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Non-neutral wrist posture is a risk factor of the musculoskeletal disorders among computer users. This
study aimed to assess internal loads on hand and forearm musculature while tapping in different wrist
postures. Ten healthy subjects tapped on a key switch using their index finger in four wrist postures:
straight, ulnar deviated, flexed and extended. Torque at the finger and wrist joints were calculated from
measured joint postures and fingertip force. Muscle stresses of the six finger muscles and four wrist
muscles that balanced the calculated joint torques were estimated using a musculoskeletal model and
optimization algorithm minimizing the squared sum of muscle stress. Non-neutral wrist postures
resulted in greater muscle stresses than the neutral (straight) wrist posture, and the stress in the
extensor muscles were greater than the flexors in all conditions. Wrist extensors stress remained higher
than 4.5 N/cm? and wrist flexor stress remained below 0.5 N/cm? during tapping. The sustained high
motor unit recruitment of extensors suggests a greater risk than other muscles especially in flexed wrist
posture. This study demonstrated from the perspective of internal tissue loading the importance of
maintaining neutral wrist posture during keying activities.
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1. Introduction

Intensive keyboard use has been associated with an increased
risk of developing musculoskeletal symptoms and disorders of the
hand, wrist, and arm (Gerr et al, 2002, 2006; Jensen, 2003).
Symptoms include pain, tingling, numbness, stiffness and disorders
such as carpal tunnel syndrome and tendinitis. The affected tissues
include muscle, tendon and tendinous insertions. A review of the
physiological evidence suggests that a plausible basis for the
pathogenesis of muscle disorders of the upper extremity in low-
intensity tasks is sustained motor unit recruitment and homeo-
static disturbances coincided with sustained low-intensity muscle
activity (Visser and van Dieen, 2006).

Sustained low-intensity muscle activity has been associated
with adducted and extended wrist postures during keyboard
intensive tasks (Dennerlein and Johnson, 2006). These non-neutral
wrist postures have been associated with arm/hand symptoms
among computer users (Wahlstrom, 2005). Ergonomic guidelines
recommend avoiding non-neutral postures during computer work
(Hedge and Powers, 1995; Occupational Safety and Health
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Administration, 1997; Marklin and Simoneau, 2004). Despite
abundant epidemiologic evidence of association between awkward
wrist postures and musculoskeletal symptoms/disorders, little is
known about how internal tissue loading is affected by joint
posture during computer use.

Biomechanically these non-neutral postures can increase in-
ternal loading on the muscles and joints. Rempel et al. (2008) re-
ported that changes in wrist posture altered carpal tunnel pressure,
which may contribute to the development or aggravation of carpal
tunnel syndrome (Rempel et al., 1999, 2008). Specifically, wrist
deviations in extension or radial deviation while typing are asso-
ciated with an increase in pressure. In addition, posture also affects
muscle force and activation patterns (Dennerlein et al., 1998b;
Visser et al., 2000; Kuo et al.,, 2006).

Computational biomechanical models have been used to estimate
muscle/tendon force based on external measures (Chao et al., 1976;
Herzog and Leonard, 1991; Dennerlein et al., 1998a; Sancho-Bru etal,,
2001) because direct in vivo measurement of internal loading is
invasive and technically difficult. Previous models often investigated
finger and wrist joints separately. It is important to include both the
finer and the wrist joints to study keying activities because several
muscle-tendon units articulate both finger and wrist joints. In
addition, passive muscle forces contribute to the dynamic motion of
the fingers, and therefore cannot be neglected in biomechanical
models. However, only a limited number of existing models incor-
porated muscle passive properties (Sancho-Bru et al., 2001; Keir and
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Wells, 2002). These models use passive finger muscle properties
obtained from cadaveric work (Lee and Rim, 1990; Ranney et al.,
1987) which were found to overestimate the passive joint torques
measured in experiment (Qin et al., 2010). New data for the passive
finger muscle force assessment parameters have been proposed,
which can improve the estimation of muscle force using biome-
chanical models of the hand (Qin et al., 2010).

The objective of this study is to quantify the effect of wrist
posture on resultant hand and forearm muscle stress (including
both active and passive component) during tapping on a computer
keyboard, using a computational biomechanical model. It is our
hypothesis that non-neutral wrist postures increase muscle stress
mainly due to increase of passive muscle resistance.

2. Methods

A repeated-measures laboratory experiment was designed to
measure the finger and wrist joint angles and fingertip force during
index finger tapping in four wrist postures. This study chose single
finger tapping motion because tapping is a basic cyclic motion
similar to more complex typing activities. From experimental
measurements, inverse dynamics calculated external net joint
torques, and a biomechanical model estimated the internal joint
torque created by muscle-tendon units.

