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Abstract
Background. Muscles which cause glenohumeral external rotation possess varying ability for
generating force and moment due to differences in muscle architecture, moment arm, and the
interaction of these two factors. This study’s purpose was to determine a complete dataset of muscle-
tendon parameters for predicting the moment generating capacity and force-length dependence for
external rotation of infraspinatus, supraspinatus and teres minor muscles.

Methods. Muscle fascicle length, sarcomere length, pennation angle, and muscle volume were
measured for sub-regions of infraspinatus and supraspinatus, and teres minor from 10 glenohumeral
specimens. Tendon excursion was measured for glenohumeral rotation. From these parameter
measurements, optimal fascicle length, physiological cross-sectional area, muscle force-length
dependence, and maximum isometric moment generating capacity were calculated.

Findings. Substantial differences were found for optimal muscle length, physiologic cross-sectional
area, and tendon length for the 10 specimens of this study. Muscle sub-region had a significant effect
on the force-length relationship for infraspinatus (P < 0.001), but was not significant for supraspinatus
(P = 0.49). For infraspinatus and supraspinatus, maximum isometric rotation moment capacity was
greater at 10° versus 60° abduction (P < 0.001). Maximum isometric rotation moment capacity for
the teres minor was greater at 10° versus 60° abduction (P < 0.01). Sub-regions demonstrated
significant differences in isometric moment capacity (P < 0.001).

Interpretation. Functional capabilities of these muscles depend on muscle architecture and moment
arm as well as their combined effects. The results allow for development of stochastic and
deterministic models of glenohumeral external rotation strength which can be used for prediction of
muscle forces and joint moments.
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1. Introduction
Measurements which allow one to understand and model muscle force and moment generating
capacity can be made directly on a muscle and the joint which it moves. Muscle physiological
cross-sectional area (PCSA) is a relative description of maximum muscle force generating
capacity. Similarly, optimal muscle length, muscle belly and fascicle lengths, and muscle-
tendon excursion relative to joint angle determine a muscle’s force-length relationship.
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Previous authors have measured muscle architecture (Amis et al., 1979; Bassett et al., 1990;
Veeger et al., 1991, 1997) and moment arms (Otis et al., 1994; Kuechle et al., 1997, 2000;
Hughes et al., 1998) at the shoulder. Due to parameter variability and covariance, it is
advantageous to measure parameters in conjunction with one another, rather than to use
parameters from different data-sets (Hoffer et al., 1989; Hoy et al., 1990; Loren et al., 1996).
In addition, stochastic musculoskeletal models (Hughes and An, 1997; McLean et al., 2003;
Valero-Cuevas et al., 2003; Davidson et al., 2004) require parameter distributions. Measuring
all parameters on the same specimens will allow for determination of parameter covariance.
However, only two studies conducted at the wrist (Loren et al., 1996), and at the elbow (Murray
et al., 2000), have measured all parameters on the same specimens.

The hypothesis for this study was that glenohumeral external rotation muscles possess varying
capacities to generate force and moment due to differences in muscle architecture, moment
arm, and the interaction of these two factors. The purpose of this study was to determine a
complete dataset of muscle-tendon parameters suitable for predicting the force generating
capacity of sub-regions of infraspinatus, supraspinatus and teres minor muscles. Combining
the information attained here with measured moment arms allows for determination of the
moment generating capacity of these muscles.

2. Methods
Data required for describing the force generating capacity of supraspinatus, infraspinatus and
teres minor were collected from 10 fresh frozen human cadaver humerusscapula extremities
obtained from anatomical donations (Table 1). Moment arm data were also measured from the
same specimens (Langenderfer et al., 2005).

The specimens were frozen at -20 °C for a period of approximately 2 weeks. Twenty-four hours
prior to dissection specimens were thawed in a room temperature water bath. Specimens were
prepared by blunt dissection of all muscles and tissue superficial to the rotator cuff. The entirety
of infraspinatus, teres minor and supraspinatus were carefully elevated from origins and placed
flat on a table. Tendon width at the musculotendinous junction, and muscle belly width at the
widest point of supraspinatus and infraspinatus, was measured with a digital caliper. Tendon
and muscle were then dissected into three and four equal width portions for the supraspinatus
and infraspinatus, respectively. The teres minor was dissected as one unit. Each muscle sub-
region was treated as an individual muscle for purposes of parameter measurement. Tendon
length was measured with digital calipers as the distance from the insertion on the humeral
head to the most distal location of muscle fascicles. Tendon thickness at the musculotendinous
junction was also measured with calipers.

