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Abstract—The purpose of this investigation was to determine how the moment arms and architecture of the wrist
muscles influence their isometric moment-generating characteristics. A three-dimensional computer graphics
model was developed that estimates the moment arms, maximum isometric forces, and maximum isometric
flexion—extension moments generated by 15 muscles about the wrist over a range of wrist flexion angles. In
combination with measurements of muscle strength, we used this model to answer three questions: (1) why is peak
wrist flexion moment greater than peak extension moment, (2) why does flexion moment vary more with wrist
flexion angle than does extension moment, and (3) why does flexion moment peak with the wrist in a flexed
position? Analysis of the model revealed that the peak flexion moment is greater than the peak extension moment
primarily because of the larger (110%) summed physiologic cross-sectional area of the flexors. The larger variation
of flexion moment with flexion angle is caused mainly by greater variation of the moment arms of the major wrist
flexors with flexion angle. The location of the peak flexion moment is determined by the wrist flexion moment arms
(which tend to increase with wrist flexion) in combination with the force-length characteristics of these muscles.
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INTRODUCTION

Measuring the moments generated by muscles under
conditions of maximum voluntary contraction is the
most common method used to assess muscle strength in
general (Kulig ef al., 1984) and at the wrist in particular
(Jacobson et al., 1992; Ketchum et al., 1978; Lehman and
Calhoun, 1990). We recently reported maximum isomet-
ric wrist moments generated by ten healthy subjects over
a range of wrist flexion angle (Delp et al., 1996). These
measurements revealed three important features of the
wrist muscles. First, the peak moment generated by the
wrist flexors was substantially greater than the peak
moment generated by the extensors. Second, the max-
imum flexion moment generated by the subjects varied
more with wrist flexion angle than did the maximum
extension moment. Third, the peak flexion moment oc-
curred with the wrist in a flexed position, where the
muscle fibers are relatively short. Although these findings
represent a first step in characterizing the normal func-
tion of wrist muscles, the experimental data alone do not
allow one to determine how muscle architecture (ar-
rangement and length of muscle fibers) and moment arms
influence the moment-generating characteristics of the
wrist muscles.

Several factors contribute to the maximum isometric
moment generated by an individual muscle, including its
physiologic cross-sectional area (PCSA), moment arm
(MA), and activation. Other factors contribute to the
change in the isometric moment with joint angle, such as
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variation of MA with joint angle and the muscle’s
force-length behavior. Thus, the three experimental ob-
servations cited above could be explained by a number of
different mechanisms. For example, the peak flexion mo-
ment would be larger than peak extension moment if the
MAs of the flexors were greater than the MAs of the
extensors and/or the total PCSA of the flexors were
larger than the PCSA of the extensors. The greater vari-
ation of flexion moment with joint angle could also arise
from several mechanisms, including a greater variation of
flexor MAs with wrist angle and/or a smaller ratio of
optimal muscle-fiber length to MA for the flexors, which
causes a larger variation of sarcomere length with joint
angle (Delp and Zajac, 1992; Lieber and Bodine-Fowler,
1993). The occurrence of the peak flexion moment in
a flexed wrist position could arise from (1) the positions
of the peak MAs of the major wrist flexors, (2) the
positions of the peak forces generated by the major wrist
flexors, or (3) a combination of force and moment arm
variation with wrist flexion.

The purpose of this work was to investigate how the
moment arms and architecture of the wrist muscles con-
tribute to their moment-generating characteristics. The
investigation was organized around three hypotheses.
First, we hypothesized that the peak flexion moment was
greater than the peak extension moment because the sum
of the PCSA-MA products is greater for wrist flexors
than for the extensors. Second, we hypothesized that the
greater variation of flexion moment with wrist angle was
due to the larger variation of flexor M As with joint angle.
Third, we hypothesized that flexion moment peaked with
the wrist in flexion because of a combination of force and
moment arm variation with wrist flexion.

