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Material Properties of the Axillary
Pouch of the Glenohumeral
Capsule: Is Isotropic Material
Symmetry Appropriate?
Inconclusive findings regarding the collagen fiber architecture and the material properties of the glenohumeral capsule make it unclear whether the material symmetry of the
glenohumeral capsule is isotropic or anisotropic. The overall objective of this work was
to use a combined experimental and computational protocol to characterize the mechanical properties of the axillary pouch of the glenohumeral capsule and to determine the
appropriate material symmetry. Two perpendicular tensile and finite simple shear deformations were applied to a series of tissue samples from the axillary pouch of the glenohumeral capsule. An inverse finite element optimization routine was then used to determine the material coefficients for an isotropic hyperelastic constitutive model by
simulating the experimental conditions. There were no significant differences between the
material coefficients obtained from the two perpendicular tensile deformations or finite
simple shear deformations. Furthermore, stress-stretch relationships predicted by utilizing the material coefficients from one direction were able to predict the responses of the
same tissue sample in the perpendicular direction. These similarities between the longitudinal and transverse material behaviors of the tissue imply that the capsule may be
considered an isotropic material. However, differences did exist between the material
coefficients obtained from the tensile and shear loading conditions. Therefore, a more
advanced constitutive model is needed to predict both the tensile and shear responses of
the material. 关DOI: 10.1115/1.3005169兴

Introduction
The glenohumeral capsule is a complex sheet of fibrous tissue
composed of several variably thick regions 共superior glenohumeral ligament, middle glenohumeral ligament, anterior and
posterior bands of the inferior glenohumeral ligament 共IGHL兲,
and the axillary pouch兲 that function collectively to stabilize the
shoulder in extreme ranges of motion 共Fig. 1兲 关1,2兴. Specifically,
the axillary pouch of the IGHL is the primary stabilizer when the
joint is placed in abduction and external rotation—the position in
which joint dislocations occur most frequently. Previously, these
regions have been treated as discrete uniaxial ligaments 关3–7兴.
However, recent experimental data have suggested that the capsule functions more like a fibrous sheet of tissue, as the strain
关8,9兴 and force 关10兴 distributions are multiaxial and not aligned
with the longitudinal direction of these regions. These multiaxial
strain distributions may be attributed to the complex deformations
that the capsule undergoes as it wraps around the articular surface
of the humeral head.
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The material and structural properties of each region of the
capsule have been evaluated extensively in the direction parallel
to its longitudinal axis 关11–17兴 but the material response of the
capsule along other directions remains largely unknown. Previous
studies have evaluated the material properties of this tissue in two
perpendicular directions utilizing dog-bone tissue samples
关18,19兴. The preparation of these tissue samples may have removed important collagen fiber interactions along their edges.
These interactions might not have been severed in a reproducible
manner between tissue samples and affected the resulting material
properties. Moreover, discrepancies exist regarding the collagen
fiber organization of the axillary pouch, with one study reporting a
clear axis of collagen fiber alignment 关20兴 while others found a
certain level of disorganization 关21,22兴. These discrepancies make
it unclear whether the material symmetry of the tissue is best
described as isotropic or anisotropic. In addition, these studies
have primarily determined the mechanical response of the tissue
in the linear region of the stress-strain curve. However, the response of the tissue throughout the entire stress-strain curve is
important for the functional role of the capsule, especially since
the ligaments are typical only loaded into the toe region of the
stress-strain curve during normal activities.
The objective of this study was to characterize the material
properties of the axillary pouch of the glenohumeral capsule in
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Fig. 1 „a… Anterior and „b… posterior view of the glenohumeral
capsule. The following structures are shown: „1… anterior band,
„2… axillary pouch, and „3… posterior band of the inferior glenohumeral ligament.
Fig. 2 Mechanical testing setup for „a… tensile and „b… shear
loading conditions showing the load cell and clamp
relationships

response to tensile and shear elongations. It was hypothesized that
because the collagen fiber architecture is relatively disorganized
overall and there is little difference in certain material properties
between two perpendicular directions, isotropic material symmetry would effectively describe the function of the glenohumeral
capsule. High rates of redislocation exist following the current
treatment for injuries sustained during the initial dislocation episode. Therefore, characterization of the structure of the glenohumeral capsule could lead to new biomechanically based strategies to improve diagnostic exams and surgical repair protocols
following shoulder dislocation.