Parameter measurements were sequentially taken from each muscle-tendon unit immediately
following dissection. Saline was used to prevent muscle dehydration during the protocol.
Following dissection, supraspinatus and teres minor were manipulated into parallelepipedon
shapes (An et al., 1981; Brand et al., 1981) for measurement of muscle belly length, muscle
fascicle length, and pennation angle. The infraspinatus is of irregular shape, and therefore was
positioned in a manner consistent with anatomy in order to make these measurements. Muscle
belly length, and muscle fascicle length were measured with a digital caliper to the nearest
millimeter. Muscle volume was measured via water immersion. Pennation angle was measured
with a goniometer to the nearest degree. Muscles were placed in a solution of 20% neutral
buffered formalin for 1 week for fixation.

After fixation, fascicles were dissected from the muscle interior, below the outer fascicle layer,
using fine sharp dissection. Muscles were divided into proximal, middle and distal regions,
and three fascicles were dissected from each region, respectively. This division ensured
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fascicles were obtained from all portions of the muscle. Fascicles were mounted on slides with
Kaiser’s jelly and coverslipped. A custom built diffractometer was used to measure sarcomere
lengths (Lieber et al., 1990; Murray et al., 2000; Delp et al., 2001). The wavelength, k, of the
5 mW helium-neon laser was 632.8 nm.

The width of the first order diffraction band was measured and the sarcomere length, lS, was
calculated.

l S = λ
sin θ and tanθ = y

L (1)

where L is the distance from the fascicle to the diffraction band, and y is the width of the first
order band.

Five sarcomere measurements were taken from each fascicle for a total of 45 sarcomere lengths
per muscle or muscle sub-region. This number of measurements was sufficient to achieve 80%
power of detecting the mean sarcomere length (Langenderfer et al., 2004). In rare
circumstances, 10 of 720 muscle fascicles, no diffraction pattern was observable. The fascicles
which did not yield a diffraction pattern were only once present in the same muscle, and so the
ability to measure mean sarcomere length for a given muscle was not appreciably affected.

Because diffraction pattern measurement is a subjective process, a pilot study was conducted
to assess the interrater reliability (Portney and Watkins, 1993) of multiple raters measuring the
same sarcomere diffraction pattern. All raters involved in the study independently measured
the diffraction pattern of 20 muscle fascicles. The intraclass correlation for four raters
measuring the same sarcomere length diffraction patterns was 0.99. All other measurements
(muscle belly length, fascicle length, tendon length, and muscle volume) were performed by
one rater.

Optimal fascicle lengths, lfo,were determined by normalizing the measured fascicle length,
lf, by the ratio of optimal sarcomere length (2.8 lm) (Walker and Schrodt, 1974) to the mean
measured sarcomere length

lo
f = l f 2.8

l S
(2)

Optimal muscle length was estimated as measured muscle length normalized to an optimal
sarcomere length of 2.8 lm. Muscle PCSA was determined as muscle volume divided by
optimal fascicle length. Tendon cross-sectional area was determined as tendon width multiplied
by tendon thickness.

To determine how muscle architecture and moment arm influence muscle function, the force-
length relationship and maximum isometric moment generating capacity for each muscle sub-
region was estimated (Loren et al., 1996; Murray et al., 2000). Force-length relationships were
estimated for each muscle sub-region of each specimen for glenohumeral rotation for the
position of 10° abduction. Tendon excursion as a function of joint angle was measured from
45° internal to 45° external rotation (Langenderfer et al., 2005)at10° and 60° abduction on the
same 10 specimens. Neutral rotation was defined by aligning the rod aligned with the humeral
epicondyles with the scapular plane. Inelastic tendon was assumed, and fascicle excursion as
a function of joint angle, lf(θ) was calculated from tendon excursion, etθ, and pennation angle,
a (Eq. (3)), where lf(0) and et(0) represent fascicle length and tendon excursion at neutral
rotation, respectively.

lf(θ) = lf(0) + et(θ) − et(0) ∕ cos(α) (3)

Langenderfer et al. Page 3

Clin Biomech (Bristol, Avon). Author manuscript; available in PMC 2006 August 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Rigor was assumed to develop with the humerus in neutral rotation and 10° abduction.
Consequently, the above equation yields the fascicle length measured on dissected muscles at
the position of 10° external rotation. Muscle fascicle length then was normalized by the optimal
muscle fascicle length determined via sarcomere measurements. Normalized muscle forces
were calculated from normalized muscle fascicle lengths (Zajac, 1989).

