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In the interest of providing more effective evaluations of impact wrench vibration exposures
and the development of improved methods for measuring vibration emissions produced by
these tools, this study focused on three variables: acceleration measured at the tool surface,
vibration exposure duration per test trial, and the amount of torque required to unseat the nuts
following a test trial. For this evaluation, six experienced male impact wrench operators used
three samples each of five impact wrench models (four pneumatic models and one battery-
powered model) in a simulated work task. The test setup and procedures were based on those
provided by an International Organization for Standardization (ISO) Technical Committee
overseeing the revision of ISO 8662-7. The work task involved the seating of 10 nuts onto 10
bolts mounted on steel plates. The results indicate that acceleration magnitudes vary not only
by tool type but also by individual tools within a type. Thus, evaluators are cautioned against
drawing conclusions based on small numbers of tools and/or tool operators. Appropriate sam-
ple sizes are suggested. It was further noted that evaluators could draw different conclusions
if tool assessments are based on ISO-weighted acceleration as opposed to unweighted accel-
eration. As expected, vibration exposure durations varied by tool type and by test subject;
duration means varied more for study participants than they did for tool types. For the 12
pneumatic tools evaluated in this study, torque varied directly with tool handle acceleration.
Therefore, in order to reduce vibration exposure, tools should be selected and adjusted so that
they produce no more than the needed torque for the task at hand.
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INTRODUCTION

Impact wrenches are widely used in the manufactur-
ing and maintenance of automobiles as well as in
other occupational sectors. Operators of these tools
are frequently exposed to hand-transmitted vibration
(HTV), rotational forces, hand–tool coupling forces,
awkward postures and repetitive motions that may
lead to occupational injuries or disorders (NIOSH,
1997). Impact wrench use has been specifically asso-
ciated with the disorder known as vibration white
finger (VWF) (see Aiba et al., 1999). Repeated expo-
sures to intensive HTV may lead to VWF and other
symptoms commonly associated with hand–arm
vibration syndrome (HAVS) (Taylor and Brammer,
1982; Bovenzi, 1998). In the interest of controlling

exposures and preventing occupational injuries and
disorders, it is important to study the various expo-
sure components and their interactions.

The vibration emitted by tools constitutes one of
the primary exposure components to be studied. It
is important to characterize vibration emissions in
order to provide a clear picture of the exposure signa-
ture on the ‘dose side’ of the dose–response relation-
ship. Vibration characterization is also important for
the development of exposure interventions and for
improved tool designs. The four primary character-
istics of vibration exposure evaluation are vibration
frequency, vibration magnitude, exposure duration
and cumulative exposure (ISO 5349-1, 2001). There
are challenges that complicate the assessment of each
of these attributes. Simply measuring the vibration
frequencies and magnitudes at the handle of a work-
ing tool may not provide an accurate picture of vibra-
tion exposures during varying working conditions.
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For example, changes in operator posture could af-
fect the hand–arm’s biodynamic reaction to the tool
vibration along with the tool’s vibration exposure
signature (Aldien et al., 2005; Dong et al., 2005).
Likewise, the gripping and pushing forces applied
to the tool handle may also influence the vibration
exposure signature (Dong et al., 2004).

Attaining an accurate measure of exposure dura-
tion can also be challenging. Exposure durations
are typically quantified via reviews of work histories,
work observations or employee interviews. These
methods are notoriously inaccurate (Peterson et al.,
2007). The use of noise or vibration loggers can over-
come these inaccuracies (see Teschke et al., 1990, for
example), but no standardized method for measuring
vibration exposure periods exists. The time compo-
nent may also need close examination; knowledge
of duty cycles and intermittent tool usages may be
as important as total exposure duration when charac-
terizing the vibration exposure signature.

In addition to the aforementioned difficulties, there
are several other variables that may alter exposure
assessment outcomes. The physical characteristics
of the tool operator can influence the exposure signa-
ture; the elasticity, damping properties and masses of
hand and arm tissues can affect tool vibration emis-
sions and the biodynamic responses of a subject’s
hand–arm system to the vibration inputs (see Chapter
13 of Griffin, 1990). Sources of common measure-
ment errors need to be identified and accounted for.
For example, direct current (DC) shifting of vibration
signals may lead to exposure overestimations, espe-
cially for tools under shock and impact conditions
(Dong et al., 2004).

To overcome these difficulties during tool vibration
comparisons, it is essential to develop consistent and
effective vibration emission assessment techniques
such that different impact wrenches can be directly
compared and judged based on the same criteria. To
that end, the International Organization for Standard-
ization (ISO) established ISO 8662-7 ‘Hand-Held
Portable Power Tools—Measurement of Vibrations
at the Handle—Part 7: Wrenches, Screwdrivers, and
Nut Runners with Impact, Impulse or Ratchet Action’
(1997). In order to provide a consistent and stable load
to the tool, a special loading device (braking mecha-
nism) is specified in the standardized test. Unfortu-
nately, such a device may not provide a reasonable
simulation of workplace impact wrench operations.
The test data obtained from different laboratories
may also vary greatly, as measured vibrations have
been shown to vary with the subject’s physical size
and with the magnitude of applied hand forces (Shida
et al., 2001). Difficulties in fabricating a durable
mechanism that provides consistent tool loading may
also contribute to interlaboratory variances.