2.1. Experimental design and setup

Ten healthy participants (five females and five males, mean age
28.1 &+ 6.0 years) volunteered in the experimental study. Written
informed consent was obtained, and all protocols and forms were
approved by the Harvard School of Public Health Institutional Re-
view Board. Index finger segment length, width, and thickness
(measured at the midpoint of each segment) were measured prior
to data collection (Table 1). All subjects were right-handed.

Subjects were seated at an instrumented workstation where a
split keyboard was adjusted so that the surface of the keys was
approximately at each subject’s seated elbow height. A six-degree-
of-freedom force transducer (F/T Sensor Gamma, ATI Industrial
Automation, Apex, USA) was secured underneath the keyboard to
measure force and torque applied to the right hand side of the split
keyboard. No forearm or palm support was provided.

The adjusted keyboard angle and horizontal location provided
four different wrist postures (Fig. 1): neutral (NTL): subjects’ right
acromion was aligned with the F6 key and the keyboard was placed
on a horizontal surface, adducted (ADD): subjects’ midline of the
trunk was aligned with the F6 key and the keyboard was placed on a
horizontal surface, extended (EXT): keyboard was tilted positively
towards the subject at 18°, and flexed (FLX): keyboard was tilted
negatively away from the subject at 18°. These postures were
selected as they represent a typical range of wrist postures associ-
ated with keyboard use and related guidelines (Asundi et al., 2011).

Subjects completed four 10-s trials in each wrist posture, during
which subjects tapped with their right index finger on the key-
board’s F6 key selected to optimize data recording of the finger
motion. Subjects were asked to tap in sync with a metronome at
3 Hz while maintaining the elbow and shoulder in a fixed posture.

Table 1

Mean index finger segment anthropometry (SD) (mm) averaged over ten subjects.
Segment Length Thickness Width
Distal 22 (2) 12 (1) 14 (2)
Middle 28 (7) 15 (2) 16 (1)
Proximal 42 (5) 18 (1) 18 (2)

Subjects were instructed to keep the upper arm at the side of the
trunk and the elbow angle at 90°.

An infrared three-dimensional motion analysis system (Optotrak
Certus, Northern Digital, Waterloo, Canada) tracked trajectories of
the trunk, upper arm, forearm, hand, and index finger segments.
Rigid body structures consisting of three active markers were
attached on the trunk, upper arm, forearm, and hand. Two individual
active markers were placed dorsally on each segment of the index
finger along the long axis (Fig. 1). Anatomical landmarks locations
relative to the cluster markers were digitized using a probe. The
digitized landmarks included Incisura Jugularis, left and right acro-
mion process, lateral and medial epicondyle, ulnar and radial styloid,
metacarpophalangeal joint (MCP) of the index (side), middle (top)
and little finger (side). Anatomical coordinate systems were con-
structed based on methods described previously (Asundi et al., 2010).
The center of the force transducer and the position of the F6 key
switch were also digitized, and center of pressure was calculated. The
moments generated by the fingertip force on the force transducer
were calculated and included in inverse dynamics described in the
next section. The wrist and finger joint angles at each sample point
were computed from forearm and hand segment trajectories. The
reference posture was defined to be the posture when the finger, the
3rd metacarpal bone and the radius were aligned in both the coronal
and sagittal planes (Dennerlein and Johnson, 2006; Qin et al., 2010).
The motion and force data were collected at 100 Hz, low-pass filtered
at 10 Hz with a fourth order Butterworth filter.

2.2. Biomechanical model

2.2.1. Mechanical equilibrium

The hand and wrist was modeled as a four-segment-linkage
system with the distal interphalangeal joints (DIP and PIP) as one
degree-of-freedom hinge joints, and the second meta-
carpophalangeal joint (MCP) and wrist as two degree-of-freedom
joints (flexion/extension, adduction/abduction). Based on anthro-
pometric data, external force/moment at the fingertip measured by
the force transducer, and trajectories of the markers, a multi-
segment inverse dynamic model (Kingma et al., 1996; Kuo et al.,
2006) calculated external joint torques. Index finger segments
were assumed to be uniform elliptic cylinder with center of mass at
the midpoint of each segment; hand inertia properties were esti-
mated using nonlinear regression method from anthropometric
data (Zatsiorsky, 2002). For each joint, only the muscles/tendons
that articulate the joint were included (Table 2).