Because there are a large number of muscles that span
the wrist, a biomechanical model is needed to analyze the
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contributions of the muscle moment arms and architec-
ture to the moment-generating capacity. Although sev-
eral investigators have developed models of the upper
limb (Buchanan et al., 1993; Gonzalez et al., 1996; Loren
et al., 1996; Raikova, 1992; Winters and Kleweno, 1993;
Yamaguchi et al., 1995), none have developed a model of
the human wrist that includes all the muscles that span
the joint. Therefore, we developed, tested, and analyzed
a detailed biomechanical model of the wrist muscles to
determine how their PCSAs, fiber-operating lengths, and
moment arms influence wrist muscle strength.

METHODS

The wrist model represents the three-dimensional
geometry of the bones, kinematics of the joints, and the
lines of action and force-generating properties of 15
muscles. These muscles are: abductor pollicis longus
(APL), extensor carpi radialis brevis (ECRB), extensor
carpi radialis longus (ECRL), extensor carpi ulnaris
(ECU), extensor digitorum communis (EDC), extensor
digiti minimi (EDM), extensor indicis proprius (EIP),
extensor pollicis brevis (EPB), extensor pollicis longus
(EPL), flexor carpi radialis (FCR), flexor carpi ulnaris
(FCU), flexor pollicis longus (FPL), flexor digitorum
profundus (FDP), flexor digitorum superficialis (FDS),
and palmaris longus (PL). Muscles EDC, FDP, and FDS
were each represented by four digital units corresponding
to the index (I), middie (M), ring (R), and little (L) fingers
(Fig. 1).

The wrist model was implemented using the musculo-
skeletal modeling software (SIMM) described by Delp
and Loan (1995) and Delp et al. (1990). The bone geo-
metry was obtained by digitizing the humerus, ulna,
radius, carpals, and metacarpals from a male skeleton
with the use of an instrumented linkage (Faro Technolo-
gies Inc.). The muscle origins, insertions, and paths were
defined based on anatomical landmarks of the bone
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surfaces. In addition to the muscle origins and insertions,
intermediate points were introduced to constrain the
muscle paths to wrap over bones, to simulate the con-
straints imposed by retinacula, and to assure anatomical
accuracy of the model.

Wrist kinematics were constrained to the planar
motion of wrist flexion—extension. The kinematics of
flexion—extension were represented as two revolutes to
account for motion of the radiocarpal and midcarpal
joints (Ruby et al., 1988). The approximate axes of rota-
tion were at the center of the lunate for the radiocarpal
joint and at the center of the capitate for the midcarpal
joint. Wrist flexion—extension was distributed evenly be-
tween the two joints. For example, a 70° flexion of the
wrist was accomplished by a 35° rotation about the
radiocarpal joint axis and a 35° rotation about the mid-
carpal joints axis. In the model, there was no motion of
the individual carpals within a carpal row and no radial
or ulnar deviation (i.e. third digit was aligned with the
long axis of the forearm). The carpometacarpal joints and
interphalangeal joints remained at full extension during
wrist flexion-extension, as shown in Fig. 1. Although the
position of the fingers can be altered in the model, the
finger positions were fixed in this analysis so that muscle
length changes resulted exclusively from motion of the
wrist. The range of motion of the wrist model was limited
to 70° extension and 70° flexion.

The isometric force-generating property of each
muscle was derived by scaling a Hill-type muscle model
(Delp and Loan, 1995; Zajac, 1989). Four parameters
scaled the generic force-length curves for muscle and
tendon (Fig. 2) to represent an individual muscle-tendon
complex. The four parameters were: peak isometric force
(FP), optimal muscle fiber length (I7'), pennation angle
(«™), and tendon slack length (f). Three of the four
parameters (Fg', [, a™), were derived directly from ana-
tomical experiments. Values for [, and 2™ were taken
from detailed reports of muscle architecture (Jacobson
et al., 1992; Lieber et al., 1990, 1992); all the reported

Fig. 1. Muscle—tendon paths with the wrist in neutral (left, dorsal view), extended (center), and flexed (right)
positions.
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Fig. 2. Generic muscle and tendon force-length curves used in the wrist

model. Muscle force is assumed to be the sum of muscle force when it is

inactive (passive) and when it is maximally excited (active). The forces in

muscle (F™) and tendon (F') are normalized by peak isometric muscle

force (F3'). Muscle-fiber length (I"™) is normalized by optimal muscle-

fiber length (/5"). Tendon slack length () is the length of tendon at which
force begins to develop.

