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Abstract - Previously presented evidence indicates that carpal tunnel syndrome is related to compression of
the median nerve inside the carpal tunnel. Biomechanical arguments in which the extrinsic finger flexor
tendons inside the carpal tunnel are characterized as a frictionless pulley-belt mechanism are presented to
show quantitatively how wrist size, wrist position and hand position affect forces on the tendons and their

adjacent structures.

INTRODUCTION

Previous investigators have suggested that carpal
tunnel syndrome can be caused, precipitated or aggra-
vated by exertions with certain hand and wrist pos-
itions (Brouwer, 1920; Brain et al, 1949; Phalen,
1966, 1972 ; Tanzer, 1959; Kendall, 1960; Hymovich
and Lindholm, 1966 ; Tichauer et al., 1966, 1975, 1976
Hadler, 1977, Smith et al, 1977). It has also been
reported that carpal tunnel syndrome is from two to
ten times more prevalent in women than in men (Brain
et al., 1947 ; Tanzer, 1959 ; Kendall, 1960; Yamaguchi
et al., 1965 ; Czeus et al., 1966 ; Phillips, 1967 ; Phalen,
1972 ; Birbeck and Beer, 1975 ; Barranco and Strelka,
1976). There is general agreement among investigators
that the incidence of carpal tunnel syndrome is related
to forces on the median nerve inside the carpal tunnel.
The purpose of this paper is to present biomechanical
arguments that show quantitatively how forces inside
flexed and extended wrists are related to wrist size,
hand force and hand position.

BIOMECHANICAL ARGUMENTS

The extrinsic finger flexor muscles, which include
the flexor digitorum profundus and superficialis and
the flexor pollicus Iongus, are major force-producing
muscles during exertions of the hand. These muscles
are located in the forearm and are connected to the
fingers with long tendons that pass through the carpal
tunnel (see Fig. 1). Deviation of the wrist from the
straight position causes the extrinsic finger flexor
tendons to be displaced against, and past, the adjacent
walls of the carpal tunnel (Armstrong and Chaffin,
1978). When the wrist is flexed, the tendons are
supported by the flexor retinaculum ; when the wrist is
extended, the tendons are supported by the carpal
bones (see Fig. 2). According to LeVeau (1974), a
tendon sliding over a curved surface is analogous to a

* Received 19 November 1978.
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belt wrapped around a pulley. The force, F, ,exerted on
a pulley is a function of the belt tension, F,, the radius
of the pulley curvature, r, the coefficient of friction
between the pulley and the belt, u, and the included
angle of pulley-belt contact, 6, and is expressed:

uft

F
F,, {force/arc length) = i n
r

The coefficient of tendon-trochlear friction has not
been measured directly; however, friction measure-
ments of surfaces lubricated with bovine synovial fluid
indicate that the coefficient would be in the range of
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Fig. 1. A cross-sectional view of the carpal tunnel (adapted
from Smith, Sonstegard and Anderson, 1977).



568

EXTENSION

FLEXION

t

Fig. 2. During wrist extension and flexion, the extrinsic finger

flexor tendons are supported by anatomical pulleys with radii

r. and r, respectively. The intrawrist forces, F, and Fy, are
described by equations (2) and (3).

0.01-0.1 (Linn, 1968; Linn and Radin, 1968). For
coefficients of friction in this range, friction can be
neglected without greatly affecting force estimates:
‘thus equation (1) can be approximated by

FI.= F‘/r. (2)

Equation (2) indicates that the tendon load is appro-
ximately uniformly distributed over the trochlea. Ten-
don load per unit length as a function of tendon
curvature and load is shown in Fig. 3. It can be seen
that the contact force between the tendons and
trochleas increases directly with tendon tension and
inversely with radius of tendon curvature. The radius
of curvature can be estimated for different wrist
thicknesses (Armstrong and Chaffin, 1978); the tendon
tension can be estimated for given positions of given
sized hands (Dempster, 1961 ; Smith et al., 1964 ; Chao
et al., 1976; Armstrong, 1976).

It has been suggested that force between the extrin-
sic finger flexor tendons and the trochlea in the flexed
wrist compresses the median nerve and is a factor of
carpal tunnel syndrome (Brain et al., 1949; Robbins,
1963; Phalen, 1966). Compression of the median nerve

* The formula for the circumference of an ellipse is

\/a2+b2
c=nx s
2

where a = thickness
b = breadth
¢ = circumference.
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by adjacent tendons has been confirmed by direct
pressure measurements at the site of the median nerve
by Tanzer (1959) and by Smith et al. (1977).

