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This study uses a previously developed single-degree-of-freedom mechanical model
to predict the power hand tool operator handle kinematic response to impulsive
reaction forces (Lin, 2001). The model considers the human operator as a lumped

parameter passive mechanical system, consisting of stiffness, mass moment of

inertia, and viscous damping elements. Six power nutrunners were operated by 9
volunteers (3 men, 6 women) in the laboratory, and corresponding handle kinemat-
ics were compared against model predictions. A full-factorial experiment considered
torque buildup time and work location. Normalized forearm flexor EMG was
measured to quantify muscle exertions and used to proportionally adjust the stiffness
parameter. The measured handle displacement for actual tool operation strongly
correlated to the model predictions (R = .98) for all handle configurations. The
overall model prediction error was 3% for predicting tool handle responses to
impulsive reaction forces for various tool and workstation parameters. This
model should make it possible for designers to identify conditions that minimize

the torque reaction experienced by power hand tool operators.

INTRODUCTION

A 1983 survey of hand tool related injuries
in the United States (Meyers & Trent, 1988)
showed that of 129 399 cases, 22% were asso-
ciated with powered hand tools. Recent data
indicate that injuries associated with hand tools
accounted for 4.5% (74 830) of the total record-
ed work-related injury cases in the United States
{(Bureau of Labor Statistics, 2002). Among them,
power hand tools accounted for 23.8% (17 852)
of the cases, which involved being “struck by” or
“struck against” and “overexertion.”

Nutrunners are power hand tools that are

~_widely used for securing threaded fasteners in

manufactunng and assembly operations, such as
_in the automotive, mechanical equipment, and
electronics industries. Radwin, VanBergeijk, and
Armstrong (1989) conducted a study using elec-
tromyography (EMG) as an index of muscle
effort during pneumatic shut-off nutrunner oper-
ation. They found that the EMG activity during

threaded fastener torque buildup was affected
by tool torque output and torque buildup time.
EMG activity during torque buildup was more
than three times greater than it was during
preparation and shutoff.

Oh and Radwin (1998) observed that the
operator initially overcomes the tool reaction
force with a concentric muscle exertion. As
the force rapidly rises, however, the tool eventu-
ally overcomes the operator, causing the motion
in opposition to muscle contraction, resulting in
an eccentric muscle exertion. This torque reac-
tion effect on muscle length is demonstrated in
Figure 1. During an eccentric, or lengthening,
contraction the muscle acts like a spring, pro-
ducing proportionally more force as it lengthens
because of passive properties of the muscle.

Force in eccentric contractions is generally
greater than in isometric or concentric contrac-
tions (Griffin, 1987; Walmsley, Pearson, & Sty-
miest, 1986). Furthermore, the physiological
cost, as well as perceived exertion, is often less
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Figure 1. Muscle reaction to power hand tool torque buildup. The springs at the top represent the muscles
below. Left panel: the run down phase before torque buildup. Right panel: end of the torque buildup phase.

for eccentric contractions as compared with
other types at similar intensities (Henriksson,
Knuttgen, & Bonde-Peterson, 1972; Pandolf,
1977; Rasch, 1974; Stauber, 1989). Repeated
eccentric contractions may therefore have neg-
ative consequences, including muscle soreness
(Dolezal, Potteiger, Jacobsen, & Benedict, 2000;
Komi & Buskirk 1972; Talag, 1973) and muscle
damage (Boppart et al., 1999; Brown, Child, Day,
& Donnelly, 1997; Clarkson & Sayers, 1999; Do-
lezal et al., 2000). The magnitude of an eccentric
exertion is proportional to the magnitude of the
tool handle force, velocity, and displacement.
Armstrong, Warren, and Lowe (1995) suggested
that several mechanical factors corresponding
to eccentric contractions, such as high levels of
force and velocity, contribute to the initiation and
early stages of contraction-induced microinjury in
muscles for repetitive skeletal muscle loading.

Psychophysical experiments (Freivalds & Ek-
lund, 1993; Kihlberg, Kjellberg, & Lindbeck, 1993;
Kihlberg, Lindbeck, & Kjellberg, 1994) have
shown that power hand tool handle displacement
response to the torque reaction force is highly
correlated with subjective ratings of discomfort.
Kihlberg, Kjellberg, and Lindbeck (1995) tested
four right-angle nutrunners with target torque
levels of 50 and 75 Nm. They concluded that to
be accepted by 90% of the operators, the tools
should produce handle displacement responses
less than 3 cm.

