ABSTRACT
Effects of the Glenohumeral Joint Center on the Role of the Middle Deltoid:
Implications for Reverse Total Shoulder Arthroplasty
Jonathan H. Bitter, M.S.B.M.E
Mentor: Brian A. Garner, Ph.D.
For shoulders with rotator cuff damage, the reverse shoulder replacement
medializes the center of glenohumeral joint rotation, lending larger moment arms to
undamaged muscles like the deltoid. The aim of this thesis was to create and use a
computational model of the glenohumeral joint with an adjustable joint center to
investigate and quantify the role of its position on middle deltoid moment arms for
coronal plane abduction. The model confirmed that muscle moment arms increase as the
center of rotation is shifted medially or inferiorly from the anatomical position.
Specifically, medial translation of the glenohumeral center increased moment arms at low
abduction angles while inferior shifts increased moment arms at high angles. Excursions
of the middle deltoid were found to increase linearly as the joint center was moved
medially or inferiorly: 1 mm medial translation or 1.33 mm inferior translation caused
about 1 mm of increase in muscle excursion.
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CHAPTER ONE
Introduction
Arthroplasty
Every day humans perform an incredible number of simple movements that
require mechanically complex interactions of muscles and joints. When a single muscle
or joint is damaged, many of these everyday actions become difficult, painful, or even
impossible. Joint damage is not life threatening, but can often be irreparable and can
carry life-altering consequences. These consequences can include either pain or loss of
function, which can be intermittently inconvenient, or can be constantly painful and can
cause a total loss of autonomy.
Millions of people in the United States suffer from some level of joint damage.
Arthritis, the leading cause of joint pain, affects one in five American adults [1]. As the
effects of arthritis damage the surface of the cartilage, continued use of the joint causes
significant wear and tear, further damage, and painful inflammation. Similar effects can
be seen in joints that have been damaged by some form of trauma, or other diseases.
For those with severe symptoms, arthroplasty can be a welcome relief.
Arthroplasty is an elective orthopedic surgery in which one or more of the articular
surfaces of a musculoskeletal joint are replaced. The most popular and effective method
of arthroplasty is by prosthetic implant, or joint replacement. Materials and designs for
implants are chosen to mimic the shape, size, and function of the anatomical joint. A
joint replacement is considered “total” when both articulating surfaces have been
replaced.
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Those who go through the procedure regain much of their original mobility.
Sometimes they regain all their original mobility, but more importantly, there is a
significant reduction in pain. However, arthroplasty is not a perfect solution. Our
understanding of the human body is growing, but is certainly not complete. As we
understand more about the specific joints, bone properties, and muscle functions, we will
be able to make joint replacements last longer and act more naturally.
Shoulder Arthroplasty
Of the various joint replacements that are available, the shoulder is arguably the
most complex. The shoulder complex consists of the clavicle, scapula, and humerus.
This skeletal structure and some of the glenohumeral muscles can be seen in Figure 1.
The humerus and scapula are supported in the medial-lateral direction by the clavicle, but
the only thing supporting them in the superior-inferior or anterior-posterior directions is a
complex interaction of soft tissue. Numerous muscle groups wrap around the joint and
around each other to create stabilizing forces. Simple rotations like glenohumeral
abduction or humeral rotation require complex force couples that may involve
contributions from more than 8 separate muscles working in concert [2–6].
This complexity is of a necessary design. The shoulder could not afford such a
large range of motion if it were a typical “ball and socket” joint like the hip. At extreme
angles of rotation the enclosing socket would impinge on the neck of the humerus.
Instead, the shoulder uses the glenoid, a shallow cup in the scapula, to act as the
articulating surface. The rotator cuff (supraspinatus, infraspinatus, teres minor,
subscapularis) and other muscles (deltoid, pectoralis major, latissimus dorsi) then provide
the tension and stabilization necessary to hold the humerus against the glenoid. The
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glenoid, and the rest of the scapula, are finally connected by the clavicle to the thorax and
the rest of the body. The rotator cuff is depicted in Figure 1. The clavicle and humerus
are also clearly depicted, while the scapula is shown, but is largely obscured by the
rotator cuff muscles.

Figure 1: Skeletal anatomy and partial muscular anatomy of the human shoulder [7]
Shoulder replacement surgery became widely available during the 1980’s. The
process had been studied and revised so that the complexities of the shoulder could be
dealt with and the life of the implant had been greatly increased. By the year 2000 the
two-year survival rate of an implant was 96%; the five year survival rate was 92%; the
ten year survival rate was 88% [8]. These advances in functionality and durability led to
an increase in popularity. By 2002 the annual rate of total shoulder replacements had
increased by 40% from the rate in 1992 [9]. Of course, widespread utilization of any
given surgery will result in equally increased reports of complications.
Some of these complications are not treatable with a revision of total shoulder
arthroplasty. The largest cause of prosthesis failure is a tear in the rotator cuff – these
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may occur during surgery or during daily activities, especially in the elderly. Rotator cuff
tears result in a loss of the stabilizing muscles of the shoulder [10–13]. They create
instability and constant risk of dislocation or proximal humeral fracture. Proximal
humeral fractures cannot be immobilized in a cast and can also result in rotator cuff tears
[14]. They can be treated with arthroplasty or screwed plate fixation but have a high rate
of component non-union, tuberosity migration, and often require a lengthy recovery
period.
Finally, when shoulder implants do fail, revision surgery has a lower probability
of success than did the primary surgery. In revision surgery, the small amount of bone in
the glenoid has already been compromised and may not be sufficient to provide a stable
fixation of the glenoid keel [8,9,15–17].
Reverse Total Shoulder Arthroplasty
Surgeons developed the Reverse Shoulder Arthroplasty (RSA) in order to
alleviate pain and restore function to patients who have suffered a complication that
limits the effectiveness of the anatomical prosthesis. The RSA prosthesis inverts the
anatomical geometry of the joint. Rather than reinserting the ball-shaped humeral head
on the proximal end of the humerus, RSA places an artificial ball component into the
glenoid of the scapula.
The humerus is then implanted with an artificial substitute for the glenoid fossa,
becoming the “socket” rather than the “ball”. These reverse components are shown in
Figure 2. This simple reversal is intended to have several effects that make RSA a viable
solution for the aforementioned conditions.
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Figure 2: Photograph of the reverse shoulder design. The “ball” is placed into the glenoid
of the scapula while the “socket” is integrated into the humeral component. This
particular design is the Delta III, by DePuy Orthopaedics [18]
If a proximal humeral head fracture cannot be expected to heal, RSA is used to
avoid the loosening of screwed plate osteosynthesis, humeral head necrosis, and
tuberosity reduction. By using RSA to solve the problem the humeral head is removed
altogether, and less total force is required to pass through the deltoid and the greater
tuberosity, which allows it to be strengthened through bone remodeling before any
permanent damage, or dislocation can occur [14,19]. When depleted bone stock is a
concern in other scenarios, revision surgeries will sometimes utilize RSA rather than
repeat implantation of the anatomical design.
Rotator cuff tears are the leading reason a surgeon may turn to RSA rather than
the traditional TSA, accounting for almost 50% of all RSA procedures [15]. This is also
the condition for which RSA is meant to be most effective. Moving the location of the
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ball portion of the ball-and-socket does not alter the position of the humerus or the
neighboring geometry of the shoulder’s soft and hard tissues. As can be seen in Figure 3,
the reverse shoulder implant shifts the glenohumeral center of rotation medially and often
inferiorly [13,20]. As the center of rotation shifts without affecting the peripheral
geometry, it moves farther from the lines of action of the uncompromised muscles. The
orientation and position of the shoulder muscles remain largely unchanged, but the
distance from their line of action to the joint center is altered. This creates an increase in
the total moment arm of each muscle and its associated torque potential. This shift in the
center of rotation also changes the distance the muscle must contract in order to attain
any given position. Modern RSA implants are specifically designed to target the moment
arm of the deltoid, giving it greater torque capability [13]. If the procedure succeeds in
lending greater torque potential to the deltoid and remaining muscles, the patient will
have greater strength available to abduct the arm and maintain its stability.

Figure 3: A depiction of the shoulder before and after RSA. Placement of the ball
component on the scapula shifts the center of rotation from the center of the humeral
head to the face of the glenoid [21]
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The RSA concept is theoretically sound and has been shown to be successful in
clinical trials and experimental data [2–6,11,12,22]. However, the mechanical advantage
is not well understood. This advantage is dependent on the placement of the joint center
in the reconstructed shoulder. As shown in Figure 3, the joint center can be significantly
changed. However, the position of the joint center is highly variable. It is dependent on
available bone stock, patient-specific geometry, implant design, and other factors. To
date, there is little to no quantifiable data on these dependencies and no way for a surgeon
to tailor the procedure and implant design to ensure that a specific patient gets the
musculoskeletal advantage or the range of motion that is needed in order to heal and to
operate autonomously.
In order for engineers and surgeons to better design and utilize components for
shoulder replacement, it is important to also understand the effects of adjusting surgical
and implant related factors. Many RSA components are designed to maximize the
increase in muscle moment arms by moving the center of rotation as far medially as
possible. However, medialization can result in impingement and scapular notching. To
avoid impingement complications, others have mitigated the medial movement of the
joint center, but fixing a more lateral center into the glenoid causes greater torque and
shear forces to be applied to the scapula [23].
It is important to be able to position the center of rotation based on a knowledge
of how it will alter the kinematics, joint loading, range of motion, moment arms and
muscle excursion. The success of joint replacement is gauged by decrease in pain and
increase in mobility. In the case of RSA, a key metric is also the increase in torque
potential of the targeted muscles, specifically the deltoid. The current study is designed
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to help increase understanding of how RSA can effect changes in moment arms and
muscle excursions, which directly affect the potential torque production of the middle
deltoid and the other glenohumeral muscles.
Purpose
The purpose of this study is to analyze the effects of geometric migration of the
glenohumeral center of rotation on moment arms and muscle excursion. This study will
focus specifically on the muscle most affected by RSA and most active in glenohumeral
abduction – the middle deltoid. To achieve the aims of this study, a computational model
is constructed and validated to simulate the anatomical and reverse shoulders. The model
is first used to recreate experimental studies which provide a basis for model validation.
Then, the model is used to explore the space of reasonable glenohumeral joint center
locations in a manner that would be difficult to experimentally achieve.
Thesis Overview
This research was accomplished in fulfillment of the requirements for the Master
of Science in Biomedical Engineering from Baylor University. Background research that
is applicable directly to this thesis is presented in Chapter Two. The methodology used
in construction, adaptation, and analysis of the computational shoulder model is
described in Chapter Three. The results of analysis are presented in Chapter Four with
discussion and suggestions for future research presented in Chapter Five. Chapter Six
details the conclusions drawn from these analyses and results.
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CHAPTER TWO
Previous Research
Musculoskeletal modeling has become increasingly popular due to the vast
amount of data that can be acquired in a short time [24]. Gatti et al. showed that there
was good agreement between previously published computational models of the
musculoskeletal system and previously published experimental data. The authors gave
evidence that computational models can be relied upon to provide information beyond the
scope of experimental feasibility [25].
Unfortunately, accuracy in these computational models is limited by complexity
and computational power. Increasing complexity requires increased time and effort put
into creating the model, but it also necessitates more accurate and more complete data for
the model parameters [26,27]. As more data is made available, and as computers become
increasingly more powerful, more sophisticated models and methods will be created to
help us better understand the human body [28]. For validation and groundwork, this
study has relied on previously published data from literature.
Movement of the joint center, whether by means of humeral translation, or by
surgery, is the focus of the current study. The effect of the joint center on the moment
arms and resulting strength potential of the deltoid and its surrounding muscles is an
integral part of their definition.
The following topics are areas of previous research that were useful in
understanding the glenohumeral joint center and in developing the model and
methodology used to create greater understanding of its effects: range of motion of the
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shoulder joint, including healthy and implanted shoulders and their associated
complications; glenohumeral translation and its effects on shoulder kinematics; previous
research on moment arms of the glenohumeral joint, pre and postoperatively. The
following sections describe, in turn, relevant research in each of these categories.
Range of Motion
As previously stated, one of the main goals of arthroplasty is to return mobility to
the joint of the patient – in this case the patient’s shoulder. Studies have shown that RSA
does increase range of motion, but is limited in its possible gains when compared to the
anatomical system [29–32]. This is, in part, due to its most common complications:
impingement and scapular notching [33]. Radiological evidence of scapular notching has
been well documented [14,31,34,35]. Notching occurs because of the unique geometry
of the RSA implant. Because the articulating surface is now required to rotate around the
glenosphere, the wide surface of the humeral component and the surrounding surface of
the transected humerus can impinge on the scapula, just below the inferior rim of the
glenoid.
Figure 4 depicts the results of this contact. Because of repeated impact, the bone
chips and fractures from fatigue faster than it can be remodeled. After time the resulting
“notch” can have serious ramifications, the most common of which is loosening of the
glenoid component, and subsequent failure of the implant.
This complication is occasionally reported after implantation of devices that
follow the Grammont design, such as the Delta™ series prosthesis from DePuy
Orthopaedics [31,34,18].
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Figure 4: Scapular notching results from impingement of the RSA humeral component on
the scapula. The radiographic severity classification is depicted as the scapular bone is
eroded to the indicated line [36]
This style of prosthesis medializes the center of rotation to the surface of the
glenoid. This requires that the system be designed as depicted in Figure 3, where the arc
of the humeral component has the highest risk of impingement into the scapula.
Several designs, such as the ARROW system from FH Orthopedics, were created
with the ability to adjust for a less medialized center of rotation. This in turn creates
more room for adduction of the humeral component, and mitigates the risk of
impingement [31,34]. Research has shown that medialization of the joint center has a
negative correlation on possible range of motion, and a positive correlation with
impingement risk. Table 1 lists data reported by Virani et al. [37] that shows how the
range of motion increases as the implant is moved laterally and distally. The study shows
that five millimeters of lateral offset can add approximately 12° to the range of abduction
11

