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Abstract: Objectives: Grip force during hand tool operation is the primary contributor to tendon
strain and related wrist injuries, whereas push force is a contributor to shoulder injuries. However,
both cannot be directly measured using a single measurement instrument. The objective of this
research was to develop and test an algorithm to isolate the grip and push force distributions from
in-situ hand-handle pressure measurements and to quantify their distributions among industrial
workers using an electric nutrunner. Methods: Experienced automobile assembly line workers used
an industrial nutrunner to tighten fasteners at various locations and postures. The pressure applied
by the hand on the tool handle was measured dynamically using pressure sensors mounted on the
handle. An algorithm was developed to compute the push force applied to the handle of an electric
pistol-grip nutrunner based on recorded pressure measurements. An optimization problem was
solved to find the contribution of each measured pressure to the actual pushing force of the tool.
Finally, the grip force was determined from the difference between the measured pressure and the
calculated pushing pressure. Results: The grip force and push force were successfully isolated and
there was no correlation between the two forces. The computed grip force increased from low to
high fastener locations, whereas the push force significantly increased during overhead fastening.
A significant difference across the participants’ computed grip forces was observed. The grip force
distribution showed that its contribution to total hand force was larger than other definitions in the
literature. Conclusions: The developed algorithm can aid in better understanding the risk of injury
associated with different tasks through the notion of grip and push force distribution. This was shown
to be important as even workers with considerable power tool experience applied significantly more
grip and push force than other participants, all of whom successfully completed each task. Moreover,
the fact that both forces were uncorrelated shows the need for extracting them independently.

Keywords: electric nutrunner; injury prevention; grip force; pistol-grip hand tool; pressure map;
push force; optimization

1. Introduction

Upper extremity cumulative trauma disorders (UECTD) are a major contributor to lost
work hours in manufacturing environments, often resulting from forceful and repetitive
tasks [1]. Many injuries are classified as UECTDs, but the most common include tendonitis,
tenosynovitis, and carpal tunnel syndrome (CTS) [2,3]. Tendonitis and tenosynovitis are
inflammation-based injuries caused by accumulated strain during loading [4] and internal
friction, respectively [3], while CTS occurs when the median nerve passing through the
wrist is squeezed or compressed [4]. The effects of these injuries can include acute pain,
reduced range of motion, and numbness [5].
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Risk factors for UECTDs are split into two categories: non-occupational and occu-
pational. Non-occupational factors include age and obesity, while occupational factors
include repetitiveness and forcefulness. It is well known that a higher incidence of CTS
is associated with forceful exertions of the hand [6], but also with other biomechanical
factors, such as task repetition rate and working with vibrating tools [7]. It is important to
minimize these factors, as highly repetitive tasks can increase the risk of CTS by 5.5 times
and tendonitis by 3.3 times, while highly forceful tasks can increase the risk of CTS by
2.9 times and tendonitis by 6.1 times. Compounded effects of high repetition and force can
increase the risk of CTS by 15 times and tendonitis by 29.4 times [2,5].

Task repetition, such as the number of bolts fastened, is easy to quantify and er-
gonomists continually strive to minimize it. Quantifying the force, specifically the grip
force, is far more challenging. Grip force is usually measured on a single axis using a
dynamometer. This approach has been widely used to monitor and control the grip force
during glove tests, biodynamic response measurements, and many other experiments
involving hand-grip simulations [8–10]. According to ISO 15230 [11], the orientation of
the main grip force is aligned with the zh-axis of the biodynamic hand coordinate system
defined in ISO 8727 [12]. This is defined as the axis that “passes proximally through the
origin and is the long axis of the third metacarpal bone.” However, it has been shown that
the maximum grip force on a cylindrical handle is at an average of 78◦ from the zh-axis [13].

The grip force is an important contributor to the overall hand force, but the quantifi-
cation of grip force during industrial tool operation is challenging. The grip force must
be separated from other forces applied to the hand tool, such as push and pull forces,
which, by themselves, increase the risk of shoulder injuries [14]. Uniaxial grip and push
forces have been separately measured directly using an instrumented split handle and a
force plate [15]. Those measurements are independently relevant to quantify the health
effects and have been extensively used for many years for studying hand-transmitted
vibration [16–19]; however, they have been difficult to implement in real work environ-
ments [15]. Similar custom instrumented cylindrical handles have also been used to report
force distributions when gripping, pushing and pulling a cylinder [20], but the results are
only applicable to those independent actions. Thus far, there are no direct measurements
of the grip and push forces that are applicable to monitoring in-situ tool usage.

