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Abstract

This study examined the relationship between safety margin and force level during an isometric
push task in a lateral pinch posture. Ten participants grasped an aluminum- or rubber-finished
object using a lateral pinch posture and exerted 20%, 40%, 60%, 80%, and 100% of maximum
push force while voluntary grip force was recorded. Then minimum required grip force was
measured for each push force level. Mean safety margin, the difference between voluntary and
minimum required grip forces, was 25% MVC when averaged for all push levels. Safety margin
significantly increased with increasing push force for both grip surfaces. Grip force used during
maximum push exertion was only 74% lateral pinch grip MVC. Possible underlying mechanisms
for increasing safety margin with increasing push force are discussed as well as the implication of
this finding to ergonomic analysis.

Statement of Relevance—This study demonstrates that ergonomic analyses of push tasks
that involve friction force should account for safety margin and reduced grip strength during
push. Failure to consider safety margin and reduced grip strength during push can result in
overestimation of people’s push capability.
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1. Introduction

Push force exertions using friction between the hand and a grasped object in a lateral pinch
posture are frequently performed in daily living. Some examples are inserting a key or a
plug, opening/closing zippers (Smaby et al., 2004), stabbing foodstuffs with a fork and a
knife, and opening an umbrella manually. Push force exertions using hand-object friction
are also performed for teleoperated microsurgery (Preising et al., 1991), propulsion of a
manual wheelchair (Richter et al., 2006), and automotive assembly operations (Grieshaber
and Armstrong, 2007).

During push, it is important to use sufficient grip force to secure the grip. If grip force is less
than minimally required, it can result in hand slippage leading to hand injury. Malker (1991)
reported that slippery handles and hands sliding onto the blades of knives were a major
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cause of injuries in a meat processing plant. The Department of Trade and Industry (1997)
reported that consumers get injured while trying to open difficult packages using knives. To
avoid such hand slippage and injury during push tasks, people may use grip force that is
higher than minimally required, but low enough to prevent fatigue (Rohmert, 1973; Bystrom
and Fransson-Hall, 1994) and cumulative trauma disorders (Bystrom and Kilbom, 1990;
NRC, 1999; NRC and IOM, 2001). The difference between the minimum required grip force
and voluntary grip force can be referred to as safety margin (Johansson and Westling, 1984).

Safety margin has previously been studied extensively in lifting tasks only. It has been
shown that during lifting tasks, safety margin is affected by grip posture (McDonnell et al.,
2005), anticipation (Edin et al., 1992; Flanagan and Wing, 1997; Jenmalm and Johansson,
1997; Westling and Johansson, 1984), disturbance in sensory input (Cole and Abbs, 1988;
Westling and Johansson, 1984), compression or blockage of the median nerve (Cole et al.,
2003; Dun et al., 2007; Lowe and Freivalds, 1999), aging (Kinoshita and Francis, 1996;
Cole et al., 1999), sweat (Zackrisson et al., 2008), and neurological disorder such as stroke
(Blennerhassett, et al., 2006; Hermsdorfer et al., 2003). Unfortunately, these previous studies
investigated only low pinch grip forces ranging approximately from 1 to 20 N (Jenmalm et
al., 1998; McDonnell et al., 2005; Kinoshita et al., 1997; Westling and Johansson, 1984).
This range of pinch force is significantly lower than average maximum pinch force of 65

N (tip pinch for young healthy adults; Mathiowetz et al., 1985). Therefore, to what extent
safety margins vary with force level remains unclear. Also, safety margins during high force
exertions have not been examined despite its significant implication for musculoskeletal
stress and injuries.

Towards this end, the present study was conducted to 1) quantify safety margin during
isometric push tasks in lateral pinch, and to 2) investigate the relationship between push
force level and safety margin in an isometric push task in lateral pinch. A lateral pinch
was chosen for its greater utilities in daily living and work tasks compared to tip or palmar
pinch. It is unknown whether people maintain a constant safety margin over a range of
push force levels, or people decrease safety margin as the push force level increases to
avoid overexertion. Or people may even increase safety margin with increasing push force,
because potential injury from hand slipping becomes more severe for high push forces.
The null hypothesis was that safety margin is constant regardless of push force level. The
alternative hypothesis was that safety margin increases or decreases with increasing push
force.

