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Musculoskeletal disorders associated with computer use span the joints of the upper extremity. Comput-
ing typically involves tapping in multiple directions. Thus, we sought to describe the loading on the fin-
ger, wrist, elbow and shoulder joints in terms of kinematic and kinetic difference across single key switch
tapping to directional tapping on multiple keys. An experiment with repeated measures design was con-
ducted. Six subjects tapped with their right index finger on a stand-alone number keypad placed horizon-
tally in three conditions: (1) on single key switch (the number key 5); (2) left and right on number key 4
and 6; (3) top and bottom on number key 8 and 2. A force–torque transducer underneath the keypad
measured the fingertip force. An active-marker infrared motion analysis system measured the kinematics
of the fingertip, hand, forearm, upper arm and torso. Joint moments for the metacarpophalangeal, wrist,
elbow, and shoulder joints were estimated using inverse dynamics. Tapping in the top–bottom orienta-
tion introduced the largest biomechanical loading on the upper extremity especially for the proximal
joint, followed by tapping in the left–right orientation, and the lowest loading was observed during single
key switch tapping. Directional tapping on average increased the fingertip force, joint excursion, and
peak-to-peak joint torque by 45%, 190% and 55%, respectively. Identifying the biomechanical loading pat-
terns associated with these fundamental movements of keying improves the understanding of the risks of
upper extremity musculoskeletal disorders for computer keyboard users.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The rapid increase of computer use in the past few decades has
often been associated with musculoskeletal symptoms and disor-
ders (MSDs) spanning the entire upper extremity including the
neck/shoulder, elbow, forearm, hand, and wrist (Gerr et al., 2002,
2006; Punnett and Bergqvist, 1997). Sustained pain in the upper
extremity and specific musculoskeletal disorders, such as wrist
tendonitis, epicondylitis, and trapezius muscle strain are higher
among computer users. The prevalence of computer use related
upper extremity MSDs has been reported to be over 50% in several
studies (Eltayeb et al., 2007; Klussmann et al., 2008; Scholossberg
et al., 2004). The MSD prevalence around proximal joints is espe-
cially high, i.e. the one year prevalence of symptoms of the shoul-
der region was 38% and 31% among computer workers in two
recent studies (Eltayeb et al., 2007; Klussmann et al., 2008), higher
ll rights reserved.
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than arm, elbow, and hand rates. Among 632 newly hired com-
puter operators, the one year incidence of neck and shoulder symp-
toms was 58% and of hand/arm symptoms 39%, respectively (Gerr
et al., 2002). Force, posture and joint dynamics have been identi-
fied in various hand and arm activities to be associated with upper
extremity MSDs (Marras and Schoenmarklin, 1993; Marcus et al.,
2002; National Research Council, 2001).

Despite the high prevalence of MSDs, the association between
computer use and biomechanical loading on the musculoskeletal
system is not fully understood due to a limited number of papers.
Force exerted during key strike has been shown to be two to four
times greater than activation force requirement (Rempel and
Gerson, 1991; Rempel et al., 1992). Deviated wrist from the neutral
posture during computer keyboarding was observed among those
with pain and discomfort and may be associated with increased risks
of MSDs (Gerr et al., 2006). While disorders affect various parts of the
upper extremity, dynamics analysis for keyboard work has been lim-
ited to distal joints of the upper extremity. Fingertip force and the
wrist, metacarpophalangeal and proximal interphalangeal joint
angles, as well as angular velocity and acceleration during typing
have been quantified previously (Baker et al., 2007; Serina et al.,
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data were low-pass filtered digitally using a fourth order Butter-
worth filter with a cutoff frequency of 10 Hz and a zero phase shift.

The coordinate direction definitions were as follows: x axis –
anterior (+) and posterior (�), y axis – medial (+) and lateral (�),
and z axis – superior (+) and inferior (�). From the fingertip 3-D
trajectories, the maximum distance traveled by the fingertip were
calculated for single key tapping, from left to right, from right to
left, from top to bottom, and from bottom to top. Using the rela-
tionships of the anatomical landmarks and anthropometrical data,
the position of each segment’s center of mass, its inertia tensors
and orientation were calculated at each instance of time based
on the 3-D trajectories of the markers (Cappozzo et al., 1995;
McConville et al., 1980; Veldpaus et al., 1988). The finger was
approximated as a single segment with the length spanning the
metacarpophalangeal (MCP) joint center to the fingertip marker.
From the segments orientation, we calculated the joint postures
excursions from the reference posture of the forearm fully pronat-
ed, the elbow flexed 90�, and the upper arm on the side of the tor-
so. A 3-D multi-segment inverse dynamic model (Kingma et al.,
1996; Kuo et al., 2006) calculated net reactive joint forces and mo-
ments for the MCP, wrist, elbow and shoulder joints. The unused
fingers were assumed to be fixed to the hand and their inertial
properties were included in the hand segment. For joint posture
excursion and torque sign convention, flexion, adduction, supina-
tion and internal rotation were positive, and extension, abduction,
pronation and external rotation were negative. The potential and
kinetic energy (sum of the translational and rotational kinetic en-
ergy) were calculated for each segment. Joint power was calculated
based on the joint moment and angular velocity.

