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To help assess the risk of the vibration exposure during impact wrench operation and to develop
a convenient and effective method to monitor and control the exposure, this study aims to investigate
the characteristics of the vibrations transmitted to the wrist and elbow in the operation and to evaluate
the on-the-wrist and on-the-elbow vibration measurement methods. Six subjects participated in the
experiment. Each of them used 15 impact wrenches on a simulated workstation. Tri-axial accelerations at
three locations (tool handle, wrist, and elbow) and the tool effective torques were measured and used in
the evaluations. Results confirm that the severity of the vibration exposure generally depends on tool
and individual, and that the vibrations measured at wrist and elbow reflect the influences of both factors.
Impact wrench This study also found that the accelerations measured at the wrist and elbow are correlated with the ISO
Nut runner frequency-weighted tool acceleration. The fundamental resonance of the hand-arm system in the range
Wrist of 16-50 Hz is well reflected in the vibration measured at the wrist. The results also demonstrate that
vibration exposure duration can be reliably detected from the wrist vibration data. Moreover, the wrist
vibration is suggestively correlated with the torque of the pneumatic impact wrenches. These findings
suggest that the measurement of the wrist vibration can be used as an alternative approach to perform
the exposure risk assessment and to monitor and control the exposures in the operation of the impact
wrenches.

Relevance to Industry: Impact wrenches or nut runners with impact action are widely and intensively
used in automobile manufacturing and repair, which could generate significant vibration and require
forceful actions. Prolonged, intensive exposure to both vibration and forceful actions could result in
hand-arm vibration syndrome and carpal tunnel syndrome. The results of this study suggest that the on-
the-wrist vibration measurement is a reasonable alternative approach for quantifying and assessing the
exposures, which provides a theoretical base for developing a convenient and effective method for
monitoring and controlling the combined exposures. The results of this study also suggest that the on-
the-wrist method can also be used at workplaces to perform screening tests of the tools with dominant
vibration frequencies similar to those of the impact wrenches and to evaluate the effectiveness of the
anti-vibration devices used with such tools.
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1. Introduction

Various impact wrenches or nut runners with impact action are
widely and intensively used in automobile manufacturing and
repair (Van Bergeijk, 1987; Kihlberg et al., 1995). The operations of
such tools expose workers to vibration and the repetitive forces
necessary to hold the tool, engage the nut or bit, and resist the
torque reaction forces (Radwin et al., 1989; Lindqvist, 1993). Pro-
longed, excessive exposure to such vibration could cause hand-arm
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vibration syndrome (Griffin, 1990; Aiba et al., 1999). Because of the
vibration interference, a higher grip force is often applied to such
tools to maintain stability in performing tasks (Radwin et al., 1987).
Whereas the impact torque could directly cause injuries (Friden
and Lieber, 1995; Armstrong et al., 1995), the repetitive forceful
actions combined with the vibration exposure could significantly
increase the incidence of carpal tunnel syndrome and other injuries
and disorders (Cannon et al., 1981; Silverstein et al., 1987). There-
fore, it is useful to have a comprehensive understanding of the
characteristics of the impact wrench vibration and torque expo-
sures and to develop effective methods to monitor and control
them.

The conventional method for the measurement and risk
assessment of hand-transmitted vibration exposure has been


mailto:xxu1@cdc.gov
www.sciencedirect.com/science/journal/01698141
http://www.elsevier.com/locate/ergon

X.S. Xu et al. / International Journal of Industrial Ergonomics 39 (2009) 174-184 175

standardized (ISO 5349-1, 2001 and ISO 5349-2, 2001). This
method requires measuring the vibration on a tool in the hand
contact or grip areas using tri-axial accelerometers. Whereas the
acceleration spectra or vibration values measured with the con-
ventional method in the dominant vibration axis on the impact
wrenches or nut runners have been reported (e.g., Griffin, 1997;
Bovenzi et al., 1997; Aiba et al., 1999), little information on the
vibration in the other axes or the total vibration spectra can be
found in the literature. The reported tool acceleration spectra may
reasonably represent the vibration hazard at the hand-tool
interface, but they could be significantly different from that actually
transmitted to each anatomical structure of the hand-arm system.
Because the transmitted vibration is likely to be more closely as-
sociated with the vibration-induced health effects, it is important
to characterize and understand the transmitted vibration. Whereas
the vibration transmissibility in the hand-arm system excited from
a single-axis vibration exciter has been studied in controlled
laboratory conditions by many researchers (e.g., Reynolds and
Angevine, 1977; Pyykko et al., 1976; Gurram et al., 1994; Sérensson
and Lundstrom, 1992), the characteristics of multi-axis vibration
transmissibility, especially those under real working conditions,
have not been sufficiently investigated. Little information on the
vibration transmitted to the hand-arm system during the opera-
tions of impact wrenches is available. Although the ISO frequency
weighting for the risk assessment is established based on
subjective sensation data that must be influenced by the trans-
mitted vibration, the exact relationship between the ISO-weighted
acceleration and the acceleration at a specific location of the hand-
arm system has not been sufficiently investigated.