optimal fiber lengths were multiplied by a correction
factor of 2.7/2.2 to account for the difference between the
optimal sarcomere length of mammalian muscle (2.7 pm,
Woledge et al., 1985) and the optimal sarcomere length of
amphibian muscle used in the previous publications
(2.2 um). Peak isometric forces, FY', were determined
from anatomical measurements of the PCSA of each
muscle (Jacobson et al., 1992; Lieber et al., 1990, 1992).
Different factors were used to linearly scale PCSA to
F™ for the flexors (30Ncm™?) and extensors
(45 Ncm™ ?). These factors were derived by comparing
the experimentally measured maximum isometric joint
moments computed with the model to the maximum
moments reported by Delp et al. (1996). Buchanan (1995)
showed that it is often necessary to use different values of
maximum muscle stress for different muscle groups when
scaling PCSAs from cadaver data. Tendon slack lengths,
I, were set such that the passive momenis (i.e. the mo-
ments generated by the muscles when they are inactive)
computed with the model were consistent with experi-
mentally measured passive wrist moments (Delp et al.,
1996).

The model was used to calculate muscle moment arms,
maximum isometric forces, and maximum isometric mo-
ments from 70° extension to 70° flexion. Muscle MAs
were determined by calculating the change in the
muscle-tendon length (8/™) with respect to the change in
wrist flexion angle (26) (An et al., 1984; Brand et al., 1975;
Delp and Loan, 1995; Storace and Wolf, 1979):.

a[mt

MA = —
o0

(1

The maximum isometric force generated by a muscle
over a range of flexion angle was determined by assuming
the muscle was maximally activated and calculating the
force (active plus passive) corresponding to each flexion
angle (i.c. muscle-tendon length). The maximum isomet-
ric moment generated by each muscle was calculated as
the product of the muscle’s maximum isometric force vs
flexion angle curve and its MA vs flexion angle curve.
The moments generated by all of the flexors were sum-
med to produce the total isometric flexion moment. Max-
imum isometric extension moments were calculated with
the same procedure.
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Using the MAs estimated with the model, the sum of
the PCSA-MA products were calculated for the flexors
and extensors. These calculations were made in the neu-
tral wrist position (0° flexion) and at the joint angles
corresponding to the peak flexion and extension mo-
ments. To assure that these products were evaluated
accurately, the MA values estimated with the computer
model were compared to the experimental data from
Brand and Hollister (1993) and Loren et al. (1996). After
the model’s MAs and maximum moment estimations
were verified with experimental data, the model was used
to analyze how the muscle MAs and architectures con-
tributed to the observed moments. The results below
provide an evaluation of the model followed by a test of
each hypothesis stated in the Introduction.

RESULTS

The moment arms calculated with the model at the
neutral wrist position correspond well with MAs re-
ported by Brand and Hollister (1993) and Loren et al.
(1996) (Fig. 3). The model’'s MA—joint angle relationship
for the five dedicated wrist muscles (i.e. muscles that cross
the wrist but do not cross the interphalangeal joints) also
approximate the experimental data of Loren et al. (1996)
(Fig. 4). Specifically, the moment arms estimated for the
FCR and FCU closely match the experimental data
throughout the range of motion. The model and the
experimental data also demonstrate the same relative
magnitudes of the extensor moment arms. However, the
variation of the extensor moment arms with flexion angle
differs between the computer model and the experimental
results. The moment arms calculated for FDS and FDP
correspond well with moment arms reported by Brand
and Hollister (Fig. 5). The model and experimental data
show large changes in the MA magnitude between

+20°. MA-angle estimations determined by the
model for the remaining wrist muscles are shown in the
appendix.

The operating ranges of the five dedicated wrist
muscles are similar to ranges reported by Loren et al.
(1996) (Fig. 6). The model matches the experimental data,
except the FCR muscle, which operates at longer lengths
in the model. The model was not adjusted to match the
fiber operating range measurements of Loren et al.; these
data were used only for comparison with the model.

