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Abstract

Since musculoskeletal disorders of the upper extremities are believed to be associated with repetitive excessive muscle force production

in the hands, understanding the time-dependent muscle forces during key tapping is essential for exploring the mechanisms of disease

initiation and development. In the current study, we have simulated the time-dependent dynamic loading in the muscle/tendons in an

index finger during tapping. The index finger model is developed using a commercial software package AnyBody, and it contains seven

muscle/tendons that connect the three phalangeal finger sections. Our simulations indicate that the ratios of the maximal forces in flexor

digitorum superficialis (FS) and flexor digitorum profundus (FP) tendons to the maximal force at the fingertip are 0.95 and 2.9,

respectively, which agree well with recently published experimental data. The time sequence of the finger muscle activation predicted in

the current study is consistent with the EMG data in the literature. The proposed model will be useful for bioengineers and ergonomic

designers to improve keyboard design minimizing musculoskeletal loadings in the fingers.

Published by Elsevier Ltd.
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1. Introduction

In the last 10 years, computer use has become prevalent
both in the workplace and at home. According to the U.S.
Census Bureau, 56.1% of employed adults use computers
at work. In addition, 61.8% of U.S. households have
computers, and in those households, 66.1% of adults and
82.6% of children (age 3–18) use computers (Day et al.,
2005). Epidemiological studies have demonstrated that
excessive computer use could result in an increased risk of
developing musculoskeletal disorders (MSDs) of the upper
extremities (e.g., Cail and Aptel, 2003; Faucett and
Rempel, 1996; Gerr et al., 2006; Hales et al., 1994; Marcus
and Gerr, 1996). For example, a prospective study
examining the effects of occupational computer use in
workers over a 3 year period demonstrated that workers
using computers for at least 15 h each week were at an
increased risk for developing neck/shoulder and hand/arm
e front matter Published by Elsevier Ltd.
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symptoms and disorders (Gerr et al., 2006). The primary
injuries to the hands and arms were tendonitis of the
extensor tendons and the digital flexor tendons.
Electromyography (EMG) studies evaluating muscle

activity during typing suggest that MSDs in the upper
extremities are related to excessive repetitive musculoske-
letal loading. For example, Gerard et al. (1999) have
examined EMG activity to evaluate the effects of typing
force and keypad stiffness on MSDs and Woods and
Babski-Reeves (2005) analyzed the EMG of the hand–arm
to determine the effects of posture on MSDs. The
relationships among tendon force, contact force at the
fingertip, and finger posture have been investigated by
using a force transducer mounted directly onto the flexor
digitorum superficialis (FS) and flexor digitorum profun-
dus (FD) tendons of the fingers (Schuind et al., 1992;
Dennerlein et al., 1999; Kursa et al., 2005). The reported
ratio of the force in the FS tendon to the contact force at
the fingertip varied from 1:5� 1:0 (Kursa et al., 2005) and
1:7� 1:5 (Schuind et al., 1992) to 3:3� 1:4 (Dennerlein
et al., 1999). The reported ratio of the FP tendon force to
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Fig. 1. Index finger model. (a) The index finger model consists of distal,

middle, proximal, and metacarpal phalanges, which are linked by DIP,

PIP, and MCP joints. (b) The finger is in contact with the keypad during

tapping. The interface impact force F ðtÞ is treated as external loading

applied on the fingertip.
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the fingertip force showed more variance, from 2:4� 0:7
(Kursa et al., 2005) to 7:9� 6:3 (Schuind et al., 1992).
Dennerlein et al. (1998) compared the experimentally
measured tendon force with that calculated using an
inverse dynamic approach and found that the measured
tendon force is consistently greater than that predicted by
the model with the muscle in an isometric contraction. The
dynamic force distribution in the finger muscles during
tapping has not been investigated either experimentally or
theoretically.