Mechanical equilibrium requires that the sum of the moments
created by individual muscle forces must be equal to the resultant
joint moments from inverse dynamics.

%—ZRU-E =0 (1)

where M; is the measured joint moment from inverse dynamics at
jointj (j = 1,2,3,4 representing DIP, PIP, MCP and wrist respectively),
Rjj is the moment arm of muscle-tendon unit i (i = 1,...,10) with
respect to joint j, F; is the force of muscle-tendon unit i. The ten
muscle-tendon units included in the model were lumped extensor
digitorum and extensor indicis muscle (LE), flexor digitorum
superficialis (FDS), flexor digitorum profundus (FDP), radial inter-
ossei (RI), ulnar interossei (Ul), lumbricales (LUM), extensor carpi
radialis (ECR), extensor carpi ulnaris (ECU), flexor carpi radialis
(FCR), and flexor carpi ulnaris (FCU). Four tendons in the index finger
extensor mechanism included in the model were terminal extensor
(TE), extensor slip (ES), radial band (RB), and ulnar band (UB).
Muscle/tendon moment arms and length excursion were
computed using joint angle and existing data reported in the
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Flexed (FLX)

Extended (EXT)

Fig. 1. Four wrist conditions tested in the study and the experiment settings.

literature (Qin et al., 2010). Multiple sources of data and method
were used including normative model and tendon moment
arms for the index finger (Chao, 1989), finger flexor model
(Armstrong and Chaffin, 1978), and the wrist model (Brand and

Table 2

Moment arms of the index finger and wrist muscles at neutral posture and muscle
PCSA. The neutral posture was defined to be the posture when the finger, the 3rd
metacarpal and the radius were aligned in both the coronal and sagittal planes.

Muscle/Tendon Moment arms (mm) PCSA
- (mm?)
DIP PIP MCP Wrist
FIE F/E FJE ABJAD FJE AB/AD

Terminal extensor (TE) -24

Flexor digitorum 48 84 65 20 13.1 1.6 410

profundus (FDP)
Flexor digitorum 65 90 18 14.8 20 365
superficialis (FDS)

Extensor slip (ES) -2.9

Radial band (RB) —4.2

Ulnar band (UB) -3.1

Radial interosseous (RI) 45 -8.0 416
Lumbricals (LUM) 7.0 —-5.7 36
Ulnar interosseous (UI) 0 4.0 160
Long extensor (LE) -75 -02 -13.7 34 120
Extensor carpi radialis (ECR) -12.0 -164 400
Extensor carpi ulnaris (ECU) -57 249 350
Flexor carpi radialis (FCR) 177 -9.7 520
Flexor carpi ulnaris (FCU) 19.0 16.1 1000

DIP: Distal interphalangeal joint; PIP: Proximal interphalangeal joint; MCP: Meta-
carpophalangeal joint.

Hollister, 1999; Lemay and Crago, 1996). Hand muscle moment
arms were scaled based on measured finger anthropometry.
Wrist muscle moment arm values were adopted directly from
the literature due to lack of scaling factor. Examples of moment
arm values at the neutral posture are presented in Table 2.
Muscle length excursion (Al) was calculated at each instant in
time as the muscle length change from the reference posture.
For muscles that articulate multiple joints, the excursion at each
joint were summed to calculate total muscle length excursion.

2.2.2. Muscle-tendon unit
The instantaneous total force exerted by a muscle-tendon unit
(F) can be calculated by a lumped Hill-type model (Zajac, 1989):

F = Fmax [fa(Df (v)a + fp() (2)

where fq(l) and f,(l) are respectively the normalized active and
passive muscle force—length relationships, f(v) is the normalized
muscle force—velocity relationship, a is muscle activation level, and
Fmax is the maximum isometric muscle force which can be calcu-
lated as following (An and Cooney, 1991)

Fmax = PCSA-pmax (3)
where pmax = 45 N/cm? (Holzbaur et al., 2005) is the maximum

stress the muscle can bear, which has been considered the same for
each muscle (An and Cooney, 1991).
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Table 3

Across subject average (and standard deviation) values for wrist and MCP joint posture and wrist flexion and abduction torques during the averaged tap (N = 10). Flexion and
abduction torques are positive. Values with the same superscript letters indicate no significant difference during the Tukey’s post-hoc comparisons and groupings are ranked

such that A > B > C.

