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Abstract

This study tested maximum grip force on cylindrical aluminum handles to evaluate the relationships between handle
diameter (25-50 mm diameter handles), perceived comfort, finger and phalange force distribution, and electromyo-
graphic efficiency of finger flexor and extensor muscle activity. A force glove system containing 16 thin profile force
sensors was developed to measure finger and phalangeal forces on the cylindrical handles. Participants (n = 24) rated
the mid-sized handles (30, 35 and 40 mm) as the most comfortable for maximum grip force exertions. Using a
polynomial regression the handle diameter that maximized subjective comfort was calculated as a function of the user’s
hand length. This optimal handle diameter was 19.7% of the user’s hand length. Total finger force capability was
inversely related with handle diameter. Electromyographic amplitude of the primary flexor and extensor was unaffected
by handle diameter, so the efficiency of the muscle electrical activity followed the same relationship with handle
diameter as total finger force. Individual finger and phalange force distributions were examined to evaluate their
relationship with perceived comfort. A non-uniform finger/phalange force distribution, in which finger force was
proportional to finger muscle capabilities, exhibited a stronger correlation with subjective ratings of comfort than a
uniform finger/phalange force distribution.

Relevance to industry
Results obtained in this study will provide guidelines to hand-tool designers and manufacturers for maximizing
handle comfort based on the user’s hand size.

© 2004 Elsevier B.V. All rights reserved.
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maximize grip strength, minimize stress on the
digit flexor tendons, first metacarpal ulnar collat-
eral and carpometacarpal ligaments (Meagher,
1987), and it can also influence force exertion in
manual work (Khalil, 1973; Grant et al., 1992;
Blackwell et al., 1999).

Thus, many investigators have tried to obtain
the optimal handle diameters of a cylindrical
handle shape with subjective comfort rating (Hall
and Bennett, 1956: 44-51 mm; Yakou et al., 1997:
3040 and 27-36mm for male and female,
respectively) and finger force measurement using
by force gauge or sensors (Amis, 1987: 31 mm;
Chen, 1991: 28 mm). Relatively few studies have
considered both finger force and muscle activity
using force sensors and electromyography to
define the optimal cylindrical handle diameters
(Ayoub and Lo Presti, 1971; Grant et al., 1992;
Blackwell et al., 1999). Recently, some researchers
have focused on the relationship between handle
diameter and user’s hand size (Grant et al., 1992;
Oh and Radwin, 1993; Johnson, 1993; Yakou et
al., 1997; Blackwell et al., 1999).

For measuring forces exerted by all fingers,
Amis (1987) and Radhakrishnan and Nagaravin-
dra (1993) designed a cylindrical handle instru-
mented with individual cantilever beams and strain
gauges. Lee and Rim (1991) used a pressure-
sensitive film, consisting of two paper-like sheets
(Fuji Film, Fuji Photo Film USA, Inc.) and Gurram
et al. (1995) applied EMED sensors (NOVEL,
Beichstrabe, Munich, Germany) to record and the
grip pressure distribution by wrapping these
sensors around cylindrical, flat, and curved handle
surfaces, respectively. However, all of these
systems have limitations in terms of evaluating
forces on handles of non-cylindrical shape and in
precise positioning of individual sensors under-
neath the individual fingers and phalanges. To
overcome this shortcoming, Radwin and Oh
(1992) and Bishu et al. (1993) directly attached
FSRs (force sensing resistors; Interlink Electronics,
USA) on the palmar sides of the fingers to measure
finger forces during sub-maximal static pinch and
static holding tasks. Some researchers have devel-
oped a force measurement glove system by over-
laying FSRs on a flexible glove to measure finger
force for evaluating garden tools, hand tools and

meat hook handles (Fellows and Freivalds, 1991;
Yun, 1993; Kong and Freivalds, 2003).

In the present study, a force glove measurement
system was developed by overlaying flexible
sensors on a thin glove which can be selected
based on the user’s hand size. This force glove can
be used to measure finger forces on non-cylindri-
cally shaped handles as it allows precise position-
ing of each sensor to measure forces exerted by all
the fingers and phalanges (including head of
metacarpal) engaged in a gripping task.