There is no clear consensus on which measurements are required to quantify the
stress imposed on the anatomical hand-arm system by different hand tools. An attractive
alternative to directly measuring the grip and push forces is the measurement of the force
distribution on the handle [20], which is easily integrable with the tool itself using thin-film
resistive or capacitive flexible sensors. This kind of pressure mapping has provided access
to new methods of indirectly measuring grip and push forces, but has also led to different
definitions of each [13,21,22]. Nevertheless, grip and push are always defined as force
vectors, but with different reference coordinate system definitions. This shows that uniaxial
grip and push forces may be inadequate for a complete representation of the hand-arm
stress by hand tools, since grip and push forces vary according to the coordinate system
that is used. Moreover, the coupling force [23,24], which is the summation of the grip and
push forces, will also vary depending on how they are defined, which makes it difficult to
understand the contribution of each to the overall hand-arm stress. On the other hand, the
hand-handle contact force, which is the integration of pressure over the handle surface [15],
is a scalar that is free of a coordinate system, which represents the actual hand stress but
does not yield the independent grip and push force contributions.

The goal of this paper is to demonstrate the feasibility of separating the grip and push
force distributions from the measured hand-handle force distribution. For this purpose, an
algorithm is proposed to decouple the measured force distribution on a handle into distinct
grip and push force distributions, in contrast to single force vectors. The algorithm first
solves static equilibrium equations to find the resulting push force from pressure map data.
Then, a minimization algorithm is used to find the contribution of each force measurement
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to the push force, thereby extracting the push force distribution. This is then subtracted
from the pressure map data to find the grip force distribution on the handle.

The second objective of this study is to demonstrate the usefulness of such force
isolation by collecting data on low, high, and overhead fastening tasks with a pistol-grip
electric nutrunner, which simulates the range of fastening locations that is typically found
in an automobile assembly line.

2. Materials and Methods
2.1. Measurements

An in situ-study was designed to measure the force distribution applied to a pistol-
grip hand tool during a common bolt fastening task at an automobile manufacturing
facility. The subject group consisted of five male and four female participants with power
tool experience ranging from 6 months to 25 years, all of whom were employed by the
same automobile manufacturer. One male and one female participant were left hand
dominant; however, both preferred to operate power tools with their right hand. Participant
information is summarized in Table 1, where it can be observed that females tended to be
shorter and to have a smaller hand span.

Table 1. Participant information summary.

Female Male

Mean ±SD Mean ±SD

Height, cm (in) 160.3 (63.1) 3.4 (1.3) 178.3 (70.2) 10.9 (4.3)

Hand Span, cm (in) 18.5 (7.3) 0.8 (0.3) 20.7 (8.1) 1.0 (0.4)

Age, years 48.5 2.3 40.0 10.1

Power Tool Experience, years 10.6 6.9 17.4 7.1

Employed at Manufacturer, years 23.5 4.5 14.0 8.5

An electric, handheld, pistol-grip nutrunner manufactured by Atlas Copco (Model
ETP ST32-10-10) was used for this study. This is a common direct-current (DC) hand
tool that is typically used to tighten fasteners in a manufacturing assembly line. The
handle had an ellipsoidal cross-section with minor and major axis lengths of 20 mm and
30 mm, respectively. The tool handle was instrumented with a trimmable Tekscan 9830
pressure mapping sensor (Figure 1) (Tekscan, Boston, MA, USA). This trimmed pressure
map contained 72 sensors arranged in 7 columns (or channels), each of which occupied
a unique region on the tool handle when wrapped around it. Each rectangular region in
a column housed four discrete pressure sensors. There were 10 pressure sensors in each
column except for the one overlaid on the trigger, which had 12 sensors (at the extreme left,
Figure 1a). The distance between the center of each column was 17.1 mm.

The pressure map was carefully cut in order to adapt to the shape of the tool handle
without damaging the electronic circuitry. Each sensor measured a raw output value
between 0 and 255 units based on the locally applied pressure. The pressure map was
connected to a computer via proprietary hardware and the data were collected using
Tekscan’s I-Scan 5.90 software. The pressure map was calibrated using deadweights of
known mass before and after the study in order to convert the raw output of the sensor
into force in Newtons, since Tekscan does not provide the one-off calibration curve for
each sensor.