NTL ADD EXT FLX p-value
Posture (deg)
Wrist flexion —7.4(9.4)8 —7.0(9.6)8 -21.8(8.9)¢ 18.5 (10.9)* <0.0001
Wrist abduction —4.4 (437 -20.8 (3.8)° -19@37)° —9.9(7.4)8 <0.0001
MCP flexion 16.7 (13.4)* 2.3 (10.8)8 16.2 (10.3)* 16.8 (12.8)* <0.0001
MCP abduction 1.1 (628 2.7 (5.0)% 2.6 (6.5)* —3.4(7.0)8 0.0002
Torque (N-m)
Wrist flexion —0.24 (0.08)8 -0.20 (0.07)* -0.22 (0.08)* —0.24 (0.09)8 <0.0001
Wrist abduction 0.10 (0.05) 0.10 (0.06) 0.09 (0.05) 0.09 (0.05) 0.2113
maximum vertica ngemp orce E .. K .. K .. . .. E
i ical i (N) 1.46 (0.25) 1.48 (0.34) 1.43 (0.28) 1.58 (0.37) 0.4150
The mst'antaneous total force' of muscle-tendon u'mt i (F;) can Fi_passive < Fi < PCSA;* pmax + Fi_passive (7)
then be written as the sum of active (Fj_active) and passive (Fj_passive)
components.
P 0<q <1 (8)

Fi = Fi_active + Fi_passive = qj 'PCSA'pmax 'fi_a(l) fl(v) + Fi_passive
(4)

Active forces depend on muscle activation level (q;), muscle
physiological cross-sectional area (PCSA;) (Chao, 1989), muscle
maximum capacity (pmax), muscle length factor (f; 4(1)), and muscle
contraction velocity factor (fi(v)). fi o(I) and fi(v) were determined
by normalizing to the generic force-length and force—velocity
curves based on muscle length excursion, muscle pennation angle
(Lieber et al., 1990; Jacobson et al., 1992; Lieber and Friden, 2002),
maximum force generating capacity (Holzbaur et al., 2005), optimal
fiber length (Chao, 1989), and maximum muscle contraction ve-
locity (Asakawa et al., 2003).

Based on Hill-type model in Eq. (2), passive force is related to
maximum active force and muscle length. In practice, passive
muscle force is often modeled by an exponential relationship with
muscle length change,

Fpassive = ﬁ].eﬂz'N (5)

where (1 and f, represent muscle-dependent constants, and Al
represents total muscle excursion (length change) from the refer-
ence position. Passive force model parameters $; and §, are asso-
ciated with muscle architectural parameters including PCSA,
pennation angles, maximal active force and muscle bundle length
(Woittiez et al., 1984). $1 and (3, of FDP, FDS, LE, RI, Ul and LUM used
the recently updated values (Qin et al., 2010), and for ECR, ECU, FCR
and FCU we used previously reported values (Keir et al., 1996).

2.2.3. Resolution method

The equilibrium of joint moments (Eq. (1)) yield four constraint
balances involving ten unknown muscle-tendon tensions, which
leads to an indeterminate problem. Given the external net joint
torque, an optimization routine sought muscle forces that could
balance external joint torque. The objective function of the opti-
mization routine minimized squared sum of muscle stresses. This
cost function has been used previously to determine muscle force
sharing in the upper extremity (e.g. An et al., 1984; Crowninshield
and Brand, 1981; Dennerlein et al., 1998a; Hughes and An, 1997; Li
and Zhang, 2010; Pedotti et al., 1978; Sancho-Bru et al., 2001;
Vigouroux et al., 2006; Yamaguchi et al., 1995).

Find F; that minimize:

J =Y (F/PCSA)? (6)

subject to: Eq. (1)

TE = 0.985(RB + UB)

RB = 0.67LUM + 0.15LE (9)
UB = 0.33U1+ 0.15LE

ES = 0.33LUM + 0.7LE + 0.67UI

The model was implemented using MATLAB and its optimiza-
tion toolbox (fmincon function, MathWorks, Natick, MA). Muscle
stress was chosen as the dependent variable because it normalizes
the forces to the size of the muscle. Muscle PCSA was not measured
in this study, however, using the values form the literature provides
relative normalization across the bigger and smaller muscles of the
forearm/hand. Other constraints include lower and upper bound-
aries of the muscle-tendon unit force and muscle activation level.
The passive muscle force was the lower bound, and the sum of the
passive force and maximum isometric muscle force was the upper
bound of the optimization algorithm (Eq. (7)).