The objectives of this study were to: (1) evaluate
the effects of handle diameter and user’s hand size
on subjective rating of comfort, efficiency of flexor
and extensor electromyographic (EMGQG) activities,
and grip/finger force capability; (2) apply a
normalized handle size (NHS) measure to derive
recommended handle diameters based on users’
hand anthropometry; and (3) evaluate the relation-
ship between the force distributions of individual
finger and phalange segments and subjective
ratings of comfort in a maximum grip force task.

2. Methods
2.1. Subjects

Twenty-four subjects between the ages of 20 and
43 yrs (mean = 26.6+4.24) were recruited through
advertisements within the University of Cincinnati
community. Each participant was paid at a rate of
$12.00 per hour for participation. Participants
were all healthy volunteers and free of known
musculoskeletal injuries. At the beginning of the
experiment, informed consent was obtained and
anthropometric measurements of hand length,
defined by the distance from the crease of the
wrist to the tip of the middle finger with the hand
held straight and stiff, were made. Based on hand
length each participant was assigned into one of
the following three hand size groups for each
gender (Table 1, source: Pheasant, 1986).

2.2. Experimental design

To evaluate the effects of gender, handle
diameter and user’s hand size on the subjective
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Table 1

Group of hand size for each gender

Hand size Percentile Female (mm) Male (mm)
Small 5-30 160.0-169.8 175.0-186.0
Medium 30-70 169.8-180.3 186.0-196.3
Large 70-95 180.3-190.0 196.3-205.0

comfort rating, muscle efficiency and grip finger/
phalange forces, a crossed-nested mixed effects
design was employed. Six cylindrical handle
diameters (25, 30, 35, 40, 45, and 50 mm) were
evaluated. There were three levels of hand size
groups (small, medium, and large hand sizes) for
each gender. Four subjects were assigned to each
combination of gender and hand size. Hand size
was nested within gender, and subject was nested
under the combination of gender and hand size.
The subject was considered as a random effects
variable and all others were considered as fixed
effects variables. This was a balanced design and
all handles were assigned in a random order for
each participant.

2.3. Instrumentation and apparatus

2.3.1. Force glove system

To evaluate total grip force and individual
finger/phalange force, a force glove system was
developed by overlaying flexible and thin
(0.127mm) conductive polymer pressure sensors
(FlexiForce Sensor, A101-25; Tekscan Inc.) over
the pulpy region of each phalange and each
metacarpal head to analyze phalangeal forces of
the distal, middle, proximal, and metacarpal
segments. The sensors were 1.4cm wide and
23 cm in length, from the end of the connector to
the tip of the sensor. The active sensing area is a
0.95cm diameter circle at the end of the sensor.
The output signals from the sensors were sent to a
custom-made amplification circuit, designed to
provide an output of 0-5V to the A/D board
(DAS 1802HC, Keithley Instruments). Each sen-
sor was placed on the middle of each phalange on
a soft and thin (0.15mm) synthetic leather golf
glove and taped with a medical adhesive tape
(Fig. 1). The effects of the thickness of glove on the

Fig. 1. Finger force measurement system. (a) Volar side, and
(b) dorsal side.

magnitude and distribution of the phalange forces
were assumed to be negligible. To avoid the effect
of the glove size on the force exertion, six sizes of
gloves (small, medium, and large sizes for each
gender) were used. Each subject chose one of the
force gloves according to his/her hand size.

Each FlexiForce sensor was centered over a
metal plate of 25mm diameter mounted over a
miniature button-style load cell (force range:
0-22.6 kg) between the metal plate and the thumb
of the researcher. The researcher gradually pressed
against the sandwiched sensor with the thumb
increasing from zero to approximately 22.6 kg and
unloading back to zero over about a six-second
period. The raw voltage output data from the
Flexiforce sensor and the force registered on the
load cell were collected at a frequency of 900 Hz
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Table 2

Summary of calibration functions for all sensors

Sensor Fitted linear function R? Sensor Fitted linear function R?

