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Abstract Skeletal muscle architecture is defined as the
arrangement of fibers in a muscle and functionally defines
performance capacity. Architectural values are used to
model muscle-joint behavior and to make surgical deci-
sions. The two most extensively used human lower
extremity data sets consist of five total specimens of
unknown size, gender, and age. Therefore, it is critically
important to generate a high-fidelity human lower
extremity muscle architecture data set. We disassembled
27 muscles from 21 human lower extremities to charac-
terize muscle fiber length and physiologic cross-sectional
area, which define the excursion and force-generating
capacities of a muscle. Based on their architectural fea-
tures, the soleus, gluteus medius, and vastus lateralis are
the strongest muscles, whereas the sartorius, gracilis,
and semitendinosus have the largest excursion. The
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plantarflexors, knee extensors, and hip adductors are the
strongest muscle groups acting at each joint, whereas the
hip adductors and hip extensors have the largest excursion.
Contrary to previous assertions, two-joint muscles do not
necessarily have longer fibers than single-joint muscles as
seen by the similarity of knee flexor and extensor fiber
lengths. These high-resolution data will facilitate the
development of more accurate musculoskeletal models and
challenge existing theories of muscle design; we believe
they will aid in surgical decision making.

Introduction

Skeletal muscle architecture is defined as the arrangement
of muscle fibers in a muscle [9] and predicts muscle
functional capacity [2, 24]. Although other physical
parameters such as muscle mass and volume and other
metabolic parameters such as fiber type distribution sub-
stantially influence contractile properties, none predicts
muscle function as well as muscle architecture [3, 19].
Architectural data, particularly in humans, are used
extensively to model muscle-joint behavior [4] and to make
surgical decisions [16]. Relative to clinical practice, the
development of new upper extremity surgical reconstruc-
tive procedures has evolved based on increased
understanding of muscle function derived from studies of
muscle architecture [7, 12].

The architectural properties of small numbers of human
lower extremity muscles have been reported in several
studies, some of which used indirect methods to assess the
architecture [11, 14, 23, 26]. The two most extensively
used data sets representing direct measurements of human
lower extremity architecture consist of only five specimens
of unknown size, gender, and age [8, 30]. This small
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sample size precludes generating confidence intervals to
obtain accurate predictions of muscle force or excursion
and understanding issues of scaling effects or gender dif-
ferences in muscle architecture. A second problem with
previous studies is technical—the failure to measure sar-
comere length. This measurement is critical because the
sarcomere is the basic unit of force generation in muscle
[10]. Without direct measurement of sarcomere length on a
specimen-by-specimen basis, it is not clear if fiber length is
altered owing to variations in joint angle, muscle stretch
during fixation, or fiber stretch during dissection. Thus,
previously published data are unreliable because of limited
sample sizes, limited numbers of muscles, and limited
information regarding the sarcomere length at which
muscle fiber length and physiologic cross-sectional area
(PCSA) were calculated. It is important to generate a high-
fidelity data set that can be used by the orthopaedics and
musculoskeletal modeling communities for their particular
applications.

Thus, the purposes of this study were to (1) generate a
high-fidelity data set that defines the architectural proper-
ties of each major human lower extremity muscle; (2) to
define the individual muscles with the largest force-gen-
erating and excursion capacity across the entire lower
extremity; (3) to define the muscle groups with the largest
force-generating and excursion capacity at each joint; and
(4) to understand the fundamental design features of
muscle groups and individual muscles that allow them to
perform the specific tasks required for movement.

Materials and Methods

We removed 27 muscles (Table 1) from each of 21 form-
aldehyde-fixed human lower extremities (mean age =+
standard deviation, 83 & 9 years; male:female ratio, 9:12;
height, 168.4 £ 9.3 cm; weight, 82.7 £ 15.3 kg). With the
exception of the intrinsic muscles of the foot (described
previously [15]), this is a near-complete list of lower
extremity muscles. Whole specimens were disarticulated,
leaving one lower extremity intact from T12 to the toes.
Before skinning, we obtained high-resolution MR images
(1-mm® voxels) of each specimen on a 3T GE Signa®™
Excite™ scanner (General Electric, Milwaukee, WI).
Additionally, high-resolution CT images (1-mm-thick
spiral acquisitions) were obtained of five specimens using a
Toshiba four-slice Aquilion™ scanner (Toshiba American
Medical Systems, Inc, Tustin, CA). After imaging, legs
were dissected through the deep fascia and each muscle
was removed from its most proximal origin to its most
distal tendon attachment. Muscles were stored in 1X
phosphate-buffered saline for 24 to 48 hours before
architectural measurements. After muscles were excised,