A convenient and reliable direct reading method for monitoring
the exposure at workplaces is also desired to help achieve effective
control of the vibration exposure. Because the accelerometers and
their fixtures required in the standardized measurement method
must occupy some space in or near the hand contact areas, they
could interfere with the hand grip and wrench operation. Such
interference may be tolerable if the measurement lasts for a short
period of time, but continuous interference may annoy and
unsafely impede the tool operator. Moreover, the vibration
measured directly on the impact wrench could include a significant
dc-shift (Griffin, 1990), as also observed in the current study. This
requires careful examination of the measured data. Therefore,
whereas the standardized method is designed to conduct the
measurement for a limited time for risk assessment by an experi-
enced investigator, an alternative method is required to continu-
ously monitor the vibration exposure.

The measurement of vibration transmitted to the wrist may be an
acceptable alternative approach for several reasons. First, the above-
mentioned interference can be avoided by measuring the wrist vi-
bration using a dosimeter equipped with a tri-axial accelerometer
(Dongetal.,2001); the development of such a device has been shown
to be technically feasible. Second, because the hand can serve as
a mechanical filter that can effectively reduce high frequency vibra-
tion or shock, the requirements of the accelerometer for the wrist
vibration measurement are much lower than those for the tool vi-
bration measurement. At least, the dc-shift problem can be elimi-
nated using the wrist method, and the reliability of the measurement
can be significantly increased. Third, whereas reliable and practical
methods have not been developed to measure the hand forces or to
characterize hand and arm postures at workplaces, these important
risk assessment factors can be at least partially taken into account if
the wrist vibration acceleration is used as a measure for the risk as-
sessment. Fourth, the fundamental resonance (16-50 Hz) of the
hand-arm system can be well reflected in the wrist vibration trans-
missibility (Thomas and Beauchamp, 1998; Dong et al., 2005); as is
also demonstrated in the current study. Therefore, it is reasonable to
hypothesize that the accelerations measured at the wrist may

provide an acceptable vibration measure for assessing the vibration-
related disorders at least in the wrist and arm structures. Moreover, if
the dynamic torque is reliably correlated with the vibration measured
at the wrist, the wrist acceleration may also be used as an alternative
approach to qualitatively estimate the severity of the dynamic torque
exposure. However, although a few investigators have actually used
the on-the-hand or on-the-wrist methods in some studies (e.g.,
Thomas and Beauchamp, 1998; Dong et al., 2003), they have not been
sufficiently evaluated. Whereas further studies are required to con-
firm the above-mentioned useful features, their limitations or
weaknesses should also be identified so that such methods can be
appropriately used in field studies and applied in the development of
an on-the-wrist vibration dosimeter.

Many epidemiological studies reported that the vibration
exposure duration was an essential factor associated with hand-
arm vibration syndrome (e.g., Griffin et al., 2003; Xu et al., 1989).
The ISO-standardized method also requires quantifying both daily
and life-time exposure durations for the risk assessment (ISO
5349-1, 2001). The durations have usually been estimated on the
basis of the workers’ claims of exposure duration, which may not
be considered reliable. Several studies reported that workers tend
to overestimate the exposure duration (e.g., Palmer et al., 2000;
Akesson et al., 2001). The vibration measured at the wrist may be
used to accurately quantify not only the total exposure duration of
an individual but also the work-rest cycles that may also be
important for understanding and assessing the vibration- and
torque-induced injuries and disorders. However, the effectiveness
of this duration measurement method has not been sufficiently
evaluated.

To understand the transmitted vibrations during impact wrench
operation and to help develop a practical and effective method to
monitor, assess, and control the vibration and torque exposures,
this study aimed to investigate the characteristics of the vibrations
transmitted to the wrist and elbow and to evaluate the on-the-
wrist and on-the-elbow methods. The relationships among tool
handle vibration, wrist vibration, and elbow vibration were
examined based on the vibrations measured in the operations of 15
impact wrenches on a simulated workstation. The effectiveness of
the duration measurement based on wrist vibration measurement
was evaluated. The correlation between wrist vibration and nut
torque was also explored in this study.

2. Materials and methods
2.1. Simulated workstation and tools

The simulated impact wrench workstation shown in Fig. 1a, as
proposed by an ISO ad hoc group for the revision of ISO 8662-7
(1997), was constructed and used in this study. The purpose of the
task was to seat 10 nuts during each paced 30-s trial. The task
would therefore theoretically even out the vibration exposure
within each trial while simulating actual workday vibration emis-
sions. Briefly, the workstation was set up with two removable
38 mm thick hardened steel plates vertically mounted on a con-
crete block. Channels were machined on the reverse side of the
plates to constrain the 10 M20 x 60 mm grade eight steel bolts
through holes in two evenly-spaced rows of five bolts each. Each
bolt was fitted with a nut and two Belleville washers stacked in
parallel along with a matching flat washer. Two complete sets of
new bolts, washers, and nuts were used during the tests.