Biomechanical models of the human hand
and arm were developed in order to better un-
derstand the effects of continuous periodic vibra-
tion produced by power hand tools (Fritz, 1991;
Louda & Lukas, 1977; Reynolds, 1977; Reynolds
& Soedel, 1972; Wood, Suggs, & Abrams, 1978).
Those models considered the human operator
as combinations of passive springs, masses, and
dampers. These empirical models, however, were
not applicable to nutrunners or screwdrivers
because the mechanical elements were calculat-
ed for continuous vibration input in the range
of 20 to 2000 Hz, which is much greater than
those encountered for impulsive reaction forces
in these power hand tools.

Lindqvist (1993) suggested that a simple
mass-spring mechanical system might be suffi-
cient to describe the handle response to impul-
sive reaction forces encountered in nutrunner
operation but did not identify specific parame-
ters for these elements. Lin, Radwin, and Richard
(2001) considered a similar model of the human
operator for pistol-grip power hand tool opera-
tion using a dynamic mechanical analog. The
operator was represented as a single-degree-of-
freedom mechanical system in order to predict
the kinematic and kinetic response of the handle
(motion and force) when an impulsive reaction
force was encountered in threaded fastener
power hand tool operation. A brief description
of the model is provided here.
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The model represents the human operator as
a dynamic system consisting of a linear spring, a
mass, and a viscous damper (Figure 2). Instead
of modeling for individual contributing muscles,
it combines the loading of the muscles and joints
into lumped mechanical elements without con-
sidering the directions of the loads. The mechan-
ical properties M;, ks, and ¢ are assumed to be

v

Floor

passive and invariant for an individual, a given
posture, and a given tool orientation. The effec-
tive mass, M,, would represent the total contri-
butions of the standing operator coupled to the
tool through the hands. The effective spring stiff-
ness and damping represent the gross effect of
the operator acting against the handle, which in-
cludes contributions from the entire body and

Ankles

Figure 2. A pistol-grip pneumatic hand tool with a normal operator grip. The mechanical parameters are
defined as follows: M; = the total effective mass of the operator’s arm, hand, and a portion of the upper body
lumped at the distance & from the center of rotation of the tool spindle or line of action of the tool torque,
T(t); J; = the rotational mass moment of inertia of the tool about the spindle; # = location of the center of
pressure of the operator’s hand on the tool handle; k, = the effective stiffness of the operator’s arm, hand, and a
portion of the upper body; ¢, = the effective damping of the operator’s arm, hand, and a portion of the upper
body; T(t) = the tool torque that is transmitted to the operator in a typical mechanical fastening operation; =
the rotation of the tool and hand about the tool spindle axis; H = horizontal distance between the floor and the
handgrip; V = vertical distance between the ankles and the handgrip.
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nonspecific muscle groups. A system identifica-
tion method utilizing free oscillation was used
to measure these mechanical parameters for
various work locations for three common tool
shapes: pistol grip, right angle, and in line. This
method measured the influence of the operators’
mechanical elements on the system dynamic
response (oscillation frequency and damping ra-
tio) of a known mechanical system. The mechan-
ical parameters were then extracted analytically
(Lin et al., 2001).

When the mechanical parameters for an oper-
ator are known, the dynamic response (angular
displacement and force) when the operator en-
counters an impulsive reaction force from a
power tool can be estimated. A torsional, dynam-
ic equilibrium equation can be written about
the tool spindle axis. The following differential
equation results in terms of the tool rotation 6:

2 .
(F, + M) th + ool % rkiO=T, (1)

in which T(#) is the tool torque, M, ¢, and k; are
the operator mechanical parameters, J1 is the
mass moment of inertia of the tool about its
spindle, and 4 is the distance between the hand
and the tool spindle.

This second-order differential equation can
be solved numerically using finite difference
techniques and a discrete time step variation of
the tool torque, T(¢). The result will be a de-
scription of the time variation of the tool rota-
tion, 6(¢):

1
Mh +Jr . csh?
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in which i is the iteration step, At is the time
step, and T; is the tool torque.