Table 1. Muscle group definition

Action Muscles

Ankle plantarflexion Soleus

Gastrocnemius (medial and lateral)
Flexor hallucis longus

Flexor digitorum longus

Tibialis posterior

Peroneus longus

Peroneus brevis

Ankle dorsiflexion Tibialis anterior

Extensor hallucis longus
Extensor digitorum longus
Knee extension Rectus femoris
Vastus lateralis
Vastus medialis
Vastus intermedius
Knee flexion Bicep femoris (long and short)
Semitendinosus
Semimembranosus

Hip extension Gluteus maximus
Bicep femoris (long)
Semitendinosus
Semimembranosus
Hip flexion Psoas

Iliacus

Rectus femoris
Sartorius

Hip abduction Gluteus medius
Hip adduction Adductor magnus
Adductor longus
Adductor brevis

Gracilis

representative skeletal measurements, including femur
length (greater trochanter to tibiofemoral joint line), epic-
ondylar width, tibial plateau width, tibial length
(tibiofemoral joint line to the distal end of the medial
malleolus), and calcaneal width (width of the calcaneal
tuberosity), were made on each specimen to define the size
of each subject (Table 2). These landmarks were chosen to
facilitate comparisons with patient data obtained without
radiographic films.

A recent study and pilot experiments have revealed the
large regional variation in specific muscles (see, eg,
Figure 1 of Wardetal. [27]). Based on our anticipation of the
need for developing high-resolution muscle models and our
desire to make this large data set as universally accessible as
possible, we thus mapped each muscle for the specific
location of our physical measurements (Fig. 1). A complete
set of maps is available online (http://muscle.ucsd.edu).
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Table 2. Skeletal morphology and joint geometry

Joint Value

pennation angle was measured in each of these regions
with a standard goniometer as the angle between the fibers
in each region with respect to the distal muscle tendon.

Femur length (cm) 434 £27 Because fibers project at a three-dimensional (3-D) angle
Epicondylar width (cm) 8.1+0.8 relative to the distal tendon, muscles were placed in a
Tibial length (cm) 370 £ 2.2 single plane, facilitating 2-D pennation angle measure-
Tibial plateau width (cm) 79 +0.38 ments. Fascicles then were placed in mild sulfuric acid
Calcaneal width (cm) 35+05 solution (15% v/v) for 30 minutes to partially digest sur-
Ankle (plantarflexion) 49.0° 4+ 13.8° rounding connective tissue and then were rinsed in
Knee (flexion) 0.8° £ 2.6° phosphate-buffered saline. Under magnification, three
Hip (flexion) —0.2° £ 3.0° small muscle fiber bundles (consisting of approximately 20
Hip (abduction) 1.8° £ 4.1° single cells) were isolated from each muscle region and
Hip (internal rotation) —3.8° & 14.7° mounted on slides. Bundle sarcomere length (Ls) was

Values expressed as mean =+ standard deviation.

Muscle architecture was measured according to the
methods developed by Sacks and Roy [25] as described by
Lieber et al. [17] for upper extremity muscles. Briefly,
muscle specimens were removed from buffer, gently
blotted dry, and weighed. Muscle mass was not corrected
for formaldehyde fixation, but external tendons, connective
tissue, and fat were removed before weighing. Muscle
length (Lm) was defined as the distance from the origin of
the most proximal fibers to insertion of the most distal
fibers. Raw fiber length (Lf') was measured from the pre-
viously mapped three to five regions in each muscle using a
digital caliper (accuracy, 0.01 mm). Muscle fiber bundles
were carefully dissected from the proximal tendon to the
distal tendon of each mapped muscle region. Surface

Fig. 1 Representative muscle
maps indicate the location of
muscle fiber sampling (1 to 3 for
each muscle localized with dotted
lines) and muscle length (Lm)
measurements for five representa-
tive muscles. Complete maps for
all muscles sampled are available
online at http://muscle.ucsd.edu.

