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ABSTRACT

Objectives. Tendonitis and carpal tunnel syndrome are common cumulative trauma disorders that can
occur with repetitive usage of pistol grip power tools. The role of reaction torque resulting in a forceful
rotary displacement of the tool handle, as well as the role of applied grip force, is not clear in the devel-
opment of these disorders. This study aimed to quantify the flexor tendon strains and median nerve
pressure during a typical power tool operation securing a threaded fastener. Methods. Six fresh-frozen
cadaver arms were made to grip a replica pistol grip power tool using static weights to apply muscle
forces. A 5-Nm torque was applied to the replica power tool. The median nerve pressure and strains
in the flexor digitorum profundus and superficialis tendons were measured using a catheter and strain
gauges, at three wrist flexion angles. Results. The peak tendon strains were between 1.5 and 2% and
were predominantly due to the grip force more than the transmitted torque. Median nerve pressure
significantly increased with the wrist flexed versus extended. Conclusion. The results indicate that the
contribution of the grip force to the tendon strain and median nerve pressure was greater than the
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contribution from the reaction torque.

1. Introduction

Wrist-related cumulative trauma disorders, such as carpal tun-
nel syndrome (CTS) and tendonitis, are common work-related
injuries that develop chronically over time [1-3]. The use of
hand-held pistol grip power tools in industries such as man-
ufacturing, agriculture and mining are commonly associated
with both CTS and tendonitis [3-7]. Exposure to the large
repetitive forces exerted by the user to support the tool,
engage the bit and resist the torque reaction forces stress the
body and contribute to tendonitis and CTS [7-9].

CTS is caused by excessive pressure on the median
nerve [10], which runs through the carpal tunnel. During pistol
grip power tool operation, changes to the median nerve pres-
sure (MNP) can be caused by gripping the handle [2,11-13]
and deviating from a neutral wrist position [13-15]. Ten-
donitis is inflammation of a tendon caused by cumulative
trauma through repetitive strain [16]. The tendons of the flexor
digitorum profundus (FDP) and flexor digitorum superficialis
(FDS) muscle groups travel through the carpal tunnel and are
responsible for applying grip force and engaging the tool trig-
gerduring power tool operation. These tendons are commonly
associated with tendonitis [17,18]. While muscular contrac-
tions cause these tendons to experience strain during hand-
tool gripping tasks, the tendons may experience additional
strain from a forceful tool handle rotary displacement due to
a reaction torque at the end of a fastener’s travel.

There are significant bodies of research on CTS [13,14,19,20]
and tendonitis or tendon forces [16,21-23]. Cadaveric wrist
and hand simulators have been used for many of these investi-
gations. Simulated muscle forces were applied by suspending
weights from the tendons, which either manipulates the kine-
matics [21] or applies grip [14,23] to the hand. Investigators
of CTS have measured changes to the carpal tunnel pressure

(MNP) by using hypodermic needles [10,24,25], transducer
catheters [14,20,26] or bulb transducers [14,27]. While these
studies investigated causal links between power tool opera-
tion and the incidence of CTS and tendonitis, they applied
lower tendon loads than what is suspected during power
grip [17,28].

None of these studies directly measured wrist flexor tendon
strains or the MNP from the torque experienced during pistol
grip power tool operation. These findings would be useful to
assess the potential development risk for tendonitis and CTS
during such operations. Furthermore, the relative contribu-
tions of grip force and reaction torque towards the total strain
in the tendons and the MNP are not known. Without these rela-
tionships, it is difficult for the ergonomists to implement safer
work practices.

The purpose of this study was to quantify the flexor tendon
strains and MNP during a typical pistol grip power tool oper-
ation used to secure threaded fasteners on an assembly line.
The study intended to answer the following research ques-
tions: (a) what are the typical flexor tendon strains and MNP
during pistol grip power tool operation; (b) what are the rela-
tive contributions of grip force and reaction torque on tendon
strains and MNP? Additionally, this study also investigated the
influence of wrist flexion angle and applied torque on these
measurements.