In view of these problems, ISO Technical Commit-
tee 118/SC 3/WG 3—Vibrations in hand-held tools—

ad hoc group for wrenches, proposed a new test
method to replace the existing method (ISO, 2006).
As stated by the committee, the revised setup and
procedure are intended to

� more closely simulate actual vibration in the
workplace,

� assure that the end results will fall into the top
quartile of what is actually experienced by a vari-
ety of workers in different work situations,

� produce a vibration result that could be easily
translated into risk assessment analysis by the
tool user and

� be able to apply the revised procedure to a cross
section of all threaded fastener tools from all
power sources, including pneumatic, hydraulic
or electric (ISO, 2006).

However, this new method has not yet been suffi-
ciently evaluated and tested.

To assist in the development of an improved im-
pact wrench vibration risk assessment standard, the
specific aims of this study were to

� identify important characteristics of vibration
exposure for users of impact wrenches,

� compare methods for quantifying impact wrench
vibrations,

� examine potential influences on vibration
measurements,

� investigate how impact wrench vibration emis-
sions, duty cycles and torque measurements vary
from tool to tool and subject to subject,

� look into relationships among vibration, exposure
duration and torque measures and

� evaluate the proposed impact wrench risk assess-
ment method proposed by the ISO ad hoc group
for wrenches (ISO, 2006).

MATERIALS AND METHODS

Experimental setup and procedure

The protocol for this research was reviewed and
approved by the National Institute for Occupational
Safety and Health (NIOSH) Human Subjects Review
Board. In this study, six male impact wrench opera-
tors used 15 impact wrenches in a simulated work
task. There were four pneumatic models and one
battery-powered model; three samples of each tool
model were used. All study participants were ex-
perienced operators; candidates were asked to have
logged at least 100 h with threaded fastener tools.
The study apparatus was constructed based on the re-
quirements of the test setup and procedures provided
by ISO Technical Committee 118/SC 3/WG 3 (ISO,
2006).

The test setup is depicted in Fig. 1. Briefly, the test
apparatus consists of two removable 38-mm thick
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hardened steel plates vertically mounted on a con-
crete block. Each plate was fabricated with channels
and holes to accommodate 10 M20 � 60 mm Grade
8 steel bolts. The 10 bolts on each plate are arranged
in two evenly spaced rows of five bolts each (see
Fig. 1a). Each bolt is fitted with a nut, two Bellville
washers (20.4 mm ID, 40 mm OD) stacked in parallel
along with a matching flat washer (see Fig. 1b). In
an effort to obtain vibration emission values that cor-
respond to values that workers would be expected to
experience in actual work situations, the revised pro-
cedure calls for vibration measurements to be made
over the course of a series of 30-s trials that involve
the seating of 10 nuts onto the plate-mounted studs
or bolts. To be consistent with the vibration mea-
surement method specified in the ISO vibration risk
assessment standard (ISO 5349-1, 2001), another
proposed major change to ISO 8662-7 (1997) is that
vibrations are to be measured in three axes instead of
a single axis as is specified in the existing standard.

In the current study, two complete sets of new
bolts, washers and nuts were used during the tests.
As specified above, a test trial consisted of the seat-
ing of 10 nuts on one of the steel plates in a 30-s
period. In order to control the pace of the experiment,
a custom program using National Instruments
LabVIEW� software was developed. Basically, the
program’s display consisted of 10 dial gauges that
represented the 10 nuts to be tightened during a trial.
The dial needle swept around a gauge in 2 s, then the
subject was prompted to move to the next nut; 1 s
later, the needle swept around the next gauge, and
so on. The pacing program ran on a notebook com-
puter that was placed in front of the test subject. Each
participant completed practice runs to become accus-
tomed to the work task and pacing program. This
pacing mechanism proved to be successful as trials
during the tests were consistently within 30 – 1.5 s
for all study participants. After a 10-nut trial, the sub-
ject rested while a test engineer backed-off the nuts
to their starting positions. The subject was then
prompted to complete the next trial on the alternate
plate. In this fashion, about half of a test session’s tri-
als were completed on one plate and half on the other.

Each subject completed five, 10-nut trials with
each of the 15 tools for a total of 75 trials in a test ses-
sion. All tools were in good working order and had
only been used in round-robin laboratory testing us-
ing this same test fixture and procedure. Five tool
models with three samples each were used:

1. Tools A1-3: Ingersoll-Rand 2135Ti, max
torque 5 848 Nm, weight 5 1.8 kg

2. Tools B1-3: Atlas Copco EP12PTS150-HR13-
AT, max torque 5 150 Nm, weight 5 2.5 kg

3. Tools C1-3: Chicago Pneumatic CP749, max
torque 5 612 Nm, weight 5 2.4 kg

4. Tools D1-3: Chicago Pneumatic CP7733, max
torque 5 746 Nm, weight 5 2.5 kg

5. Tools E1-3: Makita BTW120, max torque 5 120
Nm, weight 5 1.6 kg

The first four listed tool models are pneumatic
tools. For these tool models, the supplied air pressure
was regulated to 689 kPa (100 psi). The Makita
model is a battery-powered tool. The 12V battery
packs for each of the three Makita tools were fully
charged at the beginning of each test session. The
testing order of the 15 tools was independently ran-
domized for each subject.

