibration (experiment I).

hand and arm in maximal voluntary eVort were estimated for a variety of vertical
and horizontal operator positions.
The angular displacement, h (t), was measured from the static equilibrium
position of the mass moment of inertia J. The governing equation of motion that
describes the characteristic response of this system is:
..
.
J h ‡ ch ‡ k h ˆ 0
…1†
When the hand and arm loads the apparatus, the physical parameters of the
combined system are the sum of the contributions of the apparatus, applied mass,
and the hand ± arm system such that:
J ˆ J0 ‡ Jmass ‡ Jsubject
…2†
k ˆ k0 ‡ ksubject

c ˆ c0 ‡ csubject .

The natural frequency of this system is:

r

k
xn ˆ
J

…3†
…4†
…5†
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Plot of forearm angular displacement versus time following apparatus
displacement and release.

and the damping ratio of the system can be written as:
c
f ˆ
2Jx n

…6†

Substituting equations (2) and (3) into equation (5), the relationship between the
mass moment of inertia of the applied mass and the resultant frequency is:
1
Jmass ˆ k 2 ¡ …J0 ‡ Jsubject †
…7†
xn

When substituting equations (2), (4) and (5) into equation (6), the mass moment of
inertia of the applied mass can be written as:
1
Jmass ˆ c
‡ constant
…8†
2x n f
A plot of the frequency obtained for several applied masses in the form of equation
(7), has a resulting slope equivalent to the torsional stiVness k, and the intercept is
the combined moment of inertia for the apparatus and the subject. Plotting the
frequency and the damping ratio for several applied masses in the form of equation
(8) provides the torsional damping constant c from the resulting slope. Based on
these parameters, the equivalent stiVness, mass and damping constant for the
forearm can be extracted.
The full-factorial experiment consisted of three applied masses (4.59, 9.11,
11.38 kg) which generated vibration frequencies between 3.2 and 4.8 Hz, four
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vertical distances between the handle and the ¯ oor (55, 93, 142, 190 cm), and three
horizontal distances from the ankles to the handle (30, 60, 90 cm). The experimental
conditions were presented to the subjects in a random order. Subjects ® rst practised
several trials to become familiar with the task. Subjects were given a 3-min rest after
every nine trials to prevent fatigue. A typical experimental session lasted < 1 h.
Twenty-® ve subjects (12 males, 13 females) participated in the experiment. All
subjects were volunteers with informed consent, recruited from the University of
Wisconsin-Madison campus, and were free of hand, arm or shoulder conditions that
might aVect performance. The average age was 23 years (SD 4 years). Average
stature was 173.7 (9.8) cm, and average body mass was 66.3 (13.8) kg. Five subjects
were recalled 2 months later to test the repeatability of the experiment. Twelve
postures were the same as previously described. A 9.11 kg applied mass was used and
the resultant vibration frequencies were measured.
2.2. Results
The main eVects of vertical distance, horizontal distance and gender are plotted for
stiVness, mass moment of inertia, and damping in ® gure 3. ANOVA results are
summarized in table 1. Torsional stiVness was aVected by horizontal distance
(p < 0.01), vertical distance (p < 0.05), and gender (p < 0.05). No signi® cant
interactions were observed. Mass moment of inertia was aVected by vertical distance
(p < 0.001), horizontal distance (p < 0.001), gender (p < 0.01), and the interaction
between vertical and horizontal distance (p < 0.01). The interaction between vertical
and horizontal distance changed the hand ± arm moment of inertia 0.066 m2 kg
(p < 0.01) when horizontal and vertical distances were at their greatest. The handarm
torsional damping constant was aVected by horizontal distance (p < 0.01), vertical
distance (p < 0.01), gender (p < 0.01), and the interaction between gender and vertical
distance (p < 0.01). The vertical and horizontal distance interaction aVected the
damping constant by 1.438 m N s rad Ð 1 (p < 0.001) when horizontal and vertical
distances were at their greatest. Histograms for the three model parameters plotted
by gender (® gure 4) demonstrate population diVerences.
The post-hoc Tukey pairwise test indicated that as the vertical distance increased,
the stiVnesses for 55 and 190 cm were signi® cantly diVerent (p < 0.05). Although the
stiVnesses for middle distances were not signi® cantly diVerent from those at 55 and
190 cm, it showed a trend of increasing magnitude as the vertical distance increased.