and 22° to the range of flexion. Looking at these factors alone, the ideal placement of the
center of rotation would be 5-8.5mm lateral to the face of the glenoid [31,34,37]. This
positioning would increase range of motion and mitigate risk of impingement.
Table 1: Range of motion associated with changes in the glenohumeral joint center, as
reported by Virani et al. [37]

These same benefits, however, may also be achieved by shifting the joint center
inferiorly rather than laterally. Distal offset also has a direct effect on the joint center,
and the effects on range of motion can also be seen in Table 1. Virani reported that
lowering the glenoid component can also help combat impingement and increase range of
motion. Manufacturers recommend a central location for the glenoid component drillhole. However, studies have shown that positioning the drill hole up to 7 mm inferior to
the glenoid center, or 11.5 mm above the inferior glenoid rim, can nearly eliminate risk of
impingement while increasing range of motion [18,35,37]. It should also be noted that
little research has been done with the joint center superior or anterior/posterior to the
glenoid center because the loading patterns in postoperative RSA shoulders induce large
shear stresses when the glenoid component is thus positioned [18].

12

In a clinical or operating room setting, the distal offset is a surgical factor,
depending upon placement of the drill hole. However, the lateral placement of the joint
center is an implant variable which would need to be selected pre-operation based on
patient specific data. Implant designers and surgeons must both have access to quality
information that allows them to design or implant a device correctly. The engineer seeks
to design an implant that works on a broad scale, while the surgeon seeks to choose the
method and device that are best suited to the individual.
Shoulder Kinematics
No marked difference in glenohumeral range of motion has been published
between shoulders implanted with the typical and reverse shoulder designs [38] (note that
this is in reference to glenohumeral range, and not necessarily humerothoracic range). It
has also been noted that glenohumeral rotation consistently accounts for at least 2/3 of
humeral rotation for all shoulder types [38,39].
However, when comparing shoulders implanted with prostheses to healthy
shoulders, one study noted that implanted shoulders consistently rely more on scapular
motion than did healthy shoulders [40]. Interestingly, the study showed that this
difference did not extend to the comparison of anatomical to reverse implants, as both
relied on an increased scapular involvement [40]. It was also observed that the reverse
implant did not impede rotation, but that patients were unable to obtain maximal
abduction angles without passively rotating the humerus. Bermann et al. surmise the
difficulties lie in being unable to produce the required muscle force, despite the reduced
muscle force requirements, and that this may be caused by the changes in muscle
excursion induced by the reverse prosthesis [38].
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Glenohumeral Translation
Through the range of abduction, the articular surface of the glenoid moves
medially and superiorly as it is rotated by the scapula [41]. As seen in Figure 5, the
translation can be significant. Even as the scapular system rotates and translates, the
humeral head can shift with respect to the glenoid. In a resting position the humeral head
rests on the inferior border of the glenoid rim then migrates superiorly as the humerus
abducts [41,42].
During active abduction the humeral head quickly rises from the inferior rim as
the abductors are activated and then maintains a position where its center is aligned
within a half millimeter of the glenoid center for almost the entire range of motion in
abduction. The total effect of this translation can be seen in Figure 6. With respect to the
scapula, the joint center of rotation migrates a total magnitude of approximately 3 mm in
the superior-inferior direction [4,41,42].
Figure 6 also shows that damage to the supraspinatus of the rotator cuff will allow
greater migration of the humeral head. It shows that migration in healthy shoulders
follows roughly the same patterns as the migration for shoulders with damage to the
supraspinatus.
However damage to the supraspinatus increases the magnitude of the migration
distance. The same study also reports that damage to the supraspinatus can lead to erratic
translation of the humeral head, rather than the regular translation described in Figure 6
[42].
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Figure 5: Rotation and translation of the scapula within the scapular frame at various
angles of abduction. The two completely drawn scapulas are labeled as 0° and 150°,
indicating the positions of the scapula at those degrees of humerothoracic abduction [41]
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Figure 6: Vertical translation of the humeral head, parallel to the glenoid face, as a
function of abduction angle. 0 mm of translation indicates positioning at the glenoid
geometric center. The solid line represents translation within a healthy shoulder while
the dotted line represents translation with a damaged supraspinatus [42]
Moment Arms
The moment arms and associated torque capabilities of the glenohumeral muscles
have a large impact on joint forces, total shoulder torque, and the muscle force length
curves. Because of this important role, the moment arms of the various glenohumeral
muscles have been the subjects of numerous studies, both experimental and
computational in nature. Several of these experimental studies form the basis of
validation and calibration for the current model. Studies by Ackland et al. [6,12] are
given specific attention because they analyze both the anatomical and reverse
configurations using the same experimental protocol.
Anatomical Moment Arm Studies
To date, almost all applicable studies have examined the moment arms of the
glenohumeral muscles with the anatomical center of rotation. Because of broad insertion
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and origin sites, each muscle may have several different mechanical characteristics
depending on the line of action of differing multipennate sections. Thus, only studies that
divided the muscles into functionally distinct sub-regions were considered for this study.
A similar consideration is the treatment of the joint center of rotation. Some
methodologies for calculating muscle moment arms are dependent on knowing the
precise location of the joint center. Meskers et al. [43], and Veeger [44] have both
confirmed that this rotation center is located at the geometric center of the glenohumeral
head, as expected. Regardless, the tendon excursion method has become popular because
it does not require the location of the center of rotation. For the purpose of continuity,
only studies that employed the tendon excursion method were considered for this study.
The studies by Ackland et al. [6], Liu et al. [4], Otis et al. [5], and Kuechle et al.
[3], report middle deltoid moment arms that are compared in Figure 7. These trends show
middle deltoid moment arm generally rising at early abduction angles to a peak at around
60 degrees of GH abduction. Except for Keuchle, the studies report moment arm
magnitudes of between 9 and 14 mm at the early abduction angles. These low
magnitudes are curious because the average humeral head diameter is 51 mm. The
moment arm is the perpendicular distance from the center of rotation to the line of action
of the muscle. If the center of glenohumeral rotation is located at the geometric center of
the humeral head, then the reported moment arms imply that the line of action of the
muscle lies well within the 25.5 mm radius of the humeral head. Interestingly, the
Kuechle data does not exhibit the trend of increasingly small moment arm magnitudes at
small abduction angles. Instead the data shows fairly sustained magnitudes of about 19
mm at the early abduction angles, though this value is still within the 25.5 mm averaged
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humeral head radius. Chapter 3 of this thesis will seek to address this apparent
discrepancy.

Figure 7: Moment arms, reported in the ALOK studies, of the middle deltoid in a healthy
shoulder [3–6]
These four studies on the anatomical shoulder from Ackland, Liu, Otis, and
Kuechle will be referenced repeatedly. From this point onward they will be referred to as
the ALOK studies, when they are referenced as a group. A second study from Ackland et
al. deals with the reverse shoulder [12]. It will also be referenced often. For clarity, the
two Ackland papers will be distinguished as the anatomical and RSA Ackland studies.
Reverse Shoulder Moment Arm Studies
Few studies have attempted to quantify the moment arms of the postoperative
RSA muscles. The Ackland RSA study [12] is a continuation of the anatomical study,
making it valuable because of the continuity in experimental procedures used to obtain
18

the two data sets. The comparison between the anatomical and RSA moment arms in
Figure 8 shows the anticipated difference in moment arm magnitude. The moment arms
for reverse shoulders are consistently higher than those of the anatomical shoulder. It is
also interesting to note that with the same experimental procedure and apparatus, the
results of the RSA study do not show the same decrease in magnitude that the anatomical
data shows at low angles of abduction.

Figure 8: A comparison of anatomical and RSA moment arms from two separate studies
by Ackland et al. [6,12]
The Ackland RSA study placed an emphasis on consistent placement of the joint
center of rotation. The center of rotation was positioned “in contact with the glenoid
surface” in order to reduce shear loading, and was also inferiorly placed in order to
increase range of motion. Numerically this shift was described as medial 20.9 ± 3.9mm
and distal 9.5 ± 4.1 mm in the scapular plane, when using the anatomical joint center as a
reference point. The joint center used in the RSA Ackland study actually occurs inferior
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to the range of recommended values, as they were previously summarized [18,35]. Only
two other studies were found that referenced the moment arms of the middle deltoid for
reverse shoulders [45,46].
Both studies were based on biomechanical models similar to that used in the
current study, and both studies focused exclusively on the deltoid. However, neither
study explored the effects of the joint center on moment arms or muscle excursion. They
focus primarily on glenohumeral forces and scapular rhythm. Each study used moment
arm predictions to compare the model to literature.
The moment arm data for all three divisions of the deltoid can be seen in Figure 9
for Terrier et al. and in Figure 10 for Kontaxis, et al. Both figures also display a
comparison of the moment arms for the reverse and the anatomical anatomies for their
respective models.