2. Methods

2.1 Procedure

An experiment was performed in which safety margins were measured for five different
push force levels and for two grip surfaces that are prevalent in workplaces (aluminum and
rubber). Voluntary grip forces and minimum required grip forces were measured separately.
Then, safety margins were calculated as voluntary grip force less minimum required grip
force (Johansson and Westling, 1984). All tasks were performed in the lateral pinch posture.
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To measure voluntary grip forces, subjects were seated on a fixed chair with 0° shoulder
abduction, 0° shoulder flexion, 90° elbow flexion, and pronated forearm for the right arm.
They grasped an instrumented object with the right hand in a lateral pinch posture using the
thumb pad and the lateral aspect of the middle phalange of the index finger (see Figure 1a).
Then they performed isometric push exertions at five levels — maximum (100%), 80%, 60%,
40% and 20% of the maximum push force — while voluntary grip forces were measured.
For sub-maximal push tasks (80%, 60%, 40%, 20%), subjects were instructed to increase
their push force until their push force matched a prescribed target that was displayed on a
computer screen. The grip surface of the instrumented object was covered with a smooth
flat sheet of aluminum or rubber. Subjects were instructed to maintain an upright posture
throughout the experiment. They were also instructed not to allow their fingers slide on the
grip surface during push.

Each push exertion lasted for 5 seconds. Maximum (100%) push force was determined as an
average push force during a 2-sec window in which push force was the highest. Voluntary
grip force was determined as an average grip force during a 2-second window in which
measured push force was closest to the target. Trials were randomized across conditions.
Each condition was repeated 3 times with a 2-minute inter-trial rest.

To measure minimum required grip force, subjects grasped and lifted the aluminum- or
rubber-finished instrumented object in a lateral pinch posture and slowly separated the
thumb and the index finger until the object slipped out of the fingers (see Figure 1b) while
grip force was recorded. Subjects were instructed to have the thumb pointing downwards
while releasing the objects so that the orientations of the thumb and the index finger relative
to the object were the same for the push exertions and for the minimum required grip force
measurements. The wrist posture was not controlled during measure of minimum required
grip forces, as minimum required grip force that is mechanically needed to lift an object

(or the coefficient of friction for the fingers) is not associated with wrist posture that may
influence grip force capacity or with human grip force control.

The minimum required grip force was determined to be the grip force at the moment

the grip force suddenly fell, as previously described (McDonnell et al, 2005). The weight
of the instrumented object was adjusted to match each subject’s five push force levels
(20% to 100%) by adding or removing weights on the plate attached at the bottom of

the instrumented object (see Figure 1b). Minimum required grip forces for all five push
force levels were measured because the coefficient of friction may vary with grip force
level (Sivamani et al., 2003; Seo et al., in press; Seo and Armstrong, in press). Trials were
randomized across conditions. Each condition was repeated 3 times.

In addition to measurement of voluntary grip force and minimum required grip force, grip
strength and push strength were measured in the same posture used for voluntary grip force
measurement. Grip strength was measured while subjects performed maximum grip exertion
(with no pushing) in the lateral pinch posture (Figure 1a). Push strength was measured while
subjects placed the thumb tip and the dorsal aspect of the middle phalange (resembling

the lateral pinch posture) against a vertical plate and performed maximum push exertion
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against the plate. Push strength measured in this manner represents push strength when the
coefficient of friction is infinite, or push strength that is not limited by friction.

To eliminate possible artifacts due to contaminants, subjects washed their hands with soap
and rinsed with water. Then the hands were dried with paper towels and air-dried for 10 min
before the onset of the experiment. Subjects were naive about the purpose of the experiment.
The entire experiment took approximately 1.5 hours.

2.2 Subjects

Ten healthy subjects (5 females and 5 males, age 18-51 years, mean age = 29) volunteered
to participate in the experiment. They were right handed except one male subject. Using
the non-dominant right hand, the left-handed subject did not exhibit a significant difference
in safety margins compared to the nine right-handed subjects, as has been demonstrated
previously (McDonnell et al., 2006; Blennerhassett et al., 2006). All subjects gave written
informed consent prior to testing.

2.3 Apparatus

Push force was measured using a single-axis load cell (SM-50, Interface, Inc., Scottsdale,
AZ, maximum error: £0.03%, capacity: 222 N) that was fixed to a table (see Figure 1a).
Grip force was measured using a custom developed force transducer placed between the
two flat grasped surfaces (see Figure 1a and b). The two flat grip surfaces were replaceable
on the instrumented object so that surface materials can be switched between rubber and
aluminum on the identical locations during the experiment. With the two grip surfaces on,
the grip with was 1.5 cm. The grip surfaces were 1.5 cm x 5 cm on each side (vertical

x longitudinal directions in Figure 1a). For push strength measurement, the instrumented
object in Figure 1a was replaced with a 10 cm x 10 cm aluminum plate facing the hand.

