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ABSTRACT

The specific tension of muscle (or maximum muscle stress) is the maximum force developed per unit cross-sectional
area and is a frequently used parameter by investigators estimating muscle force. Generally, it is assumed to be a
constant value for all muscles and, when multiplied by a muscle’s cross-sectional area, is used lo provide a measure
of @ muscle’s maximum force production. In this study, the specific tension for elbow flexors and for exlensors were
compared to evaluate the validity of this assumption. Maximum muscle stress was determined using maximum joinl
moments measured as a function of joint angle and using anatomical parameters reported in the literature. It was
observed that the specific tension for elbow flexors was considerably larger than for extensors when measured a variety
of ways. The exact reasons for the differences are unknown, but variations in specific tension of individual fibers
may play a role. It was concluded that the use of a constant value for specific tension in muscle models is questionable

in studies that demand accurate resuldls.
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INTRODUCTION

The ratio of the maximum force of a muscle to
its cross-sectional area is often assumed to be a
constant. This constant, o, is referred to either as
the maximum muscle stress or the muscle’s spec-
ific tension, and has been reported to be between
35-137 N/Cm* for whole muscles (e g., 3512, 39%
59-98*° 62° 907, and 137° N/cm?). Values for
specific tension of individual muscle fibers or
motor units are generally rcP()rted to be lower,
varying between 6-38 N/cm?”?

The notion that specific tension is constant for
all muscles is significant in biomechanics research
because this assumption is often used without
much question, either as a method for muscle
force prediction, as a means for validating predic-
tions made using other methods, or as a con-
straint equation in muscle models.™!"*=!7

There has alwavs been a question about the
actual value of ¢ due to the variations in the litera-
ture, which, as mentioned, span nearly a four-fold
range for whole muscle. Some of this variation is
likely due to difficulties in measuring muscle

cross-sectional area. Brand et al.'® developed the
concept of ‘physiological cross sectional area’
(which we will call PCSA or ¢), which takes into
account the fiber length of individual muscles.
This was not used in all previous studies that meas-
ured o. Nevertheless, in current studies, once a
value for o is chosen, it is generally used for all
muscles in a model.

Although considerable variance in reported
values of maximum muscle stress can be found,
no investigators have explicitly suggested that
such variations might be physiological. However,
this does not mean that questions along these
lines have not been raised. For example, Maughan
et al.'' have noted that maximum muscle force is
a poor predictor of crosssectional area. Differ-
ences in o for muscles or muscle groups might be
due to differences in specific tension of different
muscle fiber or motor unit populations'’.

In this study we examined the validity of
assuming that o is constant among muscles. We
hypothesized that significant variations in o could
be observed in different muscle groups. This was
examined for flexors and extensors in the elbow
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(chosen for experimental convenience) using
measurements of maximum joint moments and
anatomical data reported from previous studies.
Additionally, we examined whether length—ten-
sion characteristics of muscles were sufficient to
account for any differences observed.

METHODS

Maximum elbow joint moments were recorded in
flexion and extension using a rotary arm device.
The device consisted of a rotatable arm to which
a torque transducer was attached (Figure I). The
arm of the device could be moved to different pos-
itions and then locked. While sitting, the subject’s
right distal forearm was fixed in the device so that
the forearm followed the device’s arm and so that
the elbow was located over the center of rotation
of the arm of the device. The subject’s arm was
attached to the device just proximal to the styloids
via an adjustable aluminum post that could slide
along the length of the arm of the device. The
post was cushioned with rubber to make the task
more comfortable. The subject’s torso was stabil-
ized using automobile seat belts which passed over
the shoulders, crossed at the chest and were
secured at the back. This fixed the subject in the
heavy, rigid chair in order to minimize shoulder
movement during the study.