Figure 9: Anatomical and reverse shoulder moment arms as a function of abduction
angle. MD represents Middle Deltoid, AD is Anterior Deltoid, PD is Posterior Deltoid.
These results were obtained by manipulation of a musculoskeletal model from Terrier et
al. [45].
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Figure 10: Anatomical and reverse shoulder moment arms as a function of abduction
angle, from Kontaxis et al. [45], vertical axis measures moment arms in millimeters.
Neither of the RSA model studies compared the results of their anatomical models
to the anatomical data found in literature. The magnitudes of moment arms in both
models are far greater than the magnitudes seen in any of the experimental studies. The
trendline for the anatomical middle deltoid from the Terrier study is actually inflected
opposite of the experimental data with moment arm magnitude decreasing as the
abduction angle increases. The anatomical trendline from Kontaxis also deviates from
the experimental data in that there is no change in magnitude through the first 90 degrees
of abduction.
The RSA model results from these studies [45,46] show better agreement with the
experimental data of Ackland et al. [12] than did the anatomical results. As shown in
Figure 11, the magnitude and general shape of the middle deltoid moment arms are
similar across all three studies. Each of the data sets has been scaled to show the moment
arms over angles of glenohumeral abduction only. For the Ackland RSA data, the scaling
was 2/3 of the rotation for angles above 30°. Terrier et al. included scapular rotation over
the entire range of data, but with the same ratio of glenohumeral to scapular rotation: 2/3
of the rotation for all angles. Kontaxis et al. neglected to report methodology on scapular
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rotation, and only mentioned that it was employed. Because the reported ranges of
motion for both Terrier and Kontaxis were similar, the Kontaxis data was scaled
identically to the Terrier data. Note that the validity of this assumption is directly related
to the similarity in treatment of scapular rhythm between the two studies.

Figure 11: Comparison of computational moment arms of the middle deltoid for an RSA
configuration from literature with experimental RSA moment arm data [12,45,46]
Experimental Methods Comparison
It is possible that a methodological difference between Kuechle [3] and the rest of
the ALOK studies created the gap seen between their respective results. Table 2
summarizes the most influential points of methodology that may have caused this
deviation.
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Table 2: Methodology comparison between experimental muscle moment arm studies
(GH = glenohumeral) [3–6]

The main point that separates the methodology of Kuechle from the other ALOK
experiments was the treatment of the muscle paths. For all studies except that of Kuechle
and Otis the muscles were dissected away and the lines of action were replaced by wire.
Kuechle passed a similar wire through the intact muscles. It is possible that this
experimental difference helped them to avoid having their data affected in the same way
as Ackland et al., Liue et al., and Otis et al. Note that Otis et al. also left the muscles
intact, but still reported the surprisingly low moment arms at low angles of abduction.
The difference could have been that Otis overlaid the wire rather than passed it through
the muscle, or it could simply be that they had very few data points for analysis, as
compared to the other ALOK studies.
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Regardless, all four are quality studies that provided the present study with
valuable information regarding trends of muscle moment arms, and mechanics of the
joint center. Further discussion of their deviations can be found in Chapter 5.
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CHAPTER THREE
Methodology
The methodology described in this chapter will be divided into four main
sections. The first section is a description of the model used in this study. The following
sections include descriptions of several sub-studies that make up the body of work
performed by the author. Sub-study 1 describes a parameter sensitivity test, which
measured how adjustments to muscle path parameters affect the role of the middle deltoid
in glenohumeral abduction. Sub-study 2 describes various ways the model parameters
may be tuned to reproduce middle deltoid moment arms that are consistent with the data
reported in literature. Sub-study 3 investigates the role of the glenohumeral joint center
by testing a range of possible locations for the rotation center that may be obtained by
Reverse Shoulder Arthroplasty.
Model Description
The computer model used in this study is a modification of the Garner model [47]
which is based on the CT scans from the Visible Human Project [48]. The surface of
each bone was mapped on a slice-by-slice basis by using an image threshold algorithm.
The resultant contours were then reconstructed to form 3D surface models of the skeletal
system.
Reference Frames
As described in Chapter One, humeral rotation may require movement of all three
bones that connect it to the thorax. Rotation may occur simultaneously at the

25

sternoclavicular joint, acromioclavicular joint, and the glenohumeral joint. However, in
the simulations for this study, the only necessary rotation was in the glenohumeral joint.
Thus the thorax, clavicle, and scapula were treated as a common rigid body. They were
collectively held in the ground frame, which was assigned to the scapular coordinate
system for this model.
The scapular coordinate system, or frame, has its origin at the rotation center of
the acromioclavicular joint. The negative x-axis passes through the medial border of the
scapula, while the negative z-axis is oriented to pass inferiorly through the geometric
center of the spherically-shaped humeral head. Note that this creates a coordinate system
that is out of alignment with most of the camera angles shown in this paper, most of
which are aligned with the X-Z plane of the humeral system.
The humeral coordinate system, or frame, has its origin at the geometric center of
the humeral head. The negative z-axis is oriented to run parallel with the axis of the
humeral shaft. The x-axis aligns parallel to the plane formed by the humeroulnar joint
and the z-axis.
In general, the humeral coordinate system is free to move in all three rotational
degrees of freedom with respect to the scapular coordinate system. These coordinate
systems are visually depicted in Figure 12. Note that the scapular negative Z-axis passes
through the origin of the humeral system, which is also the geometric centroid of the
humeral head.
The definition of these coordinate systems is based on those described by Garner
and Pandy [47]. The reference positions of the limbs as well as planes of rotation were
based on descriptions from Ackland and Pandy [6,12].
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Figure 12: Assembled (top) and separate (bottom) images depicting the reference frames
for the scapula and humerus. X, Y, and Z axes are respectively red, green, and blue.
27

Plane of Rotation
The procedure reported in the Ackland studies [6,12] called for humeral rotation
in the coronal plane. The Kuechle study also performed humeral abduction in the coronal
plane while the other ALOK studies performed humeral abduction in the scapular plane.
The current study was made to simulate the Ackland procedure as closely as possible.
This is because none of the other ALOK studies had correlated data for the reverse
shoulder.
Based on descriptions found in the literature, the axis of rotation for abduction in
the coronal plane was defined as the vector perpendicular to the coronal plane and
passing through the glenohumeral joint center.
The coronal plane was defined as 30° posterior to the scapular plane. The
scapular plane was defined, in accordance with the Ackland description, to contain the
geometric center of the humeral head and two points on the medial border of the scapula.
These points were defined as is depicted in Figure 13.
The axis for glenohumeral abduction in the coronal plane was defined such that
the it was the vector perpendicular to the coronal plane and passing through the center of
the glenohumeral rotation. In the scapular reference frame, the normalized direction
vector for the axis of rotation is [0.3097, 0.6500, 0.0403].
For each of the sub-studies that will be described hereafter, this direction vector
was used. The direction vector in each study was passed through the joint center being
used for the particular sub-study and thus represented the axis for abduction in the
coronal plane.
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Figure 13: Definition of the scapular plane. Two points were identified on the medial
border, to define the red vector, or the scapular vertical. The scapular plane contains
these points and the geometric center of the humeral head (blue vector).
Scapular Rotation
As noted in Chapter 2, under Shoulder Kinematics, scapulothoracic motion plays
a major role in defining the coordinate systems of the scapula and humerus. However,
scapulothoracic motion was not included in this study because the origin of the middle
deltoid is on the acromion of the scapula while the insertion is on the humerus. Thus
scapular rotation will rotate both attachment points of the muscle and will not directly
affect its excursion or moment arms.
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In order to accurately compare the model prediction (without scapular rotation) to
the experimental data, it was necessary to deal with the scapulothoracic rotation that was
employed in the experimental studies. The Ackland studies simulated scapulohumeral
rhythm for all angles of abduction above 30° by applying 1° of scapular abduction for
every 2° of glenohumeral abduction. None of the other studies used to validate the
current model applied any scapular rotation [3–5]. In order to accurately compare the
data from Ackland et al. with the model and the other ALOK studies [3–5], the change in
rotation past 30° was scaled by 2/3. This essentially removed scapular rotation from the
data and adjusted the maximum humerothoracic abduction from 120° to 90°. This
scaling should not affect the moment arm data for the middle deltoid because changes in
length of the middle deltoid should be dependent only on rotation within the
glenohumeral joint. Scapular rotation should shift the entire system.
Deltoid Muscle
The scope of this study was limited to the middle deltoid. Focus on the deltoid
allows for validation of the various experimental datasets of both the anatomical [3–6]
and the reverse [12] shoulder geometries. Because RSA focuses on altering the moment
arm of the deltoid, the deltoid also provides the best opportunity for studying the various
effects of RSA, including changes in moment arms and glenohumeral forces.
Focusing on the deltoid also makes coronal plane investigation an obvious
starting point. As described in Chapter Two, the middle deltoid is most effective in the
coronal plane and becomes less effective as the plane of humeral rotation approaches the
sagittal [3–6,12]. This contrast is lessened when the role of the deltoid is expanded by
RSA.
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Calculation of Moment Arms
The model was used to compute moment arm values for a number of joint centers,
and muscle parameter configurations, over the range of motion. The mathematical
formula used to calculate the moment arms was based on the same kinematic method that
is employed in the ALOK studies, which is sometimes referred to as the “virtual work”
method. The manner in which the computation is accomplished is based on the work of
both the muscle and the joint. If ideal conditions are assumed (e.g. frictionless
contraction of the muscle) then the work done by the muscle and joint are as follows:
Equation 1

𝑊𝑚 = 𝑓 ∗ ∆𝑙𝑚

Equation 2

𝑊𝑗 = 𝜏 ∗ ∆

where W m and W j are, respectively, work done in the muscle and joint, f is the tensile
force produced by muscle contraction, l m is the instantaneous length of the muscle, τ is
the torque at the joint, and Θ is the angle of articulation.
Equations 1 and 2 may be combined to obtain:

Rearranging leads to:

𝜏 ∗ ∆𝛩 = 𝑓 ∗ ∆𝑙𝑚
𝜏
∆𝑙𝑚
=
𝑓
∆𝛩

Finally, torque is a measure of force multiplied by the perpendicular distance
from its line of action to the joint center. As the changes in length and theta approach
zero, the right side of the equation becomes:
𝑀𝑜𝑚𝑒𝑛𝑡 𝐴𝑟𝑚 =

𝑑𝑙𝑚
𝑑𝛩

Equation 3

Thus, through the “virtual work” method, the model computes the moment arm as
a function of rotation and muscle length. This is done by performing a numerical
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differentiation over the entire range of motion. The model iterates through the range of
motion, and computes the length of the muscle before and after every small perturbation
in angular position. The moment arm is then calculated as described in Equation 3, by
dividing the perturbation in muscle length by the change in angle.
Normalizing Moment Arms
The computed moment arms were normalized to account for size variations
between the model and ALOK moment arm studies [3–6,12]. Normalization was
accomplished by scaling the computed moment arm values by 0.923, the ratio of 51.0
mm to 55.0 mm, which are, respectively, the average humeral head diameter of the
experimental population, and the humeral head diameter of our model.
Model Parameters
Because of the dependence on muscle length and joint angle, the proscribed
muscle path is an important variable in any moment arm simulation. The origin,
insertion, and obstacles (neighboring musculoskeletal components) all affect the muscle
path, and thus affect the mechanical advantage of a muscle. These parameters can all
affect the angle at which the muscle force is applied to the skeleton, and the distance of
the force vector from the rotation center (the moment arm).
In this study, a via-cylinder [49] was used to model the muscle path, and to
represent the anatomical obstacles that the middle deltoid would normally circumvent.
The surface of the cylinder acts as a frictionless guide, forcing the muscle to wrap around
it rather than take the shortest straight-line path from point to point.
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Figure 14 shows how the cylinder was used in this model: the cylinder acted as an
obstacle when it intercepted the straight-line path between the origin and insertion. When
the cylinder was placed outside of this path, or once the abduction angle lifted the path
above the cylinder, then the cylinder no longer had any effect on the path. The location
of the origin, insertion, and cylinder were the parameters that were used to describe the
modeled muscle path. When in contact with the cylinder, the muscle path will always
extend tangentially from the cylinder as the humerus abducts through its range of motion.