determined by laser diffraction using the zero-to-first-order
diffraction angle as described by Lieber et al. [17]. Values
for normalized Lf then were calculated for the isolated
bundles according to the following equation [22]:

Lf = Lf' (2.7 um/Ls) (1)

where Lf' is the raw fiber length, Ls is the measured sar-
comere length in each fiber bundle, Lf is normalized
muscle fiber length, and 2.7 pm represents the optimum
sarcomere length for human muscle [22]. This process
permits fiber length comparisons between muscles despite
the fact that muscles may be fixed in various degrees of
tension and, therefore, at various sarcomere lengths [5]. In
terms of performance, normalized muscle fiber length is an
index of a muscle’s ability to change length (excursion)
and its velocity [21]. For example, muscles with relatively

long |
head

short
head

: biceps
semimembranosus femoris

vastus
lateralis

rectus

vastus
1S femoris

mediz
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long fibers are predicted to operate over a relatively large
muscle length range and can achieve faster velocities
compared with a shorter-fibered muscle.

We calculated normalized Lm using a similar equation.
Fiber length to muscle length ratio (Lf/Lm ratio) was cal-
culated by dividing normalized fiber length by normalized
muscle length. The Lf/Lm ratio indicates a muscle’s
excursion design. For example, if a muscle contains fibers
that span the entire muscle length (Lf/Lm ratio = 1), it is
designed more for excursion compared with a muscle that
has fibers spanning only %2 of the muscle length (Lf/Lm
ratio = 0.5). This ratio is useful because it is independent
of the absolute magnitude of muscle fiber length and per-
mits design comparisons across muscles.

Physiologic cross-sectional area (PCSA) was calculated
according to the following equation [24]:

PCSA (cm?®) =M (g) x cos0/p (g/cm’) x Lf (cm)  (2)

where 0 is pennation angle and p is muscle density
(1.056 g/cm3) [28]. The PCSA is proportional to a mus-
cle’s maximum force-producing capacity [24].

Given the size of the data set (nearly 20,000 data
points), it was useful to define muscle groups about each
joint (Table 1). Although we appreciate that many muscles
have secondary actions at other joints, we defined muscle
groups based on their primary action. This definition
scheme left only four muscles listed for more than one
action; the semitendinosus, semimembranosus, and bicep
femoris (long) all were considered hip extensors and knee
flexors, and the rectus femoris was considered a knee
extensor and hip flexor.

Joint angles were measured from 3-D reconstructions of
the CT scan data in a subsample set of five lower
extremities to define the position of fixation (Table 2).
Given that muscles were fixed in this position, muscle
lengths, fiber lengths, and sarcomere lengths correspond
exactly to these joint positions. Ankle plantarflexion was
defined as the angle between the tibial diaphysis and the
fifth metatarsal. Knee flexion was defined as the angle
between the femoral and tibial diaphyses. Hip flexion was
defined as the angle between the femoral diaphysis and a
line intersecting the anterior-superior iliac spine-posterior-
superior iliac spine (ASIS-PSIS) line. Hip abduction was
defined as the angle between the femoral diaphysis and a
line intersecting the ASIS-ASIS line. Hip rotation was
defined as the angle between the femoral epicondylar line
and the ASIS-ASIS line. Lower extremities were fixed in
the anatomic position, with the exception that ankles were
in 50° plantarflexion (Table 2). This measurement deviates
from the clinical measurement of plantarflexion because
the distal reference line follows the fifth metatarsal instead
of the sole of the foot.

Although multiple measurements were made on each
muscle, only muscle averages are presented here. In the
case of muscle fiber lengths, in which regional fiber length
heterogeneity may be of importance, the coefficient of
variation for fiber lengths also is noted. All values are
reported as mean = standard deviation unless otherwise
noted. Between-muscle and between-muscle group com-
parisons of mass, mean fiber length, and total PCSA were
made with one-way ANOVAs after confirming the
assumptions of normality and homogeneity of variances
were met. Post hoc Tukey’s tests were used to identify
specific muscle differences. All analyses were performed
using SPSS® software (Version 16.0; SPSS Inc, Chicago,
IL). Significance was set at p < 0.05 for the ANOVA and
post hoc tests.