Each participant used the hand tool to fasten three bolts at three different locations
and postures on a custom frame (see Figure 2)—low (130 cm horizontal to the ground),
high (180 cm horizontal to the ground), and overhead (180 cm vertical to the ground)—the
sequence was repeated twice for a total of 18 bolts. These locations simulated the range
of fastening locations that is typically found in an automobile assembly line. The torque
(5 Nm) and rotation rate of the pistol-grip hand tool were digitally controlled to ensure
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that every bolt was fastened consistently. Before each trial, data with no force applied
to the handle were recorded in order to measure the residual pressure in the sensor that
was introduced by mounting the pressure map on a curved surface. Pressure map and
tool trigger engagement data based on a binary on-off signal were collected at a sample
frequency of 25 Hz. Trigger engagement data allowed for the data to be analyzed only
while the tool was engaged, thereby removing the time between fastening bolts as a factor
when comparing results.
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2.2. Data Processing

MATLAB R2019a (MathWorks, Natick, MA, USA) was used to process the data.
First, the bias from each sensor was subtracted in order to remove the residual pressure
measurement that resulted from contouring the pressure map around the tool handle.
Second, the calibration factor was applied to convert the raw pressure values to Newtons.
Finally, the measurements from sensors in the same column (Figure 1) were summed in
order to obtain the force acting on the tool in the XY plane (handle cross-section plane).
The post-processed force measurements acting on the XY plane are shown in Figure 3 with
their respective orientations. The orientation of each force measurement was approximated
by first computing the position of each sensor’s column based on the arc length of a perfect
ellipse starting from the trigger (θ = 90◦). Second, the angles between the X-axis and each
vector perpendicular to the surface for each sensor location were computed.
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2.3. Optimization

The goal of the optimization algorithm is to find the proportion wi of each force vector
→
F i contributing to pushing the tool. The algorithm is based on the following hypotheses:

• The pressure on each sensor is uniformly distributed.
• Friction forces on the handle are negligible.
• All forces acting perpendicular to the handle surface are measured.

The first step of the algorithm is to solve the equation for the static equilibrium

condition represented in Figure 3a in order to find the reaction force
→
R (Equation (1)),

which is equal to the push force in the opposite direction (
→
F p = −

→
R).

n

∑
i=1

→
F i +

→
R = 0 (1)

With the reaction force
→
R calculated from the measurements, the minimization algo-

rithm is then applied as follows:

Min
w

n

∑
i=1

(
wi||

→
F i|| −

1
n

n

∑
i=1

(wi||
→
F i||)

)2

(2)

Subject to:
n

∑
i=1

(wi
→
F i) = −

→
R (3)

wi ≥ 0 (4)

wi ≤ 1 (5)

wi
→
F i·
→
R ≤ 0 (6)

The minimization algorithm maximizes the spread of the force (minimizing the vari-

ance) contributing to the pushing of the tool (wi||
→
F i||), subject to the static equilibrium

condition (Equation (3)) and ensures that only push forces can be applied in the direction
normal to the handle’s surface (Equations (4)–(6)).

From the proportion wi, the push and the grip force distributions can be computed.

From the two distributions, the resulting push force
→
F p, the grip force in the X direction

Fg−X , and the grip force in the Y direction Fg−Y, can be computed as shown in Figure 3 (see
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Appendix A for details). The push force in both directions, Fp−X and Fp−Y, were defined

as the component of
→
F p in X and Y, respectively.

2.4. Algorithm Validation Method

To validate the algorithm, the error of the reconstructed reaction forces (||
n
∑

i=1
(wi
→
F i) +

→
R||) was first computed for every bolt. Second, in order to understand the accuracy of
the grip force estimates, the principal grip force was computed, which was defined as
the rotation of the reference coordinate system by β, such that Fg−P1 is maximal [13] (see
Figure 4). The β value, referred as the first principal angle, was then compared with other
works where only grip forces were applied.

Sensors 2021, 21, x  6 of 15 
 

 

𝑤 0 (4)𝑤 1 (5)𝑤 �⃗� ∙ 𝑅 0 (6)

The minimization algorithm maximizes the spread of the force (minimizing the var-
iance) contributing to the pushing of the tool (𝑤 ||�⃗� ||), subject to the static equilibrium 
condition (Equation (3)) and ensures that only push forces can be applied in the direction 
normal to the handle’s surface (Equations (4–6)). 

From the proportion 𝑤 , the push and the grip force distributions can be computed. 
From the two distributions, the resulting push force �⃗� , the grip force in the X direction 𝐹 , and the grip force in the Y direction 𝐹 , can be computed as shown in Figure 3 
(see Appendix A for details). The push force in both directions, 𝐹  and 𝐹 , were de-
fined as the component of �⃗�  in X and Y, respectively. 

2.4. Algorithm Validation Method 
To validate the algorithm, the error of the reconstructed reaction forces 

( ∑ 𝑤 �⃗� 𝑅 ) was first computed for every bolt. Second, in order to understand the 
accuracy of the grip force estimates, the principal grip force was computed, which was 
defined as the rotation of the reference coordinate system by β, such that 𝐹  is maxi-
mal [13] (see Figure 4). The β value, referred as the first principal angle, was then com-
pared with other works where only grip forces were applied. 