2. Methods

The research methodology has been approved by the Office of
Research Ethics at University of Waterloo. The present method-
ology used cadaveric specimens to simulate a hand-handle
power tool operation with the wrist in the flexed, neutral and
extended positions, while the MNP and strains in flexor ten-
dons were measured.
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Figure 1. (A) Median nerve replacement tubing, surgical (opaque) and PVC
(transparent). (B) FDP (left) and FDS (right) tendons with differential variable
reluctance transducers.

Note: FDP = flexor digitorum profundus;
PVC = polyvinyl chloride.

FDS = flexor digitorum superficialis;

2.1. Specimen preparation

Six fresh-frozen cadaver arms (five right, one left) cut mid-
humerus were procured for use in this study. The median age
of the specimens was 52 years (range 39-54). The specimens
did not have any reported upper-extremity injuries.

The arms were dissected to expose and isolate the wrist
flexor and extensor tendons from their muscle bodies. Specif-
ically, those muscle tendons providing the largest individual
contributions to wrist stabilization during a maximum grip-
ping task were exposed as described by Rossi et al. [17]. These
included the tendons of the FDP, FDS, extensor digitorum
communis (EDC), extensor carpiradialis brevis, extensor digito-
rum indicis, extensor pollicis longus and extensor carpi radialis
longus. Tendons from the muscles that contribute to gripping

but do not cross the wrist joint, such as the adductor pollicis
oblique head and flexor pollicis brevis, were not exposed. Each
of the five exposed tendons was sutured to a stainless-steel
cable using surgical sutures. The FDS, FDP and EDC muscles
each have four individual tendons that were sutured together
to their individual cables.

2.2. Measurement of variables

The cadaver hand had to be instrumented to measure the
strains in FDP and FDS tendons, the wrist flexion angle and
the MNP. For this purpose, the FDS and FDP tendons were
instrumented with a differential variable reluctance transducer
(DVRT) (LORD Microstrain, USA) to measure strains in the ten-
dons during experiments (Figure 1). An electrogoniometer
(Biometrics Ltd, UK) was mounted on the cadaver wrist to
measure the wrist flexion angle (Figure 2).

The MNP was measured using an approach similar to that
of Keir et al. [14]. A small incision was made in the palm
and proximal wrist to extract the median nerve. The nerve
was replaced by thin-walled surgical tubing (diameter 4 mm)
inserted retrograde from the palmar incision into the carpal
tunnel [14]. This tubing was connected to sturdy polyvinyl
chloride (PVC) tubing at the proximal entrance of the tunnel
(Figure 1) and the system was sutured in place to prevent
unwanted movement. Both tubes were filled with water and
the distal end of the surgical tube was plugged with a small
knot. The open end of the PVC tubing was connected to a
pressure transducer (Model PX309-005G5 V; Omega, Canada)
and the syringe was filled with water. The syringe was used to
adjust the pressure to 57 mmHg, which has been documented
as the resting pressure in the median nerve of patients with
CTS [10].

Figure 2. Custom-built hand simulator: (1) pistol grip power tool; (2) replica handle; (3) electrogoniometer; (4) MNP PVC tubing; (5) shoulder attachment; (6) muscle

cables.
Note: MNP = median nerve pressure; PVC = polyvinyl chloride.
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Table 1. Tendon forces.

Tendon Force (N)
Flexor digitorum profundus 102
Flexor digitorum superficialis 45
Extensor digitorum communis 40
Extensor carpi radialis brevis 27
Extensor digitorum indicis 22
Extensor pollicis longus 22
Extensor carpi radialis longus 9

Figure 3. Pistol grip power tool.

2.3. Application of muscle forces using the hand
simulator

The prepared specimen was then secured to the custom-built
hand simulator (Figure 2). The shoulder joint was connected
with a bearing to allow for shoulder abduction and screwed
into the humerus with a 9.52-mm threaded rod. The length of
the system from the bearing (point of rotation) to the elbow
was measured to be 30 cm. The cables that were sutured to the
exposed tendons were passed through a series of pullies pos-
terior to the elbow and the weights were suspended from each
cable to simulate muscle forces. The muscle forces applied
to these tendons through weights are presented in Table 1
and were calculated using linear interpolation to find the mus-
cle forces at 20% of the maximum gripping task forces for an
elliptical handle, equivalent to 156 N of grip force [17].