Results

We generated a high-resolution data set of 27 major mus-
cles in the human lower extremity from approximately 20
specimens per muscle (Table 3; Fig. 2). These data define
the mass, muscle length, fiber length, fiber length vari-
ability, sarcomere length, pennation angle, PCSA, and fiber
length to muscle length ratio of each muscle. Maps of each
sampling region, in each muscle, are available at
http://muscle.ucsd.edu.

Considering the entire lower extremity, the three stron-
gest muscles (based on PCSA) were the soleus, vastus
lateralis, and gluteus medius (Table 3; Fig. 2). This is not
surprising because they are all antigravity muscles, but it is
surprising the single strongest muscle was observed distal
in the leg where muscle volumes tend to be smallest. The
muscles with the longest fiber lengths (implying the
greatest excursion) are the sartorius, gracilis, and semi-
tendinosus (Table 3; Fig. 2). Although they all cross the
hip and knee, the feature they share in common is knee
flexion. The semitendinosus ranks high in fiber length only
when the proximal and distal heads of the muscle are added
in series, which is likely to reflect the actual function of the
muscle based on its dual innervation [13].

When muscle groups were compared at each joint, the
ankle plantarflexors had larger total PCSAs and shorter
mean fiber lengths than the dorsiflexors (Table 4; Fig. 2).
The knee extensors had larger total PCSAs compared with
the flexors, but each muscle group had similar mean fiber
lengths (Table 4; Fig. 2). The hip extensors had larger total
PCSAs compared with the flexors, abductors, and adductors,
and the extensors and abductors had shorter mean fiber
lengths than the flexors and adductors (Table 4; Fig. 2).

In terms of fundamental design features, large mass and
short fiber length both contribute to large PCSA when the
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lower extremity is considered as a whole (Fig. 3). For
example, the soleus has a modest mass (275.8 £ 98.5 g)
and very short fibers (4.4 + 1.0 cm), which result in its
exceptionally large PCSA. This is in contrast to the vastus
lateralis, which has a much larger mass (375.9 £ 137.2 g)
but a modest fiber length (9.9 + 1.8 cm). It also was noted
biarticular muscles did not necessarily have longer fibers
than uniarticular muscles. For example, the knee extensors
(primarily uniarticular) and flexors (primarily biarticular)
had similar fiber lengths (Table 4; Fig. 2) and the rectus
femoris muscle (a two-joint muscle) had the shortest fibers
in the quadriceps muscle group (Table 3; Fig. 2).

<« Fig. 2A-C Scatterplots of muscle fiber length versus PCSA for the

(A) ankle, (B) knee, and (C) hip are shown. (A) At the ankle, the
muscles follow the classic tradeoff between PCSA and fiber length;
large PCSA correlates with short fibers. Also at the ankle, plan-
tarflexor and dorsiflexor fiber lengths are dramatically different from
those of previous reports [8, 30]. (B) At the knee, the quadriceps and
hamstrings have opposite architectural trends. The quadriceps mus-
cles range from short-fibered, small PCSA to long-fibered, large
PCSA, whereas the hamstrings follow the classic pattern of short
fibers, large PCSA to long fibers, and small PCSA. Importantly, the
vastus lateralis would be expected to dominate function. (C) At the
hip, the muscles follow the classic trade-off between fiber length and
PCSA. The gluteus medius and maximus would be expected to
dominate function. PCSA = physiologic cross-sectional area; Sol =
soleus; GMH = gastrocnemius medial head; LMH = gastrocnemius
lateral head; TP = tibialis posterior; PL = peroneus longus;
PB = peroneus brevis; FHL = flexor hallucis longus; FDL = flexor
digitorum longus; TA = tibialis anterior; EHL = extensor hallucis
longus; EDL = extensor digitorum longus; VL = vastus lateralis;
VM = vastus medialis; VI = vastus intermedius; RF = rectus femo-
ris; ST = semitendinosus; SM = semimembranosus; BFLH =
biceps femoris lateral head; BFSH = biceps femoris short head; G
med = gluteus medius; G max = gluteus maximus; Add
M = adductor magnus; Add L = adductor longus; Add B = adduc-
tor brevis; GR = gracilis; SR = sartorius. All values are plotted as
mean =+ standard error. * = muscles with the largest (p < 0.05)
PCSA in their respective muscle group.