The model reproduces the three findings in the experi-
mentally measured maximal isometric wrist flexion and
extension moments (Fig. 7). First, peak flexion moment is
approximately 70% greater than peak extension moment
in both the computer model and the experimental results.
Second, flexion moment varies with flexion angle by
approximately 6 N m (57%) while extension moment va-
ries approximately 2.5 N m (38%). Third, the flexion mo-
ment peaks in a slightly flexed wrist position. The largest
differences between the model and the experimental re-
sults occur with the wrist in full extension (—70°). The
extension moment calculated with the model was
1.5 N'm less than the measured moment at full extension,
and the flexion moment calculated by the model was
1.9 Nm larger than the measured flexion moment.

The sum of the PCSA-MA products was greater
for the flexors than for the extensors; this explains the
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Fig. 3. Comparison of model moment arms to experimentally determined moment arms at neutral wrist

flexion—extension and radial-ulnar deviation. Extension and radial deviation are negative, flexion and

ulnar deviation are positive. Moment arms in flexion-extension and radial-ulnar deviation agreed well to

those defined by Brand and Hollister (1993) and Loren et al. (1996) at the neutral position, except for the

ECRB, ECU, FCR, and FCU where the model moment arms had a value intermediate to those reported by
the two investigations. See Methods for muscle abbreviations.
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Fig. 4. Flexion—extension moment arms from the model (A) and Loren et al. (1996) (B). Moment arms are

negative for extensor muscles and positive for flexor muscles. The experimental MA-angle relations were

derived by using a stepwise polynomial regression of multiple wrist muscle samples as described by Loren

et al., (1996). See Methods for muscle abbreviations. Flexion angles are positive, extension angles are
negative.

experimental observation that the flexors are capable of
generating a larger peak moment than the extensors. In
the neutral wrist position, the sum of the PCSA-MA
products is 32 cm?® for the flexors and 14 cm? for the
extensors (Table 1). At the joint angles corresponding to
the peak moments (40° for flexors and — 20° for exten-
sors), the sum of the PCSA-MA products is 44cm? for
the flexors and 15 cm? for the extensors. The flexors have
approximately twice the total PCSA as the extensors; this
is the primary factor that accounts for their greater
moment-generating capacity. At the joint angles cor-
responding to the peak moments, the average flexor

moment arm is 23% larger than the average extensor
moment arm; this is the secondary factor that accounts
for the peak flexion moment being larger than the peak
extension moment.

Two factors lead to the greater vanation of flexion mo-
ment with flexion angle. First, and more importantly, the
moment arms of the flexors vary more with flexion angle.
Between the angles of minimum and maximum moments,
the flexor MAs vary 45% from their maximum values, on
average, while the extensor MAs vary 34%. Second, the
force-generating capacities of the flexors vary more with
joint angle than the extensors. Averaged between the
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range of motion are the shaded curves. Model results are the dark

curves. The thin line represents the entire force-length relation of
muscle.

wrist angles of minimum and maximum moments, the
flexor muscle forces vary 14% from their maximum
values, on average, while the extensors muscle forces vary
only 8%, on average. Although the average value of
the ratio of optimal fiber length to average moment
arm (I7/MAA¥°) is similar for the flexors and extensors
(Table 1), when only the top four potential contributors
to flexion (FDP, FDS, FCU, FPL) and extension (EDC,
ECRB, ECU, ECRL) moments are considered, the aver-
age I /MA**¢ is smaller for the flexors than extensors (4.3
vs 7.2); this smaller ratio for the flexors leads to greater
variation of sarcomere length with flexion angle.
Flexion moment peaks in a slightly flexed position
because the moment arms of several important wrist
flexors (FDP, FDS, FCR, FCU) increase as the wrist is
flexed. As long as the force-generating capacity of these
muscles remains relatively constant (i.c. while the muscles

operate on the plateau region of the force—length curve)
moment increases with flexion. However, as the wrist
flexes, the muscle fibers become short and reach the
ascending region of the force-length curve. The increas-
ing moment arm and the decreasing force determine the
position of the peak moment of one of the dedicated
flexors, FCU (Fig. 8A), and of the flexor group (Fig. 8B).