According to the proposed revisions to the stan-
dard, when possible, vibrations are to be measured
at two locations on the tool, either at both handles
where supplied or at other locations where the user
is likely to grip and support the tool (ISO, 2006).
None of the tools used in this study are equipped with
secondary handles. For the four pneumatic tools, vi-
bration was measured at the tool handle and at the
front portion of the tool housing. For the smaller,

Fig. 1. (a) The impact wrench test setup consisting of two
removable steel plates vertically mounted on a concrete

block. Each plate accommodates 10 M20 � 60 mm Grade 8
bolts. A test trial comprises the seating of 10 nuts onto one

of the sets of 10 bolts in a 30-s period. The subject
alternates between plates for a total of five 30-s trials per tool.

(b) Nuts and washers are shown in their initial positions.
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battery-powered tool, only handle vibration was mea-
sured. All vibration measurements were collected
via calibrated PCB Model 356B11 triaxial acceler-
ometers. Each accelerometer was mounted on an alu-
minum mounting block. Hose clamps were used to
secure the accelerometer assemblies to the tools.

The measurement of vibration of percussive tools
often yields significant DC shifts in the piezoelectric
accelerometer output (Kitchener, 1977). During
practice runs, evidence of such DC shifts in some
of the measurements—especially those on the tool
housings of the Chicago Pneumatic and Ingersoll-
Rand models—were observed. In order to alleviate
this DC shifting problem, thin layers of rubber were
placed underneath the accelerometer mounting
blocks and hose clamps to provide mechanical filter-
ing in a similar fashion to that detailed in another
study (Dong et al., 2004). This filtering method
proved to be effective at eliminating the DC shifts.
Figure 2 shows the typical arrangement for the accel-
erometers, mounting blocks, hose clamps, and layers
of rubber.

Vibration data were collected for each one-third
octave band with center frequencies from 6.3 to
1250 Hz. The triaxial accelerometer signals were
conditioned via PCB 480E09 ICP sensor signal con-
ditioners with gains set to ‘1’ (no amplification). The
vibration signals were then fed into a portable six-
channel B&K PULSE system (Model 3032A) where
a separate text file was generated for each test trial. A
Microsoft Excel spreadsheet was used to process the
weighted accelerations at the tool handle and at the
tool housing (where applicable) for each 30-s trial.
Immediately following each five-trial tool run, the
coefficient of variation (CV) of the root-sum-of-
squares value (total value) for the five consecutive
trials was calculated. Trials were repeated if the
CV was �0.15. Processed vibration values proved

to be reasonably consistent as ,5% of all test trials
required replication.

Study variables

This study focused primarily on three outcome
variables: vibration magnitude, vibration exposure
duration and torque. Vibration data were collected
in three axes via triaxial accelerometers as described
above. Vibration magnitude root-mean-square (r.m.s.)
values were determined for each one-third octave
band from 6.3 to 1250 Hz for each axis. The ‘total’
value for each triaxial accelerometer was then cal-
culated using the following formula:

atotal 5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2
x þ a2

y þ a2
z

q
; ð1Þ

where atotal is the unweighted root-sum-of-squares
total value and ax, ay and az are the unweighted
r.m.s. values for the x-, y- and z-axis, respectively.
(Refer to Fig. 2 to see the reference coordinate
system.) In similar fashion, the ISO-weighted
root-sum-of-squares vibration magnitude total val-
ues were calculated after applying the one-third
octave band weighting coefficients presented in
ISO 5349-1 (2001). In this fashion, ISO-weighted
and unweighted vibration magnitudes were quanti-
fied for two tool locations (handle and housing)
for each trial. All vibration magnitude values are
expressed in m s�2.

As described above, vibration data were collected
throughout the entire 30-s trial as the subject moved
from nut to nut. Naturally, these measurements in-
cluded periods when the tool was not operating; thus,
the measurement period included times when the op-
erator was not being exposed to tool vibration. It was
hypothesized that actual exposure time would vary
by tool and by subject. An algorithm was developed
to aid in the assessment of these exposure duration
variations. Time-domain tool vibration spectra were

Fig. 2. (a) Typical arrangement of the accelerometers, mounting blocks and hose clamps used for mounting the two
accelerometers on the tools. For the four pneumatic tool models, measurements were taken at the tool handles and near the
front of the tool housing. For the battery tool model, only handle measurements were collected. (b) Layers of rubber were

placed under the hose clamp and accelerometer mounts to prevent DC shifting of the acceleration measurements.
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collected, and the three-axes (total) vibration wave-
forms were rectified and digitally processed to quan-
tify the amount of tool vibration exposure time for
each trial. Basically, a threshold value for vibration
exposure was established, and periods when vibra-
tion exceeded the threshold were considered to be
tool vibration exposure time. Figure 3 shows a sample
output of this algorithm applied to three nuts during
a typical trial. The intratrial exposure times were
summed to provide a measure of total exposure time
for each trial; these values were then used to examine
relationships among exposure times, tools and subjects.