Maximum flexion and extension moments at an
elbow angle of 90° were measured for eleven male
subjects age 22-40, all of similar stature. In
addition, maximum joint moments were recorded
at seven different joint angles for five of these sub-
jects. The angles used were approximately 25°,
50°, 70°, 90°, 110°, 120° and 130° of elbow

flexion. Once the subject had moved to one of

these angles, the device was locked and the final
(actual) flexion angle was then measured with a
goniometer. The joint angles were randomized to
eliminate any effects due to order. EMGs were
recorded using surface electrodes over the biceps

Figure 1 Experimental set-up. Subjects were instructed 1o maxi-
mally flex (shown) or extend against a cushioned block in an appar-
atus that could be moved to different joint angles. Visual feedback
was provided on an oscilloscope (not shown)
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brachii and triceps. All subjects were asked to do
three repetitions at each different joint angle. To
reduce the effects of muscle fatigue, subjects were
instructed to pause between each trial for as long
as they felt was needed in order to minimize
fatigue (between one and five minutes). The sub-
jects were given visual feedback of the torque pro-
duced on an oscilloscope and when a maximum
torque was reached, 500 ms of data were collected
on a Macintosh computer with National Instru-
ments A/D boards (sampling rate: 500 Hz). The
subject was then instructed to rest until the next
trial. The torque data were analyzed offline by
averaging the torque values over the entire collec-
tion period. EMG signals were bandpass filtered
at 20-200 Hz and then digitally rectified and aver-
aged.

Anatomical data for physiological cross-sec-
tional area (PCSA) and moment arms were taken
from studies rezported by Amis et al*°, An et al*',
Edgerton et al.?, Lieber et al?®, and Murray et al.**
(Table 1). Two other sources reported in the litera-
ture?®2% were not included because their data
were based on the other studies or because their
methods were difficult to ascertain. In addition to
these data sets, a weighted average set was com-
posed. Here, the values for PCSA were computed
using a weighted average based on the numbers
of subjects in each study (Lieber et al. used 8, Edg-
erton et al, 4, An e al., 4, Amis el al., 4). This
was done by going back to the reported values of
muscle mass and fiber length and finding a
weighted average for each. Muscle mass was then
divided by muscle density (which, at
1.0597 ;/cmg, shows little variation in mammalian
muscle®’) to get volume, which was then divided
by fiber length to get PCSA.

Muscle moment arm data were taken from the
studies of Murray et al., An et al., and Amis ef al.
Murray et al.’s study computed moment arm based
on measuring muscle length with a length trans-
ducer at different joint angles and then differen-
tiating to get moment arm (R, = d//d6). The
values reported were found at 110° flexion (within
the peak plateau region for flexors and extensors)
and neutral supination. In An et al’s study,
moment arm calculations were based on serial
cross-sections. Moment arm data from Amis et al.
were taken from figures 5-7 of their paper, meas-
ured at 110° flexion.

Specific tension values were determined as the
ratio of maximum joint moment to the sum of the
products of moment arm and cross-sectional area
(see below).

RESULTS

Maximum elbow joint moments were recorded in
flexion and extension at a variety of joint angles.
These values, when taken with moment arm and
cross-sectional area values, were used to deter-
mine the specific tension (maximum stress) of the
elbow flexor and extensor muscle groups.

The absolute maximum values for elbow joint
moment were measured for the eleven subjects
(Figure 2). In all but one subject the peak flexion



Table 1
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Anatomical parameters used in this study. Physiological crosssectional arca (PCSA) and muscle moment arms in flexion—extension

are from studies by Amis et al. (1979), An et al. (1981), Edgerton et al. (1990), Lieber et ol (1993), and Murray e al. (1992). A weighted average
value for PCSA are also given (see text for details). Moment arm data from Amis ¢t al, and Murray ef al. were taken at 110° flexon and that
from An et al. is at 100°. All data correspond to a neutral supination position. Muscle abbreviations are as follows: biceps (BIC), long and short
heads of biceps (LBIC and SBIC), brachialis (BRA), brachioradialis (BRD), pronator teres (PT), anconeus (ANC), triceps brachii (TRI), and
the medial, lateral and long heads of the triceps (MTRI, LTRI, and LnTRI, respectively)

