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ABSTRACT: The presence of either a Hill–Sachs or a bony Bankart defect has been indicated as a possible cause of subluxation and
anterior shoulder dislocation. Previous studies investigated only the effects of isolated humeral or glenoid defects on glenohumeral
instability. We investigated the effects on shoulder stability of both glenoid and humeral defects in the glenohumeral joint. A computer-
based finite element approach was used to model the joint. A generic model was developed for cartilage and bone of the glenoid and
humerus, using previously published data, and experiments were analyzed using static analysis with displacement control in the
anterior-inferior direction. Simulations were run with a 50-N compressive load in the presence of both isolated and combined defects to
analyze reaction forces and distance to dislocation. The distance to dislocation for normal joint was 13.6 mm at 908 abduction, which
reduced to 9.7, 0, and 0 mm for largest isolated humerus defect, glenoid defect, and certain combined defects, respectively. For com-
bined defects, stability ratio was decreased to 0% from 43%. Our results suggest that in the setting of combined bone defects, stability
may be reduced more than what is known for isolated defects alone. � 2012 Orthopaedic Research Society. Published by Wiley
Periodicals, Inc. J Orthop Res 31:601–607, 2013
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The glenohumeral joint of shoulder is the most mobile
joint in the body. Often this joint undergoes dislocation
or subluxation associated with traumatic injury. Ante-
rior shoulder dislocation accounts for �98% of all
shoulder dislocations.1–3 A recent study showed that in
the U.S. the incidence rate was 4.35/1,000 person-
years. Nearly 1.7% of the population experiences an
anterior shoulder dislocation.4,5 The study also showed
that the number of dislocations are almost double for
military personnel and contact athletes.5 Hill–Sachs
and bony Bankart defects are two major types of com-
pression fracture injuries reported during dislocation.
The Hill–Sachs defect is a grooved defect from the pos-
terior superior portion of the humeral head.6 A Bank-
art defect is the detachment of the glenoid labrum
from the glenoid rim and can also be associated with a
fracture (bony Bankart defect) and loss of bone at the
glenoid rim.7 Nearly 62% of cases with recurrent dislo-
cation have both Hill–Sachs and bony Bankart
defects.8,11

Little consensus exists for the treatment of these
two shoulder defects, due to limited available data.

Some studies showed an inverse relationship between
stability and size of the defect when an isolated defect
is present. Itoi et al. analyzed the effect of the isolated
bony Bankart defect on the stability of the glenohum-
eral joint, and Kaar et al. looked at the effect of a Hill–
Sachs defect on the stability of the glenohumeral
joint.9,10 However, most patients have an unstable
shoulder that has both Hill–Sachs and bony Bankart
defects. Widaja et al.11 were the first to document the
correlation between Bankart and Hill–Sachs defects,
but to date, no one has analyzed the effects of com-
bined defects on stability. Treatment of unstable gleno-
humeral joint defects may require soft tissue repair,
bone grafting, or both depending on the size and
nature of the defects.12–15 The most common treatment
is isolated soft tissue repair, leaving the bone defects
untreated. This partially results from the lack of evi-
dence-based guidelines for the treatment of bone
defects. Therefore, further data are needed to decide
what sizes and combinations of bone defects cause
significant instability that may require surgery.

It is impossible to mechanically test the combina-
tion of four different sizes of Hill–Sachs and bony
Bankart defects each in a single cadaveric specimen.
Therefore, a finite element (FE) approach was chosen.
Our specific aim was to determine if a relationship
exists between combined humeral head and glenoid
bone defects and shoulder stability. We hypothesized
that as the size of the both humeral head and glenoid
bone defects increased, the glenohumeral joint’s stabil-
ity would decrease. We further hypothesized that the
presence of both defects would magnify the reduction
to joint stability to a greater extent than that of indi-
vidual defect alone.
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METHODS
Geometric Data for Model
A generic geometric model was created based on dimensions
taken from data available in the literature for the male popu-
lation (age range, 49–90 years; average age, 72 years).16 The
radius of curvature of articular bone and cartilages and
thickness of cartilage for the glenoid and the humerus are
shown in Table 1. The humerus cartilage is thicker at the
center and thinner at the periphery of the humerus, whereas
the opposite is true for the glenoid, being thinner at the cen-
ter, in some cases so thin that it is referred to as a ‘‘bare
spot.’’16 The humeral head was modeled with an assumption
of a sphere, as the available data are limited for an elliptical
model. The glenoid was modeled using the width (AP dimen-
sion) of 29 mm and length (superior-inferior dimension) of
39 mm.17,18 The glenohumeral and scapulothoracic joints
move relative to one another at a 2:1 ratio during humero-
thoracic abduction.20 For example, if the arm abducts to a
humero-thoracic angle of 908, the glenohumeral joint will ro-
tate 608, and the scapular thoracic joint will rotate 308. Like-
wise, a humero-thoracic abduction angle of 458 was
calculated as the 308 glenohumeral joint rotation, and 158
rotation of the scapular thoracic joint. The arm was posi-
tioned prior to simulations.