Because the experimental evaluation of the dynamic
loading in individual muscles of the hand during typing is
technically difficult, researchers have studied the dynamic
contact force between the fingertip and keypad, and joint
angle motions, and assumed that these indices are related
to the muscle/tendon excursions (e.g., Gerard et al., 1999;
Nelson et al., 2000). The most extensive analyses were
performed by Jindrich et al. (2004) who analyzed joint
torques and kinematic energy of the finger sections during
tapping. Dennerlein et al. (1998) assessed muscle activities
during the keystroke task; their results suggested that the
role of the extrinsic finger flexors during a keystroke is to
overcome the activation force of the keyswitch, while the
extrinsic extensors are to perform the upswing rather than
stop the downswing. Kuo et al. (2006) analyzed the
relationship among joint coordination, kinematics, muscle
activation patterns, and energy profiles during the tapping
task and found that the activation of the intrinsic muscles
began slightly before the initiation of the downswing
motion, while the activation of the extrinsic flexors started
after the initiation of the downward finger motion.
However, a quantitative analysis of the dynamic loading
in each individual muscle and tendon in a finger has not
been performed during the tapping test.

One of the most promising theoretical approaches for
exploring the muscle forces in fingers during typing is a
multi-body biomechanical model. In such models, a finger
is modeled as bony sections that are connected with
muscles and tendons. Multiple biomechanical models of
the hands and fingers have been developed to simulate
different scenarios. For example, Sancho-Bru et al. (2001,
2003) developed a whole hand model simulating the muscle
loading for static gripping and free movements; Brook
et al. (1995) developed a biomechanical model of the
dynamics of the index finger and applied their model to
simulate the muscle forces in pinch grip and disc rotation;
Biggs and Horch (1999) proposed a 3D kinematic long-
finger model and validated their model via the experi-
mental data of tendon/muscle excursions. All these
mathematical hand models were formulated analytically
and rely on certain simplifying assumptions. The most
‘‘realistic’’ biomechanical finger models were proposed by
Valero-Cuevas et al. (2003, 2005), who included anatomi-
cally realistic tendon/muscle network connections into
their models.

The goal of the current study is to analyze the dynamic
muscle forces in an index finger during tapping using a
universal finger model developed on a platform of the
commercial software package AnyBody (AnyBody Tech-
nology Inc., Aalborg, Denmark). Specifically, we are going
to theoretically analyze the joint torques and muscle forces
and their relationships to the impact force at the fingertip
and the mass moment of inertia of the finger sections.
Furthermore, the theoretically predicted muscle force
variations in the finger will be compared with the EMG
signals of the previous study (Kuo et al., 2006). The
proposed model will be applicable for realistic problems
and it will include realistic bony shapes, nonlinear
mechanical properties of the ligaments and tendons and
physiological muscle models.

2. Methods

2.1. Index finger model

The finger model was developed on the platform of the commercial

software package AnyBody. The index finger model consists of four

phalanges: distal, middle, proximal, and metacarpal phalanges. These four

phalanges are connected by three joints: distal interphalangeal joint (DIP),

proximal interphalangeal joint (PIP), and metacarpophalangeal joint

(MCP). Figs. 1(a) and (b) illustrate the index finger model at the beginning

of motion ðt ¼ 0Þ and in touch with the keypad, respectively. The DIP and
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PIP joints are considered as hinges with one DOF in the z-axis, simulating

flexion/extension motion; while the MCP joint is modeled as a universal

joint with two DOFs in the y- and z-axes, simulating adduction/abduction

and flexion/extension motions, respectively. The dimensional scale of the

normative finger model (An et al., 1979) is adopted into the current model.

The directions of the coordinate systems of the current model are chosen

to be consistent with the normative model. Each phalange has a local

coordinate system, located at its mass center. The attachment locations of

the tendons are defined according to the normative model (An et al.,

1979). Seven muscles were included in the proposed model: flexor

digitorum profundus (FP), flexor digitorum superficials (FS), extensor

indicis (EI), extensor digitorum communis (EC), radial interosseous (RI),

ulnar interosseous (UI), and lumbrical (LU).

2.2. Mass moment of inertia of finger sections

Finger sections are considered to be composed of soft tissue and bone.