The resultant hand contact force 𝐹 , defined as the sum of the norm of the distributed 
normal force at the hand-handle interface surrounding the handle (∑ 𝐹 ) was then 
computed. This contact force has been shown to be linear in 𝐹 , and 𝐹  for circular 
handles [10,15]. A least square estimation was applied in order to find the linear coeffi-
cients that best estimated the contact force (Equation (7)). 𝐹 = 𝑎𝐹 𝑏𝐹  (7)

 
Figure 4. First principal grip force and the rotation of the reference coordinate system. 

The minimization problem (Equation (2)) was then recomputed to maximize the var-
iance (instead of minimizing it) in order to observe the effect of the cost function on the 
grip force distribution. The gripping contact force, defined as the sum of the norm of the 
grip force distribution at the hand-handle interface, was then computed to observe any 
difference across the participants as follows: 

𝐹 = �⃗�  (8)

Figure 4. First principal grip force and the rotation of the reference coordinate system.

The resultant hand contact force Fc, defined as the sum of the norm of the distributed

normal force at the hand-handle interface surrounding the handle (
n
∑

i=1
||
→
Fi ||) was then

computed. This contact force has been shown to be linear in Fp−Y, and Fg−Y for circular
handles [10,15]. A least square estimation was applied in order to find the linear coefficients
that best estimated the contact force (Equation (7)).

F̂c = aFg−Y + bFp−Y (7)

The minimization problem (Equation (2)) was then recomputed to maximize the
variance (instead of minimizing it) in order to observe the effect of the cost function on the
grip force distribution. The gripping contact force, defined as the sum of the norm of the
grip force distribution at the hand-handle interface, was then computed to observe any
difference across the participants as follows:

Fc−g =
n

∑
i=1

(||
→
F i−g||) (8)

2.5. Data Analysis

The mean force data while the trigger was engaged were analyzed in this paper.
The means of six trials for every task for each participant were computed to visualize
the effect of the task on the grip and push forces. A subject-specific Pearson correlation
coefficient was computed between the contact grip force and the contact push force in
order to understand the coupling between the two forces. The contribution of the grip
force to the total force (Fc−g/Fc) was computed and compared with the computed value
from the coupling force definition (Fgrip−Y/Fcoupling) [23,24], where:

Fcoupling = Fg−Y + Fp−Y (9)
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Friedman tests (α = 0.05) were used to identify any statistical difference at the group
level (comparing more than two distributions). If a difference was observed at the group
level, the Friedman test was followed by Wilcoxon signed rank tests (p = 0.05) with Bonfer-
roni corrections to identify any statistical differences between the tasks/participants. Those
statistical tests are non-parametric, and there was no underlying assumption regarding the
distributions of the tested samples.

3. Results

A representative participant’s measured forces are shown in Figure 5 along with the
tool trigger engagement data for a low, high, and overhead task.
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3.1. Algorithm Validation Results

The error of the reconstructed reaction force (||
n
∑

i=1
(wi
→
F i) +

→
R||) was computed for

every bolt fastening. The data from two participants were removed in the overhead task
(12 fastening total) due to a large reconstruction error of −24.9 ± 7.4 N (mean ± SD). After
the removal of those outliers, the error of the reconstructed reaction force was negligible
with a mean ± SD of −0.3 ± 0.9 N, −0.4 ± 0.9 N, and −1.5 ± 2.5 N for the low, high, and
overhead tasks, respectively.

The first principal angles (β) are shown in Figure 6 for all participants. The values
ranged between 6.1◦ and 34.2◦, which agrees well with the literature [13].
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The estimated contact forces from the extracted Fp−Y and Fg−Y using Equation (7) are
shown in Figure 7. The linear coefficients computed by least square were a = 2.51 and
b = 0.95. The R2 of 0.95 illustrates strong estimation capabilities.
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Each participant mean force ||
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the low task is shown in Figure 8 for the two different cost functions (minimizing or
maximizing the variance of the push force distribution). The cost function had a small
effect on the actual grip force distribution, which, in turn, had a small effect on the gripping
contact force, Fc−g, of 2.7 ± 4.5% (mean ± SD).
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3.2. Participants Comparison

The gripping contact forces, Fc−g, and pushing contact forces, Fc−p, for the nine
participants are shown in Figures 9 and 10, respectively. Each marker represents a different
bolt, and bolt locations are shown with different marker styles. There was a group-level
statistical difference (Friedman test with six repetitions p < 0.05) showing a significant
difference in both gripping contact forces and pushing contact forces between participants.
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Figure 10. Contact push forces for every participant. Each marker represents the mean push force
during bolt fastening, where the low, high, and overhead locations are represented by squares, plus
signs, and crosses, respectively.

