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Glove Attributes and Their Contribution to Force 
Decrement and Increased Effort in Power Grip

Kirsten Willms and Richard Wells, University of Waterloo, Waterloo, Ontario, 
Canada, and Heather Carnahan, University of Toronto, Toronto, Ontario, Canada

Objective: To determine the contribution of the loss of tactile sensitivity, glove flexibility, 
glove thickness, and changes in finger geometry to force decrement and increased effort 
during gloved power grip. Background: Gloved work has been shown to increase the 
effort required to perform manual tasks. Method: A battery of maximal and submaxi-
mal gripping tasks was performed while grip force and surface electromyography of 
seven forearm muscles were recorded. Participants performed power grips while wear-
ing three different thicknesses of rubber gloves (differing only in thickness; maximum 
3.1 mm), wearing interdigital spacers between the fingers (matched to the glove thick-
nesses), and with a bare hand. Results: Decreases in maximum grip force compared 
with the bare hand were observed for the thickest glove (–31.0 ± 6.8%, p < .05) and for 
the thickest interdigital spacers (–9.7 ± 5.9 %, p < .05). Participants increased their grip 
force with increasing glove thickness for a submaximal object-lifting task (p < .01). To 
maintain an unloaded grip posture and to create a fixed submaximal force, participants 
increased muscle activation (p < .05) for all muscles with increasing glove thickness. 
Conclusion: Decreases in maximal grip force and increased effort in submaximal tasks 
could be attributed to a combination of reduced tactile sensitivity, the effort to bend 
the gloves, and interdigital separation. Application: Although the values obtained are 
specific to the rubber gloves tested, the results give insights into factors important in the 
design and selection of gloves.

Address correspondence to Richard Wells, Department of Kinesiology, Faculty of Applied Health Sciences, University of 
Waterloo, Waterloo, ON, Canada N2L 3G1; wells@uwaterloo.ca. HUMAN FACTORS, Vol. 51, No. 6, December 2009, 
pp. 797–812. DOI: 10.1177/0018720809357560. Copyright © 2009, Human Factors and Ergonomics Society.

INTRODUCTION
It has been shown that when individu-

als are wearing gloves, increased effort is 
required to perform manual tasks. In power grip 
tasks, these differences have been observed as 
reductions in strength (Kovacs, Splittstoesser, 
Maronitis, & Marras, 2002; Mital, Kuo, & Faard, 
1994; Tsaoudidis & Freivalds, 1998) and 
increases in muscular effort (Lariviere et al., 
2004). Decreases in force output have been 
attributed to a number of factors, including loss 
of tactile sensitivity (Nelson & Mital, 1995; 
Nowak, Glasauer, & Hermsdorfer, 2004; Shih, 
Vasarhelyi, Dubrowski, & Carnahan, 2001), 
low glove flexibility or suppleness (Kovacs et al., 
2002), friction at the glove-object interface, 
glove thickness, and changes in hand geometry 
(Hallbeck, Muralidhar, & Balachandran, 1994).

Many different types of gloves have been 
assessed in the literature. These have included 
cotton gloves (Kinoshita, 1999), leather gloves 
(Tsaousidis & Freivalds, 1998), work gloves 
(Fleming, Jansen, & Hasson, 1997), surgical 
gloves (Kinoshita, 1999; Nelson & Mital, 1995; 
Shih et al., 2001), hazardous materials gloves 
(Bensel, 1993), and extravehicular activity 
(space) gloves (Buhman, Cherry, Bronkema-
Orr, & Bishu, 2000; Korona & Akin, 2002; 
Roy, O’Hara, & Briganti, 1991). On many 
occasions, gloves of differing types were com-
pared with each other (Kinoshita, 1999; Lyman 
& Groth, 1958; Mital et al., 1994; Rock, Mikat, 
& Foster, 2001; Scanlan, Roberts, McCallum, & 
Robinson, 2004), or one or more gloves of the 
same or differing types were layered (Bradley, 
1969; Hallbeck & McMullin, 1993). Although 
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this research may provide an overall commen-
tary on the effect of a particular glove, it does 
not elucidate why gloves, in general, had a par-
ticular effect.

Sudhakar, Schoenmarklin, Lavender, and 
Marras (1988) examined electromyographic 
(EMG) activity in reference to force output and 
found that the same level of muscle activation 
produced different grip strengths across glove 
types. Muscle force was being generated, but it 
was seemingly not being transmitted to the object. 
The question thus arises: What is reducing the 
force exerted and increasing the effort, and which 
attributes of gloves are responsible? If such attri-
butes and their contributions can be determined, 
it will aid in the design and selection of gloves.

Although many studies have explored the 
functional consequences of wearing gloves for 
manual work, few have systematically exam-
ined the glove attributes responsible (Batra, 
Bronkema, Wang, & Bishu, 1994). Although 
thickness has often been cited as a reason for 
force decrement and increased muscular effort 
while gripping, the cause may be not glove 
thickness by itself but rather consequences 
attributable to an increase in thickness, such as 
an increase in interdigital spacing, a decrease in 
tactile sensitivity, or an increased resistance to 
bending the fingers.