The MCP, wrist, elbow and shoulder joint contributions to the
fingertip movement were calculated by multiplying the relevant
joint excursion with the effective moment arm of the fingertip
about the joint axes. With the vector from the joint rotation center
to fingertip, the effective moment arm was calculated as the vector
projection to the plane that was normal to the rotation axis. Finger-
tip movement was the distance moved from the maximum posi-
tion in the z axis to the maximum force applied on the key
switch. The relevant joint excursions were the posture change be-
tween these two points. The joint contribution to fingertip move-
ments were calculated separately for taps on the number key 4
(Left), 6 (Right), 2 (Bottom), and 8 (Top) between the points of
the local maximum fingertip force and the previous local maxi-
mum fingertip position in the z axis. The joint torques and contri-
bution to fingertip movements were calculated based on each
participant’s anthropometry. The mean and standard deviation of
the dependent variables across participants were presented.
Table 1
Mean (standard deviation) fingertip force and movement statistics in 3-D across differen
calculated for the duration of contact with the key. Fingertip travel is the maximum absolu
letters are significantly different, and the corresponding means are represented by the let

Single (�z) R ? L (+y) L ? R (�y)

Average (N)
x 0.04 (0.03)AB 0.06 (0.05)AB 0.08 (0.05)A

y 0.02 (0.02)B -0.01 (0.03)C 0.07 (0.04)A

z -0.69 (0.22)A -1.06 (0.38)B -1.10 (0.35)B

Magnitude (N) 0.69B 1.07A 1.11A

Maximum (N)
x 0.22 (0.18)AB 0.30 (0.24)AB 0.36 (0.20)A

y 0.09 (0.09)B -0.01 (0.13)B 0.27 (0.14)A

z -1.15 (0.32)A -1.70 (0.59)B -1.71 (0.52)B

Travel (cm)
x 0.41 (0.09)B 0.49 (0.08)B 0.46 (0.09)B

y 0.37 (0.12)B 4.29 (0.06)A 4.27 (0.03)A

z 2.91 (1.03) 2.79 (0.46) 2.79 (0.48)
To determine the difference of joint loading between single key
switch tapping and directional tapping, we compared the kinemat-
ics and kinetics across three conditions. We evaluated the effect of
tapping condition on fingertip force, joint posture excursion, mo-
ment in 3-D axes for each joint, and segment energy using multi-
variate analysis of variance, followed by ANOVA, and then Tukey
post hoc testing. Condition and subject effects were examined
and the significant level of 0.05 was used.
3. Results

3.1. Fingertip force and movement

The average fingertip tapping forces in the z axis (vertical) were
28–61% greater in magnitude in directional tapping conditions
than the single key tapping (Table 1). The greatest fingertip force
in the z axis occurred during left–right–left (LRL) tapping, followed
by top–bottom–top (TBT) tapping, and the lowest during single key
tapping. The x force component on number key 8 (top) was
the smallest among all taps. The y force component for taps on
key 6 (right) was significantly larger than taps on other keys
(p < .0001). The fingertip travel in the y axis during LRL and in
the x axis during BTB tapping corresponded to the distances
between the number key 4 and 6, and between the number key
2 and 8 (4.2 cm), respectively. The fingertip travel in the z axis
was between 2.79 (0.48) and 2.91 (1.03) cm. The fingertip force
magnitudes were 2.0–2.5 times of the activation force requirement
of the keypad (0.44 N).