Methods
A combined experimental-computational protocol was used to
characterize the axillary pouch of the glenohumeral capsule. Experimentally, two perpendicular tensile and shear elongations
were applied to the tissue sample, while the clamp reaction force
and clamp displacement were recorded. These values were then
used in an inverse finite element optimization routine to simulate
the experimental conditions, optimizing the material coefficients
until the sum-of-squares difference between the load-elongation
curves from experimental measurements and computational predictions was minimized.
Material Testing. Ten fresh-frozen cadaveric shoulders 共donor
age 51⫾ 8 years兲 were stored at −20° C and then thawed for 24 h
at room temperature prior to testing. The shoulders were then
dissected free of all skin and musculature, and tissue samples
from the axillary pouch of the glenohumeral capsule were obtained using a cutting guide and scalpel to form square sheets
共25⫻ 25 mm2兲. Each joint was examined and determined to be
free of osteoarthritis and any visible signs of previous injury.
Range of motion was also assessed prior to dissection, and any
specimens exhibiting signs of joint contracture were excluded
from the study.
The tissue samples were hydrated using physiological saline
solution throughout the entire testing protocol. The superior margin of the anterior band of the inferior glenohumeral ligament
共AB-IGHL兲 was used as an anatomical reference to define the
transverse 共perpendicular to the longitudinal axis of the ABIGHL兲 and longitudinal 共parallel to the longitudinal axis of the
AB-IGHL兲 loading directions during mechanical testing. To identify the AB-IGHL, the joint was distracted and external rotation
was applied while the PB-IGHL was identified with the joint distracted and internally rotated. Tissue samples of the axillary pouch
were then extracted from the region between the AB-IGHL and
PB-IGHL before loading conditions were applied.
A total of four nondestructive loading conditions were used in
this protocol: 共1兲 tensile elongation applied in the direction parallel to the longitudinal axes of the AB-IGHL 共tensile longitudinal兲,
共2兲 tensile elongation applied in the direction perpendicular to the
031007-2 / Vol. 131, MARCH 2009