The purpose of this research was therefore 
to develop and apply an approach to studying 
characteristics of gloves and their possible 
independent contribution to the force decrement 
and increased effort seen in persons performing 
gripping tasks while wearing gloves.

Eight specific hypotheses were tested as a 
means to this end: 

1.	 Increases in glove thickness and finger spacing 
will reduce maximum grip force below the bare 
hand values.

2.	 Increases in glove thickness will increase grip 
forces required to perform a standardized sub-
maximal lifting task.

3.	 Increases in glove thickness will increase forearm 
muscle activation during performance of a fixed-
force submaximal gripping task.

4.	 Increases in glove thickness will increase the 
forearm muscle activation to create an unloaded 
power grip posture.

5. Increases in glove thickness will increase the per-
ceived exertions required to maintain an unloaded 
power grip posture, exert a fixed submaximal 
force, and lift an object.

6. Increases in glove thickness will reduce tactile 
sensitivity.

7. The grip circumference required to maintain a 
constant finger posture will decrease as glove 
thickness increases.

8. Grip force will change when the grip circumfer-
ence is reduced to maintain the same finger pos-
ture across glove conditions.

Findings from these hypotheses will then be 
integrated to identify potential independent con-
tributors to individuals’ force and effort changes 
when wearing these specific gloves and while 
wearing gloves in general.

METHOD

Participants

Participants were 10 males and 10 females 
recruited from the university population who 
were free from upper extremity injury or pain 
(see Table 1). Each participant reviewed and 
signed an informed consent form approved 
by the local Office of Research Ethics at the 
University of Waterloo. Anthropometric data, 
concentrating on the hand, were obtained with 
calipers and a flexible tape measure (Pheasant 
& Haslegrave 2006).

Apparatus and Materials

The independent variable was hand covering. 
Seven conditions were tested: bare hand, three 
thicknesses of gloves, and three corresponding 
interdigital spacer thicknesses.

Gloves. The goal was to determine factors 
affecting participants’ maximal grip force and 
effort while they were wearing gloves. A spe-
cific glove was chosen to tease out these fac-
tors because it was available in multiple sizes 
and identical in material and shape, differing 
only in thickness. Rubber gloves worn by power 
line maintainers (also known as electric utility 
workers; Salisbury, Skokie, IL) are manufac-
tured to a regulated safety standard (American 
Society for Testing of Materials International, 
2002). The three different classes were used in 
this study. Classes 0, 2, and 4 are intended for 
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work on voltages of 1,000 V; 17,000 V; and 
36,000 V, respectively. The standard defines the 
range of allowable thicknesses of the Class 0, 2, 
and 4 gloves. Average thicknesses are 0.8, 1.8, 
and 3.1 mm, respectively. For the participants 
recruited, the gloves were available in all sizes, 
which enabled participants to wear a properly 
fitted glove.

Interdigital spacers. To mimic the inter-
digital spacing caused by the glove thickness 
between the digits, spacers equal to twice the 
glove thickness were worn at the level of the 
proximal interphalangeal joints (Figure 1). 
The spacers’ thicknesses were 1.6, 3.6, and 6.2 
mm; for example, Class 2 glove has an aver-
age thickness of 1.8 mm, and therefore, the 
fingers were separated by the 3.6-mm (2 × 1.8 
mm) rigid foam spacers.

Dependent variables measured included the 
grip force exerted on a handgrip dynamometer, 
the perceived exertion, and the amplitude of the 
surface electromyograms from seven forearm 
muscles during the performance of standardized 
tasks. In addition, the tactile sensitivity of the 
fingers was determined.

Grip force. Handgrip force was measured 
with an instrumented grip dynamometer (MIE 
Medical Research, UK), which was adjusted 
to a power grip span corresponding to each 
participant’s hand size, such that the thumb 
and tip of the index finger lightly touched in 
a bare-handed relaxed grip. To measure grip 
force during the lifting task, the dynamometer 
was mounted on top of a mass, mimicking the 

manipulandum used by Westling and Johansson 
(1984; see Figure 2). Participants sat on an 
adjustable chair with the elbow bent at 90°, and 
the platform on which the grip dynamometer 
rested was adjusted to bring the dynamometer 
gripping surfaces to elbow height.

Von Frey hair test. Prior to the tasks, a Von 
Frey hair test of touch sensitivity was admin-
istered to the index finger of the right hand 
(Semmes, Weinstein, & Ghert, 1960). A full 
kit of 20 monofilaments was used (North 
Coast Medical, 2000). The thinnest monofila-
ment was pressed against the fingertip of the 
participant until the monofilament bent. This 
process was repeated a maximum of three 
times (except for filaments >4.31 grams, 
which were applied only once) before pro-
ceeding to a thicker monofilament. Tactility 
was recorded as the thinnest monofilament 
that elicited a response.

Perceived exertion. Participants were asked 
for a self-reported effort for each of the tasks. 