With the rotational response of the tool pre-
dicted, the motion of the handle can be defined
as h0 (¢). The force F(¢) delivered to the handle
can be approximated by

do
dt

csh + ksh@ = F(t) (3)

Lin et al. (2001) tested 25 participants, and
the mechanical parameter values for a maximal
voluntary exertion were ascertained while vary-

ing tool location using a pistol grip tool on a

vertical surface. The stiffness, mass moment of
inertia, and damping constants were found to be
affected by work location (Lin et al.). The spring
stiffness and mass moment of inertia changed by
20.6% and 44.5%, respectively, with vertical
location and 23.6% and 41.2%, respectively,

- with horizontal location. Using the same con-

cept, the single-degree-of-freedom mechanical
model was further applied to broader tool oper-
ations that included three common tool shapes
used in the industry — pistol grip, right-angle,
and in-line handles used on a horizontal sur-
face - and the corresponding mechanical para-
meters were obtained (Lin, 2001).

The model (Lin et al., 2001) estimated the
tool handle displacement with a high correla-
tion (.88) for 5 participants when they operated
an actual power hand tool. However, the model
underestimated the resulting displacement by
27%. It was anticipated that this might be
because tool operators do not normally use max-
imum exertion levels during actual tool opera-
tion. Because the mechanical model parameters
were estimated for maximum exertion levels
rather than for the actual exertions, the current
study uses normalized EMG as an index of exer-
tion to assess the level of effort. It was hypothe-
sized that adjusting the mechanical stiffness_._.
parameter according to exertion level would
result in better model predictions.

This paper aims to investigate model predic-
tions for a range of tool operations and shapes to
which the dynamic human operator model can
be applied. The goal is to validate the passive
dynamic model (Lin, 2001) by comparing pre-
dictions of handle kinematic responses against
actual tool responses measured for various tool
operations and conditions.
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METHODS

Apparatus

Six tools (Figure 3) were used, and their me-
chanical properties were measured prior to the
experiment. The tools’ centers of gravity (COGs)
were determined using the free-suspension
method (Radwin & Haney, 1996). Each tool was
suspended by a line twice from two different
orientations. Two plumb lines were drawn on
the tool, and the intersection of the lines was
the location of the COG. The mass moment of
inertia I for in-line tools was estimated by
assuming a uniform cylinder rotating about its
long spindle using the equation

I= % MR2, 4)

in which M is the tool mass and R is the han-
dle radius. The mass moment of inertia for pis-
tol-grip and right-angle tools was determined
using the oscillation method. Pistol-grip tools
were suspended in a manner similar to a sim-
ple pendulum. The friction was assumed to be
negligible. The COG of the tool provided
restoring force when it was set into oscillation.
The equilibrium equation for the pendulum
system is

Wrsing = -Ig, &)

in which W is the tool weight, r is the distance
between COG and the suspension, @ is the an-

Figure 3. Tools used in the current experiment.

gular displacement, ¢ is the angular acceleration,
and I is the mass moment of inertia. For small
oscillations, sing can be approximated as ¢. The
natural frequency (w,) of the system is a func-
tion of its mass moment of inertia about the
supporting points:

,VVr
Dn= ——I— ) (6)

The mass moment of inertia about the tool spin-
dle can be found by applying the parallel axis
theorem twice.

The bifilar pendulum method was employed
for right-angle tools. Two strings supported the
tool at an equal distance from the center of grav-
ity of the tool. The tool was set into oscillation,
and the period of 10 cycles was measured. For
small oscillations, the natural frequency can be

described as
H / w
— =, 7
2 N dl 7

in which H is the distance between the two
strings and d is the length of the strings.

Torque output of the tools was measured
using a full bridge strain gauge torque cell. The
spindle free running speed was measured using
an AMETEX digital tachometer Model 1726.
The measured specifications of all the tools are
listed in Table 1.