FE Modeling
The glenoid cartilage was modeled using the software pack-
age Rhinoceros 3D (Robert McNeel & Associates, Seattle,
WA), and the humerus cartilage was created using TrueGrid
(XYZ Scientific Applications, Inc., Livermore, CA). Both mod-
els were meshed using TrueGrid having hybrid 3D hexahe-
dral elements (C3D8H). These element types had eight nodes
and six quadrilateral faces. The models were exported to the
ABAQUS/6.9 (Simulia, Inc., Providence, RI) and assembled
together. The model was assembled for two humero-thoracic
abduction angles of the arm: 908 and 458. The bones were
considered as rigid bodies, and the material properties for
the cartilage as a Neo-Hookean hyperelastic, incompressible
material with an elastic modulus (E) of 10 MPa and Poisson’s
ratio (n) of 0.4.21–23 The material property constants C10 and
D10 were calculated using Equations (1) and (2):

C10 ¼ E

4ð1þ nÞ (1)

D10 ¼ E

6ð1� 2nÞ (2)

The surface contact between the cartilage of the glenoid
and humerus was assigned to be frictionless with mechanical
hard contact and tangential behavior, and the Augmented
Lagrange solver method was selected.24 To minimize compu-
tational cost, frictionless contact was used; to test that it did
not affect the variable of interest a sensitivity analysis was
performed. The rigid bone and cartilage were coupled

together to make a set of the glenoid bone and cartilage
(glenoid set) and similarly a set was coupled for the humeral
head bone and cartilage (humerus set). The simulation com-
prised three steps: contact, loading, and translation. In the
contact step, contact was ensured between the two cartilage
surfaces. In the loading step, a compressive force was
applied on the humeral head (Z-axis, Figs. 1 and 2). In
the translation step, the glenoid was stationary, and the
humeral head was translated in the anterior-inferior direc-
tion (X-axis) while maintaining the compressive force con-
stant. For validation of the model for glenoid defects,
simulations were performed at 908 humero-thoracic abduc-
tion angle for internal and external rotation similar to Itoi
et al. The arm positions for external rotation for defect sizes
¼�Rg, ½

�Rg, 3/4
�Rg, and 1�Rg were selected as 558, 508, 408,

and 258, respectively. The internal rotation for individual
defect was 08, 58, 58, and 108, respectively. The difference
between the two studies is that Itoi et al. had the soft tissue
intact in their model.

Creation of Defects
The defects were created using a plane to cut the area of the
bone loss defect using TrueGrid software. The models were
then imported and assembled in ABAQUS. The humerus was
then rotated at an angle of 40.78 to account for the angle
between the anatomical neck of the head and the humeral
shaft.19 Four individual defects were made to both the hu-
merus and glenoid (Fig. 2). The defect sizes were selected
similar to those from studies done by Kaar et al.9 and Sekiya
et al.28 (humeral defects) and Itoi et al.10 (glenoid defects).
Osteotomy defects cuts were made through the surfaces of
cartilage and bone (Fig. 2). Both sets of the defects were then
combined, and simulations run with humero-thoracic abduc-
tion at 458 and 908. The defects were created with respect to
the radius of the glenoid (Rg) and humerus (Rh). Four differ-
ent sizes of the defect for glenoid were created as ¼�Rg,
½�Rg, 3/4

�Rg, and 1�Rg, and the defects for the humerus were
1/8

�Rh,
3/8

�Rh,
5/8

�Rh, and 7/8
�Rh. The combination of the

defects and assembly view for 3D skeletal model are shown
in Figure 1.