The bony section contains a canal at the center (Fig. 2). Both soft tissue

and bony sections are approximated by cylindrical bodies with ellipsoidal

cross sections (Robertson et al., 2004). The mass moments of inertia for

each finger section complex are estimated using a superposition technique:

IxxðtissueÞ ¼
prt
4
½ðatbtltÞða

2
t þ b2t Þ � ðabbblbÞða

2
b þ b2bÞ�,
x

z

y

z

at

ab
ac

bt
bb

bc

lt, lb lc

soft tissuebone
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Fig. 2. Finger segments are approximated by cylinders with ellipsoidal

cross sections. The finger sections are composed of soft tissue and bone;

and the bone has a canal at center.
IyyðtissueÞ ¼
prt
12
½ðatbtltÞð3a2t þ l2t Þ � ðabbblbÞð3a2b þ l2bÞ�,

IzzðtissueÞ ¼
prt
12
½ðatbtltÞð3b2t þ l2t Þ � ðabbblbÞð3b2b þ l2bÞ� (1)

and

IxxðboneÞ ¼
prb
4
½ðabbblbÞða

2
b þ b2bÞ � ðacbclcÞða

2
c þ b2cÞ�,

IyyðboneÞ ¼
prb
12
½ðabbblbÞð3a2b þ l2bÞ � ðacbclcÞð3a2c þ l2c Þ�,

IzzðboneÞ ¼
prb
12
½ðabbblbÞð3b2b þ l2bÞ � ðacbclcÞð3b2c þ l2c Þ�, (2)

where a, b, and l are half width, half depth, and length of the cylinder,

respectively; r is the mass density; and subscripts, t, b, and c denote soft

tissue, bone, and canal, respectively.

The mass moment inertia of the finger section complex is the sum of

that of soft tissue and bone. Representative external dimensions of male

index finger are adopted from the studies by Garrett (1971) and Buchholz

and Armstrong (1991) and listed in Table 1(a). The dimensions of the

index finger phalanges are estimated using the measurements by Schulter-

Ellis and Lazar (1984) and are also listed in Table 1(a). The mass and the

principal mass moment of inertia of each finger section were estimated, as

listed in Table 1(b). The reference coordinate of the mass moment of

inertia is at the mass center of each finger section (Fig. 2). The relative

density of the soft tissues and bone are assumed to be 1.0 and 1.9 (Abe

et al., 1996), respectively, in the calculations.

2.3. Muscle model and parameters

All seven muscles of the index finger are modeled using a Hill-type

three-element model, i.e., ‘‘AnyMuscleModel3E’’ in AnyBody Simulation

System. The three-element muscle model (van den Bogert et al., 1998)

consists of a contractile element, an elastic element in parallel with the

contractile element, and a serial elastic element, representing the active

properties of the muscle fibers, the passive stiffness of the muscle fibers,

and the tendon stiffness, respectively. The contractile element contains the

force–velocity relationship, isometric force–length relationship, and ratio

of fast to slow fibers. The effects of pennation angle and the isometric

force–length relationship have been considered in this three-element

muscle model (Zajac, 1989).

The maximum isometric muscle force is considered to be proportional

to the physiologic cross-section area (PCSA), i.e., Fmax ¼ S � PCSA with

S ¼ 30N=cm2 (Epstein and Herzog, 1998). The PCSA and the optimal

fiber length of the muscles are adopted from the experimental data

reported by Brand and Hollister (1999); and the pennation angle of the

muscles is taken from the experimental data by Lieber et al. (1990, 1992)

and Jacobson et al. (1992) (Table 2). The ratio of fast to slow muscle fibers

is considered to be 1:4 for all muscles.

The recruitment of the muscle forces is calculated by using a min/max

optimization procedure in AnyBody (Rasmussen et al., 2001), in which the

maximal normalized muscle force is minimized. The cost function of the

optimization procedure is

Maxðf i=Fm
i Þ; i ¼ 1; . . . ;N, (3)

where f i and Fm
i are the muscle force and the isometric muscle force at

optimal length for i muscle, respectively. The minimization of the cost

function (Eq. (3)) is subjected to the constraints of f i=Fm
i p1 and f iX0,

with i ¼ 1; . . . ;N, and the dynamic force balance. At any instance, the sum

of the contributions of each individual muscle to joint moments are

calculated and they are balanced with the external forces and the inertial

forces of the segments. Physiologically, such an optimization procedure is

equivalent to minimizing muscle fatigue (Dul et al., 1984).