Tool motion during operation was recorded
in three dimensions using a Northern Digital
OptoTRAK 3020 motion analysis system. One
infrared marker was attached at the end of the
tool handle to track the handle movement.
Another marker was located on a threaded fas-
tener joint simulator base (ITD Automation) to
monitor the fastener during torque buildup. The
tracking error was less than 0.45 mm for this
setup. Data acquisition was controlled using
OptoTRAK software and a microcomputer with
a 500 samples/s sampling rate.

Torque buildup time is dependent on joint
hardness. A hard joint has a rapid buildup time,
whereas a soft joint has a long buildup time. Two
types of torque buildup times (hard and soft
joints) were simulated on the joint simulator by
changing the number of Belleville spring washers
(Figure 4). These conditions are summarized in

On=
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TABLE 1: Specifications of the Six Tools Used in the Experiment

Free Running Moment of Inertia Target
Tool Shape Power Source Speed (rpm) about Spindle (kg m?) Torque (Nm)
A Right angle Air 366 0.1932 2152
B Right angle Air 713 0.1219 69
(& Pistol grip Battery 593 . 0.0439 4.2
D Pistol grip Air 714 0.0052 7.2
E In line Air 825 0.0107 24l
F In line Air 495 0.0107 3.6

Figure 4. Joint simulator illustrating different joint types.

of Belleville washers.

Table 2. Vertical reach distances were changed
using a height-adjustable platform. Horizontal
reaches were controlled by instructing the oper-
ator to stand over different targets located on
the floor.

A set of bipolar Ag-AgCl surface electrodes
measured EMG activity during tool operation.
Rather than palpating a specific muscle, the elec-
trodes were affixed over the forearm extensors

Mechanical joint stiffness is controlled by the number

as a group according to Basmajian and Blumen-
stein (1989). These muscles were selected based
on function and accessibility. EMG signals were
measured differentially with respect to a refer-
ence ground electrode, which was attached near
the superficial lateral epicondyle. Root-mean-
squared (RMS) EMG signals were sampled using
a National Instruments Lab PC+ data acquisi-
tion board. A handle with a diameter of 4.3 cm,

TABLE 2: Test Target Conditions Simulated Using the Joint Simulator for All

Tools Tested

Joint Rate (Nm/®)

Buildup Time (ms)

Tool Hard Joint? Soft Joint® Hard Joint® Soft Joint?
A 0.51 0.053 88 448
B 0.11 0.029 25 161
E 0.1 0.02 15 46
D 0.12 0.028 36 160
E 0.027 0.017 23 106
F 0.08 0.025 24 91

#As shown in Figure 4.
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similar to the tool handles, was used for the pur-
pose of exerting maximum voluntary contrac-
tions (MVCs).

Experimental Procedures

EMG signals were first measured during an
MVC exertion corresponding to the respective
tool operation (Table 3) before each experimen-
tal condition (two work locations and four tool
configurations). Participants were asked to exert
force against a handle for 5 s with maximum ef-
fort in the manner and posture in which that tool
is operated. The average of the EMG signal was
taken for the middle 3 s.

Every participant practiced operating each
tool for 1 min. Participants held the tool using
the posture and location assigned by the exper-
imenter. The participant waited for a verbal sig-
nal before starting to run the tool. A subset of 9
of the 25 participants in the previous experiment
(Lin, 2001) was recalled for the current experi-
ment, and the mechanical parameters previously
measured for each participant were used for
model predictions. Three men and 6 women pat-
ticipated in the current experiment. Informed
consent was obtained prior to the experimental
trials.

Experimental Design and Analysis

The experiment was a repeated-measures 4 x
2 x 2 x 2 full-factorial design for tool and surface
(pistol grip on a vertical surface, pistol grip on
a horizontal surface, right angle on a horizontal
surface, and in line on a horizontal surface),
target torque (low and high levels corresponding
to individual tool shapes), torque buildup time
(hard and soft joints), and work location (near
and far). Work locations were selected for each
tool and surface condition based on locations
where the greatest and least mean stiffness were
measured in Lin (2001). These work locations
are summarized in Table 4. Three replicates

TABLE 3: Maximal Voluntary Contraction Directions

Tool Configuration Exertion Performed

Forearm medial rotation
Wrist supination

Pulling

Wrist extension

Pistol grip/horizontal
Pistol grip/vertical
Right angle/horizontal
in line/horizontal