Nut static torque measurements were collected for
just one of the subjects. A click-type torque wrench
was used to measure the amount of torque required
to unseat each nut after each of four, 10-nut trials.
These torque measurements were taken for each of
the 12 pneumatic tools; nut torque measurements
were not obtained for the three battery-powered tools
because the torque produced by those tools is below
that of the operating range of the torque wrench used
in this study.

Data processing and statistical analysis

Where appropriate, univariate general linear
model analysis of variance (ANOVA) tests were
performed to identify significant study factors. Also
where appropriate, Tukey’s honestly significant dif-
ference (HSD) post hoc pairwise comparisons were
performed. All ANOVAs and Tukey’s HSD tests
were performed using SPSS statistical software
(SPSS Inc., version 14.0). Regression/correlation
analyses were performed using Microsoft Excel.
Analysis results were considered significant at the
P , 0.05 level.

RESULTS

Vibration

Naturally, each tool type produced its own vibra-
tion signature. Representative unweighted vibration
spectra measured at the tool handles are presented
in Fig. 4. Figure 5 illustrates acceleration vari-
ability for each tool and how these measurement

Fig. 3. Exposure duration algorithm output for the seating of the first three nuts in a typical 10-nut trial. Tool handle
vibration signals were rectified, an exposure threshold was established and time periods where tool handle vibration

exceeded the threshold were summed to quantify the actual exposure time during each 30-s trial.

Fig. 4. Typical unweighted r.m.s. vibration spectra measured at the handles of each of the five tool types.
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distributions varied among the 15 tools. As can be
seen, the distributions within each tool model are
fairly similar for both weighted and ISO-weighted
acceleration values. It is clear that vibration magni-
tudes for the Type B tools are considerably lower
than those for the other four tool models. Further,
there is less overall variability with the acceleration
measurements for the Type B tools. In similar fash-
ion, the distributions of tool handle acceleration val-
ues for each of the six study participants are shown
in Fig. 6.

As denoted in Table 1, the ANOVA results revealed
that both tool and test subject are significant influen-
ces on tool vibration. The tool/subject interaction is
also significant. As indicated, the conclusions drawn
from the ANOVA results were the same whether un-
weighted or ISO-weighted acceleration values were
used in the analysis. Likewise, tool handle and tool
housing measurements yielded the same conclusions.
These similarities are further displayed in Fig. 7
where tool handle and tool housing acceleration
measurements are compared for both ISO-weighted

Fig. 5. Distributions of (a) unweighted and (b) ISO-weighted total r.m.s. vibration values measured at the handle of each
tool by all six subjects (n 5 30). The boxes represent the interquartile range for each distribution; the line within each

box is the median value. The whiskers extend to the 5th and 95th percentiles.
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and unweighted values. As shown in the figure, the
Pearson R-squared values are statistically significant,
while the slopes of the trend lines for both cases ap-
proach unity.
Post hoc pairwise comparisons of means of tool

handle acceleration measurements for the test sub-
jects and tools are contained in Tables 2 and 3, re-
spectively. Overall, Subjects T and D exhibited
higher vibration exposure magnitudes than the other
subjects. As indicated in Table 3, for unweighted vi-
brations, the Type A tools were significantly higher
than the other tool types. However, when ISO fre-
quency weighting is applied, the Type C tools move
to the top. This characteristic is further indicated in
Table 4; this table contains means and standard devi-
ations of tool handle acceleration measurements for
each test subject and tool type. The tool type and test
subject interaction is also revealed in Table 4; the
rank order of the subject’s exposures varies with tool
type. The pattern of variation differs depending on
whether ISO-weighted or unweighted accelerations
are used in the analysis.

Exposure duration

The ANOVA results for exposure duration per 30-s
test trial are contained in Table 5. As was the case for
tool acceleration, vibration exposure duration also
depended on test subject and tool type. Likewise,
the test subject/tool type interaction was significant.
Post hoc pairwise comparisons for test subject and
tool type are displayed, respectively, in Tables 6
and 7. As was the case for vibration magnitude,
Subjects T and D had significantly higher exposure
times than the other four subjects. There were only
two subsets among tool types for exposure duration;

Table 1. ANOVA tables for unweighted and ISO-weighted r.m.s. acceleration values measured at the tool handles of each of the
15 tools and at the housings of the 12 pneumatic tools