Maximum isometric rotation moment capacity was estimated as the product of PCSA, the
cosine of the pennation angle, and the maximum rotation moment arm at each of two positions,
10° abduction, and 60° abduction in the scapular plane. Maximum rotation moment arms were
determined from the tendon excursion data described earlier. In this manner, maximum
isometric rotation moment capacity is independent of muscle stress and has units of length
cubed.

Independent one-way analysis of variance (ANOVA) models were used for each muscle,
supraspinatus and infraspinatus, to determine if the muscle sub-regions were operating on
different portions of the force-length relationship. Specifically, normalized fascicle length was
determined at 15° increments from 45° internal to 45° external rotation for each sub-region of
each specimen at 10° abduction. Two-way ANOVA models were used to test for the effect of
abduction angle (10° and 60°), and muscle sub-region (four and three sub-regions, respectively)
on maximum moment capacity of infraspinatus and supraspinatus. For teres minor a one-way
ANOVA model was used to test for the effect of abduction angle on maximum moment
capacity. In each case, specimen was a blocking variable to account for interspecimen
variability. Statistical analysis was conducted with SYSTAT 10.2.

3. Results
The muscles studied here demonstrated substantial differences in optimal muscle length,
PCSA, and tendon length across the 10 specimens of this study (Table 2). The estimated force-
length relationships for the eight muscle sub-regions were determined for the range of 45°
internal to 45° external rotation with the humerus at 10° abduction relative to the scapula (Fig.
1). The supraspinatus operated through a smaller portion of its force-length relationship than
infraspinatus or teres minor. The effect of muscle sub-region on the force-length relationship
was significant for infraspinatus (P < 0.001), but was not significant for supraspinatus (P =
0.49).

Maximum moment generating capacity demonstrated variability across muscle sub-regions
and between specimens (Fig. 2). Differences in maximum moment generating capacity
reported for the 10° versus 60° abduction positions reflect differences in the moment arms
only, and not differences in muscle force between these positions. For infraspinatus, maximum
isometric rotation moment capacity was greater at 10° (mean: 4.40, SD 0.28 cm3) versus 60°
abduction (mean 2.83, SD 0.28 cm3) (P < 0.001). Muscle sub-region had a significant effect
(P < 0.001) on maximum isometric external rotation moment capacity of infraspinatus.
Maximum moment capacity increased from superior (mean 3.37, SD 0.41 cm3), to superior-
middle (mean 3.66, SD 0.41 cm3), to inferior-middle (mean 4.42, SD 0.41 cm3) infraspinatus
sub-region, and then decreased for the inferior sub-region (mean 3.01, SD 0.41 cm3) (Fig. 2).
Maximum isometric rotation moment capacity for the teres minor was significantly different
(P < 0.01) at 10° (mean 4.71, SD 0.28 cm3) versus 60° abduction (mean 5.09, SD 0.28 cm3).
For supraspinatus, muscle sub-region had a significant effect (P < 0.01) on maximum isometric
external rotation moment capacity. Moment capacity was greatest for the middle sub-region
(mean 1.53, SD 0.28 cm3) of supraspinatus as opposed to anterior (mean 1.12, SD 0.28 cm3)
and posterior (mean 1.18, SD 0.28 cm3) sub-regions (Fig. 2). The moment capacity for sub-
regions of supraspinatus at 10° abduction (1.65 ± 0.08 cm3) was greater than at 60° (mean 0.90,
SD 0.28 cm3) (P < 0.001) (Fig. 2).

Langenderfer et al. Page 4

Clin Biomech (Bristol, Avon). Author manuscript; available in PMC 2006 August 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



On average optimal fascicle length and optimal muscle length of infraspinatus increased from
superior to superior-middle, to inferior-middle, to inferior regions (Table 2). Average optimal
fascicle lengths were longer for the middle regions of supraspinatus (mean 8.4, SD 1.5 cm) as
opposed to the anterior (mean 7.5, SD 1.5 cm) and posterior regions (mean 8.3, SD 1.3 cm2).
PCSA of supraspinatus decreased on average from the anterior (mean 1.36, SD 0.40 cm2), to
middle (mean 1.27, SD 0.34 cm2), to posterior regions (mean 0.97, SD 0.40 cm2).