Five models of impact wrenches, with three samples of each
model for a total of 15 tools were used in the test (see Fig. 1b): (A1-
3) Ingersoll-Rand Model 2135Ti (max torque: 848 Nm, weight:
3.951b); (B1-3) Atlas Copco Model EP12PTS150-HR13-AT (max
torque: 150 Nm, weight: 5.5 Ib); (C1-3) Chicago Pneumatic Model
CP749 (max torque: 612 Nm, weight: 5.251b); (D1-3) Chicago
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Simulated work station

15 impact wrenches tested

Fig. 1. Simulated workstation and impact wrenches tested.

Pneumatic Model CP7733 (max torque: 746 Nm, weight: 5.6 Ib);
and (E1-3) Makita Model BTW120 (max torque: 120 Nm, weight:
3.5 1b). The first four listed tool models are pneumatic tools which
were supplied with shop air at 689 kPa (100 psi). The Makita model
is a battery-powered tool. The 12 V battery packs for each of the
three Makita tools were fully charged at the beginning of each test
session. All of the tools were set to their maximum available torque
settings. Prior to this study, these 15 tools were used in 4 other
similar laboratory studies; all tools were in good working condition.

2.2. Subjects, instrumentation, and test procedures

To measure the transmitted vibration, two in-house packaged
tri-axial accelerometers (Kionix, Model KXM52-1050) were placed
on the wrist and elbow of the subject’s dominant arm using double-
sided tape, self-adherent wrap, and medical tape, as shown in Fig. 2.
Medical tape was also used to hold the wires of the accelerometer
in place along the arm, shoulder, and back (see Fig. 2b). The signals
of the accelerations were input to a data acquisition card (National
Instrument, DAQCard-6036E) and a LabVIEW™ program was de-
veloped to analyze and record the spectra in the one-third octave
bands from 6.3 to 400 Hz.

For the purpose of this study, the vibration on the tool handle of
each tool was measured using a tri-axial accelerometer (PCB, Model
356B11). Significant dc-shift was observed in the preliminary tests
when no mechanical filter was applied. To resolve this problem,
thin layers of rubber (3 mm) were placed underneath the mounting
block of each accelerometer as needed, which was validated from
our previous studies (Dong et al., 2003, 2004). The signals from
these accelerometers were input to a data acquisition system (B&K
Model 3032A) to collect and analyze the tool vibration data. The
results were directly expressed in the one-third octave bands at
center frequencies ranging from 6.3 to 400 Hz. The measurements
of vibration on the tool and arm were synchronized.

Six experienced male operators of impact wrenches were
recruited to perform the tests. The study protocol was reviewed and
approved by the NIOSH Human Subjects Review Board. Upon
arrival, the subject was first explained the test procedure, signed
the consent form, and was trained to perform the simulated work
task. To protect the subject from cuts from the accelerometer
assembly fixed on the handle in the grip zone, each subject was
required to wear a pair of non-anti-vibration gloves (Mechanix
Wear, Original), which is also shown in Fig. 2b. Each subject com-
pleted 5 trials with each of the 15 tools for a total of 75 trials in
a test session. The testing order of the 15 tools was independently
randomized for each subject. For each trial, the subject needed to

seat 10 nuts onto plate-mounted bolts in a 30-s period while
vibration was measured both on the tools and from the subject’s
forearm. A custom graphical display was developed in-house based
on LabVIEW™ software to control the pace of the task, guiding the
subject to seat each nut in approximately 2 s and then move to the
next nut in 1 s. The display consisted of 10 dial gauges representing
the 10 nuts to be tightened, each followed by a message to move to

An example of subject’s posture in the tool test

Fig. 2. Vibration measured at subject’s wrist and elbow by tri-axial accelerometers.
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the next nut. The subjects were very consistent with their pace
throughout the trials, completing each trial within 30+ 1.5 s.

In an effort to simulate the actual work situations in the field,
postures were not controlled, and the subject could use a posture
judged to be most comfortable. The six subjects generally adopted
one of three postures wherein the tool handle was oriented verti-
cally, horizontally, or at a 45° angle. An example of the 45° working
posture is shown in Fig. 2b.

With the measured spectrum in each vibration direction, the root-
sum-of-squares (rss) of the tri-axial accelerations (ISO 5349-1, 2001)
were calculated from:

broad-band random vibration with a power spectral density
equal to 3.0 (m/s?)’/Hz and frequency range from 6.3 to 1250 Hz
was used as the excitation in the measurement. The applied grip
and push forces were recorded, but these force values were
withheld from the subject. Whereas the instrumented handle
provided the measurement of the input vibration, the acceler-
ometers fixed on the subject’s wrist and elbow were used to
measure the transmitted vibrations. For each subject, six trials
were performed, and each trial lasted 30s.