3.2. Joint kinematics and kinetics

To achieve successful key strikes, the joint postures differed
across the three tapping conditions (Fig. 2). Unlike movement during
single key and LRL tapping, the wrist moved in the opposite direction
to the MCP joint during TBT tapping. Joint posture excursion was
greater during directional tapping than single key tapping except
the MCP flexion during LRL tapping. In general, joint flexion excur-
sions were the greatest during TBT tapping (Table 2), followed by
LRL tapping, and the smallest during tapping on a single key switch
(p 6 0.003). The greatest joint flexion excursions were 18.9 (2.3),
12.9 (2.9), 5.0 (2.4), and 5.5 (1.4) degrees for the MCP, wrist, elbow
and shoulder joint, respectively, while all occurred during TBT tap-
ping. Similarly, the largest adduction excursion of 5.7 (1.8) degrees
for the MCP and of 0.8 (0.8) degrees for the shoulder joint occurred
during TBT tapping, followed by excursions for LRL tapping. Adduc-
tion excursions were significantly smaller during tapping on a single
t tapping directions. x, y, z axis directions are illustrated in Fig. 1. Fingertip force is
te distance moved between two successive taps. Conditions with different superscript
ters such that A > B > C. L – Left (4), R – Right (6), T – Top (8), B – Bottom (2).

T ? B (�x) B ? T (+x) Condition effect p-value

0.07 (0.03)A 0.01 (0.04)B 0.002
0.00 (0.03)BC 0.00 (0.03)BC <.0001

-0.92 (0.20)AB -0.88 (0.20)AB 0.002
0.93AB 0.88AB 0.002

0.34 (0.15)A 0.10 (0.21)B 0.011
-0.02 (0.13)B -0.01 (0.13)B <.0001
-1.48 (0.35)AB -1.52 (0.34)AB 0.002

4.26 (0.27)A 4.25 (0.25)A <.0001
0.49 (0.18)B 0.50 (0.20)B <.0001
2.86 (0.43) 2.87 (0.42) 0.991



pot-mottob-pottfel-thgir-tfelsingle key switch

Fl
ex

io
n 

A
ng

le
 (

de
g)

 

0 0.1 0.2 0.3 0.4 0.5 0.6
-20

-10

0

10

20

30

40

50

Time (sec)
0 0.1 0.2 0.3 0.4 0.5 0.6

-20

-10

0

10

20

30

40

50

Time (sec)
0 0.1 0.2 0.3 0.4 0.5 0.6

-20

-10

0

10

20

30

40

50

Time (sec)

A
dd

uc
tio

n 
A

ng
le

 (
de

g)
 

0 0.1 0.2 0.3 0.4 0.5 0.6
-16

-14

-12

-10

-8

-6

-4

-2

0

Time (sec)
0 0.1 0.2 0.3 0.4 0.5 0.6

-16

-14

-12

-10

-8

-6

-4

-2

0

Time (sec)
0 0.1 0.2 0.3 0.4 0.5 0.6

-16

-14

-12

-10

-8

-6

-4

-2

0

Time (sec)

In
te

rn
al

 R
ot

at
io

n/
Su

pi
na

tio
n 

A
ng

le
 (

de
g)

 

0 0.1 0.2 0.3 0.4 0.5 0.6
10

15

20

25

Time (sec)
0 0.1 0.2 0.3 0.4 0.5 0.6

10

15

20

25

Time (sec)
0 0.1 0.2 0.3 0.4 0.5 0.6

10

15

20

25

Time (sec)

MCP 

Wrist 

Shoulder 

Elbow 

MCP 

Wrist 

Shoulder 

Forearm 

Shoulder 

MCP

Shoulder

Elbow

Wrist 
Wrist 

MCP 

Shoulder 

Shoulder

Forearm

MCP

Shoulder

Elbow

Wrist

MCP 

Wrist 

Shoulder 

Shoulder

Forearm

Fig. 2. Average joint angles across six subjects and eight cycles in three experimental conditions. Circles (s) and crosses (�) indicate the maximum fingertip force in z axis in
the following manner: (1) Single key switch: s = taps on the number key 5; (2) left–right–left (LRL): s = taps on the number key 4 (left), � = taps on the number key 6 (right)
(3) top–bottom–top (TBT): s = taps on the number key 2 (bottom), � = taps on the number key 8 (top). Flexion, adduction, supination and internal rotation were positive, and
extension, abduction, pronation and external rotation were negative.
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key switch (p 6 0.02). The wrist joint adduction excursion was sig-
nificantly larger during LRL tapping (6.3 ± 2.7�) than the other two
tapping conditions (p = 0.001). Forearm supination (p = 0.006) and
shoulder internal rotation excursions (p < .0001) in directional tap-
ping were greater than single key tapping.