4. Discussion
This study generated data for describing the muscle force and moment generating capacity of
glenohumeral external rotators. These parameters can be used to develop computational models
of the musculature crossing the glenohumeral joint. Additionally, the muscle force-length
dependence and the moment generating ability of the muscles has been described. Substantial
interspecimen variability exists in these relationships. The results emphasize that a description
of the means by which a muscle actuates the musculoskeletal system requires a complete
understanding of muscle moment arm, optimal fascicle length, muscle fascicle excursion as a
function of joint angle and muscle PCSA.

This study is the first documentation of the force-length dependence in conjunction with
moment generating capacity for the muscles considered here. The force-length relationships
are not perfect, but are a step towards answering one of the most pressing current challenges
of musculoskeletal modeling. In the future it would be interesting to compare the results
determined here to in vivo measurements as have been described for other joints and muscles
(Lieber et al., 1994; Lieber and Friden, 1997). A limitation is that we were only able to
determine the relationships for the position of 10° abduction and not for the 60° abducted
position. This limitation results from assumptions for estimating muscle length as a function
of joint angle, and technical limitations for estimating and comparing tendon excursions for
multiple abduction positions using the tendon excursion method. The assumptions in the
determination of these relationships are that average sarcomere length is representative of all
sarcomeres in a given sub-region, muscle fascicles measured on the freshly harvested muscles
are for the position of 10° abduction and neutral rotation, and tendons were perfectly inelastic.
Such assumptions are not perfect, but were necessary given the limitations of this study. The
results obtained are a step towards understanding the interaction between muscletendon
properties and moment arms on shoulder external rotation strength.

Like other studies (Murray et al., 2000), we found substantial variability in sarcomere lengths
of the muscles measured here. Representing these sarcomere lengths by their mean value does
not capture this variability; however, we divided the muscles into sub-regions in order to
determine differences in force and moment generating capacity across the muscle width.
However, sarcomere lengths did not vary substantially across sub-regions (Table 2). Rather,
there was a given spread in sarcomere lengths (0.3-0.4 lm) with no systematic difference in
sarcomere length across sub-regions.

We did not know the exact joint position at which subjects deceased. We harvested specimens
from anatomical donations and the specimens were frozen, but specimens were not always
perfectly at neutral rotation and 10° abduction. We did not measure fascicle or muscle lengths
in situ, but rather made such measurements on muscles which were dissected from the
specimens. For this reason lengths might not exactly correspond to the exact shoulder position
of 10° abduction and neutral rotation. Consequently, the variability of length-tension
relationships are likely larger than would be determined from an in vivo technique.

To determine fascicle excursions from tendon excursions we assumed that tendons were
inelastic. Tendon elasticity results in maximum tendon strain of 3.3% (Zajac, 1989), and
1.99-3.68% (Loren and Lieber, 1995) at maximum isometric muscle force. The discrepancy
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in muscle strain has been found to be less than 3% when tendon was modeled as elastic versus
inelastic. (Chang et al., 1999). For the muscles considered here which are operating near the
peak of the length-tension relationship, a nominal muscle strain discrepancy of 3% introduces
an error of less than 5% for muscle force. We believe this study provides reasonable
approximations of fascicle length changes, and length-tension dependence during shoulder
external rotation.

Another shortcoming of this study is that tendon width and thickness were measured with
calipers, which is a contact based method. Non-contact methods provide a better measurement
of these parameters (Woo et al., 1990; McGough et al., 1996). Another method for measuring
tendon cross-sectional areas is volume immersion (Loren and Lieber, 1995; Langenderfer et
al., 2004). However, tendon could not be transected and measured via immersion because the
moment arm measurement technique required intact tendons.