In addition to the median nerve, the synovial
membranes of the radial and ulnar bursas that sur-
round the extrinsic finger flexor tendons are com-
pressed by forces in both flexed and extended wrists. It
has been suggested that repeated compression can lead
to synovial inflammation and swelling, which in turn
leads to compression of the median nerve inside the
carpal tunnel (Yamaguchi et al., 1965; Phalen, 1966,
1972; Tichauer, 1966, 1975, 1976).

Intrawrist forces and wrist size

Reportsin the literature of wrist thicknesses for male
and female populations could not be found ; however,
these dimensions can be estimated from wrist breadth
and circumference data reported by Garrett (1970a
and b} if the wrist is assumed to be shaped as an
ellipse.* The thickness of a 5 percentile female wrist is
thus estimated as 31.8 mm; the thickness of a 95
percentile male wrist is estimated as 44.8 mm. The
radius of tendon curvature for the profundus tendon in
extension and flexion were estimated to be 8.9 and
15.0 mm for the female and 12.0 and 18.1 mm for the
male (Armstrong and Chaffin, 1978). The load distri-
butions of the profundus tendons, based on equation
(2), for a 5 percentile female and a 95 percentile male
profundus tendon when the wrists are flexed and
extended are shown in Fig. 3. It can be seen that when
the wrist is extended, the load distribution on the 5
percentile female trochlea of the profundus tendon is
259, greater than the load on the 95 percentile male
trochlea; when the wrist is flexed, the load on the
female trochlea is 149 greater than the load on the
male trochlea.
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Fig. 3. Force per unit length of the flexor digitorum pro-

fundus tendon on adjacent wrist structures is shown as a

function of tendon curvature and load. Tendon curvatures for

5 and 95 percentile male and female wrists were estimated

from data of Garrett (1970a, b) and Armstrong and Chaffin
(1978).
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Fig. 4. The resultant force exerted by a tendon on adjacent
wrist structures as a function of wrist angle and tendon load.
Resultant force is independent of tendon and wrist size.

Intrawrist forces and wrist positions

The total force transmitted from a belt to a pulley
depends on how far the belt is wrapped around the
pulley and can be expressed as

Fgp = 2F,sin(0/2), (3)
where

Fg = resultant reaction force on tendons
F, = tendon tension
0 = wrist angle (degrees from straight).

The resultant force is independent of the radius of
tendon curvature, but it is a function of the angle of
wrist deviation and of tendon load. Forces that
theoretically would result at different joint angles
when given tensions are exerted on a tendon are shown
in Fig. 4. For a given tension, the resultant reaction
force increases in an approximately linear manner with
angle of deviation. Thus, exertions of the hand with a
greatly deviated wrist would result in greater total
force on the tendons and trochleas than would exer-
tions with a nearly straight wrist.

Intrawrist forces and hand position

Tendon force is a function of hand size, position and
load. For example, flexor digitorum profundus tendon
forces were calculated from a detailed three-
dimensional force analysis of cadaver hands for pinch
and grasp position by Chao et al. (1976). The loads of
the second and third profundus tendons were calcu-
lated as 4.32 and 3.68 times the pinch force and as 2.77
and 3.05 times the grasp force. In pinch, external force
is exerted only on the distal phalange, and in grasp,
loads are exerted on all three phalanges. These calcu-
lations indicate that, for a given hand force, greater
forces per unit length and greater resultant forces on
the tendons and trochleas would be produced in pinch
than in grasp.

569

SUMMARY

Biomechanical arguments show that the median
nerve is compressed between the extrinsic finger flexor
tendons and adjacent intrawrist structures during
exertions of the hand with a flexed wrist. Synovial
membranes surrounding the extrinsic finger flexor
tendons are compressed during forceful exertions with
the wrist flexed or extended. It is proposed that these
biomechanical arguments support the conclusions of
other investigations, that exertions with certain hand
and wrist positions aggravate, precipitate or cause
occupational carpal tunnel syndrome. In addition,
male—female wrist size may explain in part the prevaii-
ing differences of carpal tunnel syndrome in male and
female populations.
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