Figure 14: Via-Cylinder model with middle deltoid displaying spherical markers at the
origin, insertion, and points of tangential contact with the cylinder. The cylinder has
been oriented parallel to the axis of rotation
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Sub-Study 1: Parameter Effects
Sub-Study 1 was designed to analyze the effects of the middle deltoid muscle path
geometry on moment arms over the range of abduction in the coronal plane. This muscle
path geometry is intended to represent the cross-sectional centroid of the muscle belly as
it spans between attachment sites and around underlying anatomical structures. This
geometry may be different for various individuals, and it can be affected substantially by
surgical procedures such as the reverse shoulder replacement.
Sub-Study 1.1: Cylinder Effects
Medial-lateral and superior-inferior translation of the via-cylinder were tested for
their separate effects on the curve of the moment arm as a function of joint angle. Radius
of the cylinder was also tested to see if the size of a shoulder influences the magnitude of
the moment arm, the trends over the range of motion, or both.
Sub-Study 1.2: Origin Effects
As a line, the muscle path attempts to act as an average of the entire volume of the
actual middle deltoid. In order to best model the attachment site, the placement of the
origin was tested for effect on the moment arm curve. The tested locations were confined
to the lie within the area of the anatomical attachment site. For the origin, this is the
entire lateral curve of the acromion.
Sub-Study 1.3: Insertion Effects
The position of the insertion point was also tested for its effect on the computed
middle deltoid moment arms. The attachment area for the insertion is smaller than that of
the origin, and thus positional tests were confined to the deltoid tuberosity.
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Sub-Study 2: Experimental Data Replication
Sub-Study 2 was designed create a better understanding of the data and its
underlying significance in the ALOK studies. Causes of the surprising data trends were
explored by attempting to use the model to replicate the experimental data trends through
various methods of manipulation of the model parameters.
Sub-Study 2.1: Fixed Anatomical Joint Center
This simulation was designed to investigate the muscle path geometry that would
be necessary to create the muscle moment arms reported in the ALOK studies if the
center of rotation were fixed in an anatomical position, with the axis of rotation passing
through the geometric center of the humeral head. Such positioning of the anatomical
center of rotation is both intuitive and confirmed in literature [43,44].

Figure 15: Red axis passes through the anatomical joint center. Blue axis passes through
the RSA joint center, as defined by Ackland et al. [6]. Both images are of the same
glenohumeral orientation, but taken from different angles. On the left the camera is
perpendicular to the coronal plane, where the right is taken perpendicular to the scapular.
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In Figure 15, the red center of rotation marks the anatomical center. With the
center of rotation fixed, the musculature was manipulated to maximize agreement
between the predicted moment arms (as a function of abduction angle) and the ALOK
moment arms. The model allowed for the muscle path of the deltoid to be manipulated
by adjusting the path parameters: the origin and insertion of the muscle and the size and
position of the via-cylinder. Manual adjustments were made to the muscle path in order
to fit the computed middle deltoid moment arm data to that of the ALOK studies, without
any regard for the feasibility of the resulting muscle path geometry. As explained on page
32, the computed moment arms were scaled by a ratio of 51/55, which normalized the
size of the modeled humeral head to the average size of the experimental population.
Sub-Study 2.2: Fixed Anatomical Muscle Parameters
This simulation was performed in order to illustrate what location of the center of
glenohumeral abduction would be necessary to create the muscle moment arms seen in
the literature if the muscle anatomy were fixed in a feasible anatomical position. The
muscle parameters (insertion, origin, and via-cylinder) were defined to represent viable
anatomy determined by the author. This definition was representative of an older
population with reduced musculature. This was modeled by using a small diameter viacylinder with the minimum path obstruction necessary to avoid having the muscle path
penetrate the humeral head. The insertion point was also adjusted to match the muscle
path as described by Ackland et al.[6].
Sub-Study 2.2.1 With the muscle parameters fixed in such a way as to satisfy
anatomical feasibility, the center of rotation was manually adjusted. Translation of the
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joint center was limited to the scapular XZ plane, leaving the y-coordinate in the center of
the glenoid. Adjustment of the center of rotation was made such that computed
abduction moment arms matched the magnitudes and trends of the data reported in the
ALOK studies, and irrespective of geometric feasibility. Because of ambiguity in the
optimal placement of the muscle origin, the process was repeated for three different
anatomically viable origin sites: superior placement, lateral placement, and inferior
placement.
Sub-Study 2.2.2 Because the data from Kuechle et al. [3] is more representative
of the author’s expectations, as well as the Ackland RSA data [11], special interest was
paid to the fit of the model to Kuechle’s data. This was an effort to fit the model to a
unique data trend, as well as an effort to illuminate the causes of the difference between
Kuechle’s data and the rest of the ALOK . The only methodological differences from
2.2.1 were the emphasis on the Kuechle data, and the placement of the origin on the
lateral edge of the acromion – the orientation that was inferred from Kuechle’s paper.
Sub-Study 2.3: Migrating Center of Rotation
This simulation was created to expound upon Sub-Study 2.2. If the musculature
is fixed in the anatomical position as in Sub-Study 2.2, then the data from the literature
might be better explained by a joint center that actively migrates throughout the range of
humeral abduction. The goal of this exercise was to match the model to the slope of the
experimental data over discreet intervals. Each interval represented a 5° range of
abduction. Because this was a precision exercise, it was necessary to follow the curve of
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only one data set at a time. This exercise was repeated for the Ackland anatomical data
set [6], the Kuechle anatomical data set [3], and the Ackland RSA data set [12].
For each discreet range of abduction angles, the model’s center of glenohumeral
abduction was altered in order to create agreement between the model prediction and the
experimental data. The center of rotation corresponding to each angle was then recorded
to track any potential migration of the joint center that may explain the differences
between the unexpected moment arm data for the anatomical Ackland study, and the
expected trends seen in the Kuechle and RSA Ackland studies.
Sub-Study 2.4: Reverse Shoulder Data Comparison
The joint center position, as described by Ackland’s RSA studies [12,50], was
also used as a source of comparison. The model’s joint center of rotation was positioned
as described by Ackland et al. This position was 20.9 mm medial to the anatomical joint
center, and 9.5 mm inferior, in the scapular plane. Along with the data from the
computational moment arms by Kontaxis et al. [46], and Terrier et al. [45], Ackland’s
RSA data was used to define an acceptable range of magnitudes and trends. The model
was compared to this range when it was given the muscle path parameters used in SubStudy 2.3, and given the joint center location defined by Ackland.
Sub-Study 3: Joint Center Simulations
Sub-Study 3 was comprised of a set of simulations that were used to understand
the trends of moment arms and muscle excursions as a function of the joint center
location. The same muscle path parameters that were established in Sub-Study 2.2.1
were used in this sub-study.
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Figure 16: Within the acceptable range of joint centers, the tested locations are shown in
gray. The red, green, and blue joint centers respectively describe the anatomical joint
center, the RSA center as described by Ackland et al. [12] and the RSA center as defined
by the “12 mm Rule” [35]
Figure 16 depicts a grid of the individual joint centers used for a sequence of
separate simulations. For each simulation the model computed the mechanical advantage
of the shoulder and the total excursion of the middle deltoid through the range of motion.
From previously described data [12,18,31,34,35,37,50], the test locations shown
in the grid above were defined in a range composed of five equally spaced rows and ten
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perpendicular columns. This range begins at the center of the glenoid face, then extends
laterally to the anatomical joint center; for the current model, this was a distance of 27
mm. The range then extends inferiorly to a level 11.5 mm superior to the inferior glenoid
rim, which was equal to 6.19 mm below the anatomical center in the current model.
However, for the sake of thoroughness, the fifth row was added one layer below this
inferior limit, for a vertical range of 8.25 mm. This means that each horizontal shift
between columns is 3 mm, and each vertical shift between rows is 2.06 mm.

40

CHAPTER FOUR
Results
Results from each sub-study will be described, in turn, here in this chapter. The
first set of results will be from Sub-Study 1 on effects of the model parameters. This will
be followed by the results of Sub-Study 2, on the investigation into the ALOK and RSA
data sets, and the model parameters required to fit the model to these data. Sub-Study 3
will conclude the chapter with moment arm and muscle excursion trends that are
produced by changes in the joint center.
Sub-Study 1: Parameter Effects
The accuracy of any model is dependent upon the given set of parameters. In the
current model, parameters involving skeletal geometry were set according to the Garner
model [47], as described in Chapter 3, and according to the humeral dimensions from
literature, as described in Chapter 2. Adjustable parameters of this model were the size
and position of the via-cylinder, the position of the muscle origin and insertion points,
and the glenohumeral center of rotation (which will be discussed in detail in a later
section). Each of these parameters affected the curve of the muscle moment-arm as a
function of the glenohumeral abduction angle.
Sub-Study 1.1: Via-Cylinder Effects
However, within the realm of anatomically correct positions and sizes, the effects
of the via-cylinder can be classified fairly succinctly. When the cylinder obstructs the
muscle path, it divides the moment-arm curve into two distinct regions, separated by a
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discontinuity in the slope of the curve (Figure 17). The left-hand portion of the curve
corresponds to the lower angles of abduction where the muscle path contacts the cylinder.
At these angles, the moment arm curve is almost linear. On the right-hand portion of the
curve, where the muscle path lifts free of the via-cylinder, the higher-angle data is
parabolic in appearance. Figure 17 depicts medial and lateral placements of the viacylinder, and the resultant degree of muscle-path obstruction. Note that the camera
angle is aligned with the axis of the via-cylinder, such that the cylinder appears to be a
circle. The image is a close inspection of the glenohumeral joint such that only the
proximal portion of the humerus, and the glenoid and acromion portion of the scapula are
depicted.