Dependent variable Source SS df MS F P

Unweighted handle vibration Tool 1 802 882.7 14 128 777.3 1265.5 ,0.001*

Subject 73 243.0 5 14 648.6 144.0 ,0.001*

Tool � subject 148 739.7 70 2124.9 20.9 ,0.001*

Error 36 632.2 360 101.8 — —

Weighted handle vibration Tool 1943.7 14 245.6 827.5 ,0.001*

Subject 165.6 5 33.1 111.6 ,0.001*

Tool � subject 218.4 70 3.1 10.5 ,0.001*

Error 106.8 360 0.3 — —

Unweighted handle vibration Tool 1 575 199.1 11 143 199.9 2222.6 ,0.001*

Subject 113 897.0 5 22 779.4 353.6 ,0.001*

Tool � subject 99 389.8 55 1807.1 28.0 ,0.001*

Error 18 555.8 288 64.4 — —

Weighted handle vibration Tool 2376.9 11 216.1 790.6 ,0.001*

Subject 186.7 5 37.3 136.6 ,0.001*

Tool � subject 253.7 55 4.6 16.9 ,0.001*

Error 78.7 288 0.3 — —

Fig. 6. Distributions of (a) unweighted and (b) ISO-weighted
total r.m.s. vibration values measured at all 15 tool handles
for each study participant (n 5 75). The boxes represent

the interquartile range for each distribution; the line
within each box is the median value. The whiskers extend to

the 5th and 95th percentiles.

Evaluation of impact wrench vibration 131



tool type D durations were significantly longer than
Types A, B and E; no other significant differences
were observed.

The distributions of exposure duration times are
illustrated in Figs 8 and 9. Figure 8 displays the dis-
tributions for each of the five tool types. As shown in
the figure, tool types B and E exhibited considerably
less overall variability than the other three tool types.
The distribution of duration times for each subject is
shown in Fig. 9. The median values for Subjects D
and T are clearly higher than the other four subjects.

Subject D also displayed much more variability than
the other five study participants.

The measured acceleration magnitude is the r.m.s.
value averaged over the 30-s trial. If the average vi-
bration exposure duration per nut is longer, the mea-
sured acceleration magnitude could also be higher,
although the average acceleration level during the
exposure period could remain unchanged. Therefore,
exposure duration and acceleration magnitude may
have some association. To evaluate this association,
regression analysis between these two factors was

Fig. 7. Correlations between tool handle and tool housing unweighted and ISO-weighted r.m.s. acceleration measurements for
the 12 pneumatic impact wrenches (n 5 360). In both cases, the R-squared values are statistically significant (P , 0.001).
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performed, which revealed that they are reliably cor-
related (R2 5 0.12, P , 0.001).

Torque

As detailed earlier, for one of the study partici-
pants, the amount of torque required to unseat each
nut was measured after four 10-nut trials with each
of the 12 pneumatic tools. An ANOVA was per-
formed; tool, nut and the tool/nut interaction were
all found to be significant factors. The ANOVA re-
sults are contained in Table 8. The distributions of
torque measurements for each pneumatic tool type
are displayed in Fig. 10. As the boxplots show, the
torque required to unseat the nuts tightened with
the Type B tools was considerably lower than the tor-
que required for the other three tool models. Further-
more, the range of torque measurements for the Type
B tools was less than those for the other tools. Post
hoc tests indicate that the torque values for Nuts 5,
8 and 12 are significantly lower than those for the
other nuts (P , 0.05).

The relationship between the measured torque and
the amount of vibration produced by each pneumatic
tool was examined. That significant correlation is
illustrated in Fig. 11. As shown, measured torque
increases with ISO-weighted acceleration.

DISCUSSION AND CONCLUSIONS

This study examined various parameters that are
commonly associated with risk assessments of HTV
exposures to operators of impact wrenches. The test
setup and procedure were developed by an ISO
ad hoc group for impact wrenches for the proposed
revision of ISO 8662-7 (1997). The study focused
on three primary variables: acceleration measured
at the tool surface, vibration exposure duration per
test trial, and the amount of torque required to unseat
nuts after they were tightened during a test trial.
The results for each of these variables are discussed
below.

Vibration

The average ISO-weighted acceleration measured
at the handles of the tools examined in this study
was 6.6 m s�2. This level of vibration is comparable
to that reported for impact wrenches examined in
other studies (e.g. Griffin, 1997; Aiba et al., 1999).
To stay below the Action Level published in the
2002 European Union Directive (EU, 2002), a tool
operator would be allowed to operate the average
tool for a little over 1 h (based on an 8-h reference
period). To remain below the Directive’s Exposure
Limit Value, the daily operation would have to be
limited to �4.5 h.

As expected, the acceleration magnitude varied by
tool model. Perhaps more important, the acceleration
magnitude also varied by tool within a specific tool
model. Only one tool model, Type B, did not exhibit
significant acceleration differences among the three-
tool samples used in this study. For the three Type C
tools, each of the individual unweighted acceleration
means was significantly different than the other two.
This indicates that it is necessary to include at least
three, and possibly more, tools per model in impact
wrench vibration exposure assessments if one is us-
ing the assessment to quantify exposures for a specific
tool model or when comparing exposure levels of dif-
ferent tool models.