The digital flexors and extensors contribute substan-
tially to wrist moment generating potential. For example,
at the joint angle of peak flexion moment (40°), FDS and
FDP account for 68% of the total moment-generating
capacity of the flexors, whereas the dedicated wrist
flexors (FCU, FCR) provide only 16% of the total (the
remaining flexor muscles, FPL, APL, PL, and EPB ac-
count for 16%). Similarly, at the angle of peak extension
moment (—20°), EDC, EDM, EPL, and EIP produce
45% of the total extension moment potential, whereas
the dedicated wrist extensors (ECU, ECRB, ECRL) pro-
vide 55% of the total.

DISCUSSION

The purpose of this study was to examine how the
moment arms and architectures of the muscles contribute
to observed maximum isometric flexion and extension
moments about the wrist. The biomechanical model of
the wrist presented here replicated the experimental
flexion and extension moments reported by Delp et al.
(1996). Analysis of the model demonstrated that the vari-
ations of the maximum isometric moments with flexion
angle are critically dependent on variation of the moment
arms with flexion angle and the operating lengths of the
muscles fibers.

Several assumptions and limitations of this study
should be considered. First, even though the computer
model replicates the measured joint moments reasonably
well, it is difficult to have full confidence in the individual
muscle force estimates because many muscles contribute
to the measured moments. Fortunately, excellent
measurements of muscle architecture (Lieber et al., 1992;
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Table 1. Flexor and extensor parameter values used by the model and muscle forces and moment arms estimated by the

model. Physiologic cross-sectional area (PCSA) and optimal muscle fiber length (/') values were taken from Jacobson et al.

(1992) and Lieber et al. (1990, 1992). Peak isometric muscle force (F™') was calculated based on PCSA (see Methods). Moment

arms (MAs) were estimated at the neutral position (0°) and the positions of peak moments: 40° for the flexors and —20° for

the extensors. The PCSA-MA products were calculated for the muscles at these wrist positions. The ratios of I[J/MA*** are

also shown, where MAAY® is the average value of the MA between + 70°. Muscle force is in Newtons (N). MAs and I are in
centimeters (cm) and PCSAs are in (cm?). See Methods for muscle abbreviations

Flexors PCSA FP [ Muscle force MA at neutral MA at 40" I /MAAY
at Neutral

(MA") PCSA+MA" (MA*°) PCSA*MA*°

FDP 79 238 7.8 234 1.2 94 1.8 14.3 58
FDS 6.3 188 7.1 182 14 8.6 22 13.7 4.4
FCU 34 103 5.1 90 1.4 4.7 1.6 5.6 3.6
FPL 2.1 62 5.5 62 1.4 2.8 2.1 43 34
FCR 20 60 6.3 59 1.6 32 1.6 3.2 44
PL 0.7 21 6.4 21 2.1 1.5 2.3 1.6 3.1
APL 1.9 58 7.1 55 0.8 1.5 0.7 1.4 10.0
EPB 0.5 14 68 13 0.4 0.2 0.4 0.2 17.5
Average 13 1.6 6.5
.~ Sum 24.8 31.8 44.3
Extensors PCSA F? m Muscle force MA at neutral MA at —20° Im/MAAY
at Neutral

(MA") PCSA*MA" (MA 2% PCSA+MA™?°

EDC 2.8 126 6.8 113 1.6 4.5 1.7 4.7 42
ECRB 2.7 123 59 120 1.6 44 1.7 4.6 39
ECU 2.6 117 62 111 0.6 L5 0.7 1.7 10.8
ECRL 15 66 94 66 1.0 15 1.1 1.6 9.9
EDM 0.6 29 6.6 28 1.5 09 1.5 1.0 4.6
EPL 1.0 4 54 43 0.8 0.8 0.8 0.8 7.2
EIP 0.6 25 59 23 1.3 0.8 1.4 0.8 4.5
Average 1.2 1.3 6.5
Sum 11.8 145 15.2

Loren et al., 1996) and detailed reports of muscle moment ~ with these experimental data. However, additional
arms (Brand and Hollister, 1993; Loren et al., 1996) are measurements of muscle-fiber-operating ranges are
available to test the model. Our model produces fiber- needed for FDS, FDP, and EDC to further test the
operating ranges and moment arms that are consistent computer model. This is especially important considering
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the potentially large contributions these muscles make to
flexion and extension moments about the wrist.