The transmissibility at each center frequency in the one-third
octave bands from 6.3 to 400 Hz was evaluated using the root-sum-

ISO-weighted tool rss acceleration : Awr = \/ > [(wiATxi)2+(w,-ATyi)er(w,-ATZ,-)z]

Wrist rss acceleration : Awyise = \/ DO [A%W + Ay +Aa,zi] (1)

Exi

Elbow rss acceleration : Agjpow = \/ S, [A2 +A2 . +A

Eyi

where Ary, Ary, and Ar, are root-mean-square (rms) values of the
accelerations measured on the tool handle, Ayy, Awy, and Ay, are
measured at the wrist, and Agy, Agy, and Ag; are measured at the el-
bow. For the purpose of this study, the integration for the rss values
was performed from 6.3 Hz (i=1) to 400 Hz (i = 19).

2.3. Measurement of vibration transmissibility

After finishing the tool test, an additional vibration
transmissibility test on a 1-D vibration test system (Unholtz-
Dickie, TA250-S032-PB) was performed. The vibration from the
shaker was input to the subjects’ hand through an instrumented
handle equipped with an accelerometer (PCB, Model 356A12)
and a pair of force sensors (Kistler, 9212). As shown in Fig. 3,
each subject was instructed to keep the same posture and apply
the same grip and push forces as he perceived in the tool test
on an instrumented handle fixed on the shaker of the test
system. The height from the floor to the upper row of nuts was
matched with the height from an elevated platform and force
plate (Kistler, 9286AA) to the instrumented handle of the shaker.
The handle was angled to match each subject’s work posture. A

Fig. 3. During the transmissibility test, the subject is instructed to keep the same
posture and apply the same grip and push forces as he perceived in the tool test.

of-squares of the tri-axial accelerations, which is expressed as
follows:

VAL () + A2 () + A2 ()
VAR (@) + AL () + AL ()

T k(w) = k = Wrist, Elbow

(2)

where Ay _g, Ay_k, and A i are root-mean-square (rms) values of the
accelerations measured either at the wrist or elbow in the x, y and z
axis, respectively; and Apx, Apy, and Ap, are the accelerations
measured on the instrumented handle.

2.4. Measurement of impact wrench torque

To explore the correlation between the wrist vibration and the
torque applied on the nut, the torque of the tools was measured
indirectly using a click-type torque wrench. One subject performed
four trials for each tool to obtain the averaged torque of the tool.
Within each trial, the amount of torque required to unseat each of
the 10 nuts was measured and averaged. Torque of the three bat-
tery-powered tools was below that of the operating range of the
torque wrench used in this study, therefore only the 12 pneumatic
tools were included in the torque study. The testing order of the 12
tools was randomized. Mean and standard deviation of each of the

vibration vibration vibration

motion motion
i / /

0 .
0 2 4 6 8

Time (seconds)

Wrist Acceleration (m/s?)

Fig. 4. An example result for the detection of vibration exposure duration from the tri-
axial wrist accelerometer.
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12 tools across 4 trials (4 x 10 nuts) were calculated. Differences
among individual tools were also investigated.

2.5. Calculation of vibration exposure duration

Vibrations measured at the wrist were used to develop an ap-
proach to quantify the vibration exposure duration. As shown in
Fig. 4, a threshold level was established so that the amplitudes of
the tri-axial acceleration data exceeding this level indicate vibra-
tion exposure. The mean (u) and standard deviation (¢) of the raw
data in the full recorded range were used to determine the
threshold (=u + o). The wrist accelerometers had a dc to 1500 Hz
bandwidth and were sensitive to low frequency motion such as
when moving the tool from one nut to the next. An algorithm was
developed to first find the starting point of the major segments
above the vibration threshold, and then eliminate the segments
that are too close to another vibration segment. This helps to avoid
detecting signals resulting from low frequency hand-arm move-
ments as vibration, as indicated in Fig. 4. The same algorithm was
also applied to the tool vibration time history data simultaneously
recorded on the B&K data acquisition system. Agreement between
these two duration measurements was evaluated using correlation
analysis. In the statistical analysis, subjects and tools are factors
being considered, and the interactions of these factors were
investigated.

2.6. Statistical analyses

Where appropriate, univariate General Linear Model analysis of
variance (ANOVA) tests were performed to identify significant
study factors. Wherever necessary, Tukey’s Honestly Significant
Difference (HSD) post hoc pair-wise comparisons were performed.
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Fig. 5. Vibration transmissibility from the instrumented handle to the subject’s (a)
wrist and (b) elbow.

All ANOVAs and Tukey’s HSD tests were performed using SPSS
statistical software (SPSS Inc., version 14.0). These analysis results
were considered significant at the p < 0.05 level.

3. Results
3.1. Vibration transmitted to wrist and elbow

The vibration transmissibility functions measured in the six
trials of the transmissibility test on the shaker for each subject were
averaged, and the averaged transmissibility functions for the six
subjects are plotted in Fig. 5. The intra-subject variation, expressed
in terms of average coefficient of variation of the wrist
transmissibility, was observed to be reasonable for the six subjects
(0.10-0.16, with one subject at 0.32). The inter-subject difference
measured with the average coefficient of variation of wrist
transmissibility across six subjects is also reasonable (0.20). The
transmissibility measured at the wrist at frequencies above 10 Hz is
generally greater than that measured at the elbow. At both loca-
tions, the transmissibility values at frequencies less than 50 Hz are
generally more than 10 times those beyond 315 Hz.