longitudinal axes of the AB-IGHL 共tensile transverse兲, 共3兲 shear
elongation applied in the direction parallel to the longitudinal axes
of the AB-IGHL 共shear longitudinal兲, and 共4兲 shear elongation
applied in the direction perpendicular to the longitudinal axes of
the AB-IGHL 共shear transverse兲. The testing order was randomized to minimize the effect of order on the results, and preliminary
tests were performed to assess this issue. A loading condition was
applied to a tissue sample followed by a different loading condition. The initial loading condition was repeated and the results
from the repeated conditions showed no differences.
The tissue clamps were designed so that they could be assembled repeatably to minimize differences in the apparent material response of the tissue due to deviations in clamp position.
This process is critical when performing repeated material tests on
the same tissue sample. The assembly had one fixed clamp and
one that moved with the actuator 共Fig. 2兲. Multiple adaptors allowed the same fixed clamp to be used in both tensile and shear
configurations. Unique geometries were cut into both the clamp
face 共where tissue is held兲 and the stock base of the clamp 共where
it mates to the test stand兲 to allow the maintenance of relative
clamp position after repeated assembly and disassembly. Adjustments allowed the user to change the rotational orientation between relative clamp faces. Once a given specimen was tested, the
overall orientation of the fixed and moving clamps was held
constant.
For each tensile elongation 共Fig. 2共a兲兲, a preload of 0.5 N was
applied to the tissue sample using a materials testing machine 共Elf
3200, Enduratec, Inc., Eden Prairie, MN兲 and custom load cell
共Honeywell, Morristown, NJ, resolution ⫾0.1 N兲. Once the tissue
sample was preloaded, the initial width, length, and thickness of
the tissue samples were determined as the average of three measurements obtained using digital calipers 共thickness兲 and a ruler
共width and length兲. The tissue sample was then preconditioned via
ten cycles of cyclic elongation to 1.5 mm 共⬃10% of width兲 at a
rate of 10 mm/ min. Preliminary experiments were performed to
determine the preload, the appropriate number of cycles of preconditioning, and the preconditioning elongations.
Load-to-failure tests were performed to determine relative values defining the toe and linear regions of the load-elongation
curve. To determine the number of cycles required for appropriate
preconditioning, the tissue was cyclically loaded until the difference in load-elongation curves between two consecutive loading
cycles was minimized 共⬍1 N兲. A total of ten cycles was capable
of achieving this requirement. Directly following preconditioning,
a displacement of 2.25 mm 共⬃15% of width兲 was applied at a rate
of 10 mm/ min 共which elongated the tissue well into the linear
region yet far from the yield point of the tissue—indicated by
repeatable curves following the application of this elongation兲.
Transactions of the ASME
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Because several nondestructive tests were performed on each tissue sample and the tissue exhibits a strain history, the tissue
samples were allowed to recover for 30 min between each test.
The recovery period was chosen based on preliminary tests. A
loading condition was applied to a tissue sample and it was then
allowed to recover for differing amounts of time. Following recovery, the same loading condition was applied to the tissue
sample and the response of the tissue compared. The shortest recovery time required to produce similar results for the two loading
curves was found to be 30 min.
Following the recovery period, the tissue sample was removed
from the fixed clamp and the tissue that was previously held
within the clamps was then reclamped using a shear clamp setup
共Fig. 2共b兲兲. For shear elongations, two preloads were applied to
the tissue sample: one parallel to the axis of loading 共0.1 N兲 using
the load cell from the tensile protocol and one perpendicular to the
axis of elongation 共0.03 N兲 using an additional load cell 共Honeywell, Morristown, NJ, resolution—0.01 N兲 共Fig. 2共b兲兲. Preliminary tests were performed to determine the appropriate preload
conditions. When loads less than 0.1 N were applied to the tissue,
the loading curve exhibited a drawn out region where zero force
was being applied to the tissue, indicating the preloaded was too
small. When loads greater than 0.1 N were applied to the tissue,
the loading curve became nearly linear, indicating the tissue was
excessively preloaded.
Once the tissue was preloaded, the initial width, length, and
thickness of the tissue samples were determined as the average of
three measurements obtained using digital calipers 共thickness兲 and
a ruler 共width and length兲. The tissue sample was then preconditioned via ten cycles of cyclic elongation between 0 mm– 2 mm
共⬃8% of height兲 at a rate of 10 mm/ min. Similar to the tensile
elongations, preliminary experiments were performed to determine the proper number of cycles of preconditioning as well as
preconditioning elongations.
Directly following preconditioning, a displacement equal to a
shear 共 = tan共兲兲 of 0.4, where  is the angle between the top edge
of the tissue sample and the x-axis, was applied at a rate of
10 mm/ min 共which elongates the tissue well into the linear region
yet far from the yield point of the tissue—indicated by repeatable
curves following the application of this elongation兲 关23兴. During
this test, the load perpendicular to the axis of loading was not held
constant, rather the distance between the clamps was held constant. The tissue samples were again allowed to recover for
30 min.
Following the recovery period, the tissue sample was removed
from both clamps and the tissue that was previously held within
the clamps was carefully dissected away via scalpel transection.
The opposite edges of the tissue sample were wrapped in gauze,
soaked in saline, and placed in the custom clamps. The tensile and
shear protocols were then repeated. From each tensile and shear
elongation, the clamp reaction force, tissue sample elongation,
and the tissue sample geometry were recorded.
Parameter Optimization. The clamp reaction forces, elongations, and tissue sample geometry 共width, thickness, and length
measurements兲 from each experimental loading condition were
used as boundary conditions to determine optimal material coefficients for an isotropic hyperelastic strain energy function via an
inverse finite element optimization technique 关23兴 共Fig. 3兲. Only
the force in the y-direction was used to optimize the material
coefficients for the shear loading condition since it was significantly greater than the force in the x-direction during loading of
the tissue sample. The strain energy was based on the form originally used by Veronda and Westman 关24兴, but with an uncoupled
dilatational and deviatoric response 关25兴:
Journal of Biomechanical Engineering