Muscle Physiological Cross-Sectional Area (¢cm?) Moment Arm (cm)
Edgerton Lieber Amis An Ave’d Murray Amis An
BIC 3.8 3.7 1.6 4.7 3.4 3.8 3.4
LBIC 2.2 3.2 2.5 2.3 3.4 3.8 3.4
SBIC. 1.6 2.5 2.1 2.4 3.4 3.8 3.4
BRA 4.7 5.6 7.0 5.0 2.8 3.0 2.1
BRD 1.8 1.3 1.8 1.5 2.0 5.2 5.0 4.2
PT 2.3 1.1 1.6 3.1 5.3 0.5 1.2 1.6
ANC 1.7 2.5 2.2 -1.1
TRI1 23.8 11.6 18.8 30.2 -1.7 —-2.0 ~2.0
MTRI 12.3 6.1 -1.7 —-2.0 —2.0
LTRI 17.0 6.0 -1.7 —-2.0 —-2.0
[.nTRI 12.3 6.7 -1.7 -2.0 —-2.0
90 —- -— — I — S _
E
5 8 0 ‘1— - - ——— ———
= 70 < —
o i
E 60 # s -
g ]
S50 ~ [BFiexion
| .
§ 40 ! ' Extension:
w
30
s .
§ 20
»x
<
=

oy
o o

Figure 2 Maximum isometric moments for cleven subjects for elbow flexion and extension at 90°. Each bar represents the maximum of at
least three trials. On average, the maximum flexion moment was 1.45 times the maximum extension moment

moment was greater than the peak extension
moment. Overall, the average maximum flexion
moment was greater than the peak extension
moment. Overall, the average maximum flexion
moment was found to be significantly greater in
flexion than extension (p < 0.0005), the ratio of
the two being 1.45 with a standard error of 0.18.
The EMG data indicated that there was no co-acti-
vation of flexors and extensors during these tasks.

Not surprisingly, the maximum moment values
were found to be strongly dependent on the joint
angle. The moment-angle relationship for a typi-
cal subject (Figure 3) demonstrates that peak joint
moment is produced at elbow angles of 90° and
108° for flexion and extension, respectively, when
taken from the peaks of 3rd order polynomial fits.
Note that peak flexion occurs at a joint angle of
18° less than that for extension. Note also that at
a joint angle of 30° flexion, the maximum joint
moment that can be produced is one half of the
peak values obtained at the optimum joint angle.
This observation holds for both flexion and exten-
sion.
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Figure 3 Maximum isometric moment values for one subject for
clbow flexion (circles) and extension (squares). Three trials were
recorded at each joint angle. A third order polynomial curve was fit
to the data (R = 0.86 for flexion and 0.91 for extension). Note that
tor both Hlexion and extension moments, at joint angles of 30° the
maximum moment that can be produced drops to about half of the
peak value obtained at optimal joint angles.
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The maximum moment-angle relationship was
compared across all five subjects for which such
data were obtained. Comparisons were made by
normalizing the data such that for each subject
the maximum extension moment recorded was
set to unity. Third order polynomial curves were
then fitted through the combined data for all sub-
jects (Figure 4).

These data suggest three things. First, there is
a decrease in maximum moment for joint angles
away from the optimal angle. Again, a decrease of
50% is observed at flexion angles of 30°. Similar
decreases begin to occur sharply at angles greater
than the peak or optimal angle, but limits on the
range of motion preclude such dramatic declines.
Second, the peak moments for flexors were found
at a joint angle of 97° from the polynomial curve
fit. Peak moments for extensors were found at
120°, at joint angles of about 23° greater than
those for flexion. Third, for these subjects the
value for maximum joint moment in flexion is on
average 40% greater than that in extension. This
corresponds with the results from the first study
(i.e., Figure 2).