The transmissibility-based weighting (W) was derived from
the average transmissibility of the six subjects. For a direct
comparison with ISO frequency weighting, Wr; is normalized to the
maximum ISO weighting factor (=0.958) at the maximum trans-
missibility, which is expressed as follows:

WTr_Wrist = 0-958T1'_Wrist (w) /Tr_Wrist_Max (3)
WTr,Elbow = 0~958Tr,Elbow(w)/Tr,Elbow,Max

The transmissibility-based weighting (Wr;) and the ISO weighting are
also presented in Fig. 5. As can be seen in the figure, they follow
a similar trend, but they are significantly different in a large part of
the hand-arm resonant frequency range (16-50 Hz). Whereas the
maximum ISO weighting is at 12.5 Hz, the peak value of the trans-
missibility-based weighting is in the middle (31.5 Hz) of the funda-
mental resonance range of the hand-arm system. The elbow
transmissibility-based weighting seems closer to the ISO weighting
than the wrist transmissibility-based weighting at frequencies less
than 100 Hz.

A few researchers have recently reported the frequency
weighting derived from the vibration power absorption (VPA) in
the palm, hand-back, wrist and forearm (Dong et al., 2006; Dong
et al, 2008). For a direct comparison, the palm VPA-based
weighting (VPA Wt) is also plotted in Fig. 5a. The trans-
missibility-based weighting at the wrist is very similar to the
VPA-based frequency weighting at frequencies greater than
16 Hz, which suggests that wrist transmissibility is closely as-
sociated with the vibration power absorption in the wrist and
the tissues in the vicinity of the wrist.

Fig. 6 illustrates the comparisons among the ISO-weighted tool
acceleration spectra and the acceleration spectra measured at the
wrist and elbow. Whereas their basic shapes in the frequency
domain are similar, their specific values at each frequency are
generally different from each other, especially at frequencies higher
than 20 Hz. The predominant components of the vibration mea-
sured at the wrist are generally between 20 and 200 Hz. Consistent
with that observed in Fig. 5a, the wrist vibration at higher than
315 Hz is generally very small. Also consistent with that shown in
Fig. 5, the acceleration measured at the elbow is generally lower
than that measured at the wrist. The ISO-weighted tool acceleration
is generally between the wrist and elbow accelerations from 63 to
200 Hz, but it is generally greater than both at frequencies above
315 Hz.

Table 1 lists the ANOVA results of the rss magnitudes calculated
from Eq. (1) for the three vibration measures. The results indicate
that both subject and tool are significant factors for all three types
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Fig. 6. 1SO-weighted accelerations measured on the handle of the five types of tools and unweighted accelerations from the operator’s wrist and elbow.

of vibration measures. The interaction between subject and tool for
each vibration measure is also statistically significant, which sug-
gests that the vibrations measured in the operation of the same tool
by different subjects could vary in a certain range.

Table 2 contains the three different vibration measures by
subject. Consistent with the observation made from the results
shown in Fig. 6, the wrist acceleration is the highest (7.49 m/s?), the

Table 1
ANOVA results of the ISO-weighted accelerations measured on the 15 tool handles
and simultaneously recorded accelerations at the wrists and elbows of the 6 subjects.

elbow acceleration is the lowest (4.05 m/s?), and the ISO-weighted
tool acceleration is in the middle (6.26 m/s?). The post hoc analysis
suggests that these differences are significant (p <0.001). The
ranking of the standard deviations of these three measures also
follows the same sequence. As a result, their coefficients of variance
are not statistically different (p > 0.15).

Table 2 also contains the ranking of the subject vibration
exposure severity. They can be classified into four groups in terms
of their relative differences. All three types of measures consistently
suggest that Subject T is in the highest vibration group (p < 0.001)
and Subject W in the lowest one (p < 0.001). Although the exposure
levels for the remaining subjects are not always significantly dif-

Dependent variable - Source of sumof - Degrees of Mean — F p< ferent from each other, the group orders are also the same except
variance squares freedom square . . . oy .
- that subjects M and Q switch their group positions in the ISO-
Weighted tool Tool 16577 14 1184 4137 0.001 iehted lerati
vibration Subject 1504 5 301 1051 o00o1  Welghted acceleration measure. o
Tool x Subject 2063 70 29 103 0001 Table 3 contains the mean rss values of three vibration measures
Error 103 360 0.3 for each tool model. Among the ISO-weighted tool accelerations,
Wrist vibration Tool 21831 14 1559 1496 0.001 the tool models can bg clasmﬁe.d into four groups: yvhereas Tool B
Subject 870.1 5 174 166.9 0.001 has the lowest vibration emission, Tool C is the highest one; the
Tool x Subject 503 70 72 6.9 0.001 vibration emissions of Tools D and E are not significantly different,
Error 3753 360 1 but they are lower than that of Tool A. However, when classified via
Elbow vibration Tool 4332 14 309 56.7 0.001 wrist and elbow accelerations, the tools can only be separated into
Subject 519.4 5 103.9 1905 0.001 three groups. Tool B is still the lowest for these two vibration
el Siliet - 2505 70 36 65 0001 messures. The ranking of the tools judged from the elbow accel-
Error 1963 360 0.5

eration and ISO-weighted tool acceleration are the same, but Tools
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Table 2
Tukey’s HSD post hoc pair-wise comparison results for ISO-weighted tool handle,
wrist and elbow rss acceleration means for the six study participants (n = 75).