Fig. 3 Flowchart of the inverse finite element methodology †9‡
utilized to determine the material coefficients for the isotropic
constitutive model

˜

W = C1共eC2共I1−3兲 − 1兲 −

C 1C 2
共Ĩ2 − 3兲 + U共J兲
2

共1兲

This form of the strain energy represents a material composed of
an isotropic matrix. Here, Ĩ1 and Ĩ2 are the deviatoric invariants of
the right Cauchy–Green deformation tensor C. U共J兲 governs the
dilational response of the tissue, where J is the volume ratio.
Finally, C1 and C2 are the material coefficients that were determined using the inverse finite element optimization routine, where
C1 scales the magnitude of the stress-stretch curve and C2 governs
the magnitude and nonlinearity of the stress-stretch curve. This
strain energy is convex and exhibits physically reasonable behavior under tension, compression, and shear 关23,25兴.
An image obtained using a high-speed video camera 共Adimec,
Stoneham, MA; Model 1000 m; resolution= 1000⫻ 1000 pixels兲
from each loading condition with the tissue sample in the reference strain configuration, or preloaded state, was used to create a
finite element mesh by adjusting nodal points of the mesh until
they were aligned with the edges of the tissue samples. Initial
estimates for the material coefficients of C1 = 0.1 and C2 = 10 were
used consistently for the parameter optimization. All finite element calculations were performed using the nonlinear implicitly
integrated code NIKE3D 关26兴.
The inverse finite element optimization routine used a sequential quadratic programming method 共E04UNF, Numerical Algorithms Group, Oxford, England兲. The Numerical Algorithms
Group 共NAG兲 routine minimized a smooth objective function subject to a set of constraints on the variables:
m

F共C1,C2兲 =

兺

1
兵y i − f i共C1,C2兲其2
2 i=1

共2兲

Here, F共C1 , C2兲 is the objective function, y is the experimental
clamp reaction force, f共C1 , C2兲 is the clamp reaction force from
the finite element simulation, i represents a particular clamp displacement level, and m is the number of discrete clamp displacement levels 共11 for this optimization routine, based on previous
work performed on the medial collateral ligament 共MCL兲 关27兴兲.
Both material coefficients were constrained to be greater than 0 to
ensure physically reasonable behavior and strong ellipticity but
MARCH 2009, Vol. 131 / 031007-3
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Table 1 Tissue sample geometry for tensile longitudinal „TL…,
tensile transerverse „TT…, shear longitudinal „SL…, and shear
transverse „ST… loading conditions „mean± S.D.…
TL

TT

SL

ST

Clamp to Clamp 共mm兲 15.0⫾ 0.9 15.2⫾ 1.0 15.1⫾ 1.2 14.3⫾ 1.3
Width 共mm兲
20.5⫾ 4.0 15.0⫾ 5.0 16.4⫾ 3.0 20.4⫾ 3.5
Thickness 共mm兲
2.0⫾ 0.7
4.1⫾ 6.3
2.3⫾ 0.5
2.1⫾ 0.5
Corss sectional
39.8⫾ 16.1 36.7⫾ 7.8 37.5⫾ 12.8 43.2⫾ 15.7
area 共mm2兲

less than 5 共C1兲 or 50 共C2兲 关28兴.
The optimized coefficients were then used to generate stressstretch curves for either uniaxial extension or a simple shear deformation 共two stress-stretch curves for uniaxial extension and
two stress-stretch curves for simple shear deformation per tissue
sample兲. Each stress-stretch relationship was derived from the appropriate deformation gradient tensor. For uniaxial extension, the
deformation gradient and Cauchy stress were