Empirical relations of the force distribution of the extensor
mechanism (Chao, 1989; Brook et al., 1995) were added in the model
as additional constraints (Eq. (9)) because they represent approxi-
mate extensor hood mechanism geometry and available anatomical
knowledge. However, these relations have limitations because they
are empirical and deductive — the coefficients in Eq. (9) may not be
the precise values that represent force distribution among every-
body. Therefore, the four tendon forces estimated from Eq. (9) were
allowed to vary within a 10% margin in the optimization procedure.

2.3. Statistical analysis

Data from the last 16 taps of each trial were collapsed into one
average tap for each condition and for each subject. This was
completed by aligning kinematic and kinetic data for each tap at the
time of maximum vertical tapping force and averaging cross all taps
over the average length of one tap. To compare four experimental
conditions and test the study hypothesis, mean torques and muscle
forces across ten subjects for each wrist condition were computed
for the average tap. Repeated measures ANOVA was used to
compare mean muscle stresses across four wrist conditions. Sig-
nificant findings on the ANOVA (a < 0.05) were followed-up with
the Tukey Post-Hoc test for pairwise comparisons.

3. Results

The wrist was on average extended 21.8 (+8.9) degrees in the
extended (EXT) condition, adducted 20.8 (+3.8) degrees in the
adducted (ADD) condition, and flexed 18.5 (+10.9) degrees in the FLX
condition (Table 3), all significantly different from the wrist posture
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in the neutral (NTL) condition (Tukey test p < 0.0001). MCP joint
flexion angle in ADD condition was less than other conditions. MCP
adducted 3.4 (4-7.0) degrees in FLX condition while abducted in other
conditions. Mean wrist extension torque was larger during tapping in
NTL and FLX configurations compared to ADD and EXT (Table 3).
Mean wrist adduction torque did not differ among conditions. The
maximum vertical fingertip force during tapping in flexed wrist
posture (1.58 + 0.37 N) was higher than other conditions, although
no statistical difference was found among conditions.

Estimated muscle stresses varied temporally during a typical tap
(Fig. 2). Finger flexor (FDS and FDP) stresses increased shortly after
the contact with the key switch, peaked around the point of
maximum fingertip force, and gradually decreased afterwards.
Finger extensor (LE) stress decreased before the finger-key contact,
remained low during contact and increased after the contact. The
stress of intrinsic muscle Ul had a similar temporal pattern as the

flexors but greater in magnitude while RI and LUM stress were low
throughout the tap. Muscle stresses of wrist extensors ECR and ECU
peaked at the time of keystroke and remained higher than 4.5 N/cm?
during the tap. Wrist flexors FCR and FCU stresses were lower than
0.5 N/cm? throughout the whole duration of a tap. These patterns
were similar among different conditions and across subjects.

Forearm extensor stress averaged across the taps varied among the
four wrist postures (Table 4) for both the passive (p < 0.0001 for LE,
ECR, and ECU) and the active component (p = 0.01, 0.08, and <0.0001
for LE, ECR, and ECU, respectively). The total muscle stress (sum of
passive and active muscle force) varied for ECU (p < 0.0001) and LE
(p =0.003) and ECR (p = 0.06) among four experimental conditions.
The passive stress of the wrist extensors (ECR and ECU) were less than
0.4 N/cm?, while the active components were greater than 1.5 N/cm?.
The highest total muscle forces of three extensors occurred in the
flexed wrist posture.

Muscle Stress (N/cm?)

Muscle Stress (N/cm?)

Time (sec)

Fig. 2. Estimated hand and forearm muscle stress during the averaged tap from a single subject in neutral posture. The pattern is similar for the EXT/FLX/NTL/ADD condition..
Time = 0 corresponds to the maximum fingertip force was observed during the keystroke. The two dash lines represent the beginning and the end of finger contact with the F6 key.
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Table 4

Mean values (N = 10) of the average total, active, and passive stress of the muscles
during the averaged tap across four wrist postures. Unit = N/cm?. Values with the
same superscript letters indicate no significant difference during the Tukey’s post-
hoc comparisons and groupings are ranked such that A > B > C.