Figure 17: Depiction of the two positions of the via-cylinder used for the results shown in
Figure 18. The via-cylinder was moved in the scapular-plane X-direction, simulating
more or less lateralization of the anatomical obstacles that the middle deltoid must
circumvent (e.g. bone and other muscles) The image on the right depicts a more lateral
position of the via-cylinder while the left image is of a medialized obstacle set.
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Figure 18: As the-via cylinder is moved medially and laterally, as pictured in Figure 17, it
affects the angle at which the muscle path is freed from the obstruction of the cylinder.
This point correlates to the divergence in slopes seen near 30° and near 60°. If the viacylinder is removed from the model completely, then there is no obstruction, as
represented by the green curve.
As the cylinder moves medially and laterally in the scapular plane, the division
between linear section and the parabolic section shifts. The plot in Figure 18
demonstrates that no change is made to the magnitude or the slope of the parabolic
section. However, it does affect the location of the slope discontinuity, and to a lesser
extent it also affects the slope curve through the smaller angles of abduction. If the
cylinder is removed completely from the muscle path, there is no linear section of data,
and the entire curve is parabolic in nature. Medial translation of the cylinder forces the
division of linear and parabolic to migrate to the left while lateral translation increases the
predominance of the left-hand linear portion, forcing the discontinuity to the right.
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Figure 19: Depiction of vertical via-cylinder translation. The positions depicted
correspond to the results in Figure 19. The superior-inferior placement of the cylinder is
measured by an inferior offset from the position of the origin (uppermost purple sphere).
The 0 mm inferior offset is pictured top-left in this figure, and as a green curve in Figure
20. The top right image depicts a 7 mm inferior offset. Bottom image depicts a 17 mm
offset.
Superior-inferior translation of the via-cylinder in the scapular plane, depicted in
Figure 19, also affects the position of the slope discontinuity. Also, like medial lateral
translation of the cylinder, it does not have any discernible effect on the moment arm
curve for angles above the slope discontinuity. However it has a very discernible effect
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on the slope of the low-angle portion of the curve, or the linear section. As seen in Figure
20, the difference between the slopes of the high and low angle regions becomes less
distinct as the cylinder translates superiorly. If the cylinder moves superiorly enough to
touch the origin, as shown in the upper-left image in Figure 19, the slope discontinuity
ceases to exist, as shown in the “0.0 mm” curve in Figure 20. Conversely, the other two
curves show that the slopes become more disparate as the cylinder is translated distally.

Figure 20: Comparison of effects of vertical of the via-cylinder placements seen in Figure
19. In the legend, each curve is labeled by the inferior distance of each respective viacylinder from the origin.
The radius of the cylinder does not have any effects that are obviously distinct
from the horizontal or vertical translation. As much as an increase in radius causes the
cylinder to obstruct the muscle path further laterally or superiorly it has the same effect
that a lateral or superior translation would have. Radial adjustments can, however, be
useful for obtaining the desired combination of vertical and horizontal effects.
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Sub-Study 1.2: Muscle Origin Effects
Small adjustments to the origin of the middle deltoid had a surprisingly large
impact on the magnitudes of the moment arms. Medial-lateral movement of the origin
affected the moment-arm curve noticeably, but not to the same magnitude as superiorinferior shifts. If all other parameters are held constant while the origin is moved
medially, the slope of the curve is largely unaltered. However, because the slope
discontinuity occurs earlier, the similar slope achieves a greater maximum moment arm
within the range of motion of the glenohumeral joint. This trend is illustrated between
Figures 21 and 22, where the placement is depicted, and the resulting trends are plotted,
respectively.

Figure 21: Origin (uppermost purple sphere) positions correspond to the results in Figure
22. Medial origin placement is depicted on the left, and lateral placement of the origin is
depicted on the right.
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Figure 22: Comparison of model prediction of muscle moment arms corresponding to the
anatomical configurations depicted in Figure 21
A more obvious trend is observable in vertical shifts of the muscle origin. If all
other parameters are held constant and the point of insertion is moved in the inferior
direction, the global maximum, the maximum gradient, and the location of the maximum
gradient scales downward. The trends are illustrated in between Figures 23 and 24,
where the placement is depicted, and the resulting trends are plotted, respectively.

Sub-Study 1.3: Muscle Insertion Effects
The muscle insertion point has little discernible effect on the muscle excursion or
the associated moment arm data. Not only is the best location for the insertion point
much less ambiguous than the origin, the effect of insertion adjustment was much smaller
than that produced by a similar change in the origin. The insertion point was confined to
the deltoid tuberosity, and left unchanged through all subsequent sub-studies.
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Figure 23: Positioning of origin of the middle deltoid on the inferior surface of the
acromion (left) and on the superior surface (right). In vivo the middle deltoid origin
envelopes both represented locations.

Figure 24: Comparison of model prediction of muscle moment arms with each of the
origin locations depicted in Figure 23
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Sub-Study 2: Experimental Data Replication
The simulations that follow attempt to justify or understand inconsistencies
between expected data trends and the experimental data obtained from the ALOK studies
[3–6]. A detailed list of final parameters for each of the following sub-studies can be
found in Appendix A.
Sub-Study 2.1: Fixed Anatomical Center of Rotation
In this study the joint center was fixed at the anatomical position (the geometric
center of the humeral head), while the muscle parameters were manipulated in an effort
to reproduce the ALOK muscle moment arm trends. The model was able to produce
magnitudes and trends for the middle deltoid moment arm that were similar to the
experimental datasets. However, the muscle path geometry necessary for the model to fit
the experimental data was found to be anatomically infeasible. Figure 25 is a
visualization of the physiology that resulted in the moment arm curve in Figure 26.
Each of the specified studies apart from that of Kuechle et al. have relatively
constant positive slopes from 0° of abduction up until 20-40° of abduction, along with a
resting moment arm of less than 15 mm. As shown in Figure 25, in order to imitate these
data trends, it was necessary to place the origin of the middle deltoid on the inferior
surface of the acromion. This placement is within the viable attachment area of the in
situ middle deltoid. However, it was also necessary to completely remove the viacylinder from the muscle path and allow the line of action to assume a straight route from
the origin to the insertion. This path takes the line of action well within the radius of the
humeral head, indicating that the middle deltoid would have to tunnel through the
humerus in order to fit this set of parameters.
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Figure 25: For Sub-Study 2.1, in order to match the model to the experimental data, the
muscle origin and insertion (purple spheres) were manipulated, while the via-cylinder
was removed entirely. The resultant muscle path is pictured (in purple) from the side and
front. The path clearly passes through the humeral head and shaft.
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Figure 26: Comparison of experimental middle-deltoid moment arms [3–6] to the
modeled curve with the glenohumeral center fixed at the center of the humeral head,
Sub-Study 2.2 – Fixed Anatomical Muscle Parameters
As an alternate means of analyzing the perceived discrepancies in the data taken
from the ALOK studies [3–6], this set of sub-studies was designed to satisfy muscle path
requirements and dimensions while adjusting the glenohumeral joint center of rotation.
Each iteration of this sub-study emulates a unique set of muscle path parameters that
were selected to match anatomical descriptions.
Sub-Study 2.2.1. In this sub-study the glenohumeral center was adjusted in an
effort of match the modeled moment arms to the data from Ackland et al., Liu et al., and
Otis et al. It was unknown if the position of the muscle origin would affect the ability of
the model to predict trends similar to that of the experimental data. Thus, Sub-Study
2.2.1 was iterated through three distinct origin positions: centered on the superior surface
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of the acromion, centered on the lateral edge of the acromion, and centered on the inferior
surface. In the first iteration of this sub-study Figure 28 shows superior positioning of the
muscle origin and the associated location of the joint center, while Figure 27 shows the
resultant model prediction of the moment arm curve in comparison to the ALOK
experimental data. In the second iteration, Figures 29 and 30 then display the same set of
information, but for a lateral positioning of the muscle origin. Finally, the third iteration
follows the same format of displayed results – for inferior placement of the muscle
origin.

Figure 27: Comparison of model predicted moment-arm curve that resulted from an
anatomically correct configuration of muscle parameters. Because there are several
anatomically correct positions for the middle deltoid origin, this iteration of the xub-study
was performed with a superiorly placed origin. The via-cylinder and center of rotation
were accordingly adjusted to gain the depicted agreement to the data from literature,
specifically the Ackland anatomical study.
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Figure 28: Side and front views of the shoulder configuration that justifies the depicted
muscle origin (upper purple sphere). The joint center (green) was chosen to best replicate
trends seen in the ALOK data. Resultant model prediction can be seen in Figure 28.
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Figure 29 shows that above the slope-discontinuity in the model’s prediction, the
curve fits extremely well with the trends of the experimental data. With the muscle-path
parameters set, the curve was fitted to the data by moving the joint center. With the
origin positioned on the superior surface of the acromion, the results of this iteration of
Sub-Study 2.2.1 show that the required position of the joint center was 10.5 mm superior
to the expected anatomical joint center.
The second iteration of Sub-Study 2.2.1 fixed the origin of the middle deltoid at
the lateral edge of the acromion. This orientation can be seen in Figure 29.

Figure 29: Comparison of model predicted moment-arm curve that resulted from an
anatomically correct configuration of muscle parameters. Because there are several
anatomically correct positions for the middle deltoid origin, this iteration of the sub-study
was performed with a laterally placed origin. The via-cylinder and center of rotation were
accordingly adjusted to gain the depicted agreement to the data from literature,
specifically the Ackland anatomical study.
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Figure 30: Depiction of physiology when the origin is placed laterally on the acromion.
The joint center in green is positioned to best fit the model to the ALOK data while the
muscle parameters are defined for anatomical correctness. Corresponding model results
depicted in Figure 29
The lateralized-origin iteration of Sub-Study 2.2.1 required a different joint center
in order to achieve a similar fit to the superior-origin iteration. However, it can be seen
in Figure 29 that this change in position of the joint center was able to mitigate the effects
of the change in origin position, such that the model predicted curves in Figures 27 and
29 have a very similar fit. The required position of the joint center was 3 mm lateral and
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2 mm inferior to the expected anatomical joint center for a total deviation of
approximately 3.4 mm.
The third iteration of Sub-Study 2.2.1 fixed the origin of the middle deltoid on the
inferior portion of the acromion. This configuration can be seen in Figure 31.

Figure 31: Inferior placement of the muscle origin (superior purple sphere) and placement
of the via-cylinder and joint center (green) that allow this physiology to match the ALOK
data, as shown in Figure 32.
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Figure 32: Comparison of model predicted moment-arm curve with inferior origin
placement, as shown in Figure 31, to the data from the ALOK studies.
Again, Figure 32 shows that the movement of the joint center was able to offset
almost all of the effect of the change in position of the origin, even though Sub-Study 1
showed that the placement of the origin can have a significant effect on the curve of the
moment arms. The required position of the joint center was 2.3 mm medial and 4.8 mm
inferior to the expected anatomical joint center for a total deviation of approximately 5.4
mm. The differences between the parameters of each of these three iterations are
described in detail in Appendix A.
Sub-Study 2.2.2. The magnitude and the trends of the moment arm curve from
Kuechle et al. [3] are more consistent with expectations and geometric muscle path than
that of the other three ALOK studies, specifically in that Kuechle’s moment arms are
larger at the early abduction angles. Sub-Study 2.2.2 was designed to test how the model
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prediction would fit the Kuechle data when provided with anatomically correct
parameters. This sub-study was done with the superior positioning of the muscle origin,
as depicted in Figure 27.