The subject-specific Pearson correlation coefficient between the Fc−g and Fc−p was
0.15 ± 0.48 (mean ± SD) and was 0.06 when using the aggregated data, showing that they
were uncorrelated in nature.

3.3. Tasks Comparison

The participants’ mean contact gripping and pushing forces for each task are shown
in Figure 11. The Fc−g was significantly higher in the high bolt location in comparison with
the low location (Wilcoxon = 0.004). It was observed that every participant increased their
Fc−g with an increase of 16 ± 9% (mean ± SD). The Fc−p was significantly higher in the
overhead location in comparison with the low location (Wilcoxon = 0.008). Moreover, if
participant number four is considered an outlier, then the Fc−p was significantly higher in
the overhead location in comparison with the high location (Wilcoxon = 0.008).

The comparison of the grip force contribution to the total hand force when using
the coupling force definition (Fg−Y/Fcoupling) and our definition using the distributions
(Fc−g/Fc) is shown in Figure 12. It shows that the coupling force definition underestimates
the grip contribution.
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4. Discussion

The algorithm presented in this paper enables the quantification of grip and push
force distributions on a pistol-grip hand tool from pressure map measurements. To the best
of our knowledge, this is a novel demonstration. The isolation of both force distributions
on the tool, which is our main contribution, can help to extract the contribution of the grip
force (and push force) to the accomplishment of a given task, which was underestimated by
previous methods. This can, in turn, be used by ergonomists to better design workstations
in assembly lines but could also be used to identify workers who are at a higher risk
of injury.

The algorithm was able to reconstruct the push force distribution with low error

(||∑ n
i=1(wi

→
F i) +

→
R||) in 93% of the cases. In the cases where large errors were observed

(two participants’ overhead tasks), the push force was largely underestimated due to the
constraints of the algorithm. The force measurements that opposed the reaction force
were not large enough to cancel it out. This indicates that some forces applied on the tool
were not measured. Two hypotheses are to be validated in future studies: (1) This extra
force was applied locally between sensors and (2) the friction force cannot be neglected for
specific hand grip position. The ability to flag erroneous force reconstruction is a benefit
of this algorithm as it is related to measurement issues. This information is not available
from the raw data nor from other grip and push force-extraction algorithms [21,22], and
therefore, our algorithm can make sure that conclusions are not based on erroneous pressure
map measurements.

Previous work has shown that the first principal angle when gripping a cylindrical
tool is 78.2 ± 11.5◦ (mean ± SD) [13] when referenced about the zh-axis of the biodynamic
hand coordinate system that is defined in ISO 8727 [12]. The zh-axis, though not measured
for every participant, is approximately −45◦ from the Y-axis. Herein, the observed values
of the first principal angle (β) ranged between 6.1◦ and 34.2◦ about the Y-axis (Figure 6).
Therefore, the β are similar to previous works when considering that the handle had an
ellipsoidal cross-section.

It was shown that the proposed linear relationship between grip force, push force,
and the contact force is still applicable with an ellipsoidal cross-section handle [10] (see
Figure 7). The linear coefficients, a and b, in [10] were 3.40 and 0.97, whereas in this work
they were 2.51 and 0.95, respectively. The difference in a can be explained by both the
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difference in handle cross-section (circular vs ellipsoidal) and the orientation of the grip
force (Y-axis vs zh-axis).

Other than assuming all of the forces applied by the user on the pistol-grip tool
are measured, the main hypothesis behind the algorithm is the cost function used. We
hypothesized that when a user pushed on the tool handle, the distribution of the pressure
on their hand is maximized due to the compliance of the hand. It has to be emphasized
that minimizing the variance of the pushing force components, subject to the constraints
herein, could only spread the force on half of the handle since half of it was constrained
to be 0 N. In the case of seven discrete circumferential measurements, it was shown that
the cost function has little impact on the final grip force distribution (Figure 8). Other
than visually observing similar results from both cost functions, it was shown that the
difference in the computed gripping contact force was 2.7 ± 4.5% (mean ± SD), which
would not change the conclusions if a user applied more grip force than required for a
given task. The choice of the cost function, however, will be more important with a better
pressure sensing resolution. As a counter example, with only four measurements that are
90◦ apart, there is only one solution to this problem, which is the static equilibrium point.
However, as the number of measurements increases, there are more possible solutions
to reconstruct the push force. In the case of many measurements, it is hypothesized that
minimizing the variance is more representative of the push force distribution, based on the
observation in [20] in which the pressure distribution in the thenar region of the hand was
fairly constant for a pure pushing action.