TABLE 1: Participant Information

Variable	 Males M (SD)	 Females M (SD)	 All Participants M (SD)

N	 10	 10	 20
Age, in years	 25.7 (7.5)	 24.9 (2)	 25.3 (5)
Hand length, in millimeters	 195 (9)	 180 (7)	 188 (11)
Middle finger length, in millimeters	 81 (4)	 77 (5)	 79 (5)
First knuckle depth, in millimeters	 26 (2)	 22 (2)	 24 (3)
Breadth of hand at knuckles, in millimeters	 96 (6)	 85 (3)	 91 (7)
Palm circumference, in millimeters	 229 (9)	 204 (6)	 217 (15)
Palm circumference, in inchesa	 9.0 (0.4)	 8.1 (0.2)	 8.5 (0.6)
Gloves worn size range (North American)	 8.5–9.5	 8–8.5	 8–9.5

aGlove size determined from this dimension.

Figure 1. Photograph of a participant wearing a molded 
Class 4 spacer at the level of the proximal interphalan-
geal joints.
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A 100-point rating scale was used (CR-100; 
Borg & Borg, 2002).

Surface electromyography. EMG activ-
ity was recorded from surface sites for seven 
forearm muscles: flexor digitorum superficialis 
(FDS), flexor pollicis longus, flexor carpi radia-
lis, flexor carpi ulnaris, extensor carpi radialis, 
extensor carpi ulnaris, and extensor digitorum 
(ED) (Basmajian, 1979; Zipp, 1982). These 
muscles were chosen as representative of hand 
demand during the experimental tasks as well 

as for ease of electrode placement (Greig & 
Wells, 2008) under the insulating rubber gloves.

Surface EMG activity was collected with 
custom-built integrated bar electrodes and 
differential amplifiers (input impedance, 1010 
W; bandwidth, 25–550 Hz; interelectrode dis-
tance, 20 mm). EMG data were collected in 
raw form at 1,024 Hz and processed postcol-
lection. A resting level of the EMG amplitude 
was determined as the participant sat quietly 
with his or her arm hanging down loosely at 
his or her side.

Protocol

Other than the maximal voluntary exertions, 
the order of the tasks was randomized to control 
for any fatigue or practice effects. Participants 
had the opportunity to manipulate the dyna-
mometer before the start of each condition to 
familiarize themselves with the feel of the 
gloves and spacers. Conditions were blocked 
so that all tasks were completed with one glove 
thickness (or bare-handed or with interdigital 
spacing) before participants moved to the next 
randomized condition.

In North America, for these gloves, the palm 
circumference, in inches, is used to select the 
correctly sized glove for each participant, that is, 
9-in. circumference = Size 9 glove. Tasks were 
completed for each of the seven conditions: a 
bare hand, three thicknesses of gloves, and 
three corresponding spacer thicknesses. Each 
task was performed five times, and recorded for 
5 s, with the exception of the maximum effort 
tasks.

Maximum effort. In each condition, partici-
pants were instructed and verbally encouraged 
to attain a maximal effort for grip strength by 
ramping their effort up to a maximum and hold-
ing it there for 3 s. Participants performed each 
maximum effort three times for each condition, 
taking the largest force value as the maximum 
voluntary contraction (DeLuca, 1997). A mini-
mum rest period of 2 min was provided between 
trials.

Form a grip posture. This task was used to 
estimate the effort required to form the hand 
(and glove if worn) into a power grip posture. 
Participants were instructed to form a power 
grip posture around a foam cylinder of the same 
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Figure 2. Drawing of the dynamometer for the lift-
ing task showing participant grasping the dynamom-
eter arms. (A) Commercial grip force dynamometer 
with adjustable span; (B) adjustment locking knob; 
(C) custom coupling to attach force transducer to 
handgrip dynamometer; (D) uniaxial force trans-
ducer; (E) mass. Total mass of manipulandum was 
3.6 kg. The same grip force dynamometer was used 
for all grip force measures.
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dimensions as the grip dynamometer, as if to 
grip it, but without causing the foam to visibly 
compress.

Maintain a fixed force. Participants were 
asked to maintain a 75-N grip force on the dyna-
mometer for 5 s with the use of visual feedback. 
Visual feedback was provided via a trace on 
an oscilloscope, and participants had to match 
a target line. This grip force was chosen to be 
approximately 20% of a maximum male grip 
force (Carey & Gallwey, 2005) and is typical of 
the grip force level seen in occupational tasks.

Lift an object. Participants were asked to grip 
the vertical arms of the dynamometer (mass 
3.6 kg) in a power grip (see Figure 2) and ele-
vate it without any horizontal movement to an 
approximate height of 20 mm (cf. Westling & 
Johansson, 1984), hold it in the air for 5 s then 
lower it gently back down to the platform.

Grip size. In the main protocol just described, 
the dynamometer grip span was adjusted such 
that the thumb and tip of the index finger lightly 
touched each other in a bare-handed relaxed 
grip. On a separate day, the maximum-effort tri-
als were performed as described previously for 
the bare hand and for Class 0, 2, and 4 gloves. 
In addition, for the gloved trials, the dynamom-
eter grip span was then adjusted, if necessary, so 
that the gloved thumb and tip of the index finger 
touched each other again. The maximum-effort 
trials were again performed.

Data Analysis

EMG data were full-wave rectified and low-
pass filtered at 2.5 Hz (single pass, second-order 
Butterworth) to create a linear envelope sig-
nal for each of the seven muscles. Following 
the recommendations of Mathiassen and col-
leagues, we then normalized the EMG signals to 
the maximum electrical activation determined 
during the maximum effort trials and expressed 
them as the percentage of this maximal volun-
tary electrical activity (%MVE; Mathiassen, 
Winkel, & Hagg, 1995).