Figure 33: With physiologically correct parameters (as given in Appendix B) the model
was able to accurately represent the Kuechle data [3]

As with the previous simulations, there was a range of parameter combinations
that brought the model prediction into solid agreement with the Kuechle data. The model
prediction that is shown in Figure 33 is a result of a superiorly placed origin, and a joint
center that is nearly 11 mm superior to the anatomical joint center. Full parameters can
be found in Appendix A. With alternate placement of the middle deltoid origin, it was
possible to bring the predicted joint center within approximately 6 mm of the expected
anatomical center. None of these configurations provided a muscle path that was
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completely free of interference with the humeral head, however there was significantly
less humeral head interference in this instance than there was in simulating the other
anatomical data sets.
Sub-Study 2.3: Migrating Center of Rotation
In this sub-study the author attempted to justify the trends of the experimental
data by simulating a center of rotation that migrates as abduction angle increases. Data
was taken over five degree intervals and the model’s center of rotation was adjusted to
match each experimental dataset at the corresponding abduction angle. Figure 34 shows
that iterative adjustment of the joint center allowed for the model to individually match
the data for the Ackland anatomical and RSA studies as well as the Kuechle data [3,6,12].

Figure 34: The center of rotation was adjusted every 5° to fit to fit the data from each of
the three studies. The success of the fit is shown here. The migration of the joint center
is shown in Figure 35.
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Figure 35: This data represents the migration of the model’s joint center of rotation as it
was necessary to match the moment arms of the middle deltoid from the model to the
anatomical data from Kuechle [3] and Ackland [6], as well as the RSA data from
Ackland [12]. Chart axes represent coordinates in the scapular reference frame, in meters
with the X-axis reversed according to the model’s convention.
Figure 35 shows the X and Y migration necessary to match the model to each data
set. In order to match the model to the anatomical Ackland data for middle deltoid
moment arms, there was a significant migration of the model’s joint center. It required
nearly 10 mm of translation in the scapular X-direction, and over 25 mm in Z-direction.
To match the data from the anatomical Ackland data, the modeled joint center was
migrated from the lower left blue diamond, corresponding to 0° of abduction, to upper
right, at the upper limits of abduction. The large gap seen in the progression of the bluediamonds is where the slope of the model-predicted curve changed drastically. This
required further migration to create the fit, but it is interesting to note that the linear
trendline was maintained.
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In order to match the model to the anatomical data from Kuechle et al., there was
almost no migration in the X-direction, and a little more than 10 mm of total migration in
the vertical direction. Although the order is not shown Figure 35, the red square
representing the position of the glenohumeral center at maximum abduction is adjacent to
the square representing the zero position. The model’s joint center started at the upperleft-most red square and migrated downward before returning to a similar elevation. This
bobbing motion is similar to the motion of the joint center that is described in literature,
except that it has been reported to start low and move superiorly before dropping again
[41,42].
In order to match the model to the RSA Ackland data for middle deltoid moment
arms, there was 3 mm of medial migration, and 20 mm of inferior migration. This means
that the model’s joint center moved from the top-left green triangle to the bottom-right
triangle. The final elevation of the joint center was similar to the experimental RSA joint
center, but in the X-direction the final joint center was still approximately 6 mm lateral of
the experimental center.
Sub-Study 2.4: Reverse Shoulder Data Comparison
After calibration with the anatomical data, the model was also compared with the
RSA data found in literature [12,45,46] to ensure that the physiological parameters for
the anatomical shoulder translated to the RSA shoulder. The muscle path parameters
used in Sub-Study 2.2.1 that placed the middle deltoid origin in a superior position were
used in this sub-study, while the center of location was defined according to the center
defined by the Ackland RSA study (see Figure 27). As seen in Figure 36, the model-
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predicted data stayed within the range of values given by the three different data sets
from literature, showing good agreement in trends and in magnitude.

Figure 36: Plot of the experimental and model predicted data from literature compared to
the predictions of this model for reverse shoulders
Sub-Study 3: Joint Center Simulations
Understanding the trends of the data as the joint center shifts will allow surgeons
to position the joint center according to the individual needs of the patient. This set of
simulations is designed to create a comprehensive description of these trends within a
specified geometric range. Figure 37 depicts the grid of joint centers that were tested for
this analysis, as it was described in Chapter 3.
Trends resulting from the manipulation of the other parameters (muscle origin and
insertion, via-cylinder location and radius) have already been presented and hold value
that applies largely to this model. The trends in mechanical advantage as a function of
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the location of the joint center of rotation are presented separately here to illustrate
greater detail for this impartant parameter that may be adjusted via implant design or
surgical technique.
In general, the following trends were observed: lateral movement of the joint
center changes the magnitude of the moment arms at low angles, while vertical
translation changes the moment arms at high angles. Figure 37 is for reference in
understanding the geometric significance of Figures 38-42.

Figure 37: Grid of points used for the various joint center simulations. For use in
positional reference for Figures 38 – 42. The red, green, and blue centers respectively
mark the centers of rotation found by using the geometric center (anatomical), the 12 mm
rule (RSA) and the center defined in the RSA study by Ackland et al. [12].
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Sub-Study 3.1: Medial-Lateral Movement of the Joint Center
Figures 38 and 39 depict how the data trends when the center of rotation is shifted
medially. Both Figures illustrate that moment arms for the middle deltoid do increase
with medial translation of the joint center. As the rotation center moves medially, the
moment arms at low angles increase significantly while those at higher angles remain
more and more static, and even decrease at the upper limits of abduction. The distance
between each column of test locations, or from (m, n) to (m, n+1), is 3 mm. There are a
total of 10 columns within a total medial-lateral range of 27 mm.

Figure 38: Trends in moment arm data for the middle deltoid as the center of rotation
shifts medially along the superior border of the viable joint center range, as it is depicted
in Figure 37. The Ackland RSA data for the middle deltoid is shown, for reference, as a
dashed black line.
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Figure 39: Trends in moment arm data for the middle deltoid as the center of rotation
shifts medially along the bottom border of the viable joint center range, as it is depicted
in Figure 37. The Ackland RSA data for the middle deltoid is shown, for reference, as a
dashed black line.
By comparing Figures 38 and 39, a handful of interesting results are made clear.
First, the medial-lateral positioning of the joint center has a pronounced effect on the
magnitude of the moment arms at low angles of abduction. For each three millimeter
medial shift in the joint center there is an 11.5% increase in the moment arm at zero
degrees of abduction. This means that over the entire 27 mm range, there is a total
percent increase of 106% over the resting position moment arm at the anatomical
position. At the maximum abduction of 90° there is a much smaller effect: a maximum
2% increase in moment arm magnitude at 10 mm of medial movement, and a minimum 5% increase in magnitude at the full 27 mm of medialization.
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For translation along the inferior row of joint centers, the trends are largely the
same. At the resting position (0° of abduction) the same 11.5% increase in moment arm
magnitude is seen between each successively medialized joint center. At maximum
abduction (90°), a similarly small effect is also seen. The percent increase over the
anatomical position ranges from 24.5% at zero millimeters of joint center medialization
to 33% at 18 mm of medialization. The base increase of 25.5% is due to the effects of
the inferior shift, as will be seen in the next section.
Another interesting result is that at the low angles of abduction, where the effects
of medial-lateral translation are most noticeable, the moment arms relating to positions
along the inferior row (shown in Figure 38) have lower moment arms than do the joint
center positions along the superior border (shown in Figure 39). This trend is illustrated
by comparing the moment arm curves of positions (1,1) and (5,1), or the positions (1,10)
and (5,10). Generally, the moment arm is thought to be maximized by moving inferiorly.
Apparently, this assumption holds only for angles of glenohumeral abduction under
approximately 40°.
Sub-Study 3.2: Superior-Inferior Movement of the Joint Center
Other trends that result from superior-inferior movement of the joint center can be
viewed in Figures 40-41. As distal translation occurs, the moment arms at high angles
are increased while the moment arms at lower angles display a much smaller and slightly
opposite effect. The distance between each row of test locations, or from (m, n) to (m+1,
n), is 2.06 mm. There is a total of 5 rows within a total superior-inferior range of 8.25
mm.
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Figure 40: Trends in moment arm data for the middle deltoid as the center of rotation
shifts inferiorly along the most lateral column of the viable joint center range, depicted in
Figure 37. The Ackland RSA data is shown, for reference, as a dashed black line.

Figure 41: Trends in moment arm data for the middle deltoid as the center of rotation
shifts inferiorly along the most medial column of the joint center range, as it is depicted
in Figure 37. The Ackland RSA data is shown, for reference, as a dashed black line.
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Figures 40-41 confirm that superior-inferior translation greatly affects both the
magnitude and the profile of the moment arms at high abduction angles. Again we see
the swap effect, where the most inferior positions create the lowest moment arms at
resting position. Then as the arm moves through the range of abduction, these inferior
centers of rotation outperform the superior positions in terms of mechanical advantage.
It is again shown that the low angles of abduction are negatively affected by
inferior translation of the glenohumeral center. We also see confirmation that inferior
translation of the joint center increases moment arms at the upper end of the range of
motion. For the lateral border of the range (Figure 40), at 90° of abduction, the percent
increase in moment arm magnitude per two millimeters of inferior shift is 6%. The
percent change for the same interval on the medial end (Figure 41) is 9%. When these
percentages are normalized to the same three millimeter interval that is taken in the
medial-lateral translations, then the percent increases become 9% and 12.9%,
respectively.
The combination of Figures 38-41 shows that mechanical advantage increases
with distal and medial translation, both of which are possible directions of movement
from the anatomical joint center (test location [1,1] in Figure 37). Furthermore, the
increase in moment arm magnitude is roughly equal for medial and inferior translation. It
is then possible to move the joint center in a direction that will adjust the magnitude of
the moment arms across the entire range of motion and will essentially maintain the
anatomical moment-arm profile. Increasing magnitude of the anatomical profile can be
seen in Figure 42.
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Figure 42: The anatomical profile of the curve may be increased in magnitude by
positioning the joint center along an inferior-medial diagonal from the anatomical center
The position with the largest moment arm over the largest range of motion is the
most inferior and medial position available, as was expected. Surprisingly, it did not
create the largest moment arm at every angle of abduction. Physiological implications of
this and other trends will be discussed in Chapter 5.
Sub-Study 3.3: Muscle Excursion
The excursion of the middle deltoid is the total change in muscle length between
the extremes of the range of abduction. Figures 43 and 44 depict the total excursion of
the deltoid as a function of the location of the joint center of rotation. As the center is
moved medially, the excursion tends to increase in a fairly linear fashion with 5 mm of
increase in total excursion for every 4.5 mm of medial translation of the anatomical
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Figure 43: Total excursion of the middle deltoid as a function of the position of the joint
center. Each curve represents the change in total excursion of the middle deltoid as the
joint center is shifted medially along one of the rows depicted in Figure 37.