2.4 Statistical Analysis

Analysis of variance was performed to determine if safety margins are significantly affected
by push force, grip surface material (aluminum and rubber), and interaction between the
two. Statistical analysis was performed using MINITAB® Release 14 with p-value less than
0.05 being significant.

3. Results

The mean push strength was 96 N (SD = 36 N), and the mean grip strength was 87 N (SD
=26 N) for all ten subjects. Mean maximum (100%) push force in lateral pinch was 33 N
(SD = 14 N) for the aluminum surface. When normalized to each subject’s push strength

and expressed as a percentage of maximum voluntary contraction (%MVC), mean maximum
push force for the aluminum surface was 36% MVC. Mean maximum push force for the
rubber surface was 61 N (SD = 22 N) or 65% MVC. Maximum push force is greater for

the rubber surface than for the aluminum surface, because the rubber surface has a higher
coefficient of friction than the aluminum surface. The average coefficients of friction, the
ratio of minimum required grip force to twice the pinch force (Buchholz et al., 1988; Smaby
et al., 2004), were 0.5 and 0.9 for the aluminum surface and rubber surface, respectively.
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Mean voluntary grip force and minimum required grip force are plotted as a function of
push force for the aluminum and rubber surfaces in Figure 2. Push force and grip force

are normalized to each subject’s push strength and grip strength, respectively. It can be

seen in Figure 2 that voluntary grip forces are twice the minimum required grip forces.

The difference between voluntary grip force and minimum required grip force is safety
margin. During maximum push exertions, mean voluntary grip forces were 74% of subjects’
grip strength (grip surface, subject pooled). Voluntary grip forces used during maximum
push exertions were significantly less than the subjects’ grip strength (p<0.01; grip surfaces,
subject pooled).

Safety margins are plotted as a function of push force in Figure 3. Push forces were
normalized to each subject’s push strength in lateral pinch. Safety margins were calculated
as the difference between voluntary grip force and minimum required grip force, and then
normalized to each subject’s grip strength. The mean safety margin was 25% MVC (grip
surface, push level, subject pooled). The mean safety margin during maximum (100%) push
exertions was 3 times greater than that during 20% push exertions (material, subject pooled).
Analysis of variance showed that safety margin significantly increased with increasing push
force (p<0.01). Safety margin did not significantly vary with grip surface materials or with
the interaction between grip surface material and push force levels (©>0.05).

4. Discussions

4.1 Safety margin during isometric push task

The present study demonstrated that subjects used higher grip force than minimally
required during isometric push tasks in a lateral pinch posture (see Figure 2). This finding
demonstrates that safety margin exists not only for lifting tasks as previously shown
(Johansson and Westling, 1984), but also for push tasks as long as friction is involved.

The safety margin observed during push tasks is presumably to secure the grip and prevent
hand slippage during push.

Mean safety margin was 25% MVC in this study (see Figure 3). Safety margin values can be
expressed in terms of relative safety margin to facilitate comparisons with previous studies.
The relative safety margin (ratio of safety margin to voluntary grip force) was, on average,
54%. The relative safety margin seen during push tasks in this study is comparable to those
observed during lifting tasks in previous studies (Edin et al., 1992; Jenmalm et al., 1998;
Kinoshita, 1999; Westling and Johansson, 1984). Although it may seem the risk of slip
during push tasks is less critical than dropping an object in lifting tasks, comparison between
the present study and previous studies suggests that people do not necessarily use smaller
safety margins for isometric push tasks compared to lifting tasks.

Comparisons between the present study and previous studies, however, could be complicated
by the difference in the type of grip. The lateral aspect of the middle phalange of the

index finger was used to oppose the thumb pad in the present study, whereas, in previous
studies, the volar part of the index fingertip skin was used to oppose the thumb pad. The
volar and the lateral aspects of the index finger may have different densities of papillary
ridges and sweat glands (Peaslee, 2007), which may result in different coefficients of friction
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(Smith et al., 1997; Zackrisson et al., 2008) and thus different safety margins. Also, the
direction of friction force relative to the finger is different between the lateral pinch (in the
present study) and tip pinch (in previous studies). The stiffness of the skin varies depending
on friction force direction (Nakazawa et al., 2000) and the skin coefficient of friction has

an anisotropic characteristic (Bullinger, 1979). Thus different friction force directions may
result in different coefficients of friction between the two grip types and thus different safety
margins. Further investigations are needed to test if safety margin differs between lifting and
push tasks.