Grip forces were normalized to the maxi-
mum bare-handed force and expressed as the 
percentage of a MVC force (%MVC). The grip 
force overshoot and the grip force during the 
stable holding phase were determined in the 
manner of Westling and Johansson (1984). All 

exertion scores for each participant were aver-
aged separately, and the mean value was used 
for the normalization (to 1) of each individual’s 
response (Paré, Carnahan, & Smith, 2002).

Statistical Analysis

Statistical analysis was performed with SPSS. 
ANOVA with fixed effects and repeated measures 
across participants was employed with an a value 
of .05. Post hoc comparisons were made using 
Tukey. Unless noted, all comparisons were made 
within the bare hand and glove data or within the 
bare hand and spacer data.

We analyzed the effect of glove class or 
spacer thickness on the maximum voluntary 
contraction force, the peak lifting and stable 
holding phase forces from the lifting task, 
and the possible effect of condition on the 
target grip force during the fixed-force tasks 
using one-way ANOVA. We analyzed the grip 
span changes and the corresponding maximum 
grip force changes using one-way ANOVA. 
Comparing MVCs of each glove class between 
the standard and adjusted size was analyzed by 
means of t tests.

We analyzed the effect of glove class or 
spacer thickness on the muscular activity 
(%MVE) required to maintain a fixed submaxi-
mal force to bend the hand (and glove) into a 
gripping posture using one-way ANOVA for 
each muscle. We compared the perceived exer-
tions required to maintain an unloaded power 
grip posture across conditions using a two-
way ANOVA (Glove Condition × Task). We 
analyzed the Von Frey hair test’s force values 
using a one-way ANOVA to assess differences 
between conditions.

RESULTS

In initial analysis of the data normalized to 
the bare hand condition (not reported), no sig-
nificant differences between the genders were 
observed, and data were pooled for subsequent 
analysis. Discussion of EMG results describe 
the overall pattern of activity across muscles 
unless otherwise noted.

MVCs

Maximum power grip forces across all partic-
ipants averaged 384.0 ± 79.2 N for the bare hand 
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condition. These forces declined significantly 
with increasing glove thickness (Figure 3). With 
an unadjusted grip span, Class 0, Class 2, and 
Class 4 gloves caused decreases in maximum 
voluntary force (M ± SD) of 10.4 ± 5.6 %MVC, 
20.3 ± 8.0 %MVC, and 31.0 ± 6.8 %MVC, 
respectively.

A main effect of glove condition was found 
(p  < .05), with post hoc analyses revealing 
significant differences for all gloved-bare and 
glove-glove comparisons. Spacer 0, Spacer 2, and 
Spacer 4 caused decreases of (M ± SD) 5.6 ± 
6.5 %MVC, 7.9 ± 4.9 %MVC, and 9.7 ± 5.9 
%MVC, respectively. The interdigital spacers 
caused significant force output decreases as 
compared with the bare hand (p < .05); how-
ever, the three thicknesses did not differ signifi-
cantly from each other.

Muscular activity (%MVE) during maxi-
mum contractions when wearing gloves or spac-
ers was not significantly different from that 
recorded during the bare-handed maximum 
condition. The exception was the FDS muscle, 
which showed a significant reduction in activity 
as the glove thickness increased (p < .05).

Lift Grip Force

Example grip force profiles for the lifting task 
are shown in Figure 4. These grip force profiles are 

similar to those previously published (Monzee, 
Lamarre, & Smith, 2003; Westling & Johansson, 
1984), and shows a peak grip force followed by 
a slightly lower grip force after the grip became 
stable. The grip forces for each condition are also 
seen in Figure 4. Peak grip force increased with 
increasing glove thickness (p < .01), but no sig-
nificant difference was seen in peak lifting force 
with interdigital spacers as compared with the 
bare hand. Similarly, increasing glove thickness 
increased grip forces in the stable holding phase 
(p = .002), but no significant difference was seen 
in the stable lifting force with interdigital spacers 
as compared with the bare hand.

Fixed Force

Participants were able to accurately main-
tain a target force of 75 N with visual feedback 
across all conditions. No significant differences 
in force output during the fixed-force task (p > 
.05) was seen, with an overall average force of 
77.2 ± SD 1.3 N. The muscular activity required 
to perform the fixed-force task while wear-
ing gloves can be seen in Figure 5 and is indi-
cated by brackets (B). Although a significant 
main effect of glove condition (p  < .05) was 
observed for all muscles, the magnitude of the 
increase differed between the tasks and mus-
cles. Muscular activity increased on average a 

Figure 3. Force decrement during maximum power grip when wearing gloves and when fitted with interdigital 
spacers (mean and standard error). Spacer and glove conditions compared separately with the bare hand condi-
tion. Conditions with different letters indicate post hoc differences at p < .05. Across all participants, the maxi-
mum handgrip force in the bare hand condition was 384.0, SD ± 79.2N.
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Figure 4. Top: Example grip force profiles for one participant when lifting the 3.6-kg dynamometer for the bare 
hand, gloved, and interdigital spacers conditions. Bottom: Peak and stable holding phase grip forces for the lift-
ing task (means and standard errors). Conditions with different letters are significantly different from the bare 
hand, p < .05.

minimum of 3.8% (FDS) to a maximum of 32.3% 
(ED). Increased interdigital spacing thickness 
caused no significant change in muscular activ-
ity during the fixed-force task (p > .05).