Figure 44: Total excursion of the middle deltoid as the joint center is moved inferiorly.
Each curve represents a different column from Figure 37.
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center. As seen in Figures 43 and 44, there is approximately 5 mm of increase in total
excursion for every 7.75 mm that the joint center is moved inferiorly.
The increase is nearly linear. This is because the total muscle excursion is the
integral of the moment arm function, or the area under the moment arm curve. There is
also constant increases in moment arm magnitudes, at a given degree of abduction as the
joint center is moved medially and inferiorly.
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CHAPTER FIVE
Discussion

Experimental Data Trends
The model results compare well with the data trends reported in the literature of
Ackland et al. [6,12], Kuechle et al. [3], Lui et al. [4], and Otis et al. [5]. Magnitude
and general trends of the experimental data were duplicable by manipulation of our
model parameters. This process created an important understanding of the viable
locations and shapes of the various model parameters. It was this understanding that was
used to create reliable data on a large range of shoulder models.
Replication of Unexpected Anatomical Data
As stated in Chapter 2, the experimental moment arm studies on the anatomical
shoulder by Ackland et al. [6,12], Lui et al. [4], and Otis et al. [5] each report abduction
moment arms for the middle deltoid that have unexpectedly low magnitudes for the early
abduction angles. For example, at 0° of abduction (2.5° for the Ackland study) the
moment arm magnitudes range from 8.5 mm to 14 mm for these three studies. The
moment arm is related to the distance from the center of joint rotation to the muscle path.
These are unexpected values because these magnitudes are substantially less than the
radius of the humeral head, which ranges from 25 to 28 mm. Therefore, if abduction
occurs about the geometric center of the humeral head, the implication of these studies is
that the muscle path must pass inside the bone surface of the humeral head. For
reference, the experimental moment arms for the anatomical middle deltoid are compared
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in Figure 7 and the migration of the model’s joint center in order to match the model to
the experimental data (for each middle deltoid data set from the anatomical and RSA
Ackland studies [6,12], and the anatomical Kuechle study [3]) was previously depicted in
Figure 35.
An unexpected trend that is consistent across three separate studies is unlikely to
be caused by experimental error and is much more likely to be a true result of an
unanticipated interaction. It is possible that this interaction was identified by Ackland et
al. when they stated that a potential limitation of the study was the inability to control
“…glenohumeral joint translation during the tendon excursion experiments.” In vivo, a
healthy shoulder will experience some glenohumeral translation during rotation
[4,41,43,44]. It is possible that this translation is magnified ex vivo, in the absence of the
complex coordination of forces that stabilize the joint.
Each portion of Sub-Study 2 represents a separate attempt to use our model to
elucidate the cause of the unexpected low-angle data. Sub-Study 2.1 was an attempt to
find a way to explain the experimental data while using the in vivo position of the
anatomical joint center. As expected, the results (Figures 25-26) showed that no
anatomically justifiable configuration of the muscle parameters would mirror the
experimental data trends while the joint center was locked at the anatomical position.
Sub-Study 2.2 was a reversal of Sub-Study 2.1. If the joint center could not be
fixed in the anatomical position, then the muscle parameters would be fixed in an
anatomical configuration and the joint center would be the variable. This method seemed
more likely to explain the experimental data because the joint center implied by the
experimental moment arm data might deviate from the actual joint center because of an
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unanticipated interaction. This method was marginally successful (Figures 27-32) in that
the data at the upper ranges of abduction matched well with the experimental data.
However, Sub-Study 2.2 was ultimately unable to duplicate the data trends at the low
angles of abduction, which were the trends in question.
Sub-Study 2.3 is similar to Sub-Study 2.2 in that the model’s joint center of
glenohumeral rotation is the variable parameter used to bring the model into agreement
with the experimental data. The difference between the two procedures was that in SubStudy 2.3 numerous joint centers were used through the range of abduction in order to
explain the trends in the experimental data by using a migrating center of rotation in the
model. As seen in Figure 34, the model was able to replicate the middle deltoid moment
arms for each of the three experimental data sets, but this was achieved by adjusting the
joint center to obtain agreement over intervals of 5°. Figure 35 is the depiction of how
the model’s joint center had to migrate in order to create this agreement between the
model and each data set, which is the important result. For the anatomical Ackland
study, the model’s center of rotation was required to migrate significantly in both the X
and Y directions (approximately 10 and 27 mm, respectively) in order to match the
experimental results. For the RSA Ackland data, the migration was also significant, but
much less than the anatomical data (approximately 3 mm horizontally, and 20 mm
vertically).
Some translation is expected in a healthy shoulder, and actual translation of the
humeral head with respect to the scapula may be exacerbated ex vivo, as discussed above.
However, joint translation would not physically account for all of the migration of the
joint center that resulted from Sub-Study 2.3. As long as the humerus was in constant
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contact with the scapula, the translations in the X-direction should not occur. This
implies that the at least some of the migration for the Ackland data, shown in Figure 35,
is not a reflection of a physical translation in the ex vivo experiments, but rather is a result
of some other interaction with the moment arm computation.
Reconciliation of Unexpected Anatomical Data
Sub-Study 2.3 may be able to provide further insight into the causes of the large
migration of the joint center required in order to match our model to the Ackland
anatomical data. Sub-Study 2.3 also tracked the migration of the joint center in matching
the model to the data of Kuechle et al. [3]. The Kuechle data did not require the model’s
joint center to migrate in the X-direction. Rather, the migration takes a vertical path,
moving down and then back up over a range of about 10 mm. While the magnitude of
the migration is greater than what is reported in vivo in the literature, the migration of the
Kuechle center is much closer to the in vivo trends than the Ackland data [41,42].
Because the migration of the Kuechle center does not deviate from the vertical,
the greater magnitude of migration may be explained by the lack of coordinated muscular
control in an ex vivo experiment and greater shifting of the humeral head. The migration
of the Kuechle joint center is in line with the expected anatomical migration, which
correlates directly to the moment arm data being more in line with the expected
anatomical moment arm trends.
This correlation and the agreement between the Kuechle moment arm data and the
expected in vivo moment arms indicates that the anomalies in the migration of the
Ackland joint center are likely related to the unexpectedly low moment arms at low
angles of abduction for Ackland [6], Liu [4], and Otis [5].
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Comparing the Ackland RSA and Anatomical Studies.
The reverse shoulder implant is designed to stabilize the glenohumeral joint and
increase torque capabilities of the glenohumeral muscles. The design of this implant
attaches the glenohumeral center of rotation directly to the scapula. Because the
glenosphere is mechanically secured to the scapula, any physical translation of the joint
center should be extremely limited with respect to the scapular frame. Fixation of the
glenohumeral joint center in an unanatomical position in the RSA study is the only
significant differences between the methodologies of the anatomical and RSA studies by
Ackland et al. [6,12]. Because this is the main difference between the two studies, it
should account for the differences in the trends of the moment arm data and the
migrations of the joint center between the anatomical and RSA studies.
In Figure 8 we see that the RSA study [12] reports consistently greater
magnitudes of moment arms than does the anatomical study. This is an expected trend.
However, we also see a difference in the trends of the data at low angles. The anatomical
Ackland study reports increasingly small moment arms at low angles while the moment
arms for the Ackland RSA study remain high at low angles. Having no physical
translation of the joint center made a difference in moment arm trends at those low angles
of abduction.
The lack of physical translation of the joint center also makes a difference in the
migration required to match the model to the experimental data. However, the model’s
center of rotation still had to migrate in order to match the RSA data, which confirms that
something other than humeral head translation is contributing to the migration of the joint
center that is implied by the reported data. The total vertical migration required to match
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the model to the Ackland RSA data is approximately 8 mm less than the total vertical
migration for the anatomical Ackland data. This 8 mm difference is similar to the total
vertical migration seen in matching our model to the Kuechle data. Finding serves to
confirm that the main difference in migration of the model’s joint center between
matching with the anatomical and RSA data sets is that the RSA data set has no physical
translation of the humeral head. Therefore, all of the migration seen in the RSA portion
of Sub-Study 2.3 is a reflection of some other interaction that is influencing the values of
the moment arms in the experimental studies, but is not reflected in the model
predictions. In other words, the model was compensated by iterative adjustment of the
joint center in a manner that would not physically occur.
Causes of Joint Center Migration in the Model’s Fit to Experimental Data
The data from Kuechle et al. [3] does not reflect any changes in the joint center
that would not occur in vivo. As shown in Table 2, the main difference between the
methodology of Kuechle and the studies by Ackland et al. and Liu et al. is in the
treatment of the muscle paths. Liu and Ackland cut away the muscle bellies and ran lines
from the insertion to the origin. Kuechle left the muscles intact and threaded the line
through the muscle itself. In each study, these lines were then used to track the change in
muscle length as the humerus was abducted.
If the experimental treatment of the muscle path is the cause of the differences in
moment arms between Kuechle and the other ALOK studies, then there are two possible
implications for the movement of the model’s joint center when it is used to mimic these
experimental data sets. The first is that cutting the muscles away increases joint
instability and allows for lateral and superior-inferior translation of the joint center. The
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second is that passing the line through the muscle belly may ensure better stability of the
experimental muscle path. The free lines in the other three studies could conceivably shift
around obstacles as the humerus is passively abducted. Both of these possibilities would
affect the instantaneous change in length for the tendon excursion method. As described
by Equation 3, this change in length has a direct effect on the computed moment arms.
For example, during an experiment, if the humerus was abducted by 1° and the
abduction caused the humeral head to slip inferiorly, then the change in length caused by
the rotation would be mitigated by the opposing change in length caused by the inferior
translation of the humeral head. Thus the change in length would be recorded as a value
that is less than what it would have been with a fixed center of rotation, while the angle
of abduction is accurately reported as 1°. The computed moment arm is then
proportionally smaller than what it should have been, and the model must utilize a
lateralized center of rotation in order to mimic the moment arm data.
This scenario is a possible explanation for the unexpectedly small moment arms at
low angles, as well as the large migration of our modeled joint center when it is made to
mimic the data of the Ackland studies.
Model Validation Against Literature
Comparing the current model against models and data previously described in the
literature provides a measure of validation. It is this validation which allows for the use
of this model to collect further data regarding the influence of the glenohumeral center of
rotation.
The data sets from the experimental Ackland studies [6,12] and the data sets from
the models used in the studies of Terrier et al., and Kontaxis et al., [45,46] were not
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perfectly comparable to the current model. Both computational studies simulated
scapular rotation, giving their data a total humerothoracic range of approximately 150°.
This difference in abduction range was compensated for by scaling each data set to
eliminate the effects of scapular rotation. This is a valid modification for the middle
deltoid because the entire muscle operates within the scapular frame.
In comparing the current model to the data from the ALOK studies, the scaled
data from the Ackland RSA study, and the Kontaxis and Terrier models, our model
represents well the trends and magnitudes of the muscle moment arms.
For the reverse shoulder configurations, the model fit well with the data from
Ackland, Terrier, and Kontaxis. Using the RSA center of rotation defined by Ackland et
al., the model predicted a moment arm curve that fit within the magnitudes of the other
studies and mimicked the trends of the other studies – specifically a fairly level slope at
early angles of abduction followed by a rising and falling action, with peak moment arms
occurring between 50° and 75°.
For the anatomical configurations, the model was able to fit the Kuechle data with
an R2 value of 0.95. For the other ALOK studies, our model fit well for the higher angles
of abduction but diverged for low angles of abduction. However, the divergence between
the low-angle moment arm predictions of this model and the low angle experimental data
might be because of anomalies in the experimental studies caused by instability in the
glenohumeral joint, as discussed previously.
Effect of Center of Rotation Location
The validated model was used to study the effects on middle deltoid moment arms
caused by variations in the location of the glenohumeral center of rotation. The results of
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this study have application in the design and use of the reverse shoulder prosthesis, which
alters the joint center location in order to increase joint stability and increase the torque
potential of the joint by increasing the moment arms of the deltoid and surrounding
muscles. The results of Sub-Study 3 show that the location of the glenohumeral center of
rotation has a sizeable effect on the magnitude and shape of the moment arm profile as a
function of glenohumeral abduction angle.
Implications for Moment Arm Magnitude
It is a common belief that moving the joint center medially and inferiorly will
increase the moment arms and the potential torque at the joint. This belief is
substantiated by the results displayed in Figures 8, and 37-42. As the center of rotation is
shifted medially or inferiorly the magnitude of the moment arms is increased. Moving
the joint center in either direction will have a roughly equivalent effect on the magnitude
of the muscle moment arms but will affect opposite ends of the curve.
Medial movement was found to affect the left section of the moment arm curve,
which corresponds to the low angles of abduction (approximately 0-50°). It is within this
range of abduction that the muscle path wraps around the underlying anatomy (e.g. the
humeral head). I
Inferior movement of the joint center was found to affect the moment arms at
higher angles of abduction (approximately 40-90°), where the muscle tends to lift free of
the underlying anatomy. In this range of abduction the middle deltoid has a nearly direct
path from the acromion to the deltoid tuberosity.
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Implications for Joint Range of Motion
Another topic that might be considered when designing a total shoulder implant or
arthroplasty procedure is what range of motion is going to be most important to the
patient. It may not always be possible to get the center of rotation to reside at both the
most medial and most inferior position possible. In such a case the designer would need
to know if the patient needed more assistance with low or high-angle rotations due to
musculoskeletal deficiencies or because of habitual motions. The data provided by the
current model would then provide guidance on selecting an appropriate position for the
joint center.
When considering how far to medialize a patient’s joint center, one thing that
could be considered is the decrease in moment arm magnitude that occurs at the highest
angles of elevation. If a patient struggles with that range of motion, as was reported by
Bergmann et al. [38], then it may be worthwhile to set the center of rotation inferior of
the glenoid center and slightly lateral to the glenoid face by selecting an RSA device with
a lateral offset and placing the center bore for the glenoid component inferior to the
center of the glenoid. This would sacrifice some amount of mechanical advantage at
lower angles but would provide an increased mechanical advantage at the upper limit of
the range of motion. This orientation would also minimize the risk of impingement, as
the rim of the humeral component would be distanced from the glenoid. For reference,
see results at the upper limit of rotation in Figures 38-42.
Also shown in Figure 42, it was surprising to note that the profile of the moment
arms for the anatomical joint center can be preserved as the moment arm magnitude is
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preserved. For reference, see the uniform increase in mechanical advantage across the
range of motion in Figure 42.
Because medial and inferior translations have roughly equivalent effects, the
moment arm profile of the anatomical joint can be preserved over the full range of
motion by moving the joint center medially and inferiorly at an angle 30-45° below the
horizontal. Maximum moment arms will obviously occur at fully medialized positions.
However, the more natural mechanics of the shoulder could be maintained while still
increasing the mechanical advantage over the entire range of motion. This would allow
the muscles to operate at their naturally effective lengths, with greater effect. However,
staying within the defined range of viable locations for the joint center would limit the
increase in moment arms to 35-50%, as opposed to possible gains of over 100% albeit in
a more limited range.
Muscle Excursion
The muscle excursion is the integral of the moment arm, or area under the
moment arm curve, as a function of abduction angle. It was initially surprising how
linear the increase of the muscle excursion was when the glenohumeral joint center was
moved medially or inferiorly (see Figures 43 and 44). However, consideration of the
results of Sub-Study 2.3 revealed that the moment arms at each angle of abduction
increased by a constant percentage for each medial or inferior shift of the joint center.
The linear increase in the muscle excursion curves is a reflection of the constant increase
in moment arm magnitude as the joint center is shifted medially and inferiorly.
The muscle excursion data permits a broader consideration of the physiology of
the muscle. As the total excursion of the muscle is changed by the location of the joint
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center, then the muscle must operate over a different range of lengths over the range of
motion. For example, if total excursion increases, then the force potential of the muscle,
as governed by its force-length curve, will be affected. Thus there is a trade-off. As the
joint center is moved to provide greater moment arms to the glenohumeral muscles, the
force capabiulities of those muscles is compromised by the change in excursion. This
trade-off could be optimized by relating muscle excursion to the force-length curve.
Further work could then relate the position of the joint center to the potential torque
output of the joint by combining knowledge of the moment arms and the muscle force
potential as a function of the muscle length.
Limitations
While this paper makes several important contributions, it also is subject to
several limitations. The foremost among them is the limitation of the scope of the
research to the middle deltoid. The middle deltoid was chosen for being the most
influential abductor as well as the most affected of all the glenohumeral muscles in
abduction. However, for a complete understanding of the implications for a patient’s
outcome after RSA, the effect on all affected muscles must be understood. Otherwise,
efforts to optimize the mechanical advantage for the middle deltoid may come at the
detriment of other muscles.
A second limitation is the focus on abduction in the coronal plane. Other muscles
become important in other motions such as flexion or axial rotation. No shoulder surgery
would be considered successful if the outcome only allowed the patient to effectively
move their arm in a single plane. Daily motions often require combinations of flexion,
abduction, and rotation. Having data for the effects the joint center location on each
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muscle and for each rotational degree of freedom, would further help to optimize implant
design and surgical procedure.
A third limitation is one that affects every attempt at musculoskeletal modeling.
Our understanding and representation of muscle physiology, and even muscular
geometry, is not complete. In this study the middle deltoid was separated from the
anterior and posterior sub-regions in order to narrow the site of the origin and maintain a
more accurate line of action. Even though the middle deltoid represented a third of the
muscle and the possible area of attachment, a single line of action does not necessarily
represent all of the area from which the middle deltoid originates. During simulations it
was made clear that the attachment area was large enough to have many viable locations
for the model’s origin point. It was also made clear that the choice of origin location
within the anatomic area had a significant effect on moment arm data. When a specific
point is chosen to represent the entire origin there is a risk of giving great weight to a
single line of action out of hundreds of significantly different lines of action.
Contributions
This study contributes to the field of knowledge in several ways. The first
contribution is the musculoskeletal model that was developed and validated. The model
should be adaptable for future research into the moment arms of the other glenohumeral
muscles or into the joint kinematics of the shoulder. It may also be used to provide input
data for other types of modeling such as finite element analysis for optimization, stress
analysis, or fatigue over time.
The second contribution of this study was somewhat unexpected. Through model
simulations and research into previous studies from literature, this study has developed
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insights into the effects of glenohumeral joint translation on experimentally-determined
moment arms. As stated in the literature, there is a natural translation of the humeral
head, and thus the glenohumeral joint center, during abduction. In ex vivo experiments,
this natural translation seems to be exacerbated by the lack of a coordinated muscular
effort to stabilize the joint. The result is reported moment arm data that is too low at
early angles of abduction. The effects of this lack of coordinated musculature may also be
seen in vivo with massive rotator cuff damage.
Finally, the main purpose of this study was to quantify the advantages gained by
the middle deltoid when the joint center is manipulated during Reverse Shoulder
Arthroplasty. Previous work looked at specific glenohumeral joint center locations, but
this study presents consideration of a broad range of angles. Surgical procedures
necessitated a comprehensive look at the results of altering the shoulders kinematics. The
data presented in this paper and in its Appendices will facilitate further musculoskeletal
modeling and will also facilitate design and personalization of the implants and
procedures that affect the lives of those who seek relief from joint damage and pain.
Future Research
The most immediate area for future work is to expand this model to include the
rest of the glenohumeral muscles. Ideally a similar process would be repeated for flexion
and axial rotation. The groundwork and literature research for this has been done during
the course of this study, including data extraction from the experimental studies on all
muscles and in all types of rotation.
The next step is to develop and run optimization simulations to achieve an
understanding of the global effects of joint center location. Adding 15 or more distinct
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muscle subdivisions would greatly increase the complexity of the model, but the
computational power already exists to handle such simulations. This study would be able
to identify specific zones for placing the joint center that will optimize the increase in
mechanical advantage such that the most influential muscles collectively gain as much
advantage as possible.
A further layer of complexity that would be of some benefit would be to model
the entire spread of the muscle origin. This could be done by employing multiple lines of
action. By spreading them over the origin the resultant forces and moment arms values
could be averaged by the respective weight of the area that each individual line
represents. This layer of complexity would also multiply the required computational
power but is still not beyond the computational capabilities that are already available.
Finally, this research will be most useful to surgeons and medical implant
designers once the position of the glenohumeral joint center can be directly related to the
potential torque of the joint. Moment arms provide a good indication of what kind of
benefit a patient may receive from a movement in their joint center, but precise
customization for every patient will be difficult until physiological variables are
accounted for. This will require modeling the changes in the moment arms, muscle
excursion, and potential force in the muscle as it relates to the muscle force-length
relationship.
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APPENDIX A
Detail of Sub-Study Parameters
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Table A.1: Final model parameters used for Sub-Study 2.1. This sub-study used a fixed
center of rotation at the anatomical position. The origin and insertion of the middle
deltoid, respectively on the acromion and the deltoid tuberosity, were adjusted for best fit
of the model prediction to the ALOK [3–6] experimental data. A via-cylinder was used
as an obstacle to manipulate the muscle path between the origin and insertion. Its center,
size, and orientation (R-Matrix) are also listed as they were used to achieve best fit with
the experimental data. All numbers are in meters, in the scapular reference frame.
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locations. Joint center is varied to achieve best fit. All numbers are in meters in the scapular reference frame. See
description of Table A.1 for further details and information.