1 Voltage = .0516*Force—.0057 990 9 Voltage = .0378*Force +.0338 994
2 Voltage = .0652*Force +.0448 986 10 Voltage = .0536*Force +.0201 992
3 Voltage = .0457*Force +.0070 994 11 Voltage = .0460*Force—.0106 993
4 Voltage = .0495*Force +.0111 993 12 Voltage = .0493*Force +.0074 995
5 Voltage = .0433*Force+.0176 992 13 Voltage = .0554*Force + .0046 995
6 Voltage = .0561*Force +.0218 991 14 Voltage = .0440*Force—.0006 995
7 Voltage = .0551*Force +.0317 992 15 Voltage = .0418*Force—.0020 992
8 Voltage = .0525*Force +.0075 994 16 Voltage = .0512*Force +.0174 994

for eight seconds. Voltage output from the
Flexiforce sensors was linearly regressed against
force to establish the relationship between the
sensor output and applied force. Table 2 shows
high linearity between voltage output and applied
force for typical 16 sensors (0.986< R*<0.995).
Each Flexiforce sensor was calibrated individually
and a set of 16 sensors was calibrated separately
for each subject.

2.3.2. Electromyographic measurement system

The electromyographic (EMG) activity of flexor
digitorum superficialis (FDS) and extensor digi-
torum (ED) were acquired at a sampling frequency
of 1000 Hz. The raw signals were digitally filtered
using a 6th order Butterworth filter with a
10-350 Hz pass band, and then expressed as the
signal RMS (50 ms).

Surface electrodes were positioned over the
bellies of the primary digit flexor, FDS, and the
primary extensor, ED, parallel to the longitudinal
axis of these muscle fibers as recommended by
Zipp (1982).

2.4. Experimental procedures

Participants were provided with a brief descrip-
tion of the purposes and procedures of the
experiment. All participants were asked to perform
a maximum isometric grip exertion for five seconds
with two repetitions for each combination, and
were provided with two minutes of resting time
between repetitions.

2.4.1. Dependent variables

During the maximum grip exertions, the in-
dividual finger forces and two EMG muscle
activities (FDS and ED) were measured by the
force glove system and EMG measurement system,
respectively. At the end of each task, participants
were asked to rate overall comfort on a 7-point
scale, which was modified based on Yakou et al.
(1997).

1. Total finger force: This was obtained by
summing the 16 individual sensors (Eq. (1)),
attached on the palmar side of the hand:

4

4
Fioal = Z Z[Fi/]a (1)

=1 =1

where Fi,, is the total grip finger force (N), and
F; is the each segment force (i =1, index; 2,
middle; 3, ring; 4, little; and j = 1, distal; 2,
middle; 3, proximal; 4, metacarpal).

2. Muscle efficiency: Surface EMG from the flexor
and extensor (FDS and ED) were recorded for
each handle during the maximum gripping task.
The total finger force and muscless EMG
activities were normalized relative to the max-
imum value measured among all handles, and
the muscle efficiency was defined by the ratio of
the normalized total finger force to the normal-
ized muscle activity (Eq. (2)):

Muscle efficiency
_ Normalized total grip finger force
" Normalized muscle activity

2
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3. Subjective comfort rating: All participants were
asked to provide subjective ratings of overall
finger and hand comfort associated with each
handle. Ratings were obtained using a comfort
scale with the following numerical values used
as indices of the degree of comfort (very
comfortable, 7; moderately comfortable, 6;
somewhat comfortable, 5; neutral, 4; somewhat
uncomfortable, 3; moderately uncomfortable, 2;
and very uncomfortable, 1).

3. Results
3.1. Subjective comfort rating

Statistical analysis showed that handle diameter
is a significant factor on the subjective rating of
comfort (p<.0001). Fig. 2 shows the results of the
evaluation of subjective comfort ratings in the
maximum gripping task. Tukey’s multiple com-
parison shows that participants rated mid-sized
handles (30, 35, and 40 mm) as significantly more
comfortable than the other sizes. The 50mm
handle was rated as the least comfortable handle.
The highest comfort ratings were obtained for
the 35mm handle for females and the 40 mm
handle for males, although the difference
between males and females was not statistically

1 SCR*
——-o-—— Mae SR
—--—a-—-- Female SR

\
\\ }.‘\%

A
A

Subjective Comfort Rating
+
AN
7

N
N

0 - - - - - -
25 B 30A 35A 40A 45B 50 C
Handle Diameter (mm)

SCR*: subjective comfort ratings averaged for both genders
(alphabetic letters represent groupings by statistical significance)

Fig. 2. Subjective comfort ratings for handle diameter.

significant. The natural anthropometric differ-
ences between genders explain the smaller
preferred handle diameter for females compared
to males.