Similar variations were observed when examining
the test subject vibration exposures; acceleration

Table 2. Tukey’s HSD post hoc pairwise comparison results
for unweighted and ISO-weighted tool handle r.m.s.
acceleration means for the six study participants (n 5 75)

Test subject

M W Q S D T

Unweighted vibration

Mean (m s�2) 126.5 127.4 133.1 133.2 153.9 158.9

ISO-weighted vibration

Mean (m s�2) 6.0 6.0 6.5 6.5 7.1 7.7

Each line represents means that are not significantly different
(P . 0.05). Means that do differ significantly (P , 0.05) are
not subsumed under a line.

Table 3. Tukey’s HSD post hoc pairwise comparison results for unweighted and ISO-weighted r.m.s. acceleration means
measured at the handles of the 15 tools (n 5 30)

Tool

Unweighted vibration B2 B3 B1 D2 D3 D1 C2 E1 C1 E2 E3 C3 A2 A3 A1

Mean (m s�2) 27.5 30.0 31.9 110.3 122.6 122.9 146.9 151.0 160.3 170.8 178.4 184.0 205.4 212.8 227.5

ISO-weighted vibration B2 B3 B1 D2 D3 D1 E1 E2 E3 A2 A3 C1 A1 C2 C3

Mean (m s�2) 2.9 2.9 2.9 6.5 6.5 6.5 6.5 7.2 7.3 7.5 7.7 8.2 8.3 8.5 10.0

Each line represents means that are not significantly different (P . 0.05). Means that do differ significantly (P , 0.05) are not
subsumed under a line.
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values varied considerably among and within study
participants. Comparing Figs 5 and 6, it can be seen
that the within-subject distribution ranges for mea-

sured acceleration were broader for test subjects than
the within-tool ranges. As indicated in Table 3, the
six test subject acceleration means can be partitioned
into three significantly different subsets. These re-
sults indicate that a sample of only three test subjects
may be insufficient for accurately predicting vibra-
tion exposure magnitudes produced by impact
wrenches.

To further examine these study design issues, we
applied non-centrality operating characteristic
curves to determine appropriate sample sizes (see
Montgomery, 2001). Basically, the experimental de-
sign can be optimized by selecting a desired

Table 4. Tool handle total r.m.s. acceleration means and standard deviations (SDs) for each test subject (n 5 15) and tool
type (n 5 90)

Test subject Type B Type D Type E Type A Type C

Mean SD Mean SD Mean SD Mean SD Mean SD

ISO-weighted acceleration (m s�2)

Q 2.6 0.3 6.4 0.8 6.5 0.5 8.2 1.4 8.9 2.5

W 2.7 0.1 6.0 0.4 6.6 0.6 6.8 0.6 7.9 0.7

M 2.7 0.2 5.5 0.5 7.1 0.3 6.5 0.3 8.0 1.0

T 3.0 0.2 7.6 0.5 8.3 0.8 9.9 0.8 9.7 0.7

S 3.2 0.3 6.3 0.3 6.4 0.8 7.7 0.1 8.8 0.8

D 3.2 0.5 7.1 0.7 7.3 0.8 7.7 0.7 10.3 1.5

Average 2.9 0.3 6.5 0.5 7.0 0.6 7.8 0.6 8.9 1.2

Unweighted acceleration (m s�2)

Q 30.1 6.4 109.0 20.4 145.6 14.9 219.0 34.4 161.6 37.8

W 26.4 1.5 114.0 10.4 153.0 16.4 209.6 10.8 134.1 17.6

M 27.0 3.3 100.6 9.3 202.4 3.3 173.5 10.0 129.2 6.8

T 29.2 1.9 130.5 3.8 191.1 26.6 251.6 20.9 192.2 18.9

S 35.3 1.9 119.0 5.8 147.3 21.1 209.0 5.9 155.5 15.7

D 30.8 1.6 138.5 3.2 161.1 15.4 228.7 11.2 210.4 32.3

Average 29.8 2.8 118.6 8.8 166.7 16.3 215.2 15.5 163.8 21.5

Table 5. ANOVA table for vibration exposure duration per
30-s test trial measured at the tool handles

Source SS df MS F P

Subject 361.9 5 72.4 21.3 ,0.001*

Tool type 63.6 4 15.9 4.7 ,0.003*

Subject � type 241.9 20 12.1 3.6 ,0.001*

Error 204.3 60 3.4 — —

Table 6. Tukey’s HSD post hoc pairwise comparison results
for vibration exposure duration per 30-s test trial for the six
study participants (n 5 75)

Exposure duration Test subject

M Q W S T D

Mean (s) 6.5 7.8 8.2 8.6 11.2 12.3

Each line represents means that are not significantly different
(P . 0.05). Means that do differ significantly (P , 0.05) are
not subsumed under a line.

Table 7. Tukey’s HSD post hoc pairwise comparison results
for vibration exposure duration per 30-s test trial for the five
tool types (n 5 90)

Exposure Duration Tool type

B E A C D

Mean (s) 8.2 8.6 8.7 9.3 10.6

Each line represents means that are not significantly different
(P . 0.05). Means that do differ significantly (P , 0.05) are
not subsumed under a line.