Grip Positioning Task

The increase in muscle activity required to 
create an unloaded power grip posture is indi-
cated by the brackets (A) in Figure 5. Although 
a significant main effect of glove condition (p < 
.05) was observed for all muscles, the magni-
tude of the increase differed between the tasks 

and muscles. These increases reflect the amount 
of muscle activity needed just to move the 
glove into a functional power gripping posture. 
Increased interdigital spacing caused no sig-
nificant change in muscular activity during the 
positioning task (p > .05).

Perceived Exertion

For all submaximal-force tasks, perceived 
exertion scores significantly increased as a 
function of glove thickness (p < .05), as shown 
in Figure 6. Post hoc comparisons were made 
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(continued)
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only for the glove or spacer condition in the 
same task. The interdigital spacers did not sig-
nificantly affect the scores reported for any of 
the tasks (p > .05).

Tactile Sensitivity

Using the Von Frey hair test of tactile 
sensitivity, forces for the bare hand were 
(0.15 ± 0.1 g) and for the gloved conditions 
Class 0 (0.6 ± 0.4 g), Class 2 (2.4 ± 1.9 g), and 
Class 4 (6.0 ± 3.5 g). A main effect of glove 
thickness was found (p  < .05). Compared 
with the bare hand, post hoc analyses showed 
statistically significant losses of tactility while 
participants were wearing the Class 2 (p = .002) 
and Class 4 (p < .05) gloves. The only nonsig-
nificant difference found was between the bare 
hand and the Class 0 glove (p > .05). Spacers 
did not detectably affect tactility.

Grip Size

To maintain the same grip configuration as 
set in the bare-handed condition, the average 
circumferences required were as follows: bare 
hand, 154 ± 5 mm; Class 0, 143 ± 6 mm; Class 2,
138 ± 7 mm; and Class 4, 127 ± 5 mm, a maximum 
reduction of 27 mm. A main effect of glove thick-
ness was seen (p < .05). Post hoc testing showed that 
that all conditions were different from all others.
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Figure 6. Normalized perceived exertion scores for 
three tasks for the bare hand, gloved, and interdigital 
spacer conditions (mean and standard error). Ratings 
for each participant were normalized to the average of 
all their ratings, making their values vary above and 
below unity. Within tasks, conditions with different 
letters are significantly different, p < .05.

Figure 5. Mean muscle activity from the extensor carpi radialis (ECR; panel A), flexor pollicis longus (FPL; 
panel B), extensor digitorum (ED; panel C), and flexor digitorum superficialis (FDS; panel D) sites for the bare 
hand, gloved, and interdigital spacers conditions, expressed as percentage of maximal voluntary electrical activity 
(%MVE). Solid lines represent gloved and dashed lines the corresponding interdigital spacer conditions. The 
braces (A) show the increase in activity in the grip positioning task, and braces (B) represent muscle activity in 
the fixed-force task. Error bars omitted for clarity. FIXF = Maintain a fixed force; LIFT = Lift an object; MAX 
= Maximum effort; POSN = Form a Grip Posture.
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Effects of Grip Sizing on Maximum Grip 
Force

With the adjusted grip size, maximum 
force output decreased significantly with 
each increase in glove thickness (p  < .05), 
with decreases of 13.7 ± 5.9 %MVC, 28.1 ± 
5.5 %MVC, and 37.8 ± 6.5 %MVC for Class 0, 
Class 2, and Class 4, respectively. Comparing 
the MVC of each glove class between protocols 
by means of t tests showed significant decreases 
in maximal force output at all three thicknesses 
when the grip span was adjusted (p < .05).

DISCUSSION

The goal of the study was to identify glove 
factors and their possible independent contribu-
tions to force decrement and increased effort 
during gripping tasks. Eight specific hypoth-
eses were tested as a means to this end, and 
substantial and statistically significant differ-
ences were seen between glove conditions for 
all tasks. The findings described in the Results 
are first compared with previous reports, when 
available. Additionally, however, by then com-
bining the results of the different parts of the 
protocol, we attempt to assess the independent 
contribution of the glove characteristics to force 
loss and effort increases.

Discussion of Hypotheses

Hypothesis 1. Increasing the thickness of 
the gloves reduced the maximum grip force. 
The reductions of up to 31.0% (37.0% for the 
adjusted grip size) are comparable to reductions 
of 5% to 30%, previously reported by others 
(Cochran, Albin, Bishu, & Riley, 1986; Kovacs 
et al., 2002; Lyman & Groth, 1958; Sudhakar et 
al., 1988; Tsaousidis & Freivalds, 1998).

Changes in interdigital spacing contributed 
to force decrement of approximately 10 %MVC 
during maximal efforts. These decrements in 
force are similar to those found in previous 
research, in which interdigital spacing ranging 
from 3 mm to 10 mm produced losses of maxi-
mum grip strength of 12% to 26% (Hallbeck 
et al., 1994; Hansen & Hallbeck, 1996). During 
maximal efforts, there was no significant change 
in muscle activation across conditions (except 
FDS in glove conditions), suggesting that this 

was not a major factor driving the reduction in 
maximum grip force; but see the later discus-
sion of changes in effective grip circumference.