Specific tension was computed by using the fol-
lowing relationship (reducing the system to one
degree-of-freedom and assuming that vector cross-
product terms are taken into account in the
moment arm values):

T=2 (RF) (1)
or
=0 (R ) (2)

=1
where 7 is maximum joint moment, R; is the
moment arm for muscle 7, and F, is the maximum

force in muscle i, which can also be expressed as
¢ times o, the maximum muscle stress or specific

A IERETH FETETE FETTEI STUUTE FUTEVI SUTUEY FEUATE FYEET L FUTETE SURETUINE SO SR OO

i 3 1 T I D I 1 T T R 1 B

$ 1.50 ]

< /"ﬂt—:—

- 3

e 1.00 - E

g ?’, X

S 050-F

= : E

H 0.00 3

g -0.50 £ \

z e r——

N I

§ 1.00 - 7 -

£ 150

T d 1 1 I ] Il ) ! 1 9

| B R L AR L Lo LTSS UMM VML B RN S
0° 30° 60° 90° 120° 150° 180°
I | I | [ I I
; 3 “ ! ! ;

Elbow Angle

Figure 4 Normalized maximum isometric moments tor five subjects
for elbow tlexion and extension. The error bars indicate confidence
intervals (< 0.05). The moment values are normalized such that
average maximum extension moment was set o unitv. Third order
polynomial curves were fit 1o the data. Gorrelation coefficients for
the curves were R =097 and 094 for tlexion and extension
moment, respectfully. Note that maximum flexion moment is 40%
greater than maximum extension moment

tension. In the above equation it is assumed that
o is the same for all muscles. Hence, by knowing
the maximum joint moment, moment arms, and
cross-sectional area, the values for o can readily
be obtained by solving equation (2).

Values for specific tension were computed this
way for flexors and extensors using five different
sets of anatomical data (Figure 5). Data from An et
al. from Table 1 were used for the first comparison.
Since some wrist and finger muscles attach on the
humerus and thus could be influencing the
results, in the second comparison, PCSA and
moment arm values from additional finger and
wrist muscles?® were also included. Third, data
from Amis et al’s moment arms and PCSA were
used. A fourth comparison used Edgerton ef al’s
PCSA values and Murray et al’s moment arms.
Finally, the weighted average PCSA values and the
Murray et al.’s moment arms were used. The spec-
ific tension values ranges from 99 to 148 N/cm*
for flexors and from 43 to 91 N/cm? for extensors.
In all cases, the specific tension for flexors was
greater than for extensors. Unfortunately,
because the published moment arm data are each
based on at most two subjects, statistical signifi-
cance cannot be ascertained. However, it is clear
that the same trend is observed for all published
data.

The length-tension relation and its influence
on the muscle stress was evaluated by computing
an average force-angle curve for the flexor and
extensor groups (Figure 6). Taking the maximum
joint moment curves (Figure 4) and dividing by
average muscle moment arm curves gives a
maximum lumped-muscle force versus joint angle
relation. The average moment arm for the flexors
was computed by averaging moment arm curves
for the primary flexors (biceps, brachialis, bra-
chioradialis, and pronator teres) using Murray et
al’s model with the wrist in a neutral position.
(These muscles all had similar relationships for
moment arm as a function of joint angle at a neu-
tral wrist position.) Curves for the extensors were
computed from the same model using an average
triceps moment arm relation. Once these lumped
muscle force curves were created, they were div-
ided by the total PCSA for the flexors and exten-
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Figure 5 Specific tension computed from the maximum moment
values of Figure 4 and different anatomical data sets. The data from
An et al. were computed two ways, first using just the primary elbow
muscles, and, second, using all muscles that cross the wrist (i.e.,
including all relevant wrist and finger muscles). Note that for all
cases the calculated specific tension was greater for flexors
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Figure 6 Maximum lumped muscle stress versus elbow angle. These
are computed by first taking the maximum joint moment curve
(from Figure 4) and dividing by average muscle moment arm curves
(using the model by Murray, 1992) to give an average force-angle
relation. Finally, these curves are divided by the total crosssectional
area (from Table 1. column 5). The shape of these curves should
reflect an average length—tension relation for the flexor and extensor
groups. Note that the peak stress for the extensors is considerably
less than the peak for the flexors