Table 3
Tukey’s HSD post hoc pair-wise comparison results for ISO-weighted tool handle,
wrist and elbow rss acceleration means for the five tool models (n = 90).

Statistics across six Mean rss acceleration

Statistics across five Mean rss acceleration by

subjects by subject tool models tool model
Weighted tool Low — high Weighted tool Low — high
vibration (m/s?) Mean SD CV W M Q S D T vibration (m/s?) Mean SD v B D E A C

626 208 033 564 564 618 6.12 6.67 729

Wrist vibration Mean SD (&Y \Y Q M S D T
(m/s?) 749 254 033 555 6.68 743 749 766 10.16

Elbow vibration Mean SD (&Y \Y Q S M D T
(m/s?) 405 132 032 260 346 393 408 409 6.16

6.26 217 035 286 626 656 699 8.61

Wrist vibration Mean SD cv B D C A E
(m/s?) 7.49 296 039 320 796 831 890 9.10
Elbow vibration Mean SD cv B D E A C

(m/s?) 405 176 044 219 417 446 454 489

Each line represents means that are not significantly different (p > 0.05). Means that
do differ significantly (p < 0.05) are not subsumed by a line.

Cand E are positioned at different rankings when wrist acceleration
is used for the judgment. Furthermore, Tool A is significantly dif-
ferent from other tools according to ISO-weighted tool acceleration,
but this is not the case for either wrist or elbow accelerations.

Fig. 7 shows the results of Pearson’s correlation analyses among
the three vibration measures. Each analysis used all 450 pairs of
values (6 subjects x 15 tools x 5 trials). Although the magnitudes of
the three vibration measures are significantly different, they are
reliably correlated with each other (p <0.001). Similar analyses
were performed on the data of the three measures for each subject.
Although the specific relationships vary with subjects, their cor-
relations are also statistically reliable (R>-value in the range of
0.49-0.77, p < 0.001).

3.2. Tool torque and its relation to vibration

The torque required to loosen the nuts tightened with the
battery-powered impact wrench was too low to be reliably
measured using the torque wrench used in this study. This also
indicates that the torque values of these wrenches are not com-
parable with those of the pneumatic tools. Whereas there were no
data available for exploring the relationship between the vibration
and torque of the battery-powered wrenches, the correlation
analysis between the wrist vibrations and the torques of the 12
pneumatic tools was performed. The boxplot in Fig. 8 shows the
summary result of the torque for each of the 12 tools. Although
there are obvious inter-nut and inter-trial variances, the results
show consistency among the three tools in each of the four tool
models. The torques among the four tool models are reliably dif-
ferent (p < 0.001). As shown in Fig. 9, the tool torque is correlated
with the acceleration measured at the wrist and that measured at
the elbow.

3.3. Vibration exposure duration

The exposure durations for each subject in each trial from the
vibration data measured at wrist are determined using the same
algorithm, with the selected threshold (e.g., 0.8 m/s?) shown in
Fig. 4. The ANOVA results presented in Table 4 indicate that both
subject and tool are significant factors, and the interaction between

Each line represents means that are not significantly different (p > 0.05). Means that
do differ significantly (p < 0.05) are not subsumed by a line.

them is also significant. The boxplot in Fig. 10 shows the summary
result of vibration exposure duration by subjects and tools.
Several pairs of randomly selected time history data of the wrist
and tool accelerations were visually compared. The comparison
found that the acceleration directly measured on the tools had
a lower noise level than that measured at the wrist. Therefore, the
exposure duration was also determined from the tool vibration data
to assess the reliability of the duration determined from the wrist
vibration. Fig. 11 clearly indicates that the durations determined
from these two vibration measures are highly correlated. The av-
erage difference between these two duration measures is only 2.3%.

4. Discussion

This study examined the characteristics of the wrist and elbow
vibrations transmitted from the handles of 15 impact wrenches and
their association with the ISO-weighted acceleration measured on
the tools. The relationship between the wrist acceleration and the
wrench torque was also explored in this study. The results can be used
to help improve the risk assessment method and to assist the de-
velopment of a convenient method for continuously monitoring vi-
bration exposure.