4.2 Effect of push force level on safety margin

This study demonstrated that safety margin significantly increased with increasing push
force (Figure 3). This increase in safety margin with increasing push force was observed for
both aluminum and rubber surfaces. Mean safety margin increased four folds as push force
increased from 7% MVC to 65% MVC (subject pooled). It is consistent with Kinoshita et
al. (1997) that showed safety margin during lifting tasks increased 1.7 times as friction force
(object weight) increased from 1.1 to 3.4 N. The present study showed that the effect of push
force level on safety margin prevailed on the entire push force range for each grip surface
(push force ranging from 6.3 to 61 N).

Possible underlying mechanisms for the effect of force level on safety margin were
postulated. First, it could be simply a strategy to avoid slip since the consequence of slip
becomes more dangerous as the push force level increases. Second, the increased safety
margin seen with greater push force may have resulted from the recruitment of larger motor
units, which, in turn, results in a decreased ability to finely grade force output. It has been
shown that motor units that produce relatively small twitch tensions during contraction are
recruited prior to motor units that produce large twitch tensions (Henneman and Mendell,
1981; Stuart and Enoka, 1984; Thomas et al., 1987). Therefore, when producing high push
force (and high grip force), large motor units are recruited, which, in turn, may result in a
greater safety margin compared to when producing low push force (and low grip force).

Third, increase in safety margin with increasing force level may be to compensate for
greater variability in force output during high force generation. It has been shown that force
variability increases with increasing force level (Enoka et al. 1999; Jones et al., 2002). For
example, in Jones et al. (2002), force variability (standard deviation) increased from 0.5%
MVC to 2.5% MVC as the mean force increased from 20% MVC to 70% MVC for a
thumb extensor muscle. Assuming these values apply to grip force generation, to maintain
grip force consistently above a minimally required level for 99.9% of times, safety margin
(difference between mean voluntary grip force and minimally required grip force) should be
1.5% MVC when exerting 20% MVC grip force, and 7.7% MVC when exerting 70% MVC
grip force. Therefore, 6.2% MVC increase in safety margin may be attributed to greater
force variability induced by increasing grip force from 20% to 70% MVC. In summary, to
ensure that grip force does not fall below the minimum required grip force, subjects may
increase safety margin to account for greater grip force fluctuation during high push force
exertions.
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Fourth, increase in hand, wrist, and arm muscle activity that is needed for increasing push
force generation may have contributed to increased activity of the finger muscles that
produce grip force. It has been shown that individual descending fibers project to multiple
motor nuclei of more than one muscle (Asanuma et al., 1979; Fetz and Cheney, 1980; Porter,
1987; Shinoda et al., 1979). Thus an exertion in one direction in one joint is typically
accompanied by exertions in other directions and in other joints (Dewald and Beer, 2001).
Therefore, increasing push activity may have elevated grip activity and thus safety margin.

Fifth, increase in safety margin with increasing push force may be due to biomechanics

of push. During push, friction force is applied on the finger skin towards the joints

of the fingers. Friction force is parallel to the finger segment and directed proximally.

This proximally-directed friction force has been shown to increase normal force without
additional muscle effort (Seo et al., 2007 & 2008a,b). More specifically, friction force, Fy,
on the thumb tip pad in the direction towards the thumb interphalangeal joint results in
flexion moment, F¢ X¢, about the interphalangeal joint, where Xs is the distance between the
interphalangeal joint center and Fy. This flexion moment is in addition to the joint moment
generated by muscles, My ,scle- The total flexion moment at the joint, Mpmyscle + Fg Xs, 1S
then used to generate normal force, Fp,, on the grasped object: Fr, = (Mmuscle + Ff X ) / X,
where X, is the distance between the interphalangeal joint center and F,,. Therefore, increase
in push force (F) can result in increased normal force, F, as long as there is no finger slip.
For instance, push force of 60 N will automatically increase normal force by 27 N in an
isometric condition (assuming X, =29 mm and X; = 13 mm from Buchholz and colleagues
(1989, 1992)).

In summary, push force can result in increased grip force independent of grip muscle

effort in an isometric push task. The enhancement in grip force increases with increasing
push force. It should be noted, however, that this force enhancement can be hampered

by antagonistic muscle activities to stabilize the joints during force exertions. If this grip
force enhancement is in fact present during push, then with the same mechanism, there

will be grip force deduction during pull as the friction force generates a moment about the
interphalangeal joint in the opposite direction. Future studies may investigate both push and
pull tasks and quantify the contribution of this mechanism to safety margin.