2.4. Simulation procedure

The responses of the index finger to tapping are simulated using an

inverse dynamic technique. The time histories of the typical impact force
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Table 1

Dimensions, mass, and mass moment of inertia of finger sections used in the current study

Bone external Bone canal Tissue external

(mm) a b l a b l a b l

(a)

Distal 3.92 2.42 19.67 1.96 0.80 14.75 8.29 6.86 19.67

Middle 5.56 3.48 24.67 2.78 1.15 18.50 9.21 8.11 24.67

Proximal 6.57 4.65 43.57 3.29 1.53 32.68 9.75 9.52 43.57

Finger section M (kg) Ixx ðkgm
2Þ Iyy ðkgm

2Þ Izz ðkgm
2Þ

(b)

Distal 3:91E� 03 1:04E� 07 1:90E� 07 1:70E� 07

Middle 6:79E� 03 2:32E� 07 4:84E� 07 4:51E� 07

Proximal 1:55E� 02 6:48E� 07 2:86E� 06 2:83E� 06

The finger sections consist of soft tissue and bone with a canal, as illustrated in Fig. 2. (a) a, b, and l are the half width, the half depth, and length,

respectively. (b) M is mass; Ixx, Iyy, and Izz are rotational inertias around x-, y-, and z-axis, respectively, and at the mass center of each finger section

(Fig. 2). The relative mass densities for soft tissue and bone were considered to be 1.0 and 1.9, respectively, in the calculations.

Table 2

PCSA, fiber length, and pennation angle of the muscles used in the current

study

Muscle PCSA (cm2) Fiber length (mm) Pennation angle (deg)

FP 4.79 66 12.1

FS 4.79 70 3.1

RI 3.53 14 9.2

UI 2.80 15 9.2

LU 0.28 66 1.2

EI 1.12 60 3.5

EC 1.39 60 3.5
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at the fingertip (Fig. 3(a)) reported by Jindrich et al. (2004) was applied at

the force boundary. The time histories of DIP, PIP, and MCP joint angles

during tapping (Figs. 3(b–d)), which are the averaged values of 332 taps

collected from 16 subjects, are applied to drive the model. The joint

torques and muscle loading are predicted as a function of time. The time

histories of DIP, PIP, and MCP joint angles during tapping have been

synchronized to that of the fingertip impact force by shifting to the same

start of contact and expanding to the contact period. The experimental

joint angle data were fitted to fourth-order polynomial curves, which are

used as the model inputs. The DIP, PIP, and MCP joint angles for the

times immediately before and after the contact period are obtained by

extrapolation using the polynomial functions (Figs. 3(b–d)). The time

histories of the joint angular velocity and acceleration are plotted in

Figs. 3(e) and (f), respectively. These curves were obtained by differentia-

tions of the time histories of the joint angles.