Hypothesis 2. During the lifting task, the 
manipulandum mass and the grip size were 
constant across conditions. The increase in 
grip force with thicker gloves mirrors that seen 
with a loss of sensory feedback via anesthe-
sia (Jenmalm, Dahlstedt, & Johansson, 2000; 
Westling & Johansson, 1984). Recent research 
has shown that lack of tactile sensitivity in turn 
influences the placement of the fingers (it mis-
aligns the digits on the object), and it is this 
effect that influences the increase in grip force 
and increase in muscular effort by increasing 
the torques produced (Monzee et al., 2003). 
It should be noted, however, that power grip 
has not been investigated in participants under 
the effects of anesthesia. Other glove research 
has shown similar results; grip forces during a 
lifting task increased while participants were 
wearing one, two, or three surgical gloves (Shih 
et al., 2001).

Hypotheses 3 and 4. We observed that the 
increases in glove thickness increased fore-
arm muscle activation during performance of 
a fixed-force submaximal gripping task as well 
as during a task that put the hand into a grip-
ping posture without force exertion. We are not 
aware of other reports measuring the muscular 
effort to create a grip posture. For the fixed-
force task, Sudhakar et al. (1988) studied the 
phenomenon using a similar method. They 
found that the same level of muscle activation 
produced different grip strengths across glove 
types. Interestingly, the extensor muscles of 
the wrist and fingers all had greater increases 
in EMG activity than did the flexors, corrobo-
rating previous research that found that fore-
arm extensors are more sensitive to exertions 
made during gripping activities than are flexors 
(Hägg & Milerad, 1997; Lariviere et al., 2004; 
Roy et al., 1991).

Hypothesis 5. Increases in glove thickness 
did significantly increase the perceived exer-
tions required to maintain an unloaded power 
grip posture, to exert a fixed submaximal force, 
or to lift the mass. Increasing the spacer thick-
ness, however, did not have any detectable 
effect on the perceived exertion values.
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Hypothesis 6. Increases in glove thickness 
did reduce tactile sensitivity. Wearing a Class 4 
glove resulted in a mean Von Frey hair test force 
of approximately 6 g, which would correspond 
clinically to some loss of protective sensation.

Hypotheses 7 and 8. Increasing the thickness 
of the gloves made it impossible for the fingers to 
reach around and touch the thumb as in the bare 
hand condition. The reduction in grip circum-
ference required to bring the gloved fingers and 
thumb back into position was an average of 27 
mm for a Class 4 glove. Adjusting the grip span 
to compensate for the effective increase of grip 
span incurred by wearing thick gloves decreased 
grip force output.

The effect of grip circumference (span) has 
been well reported in the literature; as the span 
increases, the maximum grip force increases to 
a maximum, then declines (e.g., Eksioglu, 2004; 
Greenberg & Chaffin 1976). How adjusting the 
span affects grip force depends on whether the 
span is on the ascending or descending leg of the 
relationship. In this study, it was thought that by 
adjusting the grip size, the more proximal pha-
langes should have been able to contribute more 
to the power grip. With the thick gloves, the 
proximal phalanges may not have been able to 
reach around the dynamometer, thus forcing the 
distal phalanges to exert the force and decreas-
ing the total force output (Hazelton, Smidt, 
Flatt, & Stephens, 1975).

As the fingers were hidden within the 
gloves, this postural expectation could not be 
confirmed. It is possible that although the hand 
may have been in a more favorable position 
with the adjusted grip span to elicit maximum 
force output, there may be other factors at play. 
For example, with the adjusted grip span, the 
fingers may need to bend more. Therefore, this 
additional force loss may be attributable to the 
force required to bend the glove further, which 
from these data seems to limit grip force more 
than does the glove’s interference with effective 
grip span.

Integration of Findings

Table 2 summarizes the potential factors 
contributing to maximum grip force loss and 
effort increases. The effect of each factor will 
be addressed in turn.

Reduction of tactility. Increasing glove thick-
ness decreased tactility as measured by the 
Von Frey hair test, and as expected, increasing 
spacer thickness did not affect tactility, as spac-
ers did not cover the fingertips. Evidence that 
this decreased tactility contributed to increased 
effort at submaximal contractions is that 
increasing glove thickness in the same posture 
during submaximal efforts increased the over-
shoot and force in steady state during lifting but 
grip force could be held constant with visual 
feedback. In addition, spacing of the fingers 
does not detectably affect submaximal efforts. 
Given these task comparisons, tactile sensitiv-
ity was isolated as a factor contributing to effort 
changes in participants wearing gloves.

The decrease of tactility resulted in a small 
absolute increase in gripping force during 
submaximal efforts. For example, wearing a 
Class 4 glove required the grip force on the 
manipulandum to be increased by approximately 
24% over the bare hand condition, (Figure 4).