The model assumes constant, maximal activation for
each agonist muscle. Also, the model does not require the
muscles to be activated such that radial-ulnar deviation
and finger moments are zero during a simulated max-
imum contraction (this is consistent with our experi-
mental protocol that did not require subjects to balance
deviation moments or finger moments during maximum
voluntary flexion—extension contractions). Therefore,
this study did not examine how muscle activation pat-
terns affect the moment-generating characteristics of
muscles about the wrist. In our previous experimental
study of wrist muscle strength (Delp et al., 1996), analysis
of surface EMG recordings demonstrated no significant
variations in muscle activity with wrist flexion angle for
the range of motion reported here (—70 to 70°). How-
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ever, there was evidence of co-contraction in some sub-
jects, which was not accounted for in the computer
model. Additional experimental studies that measure
activity of individual wrist muscles during maximum
voluntary contractions are needed to determine how
muscle activation patterns affect flexion and extension
moments.

Homogeneous muscle fiber lengths and a single opti-
mal fiber length were assumed in the model of each
muscle. Brand and Hollister (1993) have described the
ECRL as having different fiber lengths depending on the
location of the fibers within the muscle, and presumably
other muscles have variability in fiber lengths as well.
The inclusion of heterogeneous fiber lengths in the model
of each muscle would produce a broader force-length
curve, and potentially less change in force with flexion
angle than the results reported here.

Wrist flexion—extension was divided evenly between
the radiocarpal and midcarpal joints in the model, and
the kinematics were assumed to be invariant with muscle
force. However, other studies have indicated that wrist
flexion—extension may produce different magnitudes of
rotation at radiocarpal and midcarpal joints (Berger and
Crowninshield, 1982; Sennwald et al., 1993) and that the
motions of the wrist may be load-dependent (Valero—
Cuevas and Small, 1997).

The model reported here represents the geometry of
a single specimen and utilizes average muscle-tendon
parameters collected in anatomical studies. Although this
model represents the average moment-generating char-
acteristics well, individual variations in musculoskeletal
geometry and muscle-tendon parameters can influence
moment-generating characteristics substantially. Clearly,
research aimed at demonstrating how individual vari-
ations, including pathologic changes, can be incorpor-
ated into musculoskeletal models is an important area
for future investigations.

In general, subjects cannot selectively activate their
dedicated wrist flexor and extensor muscles during
maximal isometric contractions; this makes it difficult to
estimate their contribution to the total joint moment
experimentally. Analysis of the model presented here
indicates that the dedicated wrist flexors (FCU and FCR)
provide a relatively small percentage of the total flexion
moment-generating potential. This suggests that digital
muscles (FDS and FDP) potentially play a major role in
producing wrist flexion moments during maximum vol-
untary contractions.

Our results show that the greater PCSAs of the flexors
is the primary reason that the magnitude of the peak
flexion moment is greater than the peak extension mo-
ment. The larger variation in the flexion moment with
joint angle arises primarily from the larger variation of
flexor MAs with joint angle. The position of the peak
flexion moment is determined by the interplay of the
flexor MAs and their force-length behaviors.

We believe that the development of a detailed model of
the wrist will help elucidate the factors that contribute to
normal muscle function, analyze the causes of deformities
that arise in disorders such as rheumatoid arthritis, and
help design tendon transfer surgeries and joint replace-
ments to restore musculoskeletal function. The model
described here represents a first step in this development.
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APPENDIX

Moment arms of muscles that have secondary roles at the wrist were
estimated by the model (Fig. Al). The palmaris longus and flexor
pollicis longus have moment arms that vary substantially with wrist
flexion angle. Moment arm—joint angle data for these muscles have not
been available previously.

3 -

Moment Arm (cm)

-80° -60° -40° -20° Q° 20° 40° 60° 80°
Wrist Flexion Angle

Fig. Al. Wrist muscle moment arms vs wrist flexion angle. Negative

moment arms for extensor muscles, positive for flexor muscles. Positive

angles are flexion, negative are extension. See Methods for muscle
abbreviations.