F=

冤 冥
1

0

0

冑1

0

T11 =

0

1

0

0

冑1

C1C2共1 − 1兲共12 + 1 + 1兲共21eC2共1+2兲共1 − 1兲
1

共3兲

1

2

2/

1

兲

共4兲

For a simple shear deformation, the deformation gradient and
Cauchy stress were

冤 冥
1  0

F= 0 1 0
0 0 1

2

T12 = C1C2共2eC2 − 1兲

共5兲

共6兲

The stress-stretch curves were discretized into 11 points and averaged across all tissue samples to obtain one stress-stretch curve
per loading condition. Thus, a total of four average stress-stretch
curves were generated.
To further determine if differences existed in the response of
the tissue between the coefficients from each loading condition,
the tensile longitudinal stress-stretch curve was compared 共using
R2 values兲 to the tensile transverse stress-stretch curve, and similarly the shear longitudinal stress-stretch curve was compared to
the shear transverse stress-stretch curve. Paired t-tests were used
to compare the stress values at each of the 11 discretized points.
These average stress-stretch curves were then fitted to either the
stress-stretch relationship for uniaxial extension 共Eq. 共4兲兲 or
simple shear 共Eq. 共6兲兲 using the nonlinear Levenberg–Marquardt
algorithm to obtain a set of material coefficients for each loading
configuration representing the average stress-stretch curves. Based
on preliminary analyses to determine the sensitivity of the stressstretch curves to the material coefficients, changes in the magnitudes of C1 and C2 of greater than 0.30 and 3.0, respectively, were
considered significant. These changes indicated that the squared
correlation coefficient between the two curves was less than 0.97
and the curves would be significantly different.

Fig. 4 Representative load-elongation curve of tensile loading
condition

while the cross sectional area for the shear transverse tissue
samples was 43.2 mm2. The clamp to clamp distance was similar
for all four loading conditions 共approximately 15 mm兲. The width
of the tissue samples was slightly larger for the tensile longitudinal and shear transverse when compared to the tensile transverse
and shear longitudinal loading conditions. The thickness of the
tissue samples was similar for the tensile longitudinal, shear longitudinal, and shear transverse loading conditions; however, the
thickness of the tissue samples for the tensile transverse loading
condition was slightly larger. The load-elongation curves for both
tensile and shear loadings of each tissue sample exhibited the
typical nonlinear upwardly concave shape, including toe regions
that progressively became linear 共Figs. 4 and 5兲.
No significant differences were found between the material coefficients from the tensile longitudinal and tensile transverse loading conditions 共Table 2兲 based on the previously defined criteria
where differences of greater than 0.30 for C1 and 3.0 for C2 are
considered significant. The C1 coefficient for the tensile longitudinal loading condition of the axillary pouch ranged from
0.06 MPa to 0.52 MPa, with an average of 0.25⫾ 0.17 MPa. The
C2 coefficient for the same loading condition ranged from 5.5 to
17.7, with an average of 11.6⫾ 3.8. The C1 and C2 coefficients for
the tensile transverse loading conditions had similar ranges 共C1
range: 0.06– 0.30 MPa; C2 range: 6.5–17.2兲 and average values
共C1 = 0.15⫾ 0.07 MPa; C2 = 9.7⫾ 3.1兲 compared to the tensile longitudinal loading condition.
Similarly, no significant differences were found between the
material coefficients from the shear longitudinal and shear trans-

Results
The cross sectional areas for the tissue samples were 39.8 mm2
and 36.7 mm2 for the tensile longitudinal and tensile transverse
loading conditions, respectively 共Table 1兲. The cross sectional
area for the shear longitudinal tissue samples was 37.5 mm2,
031007-4 / Vol. 131, MARCH 2009