TABLE 4: Work Location Assignations for Each
Tool Configuration in the Experiment

Location® (cm),
Horizontal/Vertical

Tool Configuration

(Handle/Surface) Near Far

Pistol grip/horizontal 30/140 60/80
Pistol grip/vertical 30/142° 60/55
Right angle/horizontal 30/140 60/80
In line/horizontal 30/90 90/90

2Measured from the ankles.
Second-highest stiffness posture was used because of the
limitation of setup for the joint simulator.

were made for each condition, giving a total of
96 trials per participant. The trials were present-
ed to the participant in a random order. Each
trial took less than 5 s. Volunteers were tested in
two sessions on two different days, each session
lasting about 1 hr. Rest breaks were provided
after every six trials.

Because the model predicts operator kinemat-
ic response (handle displacement) during torque
buildup, it was necessary to identify the start and
end of torque buildup for each trial. A typical
threaded fastener joint simulator displacement,
as measured on the OptoTRAK, is shown in
Figure 5. The tool shutoff was identified as the
instance when the joint simulator base stopped
moving. The starting point was identified when
the speed of the base motion began to change
and by verifying the start of buildup based on a
set buildup time for each tool (Table 2). Handle
displacement during the identified torque build-
up was then determined.

The average RMS EMG 50 ms prior to torque
buildup (preset level) was normalized to MVC in
order to allow us to assess the relative muscle
exertion level for each trial. The muscle was as-
sumed to maintain constant stiffness into the
torque buildup reaction during the post-run-
down phase and torque shutoff (Armstrong et al.,
1999; Radwin et al., 1989).

The handle displacement 6 for power hand
tool operation at each working location and for
each of the 9 participants was estimated using
Equation 2 for individual k;, M;, and c;. The
measured mechanical parameters can be found
in Lin (2001). The torque output of the tools
under study was a function of time, 7(t), and
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Figure 5. A typical trial. Top: joint simulator position and handle position. Bottom: RMS EMG recording,

can be approximated using the following equa-
tion (Lin, 2001):

Tmax S t
T(®) = Tmax - Tmaxe 0Tomx

(8)

in which T is the tool maximum torque out-
put, 6; is the angular displacement of the spindle
rotation, and S is the spindle free running speed.
- The handle force F was estimated by solving
Equation 3. A computer program was written to
calculate the displacement and force responses
using Equations 2 and 3. The time step At in
Equation 2 was set to 1 ms, and initial conditions
were 8_; = 0 and 8, = 0. Linear regression be-
tween the model-predicted handle displacement
(independent variable) and measured handle dis-
placement (dependent variable) was performed

using the software package SPSS. The slope of
the resulting regression between the measured
and predicted variables was used to estimate the
model prediction error, and the coefficient of
determination R? between the two variables was
also determined.

RESULTS

e e

The mean peak handle displacement was
6.63 mm (SD = 6.86) for the hard joint and
35.28 mm (SD = 34.81) for the soft joint. The
mean peak handle displacement when tools were
used at the near work location was 19.18 mm
(SD = 25.77), and at the far location it was
22.10 mm (SD = 31.35). For right-angle tools
used on soft joint only, the mean peak handle
displacement at the near work location was
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59.11 mm (SD = 30.81), and at the far location
it was 79.02 mm (SD = 43.32).

Participants exerted an average of 56.6%
(SD = 16%) of MVC prior to torque buildup for
all trials. The average was 59.9% (SD = 13%)
for right-angle tools, 54.9% (SD = 17%) for
pistol grip tools, and 57.1% (SD = 18%) for in-
line tools. The mean normalized EMG for the
two in-line tools was 55.3% (SD = 18%) when
used on the hard joint and 58.9% (SD = 18%)
on the soft joint.

When the model stiffness parameter for each
operator was adjusted by the normalized EMG
during maximum voluntary exertion, the results
showed that the model overpredicted actual
handle displacement by only 3%. Without the

EMG correction, the model overpredicted actual”

displacement by an average of 10%. Handle dis-
placement for actual tool operation was strongly
correlated with the model estimates, F(1, 23) =
543.8, R = .98, for all experimental conditions
(Figure 6). Regression analyses of the measured
versus the predicted displacements showed that
the slope was 1.07 (R = .99) for right-angle tools,
0.86 (R = .99) for pistol grip tools, and 0.95
(R = .63) for in-line tools.