4.1. Vibrations transmitted to wrist and elbow

The results of this study indicate that the root-sum-of-square
values of the tri-axial accelerations measured at the wrist and at the
elbow are each correlated with the ISO-weighted tool acceleration
(Fig. 7). This suggests that the ISO frequency weighting at least
partially reflects the nature or characteristics of wrist and elbow
vibration exposures. This may further partially explain why wrist
disorders could be correlated with the ISO-weighted acceleration,
as reported by Malchaire et al. (2001).

However, the results of this study also suggest that there is some
room for the improvement of the ISO frequency weighting. The
total vibration transmissibility illustrated in Fig. 5 shows a resonant
peak at 31.5 Hz. Similar phenomena have been reported by several
other researchers (Thomas and Beauchamp, 1998; Gurram et al.,
1994; Pyykko et al., 1976). As also shown in Fig. 5, the frequency
weighting (VPA Wt) derived from the vibration power absorbed in
the wrist and surrounding structures has similar frequency
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Fig. 7. Relationships among vibrations measured on the tool handle and from the subject’s hand-arm system.

dependency in the resonant frequency range (Dong et al., 2006;
Dong et al., 2008). However, this important resonance is not suffi-
ciently reflected in the ISO weighting. The wrist and elbow trans-
missibility-based frequency weightings may be used to help
improve the ISO frequency weighting, at least for assessing wrist
and elbow vibration exposure risks. To test this hypothesis at
workplaces, a wrist vibration dosimeter can be developed to
quantify the exposure.

The results of this study indicate that the transmitted vibrations
generally depend on the tool vibration (Table 1). However, many
other factors could also affect the vibrations measured at the wrist
and elbow. The tool vibration is measured at one point on the
handle in the hand grip area (Fig. 1), which may not be fully
representative of the vibration actually transmitted to the hand.
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Fig. 8. Distributions of the torque for each of the 12 pneumatic impact wrenches from
four 10-nut trials (n = 40). The boxes represent the inner quartile range; the whiskers
extend to the 5th and 95th percentiles.

The transmitted vibration is also usually affected by individual
mechanical impedance that is further affected by the applied hand
forces and postures of the hand and arm (Dong et al., 2005). These
factors could also affect the tool vibration itself (Dong et al., 2004).
These observations explain why the subject and the interaction of
subject and tool are significant factors of the vibrations measured at
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Fig. 9. Relationship between the tool torque and vibration measured at the operator’s
(a) wrist and (b) elbow.
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Table 4
ANOVA table for vibration exposure duration of the five tool models and from the six
subjects.

Dependent  Source of Sum of  Degrees of Mean F p<

variable variance squares  freedom square

Wrist Tool 121 14 0.9 8.7 0.001

Vibration Subject 129.5 5 259 2614  0.001

Duration Tool x Subject 119.6 70 1.7 172 0.001
Error 35.7 360 0.1

the wrist and elbow (Tables 1 and 2), and the rankings of the
exposure severity judged from the three vibration measures may
not be exactly the same, as presented in Tables 2 and 3.

The ISO-standardized method requires consideration of the
hand forces and postures in the risk assessment (ISO 5349-1, 2001).
So far, however, no method has been specified on how to include
them in the calculation of the exposure dosage. Further, no
convenient and reliable method for their measurements at
workplaces has been developed. On the other hand, as above-
mentioned, the vibrations measured at the wrist and elbow can at
least partially reflect the influences of these factors. Therefore, the
wrist and elbow accelerations may be used as alternative vibration
measures for the risk assessment of the disorders in the wrist,
forearm, and elbow at workplaces. Practically, it is easier to
measure wrist vibration than elbow vibration because an elbow
vibration meter may significantly interfere with the movement of
the arms during work activities. Since elbow vibration and wrist
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Fig. 11. Correlation between vibration exposure duration measurement from the tool
handle and from the operator’s wrist.

vibration are highly correlated (Fig. 7), it is also unnecessary to
measure both of them.

The current ISO 8662-7 (1997) specifies a test method for
screening impact wrenches. Because the loading device
recommended in the standard may not provide a reliable and re-
alistic torque load during the test, the Standard Working Group has
proposed its replacement, which is similar to the simulated
workstation used in the current study (Fig. 1). The coefficients of
variance (CV) listed in Table 3 suggest that the ISO-weighted ac-
celeration measurements on the tool handle are more sensitive
than measurements at the wrist and elbow for ranking the tools. As
also indicated in Table 3, however, if the differences in the vibration
emissions of any two tools are sufficiently large, as in the case of
Tool B and any other tool, their ranking order remains unchanged,
regardless of the type of vibration measurement used for the
judgment. Therefore, the wrist or elbow vibration may also be used
as an alternative measure for screening impact wrenches at
workplaces. These observations also suggest that the on-the-wrist
or on-the-elbow method may also be used to help select better
anti-vibration devices such as anti-vibration gloves and wraps
when used with the impact wrenches.