Before the inverse dynamic calculations, the tendon lengths of the

model are adjusted to minimize the passive muscle force. The passive

muscle forces of the model are minimized at the initial posture of the

finger. The simulations are performed in two stages: (a) Calculation of the

joint torques in response to the prescribed joint motions. In this stage, all

three joints are constrained and the joint reactions are considered as the

joint torques. (b) Calculation of the muscle loading. The constraints in

the joints are removed, and the joint torques are carried by the muscles in

this stage.
3. Results

The time histories of torque in DIP, PIP, and MCP
joints during tapping are predicted and compared with the
results by Jindrich et al. (2004), as shown in Figs. 4(a), (c),
and (e), respectively. The torque in the DIP joint predicted
using our model is approximately 18% less than that by
Jindrich et al. (2004), while the predicted torques in the PIP
and MCP joints agree well with the previous results
(with relative difference less than 9%). The patterns of
the relationships of joint torque and joint angle obtained in
the current study agree well with those reported by Jindrich
et al. (2004) (Figs. 4(b), (d), and (f)).
The time histories of the active force ðFmÞ, passive force
ðFpÞ, and total force ðF tÞ of all seven muscles are depicted
(Figs. 5(a–g)) and compared qualitatively with the EMG
data measured by Kuo et al. (2006) (Fig. 5(h)), which are
related to the muscle activation timing. LUM, FDI, FDS,
FDP, and EDC in Fig. 5(h) are corresponding to the LU,
UI/RI, FS, FD, and EI/EC muscle, respectively, in the
current study. The fingertip/keypad contact period for Kuo
et al.’s (2006) study is approximately 90ms, while that for
the current simulations are approximately 180ms. Despite
the difference of the contact period for these two different
studies, the time sequences of the muscle activations
predicted in the current study are comparable with those
of the EMG measurements. The model predictions indicate
that the EI and EC muscles, which correspond to the EDC
in EMG studies, are activated before the initiation of the
downswing motion; shortly before contact, FS, FP, UI,
and RI muscles, which correspond to FDS, FDP, and FDI
in EMG studies, are activated; and finally EI and EC
muscles are re-activated. The only muscle for which the
model predictions are not in complete agreement with the
EMG signal is the LU muscle.
A close examination of the predicted muscle forces

revealed that the maximum passive forces occurred in UI
and RI muscles, which represent approximately 18%
and 10% of the total force at peak, respectively (Fig. 5).
The passive forces in all other muscles are negligible,
and they represent less than 5% of the total muscle force
at peak during the entire tapping period. The major



ARTICLE IN PRESS

14

18

22

26

0.00 0.05 0.10 0.15 0.20 0.25

D
IP

 j
o
in

t 
a
n
g
le

 (
d
e
g

)

Jindrich (2004)

Model input

DIP

20

25

30

35

40

0.00 0.05 0.10 0.15 0.20 0.25

M
C

P
 j
o
in

t 
a
n
g
le

 (
d
e
g

)

Jindrich (2004)

Current model

MCP

-8000

-6000

-4000

-2000

0

2000

4000

J
o
in

t 
a
n
g
u
la

r 
a
c
c
e
le

ra
te

 (
d
e
g
/s

2
)

PIP DIP MCP

0.0

0.5

1.0

1.5

0.00 0.05 0.10 0.15 0.20 0.25

F
o
rc

e
 (

N
)

Jindrich et al. (2004)

30

32

34

36

38

40

0.00 0.05 0.10 0.15 0.20 0.25

P
IP

 j
o

in
t 

a
n
g
le

 (
d
e
g

) Jindrich (2004)

Current model

PIP

-200

-100

0

100

200

300

400

0.00 0.05

Time (s)

J
o
in

t 
a
n
g
u
la

r 
v
e
lo

c
it
y
 (

d
e
g
/s

)

PIP DIP MCP

0.10 0.15 0.20 0.25 0.00 0.05

Time (s)

0.10 0.15 0.20 0.25
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angular accelerate. The first dashed line represents the start of the contact and the second dashed line represents the end of the contact. The experimental

measurements shown in (a)–(d) have been used as model input in the current study.

J.Z. Wu et al. / Journal of Biomechanics 41 (2008) 668–676672
muscle forces occurred during the impact period in FP, FS,
UI, and RI muscles, while they occurred before and after
the impact in EI and EC muscles. The muscle force in the
LU muscle is very small compared with that of other
muscles.

4. Discussion and conclusion

It has been hypothesized that MSDs of the upper
extremities seen in computer users are associated with
repetitive excessive muscle force production in the hands.
Thus, understanding time-dependent muscle forces during
key tapping is essential for bioengineers and ergonomic
designers to optimize keyboard design and minimize hand
injuries in the operators. In the current study, we
theoretically predicted the time histories of the joint
torques and muscle forces in an index finger during
tapping. Since the proposed model can include realistic
bony shapes, nonlinear mechanical properties of the
ligaments and tendons, and physiological muscle models,
and, most important, it has been developed on a platform
of the commercial software package AnyBody, our results
and approach can be used to solve practical problems by
bioengineers and ergonomic designers.
It has been well recognized that muscle tension will lag