sors in order to get an average muscle stress
relation. Because a constant value was used for the
PCSA, the shapes of the calculated force-length
relation is still preserved in Figure 6. These curves
demonstrate that the extensor muscle force peaks
towards flexion (where these muscles are most
fully stretched) whereas the flexor muscle force
peaks towards full extension (where the flexors
are near maximum length).

The stress curves also show that there is a large
difference in maximum muscle stress, g, between
flexors and extensors. This is the same conclusion
that was reached from our comparison of pre-
viously reported anatomical data and our
maximum moment values (Figure 5). Further-
more, it demonstrates that these differences are
not due to length—tension effects.

DISCUSSION

It was observed that maximum elbow flexion
moment averaged to be 1.45 times greater than
maximum extension moment with the elbow in
a neutral supination position. This finding is in
general agreement with previous studies. Askew et
aP® found that maximum flexion moment at the
elbow was 1.64 times that of maximum extension
moment. In another study, Provins and Salter®
found that maximum flexion moment was 33%
greater than maximum extension moment. Qur
values are between those of these two studies. It
is likely that higher values would have been
obtained if the supination angle had been varied.
The biceps brachii’s length—tension relation
would be significantly altered with changes in
supination angle, thus presumably higher and
lower values for maximum flexion moment could
have been obtained. Notwithstanding, the data
from this and other studies indicate that
maximum elbow flexion moment is greater than
that for maximum extension moment by a factor
from 1.33 to 1.64. '

Differences in muscle specific tension: 1.S. Buchanan

Maximum muscle force is joint angle dependent

To determine if the calculated differences in spec-
ific tension could be explained by differences in
the moment-angle or length—tension relation-
ships in the flexors vs. extensors, maximum joint
moment was calculated as a function of joint
angle. It was observed that maximum joint
moment was strongly dependent on joint angle,
as has been demonstrated for the elbow flexors®.
This is not surprising because muscle fibers are
known to have non-linear length—tension relation-
ships®' and because muscle moment arms are also
joint angle dependent®. Individual muscle

‘length—tension relationships demonstrate that for

any muscle there is an optimal length (or joint
angle) at which it will produce the most force.
This is generally found at joint angles where the
muscle 1s nearly at (or even beyond) the point of
being fully stretched. (The peak of the length-
tension curve has been observed in detached
muscles under laboratory conditions and for a
specific muscle, this part of the curve may never
be reached during physiological range of
motion.) Any increase or decrease from the opti-
mal muscle length (or joint angle) will result in a
decrease in possible maximal muscle force pro-
duction. The moment arms for the elbow flexors
reach a peak at roughly the same joint angle as
does maximum flexion moment®*>**. On the other
hand, length-tension relationships for flexors
would most likely peak at lower joint angles
(much closer to full extension), as this is where
the muscles would be at maximum length. The
same studies also show that the moment arms of
the elbow extensors peak at much lower joint
angles (closer to full extension), although because
these muscles wrap around the ulna, their
moment arms do not vary as much from flexion
to extension. The length—tension relation of the
muscles must therefore be the driving force in the
moment-angle curve for the extensors, as it would
be expected to peak where the muscles were most
fully stretched—at high flexion angles.