Joint contributions to fingertip movement in the z axis (vertical)
were similar between single key and LRL tapping with the wrist
contributing the most among all the joints (Fig. 3). The contribu-
tions among joints changed substantially for TBT tapping. The
MCP joint and shoulder produced the most fingertip vertical move-
ment for taps on the number key 2 (Bottom). The wrist and elbow
joint contributed positively while the shoulder contributed
negatively to the fingertip vertical movement for the taps on the
number key 8 (Top). For fingertip movement in y direction (med-
ial–lateral), shoulder and wrist were the major contributing joints,
while the shoulder was the dominant contributing joint for finger-
tip movement in the x axis (anterior–posterior).

The average joint torques were similar while the peak-to-peak
torque varied largely among the three tapping conditions
(Table 3). Joint torques variations were generally significantly
greater in directional tapping than single key tapping. The
magnitude was especially large for the proximal joints. Shoulder
peak-to-peak torques during directional tapping were as much as
2.3, 1.6 and 2.4 times greater than the torques during single key
tapping for flexion, adduction and internal rotation respectively.

3.3. Segment energy and joint power

This varying pattern of the system dynamics and joint kinetics
across the three tapping conditions was also seen in the segment
energy and joint powers. Segment average and maximum kinetic
energy and the change of potential energy during TBT tapping
were significantly larger than single key tapping for the hand,
forearm and upper arm (Table 4). The same results were found
for the hand energy during LRL tapping. Joint power was also
affected by different tapping conditions with TBT tapping produc-
ing the highest power at the wrist, elbow and shoulder joint
(Fig. 4).



Table 2
Mean (standard deviation) joint posture excursion across six subjects for three tapping conditions: single key switch (S), left–right–left (LRL), top–bottem–top (TBT). Conditions
with different superscript letters in the same row within a joint movement direction (e.g. Flexion) are significantly different, and the corresponding means are represented by the
letters such that A > B. Flexion, adduction, supination and internal rotation were positive, and extension, abduction, pronation and external rotation were negative.

Flexion Adduction Internal rotation/Supination

S LRL TBT S LRL TBT S LRL TBT

Posture excursions
MCP (deg) 10.2 (5.4)B 7.7 (1.4)B 18.9 (2.3)A 2.9 (0.8)B 4.4 (1.5)AB 5.7 (1.8)A

Wrist (deg) 6.7 (3.1)B 8.9 (2.6)B 12.9 (2.9)A 1.6 (1.1)B 6.3 (2.7)A 3.2 (1.7)B

Forearm (deg) 1.3 (0.7)B 2.8 (1.1)A 2.3 (0.6)A

Elbow (deg) 1.0 (0.5)B 1.7 (0.9)B 5.0 (2.4)A

Shoulder (deg) 0.4 (0.1)B 0.9 (0.3)B 5.5 (1.4)A 0.3 (0.1)B 0.6 (0.2)AB 0.8 (0.4)A 0.5 (0.2)B 2.7 (0.6)A 3.2 (0.9)A

Joint contribution to fingertip travel in z axis

-150%

-100%

-50%

0%

50%

100%

150%

200%
MCP Wrist Elbow Shoulder

Joint contribution to fingertip travel in x and y axis
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S                  L                 R                   B                  T 

L                    R                          B                     T 

xy

Fig. 3. Percentage of joint contribution (±SD) to fingertip three-dimensional
movement averaged across subjects for the three experimental conditions. x, y, z
axis directions are illustrated in Fig. 1. Contribution was calculated between the
points of maximum fingertip position in z axis and the maximum force on the
number key 5 (S), 4 (L), 6 (R), 2 (B), and 8 (T). Positive sign indicated that the joint
motion contributed in the same direction as the fingertip movement, and vice versa.
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4. Discussion

The 3-D kinetics and kinematics during directional tapping on a
stand-alone computer numeric keypad were described in this
study to determine how the MCP, wrist, elbow and shoulder joints
are loaded differently from single key switch tapping. The results
suggested that top–bottom–top tapping led to the largest biome-
chanical loading on the upper extremity especially for proximal
joints, followed by left–right–left tapping, and the lowest loading
was observed during single key switch tapping. An earlier study
where only sagittal plane motion of the upper extremity was cap-
tured during single key tapping (Dennerlein et al., 2007) suggested
that tapping involves not only the finger and wrist joint, but dy-
namic loading of the elbow and to a lesser extent the shoulder.
Our results indicated the contributions to fingertip movement
during directional tapping came mainly from the shoulder joint
and to a lesser extent the more distal joints.