NTL ADD EXT FLX p-value
ECR
Active 534(1.71)  5.05(1.50) 5.18(1.60)  5.53(1.77) 0.0844
Passive 0.19(0.01)® 0.19(0.01)® 0.17(0.01)° 0.22(0.01)* <0.0001
Total ~ 553(1.72) 524(1.51) 535(1.60) 5.75(1.77) 0.0596
ECU
Active  2.89(1.82)8 268 (1.69)® 1.51(1.42)° 4.31(1.94 <0.0001
Passive 0.40 (0.01)®  0.40(0.01)® 043 (001 0.37(0.02)° <0.0001
Total  3.29(1.81)8 3.08(1.67)® 1.94(1.41)° 468 (1.93)* <0.0001
LE
Active  2.69 (1.02*® 2.16(0.95)® 3.41(0.92)"® 3.72 (2.19* 0.0116
Passive 1.79 (0.13)®  1.64(0.07)° 1.60(0.15)° 2.09 (0.18)* <0.0001
Total ~ 4.48 (1.06)"® 3.80 (0.96)® 5.01(0.89)"® 5.81(2.28)" 0.0027
FDP
Active 039 (0.15) 046 (0.17)  0.53(0.32)  0.62(0.28) 0.0753
Passive 0.15(0.05)® 0.21(0.09)® 029 (0.14* 0.06 (0.05)° <0.0001
Total  054(0.12)® 0.67 (0.12)*® 0.82(0.22)* 0.68 (0.26)*®*  0.0110
FDS
Active  0.13(0.20)  0.18(0.19)  0.17(0.20)  0.09 (0.11) 0.4719
Passive 0.10 (0.04)® 0.15(0.04)* 0.18 (0.08)* 0.03 (0.02)° <0.0001
Total  0.23(023*® 033(0.18* 0.35(0.22)* 0.12(0.12)8 0.0032
FCR
Active  0.00 (0.00)  0.00 (0.00)  0.05(0.14)  0.00 (0.01) 0.2597
Passive 044 (0.01)® 0.44(0.01)® 045 (001 043 (0.01)° <0.0001
Total  0.44(0.01) 044(0.02) 050(0.02) 0.43(0.02) 0.0984
FCU
Active  0.00 (0.00)  0.00 (0.00)  0.00 (0.00)  0.00 (0.00) 0.4079
Passive 0.27 (0.02)® 0.27 (0.02)® 0.30(0.02)* 0.22(0.02)° <0.0001
Total  027(0.02)®) 0.27(0.02)® 0.30(0.02)® 0.22(0.02)° <0.0001
Ul
Active 259 (0.87)  3.36(1.28)  295(1.30)  3.19(1.32) 0.0967
Passive 0.57(0.17)  0.60(0.11)  0.57(0.16)  0.51(0.16) 0.1948
Total  3.16(0.88) 3.96(1.37) 3.52(1.30) 3.70(1.34) 0.1043
RI
Active  0.01(0.02)®  0.00 (0.00)®8 0.00 (0.01)®  0.06 (0.09)" 0.0056
Passive 0.55(0.17)®  0.76 (0.24)* 0.49 (0.18)®  0.60 (0.24)° 0.0002
Total 056 (0.16)5¢ 0.76 (0.24)* 0.49 (0.17)°  0.66 (0.19)*® <0.0001
LUM
Active  0.04 (0.07)®  0.00 (0.00)® 0.00(0.00)® 0.28 (0.40)* 0.0084
Passive 0.24 (0.18)®  0.66 (0.41)* 058 (0.42)* 0.06 (0.07)® <0.0001
Total  028(0.18)® 0.66 (0.41)" 0.58 (0.42)*® 0.34 (0.40)"®  0.0284

The total muscle stresses of the flexors (FDS, FDP, FCR, and FCU)
were smaller than the extensors stresses (Table 4). The passive
components but not the active components of flexor stress were
affected by the wrist posture during tapping (p < 0.0001). The
extended wrist posture was associated with the highest passive
flexor stresses, while the flexed wrist posture was associated with
the lowest passive flexor stresses. For the hand intrinsic muscles,
the total muscle stress for Ul showed total stress of more than 3.0 N/
cm? while RI and LUM stresses were less than 0.8 N/cm? The
highest total muscle forces of three intrinsic muscles occurred in
the adducted wrist posture.

4. Discussion

This study aimed to estimate hand and wrist muscle stresses
during tapping in four wrist postures, testing the hypothesis that
tapping in non-neutral wrist postures would increase the muscle
stress compared to tapping in a neutral wrist posture. Active and
passive muscle stress components estimated from a

musculoskeletal model indicated that extensor muscles exhibited
higher muscle stresses than other muscles, and the hypothesis that
non-neutral wrist postures increase muscle stress was confirmed.
Specifically, flexed wrist posture increases muscle stress among
extensors, extended wrist postures increases muscle stress among
flexors (mainly due to passive muscle force), and adducted wrist
posture increases intrinsic muscle stress. Extensors borne constant
high muscle stress during tapping without support, which was
needed to balance the flexion torques created by the weight on the
hand. This might be a reason why tendonitis is more prevalent for
extensors than flexors among computer users (Gerr et al., 2002).
Extensors, including ECR, ECU, and LE, experienced greater muscle
stress than other muscles across four wrist postures. Extensor
stress in flexed wrist posture is greater than other wrist postures.
As the wrist changes from neutral to flexed posture, extensor
moment arms decrease requiring higher muscle forces to balance
the external torques and therefore resulted in increased stress on
the extensors. In addition, more flexed wrist posture increases the
length of the muscle therefore increases the passive component of
the force, adding additional stress on the extensors.