In this study the force-length properties and the maximum isometric moment generating
capacity of infraspinatus, supraspinatus, teres minor were determined. This study is the first
attempt to describe the force-length dependence of these muscles. The data presented here
allow for determination of more descriptive muscle representations. Deterministic and
probabilistic models of shoulder external rotation strength which predict muscle forces for
infraspinatus, teres minor and supraspinatus can be developed from the data presented here.
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Fig. 1.
Estimated operating ranges of the muscles measured in this study from -45° (internal) to 45°
(external) rotation. Fascicle excursions calculated from tendon excursion and pennation angle
were normalized by optimal sarcomere length calculated from measured sarcomere lengths
and superimposed on the normalized force-length curves. The solid dark line is the mean
length-tension dependence across the 10 specimens, (+) represents one standard deviation each
direction.
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Fig. 2.
Maximum isometric rotation moment generating capacity (standard error) for sub-regions of
infraspinatus, estimated as the product of PCSA, maximum moment arm, and cosine of
pennation angle, at 10° and 60° abduction.
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Table 1
Cadaver anthropometric parameters

Specimen (gender) Height (m) Weight (kg) Scapula length
(AC-AI) (cm) Humerus length (cm)

1 (F) 1.68 50.0 17.0 31.1
2 (F) 1.63 61.4 15.6 27.4
3 (M) 1.78 58.6 17.6 29.7
4 (M) 1.75 97.7 21.7 35.8
5 (M) 1.73 60.9 20.2 37.1
6 (M) 1.96 122.7 20.7 36.7
7 (M) 1.88 118.2 19.8 33.5
8 (M) 1.57 100.0 20.5 36.4
9 (M) 1.75 109.1 19.7 32.7
10 (F) 1.68 77.3 18.6 30.9
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Table A.1
Tendon length (mm) for each muscle sub-region and each specimen

1 2 3 4 5 6 7 8 9 10

Anterior-SSP 37 31 42 52 46 64 45 17 36 25
Middle-SSP 35 29 34 55 36 47 41 12 26 19
Posterior-SSP 30 31 33 46 41 32 35 14 24 18
Superior-INF 29 32 53 68 54 37 52 37 33 20
Sup.Mid.-INF 28 28 60 72 47 45 56 33 29 20
Inf.Mid.-INF 25 22 57 57 33 64 58 30 22 19
Inferior-INF 12 18 42 39 24 30 30 23 19 18
Teres minor 8 0 28 36 34 33 32 20 14 22
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Table A.2
Tendon area (cm2) for each muscle sub-region and each specimen

1 2 3 4 5 6 7 8 9 10

Anterior-SSP 0.28 0.36 0.28 0.52 0.45 0.45 0.55 0.40 0.40 0.36
Middle-SSP 0.33 0.54 0.21 0.52 0.36 0.57 0.44 0.30 0.30 0.36
Posterior-SSP 0.37 0.45 0.21 0.31 0.36 0.45 0.33 0.30 0.30 0.36
Superior-INF 0.09 0.56 0.30 0.35 0.35 0.24 0.40 0.35 0.32 0.24
Sup.Mid.-INF 0.13 0.56 0.30 0.28 0.35 0.24 0.40 0.42 0.32 0.24
Inf.Mid.-INF 0.14 0.48 0.20 0.28 0.35 0.12 0.40 0.28 0.24 0.24
Inferior-INF 0.14 0.32 0.20 0.21 0.28 0.24 0.30 0.28 0.24 0.23
Teres minor 0.31 0.00 0.24 0.40 0.32 0.75 0.90 0.88 0.22 0.45
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Table A.3
PCSA (cm2) for each muscle sub-region and each specimen

1 2 3 4 5 6 7 8 9 10

Anterior-SSP 1.09 1.51 1.36 1.44 1.23 2.28 1.39 1.32 0.68 1.30
Middle-SSP 1.02 1.37 0.79 1.21 1.37 1.86 1.62 1.50 0.81 1.16

Posterior-SSP 0.86 0.71 0.33 1.20 1.26 0.97 1.74 1.23 0.58 0.86
Superior-INF 0.88 2.03 1.18 1.78 1.73 2.14 3.15 2.46 1.24 1.72
Sup.Mid.-INF 1.24 1.48 1.15 1.37 2.09 1.91 3.49 2.44 1.19 1.62
Inf.Mid.-INF 1.31 1.94 1.44 2.02 1.63 2.16 4.25 3.04 1.24 1.78
Inferior-INF 0.72 1.76 1.15 1.64 1.01 1.26 2.00 2.47 1.42 1.29
Teres minor 1.40 1.85 0.84 2.01 1.95 2.81 3.08 3.31 1.43 1.55
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Table A.4
Pennation angle (deg) for each muscle sub-region and each specimen