The tool operator mechanical model was also
used to estimate tool handle kinematics during
torque buildup. The resultant handle displace-

100 =
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£ 80 Rr=o98 .
pug [
c
£ 60
@
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& A40]
[=]
°
e -
= 20]
(7]
o
o
=

0 20 40 60 80 100
Predicted displacement (mm)

o

Figure 6. Regression analysis using measured handle
displacement as the dependent variable and predict-
ed displacement as the independent variable. Each
point represents the average of 27 trials (9 partici-
pants x 3 replicates) for one experimental condition.

ment for using right-angle Tool B, having build-
up times ranging from 35 (hard) to 1000 (soft)
ms, was calculated using Equations 2 and 8
and is plotted in Figure 7. Corresponding hand
force is plotted in Figure 8. Under the simulated
conditions, the peak force and displacement oc-
curred when the buildup time was 107 ms for
Participant A (male with greatest operator stiff-
ness parameter), whereas the peak responses
occurred when the buildup time was 214 ms
for Participant B (female with smallest operator
stiffness parameter).

DISCUSSION

It is well known that as the stiffness of a lin-
ear spring increases, the corresponding dis-
placement decreases (Hooke’s law). When work
locations associated with different operator stiff-
ness levels (Lin, 2001) were tested (Table 4),
the results confirmed that the mean handle dis-
placement was greater for the far locations
(22.10 mm), where less stiffness was observed,
than for the near locations (19.18 mm), where
the stiffness was greater.

The effect of joint hardness was consistent
with previous observations (Freivalds & Eklund,
1993; Lin et al., 2001; Oh & Radwin, 1997).
The current experiment tested two different
torque buildup times for each tool and showed
that hard joints resulted in less displacement
than did soft joints. This was verified in the

100 5 — Female with the smallest stiffness

80 = = « Male with the greatest stiffness

Displacement (mm)
3

10 100
Torque Buiidup Time (ms)

Figure 7. Model prediction for handle displacement
when using a right-angle nutrunner on a horizontal
surface for different torque buildup times. Specifica-
tions of Tool B were used in the model. Model para-
meters were measured in Lin (2001).
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Figure 8. Model prediction for hand force when using a right-angle nutrunner on a horizontal surface for differ-
ent torque buildup times. Specifications of Tool B were used in the model. Model parameters were measured

in Lin (2001).

current study, in which the mean handle dis-
placement was 35.28 mm for soft joints but only
6.63 mm for hard joints. The torque buildup
time is dependent on threaded fastener joint
hardness and, hence, on the frequency charac-
teristics of the torque input signal.

When a single-degree-of-freedom model oscil-
lates at its resonant frequency, peak displace-
ment and force will be observed (Figures 7 and
8). This is consistent with previous observations
by Dagalakis, Muehlhouse, Wakamiya, and Yang
(1987), who analyzed the response spectrum of
human arm and elbow. For the right-angle tool
simulated in Figures 7 and 8, the resonant fre-
quency was 4.7 Hz for Participant B and 9.3 Hz
for Participant A. Therefore, operating a tool at
the resonant frequency can be avoided by mod-
ifying the buildup time by adjusting the tool
speed.

In a previous experiment (Lin et al., 2001),
the single-degree-of-freedom biomechanical
model predicted actual handle displacement for
a pistol-grip tool with a correlation coefficient
of .88. However, the model underestimated dis-
placement by an average of 27%. It was con-
_ cluded that the error may. be attributable to the
fact that the participants did not use maximum
exertions when operating tools, as the model as-
sumes. The results in the current study, show-
ing an average exertion of 56% of MVC during
tool operation, confirmed this hypothesis. The
exertion level was similar to the observations in
a previous study conducted by Armstrong et al.
(1999). They found that when participants used
in-line tools, the average normalized flexor EMG

was about 39%. Furthermore, the exertion level
varied as the torque buildup times varied.