Model results showed that both passive and active muscle forces
were affected by the wrist postures among extensors and intrinsic
muscles. Only passive muscle forces were affected by wrist posture
among flexors, and in fact FCR and FCU were not activated during
the task. Using a static model, Keir and Wells (2002) reported that
as the wrist extension increased from 0 to 30° the joint moment
contribution from the extrinsic finger flexor muscle passive forces
increased significantly, whereas the active muscle forces were not
affected by the wrist posture. This is consistent with the findings of
this study. However, the contribution from passive muscle force to
joint moment reported by Keir and Wells (2002) was much higher
than our findings. This may be due to overestimation of passive
joint torques using passive muscle properties measured in vitro (Lee
and Rim, 1990) and evaluation of only the static postures. Recent
data of passive finger muscle parameter values used (Qin et al.,
2010) in the current model improve estimation of the passive tor-
ques of finger joint, therefore can provide better estimation of
active and total muscle force of the hand.

The temporal patterns of muscle stress/force (Fig. 2) coincided
with key tapping motion. Similar to the patterns observed previ-
ously using intramuscular fine-wire electromyography during
keyboard typing (Dennerlein et al., 1998b), a burst of LE activity
lifted the finger before the keystroke; just after contacting with the
key, a burst of flexor activity moved the fingertip further downward
counteracting the resistance from the key switch; at the end of the
fingertip-key contact, another burst of LE activity lifted the finger
preparing for the next tap. Out results showed that wrist extensor
also facilitated the tapping motion. ECR and ECU forces decrease
before each tap to facilitate the downward fingertip motion and
then increase rapidly to help lift the fingertip up again. Kuo et al.
(2006) measured both the intrinsic and extrinsic finger muscle
during tapping. The activity patterns of the intrinsic muscles mostly
coincided with the extrinsic flexor muscles. Our results showed
that UI stress had similar peaking patterns with extrinsic flexors
however the magnitude were higher than the flexors. The high
levels of Ul stress may serve to help extrinsic flexor overcome the
activation force of the key switch, control the fast extension of IP
joints during downswing, maintain position of the index finger in
the plane of adduction/abduction, and stabilize the MCP joint by
increasing its stiffness (Darling and Cole, 1990; Kuo et al., 2006).

The model predicted finger muscle stresses were within the range
of values reported in other studies. During tapping in NTL condition,
current model predicted peak LE, FDP, and FDS stress to be 5.8,1.1,and
0.7 N/cm?, respectively. They were comparable to the in vivo mea-
surement during flexion-extension task (FDP = 0.3—1 and
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FDS = 0.4—2.3 N/cm?) (Kursa et al., 2006) and during isometric
flexion task (FDS = 1.4 N/cm?) (Dennerlein et al., 1998a). Previous
models have estimated muscle forces for finger pinching task
(LE = 12.5, FDP = 1, FDS = 0 N/cm?) (Brook et al., 1995) and for free
finger flexion-extension task (LE = 3.1, FDP = 0.4, FDS = 0 N/cm?)
(Sancho-Bru et al., 2001). The extensor muscle stresses estimated by
our model during tapping were between the pinching task and free
flexion-extension task, and all three tasks showed small flexor
muscle stress. The difference in extensor stress was likely due to the
levels of external contacting forces in these tasks. The fingertip force
is likely to be the highest during pinch task, followed by tapping, and
there was no external force during free finger flexion-extension
movement. The wrist muscles were not included in previous
models. Future biomechanical models including the wrist are needed
to crosscheck the estimated stresses of the wrist muscles.