3.2. Subjective comfort rating vs. normalized
handle size (NHS)

Normalized handle size was applied to deter-
mine the optimum handle diameter for maximizing
comfort based on the user’s hand size in this
isometric maximum gripping task. The ratio of
handle circumference to user’s hand length was
considered as a ‘Normalized Handle Size (NHS)’
which was defined by the following equation
(Kong, 2001, Eq. (3)):

H
NHS; = HL{ % 100, (3)
1

where i is the subject, j the handle, NHS; the
normalized handle size of subject i for handle j,
HC; the circumference (mm) of handle j, HL; the
hand length (mm) of subject i.

The following regression model (Eq. (4)) and
Fig. 3, representing the relationship between
subjective comfort rating and NHS, was used to
derive the NHS that maximizes subjective rating of
handle comfort.

@o oen® wmmee © o
Y=-0.0046 X* + 0.5687 X — 12.026
6 ) @ CEDGN (LN ]

R’=0.40

Subjective Comfort Rating
N

NHS (%)

Fig. 3. The relationship between subjective comfort rating and
NHS.
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Subjective comfort rating

= —0.0046 % (NHS)?
+0.5687 % (NHS) — 12.026. 4)

An NHS between 50.9% and 72.7% corre-
sponded to comfort ratings of 5 (somewhat comfor-
table) or better. The optimal NHS at 61.8% was
obtained based on the first derivative of the Eq. (4),
[NHS% = 0.5687/(2 * 0.0046)]. The optimal NHS
can be used to derive recommended handle dia-
meters according to the user’s hand length [i.c.,
handle diameter = user’s hand length «* NHS /=], as
shown in Table 3.

3.3. Total and individual finger/phalange forces

The individual finger force was defined as the
sum of the four phalangeal segment forces for that
finger, and the total finger force was defined by the
sum of all four finger forces, from index to little
fingers. A significant gender effect was found with
respect to the total finger force. On average,
females (323.96 N) exhibited about 57.6% as much
total finger force capability as that of males
(562.3N).

The results also showed that there was a
significant negative correlation between the total
finger force and handle diameter, i.e., the total
finger forces decreased as the cylindrical handle
diameter increased (Fig. 4). The trends of finger
forces in both genders are similar. The decrease
between 25 and 30mm handles was the least
(11.6%), whereas the decrease between 40 and
45 mm handles was the largest (23.5%).

The individual finger and phalange forces were
clearly related to handle diameters (Fig. 4). Fig. 4a
indicates that the middle finger produces the
maximum force with the 30 mm diameter handle
and the other fingers produced their maximum
force with the 25mm diameter handle. This
probably reflects the effects of differences in finger
lengths. Fig. 4b shows the average individual
phalange forces for various handle diameters. It
indicates that the distal phalange produced the
largest force, followed by the middle, proximal,
and metacarpal phalanges. Overall metacarpal
phalange force was the least, except in the small
handle diameters where the force of the metacar-
pal phalange was higher than that of the proximal
phalange, though the difference was not statisti-
cally significant.

Table 4 summarizes individual and total finger
force in addition to the contribution of individual
finger/phalange forces to the total finger force as a
function of handle diameter. The average con-
tribution of the middle finger to the total grip
finger force was highest (34.8%), followed by ring
(26.5%), index (24.9%), and little (13.8%) finger
in that order. There were statistically significant
differences in forces between ring and middle
fingers, whereas there were no significant differ-
ences between index and ring fingers. The con-
tribution of the little finger was the lowest. An
average of 41.6% of total grip finger force was
exerted by the distal phalanges, 23.7% by the
middle phalanges, 19.0% and 15.7% by the
proximal and metacarpal phalanges, respectively.