Loading and Boundary Conditions
A compressive force of 50 N was applied on the humeral
head for the experimental procedure similar to the previous
studies by Kaar et al.9 and Itoi et al.10 for the validation of
the model. The simulation began with a contact step in which
the humerus moved 1.2 mm in the medial–lateral direction
to make contact with the glenoid surface. All other move-
ments were constrained during this step. Then, in the
loading step, the humerus set was free to translate in the
lateral direction (Z-axis, Figs. 1 and 2), but all other move-
ments and rotations were constrained. A 50 N compressive
load was applied in the lateral direction. Finally, a transla-
tion step was performed by sliding the humerus in the

Table 1. Geometric Parameters for the Model16

Component
Radius of Curvature

of Bone (mm)
Radius of Curvature
of Cartilage (mm)

Thickness of Cartilage
at Center (mm)

Glenoid 34.56 26.37 1.14
Humeral head 26.10 26.85 2.03
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anterior-inferior direction (X-axis) to nearly 17 mm over the
stationary glenoid.

Calculation of Stability Ratio
Stability ratio was defined as the ratio of the shear force to
the compressive load acting on the glenoid, as in
Equation (3).10

Stability ratio ¼ shear force

compressive force
(3)

This shear force is the amount of force required to trans-
late the humeral head in the anterior-inferior direction to
dislocation, which is due to glenoid curvature, whereas, the
compressive force is a force, normal to the glenoid, which
compresses the joint. This mimics the effect of soft tissue sta-
bilizers of the joint.

Point of Dislocation
The dislocation point was defined as the inflection point in
the medial/lateral translation curve. The distance traveled
by the humeral head during the translation step from the
initial point until the point of dislocation was called the dis-
tance to dislocation. The horizontal axis (Fig. 3) signifies the

Figure 1. Normal joint at 08 abduction (A), joint with combination of Hill–Sachs and bony Bankart lesion at 908 abduction (B), and
FE model mesh (green only) in presence of combined defects (C), where X-axis defines the translation in anterior-inferior direction
(green arrow), and Z-axis points the direction of compression (blue arrow).

Figure 2. Bankart defect sizes adapted from Itoi et al.10 (A), Hill–Sachs defect sizes adapted from Kaar et al. study9 (B), and assem-
bly view of combined defects (C), where X-axis (green arrow) shows the anterior-inferior translation direction, and Z-axis (blue arrow)
signifies the medical compression.

Figure 3. Medial/lateral displacement of humerus, dislocation
point, and anterior-inferior reaction force acting on the humeral
head during the translation of the humerus in the anterior-infe-
rior direction.
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anterior-inferior translational distance; the left vertical axis
signifies the movement of the humerus in medial/lateral di-
rection (mm), and the right axis is anterior-inferior reaction
force (N). The inflection point was found using a spline inter-
polation curve fitting technique using Matlab/10.a (The
MathWorks, Inc., Natick, MA).

RESULTS
Figure 4 shows a comparison of results for the percent
intact translational distance to dislocation from our
study and the study by Kaar et al.9 for isolated Hill–
Sachs defects. The results comparison for the reaction
force between our study and that of the study by Itoi
et al.10 are shown in Figure 5. The results for the
translational distance to dislocation in the presence of
combined defects at 458 and 908 humero-thoracic ab-
duction angles with neutral rotation are shown in
Table 2a and b. The distances to dislocation for an in-
tact joint at 458 and 908 humero-thoracic abduction of
arm were 14.0 and 13.6 mm, respectively. This de-
creased to 0.0 mm at both 458 and 908 humero-thoracic
abduction for the largest glenoid defects and various

combinations of defects. A distance to dislocation value
of 0.0 mm signifies that the joint was completely un-
stable. The isolated bony Bankart defects had a major
impact on the distance to dislocation as compared to
that of isolated Hill–Sachs defects. At 908 humero-tho-
racic abduction, the distance to dislocation was re-
duced significantly in the presence of combined
defects.

The stability ratio at 458 humero-thoracic abduction
decreased from 44% to 0% for largest glenoid defect
combinations only (Table 3a). The stability ratio for
the intact joint was 43% at 908 humero-thoracic abduc-
tion and decreased to 0% for largest glenoid defect
(1�Rg) combinations and also the combination of 7/8

�Rh

and 5/8
�Rh (Table 3b). The glenoid defects had more

impact on the stability for the glenohumeral joint,
whereas values of stability ratio were not affected by
the humeral defect.