1 2 3 4 5 6 7 8 9 10

Anterior-SSP 10 10 14 5 0 10 12 10 15 10
Middle-SSP 5 5 12 5 15 20 10 24 11 12
Posterior-SSP 5 5 11 14 14 10 14 14 10 10
Superior-INF 14 16 15 15 19 15 23 13 23 14
Sup.Mid.-INF 10 16 14 10 28 12 10 15 20 15
Inf.Mid.-INF 28 12 5 12 19 27 14 23 17 18
Inferior-INF 26 15 19 26 24 15 25 10 16 16
Teres minor 19 19 5 22 0 0 12 10 12 14
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Table A.5
Muscle length (cm) for each muscle sub-region and each specimen

1 2 3 4 5 6 7 8 9 10

Anterior-SSP 10.1 9.3 8.1 11.8 11.4 12.3 10.1 12.9 11.7 9.2
Middle-SSP 1.8 8.8 10.1 14.0 13.1 15.6 14.8 12.7 12.3 11.2
Posterior-SSP 10.5 11.3 9.0 11.7 12.7 14.4 14.4 12.2 12.1 9.3
Superior-INF 12.5 12.3 9.3 15.2 13.3 15.4 14.3 13.4 13.7 12.8
Sup.Mid.-INF 13.7 14.2 10.4 16.8 13.4 17.3 15.2 15.6 15.9 15.4
Inf.Mid.-INF 14.5 13.9 11.1 18.3 16.0 18.5 16.7 17.1 18.5 15.7
Inferior-INF 15.2 14.2 12.2 19.5 17.9 20.7 17.5 18.6 15.5 15.5
Teres minor 9.3 9.7 9.5 13.4 12.3 12.1 12.0 12.4 11.9 11.0
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Table A.6
Fascicle length (cm) for each muscle sub-region and each specimen

1 2 3 4 5 6 7 8 9 10

Anterior-SSP 5.8 6.0 7.4 9.7 8.3 10.7 7.3 7.4 7.4 8.0
Middle-SSP 7.7 7.6 8.0 11.1 8.7 10.4 11.3 7.8 8.1 6.6
Posterior-SSP 6.2 9.1 7.5 9.0 9.1 10.7 10.6 8.5 7.9 8.6
Superior-INF 5.6 6.5 8.8 13.1 9.4 8.5 10.5 7.5 6.8 11.0
Sup.Mid.-INF 5.9 8.1 9.1 12.1 7.5 12.9 12.0 8.2 5.6 10.5
Inf.Mid.-INF 4.3 9.5 8.2 13.8 12.1 13.3 11.3 11.4 6.8 12.9
Inferior-INF 4.0 9.5 10.6 11.1 10.1 11.7 10.5 13.0 5.8 12.7
Teres minor 3.4 7.4 7.5 7.2 10.0 9.9 10.4 7.6 8.4 8.8
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Table A.7
Mean sarcomere length (lm) for each muscle sub-region and each specimen

1 2 3 4 5 6 7 8 9 10

Anterior-SSP 3.03) 2.59 2.89 2.71 2.52 3.23 3.02 2.56 3.14 3.42
Middle-SSP 2.75 2.73 2.70 2.92 2.53 3.18 3.21 2.56 3.07 3.48
Posterior-SSP 2.69 2.61 2.74 3.26 2.78 2.90 3.10 2.67 3.27 3.44
Superior-INF 2.26 2.94 2.67 3.20 2.84 3.28 3.36 2.83 3.31 3.54
Sup.Mid.-
INF 2.30 3.02 2.80 3.27 2.69 3.35 3.25 3.19 3.33 3.47
Inf.Mid.-INF 2.37 3.08 2.73 3.24 2.75 3.32 3.12 2.78 3.35 3.41
Inferior-INF 2.16 3.06 2.45 3.15 2.65 3.17 3.13 2.70 3.26 3.38
Teres minor 1.93 2.79 2.12 2.95 2.33 3.00 3.03 2.81 2.73 2.95
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Table A.8
Optimal fascicle length (cm) for each muscle sub-region and each specimen