Fig. 5 Representative load-elongation curve of shear loading
condition
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Table 2 Material coefficients for tissue samples from all specimens
Specimen 1 Specimen 2 Specimen 3 Specimen 4 Specimen 5 Specimen 6 Specimen 7 Specimen 8 Specimen 9 Specimen 10

C1
C1
C1
C1
C1
C1
C1
C1
C1
C1
共MPa兲 C2 共MPa兲 C2 共MPa兲 C2 共MPa兲 C2 共MPa兲 C2 共MPa兲 C2 共MPa兲 C2 共MPa兲 C2 共MPa兲 C2 共MPa兲
Tensile longitudinal
Tensile transverse
Shear longitudinal
Shear transverse

0.49 8.3
0.30 11.3
0.06 10.3
0.51 3.8

0.52
0.13
0.83
1.78

9.3
6.5
2.2
1.9

0.13 11.7 0.39 5.5 0.06 15.6 0.11 14.5 0.31 8.1 0.12 13.4 0.22 11.8
0.24 7.1 0.16 10.3 0.09 11.1 0.12 8.1 0.15 8.8 0.06 8.4 0.13 8.3
0.17 8.4 0.48 3.7 0.09 3.6 0.07 9.1 0.06 10.1 0.05 11.0 0.10 9.3
0.07 9.5 0.42 3.8 0.20 4.0 0.28 5.6 0.25 5.3 0.11 11.5 0.81 6.3

0.13
0.14
1.08
0.28

C2
17.7
17.2
2.1
7.9

verse loading conditions 共Table 2兲. The C1 coefficient for the
shear longitudinal loading condition of the axillary pouch ranged
from 0.05 MPa to 1.08 MPa, with an average of 0.30⫾ 0.37 MPa,
while the C2 coefficient for the same loading condition ranged
from 2.1 to 11.0, with an average of 7.0⫾ 3.6. Similarly, the C1
and C2 coefficients for the shear transverse loading conditions had
a similar range 共C1 range: 0.07– 1.78 MPa; C2 range 1.9–11.5兲
and average 共C1 = 0.47⫾ 0.51 MPa; C2 = 6.0⫾ 2.9兲 compared to
the shear longitudinal loading condition. However, differences
were found when comparing the C2 coefficients between the tensile and shear loading conditions for several of the individual
specimens. For example, the average C2 coefficients for Specimen
5 were 13.4 for the tensile loading conditions, while the average
C2 coefficients for Specimen 5 were 3.8 for the shear loading
conditions.
No statistically significant differences in stress from the stressstretch curves for uniaxial extension 共Fig. 6兲 or simple shear deformation 共Fig. 7兲 were found 共p ⬎ 0.05兲. The difference of stress
between uniaxial extension in the longitudinal direction and
uniaxial extension in the transverse direction of the axillary pouch
across all specimens was only 0.46⫾ 0.44 MPa. In addition, the
correlation coefficients between the curves for uniaxial extension
resulting from the material coefficients from the longitudinal and
transverse loading conditions exceeded 0.99. Similarly, the difference of stress between the stress-stretch curves for simple shear
resulting from the material coefficients for shear longitudinal and
transverse loading conditions was only 0.41⫾ 0.42 MPa. The correlation coefficients between all stress-stretch curves for simple
shear were greater than 0.97.
Finally, no significant differences were found between the material coefficients representing the average stress-stretch curves
for uniaxial extension from the tensile longitudinal 共C1 : 0.21,
C2 : 11.3兲 and transverse 共C1 : 0.13, C2 : 11.1兲 loading conditions.
Comparisons were once again made using the criteria from our

preliminary sensitivity study 共differences of greater than 0.3 for
C1 and 3 for C2 are considered significant兲. In addition, no significant differences were found when comparing the material coefficients for simple shear from the shear longitudinal 共C1 : 0.14,
C2 : 7.1兲 and transverse 共C1 : 0.29, C2 : 6.4兲 loading conditions.
Comparison of the C2 coefficients between the tensile and shear
loading conditions reveals significant differences between the values 共i.e., 11.3 versus 7.1兲.