Other studies measured muscle loading using electromyography
(EMG). For comparison purpose, muscle stresses presented in the
current study were converted to muscle activation as a percentage
of maximum voluntary contraction (%¥MVC), assuming that the
maximum muscle stress value of all muscles is 45 N/cm? (Holzbaur
et al., 2005), and there is an approximately linear correlation be-
tween muscle stress and muscle activation level for EMG less than
15% MVC typically seen during computer tasks (Bruno Garza et al.,
2012; Lee et al., 2009; Simoneau et al., 2003). Take the neutral (NTL)
wrist posture as an example, the muscle activation can be esti-
mated to be approximately 10.0%, 12.3%, 7.3%, and 7.0% MVC for the
LE, ECR, ECU, and Ul muscles, respectively. Muscle activation levels
for other muscles were smaller than 1% MVC. Lee et al. (2009)
measured two intrinsic and three extrinsic hand muscles using
intramuscular electromyography (EMG) during index finger tap-
ping. Muscle amplitude for extensor digitorum communis (one of
the LE muscles) and Ul were about 4% and 8% MVC, respectively.
Muscle activation of FDS and FDP was about 8% MVC, higher than
our results. However, participants rested the hand and the wrist on
a fixed platform in their experiment while no support was used in
our study. With a rest, participants need to rely solely on the flexors
for downward motion and activation of the key switch without the
help from the wrist, therefore more flexor activities and less
extensor activities were required compared to the current study.
Forearm muscle EMG during typing on standard keyboard in dif-
ference wrist postures were reported to be about 12%, 8%, 5%, and
2% MVC of ECU, ECR, FCU, and FCR muscles, respectively (Bruno
Garza et al., 2012; Simoneau et al., 2003). In those studies, partic-
ipants typed text letters on a full-size keyboard with both hands
without wrist support or performed normal keyboard and mouse
activities at work. The differences in study protocols should be
considered in comparing the results between studies.

The findings need to be considered within the context of the
study’s limitations. Results may not be representative of other
common typing conditions. For instance, using palm and/or wrist
supports could reduce muscle’s burden from gravity and thus
reduce extensor muscle stress, and tapping speed was paced by a
metronome to control potential confounding effect by speed.
Additionally, only four basic wrist postures were tested for the
model. More complicated wrist postures need to be tested to
expand the database of muscle loading in keying tasks. For
example, a wrist both extended and adducted may lead to more
stretched FCR muscle than the postures tested in this study. As a
result, FCR may experience higher passive stresses, which may alter
the dynamics of force distribution among other muscles. An
inherent aspect of many biomechanical models is that muscle
anatomical and physiological parameters affect the model esti-
mated muscle force and stress. Available parameter values in the
literature were often measured and averaged from cadaver samples
which may introduce errors to model estimated muscle force/

stress. For instance, during zero wrist flexion and abduction, ECR
moment arm at wrist was about 8 mm according to Pigeon et al.
(1996) and about 10 mm in other studies (Lemay and Crago,
1996; Gonzalez et al., 1997). This discrepancy would have led to a
larger predicted ECR stress if moment arm data by Pigeon et al. was
used. However, all these studies reported that ECR and ECU
moment arms decrease monotonically as the wrist changed from
neutral to more flexed postures. Given that the goal of this study
was to compare muscle stress between different wrist postures in a
repeated design experiment, the observed differences between
conditions are not likely to be affected although the magnitude of
estimated muscle stress could change with different parameter
values.

The static optimization algorithm used in this study assumes the
central controller determines the desired joint moments and then
distributes activity among the muscles such that necessary mo-
ments are generated. The cost function in Eq. (6) is frequency
employed because of its physiological background related to mus-
cle fatigue (Erdemir et al., 2007; Tsirakos et al., 1997). However,
such assumption only represents one potential strategy of the
motor control and this method does not take into consideration of
antagonist co-contraction. Another limitation is that the results
estimated by the biomechanical model were compared to previ-
ously reported muscles stress or EMG measurements rather than
direct validation. However, the present study is not intended to
estimate muscle force precisely but to test the effect of different
wrist postures on muscle loading. Future research could use EMG-
based models to estimate muscle force to cross validate model
results.

The model presented in this study has three strengths over
existing ones. First, it uses the improved data of passive finger
muscle forces which can provide better in vivo joint torque
assessment than using previous in vitro data. Therefore, the model
estimation of active component of muscle stress was also
improved. Second, this model incorporates the dynamic properties
of the muscle. Thirdly, both wrist muscles and finger muscles were
included in the model. Neutral wrist posture has been promoted in
many ergonomic guidelines of computer keyboard use based on
epidemiologic evidence. Deviated postures directly affect internal
loading which may lead to musculoskeletal disorders. This study
demonstrated that the internal tissue loading on the hand and
forearm musculature was indeed higher when wrist was in non-
neutral postures during tapping. Wrist posture affects muscle
groups (extensor, flexor and intrinsic hand muscles) differently,
however the neutral wrist posture was the optimal option among
the four postures tested when all muscles were considered.
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