1 2 3 4 5 6 7 8 9 10

Anterior-SSP 5.4 6.5 7.2 10.0 9.2 9.3 6.8 8.1 6.6 6.5
Middle-SSP 7.9 7.8 8.3 10.6 9.6 9.2 9.9 8.5 7.4 5.3
Posterior-SSP 6.5 9.7 7.7 7.7 9.2 10.3 9.6 8.9 6.8 7.0
Superior-INF 7.0 6.2 9.2 11.5 9.3 7.3 8.7 7.4 5.8 8.7
Sup.Mid.-INF 7.2 7.5 9.1 10.4 7.8 10.8 10.3 7.2 4.7 8.5
Inf.Mid.-INF 5.1 8.6 8.4 11.9 12.3 11.2 10.1 11.5 5.7 10.6
Inferior-INF 5.2 8.7 12.1 9.9 10.7 10.3 9.4 13.5 5.0 10.5
Teres minor 4.9 7.4 9.9 6.8 12.0 9.2 9.6 7.6 8.6 8.4
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Table A.9
Optimal muscle length (cm) for each muscle sub-region and each specimen

1 2 3 4 5 6 7 8 9 10

Anterior-SSP 9.3 10.0 7.8 12.2 12.7 10.6 9.3 14.1 10.4 7.5
Middle-SSP 12.0 9.0 10.5 13.4 14.5 13.7 12.9 13.9 11.2 9.0
Posterior-SSP 10.9 12.1 9.2 10.0 12.8 13.9 13.0 12.8 10.4 7.6
Superior-INF 15.5 11.7 9.8 13.3 13.1 13.1 11.9 13.3 11.6 10.1
Sup.Mid.-INF 16.7 13.2 10.4 14.4 13.9 14.5 13.1 13.7 13.4 12.4
Inf.Mid.-INF 17.2 12.6 11.4 15.8 16.3 15.6 15.0 17.2 15.5 12.9
Inferior-INF 19.7 13.0 14.0 17.4 18.9 18.3 15.7 19.3 13.3 12.8
Teres minor 13.5 9.7 12.5 12.7 14.8 11.3 11.1 12.4 12.2 10.4
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Table A.10
Maximum external rotation moment arm (cm) at 10 abduction for each muscle sub-region and each specimen

1 2 3 4 5 6 7 8 9 10

Anterior-SSP 0.46 1.10 1.44 0.22 1.01 1.70 0.89 0.17 0.78 0.51
Middle-SSP 1.21 1.34 1.86 1.22 1.44 2.59 2.15 1.06 1.48 1.03
Posterior-SSP 1.42 1.40 2.05 1.60 1.08 1.84 1.63 1.16 1.45 0.80
Superior-INF 2.26 2.28 2.94 2.05 2.23 3.38 2.25 2.32 1.91 2.03
Sup.Mid.-INF 2.27 2.68 3.12 2.56 2.43 3.21 2.67 2.73 2.08 2.39
Inf.Mid.-INF 2.47 2.83 3.34 2.14 2.44 3.52 2.63 2.86 2.18 2.41
Inferior-INF 2.45 2.73 2.67 1.79 1.89 3.33 2.64 2.58 2.19 1.97
Teres minor 2.01 2.85 2.63 2.37 1.66 2.70 2.29 2.52 1.44 2.30
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Table A.11
Maximum external rotation moment arm (cm) at 60 abduction for each muscle sub-region and each specimen

1 2 3 4 5 6 7 8 9 10

Anterior-SSP 0.49 0.71 0.82 0.62 0.46 1.07 0.42 0.81 0.62 0.34
Middle-SSP 0.71 0.61 0.98 0.51 0.91 0.91 0.82 0.62 1.12 0.40
Posterior-SSP 0.91 0.89 0.97 0.62 0.75 0.82 1.16 0.72 0.62 0.68
Superior-INF 1.49 1.62 1.54 1.30 1.72 1.89 1.78 1.42 1.29 1.29
Sup.Mid.-INF 1.48 1.44 1.93 1.62 1.86 1.63 1.74 1.98 1.77 1.01
Inf.Mid.-INF 1.82 1.33 2.30 1.66 2.12 1.84 1.42 2.20 1.68 1.27
Inferior-INF 1.90 1.70 2.22 1.80 2.20 1.86 1.66 1.95 1.94 1.35
Teres minor 2.25 2.54 2.53 2.10 2.37 3.21 2.44 2.90 2.19 1.97
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