DISCUSSION
Many studies analyzed only the effects of either the
isolated Hill–Sachs defect or the bony Bankart defect
on shoulder stability.9,10,27 It was reported in recent
studies that the problem of recurrent dislocation is of-
ten caused by the presence of both defects.8,11 The pur-
pose of our study was to evaluate the theoretical
stability of the glenohumeral joint with the presence of
the two defects (bony Bankart and Hill–Sachs defects).
Simulations were performed at two different arm posi-
tions of 458 and 908 humero-thoracic abduction. The
simulations were stopped when the defect engaged.
The point of engagement (Fig. 3) was the inflection
point reflecting when the humerus ‘‘falls off’’ of the gle-
noid. The depth of the defect did not affect the results
as the simulation was stopped prior to the point at
which the humeral head would contact the bottom of

Figure 4. Percent intact translation for isolated Hill–Sachs de-
fect at 458 (A) and 908 (B) humero-thoracic abduction and neutral
rotation, which was calculated with respect to the intact joint
translational distance, compared to results from the study by
Kaar et al.9

Figure 5. Net peak reaction force for the isolated bony Bank-
art defect at 908 humero-thoracic abduction compared with
results from the study by Itoi et al.10 for external and internal
rotation.
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the defect. This type of defect was chosen based on
previously published biomechanical literature.9,28 The
distances to dislocation and peak reaction force in the
anterior-inferior direction were recorded to measure
the stability of the joint.

Comparison of our model to previously published
mechanical testing data was an important component
of the study. Our results for the isolated defects were
compared with results from previous studies. The mod-
el boundary conditions mimicked each of the previous
studies. Results showed conformity with those from
the study by Kaar et al.9; values for the percent intact
translation distance were similar and the same de-
creasing pattern for percent intact translation was
seen as the size of the defect increased. However, the
result for the largest isolated Hill–Sachs defect at 458
humero-thoracic abduction had a variation of 7%. The
reason for this difference may be the generic model
geometry of the joint. Modeling the humeral head as a

sphere rather than ellipsoid may have an effect on gle-
nohumeral biomechanics.

Results for the reaction force were compared with
results from the study by Itoi et al.10 Tests were per-
formed at 908 humero-thoracic abduction of the arm
with external, internal, and neutral rotation of arm. In
prior studies, a similar trend was seen with the de-
creasing pattern of the reaction forces with increase in
size of the defect. Another similarity was the lower
values of the reaction force for internal rotation of arm
versus the external rotation in both cases. However,
the values for the reaction force from our study were
lower, which could be due to the approximate geome-
try of our model and the absence of the soft tissues
and glenohumeral capsule, unlike the study by Itoi
et al.10 The assumption of frictionless contact had
nominimal impact on reaction force; the results were
confirmed by doing a sensitivity test for cartilage fric-
tion of 0.001.21

Table 2. Distance to Dislocation for Combined Defects (in Millimeters) at 458 (a) and 908 (b) Humero-Thoracic
Abduction and Neutral Rotation

Humeral Head Defects

Intact 1/8
�Rh

3/8
�Rh

5/8
�Rh

7/8
�Rh

(a) Glenoid Defects (458)
Intact 14.0 14.1 14.1 14.0 14.1
¼�Rg 10.5 10.6 10.7 10.6 10.6
½�Rg 6.8 6.8 6.9 6.8 7.0
3/4
�Rg 2.4 2.5 2.4 2.5 2.6

1�Rg 0.0 0.0 0.0 0.0 0.0
(b) Glenoid Defects (908)
Intact 13.6 13.7 13.6 13.3 9.7
¼�Rg 10.1 10.2 10.2 9.9 6.7
½�Rg 6.3 6.4 6.3 6.1 3.0
3/4
�Rg 1.8 1.9 1.8 1.9 0.0

1�Rg 0.0 0.0 0.0 0.0 0.0

Table 3. Stability Ratio for Combined Defects at 458 (a) and 908 (b) Humero-Thoracic Abduction
and Neutral Rotation of Arm