Fig. 8. Distributions of vibration exposure duration values
for the 30-s trials for each of the five impact wrench models

tested by all six study participants (n 5 90). The boxes
represent the interquartile range for each distribution; the
line within each box is the median value. The whiskers

extend to the 5th and 95th percentiles.
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sensitivity and acceptable Type I (a) and Type II (b)
error risk probabilities, and then varying the number
of levels for the fixed factors (i.e. the number of tool
operators, the number of tool models and/or the num-
ber of tools per model) along with the number of rep-

licates per combination. For this evaluation,
a sensitivity of 0.5 m s�2 ISO-weighted acceleration
was desired, the number of replicates was fixed at
five, a was set at 0.05 and b was set at 0.20. Based
on the variance of ISO-weighted acceleration ob-
served in this study, in order to reliably rank five dif-
ferent tool models using the prescribed procedure, at
least five tool operators would be required to achieve
the desired sensitivity while limiting the Type I and II
error risk probabilities. If the number of tools per
model was increased to four, only four tool operators
would be needed. In order to run the experiment with
only three tool operators, the number of tools per
model would have to be increased to five. Obviously,
increasing the number of tools in the assessment
dramatically increases the size of the experimental
matrix; it may be more desirable to run the experi-
ment using more tool operators.

These findings contradict the current ISO standard
(ISO 8662-7, 1997) as well the proposed changes to
that standard (ISO, 2006), both of which call for test-
ing by just three skilled operators and three tools per
model. Furthermore, as indicated in Table 1, there is
a significant interaction between tool and test sub-
ject. This interaction effect is demonstrated in Table
4; there is little consistency in the rank orders of ac-
celeration means for the test subjects across the tool
models. This further indicates that three test subjects
may be inadequate for a reliable assessment.

Much of this variability is likely due to differences
in applied hand forces, postures, and biodynamic
responses of the hand–arm system (Griffin, 1997;
Shida et al., 2001). None of these factors were mea-
sured or controlled in this study. Even skilled opera-
tors will individually adjust to tool design and work
task differences. Perhaps the influence of these indi-
vidual differences could be partially countered by
controlling applied forces and standardizing pos-
tures. In that case, it might be possible to conduct
accurate assessments using only three test subjects.

Fig. 9. Distributions of vibration exposure duration values for
the 30-s trials for each of the six study participants (n 5 75).

The boxes represent the interquartile range for each
distribution; the line within each box is the median value. The

whiskers extend to the 5th and 95th percentiles.

Table 8. ANOVA table for torque required to unseat the nuts
tightened by one of the test subjects using the 12 pneumatic
tools

Source SS df MS F P

Tool 2 680 607.2 11 91 891.0 596.5 ,0.001*

Nut 192 328.3 19 10 122.5 65.7 ,0.001*

Tool � nut 125 420.3 209 600.1 3.9 ,0.001*

Error 36 973.8 240 154.1 — —

Fig. 10. Distributions of the measured torque required to
unseat nuts tightened by one of the subjects using each

of the four pneumatic tool models (n 5 120). The boxes
represent the interquartile range for each distribution;

the line within each box is the median value. The
whiskers extend to the 5th and 95th percentiles.

Fig. 11. Relationship between ISO-weighted r.m.s.
acceleration measured at the tool handles of the 12 pneumatic

tools and the torque required to unseat the nuts tightened
by those tools. The R-squared value is statistically

significant (P , 0.001).
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However, controlling hand forces and work postures
can present considerable challenges during labora-
tory and field-testing. Moreover, specifying the ap-
plied forces and work postures during assessments
may yield results that are not representative of those
found in actual workplace environments. Therefore,
increasing the number of subjects for a more reliable
comparison may be a better solution.

As indicated in Table 1, ANOVA results were the
same for tool handle and tool housing acceleration
measurements. These similarities are also reflected
in Fig. 7. These results imply that accelerometer
location may not be critical for impact wrench ex-
posure assessments—especially if one simply wants
to compare the vibration emissions of various tool
models. For such comparisons, it may be best to se-
lect accelerometer mounting locations that allow for
minimal interference with the hand–tool interface.
However, the evaluator should be consistent with
accelerometer placement, and it seems logical to
collect vibration data at a point close to where HTV
enters the workers’ hand–arm system. In any case,
accelerometer placement should always be reported.

When comparing unweighted and ISO-weighted
accelerations in this study, many of the conclusions
would be the same. For example, as displayed in
Table 1, the ANOVA results are the same for ISO-
weighted and unweighted acceleration values. Like-
wise, the pairwise comparisons contained in Table 3
yielded identical test subject subsets. However, as
indicated in Tables 2 and 4, ISO weighting does affect
tool acceleration comparisons. As shown in Fig. 4,
the Model A tools exhibit a more pronounced high-
frequency component as compared to the other four
tool models. This component is a major contributor
to that model’s unweighted acceleration values. These
high-frequency constituents are suppressed through
the application of ISO weighting, and as a result, the
Model C tools rise to the top of the acceleration rank
order. As displayed in Table 2, another result of the
weighting application is the formation of larger pair-
wise comparison subsets. The appropriateness of the
current ISO weighting has been discussed for several
years (e.g. Wasserman, 1989). This debate will likely
continue for some time. Until consensus is reached, it
may be useful for researchers to report both un-
weighted and ISO-weighted findings.