Table 1.

Analysis of variance summary of system parameters (experiment I).

EVect

d.f.

Horizontal distance (H)
Vertical distance (V)
Gender (G)
H*V
H*G
V*G
H*V*G
Error

2
3
1
6
2
3
6
271

²

p < 0.05; ³ p < 0.01.

Torsional
stiVness
MS
F
1764.7
1154.3
1644.1
182.7
74.4
125.2
265.4
327.8

5.384³
3.522²
5.016²
0.557
0.227
0.382
0.810

Mass moment
of inertia
MS
F
1.39e-2
9.33e-3
2.27e-2
6.66e-3
6.09e-4
4.24e-4
4.01e-3
1.80e-3

7.703³
5.182³
12.595³
3.699³
0.338
0.235
2.228³

Damping
constant
MS
F
6.953
3.042
14.792
3.168
0.189
1.147
0.383
0.673

10.334³
4.522 ³
21.987³
4.708 ³
0.281
1.705
0.569
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Average (1 SD error bars) system parameters for the hand ± arm in pistol grip tool
operation (25 subjects).

The mass moment of inertia for a vertical distance of 55 cm was signi® cantly less than
for 93 and 142 cm (p < 0.01), but not for 190 cm. Subjects at the 55 and 93 cm vertical
locations had signi® cantly greater damping constant than at 190 cm (p < 0.05).
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Figure 4. Histograms and normal distribution curves of model stiVness, mass moment of inertia
and damping constant by gender, showing the diVerences in means among males and females.
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Horizontal distance had a signi® cant eVect on all three model parameters. The
Tukey test showed that stiVness was greater for 30 than for 90 cm (p < 0.01), while
the 60 cm location was not signi® cantly diVerent with either of the other two
distances. However, the stiVness consistently decreased from 30 to 90 cm. The mass
moment of inertia for 30 cm was signi® cantly less than for 90 cm (p < 0.001), but for
60 cm it was not signi® cantly diVerent from that at the other two distances. The mass
moment of inertia consistently increased as the horizontal distance increased. The
damping constant for 90 cm was signi® cantly diVerent from that at the other two
distances (p < 0.05).
As a repeatability test, k, J, and c of each recalled subject and handle location
from the previous results were used to predict the system frequency. The measured
frequency from the repeatability test was plotted against predicted frequency (® gure
5). The slope of the regression line between predicted and measured frequencies was
1.09 and the correlation coeYcient was 0.9.
3. Experiment II: validation using actual tool operation
3.1. Methods
Handle motion during torque build-up was measured and compared with the model
predictions when subjects operated an actual pistol grip nutrunner. An Ingersoll ±
Rand air shut-oV pneumatic nutrunner (4RTPS1) was used for the experiment. Its
free running speed was 452 rpm and its stall torque was 4.5 Nm. The mass of the
tool was 1.42 kg. The location of the centre of mass of the tool was determined
using the free suspension system method (Radwin and Haney 1996). The tool was
suspended by a line in two diVerent orientations and the intersection of two vertical
plumb lines was used as the location of the centre of mass. The mass moment of

Figure 5. Repeatability of system response. Each point represents the mean of ® ve subjects.
Predicted frequencies were calculated from the model parameters of the recalled subjects
and these frequencies were compared with the measured frequencies in a second test.
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inertia of the tool was measured using the oscillation frequency method (Drillis et al.
1964). The tool was clamped between two metal pins so that friction was negligible
and set into free oscillation. By knowing the location of the centre of mass, the
moment produced during oscillation was calculated based on the frequency of
oscillation. The inertia about the supporting point (I) can be expressed as
r