The various contributions across the different tapping condi-
tions were consistent with the joint constraints and anthropomet-
ric characteristics of the upper extremity kinematic structure. We
modeled the upper extremity with four rigid segments and joints
that limit the degrees of freedom to nine. In the typing postures
with the forearm fully pronated and the elbow flexed at a right an-
gle, all joints can contribute to almost pure vertical movement of
the fingertip through flexion and extension, except for the shoul-
der, which produced both vertical (z) and forward/backward (x)
motion of the fingertip. During top–botttom–top tapping move-
ments, the system relied on the shoulder flexion/extension to
move the finger along the x axis. For the taps on the number key
2 (Bottom), the wrist contributed very little to the vertical move-
ment in the z axis but the shoulder did contribute significantly.
For the taps on the number key 8 (Top), pure shoulder flexion con-
tributed to fingertip movement in both the positive x (away from
the participant) and z direction (up away from the keypad). There-
fore, the wrist and the elbow joint flexed in order to keep the fin-
gertip on the same horizontal level as the keypad. For the left–right
movements, abduction/adduction of the wrist and shoulder, as
well as internal/external rotation of the shoulder moved the finger-
tip to the two locations. The motor control preference of utilizing
the proximal joints during directional tapping was also manifested
by the segment energy profile and joint power. Increased kinetic
and potential energy on the hand, forearm, and upper arm were
found during top–bottom–top tapping, and the hand energy in-
creased during left–right–left tapping. The wrist, elbow and shoul-
der joint generated significantly greater power during top–
bottom–top tapping than other conditions. Except the kinematic
constraints of the upper extremity, the increased use of more prox-
imal joints could also be related to the cognitive demands of the
tasks. Using a torque-matching task, Hamilton et al. (2004) demon-
strated that the motor output from the stronger, more proximal
joints in the human arm showed less variability than the output
from the weaker, more distal joints. The cognitive demands and
the motor output variability during the simple cyclic left–right
and top–bottom motions were low in this study. Increased cogni-
tive demands and mental load during keying, such as typing at a
higher speed, may affect the joint contribution to the fingertip
movements.

The biomechanical loading on the proximal joints increased
during unsupported tapping on multiple keys. However, whether
and how this increase is correlated with increased risks of MSDs
is unknown and needs to be further evaluated in epidemiological
studies. Though the muscles articulating the more proximal
joints are stronger and therefore will likely to have larger toler-
ances to these biomechanical loadings, they still have to main-
tain sustained static loads indicated by the large potential
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energy, which is due to segment weight. In addition, the in-
creased dynamic loads added additional stress on the proximal
joints during directional tapping. These results are in line with
the high prevalence of MSDs in the shoulder region among com-
puter users. Two systematic reviews of the literature (Larsson
et al., 2007; National Research Council, 2001) found strong evi-
dence for a causal relationship between neck and shoulder disor-
ders and highly repetitive work, forceful exertions, high levels of
static contractions, prolonged static load, and extreme postures,
as well as combinations of these risk factors. This study identi-
fied specific motion during keying that increases biomechanical
loadings on the shoulder joint and indicated that not only the
static but also the dynamic loading on the shoulder joint were
increased during directional tapping without support.

The larger loading of the proximal joints suggest that adding a
forearm support may reduce the static as well as the dynamic load-
ing on the proximal joints. Arm support was found to be associated
with reduced risks of upper extremity musculoskeletal symptoms
and disorders in many epidemiological studies (Gerr et al., 2006;
Rempel et al., 2006; Visser, 2004). Arm support has also been re-
ported to reduce the shoulder and forearm muscle activities during
computer use (Nag et al., 2009). We did not measure changes in
load due to forearm support; however it should be noted that add-
ing the support may also change the loading on the distal joints as
has been observed elsewhere (Kotani et al., 2007).

The study limitations should be taken into consideration when
interpreting the results. The tapping tasks were performed unsup-
ported which do not represent all keying works. Future research is
warranted to investigate the effect of arm and wrist support on the
upper extremity kinematics and kinetics during keying activities.
We used the unsupported upper extremity because of several rea-
sons. It has been reported that the traditional recommendation for
typist to ‘‘hover or float’’ over the keyboard while keying, in which
a neutral wrist posture is maintained without supporting the arm
is still advocated and used (Cook and Burgess-Limerick, 2002,
2004; Cook et al., 2004; WorkSafe Victoria, 2001).