Fig. 6 Average stress-stretch curves for tensile loading
conditions

Fig. 7 Average stress-deformation curves for shear loading
conditions

Journal of Biomechanical Engineering

Discussion
In this study a hyperelastic isotropic constitutive model was
used to describe the material response of the axillary pouch to
tensile and shear loading conditions in two perpendicular directions. No significant differences were found when comparing the
material coefficients of the constitutive model between longitudinal and transverse loading directions. In addition, no significant
difference was found when comparing the stress-stretch curves
between loading directions, thus supporting the hypothesis that
isotropy can effectively describe the material symmetry of the
glenohumeral capsule.
The results of this study suggest that the material behavior of
the glenohumeral capsule under tensile and shear loading can be
described by a constitutive model with isotropic symmetry when
evaluating the glenohumeral capsule as a sheet of fibrous tissue.
The collagen fiber organization of the glenohumeral capsule reported previously 关22兴 supports this finding and further suggests
that the interfiber connections within the tissue should remain intact when determining the mechanical or structural properties of
different regions of the capsule. In addition, this study characterized the entire stress-stretch curve, including the toe region, instead of just the modulus or stress at failure. During normal activities of daily living, the capsule, and ligaments, in general, are
typically only loaded into the toe region. Therefore, this informa-
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tion is important to obtain a thorough understanding of the function of the glenohumeral capsule and improve patient outcomes.
Because a constitutive model like the one used in this study has
not been used in any previous studies to describe the material
behavior of the glenohumeral capsule, a direct comparison of material coefficients in this study to data in the literature is difficult.
Instead, the stresses generated using the optimized coefficients
were compared to values reported in the literature. The magnitude
of stress from the tensile loading configuration is on the same
order of magnitude as the ultimate stress values previously found
for the axillary pouch 共5.5 MPa兲 关11兴 and the posterior capsule
共7.9 MPa兲 关29兴, even though different experimental protocols
were used. Previously, dog-bone samples were excised from the
tissue, cutting interfiber connections. The removal of the interfiber
connection might have decreased the stress required to fail the
tissue, hence the similar values when compared to the current data
when the tissue was not loaded to failure.
The assumption of hyperelasticity is implicit in the current constitutive framework. Hyperelasticity provides an appropriate starting point for characterizing the material behavior of the glenohumeral capsule because of its large content of collagen fibers.
The assumption of uncoupled deviatoric-dilational response is
also commonly employed in finite deformation elasticity for
slightly compressible materials 关25,28,30兴—it greatly decreases
the complexity of the constitutive model and finite element implementation. This assumption is justified by the fact that the vast
majority of strain energy induced in ligaments is deviatoric because volumetric confinement of the tissue in physiological loading scenarios is minimal. In addition, the material coefficients
determined in this study are capable of predicting the response of
the axillary pouch to any loading condition and can be implemented in a finite element model of the glenohumeral joint.
The results of this study demonstrate that the isotropic constitutive model can describe the material behavior of the axillary
pouch during either tensile or shear loading conditions. However,
the material coefficients obtained from tensile loading conditions
do not compare well with the material coefficients from the shear
loading conditions and only the x-force was used for optimization.
Therefore, further work is required to develop a constitutive
model that might use force from the x- and y-directions during
loading to optimize material coefficients and ultimately predict the
response of the tissue samples during tensile and shear loading
conditions. The updated constitutive model might also include a
random fiber distribution in addition to the homogeneous matrix
utilized in this study.
In the future, the material properties of other capsular regions
should be determined since the contributions of the entire glenohumeral capsule are important to joint stability. Validated finite
element models could then be constructed using these material
coefficients and the stress and strain distribution within the glenohumeral capsule could be determined during joint motion. The
stress distributions would provide a means for identifying locations within the glenohumeral capsule that are at risk for injury
and could be assessed for various joint positions. Moreover, the
constitutive coefficients could be altered, simulating changes to
the mechanical properties of the capsule due to age, gender, injury, or surgical repair procedures, such as thermocapsular shrinkage 关31,32兴.
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