Exposure duration

It was not surprising to find that exposure duration
depends on tool and test subject. The tool models
evaluated in this study were not necessarily designed
to perform the same work tasks; the simulated work
task employed in this study may not be representative
of the tasks that each specific tool was designed for.
This is one of several reasons that vibration exposure
duration differences are to be expected. Likewise,
even though all study participants were experienced

impact wrench users, they came from different work
backgrounds, and this particular study design likely
matches some subjects’ experiences better than
others. Furthermore, differences in task training and
work experience will certainly lead to variability in
posture and other task performance characteristics that
will, in turn, result in exposure duration differences.

Duration means varied more for test subjects than
for tool types; the means for study participants
ranged from 6.5 to 12.3 s, while the range for tool
types ranged from 8.2 to 10.6 s. Moreover, pairwise
comparisons yielded three subsets for test subjects
and only two subsets for tool types. Based on these
results, workers may be expected to exhibit more ex-
posure duration variability than do tools. As outlined
previously, the simulated work task in the present
study utilized a pacing program to control trial times.
Obviously, in actual work tasks, such pacing mecha-
nisms do not normally exist, and in these real-world
cases, vibration exposure duration measurements
would likely exhibit even more variability.

Torque

The measurement of the amount of torque required
to unseat the nuts after a test trial is a time-consuming
process; the inclusion of this metric dramatically in-
creased the time of the tool evaluation. Therefore,
due to time constraints, torque measurements were
only collected for one of the study participants. How-
ever, even this limited information produced some
interesting results. As indicated in Table 8, the
amount of torque depended on which tool was being
used and which nut was being tightened. The interac-
tion of these two factors was also statistically signif-
icant. Figure 10 shows how torque varied by tool. As
illustrated in the figure, the Model B tools produced
consistently low torque. While not shown in any fig-
ure, the Model B tools were also the primary reason
for the tool/nut interaction. The significant nut-to-nut
torque variations observed in this study were not ev-
ident with the three Model B tools, while the torque
values for the individual nuts varied significantly for
the other three pneumatic tool models.

An examination of the torque values for the individ-
ual nuts reveals three nuts with consistently lower tor-
que values. These significantly lower means are likely
due to physical differences among the nuts and/or
bolts. This phenomenon may be a reflection of
manufacturing differences in the hardware, or due
to dissimilar wear patterns or damage that may have
resulted from irregular tool actions (e.g. tool mis-
alignment). It is interesting to note that the two high-
est torque averages are those for Nuts 10 and 20—the
final nuts in each 10-nut set. This potential sequence
effect may need further examination. In any case, it
is evident that nut and bolt differences may introduce
variability in torque measurements, and the evaluator
should be aware of these potential influences.
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Figure 11 shows the relationship between torque
and ISO-weighted vibration. Clearly, vibration in-
creases with torque for these 12 pneumatic tools.
While not displayed, this relationship also exists with
unweighted vibration, although the R-squared value
is slightly lower (R2 5 0.79, P , 0.001). This rela-
tionship indicates that there may be a trade-off
between torque and vibration exposure. This may
have tool selection implications; it is probably best
to choose tools that deliver no more than the torque
required to satisfactorily complete the work task.
Oversizing tools may unnecessarily expose workers
to excessive vibration.

If the objective of an evaluation is to compare
different tool models built for similar work tasks,
static torque measurements may provide useful infor-
mation. Dynamic torque measurements may also
contribute valuable data for such comparative evalu-
ations. For the present study, all tools were operated
at their highest torque settings, but it should be noted
again that the tool models evaluated were not neces-
sarily designed to perform the same work tasks. So in
this case, comparing tool models using static torque
measurements may not be appropriate.

Other observations

It is generally recognized that work posture and
applied hand forces can significantly affect HTV ex-
posure. In light of these observations, it may be use-
ful to modify the impact wrench test procedure to
reduce variability in the results. For example, in order
to better control work posture, the operator could
stand on a platform with adjustable height. Thus, el-
bow and shoulder angles could be more standardized.
In order to evaluate the influence of applied forces,
a force plate could be added to the platform to mea-
sure ground reaction forces. Grip forces could be es-
timated using a force-recall technique similar to that
used in earlier studies (McDowell et al., 2006, 2007).

While this test rig is suitable for work task simula-
tions using the majority of impact wrench models, it
may not be appropriate for larger tool models; it may
be too difficult to maneuver large tools from one nut
to another in the prescribed time frame. For larger
tools, the apparatus may have to be modified to in-
clude some sort of tool suspension system.

While it is recognized that this test apparatus can-
not provide reasonable simulations for all work tasks
involving impact wrenches, the apparatus and test
procedure seem to generate appropriate data for tool
screening for a wide variety of impact wrench models
and many common workplace operations.

Disclaimer—The findings and conclusions in this article have
not been formally disseminated by the NIOSH and should
not be construed to represent any agency determination or pol-
icy. The mention of trade names, commercial products or or-
ganizations does not imply endorsement by the US
Government.
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