One of the main benefits of using the algorithm presented here is to be able to extract
the amount of contact grip and push forces between tasks solely from the pressure mea-
surements, as shown in Figure 11. As expected, the amount of push force required to fasten
a bolt in overhead location is significantly larger than when fastening in a plane perpen-
dicular to gravity (low and high locations). This statement does not hold for grip force
as gravity did not affect the amount of grip force used to accomplish the task. However,
fastening at a higher level significantly increased the amount of grip force used compared
to the low level, with an increase of 16 ± 9%.

Extracting contact grip and push forces is also helpful when comparing individuals’
performance. As observed in Figures 9 and 10, individuals with large grip forces are not
necessarily pushing more. We showed a four-fold difference in median contact gripping
force and a significant difference in the contact push force among experienced factory
workers. Some amount of counterforce is needed in order to stabilize a hand tool that
is applying a given torque. Even if we allow for a small margin of error and personal
preference, we hypothesized that assembly line workers would have arrived at this mini-
mum counterforce needed by experience and hence, only a small variation in grip force
was anticipated. Our study demonstrated that a significant variation in grip force exists
even among experienced automobile assembly line workers. A similar study reported a
large variation in palmar grip forces [25]. We hypothesized that as a worker became more
experienced using a power tool, they would relax their grip to a comfortable, minimum
level. The results of our study showed that this hypothesis was incorrect. Workers with
even significant power tool experience applied more grip force than was required for a
task. Therefore, by using the algorithm, the appropriate corrective measure can be tailored
to the individual when excessive force is applied.

It was shown that for the fastening tasks tested herein, the grip force had a larger
contribution to the overall hand force than the pushing action (Figure 12). This was shown
in both [15,21], where cumbersome equipment was needed to arrive at the same conclusion.
Moreover, the model that was used was handle- and subject-specific. With our algorithm,
the extraction of both grip and push force contributions to the hand contact force can be
done solely with a pressure mapping sensor. The coupling force definition approach [23,24]
can be used without the algorithm; however, it largely underestimates the contribution of
the grip to the total hand force, since it does not consider the distribution of both forces.
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The main limitation of this study is the lack of validation of the computed push and
grip forces using an instrumented handle and/or a force plate. However, based on [13,21],
a small but acceptable error of the computed push and grip forces are expected when
derived from pressure mapping sensors. Future steps should include a force plate to
validate/calibrate the push force when performing real work-like tasks. Future steps
should also include more participants in order to study sex differences, different handle
sizes in order to adapt to the participants’ hand span, and different fasten heights in order
to study the impact of tool angles on grip and push forces. Moreover, sensory tests should
be performed in order to include sensory deficit as a factor impacting grip and push forces.

It is well known that forceful exertion is directly related to UECTD; therefore, it is
important to reduce the unnecessary gripping force that is applied during the hand tool
operation by monitoring hand-handle contact forces. New assembly line workers can
experience high levels of muscle fatigue by applying grip force far beyond what is required
for the task, while experienced workers can be set in their way of over-gripping, further
increasing their risk of injury as they age. This is especially relevant when considering non-
occupational UECTD risk factors given North America’s aging and overweight workforce.
Werner et al. found that automotive and industrial workers over 40 years old have a 76%
increased risk of upper extremity tendonitis, while those classified as obese (BMI > 30)
are 93% more likely to be diagnosed with CTS [26]. With an increasing average age and
obese percentage of the work force, it is important to devise measures to educate the
workforce, implement effective training programs, and monitor those at a higher risk of
injury. Practitioners can improve the health and well-being of workers while reducing the
costs associated with lost work hours by minimizing the risk of UECTDs that are caused
by over-gripping.

5. Conclusions

In this paper, an algorithm is proposed to isolate the measured force distribution
on a handle into distinct grip and push force distributions, in contrast to other available
methods, which decouples grip and push into single force vectors. The contributions of
this paper are two-fold. First, we demonstrated the feasibility of separating the grip and
push force distributions from the measured hand-handle force distribution, which can
provide salient information on the task being performed. Second, the collected data on
low, high, and overhead fastening tasks with a pistol-grip electric nutrunner showed a
large variability in grip and push forces across tasks, as well as a large variability between
individuals. Moreover, the uncorrelated nature of the grip and push forces illustrated
the need to decouple the force measurements in order to accordingly minimize the risk
of injuries.
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Appendix A

From the proportion wi, the push and the grip force distributions are computed,
respectively, as follows:

→
F i−p = −wi

→
F i (A1)

→
F i−g =

→
F i − wi

→
F i (A2)

The grip force in both directions, Fg−X and Fg−Y, are computed as follow (see Figure 3a):

Fg−X =
1
2

n

∑
i=1

(
→
F i−g cos θi) (A3)

Fg−Y =
1
2

n

∑
i=1

(
→
F i−g sin θi) (A4)

References
1. Armstrong, T.J.; Radwin, R.G.; Hansen, D.J.; Kennedy, K.W. Repetitive Trauma Disorders: Job Evaluation and Design. Hum.