The mean percentage contributions of the index
and ring fingers were generally constant (at
approximately 25% and 27%, respectively) across

Table 3
Recommended handle diameters for maximizing subjective comfort
Hand size Female Male
Hand length (mm) Handle diameter (mm) Hand length (mm) Handle diameter (mm)
Small® 160.0-169.8 31.5-33.4 175.0-186.0 34.4-36.6
Medium* 169.8-180.3 33.4-35.5 186.0-196.3 36.6-38.6
Large® 180.3-190.0 35.5-37.4 196.3-205.0 38.6-40.3

#Small: 5-30 percentile; medium: 30-75 percentile; large: 75-95 percentile for each gender.



Y.-K. Kong, B.D. Lowe | International Journal of Industrial Ergonomics 35 (2005) 495-507

400 800
—0— Index
o Middle
~ —v— Ring

g 307 h % ; 'er: Finger F [ 6%
~ N — _ of: inger Force =
8 ~ <
8 > g
o 2
£ 200 L400 B
T 2
T iL
h=} o
g e
£ 100 1 I 200

0 0
@

400 800

—=@— Dista
o Middle
- —v—— Proxima
= i N v Meta L 600
\g 300 %\ — & — Tota Finger Force g
g 8
;-j» b
S 2001 L0 B
& £
?g ol
2 3
2 =
2 1004 I-200
0 T T T T T T 0
25 30 35 40 45 50

(b) Handle (mm)

(alphabetic |etters represent grouping for total grip finger force
by statistical significance)

Fig. 4. Total and individual finger/phalange forces for handle
diameters. (a) Total and individual finger forces, and (b) total
and individual phalange forces.

the range of cylindrical handle diameters, with a
slightly increasing pattern for the index finger and
a slightly decreasing pattern for the ring finger.
The smaller handles show higher contributions
from the ring finger than from the index finger,
whereas the order of contributions is reversed for
the larger handles. The contribution of the little
finger was generally constant across handle dia-
meters, except for the 25 mm handle which showed
a relatively higher contribution. The contribution
of the middle finger increased as the handle
diameter increased up to 40 mm. The increase of
the middle finger contribution was notably larger
(by 8%) between the 25 and 30mm diameter
handles. The smallest handle, 25mm, was asso-
ciated with the most evenly distributed phalange
forces. The analysis of phalange force indicated
that the distal phalange always exerted and

Table 4

The total/individual finger and phalange forces and contributions

Mean forces of individual phalanges and percentage contributions

Mean forces of individual fingers and percentage contributions

Total finger
force (N)

Handle
(mm)

Meta

Little Distal Middle Proximal

Ring

Middle

Index

150.5N (22.71%)
115.1 N (19.65%)

125.0N (18.87%)

176.5N (26.63%)
142.1 N (24.25%)
110.2N (23.34%)
91.2N (23.32%)
70.1N (23.42%)
522N (21.08%)
107.0N (23.7%)

210.7N (31.79%)
217.4N (37.10%)

125.0N (18.85%)

78.8N (

197.5N (29.80%)
171.5N (29.27%)
126.0N (26.69%)
100.3 N (25.65%)
722N (24.12%)
58.4N (23.56%)
121.0N (26.5%)

73.7N (26.20%)
99.3N (34.01%)

111.4N (19.00%)
94.5N (20.01%)

3.44%)
2.09%)
2.39%)
2.15%)
3.67%)
3.8%)

5.33%)
2.87%)

1.35%)

2.20%)
5.7%)

724N (

195.1N (41.32%)
169.9N (43.46%)
137.5N (45.95%)
124.4N (50.22%)
175.8 N (41.6%)

503N (

79.6 N (20.36%)
57.7N (19.28%)
40.9N (16.51%)

34.0N (

302N (

419N (

84.8N (19.0%)

57.IN (
484N (

713N (36.27%)
49.5N (38.24%)

36.4N (

15.3N (38.51%)

88.5N (35.72%)
149.6 N (34.8%)

166.6 N (25.14%)
136.4N (23.28%)
117.8N (24.96%)
927N (23.72%)
75.5N (25.22%)
67.0N (27.05%)

662.8

25

586.0
472.1

30
35
40
45

390.9
299.3

339N (

247.7
443.1

632N (

109.4N (24.9%)

Mean

501
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maintained greater force than the other phalanges
for all handle diameters tested. The contributions
of forces exerted by phalanges varied with handle
diameter. The average force contribution of the
distal phalange increased from 32% to 50%,
whereas the average force contributions of the
other phalanges exhibited a constant or slightly
decreasing pattern as the handle diameter in-
creased. The smallest handle, 25mm, exhibited
the most evenly distributed phalange forces.
Similar trends in individual finger forces and distal
phalange forces were reported by Lee and Rim
(1991), although there were no data for the forces
of metacarpal phalanges in their study.