Spacing of the fingers apart (interdigital 
spacing). Spacers caused a moderate (~10%) 
grip force decrease during maximum efforts. 
For the spacer conditions, all other factors 
were not different from the bare hand condi-
tions. No effect was detectable at submaximal 
levels. This result shows that separating the 
fingers does adversely affect maximum grip 
forces; however, the interdigital spacing was 
simulated, and it may not necessarily reflect 
the actual effects of wearing gloves with thick 
material between the fingers.

Changes in effective grip circumference. The 
thickness of glove increases the effective grip 
size, meaning that with the thicker gloves, the 
fingers do not wrap as far around the dynamom-
eter. Moving the contact force to the distal pha-
lanx would be expected to require higher activity 
of the flexor digitorum profundus (FDP; unmea-
sured) rather than the monitored FDS, which 
inserts into the middle phalanx (Long, 1970). 
However, adjusting grip circumference to main-
tain grip posture decreased the maximum grip 
force, meaning that the change in finger posture 
was not the reason for the drop in maximum grip 
forces, as the force dropped more when the fin-
ger posture was controlled by adjusting the grip 
size. 
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TABLE 2: Potential Factors Contributing to Maximum Grip Force Reduction and Effort Increases

Potential Factor

Reduction of tactility  
 
 
 
 
 
 
 
 
 
 

Spacing of the fingers 
apart (interdigital 
spacing) 
 
 

Changes in effective grip 
circumference. 
 
 
 
 
 

Stiffness of the glove to 
bending 
 
 
 
 
 

Changes in maximum 
muscle activation 
 
 

Friction characteristics 
 
 

Snugness of fit

Findings

Increasing glove thickness decreased 
tactility (Von Frey).

•	 Increasing spacer thickness did not 
affect tactility. 

Increasing glove thickness in the same 
posture during submaximal efforts

•	 increases the overshoot and  force in 
steady state during lifting, but

•	 grip force can be held constant with 
visual feedback.

•	 Spacing of the fingers does not 
detectably affect submaximal efforts.

Increasing spacer thickness in the same 
posture

•	 detectably reduces force during 
maximal efforts,

•	 does not detectably affect effort or 
force during submaximal efforts.

Thickness of glove increases effective 
grip circumference.

Adjusting grip circumference to maintain 
grip posture decreases maximum grip 
force. 
 
 

With the hand in the same power grip 
posture, increasing glove thickness 
elevates muscle activity

•	 to form hand into a power grip posture 
•	 during sub-maximal fixed force efforts
•	 reduces maximum grip force
Spacing of the fingers does not 

detectably affect submaximal efforts.
For increasing glove and spacer thickness, 

there were no significant changes in 
muscle activity for maximum efforts 
(except FDS in the gloved condition). 

All glove trials have the same glove–to–
grip surface friction. 
Bare hand and glove have different 
friction coefficients.

All participants received gloves fitted to 
their hand size.

The glove classes were geometrically 
similar.

Conclusions

A decrease of tactility 
attributable to the gloves 
is associated with a small 
increase in applied grip force 
and effort during submax 
efforts. 
 
 
 
 
 

Interdigital spacing of the fingers 
is associated with a small 
decrease in grip force during 
maximal efforts. 
 

Increases in glove thickness 
increase the effective grip 
circumference a small amount, 
but the decrease in force 
observed after adjustment 
argues that the change in grip 
size was not responsible for 
the reduction in grip forces. 

The stiffness of the glove to 
bending substantially reduces 
maximum grip force and 
substantially increases effort 
during submaximal efforts. 
 
 

The reduction in force with 
increasing glove thickness 
may be partially caused by a 
reduction in FDS activity.

Friction may be a contributing 
factor to a change in effort and 
force between bare and Class 
2 glove conditions.

Snugness did not differ 
between participants or glove 
thicknesses.

Note. FDS = flexor digitorum superficialis.
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There is also the possibility that the effect 
of grip size is less influential submaximally 
(Blackwell, Kornatz, & Heath, 1999). Changes 
in hand geometry, because of both finger sepa-
ration and grip size, are expected to alter muscle 
and tendon moment arms and muscle length. 
These were not measured in this study.

Stiffness of the glove to bending. The posi-
tioning and the fixed-force tasks provided two 
approaches to characterizing the stiffness of 
the glove. In the positioning task, the external 
force was effectively zero, as the participants 
were instructed to create a power grip posture by 
attempting to wrap the distal part of the glove’s 
fingers around the foam without visibly com-
pressing it. Because it was a challenge for the 
participants to form a grip posture without exert-
ing any force on the foam, of the two approaches, 
the findings from the fixed-force task likely bet-
ter represent the effect of glove stiffness during 
gripping. The stiffness of the glove to bending 
substantially reduces maximum grip force and 
substantially increases effort during submaximal 
efforts. We conclude that this is the largest single 
contributor to the difficulties of exerting force 
while wearing gloves.

Changes in maximum muscle activation. 
Muscles did not show changes in activity dur-
ing maximum efforts, with the exception of a 
reduced activation in the FDS, where a drop in 
%MVE was seen for the thicker gloves. With 
the thicker gloves, it is speculated that the fin-
gers were positioned so that force was exerted 
more on the distal phalanxes. This would 
require higher activity of the FDP (unmeasured) 
rather than the monitored FDS, which inserts 
into the middle phalanx. The combined effect of 
the FDP and FDS are important in power grip-
ping, but in this study, it was possible to directly 
determine the contributions of only one of the 
two muscles. The action of the finger flexors is 
balanced by the extensor musculature. Extensor 
digitorum did not change its maximum activity, 
which is consistent with the activity of the FDP 
increasing as the FDS activity decreased.