2.4. Set-up for application of torque to the hand

The application of the muscle forces caused the specimen
to grip a replica tool handle connected inline to the pistol
grip power tool (Figure 3). The power tool was controlled by
the Power Focus Controller (Atlas Corporation, Canada), which
applied a 5-Nm torque when initiated through an external
switch. Thereplica handle was created by taking a mould of the
original handle and casting with a polyurethane resin (Gold-
enWest MFG, USA). The torque represented the loading profile
of an M6 bolt being torqued on an automotive assembly line.
It has been commonly reported that 5 Nm is a median torque
value during pistol grip power tool use [29,30].

2.5. Torquing simulation trials

To facilitate the experiment, each bolt torquing simulation was
broken into two phases: grip-only phase and grip-and-torque
phase. During the grip-only phase, muscle forces were applied

by suspending weights on the seven tendons causing the hand
to grip the replica tool. The MNP and tendon strains were
then measured. During the grip-and-torque phase, an external
switch was used to engage the tool while the muscle forces
were applied (and the tool was gripped). The tool rotated,
causing the cadaver wrist (gripping the replica tool) to flex
and the forearm to pronate, which were resisted by the mus-
cle forces. Rotation continued until the tool registered 5 Nm of
reactive torque. The MNP and tendon strains were measured
during the torquing process. After each simulation, the hand
was relaxed by unloading the weights from the tendons. The
tool rotation angle, defined as the number of degrees the tool
rotated after a baseline torque of 1 Nm, was recorded.

These simulations were completed with the wrist in three
positions measured by the electrogoniometer: flexed (30°),
neutral (—8°) [31] and extended (—30°) (Figure 4). The order of
the wrist flexion angles was randomized, and each individual
test was repeated six times for both phases resulting in a total
of 36 trials per specimen.

2.6. Statistical analysis

Descriptive statistics were computed on the MNP and the FDP
and FDS tendon strains for each specimen and the overall
sample. The MNP and tendon strains were analysed using a
non-parametric paired sign test to find the influence of phase,
and non-parametric Friedman’s two-way analysis of variance
by ranks to find the influence on wrist flexion position [32]. An
« value of 0.05 was used to test for significance during all tests.
A Bonferroni correction factor was used during the Friedman
test to correct for multiple comparisons. SPSS version 16.0 was
used to conduct all statistical analyses.

3. Results

Simulations were successfully completed and both tendon
strains and the MNP were obtained for all six specimens. The
mean tool rotation angle was found to be 25.7° (SD 16.5°) and
wrist flexion angles were found to increase during the trial by
a mean of 3.2° (SD 3.7°). The torque-time curve of the pistol
grip power tool during the grip-and-torque phase of each sim-
ulation is shown in Figure 5. The peak torque (5 Nm) occurred
360 ms after the tool was engaged.

3.1. Flexor digitorum profundus strain

During handle grip, the mean peak FDP strain was found to
be 1.3% (SD 0.9%) and 1.5% (SD 0.9%) in the grip-only and
the grip-and-torque phase, respectively (Figure 6). The signed
test results revealed a statistically significant increase between
the grip-only and the grip-and-torque phases (p = 0.03). Peak
FDP tendon strains were not found to be affected by the wrist
flexion angle (p = 0.517).

3.2. Flexor digitorum superficialis strain

The mean FDS strain during handle grip was 1.7% (SD 1.0%)
for all three flexion angles. The mean FDS strain increased to
2.0% (SD 1.2%) with the torque applied (Figure 7). The grip-
and-torque phase was found to have significantly larger FDS
strain than the grip-only phase (p = 0.03) but no significance
was found between flexion angles (p = 0.12).
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Figure 4. Wrist positions: (A) 30° flexion; (B) neutral; (C) 30° extension.
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Figure 5. Torque-time curve for the bolt torquing simulation.
Note: Torque peaks at 360 ms.