3.4. Efficiencies of flexor and extensor muscles

The efficiencies of the flexor (FDS) and extensor
(ED) muscle activities were analyzed to obtain the
optimal handle diameter in the gripping task. The
total finger force and muscle EMG activities were
normalized for each handle diameter and each
subject, respectively. Normalization was relative to
the maximum value obtained across handles.
Efficiency of the electrical activity was defined by
the ratio of the normalized total finger force to the
normalized muscle EMG activity (Eq. (2), Section
2.4). Statistical analyses showed that handle
diameter had a significant effect on the efficiencies
of both muscles. Muscle efficiencies associated
with smaller diameter handles were higher than
those of larger diameter handles i.e., participants
exhibited greater total finger force with the same
amount of EMG activity with the small diameter
handles than with the large diameter handles. This
effect can be attributed to a reduction in total
finger force capability as handle diameter in-
creased. The normalized flexor and extensor
EMG activity was relatively unaffected by handle
diameter, whereas the normalized total finger force
showed a decreasing trend as the handle diameter
increased (see Fig. 5).

4. Discussion

The evaluation of subjective handle comfort
ratings indicated that participants preferred mid-

16
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(alphabetic letters represent groupings for muscle efficiency
by statistical significance)

Fig. 5. Normalized finger force/muscle activity and muscle
efficiency. (a) Flexor (flexor digitorum superficialis), and (b)
extensor (extensor digitorum).

sized handles over the smallest or largest handles
which were associated with highest or lowest total
finger forces, respectively. In this investigation
subjective ratings did not appear to be heavily
influenced by impressions of total gripping finger
force. This finding was contrary to that of Magill
and Konz (1986) who reported that subjective
ratings of handle comfort were dominated by
impressions of task performance (i.e., torque
output) in the evaluation of handle size in a torque
task.

All participants were categorized based on the
NHS to predict the most comfortable handle
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diameter according to their hand sizes. A 61.8%
NHS was calculated as the optimal ratio, and was
applied to make the recommendations for handle
diameters in Table 3. One of the advantages of the
NHS calculation is that handle diameters can be
assigned to users who have different hand lengths
rather than assigning only one size of handle
diameter to everyone. Although customization of
handle diameter to users’ hand size has been
suggested by other researchers (Grant et al., 1992;
Yakou et al., 1997; Blackwell et al., 1999), these
recommendations have typically been made in
terms of broad ranges. The NHS findings in the
present study may provide a guideline for deter-
mining the handle diameter best suited for an
individual user’s hand size in a gripping task and
can be applied in the design of hand tools.

The total finger force, which was defined as the
sum of all phalangeal segments showed a signifi-
cant inverse relationship with handle diameter as
the fingers were more extended to grasp larger
handles. The forces imposed by the middle finger
and distal phalanges were always significantly
higher than those imposed by the other fingers
and phalanges, respectively. In addition, the
contributions of the middle finger and distal
phalange to the total finger force were increased
as the handle diameter increased. Similar findings
were reported by Amis (1987), Lee and Rim
(1991), and Radhakrishnan and Nagaravindra
(1993) in evaluations of the effect of cylindrical
handle diameter in a maximum gripping task. The
average maximum finger force capability for
females (323.9N) was 58% of that for males
(562.3N), which is within the ranges reported in
previous studies: 51% by Hunter et al. (1978),
66% by McMullin and Hallbeck (1992), and 69%
by Hall (1997).