Friction characteristics. We chose simi-
lar gloves to eliminate the effect of differ-
ences in friction between glove conditions. 
Although the friction in the glove and bare 
hand conditions was likely different, this may 
not have appreciably affected our conclusions. 

Examining the bare hand and interdigital spac-
ing conditions (all the same coefficient of fric-
tion), regular decrements are seen as finger 
spacing increased. Similarly, the force loss 
between Classes 0 and 2 and between Classes 2 
and 4 gloves also show regular decreases in 
force output, again with the same coefficient 
of friction. This suggests that it is in fact the 
increase in glove thickness changes and inter-
digital spacing, not the frictional differences 
between the bare hand and the gloves, that is 
causing grip force changes.

Snugness of fit. All participants received 
gloves fitted to their hand size, and as the glove 
classes are geometrically similar, the snugness 
did not likely differ appreciably between partici-
pants or glove thicknesses.

In summary, during maximal contractions, a 
large contributor to the reduction in grip force 
is the effort to bend the gloves into a gripping 
posture. The separation of the fingers caused 
by the thickness of the glove materials is an 
additional but smaller factor. The thickness of 
the glove on the palms and the palmar surfaces 
of the digits increases the effective grip size. 
This likely leads to a redistribution of the forces 
between parts of the hand’s gripping surfaces. 
This may prevent some muscles achieving a 
maximal activation or allow others to increase 
their activation.

In submaximal efforts, similar factors oper-
ate. The effort to bend the gloves does not change 
between a maximal and a submaximal task in the 
same posture and thus has a disproportionately 
larger impact at lower grip forces; for zero grip 
force, substantial muscular activity is required 
to create functional hand postures. Thus, for a 
given grip force, higher EMG activity would 
be required. In addition, gloves reduce tactility, 
increasing the actual grip forces used. Wearing 
a glove therefore showed two additive effects 
that increase a wearer’s effort during submaxi-
mal tasks; higher grip forces are needed for 
security, and more muscle activity is needed to 
overcome the resistance to bending of the glove 
(as well as generate the higher grip forces). An 
effect of interdigital spacing was not detected at 
submaximal force levels.

The results showed that it is not the thick-
ness of the gloves, per se, that increased effort 
and reduced max force. Rather, it was the effect 
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of the gloves’ thickness on tactility, bending 
resistance, and finger separation. In this study, 
factors of snugness and friction were controlled, 
and thus, their effects cannot be evaluated.

The strengths of this study are its efforts to 
determine the independent contributions of a 
glove’s characteristics both by controlling some 
variables, for example, snugness, and by using 
multiple complementary methods. The control 
was aided in no small way by the availability of 
these particular gloves. This investigation is not 
without its limitations. This investigation looked 
at only a single posture, one type of grip, and one 
type of glove, and so extrapolation of the specific 
values to other gloves and tasks should be made 
with caution. It is expected that the same factors 
will be relevant in a wide range of gloves.

The EMG findings must be interpreted with 
some caution, as monitoring of surface elec-
tromyography in the forearm is challenging. 
Cross talk between forearm muscles has been 
reported to be high, as evidenced by the mag-
nitude of common signals between adjacent 
electrodes over the forearm extensors (Mogk & 
Keir, 2003). Other reports would suggest that 
such a metric may not be appropriate to assess 
cross talk reliably (e.g., Lowery, Stoykov, & 
Kuiken, 2003). In addition, Jacobson and col-
leagues showed that useful information could be 
obtained from surface electromyography of the 
forearm muscles (Jacobson, Rempel, Martin, 
Keir, & Dennerlein, 1998). In this study, indi-
vidual muscles demonstrated differences from 
their functional groups (such as the reduc-
tion of muscle activity of the FDS in maximal 
efforts), signifying that independent responses 
were detectable.

Applications

The effects seen in this study for Class 2 
and 4 gloves are probably larger than those seen 
for most gloves. Scanlan and colleagues evalu-
ated NBC (nuclear, biological, chemical) gloves 
and included a control glove, deliberately cho-
sen as a thick and poorly fitting glove (Scanlan 
et al., 2004). This glove was only 1.1 mm thick, 
much thinner than a Class 4 glove. Hazmat 
gloves may, however, offer similar challenges to 
the gloves used here (Lariviere et al., 2004). It 
is worth noting also that power line maintainers 

use these gloves in the field with leather gaunt-
lets (overgloves) to protect against lacerations 
to the rubber. In this study, the overgloves were 
not worn, and so the effects on the power line 
maintainers when they are wearing these gloves 
are even larger than those documented here.

CONCLUSION

Decreases in maximal grip force and increased 
effort in submaximal tasks were attributable to 
a combination of reduced tactile sensitivity, 
the effort to bend the gloves, and interdigital 
separation. These effects appear to be additive. 
Although the values obtained in this study are 
specific to the gloves tested, the findings give 
insights into factors important in the design and 
selection of gloves.
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