The current results also showed that the nor-
malized flexor muscles’ EMG activity prior to
torque buildup was greater when tools were
used on a soft joint than when used on a hard
joint. Armstrong et al. (1999) suggested that the
tool operators were “bracing” for the torque
reaction by stiffening up their muscles. There-
fore the stiffness parameter adjusted according
to normalized EMG should reflect the actual
muscle contraction level during tool operation
better than using full stiffness measured in a
free-vibration experiment. The error was re-
duced to 3% and the correlation increased to
-998, as compared with the previous experiment
(Lin et al., 2001). Normalized EMG can therefore
be used as a scaling factor in order to account

“for individual differences in muscle contraction

during hand tool operation.

Spring stiffness is considered the most sig-
nificant factor among the three mechanical ele-
ments that contribute to the behavior of muscle
contraction at low frequencies (<10 Hz; Kear-
ney, Stein, & Parmeswaran, 1997; Sinkjer &
Hayashi, 1989). Stiffness has been found to be
proportional to the force of contraction (Za-
halak & Heyman, 1979). Cannon and Zahalak
(1982) concluded that for small-amplitude per-
turbation at the human forearm, stiffness in-
creases as the level of contraction represented by
EMG increases. Subsequent researchers have
used EMG to estimate hand (Tsuji & Kaneko,
1996) and arm (Osu & Gomi, 1999) mechanical
stiffness.
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For the current experimental setup, right-
angle tools showed the greatest stability during
torque reaction, and their handles moved in a
single horizontal plane. Because of the nature
of the equipment setup, in which in-line tools
were suspended at the air hose and could not
be perfectly balanced, it was observed that in-
line tools allowed more degrees of freedom of
handle movement. This resulted in translational
movements in addition to pure rotation along
the spindle for some instances. Failure to extract
the net rotational displacement from the com-
bined displacement also may have contributed
to the error observed in the results.

Several additional possible sources of error
were considered in the design of the current
study. Some studies have observed that muscle
stiffness may change after long periods of exer-
cise (Avela & Komi, 1998b; McHugh et al.,
1999). Leger and Milner (2000) found that wrist
stiffness for maximal range of motion decreased
after participants eccentrically exercised using
submaximal loads at the wrist for 25 to 30 min.
Correspondingly, the extensor EMG signal mag-
nitude increased by 13% after fatigue (Leger
& Milner, 2000). Avela and Komi (1998a, 1998b)
found that after exhaustive marathon runs last-
ing 25 to 3% hr, the soleus muscles’ EMG
activity decreased by 26.6%.

In the current experiment, measures taken
to prevent muscle fatigue included rest breaks
(30 s-5 min), randomization of trial order, and
distribution of testing over two different days.
Compared with studies using maximal efforts to
measure stiffness (Avela & Komi, 1998a, 1998b;
Leger & Milner, 2000), the current experiment
did not demand the maximal capability of the
participants, and the duration of each trial was
short. Throughout the trials, although partici-
pants exerted an average of 56% of MVC, they
did not report any fatigue in their hands or arms.

Kihlberg et al. (1995) used psychophysical
methods to determine that 90% of their partic-
ipants would operate a right-angle pneumatic
power hand tool all day if its handle displace-
ment was less than 3 cm and that 75% would
accept a tool if its displacement was less than 4
cm. Handle displacement is the result of a whole
system that includes not only the tool and the
target but the operator as well. The current
model can predict handle displacement for var-

ious combinations of tool, task, and work loca-
tion. Therefore it may be possible to select or
design a tool that is most desirable for a certain
working condition. For example, right-angle
Tool B and pistol-grip Tool D in the current
experiment have similar torque output charac-
teristics. The model estimates that for the same
task, driving a nut on a soft joint at a far work
location, using Tool D on a vertical surface results
in an average hand displacement of 76.4 mm.
If the task can be redesigned such that it can
be executed on a near-horizontal surface and
Tool B is used instead, the resultant hand dis-
placement would be reduced to 42.8 mm be-
cause of the mechanical properties of the tool
and the operator.

The current results validated that the passive
single-degree-of-freedom mechanical model
(Lin, 2001) is useful for representing hand-
arm eccentric exertions in power hand tool
operation. This model enables the prediction
of handle kinematic responses for various tool
and workstation parameters. This should allow
designers of tools and workplaces to identify
conditions that minimize corresponding dis-
placements and forces. '
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