Table A.2: Final model parameters for Sub-Study 2.2.1 – Three iterations of fixed muscle parameters with different origin

Table A.3: Final model parameters used for Sub-Study 2.2.2 – Validation of the model
against experimental data by Kuechle et al. [3]. All numbers are in meters, in the
scapular frame. All parameters adjusted in order to achieve best fit. See description of
Table A.1 for further information.

Table A.4: Final model parameters used for Sub-Study 2.3. This substudy investigates
migration of the instantaneous joint center during abduction, specifically in the
anatomical data from Ackland et al [6]. All numbers are in meters, in scapular frame.
See Table A.1 for further information.
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APPENDIX B
Joint Centers of Rotation from Sub-Study 2.3
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Table B.1: Sub-Study 2.3 tracked the migration of the model’s center of rotation as it was
made to fit experimental moment arm curves iteratively for small ranges of abduction.
This table describes the joint centers used to replicate the anatomical Ackland data [6]
through 65° of glenohumeral motion. Each row represents the location of the center of
rotation for the given range of angles. All coordinates are in the scapular frame. Table
A.3 lists the muscle path parameters used for all parts of Sub-Study 2.3.

Table B.2: The joint centers used to replicate the anatomical Kuechle data [3] through
70° of glenohumeral motion. For further information See Table B.1.
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Table B.3: The joint centers used to replicate the Ackland RSA data [12] through 80° of
glenohumeral motion. For further information see Table B.1.
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APPENDIX C
Joint Center Dependent Moment Arm Data
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Table C.1: Set of moment arm data by location: Column headings identify the row and
column in reference to the superior row in Figure 37. All values are in centimeters.
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Table C.2: Second set of moment arm data by location. Column headings identify the
row and column in reference to second row in Figure 37. All values are in centimeters.
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Table C.3: Third set of moment arm data by location. Column headings identify the row
and column in reference to third row in Figure 37. All values are in centimeters.
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Table C.4: Fourth set of moment arm data by location. Column headings identify the row
and column in reference to fourth row in Figure 37. All values are in centimeters.
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Table C.5: Fifth set of moment arm data by location. Column headings identify the row
and column in reference to bottom row in Figure 37. All values are in centimeters.
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APPENDIX D
Excursion Data
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Table D.1: Length and total excursion of the middle deltoid in abduction.
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