3.3. Median nerve pressure

The increase in MNP during both phases at all three wrist
positions is shown in Figure 8. Increase in MNP was found
to be significantly correlated with increase in wrist flexion
angle (p < 0.01). Bonferroni-corrected pairwise comparisons
found that the flexed wrist position statistically increased the
MNP over the extended position (p < 0.01). The differences
between flexed and neutral positions or neutral and extended
positions were not found to be statistically significant. Similar
to the FDS and FDP strain analyses, the signed test revealed
that the grip-and-torque phase significantly increased the
MNP over the grip-only phase (p = 0.03).

4. Discussion

The typical values for flexor tendon strains and MNP during
pistol grip power tool operation are not known. Quantify-
ing these values throughout the wrist’s range of motion may
help researchers and ergonomists understand the risks of ten-
donitis and CTS during tool operation. In this study, a unique
cadaveric methodology was used to investigate the effects of
pistol grip power tool usage on the MNP and flexor tendon
strains with three different wrist flexion angles. Conducting the
simulation in two phases allowed for a separate investigation
of the effect of gripping the tool and the applied torque. The
main findings were: (a) the grip force accounts for the majority
of tendon strain, since the addition of reactive torque results
in a minimal but statistically significant strain increase; (b) the
MNP is substantially higher during wrist flexion than extension.
From the results, it appears that strategies to lower the grip

force required to operate pistol grip power tools and improv-
ing wrist position angle may lower the incidence of cumulative
trauma disorders.

4.1. Median nerve pressure

The influence of wrist flexion angle on the MNP was evi-
dent since the grip-and-torque phase increased the MNP by
15.3 mmHg when the wrist was flexed and only increased by
2.2 and 0.6 mmHg with a neutral and extended wrist position,
respectively. The pressure increase during flexion was similar
to the findings of Keir et al. [14], who found the MNP to increase
by 12.5 mmHg when 39.2 N was applied to the finger flexors
in a 30° flexed position. The results from the current study
show a decrease in MNP in extension, which is in contrast with
other findings. Many studies measuring carpal tunnel pres-
sure show a parabolic relationship with carpal tunnel pressure
increasing in both flexion and extension relative to the neutral
position [14,27,33-35], whereas the work by McGorry et al. [36]
found that pressure decreased as a function of increasing wrist
flexion during a power grip task.

Keir et al. [14] indicated that the MNP measured by replac-
ing the median nerve with thin-walled surgical tubing repre-
sents a combination of changes to the carpal tunnel pressure
and contact stresses from the tendons. The increase in pres-
sure in the flexed position using this technique is likely due
to the wrapping of the flexor tendons through the carpal tun-
nel, which can compress the median nerve [27]. In extension,
carpal tunnel pressure may increase but the flexor tendons
pull towards the posterior aspect of the carpal tunnel, relieving
contact with the median nerve.

The dangers of increased wrist flexion in the workplace are
well documented. Wrist flexion is commonly included as a
factor when evaluating the risk of injury [7,37]. However, the
threshold MNP pressure that can cause these chronic injuries
has not been investigated due to the difficulty in conduct-
ing long-term invasive clinical studies. Multiple studies have
suggested that acute effects tend to occur when the carpal
tunnel pressure is increased by 30 and 60 mmHg, which is also
considered risky [38,39]. In the current study, flexing the wrist
during pistol grip power tool operation increased the MNP
by 15.8 mmHg, which would not cause acute damage to the
nerve. This work demonstrates the MNP value that may be
associated with prolonged pistol grip power tool operation in
a flexed position. This may be a contributor to the incidence of
CTS in the flexed position.
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Figure 7. Flexor digitorum profundus strain. Note: All results are the average result of the six specimens.

The effects of rotational torque on the median nerve
have not been previously investigated. The increase in MNP
between the grip-only phase and the grip-and-torque phase
was 0.9 mmHg. While this was a statistically significant increase
in pressure, it is substantially smaller than the effect of wrist
flexion. The dangers to the median nerve are more likely to
be caused by gripping with a flexed wrist rather than by the
rotational torque.