As mentioned in Section 3.3, the smallest handle
showed the most uniform phalange force distribu-
tion. The smaller handles created a biomechanical
configuration that was described by Replogle
(1983) in which the fingers more completely
encircle the handle and the phalanges can generate
forces that effectively counter act one another. As
the handle diameter increased, the percentage of
the cylindrical handle surface covered by the
fingers decreased, thereby reducing the effective-

ness of the phalanges in creating counter acting
forces. This was particularly evident in the case of
the metacarpal phalanges. In the present study, the
analyses of force and contribution for individual
phalanges (Table 4) showed that the forces and
contributions of metacarpal phalanges at the
smaller handles (83.3N, 22.7% and 64.0N,
19.7% for 25 and 30 mm handles, respectively)
decreased dramatically with the larger handles
(189N, 11.4% and 16.8 N, 12.2%).

Finger forces showed a decreasing trend as the
fingers were extended to grasp larger handles.
When handle diameter increases, the fingers
become less flexed. The index finger, the ring
finger and the little finger (which are all shorter
than the middle finger) may lose some of their
mechanical leverage advantages and may thus lose
the ability to exert more force (Chen, 1991). In
addition, the little finger may be extended to
produce a longer relative muscle length with
minimal cross-bridge attachments, whereas the
middle finger might be at a more optimal muscle
length for maximal cross-bridge attachments
(Blackwell et al., 1999). Thus, handles should be
designed that vary in size between hand and finger
sizes to maximize force capability for each finger.
According to this study, the middle finger pro-
vided maximum force capability with the 30 mm
diameter handle, whereas the other fingers pro-
duced a maximum force with the 25 mm diameter
handle. This indicates that handle shape should be
considered in addition to handle diameter in
handle design.

To further explore the relationship between
subjective comfort and individual phalangeal
segment contribution to total finger force, an
optimization algorithm was applied (described in
Appendix A). The theoretical basis of this algo-
rithm was that to maximize handle comfort, as a
function of cylindrical diameter, each finger
contributes to the total finger force production in
proportion to its muscle force capability. An et al.
(1985) assumed that the force production capabil-
ities of extrinsic finger flexor muscles were
distributed in proportion to their physiological
cross-sectional area (PCSA). The algorithm as-
sumes that handle comfort is inversely related to
the sum of the absolute differences between
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measured and ideal phalangeal force distributions
(SADFD). The ideal phalangeal force distribution
for the purpose of the optimization was based on
two alternatives. The first alternative for the ideal
phalangeal force distribution was a non-uniform
distribution in which finger force capability was
based on the PCSA data of extrinsic muscles of the
finger flexors and the average phalange force
contributions for each finger. These data were
obtained from Freund and Takala (2001) and
results of the present study and are shown in Table
A.3. The second alternative was a uniform
distribution across all 16 phalangeal segments
(four phalanges for each finger, Table A.l) in
which each phalangeal segment contributed
equally to the total finger force production
(Table A.2).

The sum of the absolute differences between the
measured and ideal phalangeal force distributions
under the non-uniform ideal distribution alterna-
tive (SADFD w/non-uniform) exhibited an inverse
relationship with the subjective comfort ratings.
Fig. 6 indicates that the 30, 35, and 40 mm handles
were associated with the smallest differences
between the measured phalangeal force distribu-
tion and the ideal phalangeal force distribution.
Fig. 6 also illustrates that the difference between
the measured and ideal phalangeal force distribu-
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Fig. 6. The relationships among subjective comfort rating, total
finger force, and the sum of the absolute differences between
measured and ideal force distributions (SADFD) with the
uniform and non-uniform ideal force distribution alternatives.
(See Appendix A for explanation of SADFD calculation.)

tion (SADFD w/uniform) was inversely related to
total finger force under the uniform distribution
alternative. Thus, the assumption that the ideal
phalangeal force distribution is uniform yields a
poor relationship between the degree of departure
from the ideal force distribution and ratings of
comfort. The relationships seen in Fig. 6 suggest
that users generally preferred handles which have
non-uniform phalangeal contributions to total
finger force, where the contributions are propor-
tional to muscle capabilities (i.e., with stronger
segments contributing more to the total finger
force than weaker ones).