behind the EMG signal under dynamic contraction
(e.g., Winter, 2005). The delay of the muscle force is due
to the fact that the twitch corresponding to each motor unit
activation potential reaches its peak 40–100ms afterward.
Thus, the resulting summation of twitch forces will have a
delay behind the EMG signals. A comparison of the timing
of the predicted muscle forces with the corresponding
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EMG data indicated that the predicted muscle forces lag
consistently behind the EMG signals by approximately
100ms, which is reasonable compared with the previous
studies (e.g., Crosby, 1978).

The comparison of the predicted time histories of muscle
forces with the EMG signals (Kuo et al., 2006) indicated
that the time sequences of the predicted forces of FP, FS,
UI, RI, EI, and EC muscles are consistent with the time
sequences of the corresponding EMG signals, while that of
LU muscle is not (Fig. 5). The model predictions indicate
that the maximal force magnitude in the LU muscle is
negligible compared with those of the other muscles, while
the EMG data showed that it was activated before the
downswing period. An activated muscle could carry a small
force that does not make a significant contribution in
comparison to other activated muscles. Therefore, the
model predictions for the LU muscle actually are not
inconsistent with the EMG data.
The predicted maximal peak forces in FS and FP

tendons (1.24 and 3.80N, as shown in Figs. 5(a) and (b),
respectively) reach approximately 0.95 and 2.90 times,
respectively, of the maximal force at the fingertip (1.31N,
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as shown in Fig. 3(a)). Our model predictions are
consistent with the recent experimental data reported by
Kursa et al. (2005), but they are substantially smaller than
the early experimental data reported by Schuind et al.
(1992) and Dennerlein et al. (1999).

The effects of the external force and mass moment of
inertia on the muscle force could be roughly evaluated by a
comparison of the muscle forces (Fig. 5) with contact force
(Fig. 3(a)) and joint angular velocity and acceleration
(Figs. 4(e) and (f)). The first peak observed in the time
histories of the muscle force should be related to the effects
of the mass moment of inertia of the finger sections because
it occurred around 25–30ms, before the fingertip and
keypad came into contact and when the joint accelerations
reach their peak. The second and third peaks were
observed in the time histories of FP, FS, UI, and RI
muscle forces, and occurred around 50 and 110ms,
respectively. These two peaks are likely related to external
forces applied at the fingertip, which also reach their
maximums around those times (Fig. 3(a)).

The slight differences in the predicted joint torques
between the current study and those by Jindrich et al.
(2004) (Fig. 4) might be explained by the differences in
finger section lengths and impact forces. It should be noted
that the results reported by Jindrich et al. (2004) are the
averages from 332 taps by 15 subjects. In the current
simulations, the time histories of a typical impact force and
the averaged joint angles were used as model inputs.
Considering the differences in finger section lengths and
experiments in each trial, these differences in the joint
torques are in a reasonable range.

In the current model, the damping effects of the soft
tissues are not considered. Consequently, the joint torques
and muscle forces at peaks predicted in our simulations
may be greater than what actually happens under
physiological conditions.

A further limitation of the current study is that the
simulations were performed using the experimental data
reported by Jindrich et al. (2004), while the predicted
muscle forces were compared with the EMG signals
reported by Kuo et al. (2006). The period of the contact
between the fingertip and keypad in the study by Jindrich
et al. (2004) is about twice as long as that by Kuo et al.
(2006). The difference in contact periods of two different
studies made the comparison of the model predictions with
the EMG measurements be limited only in time sequence
and qualitative in nature.

In summary, we have theoretically analyzed the
muscle forces and joint torques in an index finger during
a tapping task in the current study. Our results suggested
that the muscle forces in the finger during tapping
are mainly related to the impact force at the fingertip.
The proposed model can be used by researchers to improve
the design for keypads and posture to minimize the
impact force at the fingertip, thereby reducing the
musculoskeletal loading of the hand and operators’ fatigue
and injury risk.
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