Factors 1986, 28, 325–336. [CrossRef]
2. Armstrong, T.J.; Fine, L.J.; Goldstein, S.A.; Lifshitz, Y.R.; Silverstein, B.A. Ergonomics Considerations in Hand and Wrist Tendinitis.

J. Hand Surg. 1987, 12, 830–837. [CrossRef]
3. Moore, A.; Wells, R.; Ranney, D. Quantifying Exposure in Occupational Manual Tasks with Cumulative Trauma Disorder Potential.

Ergonomics 1991, 34, 1433–1453. [CrossRef]
4. Goldstein, S.A.; Armstrong, T.J.; Chaffin, D.B.; Matthews, L.S. Analysis of Cumulative Strain in Tendons and Tendon Sheaths. J.

Biomech. 1987, 20, 1–6. [CrossRef]
5. Silverstein, B.A.; Fine, L.J.; Armstrong, T.J. Occupational Factors and Carpal Tunnel Syndrome. Am. J. Ind. Med. 1987, 11, 343–358.

[CrossRef] [PubMed]
6. Rempel, D.; Harris-Adamson, C.; Eisen, E.A.; Kapellusch, J.; Garg, A.; Hegmann, K.T.; Thiese, M.S.; Dale, A.M.; Evanoff, B.; Burt,

S.; et al. Biomechanical Risk Factors for Carpal Tunnel Syndrome: A Pooled Study of 2474 Workers. Occup. Environ. Med. 2015,
72, 33–41.

7. Fan, Z.J.; Harris-Adamson, C.; Gerr, F.; Eisen, E.A.; Hegmann, K.T.; Bao, S.; Silverstein, B.; Evanoff, B.; Dale, A.M.; Thiese, M.S.;
et al. Associations between Workplace Factors and Carpal Tunnel Syndrome: A Multi-Site Cross Sectional Study. Am. J. Ind. Med.
2015, 58, 509–518. [CrossRef] [PubMed]

8. McDowell, T.W.; Wiker, S.F.; Dong, R.G.; Welcome, D.E.; Schopper, A.W. Evaluation of Psychometric Estimates of Vibratory
Hand-Tool Grip and Push Forces. Int. J. Ind. Ergon. 2006, 36, 119–128. [CrossRef]

9. Dong, R.G.; Schopper, A.W.; McDowell, T.W.; Welcome, D.E.; Wu, J.Z.; Smutz, W.P.; Warren, C.; Rakheja, S. Vibration Energy
Absorption (VEA) in Human Fingers-Hand-Arm System. Med. Eng. Phys. 2004, 26, 483–492. [CrossRef]

10. Marcotte, P.; Aldien, Y.; Boileau, P.-É.; Rakheja, S.; Boutin, J. Effect of Handle Size and Hand–Handle Contact Force on the
Biodynamic Response of the Hand–Arm System under Zh-Axis Vibration. J. Sound Vib. 2005, 283, 1071–1091. [CrossRef]

11. ISO/DIS 15230. Mechanical Vibration and Shock—Coupling Forces a the Machine–Man Interface for Hand-Transmitted Vibration;
International Organization for Standardization: Geneva, Switzerland, 2005.

12. ISO 8727. Mechanical Vibration and Shock–Human Exposure–Biodynamic Coordinate Systems; International Organization for Standard-
ization: Geneva, Switzerland, 1997.

13. Dong, R.G.; Wu, J.Z.; Welcome, D.E.; McDowell, T.W. A New Approach to Characterize Grip Force Applied to a Cylindrical
Handle. Med. Eng. Phys. 2008, 30, 20–33. [CrossRef]

14. Garg, A.; Waters, T.; Kapellusch, J.; Karwowski, W. Psychophysical Basis for Maximum Pushing and Pulling Forces: A Review
and Recommendations. Int. J. Ind. Ergon. 2014, 44, 281–291. [CrossRef]

15. Welcome, D.; Rakheja, S.; Dong, R.; Wu, J.Z.; Schopper, A.W. An Investigation on the Relationship between Grip, Push and
Contact Forces Applied to a Tool Handle. Int. J. Ind. Ergon. 2004, 34, 507–518. [CrossRef]