Another application of the on-the-wrist or on-the-elbow
method is for checking the validity of the tool vibration measure-
ment if such a measurement is necessary. As-mentioned above, the
dc-shift of the accelerometer is the most probable and critical
problem in tool vibration measurement, but it will not interfere
with wrist or elbow vibration measurements. Many portable vi-
bration dosimeters do not provide the vibration spectrum required
to assess the severity of the dc-shift problem. A quick method to
evaluate the test data is to measure the vibrations on both the tool
and at the wrist using the same accelerometer and dosimeter.
According to the results of the current study, the tool vibration
measurement should be questioned if the ISO-weighted accelera-
tion measured on the tool is significantly greater than the
acceleration measured at the wrist.

It should be noted that the sampling rate of the wrist and elbow
vibration measurements used in this study is 1024 Hz, which limits
the range of the frequency analysis (theoretically up to 500 Hz) and
the application of the wrist vibration measurement. The stan-
dardized method (ISO 5349-1, 2001) requires the inclusion of the
frequency components in the one-third octave bands up to
1250 Hz. As shown in Fig. 6, however, the wrist and elbow vibra-
tions higher than 315 Hz are very small, and they would be unlikely
to significantly affect the total vibration rss values in the wrench
operation. As for long-term workday vibration monitoring in the
field, trade offs must be made between data accuracy and device
cost. To reduce the measurement error, the size of the wrist
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vibration meter should also be as small as possible and wrapped on
the wrist as firmly as practical. The required memory or the phys-
ical size of the wrist vibration meter could become a critical issue if
a higher sampling rate is required. The results suggest that the
sampling rate (1024 Hz) used in this study is sufficient for the wrist
vibration measurement for impact wrenches. Because the domi-
nant vibration frequencies of the majority of tools are at or below
250 Hz (Griffin, 1990), it is anticipated that this sampling rate is
sufficient for many tool applications when the wrist vibration
method is used. However, because vibration at frequencies higher
than 500 Hz is mostly concentrated in the fingers and palm tissues
close to the contact surfaces (Wu et al.,, 2006), it may not be ap-
propriate to use the on-the-wrist method to quantify the finger and
contact tissue vibration exposures for their risk assessments.

4.2. Torque and vibration

It is useful to control tool torque to reduce wrist injury potential,
but it is difficult to measure or monitor it during tool operation. The
indirect method proposed in this study provides a practical solution
for its measurement, which should be generally applicable at
workplaces. The data obtained in the current study also suggest
that there may be a relationship between the vibration and the tool
torque (Fig. 9). However, the data may not be sufficient because
there is lack of data in the range of 30-40 Nm, which requires
further studies. Furthermore, the relationship shown in Fig. 9 may
not be applicable for electric tools.

4.3. Vibration exposure duration

The current study demonstrated that exposure duration can be
accurately determined by measuring the wrist vibration. Results in
Table 4 and Fig. 10 also show that the duration depends more on
subjects than on tool types, even though both of them are signifi-
cant factors. This suggests that personal habits may also play an
important role in the vibration exposure. For example, in the case of
the impact wrenches, individuals may trigger the tool differently,
over or under-tightening the nuts. The accurate measurement of
the work-rest cycle may also help elucidate the effects of the in-
dividual differences on the development of the vibration-induced
disorders.

It should be noted that the specific threshold (u + ¢) used in this
study for determining the exposure duration was chosen based on
the observation of the recorded time history data of the impact
wrench vibration exposure. This threshold may not be generally
applicable for some other types of tools. A different threshold may
be required for each specific type of tool.

5. Conclusions

Based on the tri-axial accelerations measured at three locations
(tool handle/instrumented handle, wrist, and elbow) during impact
wrench operations and the transmissibility test, the current study
characterized vibrations transmitted from the vibration sources to
the operators’ forearm. The current study confirmed that the se-
verity of the vibration exposure during impact wrench operation
depends on both tool and individual differences. Wrist and elbow
vibration measurements can take into account both factors that
may be further influenced by individual differences in biodynamic
responses, hand forces, and hand and arm postures. This study
found that the vibrations transmitted to the wrist and elbow are
each reliably correlated with ISO frequency-weighted tool accel-
eration. The fundamental resonance of the hand-arm system in the
range of 16-50 Hz is well reflected in the vibration measured at the
wrist. This study also demonstrated that vibration exposure duration
can be detected accurately and reliably using the on-the-wrist

method. Although further study is required to confirm it, the
current study reveals that wrist vibration is suggestively correlated
with the torque produced by pneumatic impact wrenches. There-
fore, with its advantages of posing the least interference with
working tasks and avoiding the dc-shift problem, the on-the-wrist
vibration measurement method may be used as a practical and
effective alternative approach to quantify the impact wrench
vibration exposure, and to continuously monitor and control the
exposure at workplaces. It is also anticipated that such a method
may also be applicable to other tools with dominant vibration
frequencies similar to those of the impact wrenches.

6. Disclaimers

The findings and conclusions in this report are those of the
authors and do not necessarily represent the official position of the
National Institute for Occupational Safety & Health. The mention of
trade names, commercial products, or organizations does not imply
endorsement by the US Government.
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