Arguments against a single value for o

From the anatomical data and assuming a con-
stant value of o, one would predict that the
maximum joint moment for elbow flexion and
extension would be the same. This fact, although
not intuitively obvious, can be easily seen from the
anatomical data. For example, let us take the data
reported by An et al.'” for the case when the elbow
is in a neutral position at 100° flexion. At
maximum activity (maximum muscle force), the
contribution to joint moment made by a single
muscle is:

l,=0d,R (3)
Comparing flexors (biceps, brachialis, brachiorad-

ialis, and pronator teres) and extensors (triceps
and anconueus):
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DT =0 (—42.0 m-om?) (4)

extensors

DT = o (41.1 mem?). (5)

flexors

Note that the major difference between the mag-
nitude of the maximum joint moment contri-
bution between flexors and extensors lies in the
o term. If the values for o were the same for
flexors and extensors, we would predict that the
maximum joint moment in flexion (with flexors
at maximum activation and extensors relatively
quiet) would be equal to the similar maximum
value at extension. This 1s not the case, as has
been shown (Figure 4). On the contrary, calcu-
lated values of o (Figure 5) show that it is consider-
ably different for flexors and extensors.

We are not the first to suggest problems with
the idea of an invariant maximum muscle stress.
Maughan et al'¥ examined the use of maximum
muscle force (or strength) to predict muscle cross-
sectional area and concluded that “a wide vari-
ation in the ratio of strength to muscle cross-sec-
tional area was observed. ..” and “...is such that
strength is not a useful predictive index of muscle
cross-sectional area.” It is not clear whether
Maughan et al. were questioning the validity of
invariant maximum muscle stress, or just its use-
fulness as an anthropometric tool.

Along these same lines, there are anatomical
and physiological differences in muscle fibers that
could be important in determining the ¢'s. For
example, it is unclear whether or not the values
for ¢, adequately take into consideration the dif-
ferent types of muscles (e.g., pennate, bipennate,
fusiform, etc.), although Brand et al'® do claim
that their parallelepipedon method (as first
reported by Sterno in 1667) of measuring physio-
logical cross-sectional area accounts for this. Also,
there are different motor unit types that have
been labeled according to their fatiguing proper-
ties: types FF, FR, and S$*. However, besides
fatiguing at different rates, these units may also
have different specific tensions. Burke and
Tsairsis'® showed that the specific tension for type
S units in the cat gastrocnemius is considerably
smaller (about 6 N/cm?) than either type FF units
(about 15 to 20 N/em®) or type FR units (26—
29 N/cm?). Close” reported that specific tension
in female rat extensor digitorum longus is
30 N/cm?, but is 20 N/cm? for soleus. McDonagh
et al®* have shown that the same types of units
(e.g., type S or FF) may have different specific ten-
sions in different muscles. Furthermore, Kanda
and Hashizume'” recently reported statistically sig-
nificant differences between specific tension in S
units  (16.7 * 29 N/cm*®) and FF units
(25.1 £ 29 N/cm?) of rat medial gastrocnemius.

These studies indicate that differences in spec-
ific tension of muscle fibers may have a role in
influencing o. However, Close™ argues that spec-
ific tension differences that he has observed are
not due to fiber type differences, but rather are
due to “extrinsic factors that influence activation.”
Additionally, a study by Lucas et @l stands in

534

opposition to the above studies. They found
rather little difference between the specific ten-
sion of type I units (i.e., slow or S units) and type
[ units (i.e., fast units) of the cat medial gastro-
cnemius. Obviously, the role of motor unit type
on values for specific tension is still a matter of
debate, with a wide variation of specific tension
values being reported.

It has been shown in humans that different
muscles have different mixtures of fiber types
which implies that different muscles could have
significantly different properties which, in turn,
could effect the value of o. Fiber types for some
of the muscles examined in this study have been
reported®”. The percentage of fibers that were
type I (i.e., type S units) ranged from, within 95%
confidence limits, 34-51% for biceps brachii sur-
face fibers, 40-60% for deep fibers of the biceps,
30-53% for brachioradialis fibers, and 16-49% for
surface fibers of the triceps brachii. Unfortu-
nately, there is not a consistent pattern here and
composition of 40-49% type S units would fall
within the 95% confidence limits for all of these
muscles. Additionally, it should be noted that
Maughan and Nimmo™ reject the hypothesis that
fiber type can account for the variations observed
in maximum muscle stress.