4.2. Tendon strains

The repeated tendon strains caused by gripping forces during
pistol grip power tool operation are a suspected contributor to
tendonitis [7,40]. However, it remains unknown whether these
stresses are primarily caused by gripping or rotational torque
from seating a bolt. The current study found that applying a
rapid torque during the grip-and-torque phase increased the
strain in the FDS tendon by 0.3% and in the FDP by 0.2%. This

attributed to an increase between 5 and 30% of the total strain
during the simulation. Therefore, while previous studies have
related repetitive reaction torque to significant discomfort, this
study concludes that it unlikely contributes to tendonitis in
flexor tendons. Future studies should take into consideration
the relative contributions of the FDS and FDP forces to create
torques about the interphalangeal joints. The strains in these
muscle groups may be subject to statistically significant differ-
ences and injury risk during the grip and torque phases. How-
ever, their differences were too small to be analysed during the
current study.

The average peak FDP strain from the current study during
the grip-only phase was 1.3% with 102 N grip force applied.
This result is comparable to previously measured strains in the
range of 0.2-1.8% during simulated grasping tasks with 80N
of applied load [16]. This work also found that significant creep
can occur with repetitive cycling, increasing the strain by 40%
by the 500th cycle. These results translated into the current
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Figure 8. Flexor digitorum superficialis strain. Note: All results are the average result of the six specimens.

findings would indicate that the average peak FDP and FDS
tendon strains could increase to 2.1 and 2.8%, respectively,
under repetitive loading.

The in-vivo tendon strain threshold where fatigue load-
ing becomes damaging is unknown [41]. The tendon strains
found in this study are lower than the strains previously used
to investigate microstructural changes associated with ten-
donitis. Fung et al. [42] found statistically significant area
damage and morphological changes when rat tendons were
fatigued to 6-7% strain. Legerlotz et al. [43] found that dam-
age can occur after 5h of cyclic loading at 30% of the fail-
ure strain. Both studies found microstructural damage asso-
ciated with strains greater than those experienced during a
bolt torquing action but with fewer cycles and a shorter time
than an employee may experience during a career on a man-
ufacturing line. However, the incidence of tendonitis associ-
ated with gripping forces during pistol grip power tool opera-
tion suggests that microstructural damage may happen when
the flexor tendons are strained within the limits found in the
current study. The tendon strain values found in this study
could be used to find the number of cycles needed to cause
microstructural damage at this strain level. This information
could further be used to recommend a safe duration threshold
for these power tools in order to prevent tendonitis.

These results suggest that strategies to reduce tendon
forces, rather than lowering the transmitted torque, may be
effective at lowering the incidence of tendonitis. Handle shape,
diameter and torque duration have all been shown to have a
significant effect on the required grip strength [17,40,44,45].
Tuning these parameters may allow a worker to apply lower
muscle forces for the desired grip strength.

4.3. Limitations

There are limitations to this study. First, factors inherent to
cadaveric research can affect the reliability of the results,
including the effects of placement of the various sensors and
difficulty in maintaining the anatomic alignment of the muscle
forces. Second, the muscle forces used for this study were lin-
early scaled from a model developed for a maximal grip force

application and not power tool usage. The distribution of mus-
cle contribution to stabilizing the wrist may be different for
power tool usage versus maximal grip. There may have been
contributions from additional flexor muscles such as the flexor
carpi radialis and flexor carpi ulnaris that were not included in
this study. The results are limited to one activity with one set
of operational parameters such as torque and grip force. The
effects of variations of these parameters are not studied. Third,
the effects of active insufficiency on muscle forces in the flexed
position were not addressed due to no available muscle force
models being found for this position. This position may change
the muscle forces and strains through the FDP and FDS, which
are known to be actively insufficient in this position.

5. Conclusion

The strain to the flexor tendons was between 1.5 and 2% and
was mostly attributed to gripping the handle and not the reac-
tion torque during the fastening action. Placing the wrist in a
flexed position while using a pistol grip power tool dramat-
ically increased the MNP. Strategies to lower the grip force
required to operate pistol grip power tools and improving the
wrist position angle may lower tendon strains and the MNP,
and thereby the incidence of cumulative trauma disorders.
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