WR
xn ˆ
…9†
I
where x n is the natural frequency, W is the tool weight and R is the moment arm
from centre of mass to the suspension point. The mass moment of inertia about the
centre of mass, obtained using parallel axis theorem, was 0.001457 m2 kg.
The motion of the handle during tool operation was measured directly using an
OptoTrak 3020 3D motion analysis system. This system tracks and records the 3D
coordinates of light-emitting diode (LED) markers in real-time. One LED marker
was attached to the end of the handle; another was attached to the handle in-line
with the spindle of the tool. The distance between the OptoTrak system and the
Ð
subject was 5 m. The sampling rate was 400 samples s 1 . The tracking error
associated with this con® guration was < 0.45 mm. Five subjects from the previous
experiment were recalled to participate in this validation experiment. Three were
females and two males.
When the tool was operated at diVerent heights, the length of air hose
between the ¯ oor and the tool changed. The inertia of the air hose connected to
the tool and held at diVerent vertical distances was determined using the free
oscillation method as described and calculated using equation (9). The values
were then added to the mass moment of inertia of the tool for correction. A
custom made joint simulator was used for simulating diVerent threaded fastener
joint rates. Similar to products commercially available for testing tools, the
simulator contained a hex screw that compressed Belleville spring washers when
the screw was tightened. Changing the number of Belleville spring washers varied
the joint rates. OptoTrak LED markers were attached to the joint base to
monitor the fastener travel during torque build-up. The simulator screw head was
located on a height adjustable table in order to vary its vertical distance from the
¯ oor.
The experiment was a three-factor, full factorial design. The three factors were
vertical distance between hand and ground (55, 93, 142 cm); horizontal distance
between hand and ankle (30, 60, 90 cm); and torque build-up time (70, 200 ms).
There was a total of nine trials for each subject. The order of vertical and
horizontal distance conditions was presented in a random order. Rest breaks of
1 min were given after every three consecutive trials. Each session lasted
~ 20 min. The displacement of the handle was the sum of the linear
displacements of the two LED markers attached to the handle. The linear
displacement approximated to the handle curvilinear displacement (arc) due to
the small angular rotations ( < 208 ).
The hypothesis was that tool operation could be represented mechanically as a
single degree-of-freedom system (® gure 1), with Jtool and ktool replacing J0 and k0 .
This system consisted of a tool with mass moment of inertia (Jtool), torsional
stiVness for the hand and arm (ksubject), rotational damping element for of the hand
and arm (csubject), and an eVective mass moment of inertia of the hand and arm
(Jsubject). The angular response of the system h (t) was determined by tool torque
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build-up T(t) as the input. The equation of angular motion describing this system of
tool operation is:
…Jsubject ‡ Jtool †

d2 h
dh
‡ csubject
‡ ksubject h ˆ T…t†
dt2
dt

…10†

Using the central diVerence method, the response of the system is approximated as a
function of stiVness, damping constant, mass moment of inertia, and the input
torque, where D t is a time resolution unit, and 1 ms was used for the calculation:
8
9
>
>
<
=
1
h i‡1 ˆ
>
:Jsubject ‡2 Jtool ‡ csubject >
;
2D t
…D t†
(
)
(
)
"
#
2…Jsubject ‡ Jtool †
csubject 2…Jsubject ‡ Jtool
h
‡
h
‡
T
…11†
i
i¡1
i
2D t
…D t†2
…D t†2
The hand force, F han d , can be obtained using equation (12), where L is the moment
arm of the hand force de® ned by the vertical distance between the hand grip and the
tool spindle (® gure 1):
Fhand ˆ …csubject

dh …t†
‡ ksubject h …t†† /L
dt

…12†

3.2. Results
The torque build-up for this tool (® gure 6) shows predicted hand force and
handle displacement for a single set of conditions. The starting and ending points
of the build-up process were indicated by the displacement of the threaded
fastener of the joint simulator, measured using an LED marker. Measuring the
diVerence between the two end points plotted the data for each trial. The mean
displacement was 54.4 (SD 2.17) mm for the soft joint and 36.6 (1.26) mm for the
medium joint.
The predicted displacement was computed based on the k, j and c of each
individual subject from the previous experiment. The predictions of hand force and
displacement for two torque build-up times based on the means of the mechanical
parameters of the 25 subjects from experiment I is demonstrated in ® gure 7. The
relationship between predicted and the measured displacements in this validation
experiment is shown in ® gure 8. Each datum point represents the mean of ® ve
Ð
subjects. The regression slope was 0.73 mm mm 1 and the intercept was 25.5 mm.
The correlation coeYcient between the model prediction and the measurement was
0.88. The regression analysis showed that the model tended consistently to
underestimate handle displacement by 27% .
4. Discussion
Experiment I was based on the assumption that the operator hand ± arm can be
modelled as a rotational mass-spring ± damper mechanical system. Muscle has been
modelled as a viscoelastic mechanical system for decades since both the Hill and the
Levin ± Wyman models were developed (Gasser and Hill 1924, Levin and Wyman
1927). The models suggested that an undamped spring and a damped elastic element
could represent the muscle. The representation has been widely accepted because of
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Figure 6. Plots of (bottom) test tool torque build-up, (middle) hand force prediction and
(top) measured displacement over time on a medium (70 ms) joint. Parameters used for
the calculation were means for the subjects in experiment I converted into torsional
values, Js u b je ct = 0.0055 kgÇ m2 , ks u b je ct = 436.5 Nm/rad Ð 1 , cs u b ject = 0.11 NmÇ s/rad Ð 1 .
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Plots of preset target torque versus predicted hand displacement (top) and hand
force (bottom) for two torque build-up times.