Discussion

Muscle architectural values are the best predictors of
muscle function. Musculoskeletal models and surgical
decision making are dependent on accurate estimates of
these parameters. Given the importance and paucity of such
data, our purposes were (1) to generate a high-fidelity data
set that defines the architectural properties of each major
human lower extremity muscle; (2) to define the individual
muscles with the largest force-generating and excursion
capacity across the entire lower extremity; (3) to define the
muscle groups with the largest force-generating and
excursion capacity at each joint; and (4) to understand the
fundamental design features of muscle groups and indi-
vidual muscles that allow them to perform the specific
tasks required for movement.

There are several limitations to these data. First, given
the advanced age of cadaveric specimens, it is possible
these values, particularly PCSA, may be smaller than the
PCSAs observed in patients. Although the relative com-
parisons between muscles and groups are likely accurate,
the effect of age on architecture is the focus of current work
in our laboratory. Second, for the purposes of modeling,
muscle lengths, fiber lengths, and sarcomere lengths at a
given joint position are critical pieces of information. On
average, these specimens were fixed in approximately
neutral hip and knee positions and ankle plantarflexion.
This resulted in relatively long (and therefore likely more
accurate) sarcomere length-joint angle data for the hip
flexors, hip adductors, knee flexors, and ankle dorsiflexors.
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Table 4. Comparisons of muscle group architecture

Joint Muscle Mean fiber Total PCSA
group length (cm) (sz)

Ankle Plantarflexors 48 £ 1.1* 124.3 £ 30.4*
Dorsiflexors 7.1 £ 1.1 19.7 £ 4.6

Knee Extensors 9.3 +2.1 88.4 + 305
Flexors 9.3+ 26 40.1 £ 13.6

Hip Extensors 10.5 + 3.6% 73.4 + 20.5%
Flexors 17.4 + 135 359 +9.0
Abductors 73 £ 1.6% 36.0 + 14.3
Adductors 16.0 £ 6.0 36.2 + 104

Values expressed as mean =+ standard deviation; * significant
(p < 0.05) difference between plantarflexors and dorsiflexors; 'sig-
nificant (p < 0.05) difference between knee extensors and knee
flexors; significant (p < 0.05) difference between hip flexors,
abductors and hip extensors, adductors; §signiﬁcant (p < 0.05) dif-
ference between hip extensors and flexors, abductors, adductors.

In contrast, the hip extensors, hip abductors, knee exten-
sors, and ankle plantarflexors were slack. Therefore,
without muscle activation, it is impossible to determine
whether these sarcomere length-joint angle data accurately
reflect the in vivo configuration. This is the topic of
ongoing research in living patients. However, because
muscle lengths and fiber lengths are normalized, and
therefore not dependent on the position of fixation, they are
not subject to the same potential for error.

Relative to previous architectural data, comparison with
the data reported by Wickiewicz et al. [30] is particularly
important because they are the most widely used data set
for musculoskeletal modeling. Their data were presented
almost 30 years ago as a pilot project by a medical student
working in a muscle laboratory (verbal communication, V.
R. Edgerton, PhD, 2008). The two functionally dominant
architectural parameters, fiber length and PCSA, differed
from published parameters [8, 30] by 10% to 100%. The
key differences in our data are the longer fiber lengths of
the knee extensors, knee flexors, and ankle plantarflexors
and shorter fiber lengths of the ankle dorsiflexors. Thus,
musculoskeletal models based on previous architectural
data are likely in error. Based on our measurement of the
typical fixation angles of cadaveric specimens (Table 2),
these findings suggest previous muscle fiber length values
were based on nonnormalized fiber lengths. Without sar-
comere length normalization, as described in Materials and
Methods, fiber length values are confounded by fixation
and measurement conditions. Although these differences
may not seem large, the differences in the plantarflexors
were as large as 200%, which would artificially narrow and
increase the height of their predicted length-tension curves.
This is important because musculoskeletal models are
largely driven by the muscles’ architectural properties [4].
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Fig. 3A-B Scatterplots of (A) muscle mass versus muscle PSCA and
(B) muscle fiber length versus PCSA for the 27 muscles in the 21
specimens show the relative importance of muscle mass and fiber
length on PCSA and suggest muscles achieve large PCSAs (force-
generating capacity) by adding mass and/or shortening fiber length.

In terms of PCSA, these data show the lower extremity has
several key muscles. The soleus, vastus lateralis, and glu-
teus medius are likely the most important muscles acting at
the ankle, knee, and hip, respectively, based on their high
force-generating capacity.