4.3 Grip surface

Safety margins were not significantly different between the rubber and aluminum surfaces
when push force was accounted for (see Figure 3). It is different from previous studies by
Kinoshita et al. (1997) and Cole and Johansson (1993). For example, safety margin during
lifting tasks increased 1.6 times as the coefficient of friction decreased from 1.6 to 0.4 for a
given friction force in Kinoshita et al. (1997). It is possible that the effect of grip surface on
safety margin was not seen in the present study because the coefficient of friction varied in
a small range (0.5 to 0.9). The different effects of grip surface could also be attributed to the
difference in the performed tasks and in the examined force range between the present study
and previous studies.
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4.4 Reduced maximum grip force during push

Grip force during maximum push exertions was only 74% MVC (grip surface, subject
pooled; Figure 2), although mechanically push force can be maximized by using 100%
MVC grip force. This submaximal grip force used for maximum push exertions may be
related to “force deficit”: Previous studies (Ohtsuki, 1981a, b; Kinoshita et al., 1995; Li

et al., 1998; Verdervoort et al., 1984) have reported that when several muscle groups are
activated simultaneously, each muscle group’s maximum force decreases compared to that
during a single muscle group exertion. As for underlying mechanisms, Ohtsuki (1981a)
suggested the mutual efferent inhibition between muscle groups on the cortex level as a
cause of decreased force outputs. Li et al. (1998) suggested that a central neural drive might
have a certain limit that cannot be exceeded, thus limiting the overall force output.

4.5 Implication in design of consumer products and workstations

The present study presents significant implications in product/workstation design and
ergonomics analysis. To ensure that users or workers are capable of performing a given
push task, the first step is to make sure that the required grip force is less than people’s

grip strength (Smaby et al., 2004). Safety margin and grip force reduction should also be
accounted for if the task involves friction force generation. In short, required grip force plus
safety margin should not exceed grip strength discounted by force deficit.

For example, if inserting a plug into a power outlet requires push force of 60 N and the
coefficient of friction between the plug and the hand is 0.7, the minimum required grip force
is calculated to be 43 N (minimum required grip force = push force divided by two times the
coefficient of friction; equation provided in Buchholz et al. (1988) and Smaby et al. (2004)).
This minimum required grip force of 43 N is less than grip strength of 87 N. Thus it may
seem that people can insert the plug without difficulty. However, that is not the case when
safety margin and force deficit are accounted for. Voluntary grip force may be twice the
minimum required grip force (assuming the same amount of safety margin observed in the
present study), which is 86 N. In addition, since this is a grip-and-push task, the maximum
grip force people can generate may be 74% MVC (assuming the same amount of force
deficit observed in the present study), which is 64 N. Therefore, estimated voluntary grip
force (required grip force plus safety margin = 86 N) exceeds maximum grip force (grip
strength discounted by force deficit = 64 N). Thus, people may struggle to insert the plug
into the power outlet. It can be seen that people’s push capability can be overestimated if
safety margin and grip force deficit are not accounted for during ergonomic analysis.

5. Conclusion

This paper demonstrated that 1) safety margin exists for an isometric push task in lateral
pinch. Mean safety margin was 25% MVC. 2) Safety margin significantly increased with
increasing push force for both aluminum and rubber surfaces. 3) Grip force used during
maximum push exertion was only 74% MVC. The findings suggest that ergonomic analyses
of push tasks that involve friction force should account for safety margin and reduced grip
strength during push. Failure to consider safety margin and reduced grip strength during
push can result in overestimation of people’s push capability.
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Figure 1.
Experimental apparatus: (a) Voluntary grip force during isometric push exertions in lateral

pinch was measured using an instrumented object. Push force was measured using a force
transducer. (b) Minimum required grip force was measured using an instrumented object at
the moment the object slipped out of the fingers. The weight of the instrumented object was
adjustable.
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Figure2.
Mean + SE voluntary grip force and minimum required grip force as a function of push force

for the aluminum and rubber surfaces (10 subjects’ data pooled). The difference between the
voluntary and minimum required grip forces is safety margin. Grip force and push force are
normalized to each subject’s grip strength and push strength, respectively. The five different
push forces correspond to 20%, 40%, 60%, 80%, and 100% of maximum push force in
lateral pinch for each grip surface.
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Mean + SE safety margin as a function of push force in lateral pinch for the aluminum and
rubber surfaces. Safety margins (voluntary grip force — minimum required grip force) are
normalized to each subject’s grip strength. Push forces are normalized to each subject’s push
strength. The five different push forces correspond to 20%, 40%, 60%, 80%, and 100% of
maximum push force for each grip surface. The regression line is for both aluminum and
rubber surfaces.
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