Alternate explanations & sources of error

Besides the hypothesis stated (i.e., of different
values of specific tension for different muscles or
muscle groups), there are other factors that could
play a role in the phenomenon discussed. At the
experimental level, there could be errors in the
data due to anatomical variability among subjects
and effects of fatigue. Also, muscle moment arms
are difficult to estmate. However, the fact that our
data are supported by many previous studies
makes these possibilities remote.

It has been demonstrated for some muscles that
different parts of the muscle are activated for dif-
ferent tasks®*#, which implies that the effective
muscle moment arm, pulling direction, and cross-
sectional area are a function of neuronal acti-
vation. This could be significant, but at the
maximum activation levels examined, it is unlikely
it this could influence the results.

Also, the values of ¢, (physiological cross-sec-
tional area) are very difficult to estimate and there
is disagreement on how to define ¢, Brand et al*’
have shown that muscle force predictions are
quite sensitive to changes in ¢, It is possible that
the ¢, should not be taken as constants, but rather
as functions of joint angle. It could also be a func-
tion of moment direction if the muscles are com-
partmentalized such that different segments of a
muscle are used for different tasks. Furthermore,
the magnitude of the error introduced by the
complicated changes in ¢, is difficult to ascertain
because few studies on this have been done.

Muscle fiber length may also play a role. Amis
et al’’ have reported that triceps fiber lengths aver-
age 67 mm while biceps, brachialis and brachior-
adialis fiber lengths average 153, 142, and
123 mm, respectively. These differences should



make triceps force production much more sensi-
tive to changes in overall muscle length (i.e., joint
angle) than that of the eblow flexors and indeed,
this is seen in the length—tension relation (Figure
6). However, fiber length is taken into account in
determining the value of ¢, and, from our analy-
sis (Figure 0), it does not appear to be able to
account for the differences in specific tension.
The differences in fiber length between flexors
and extensors imply that tendon slack lengths may
be different. Although no data are available, it is
likely that tendon slack length is longer for
flexors. (Upon dissection, the brachioradialis and
biceps brachii have long, visible tendons whereas
the triceps brachii does not.) If this is the case, it
could shift the peaks of the length—~tension curves
in the angular domain and, to some measure,
move the curves upwards or downwards as well*,
This could account for some of the differences
observed in Figure 6, where tendon length was not
considered. Accounting for tendon slack length
would tend to lower the curves which may have a
larger effect on flexors than extensors. However,
it is unlikely that it would be of such magnitude
to completely explain the differences observed.
Also, it should be noted that whereas the brachior-
adialis muscle may have very long tendons, the
brachialis muscle (which contributes the most
force and hence dominates the elbow flexor
moment-angle relationship), most likely does not
have long tendons relative to the extensors.

Conclusions and implications

The foregoing analysis indicates that maximum
muscle stress is not the same for elbow flexors and
extensors. This may explain some of the vast dif-
ferences in what has been reported by previous
studies. The exact reasons underlying these differ-
ences are unclear. Considerable variation in spec-
ific tension of individual motor units have been
reported and are the most likely candidates to
play a role, although physiological data to support
this are inconclusive.

Our goal here, however, was not to make spec-
ific conclusions about the elbow, but rather to
examine the validity of the assumption of a uni-
form value for specific tension that could be used
for all muscles. These results indicate that biome-
chanical models using this assumption could be
introducing errors of up to 50%. This technique
is often used to estimate muscle forces and this
work clearly shows that its application should be
reconsidered in situations where accurate sol-
utions are required.
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