Humeral Head Defects

Intact 1/8
�Rh

3/8
�Rh

5/8
�Rh

7/8
�Rh

(a) Glenoid Defects (458)
Intact 0.44 0.44 0.44 0.44 0.44
¼�Rg 0.32 0.31 0.32 0.32 0.32
½�Rg 0.17 0.18 0.17 0.18 0.17
3/4
�Rg 0.03 0.04 0.03 0.04 0.03

1�Rg 0.00 0.00 0.00 0.00 0.00
(b) Glenoid Defects (908)
Intact 0.43 0.42 0.43 0.43 0.43
¼�Rg 0.30 0.30 0.30 0.31 0.30
½�Rg 0.16 0.16 0.16 0.17 0.19
3/4
�Rg 0.02 0.02 0.02 0.03 0.00

1�Rg 0.00 0.00 0.00 0.00 0.00
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The distance to dislocation was affected by the pres-
ence of both Hill–Sachs and bony Bankart defects. At
458 humero-thoracic abduction, the distance to disloca-
tion decreased from 14.0 to 0.0 mm for bony Bankart
defect but stayed unaffected by isolated Hill–Sachs de-
fect. However, at 908 humero-thoracic abduction, it de-
creased from 14.0 to 9.9 mm for the isolated Hill–
Sachs defect showing that increased abduction had an
impact on stability. The distance to dislocation de-
creased with increasing size of the bony Bankart de-
fect. It reduced from 14.0 to 0.0 mm for the largest
bony Bankart defect. This showed that glenoid defects
have a greater impact on the stability of the joint than
a Hill–Sachs defect. The distance to dislocation for
some of the combinations of the defects at 908 humero-
thoracic abduction decreased from 14.0 to 0.0 mm.

The stability ratio for a normal intact glenohumeral
joint was found to be 43% and 44% for 908 and 458
humero-thoracic abduction angles, respectively. In the
presence of isolated defects in the glenoid, the stability
decreased to 0% for the largest defect (Rg) at both ab-
duction angles. The isolated Hill–Sachs defects did not
have substantial effect on values of the stability ratio
in the positions that we tested. However, these defects
could have a greater effect on stability in greater
degrees of external rotation, as patients clinically ex-
hibit increasing apprehension as the arm is externally
rotated.25,26 The results indicated that combined
defects were more unstable than isolated glenoid
defects. While glenoid defects affected stability to the
same degree independent of arm position, humeral
head defects had less of an effect on stability at 458
compared to 908 humero-thoracic abduction angle.

Our study provides information about the stability
of the joint and the translational distance to disloca-
tion for the combined defects. Itoi et al.10 stated that
defects with 21% bone loss or higher will need better
repair treatments so as to maintain an effective length
of the anterior arc of the bone. This surgery can be
done through bone grafting or by elongation of the cap-
soligamentous structures. But defects below 21% of
bone loss can be fixed by soft tissue repairs. Similar to
the results found by the Itoi study, Kaar et al.9 stated
that a defect size greater than 5/8

�Rh of the humeral
head may need a surgical treatment to fix the defect;
otherwise, the patient may face the problems of recur-
rent shoulder instability. Also, the results were similar
to those of Sekiya et al.28 showing that defect size
3/8

�Rh had no effect on stability ratio. The results of
our study showed that the stability is lowered even for
the combination of two smaller defects. At 908 humero-
thoracic abduction angle, the combination of ¼�Rg

with 5/8
�Rh and 7/8

�Rh had distance to dislocation re-
duced to 9.9 and 6.7 mm, respectively, from 14 mm.
Hence, the treatment options suggested by them may
not be valid for some cases when both defects are pres-
ent together.

These findings give theoretical insight to the bio-
mechanical behavior of shoulder stability in the

presence of both humeral head and glenoid bone
defects. One limitation of our study is that it did not
include rotational movements of the arm (external and
internal rotations). Such a study has the potential to
help surgeons to better understand the instability of
this joint under different conditions of defects if we
look at the external and internal rotation of the arm.
Better knowledge of these defects will be helpful in the
choice of successful treatment options and reducing re-
lapse for the patient. Future studies incorporating dif-
ferent rotations to assess shoulder stability will be
performed to expand this model. Specimen specific
approaches will be incorporated in future studies to
understand the changes in biomechanics and stress of
the joint.
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