16. Pyykkö, I.; Färkkilä, M.; Toivanen, J.; Korhonen, O.; Hyvärinen, J. Transmission of Vibration in the Hand-Arm System with
Special Reference to Changes in Compression Force and Acceleration. Scand. J. Work. Environ. Health 1976, 2, 87–95. [CrossRef]
[PubMed]

17. Gurram, R.; Rakheja, S.; Gouw, G.J. A Study of Hand Grip Pressure Distribution and EMG of Finger Flexor Muscles under
Dynamic Loads. Ergonomics 1995, 38, 684–699. [CrossRef]

18. Yao, Y.; Rakheja, S.; Marcotte, P.; Yang, F. Calibration and Verification of a Thin Flexible Film Hand Sensor. In Proceedings of the
2017 International Conference on Advanced Mechatronic Systems (ICAMechS), Xiamen, China, 6–9 December 2017; pp. 501–505.

19. Yao, Y.; Rakheja, S.; Marcotte, P. Relationship among Hand Forces Imparted on a Viscoelastic Hand-Handle Interface. Measurement
2019, 145, 525–534. [CrossRef]

http://doi.org/10.1177/001872088602800308
http://doi.org/10.1016/S0363-5023(87)80244-7
http://doi.org/10.1080/00140139108964888
http://doi.org/10.1016/0021-9290(87)90261-2
http://doi.org/10.1002/ajim.4700110310
http://www.ncbi.nlm.nih.gov/pubmed/3578290
http://doi.org/10.1002/ajim.22443
http://www.ncbi.nlm.nih.gov/pubmed/25778111
http://doi.org/10.1016/j.ergon.2005.09.001
http://doi.org/10.1016/j.medengphy.2004.02.003
http://doi.org/10.1016/j.jsv.2004.06.007
http://doi.org/10.1016/j.medengphy.2007.01.002
http://doi.org/10.1016/j.ergon.2012.09.005
http://doi.org/10.1016/j.ergon.2004.06.005
http://doi.org/10.5271/sjweh.2820
http://www.ncbi.nlm.nih.gov/pubmed/959789
http://doi.org/10.1080/00140139508925140
http://doi.org/10.1016/j.measurement.2019.05.082


Sensors 2021, 21, 8120 14 of 14

20. Nicholas, J.W.; Corvese, R.J.; Woolley, C.; Armstrong, T.J. Quantification of Hand Grasp Force Using a Pressure Mapping System.
Work 2012, 41, 605–612. [CrossRef]

21. Scalise, L.; Paone, N. Pressure Sensor Matrix for Indirect Measurement of Grip and Push Forces Exerted on a Handle. Measurement
2015, 73, 419–428. [CrossRef]

22. Lemerle, P.; Klinger, A.; Cristalli, A.; Geuder, M. Application of Pressure Mapping Techniques to Measure Push and Gripping
Forces with Precision. Ergonomics 2008, 51, 168–191. [CrossRef]

23. Riedel, S. Consideration of Grip and Push Forces for the Assessment of Vibration Exposure. Cent. Eur. J. Public Health 1995, 3,
139–141.

24. Kaulbars, U. Measurement and Evaluation of Coupling Forces When Using Hand-Held Power Tools. Cent. Eur. J. Public Health
1996, 4, 57–58. [PubMed]

25. Oh, S.; Radwin, R.G. Pistol Grip Power Tool Handle and Trigger Size Effects on Grip Exertions and Operator Preference. Hum.
Factors 1993, 35, 551–569. [CrossRef] [PubMed]

26. Werner, R.A.; Franzblau, A.; Gell, N.; Ulin, S.S.; Armstrong, T.J. A Longitudinal Study of Industrial and Clerical Workers:
Predictors of Upper Extremity Tendonitis. J. Occup. Rehabil. 2005, 15, 37–46. [CrossRef] [PubMed]

http://doi.org/10.3233/WOR-2012-0217-605
http://doi.org/10.1016/j.measurement.2015.05.044
http://doi.org/10.1080/00140130701528602
http://www.ncbi.nlm.nih.gov/pubmed/8996673
http://doi.org/10.1177/001872089303500311
http://www.ncbi.nlm.nih.gov/pubmed/8244414
http://doi.org/10.1007/s10926-005-0872-1
http://www.ncbi.nlm.nih.gov/pubmed/15794495

	Introduction 
	Materials and Methods 
	Measurements 
	Data Processing 
	Optimization 
	Algorithm Validation Method 
	Data Analysis 

	Results 
	Algorithm Validation Results 
	Participants Comparison 
	Tasks Comparison 

	Discussion 
	Conclusions 
	
	References