Amis (1987) reported total finger force capabil-
ity as the sum of finger forces measured individu-
ally in four successive trials in which each finger
exerted maximum finger force in isolation on a
cylindrical handle. Radhakrishnan and Nagara-
vindra (1993) noted weaknesses in the assumption
that maximum total finger force capability is
equivalent to the sum of maximum individual
finger forces. Radhakrishnan and Nagaravindra
(1993) overcame the measurement limitations of
Amis (1987) by using 12 cantilever beams to
obtain individual forces exerted by the proximal,
middle, and distal phalangeal segments of each
finger simultaneously. However, there are still
shortcomings of this measurement system for
quantifying finger and phalangeal forces for a
variety of handle shapes and for precise adjust-
ment of the sensor positions based on the user’s
hand/finger sizes. In the present study, a force
sensor glove system was developed to simulta-
neously measure all fingers and phalanges (includ-
ing metacarpal phalanges). The force glove was
designed to allow for easy positioning of sensors
based on the user’s hand and finger sizes by simply
reattaching the sensors on the glove. This glove
system can be used to quantify finger forces on
hand tools of any shape and for users of any size.

While the glove-based measurement approach
adopted in the present study overcomes many of
the limitations described above it is not without
limitations itself. The glove-attached sensors mea-
sure phalangeal segment forces that, when
summed, are not equivalent to the total hand
force because the handle and hand make contact in
other palmar regions where there are no sensors.
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Further, the synthetic leather glove material does
alter the frictional conditions between the hand
and handle material which, in turn, may alter the
grip distribution and magnitude on the tool
handle. In our view, the ability to evaluate the
finger/grip force distribution on any tool handle,
of any shape, size, or material with repeatable
placement of the force sensors with respect to the
subject’s hand justifies the acceptance of the
limitations imposed by the glove-based system.
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Appendix

1. individual segment forces and calculate total
force for each handle

4 4
SF!'j/(,al’ld TFk = Z ZSFWC’
i=1

Jj=1

Table Al
IFD 1—Uniform distributions (100%/16 segments = 6.25%)
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where SFy represent each finger force i and
each phalange j (i, j = 1,2,3, and 4 for index,
middle, ring, and little finger; distal, middle,
proximal, and metacarpal, respectively), for
each handle k, and TFj the total finger forces
of handle k.

. Calculate each segment force distribution to

total force for each handle

SFDijk = (SFijk/TFk) * 100.

. Calculate absolute difference in force distribu-

tions between individual segment force distri-
bution and Ideal Force Distribution for each
handle

ADFDy, = |SFDy — IFDy].

Ideal force distributions
Table Al):
Ideal force distributions (IFD;) 2 (see Tables
A2 and A3):

(UFDy) 1 (see

. Calculate sum of absolute difference of force

distribution for each handle
4 4
SADFD, = > " ADFDy.

Jj=1 i=1

Distal (%) Middle (%)

Proximal (%)

Metacarpal (%) Total (%)

Index 6.25 6.25 6.25 6.25 25
Middle 6.25 6.25 6.25 6.25 25
Ring 6.25 6.25 6.25 6.25 25
Little 6.25 6.25 6.25 6.25 25
Table A2

Finger and phalange force distributions based on Freund (2002) and current study (2003)

PCSA FDP FDS ED Sum % Phalange Distal Middle Proximal Metacarpal
Index 4.1 3.6 1.1 8.8 28.2 Index 38.74 17.14 20.10 24.02
Middle 4.1 4.2 1.7 10.0 32.1 Middle 42.39 24.36 20.82 12.43
Ring 3.7 2.4 1.2 7.3 23.4 Ring 41.79 25.15 19.27 13.78
Little 25 2.1 0.5 5.1 16.3 Little 40.52 24.75 13.77 20.96
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Table A3
IFD 2—Non-uniform distributions (proportional to muscle capability)

Distal Middle Proximal Metacarpal Total
Index 10.92 4.83 5.67 6.77 28.2
Middle 13.61 7.82 6.68 3.99 32.1
Ring 9.78 5.89 4.51 3.22 234
Little 6.60 4.03 2.24 3.42 16.3

5. the Minimum SADFD for all handles

4 4
Min. SADFD;, = Min{z > ISFDy — IFD,-j|}

j=1 i=1
4 4
= Min{ > I(SF i/ TF) x 100
j=1 i=1
—IFDy|
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