This study was a part of a progressive research endeavor to pro-
vide comprehensive profiles of the biomechanical characteristics
and motor behaviors of the entire upper extremity during keying.
We started by studying single finger tapping on a single key switch
without any support (Dennerlein et al., 2007). Based on the find-
ings on previous studies, we will continue building up the under-
standing on various aspects on this issue, such as use of the
support, typing styles, and keyboard design. In addition, the con-
clusion can be generalized into other tasks with similar upper
extremity motions where support is not feasible, e.g. quality con-
trol job on an assembly line.

Direct application of the results should be taken cautiously be-
cause the magnitude of the biomechanical loading may change due
to the differences between controlled laboratory conditions and
real work environment. However, with the repeated measures de-
sign controlling for subjects’ variances, the biomechanical loading
differences observed among experimental conditions were be-
lieved to be mainly due to task differences. In this study, the finger
was modeled as a rigid body from the MCP joint to fingertip. This
simplification may overestimate the MCP joint angle; however this
error is likely to be small. The measured MCP joint angles were in a
similar range reported by other studies (Baker et al., 2007;
Sommerich et al., 1996). The kinematic and kinetic characteristics
of the proximal and distal interphalangeal joints during single fin-
ger tapping have been studied previously (Kuo et al., 2006). In
addition, the data were collected in the laboratory for a short per-
iod of time (about 15 s for each condition). Repetition over a longer
duration may cause muscular fatigue. The muscular fatigue then
could alter the kinematic and kinetic behaviors of the upper
extremity and cause alterations in muscle activation patterns.



Table 4
Upper extremity kinetic energy and potential energy mean (standard deviation) across three tapping conditions: single key switch (S), left–right–left (LRL), top–bottom–top
(TBT). Conditions with different superscript letters are significantly different, and the corresponding means are represented by the letters such that A > B > C.

S LRL TBT Condition effect p-value

Average kinetic energy (mJ)
Finger 0.21 (0.11) 0.26 (0.10) 0.26 (0.06) 0.405
Hand 1.06 (0.66)B 1.78 (0.75)A 2.12 (0.65)A <.001
Forearm 0.08 (0.04)B 0.27 (0.16)B 0.50 (0.24)A 0.002
Upper Arm 0.03 (0.02)B 0.12 (0.07)B 0.81 (0.34)A <.001

Max kinetic energy (mJ)
Finger 1.26 (0.78) 1.45 (0.63) 1.37 (0.35) 0.748
Hand 4.93 (3.36)B 7.26 (3.63)A 8.01 (2.83)A 0.003
Forearm 0.35 (0.15)B 0.93 (0.82)AB 1.40 (0.58)A 0.006
Upper Arm 0.13 (0.08)B 0.32 (0.18)B 1.89 (0.91)A <.001

Change of potential energy (mJ)
Finger 4.89 (1.30) 5.46 (1.14) 5.92 (0.87) 0.170
Hand 37.55 (12.64)C 49.41 (15.68)B 64.59 (17.49)A <.001
Forearm 14.45 (3.27)B 19.85 (7.53)B 68.74 (32.54)A <.001
Upper Arm 14.79 (4.91)B 24.91 (12.44)AB 62.14 (52.71)A 0.049
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Fig. 4. Average joint power (Nm/s) across six subjects and eight cycles in three experimental conditions and their RMS (standard deviation) values. MCP: solid red line (––),
Wrist: dotted black line (. . .), Elbow: dash green line (- -), and Shoulder: dash-dot blue line (–�). Conditions with different superscript letters are significantly different, and the
corresponding means are represented by the letters such that A > B. (For interpretation of the references to colours in this figure legend, the reader is referred to the web
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Lastly, the experimental condition investigated single finger tap-
ping while typing activities involves multiple finger movements.
Therefore, future studies should include multiple fingers during
typing over longer periods of time to further understand the
biomechanical loading on the upper extremity. Because of the
smaller force components in the x and y axes, the resolution of
the force transducer used (0.025 N) was relatively large. However,
differences between conditions were observed even with the cur-
rent resolution.

In conclusion, this study determined the biomechanical loading
on the upper extremity and the role of each joint during single fin-
ger tapping on multiple keys. Increased loading during directional
tapping was observed compared to single key switch tapping,
especially on the proximal joints. By parsing the tapping move-
ment into left–right and top–bottom movements, we were able
to identify the potential risks to upper extremity MSDs associated
with these fundamental movements and keying activities. The re-
sults also provided kinetic and kinematic evidence supporting
intervention designs such as the forearm support. Such interven-
tions must be evaluated in rigorous randomized control trails.
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