its simplicity and experimental and mathematical advantage s (Cole et al. 1996),
despite the lack of connection to the actual physiological mechanisms of muscle
contraction (Winters 1990, Zahalak 1990).
Based on the Hill model, the dynamic responses of single and multi-articular
systems were modelled using an additional inertial element (Hogan 1990, SeifNaraghi and Winters 1990). Hogan (1990) suggested that the inertial behaviour is
important during fast dynamic events because it is not subject to voluntary control.
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Figure 8.

Plot of predicted versus measured displacement.

The position of the limb determines the distribution of inertia and, therefore, is a
strategy to optimize the dynamic response of the body.
Investigators have considered the hand ± arm as a passive mechanical system for
harmonic vibration inputs and for translational vibration inputs with frequencies
> 20 Hz. Reynolds and Soedel (1972) modelled the hand ± arm system in three
directions using 1 and 2 degrees-of-freedo m mechanical models. Mass, stiVness and
viscous damping were calculated in the 20 ± 500 Hz frequency range. Suggs (1972)
observed that stiVness and damping for a 2 degrees-of-freedo m mechanical model
were not constant for changing grip force. Although these models were applicable to
periodic and random vibration produced by abrasive tools like grinders and sanders,
they did not apply to the reaction force and shock in nutrunner or drill operation.
The data obtained in experiment I of the present study provide the mechanical
properties for the low frequency range, which is more relevant to shock and reaction
forces produced by power nutrunners, drills and other power handtools.
Oh et al. (1997) developed a dynamic mechanical model for a right-angl e
nutrunner. They concluded that a dynamic model predicted the hand force better
than a static model did because the inertial force was included. However, the
dynamic model overestimated peak hand force by 9% for the hard (35 ms) joint.
Their model used a point mass applied on the tool handle. Also, the Oh et al. model
considered a constant hand mass, which the current data show is aVected by work
location and varies between individual operators. The current model, with the
combination of masses, springs and dampers, should be suYcient to describe
dynamic responses.
Work location is an important factor in¯ uencing torque exertion capabilities
(Armstrong et al. 1989, Ulin et al. 1992, 1993). Current results are consistent with
previous research. LundstroÈ d and BurstroÈm (1989) measured hand ± arm impedance
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within the range of 20 ± 1500 Hz and concluded that impedance was aVected by
posture. Hogan (1990) pointed out that posture in¯ uenced hand stiVness, viscosity
and inertia. OÈrtengren et al. (1991) studied the eVects of working heights on muscle
activity and found that for pistol grip tool operation muscle activity and perceived
exertions were diVerent for three handle orientations. This suggests that the muscle
responses, which aVect their mechanical properties, change as work locations are
changed. The present study is consistent with these ® ndings and shows that
horizontal and vertical distance aVects stiVness, inertia and damping elements in the
hand and arm.
Ulin et al. (1992) learned that for pistol grip tools the least perception of exertion
occurred when the work location was closest to the body horizontally. The farther
the work location, the greater was the perceived exertion. Figure 3 reveals that
stiVness of the hand and arm decreases as the horizontal distance increases. As the
elbow extends, the muscles work less eVectively to act against the reaction force. In
the vertical direction, the least perceived exertion occurred at 114 cm above the
ground. The present data also show that the hand and arm stiVness increases and the
moment of inertia is maximum between 93 and 142 cm above the ground. StiVness
and moment of inertia are mechanical properties that resist motion. The greater
these elements, the less displacement is expected when the hand reacts against tool
build-up force. Armstrong et al. (1989) found the interval of 0 ± 38 cm horizontally
and 102 ± 152 cm vertically yielded the least discomfort for pistol grip power
nutrunner operation. The present data are consistent with that study.
The biodynamic model developed in the present study is intended for estimating
hand ± arm response to tool reaction forces for a range of operators. Rather than
accounting for anthropometric and posture diVerences, the variance between
subjects was measured to calculate the population distribution for each model
parameter. These results may be used for understanding the range of capabilities,