Considering each joint and muscle group individually,
these data suggest muscle design features vary widely even
within synergists (Table 2; Fig. 3). The ankle is perhaps
the best example of this concept. For example, the soleus
has nearly 12 times the PCSA of the flexor digitorum
longus and the lateral head of the gastrocnemius has 1.5
times the fiber length of the tibialis posterior. However, it is
important to understand muscles operate in the context of
joints, which directly influences function. Joint geometry
(moment arm in particular) may serve to either magnify or
minimize architectural differences between muscles. For
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example, each head of the gastrocnemius has a consider-
ably larger PCSA, longer fibers, and larger moment arm for
plantarflexion than the tibialis posterior. In this case, the
larger gastrocnemius moment arm magnifies the torque-
generating differences, but the longer gastrocnemius fibers
may support the large excursion resulting from the larger
moment arm, thereby minimizing the operating range dif-
ferences between these two muscles. In each muscle group
at the ankle, fiber length was exceptionally homogeneous,
with the exception of the tibialis posterior, which had the
shortest fibers in the ankle complex. This may be clinically
important because of the relative frequency of tibialis
posterior tendinopathy at the ankle and the implication of
short fibers putting muscles at risk for this condition [27].

Across the entire lower extremity, muscle mass and
muscle fiber length seem to be important in determining
muscle force-generating capacity (Fig. 3). As muscle mass
increases, muscle PCSA increases, but not in a perfectly
uniform fashion (Fig. 3A). This nonlinear relationship is
more obvious when fiber length is considered. In muscles
with relatively short fibers, PCSA is independent of fiber
length, but in muscles with very long fibers (> 200 mm),
PCSA is uniformly small (Fig. 3B). This reinforces the fact
that mass and volume (two of the most commonly measured
or derived parameters) are poor predictors of function but
often are interpreted as dominating function. Clearly,
human lower extremity muscles achieve widely different
functions based on judicious distribution of sarcomere mass
in series and in parallel. Contrary to findings in other
mammalian systems, some muscles have been designed to
produce large forces by packing very short fibers into
moderately sized muscles (ie, the soleus and gluteus me-
dius), whereas others have long fibers in very large muscles
(ie, the vastus lateralis and gluteus maximus). This is fun-
damentally important because it has been hypothesized
muscle design favors a dichotomy of either short fibers and
large PCSA or long fibers and small PCSA [21]. In theory,
this is an attempt to minimize the metabolic cost of sup-
porting the large muscle volume required for a muscle to
have long fibers and a large PCSA. In effect, these muscles
(ie, the vastus lateralis and gluteus maximus) are super
muscles capable of producing very large forces, large
excursions, and high velocities. From a biomechanical
perspective, this suggests these muscles are the key power
producers of the lower extremity. Our data also contradict
the commonly held belief that biarticular muscles have
longer fibers compared with uniarticular muscles [8, 30].
Several obvious examples are illustrated by comparing the
rectus femoris with the remaining vasti and the biceps
femoris long head with the biceps femoris short head.
Although it is reasonable to expect total muscle excursion is
large when both joints of a biarticular muscle are positioned
to stretch a muscle, the reality is, during most activities of

daily living, these joints move synergistically to maintain
near-constant muscle length. Because fiber strain is a major
determinant of muscle injury [18, 29], these data also may
explain the anatomic basis for the observation that ham-
string injuries most often are observed in biarticular
muscles; simultaneous knee extension and hip flexion will
result in tremendous muscle fiber strain in these muscles.

Clinically, these data may be important for selecting
appropriate donor muscles during tendon transfer surgery.
Matching of donor and host muscle architectures has been
used for some time in the upper extremity [1, 6, 17]; one
study suggests matching positively influences functional
outcomes [20]. These data will allow architectural match-
ing between donor and host muscles in the lower extremity.

Data from this study are important for numerous rea-
sons. First, they support the notion that the soleus, vastus
lateralis, and gluteus medius are the keys to ankle, knee,
and hip function, respectively. Second, previous assertions
[8, 30] that the hamstrings are designed for excursion,
whereas the quadriceps are designed for force production
are not supported by these data. In fact, as a whole, they are
no different from one another despite the hamstrings’ two-
joint functions. Finally, these data will allow architectural
matching between donor and host muscles during lower
extremity tendon transfer surgery.
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