analogous to strength data. Absolute work locations were used instead of controlling
speci® c joint angles in order for the model to be applied more practically in the
workplace. A similar practical approach for approximating posture has been used by
NIOSH (1981).
The variance among subjects is given in ® gure 4. Individual diVerences, including
physical capability and posture assumed during tool operation for a given set of
horizontal and vertical conditions, which was limited by individual stature, may be
attributed to this variance.
The current model can predict the hand motion and associated forces using tool
parameters and workplace design factors aVecting the location of the tool with
respect to the operator. An application is presented in ® gure 7. Discomfort
experienced by operators during power handtool operation may be considered a
surrogate for hand displacement and force. Kihlberg et al. (1995) found a strong
correlation among reaction force, perceived discomfort and hand displacement.
Johnson and Childress (1988) report similar outcomes. Hand displacement is
aVected by torque build-up time (Oh et al. 1997). This is indicated in the results of
experiment II (® gure 7). Greater handle displacement is the result of a tool producing
force or torque that exceeds operator balance or strength capacity. To minimize the
hand displacement, a torque reaction bar can be added to the tool for tasks that
would result in hand displacement so great it will overcome the operator (Kihlberg et
al. 1993, Radwin and Haney 1996). When a reaction bar is not used, the hand ± arm
system will absorb the reaction.
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Eccentric contractions often occur during power tool torque build-up (Oh and
Radwin 1997). When the tool torque overpowers the static strength of the operator,
it moves in the direction opposite to muscle contraction. Passive stretching for a
muscle ± tendon unit was successfully modelled as a passive 1 degree-of-freedom
biomechanical system by Taylor et al. (1990) . The present model combines these and
shows that a passive spring ± mass-damper system can be used to describe the hand
and arm response to torque reaction.
Results in experiment II show that the model tends to underestimate the
displacement measured in actual tool operation. In Experiment I, subjects were
asked to hold the handle and work as hard as they could to react against the shock
input. It is not likely that tool operators hold tools using maximum eVort during
normal use. The mechanical properties obtained may, therefore, represent the
physical capacity of subjects, similar to strength measurements. The results in
experiment II con® rm this. The pistol grip tool delivered 3 Nm torque and the
resulting displacement was greater than the model predicted. If subjects worked at
their maximum eVort the displacement would undoubtedl y be less. When the
stiVness parameter (k) was reduced by 75% , the resulting regression slope for 75%
eVort became 0.9 and the intercept reduced to 9.9 mm, with a correlation coeYcient
of 0.78. This indicates that the eVort level likely in¯ uenced the predictability of this
model. Further investigation incorporating EMG as an index of muscle exertion will
be considered in future studies.
Results in experiment II also show that the displacement predictions for soft
joints were better than for medium joints. When the tool worked on a soft joint, it
took longer for the tool to reach the target torque and shut oV. It took less time on a
medium joint. Oh et al. (1997) observed that as torque build-up rate increases, so
does the angular acceleration. Since the inertial force is proportional to acceleration,
the tool produced more of the reaction force. Over the course of torque build-up, the
force impulse created for a soft joint was greater than that for a medium joint. The
resulting reaction force for a medium joint was, therefore, less demanding than for a
soft joint. The current study only tested two joint types: medium and soft. Adapting
a tool ± joint system that produces greater reaction force could potentially extend the
scope of experiment II to determine the level of eVort used during actual operation.
Tests will be done in subsequent experiments.
The results indicate that a passive single degree-of-freedom mechanical model
can be useful for representing the hand ± arm eccentric exertion in power handtool
operation under the condition that the tool operators use their maximum eVort.
These parameters may be used for modelling the hand ± arm response to power
handtool loading for diVerent handtool and work place designs. This model can
predict the handle motion and hand force when power handtool operators use their
maximum capability.
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