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Abstract

Various aspects of rotator cuff tears have been studied in depth, including the primary pathogenesis
and mechanical properties. There is, however, a lack of information available on the injury mechanics
associated with sudden torque loading of the shoulder. To investigate the mechanical response of the
Supraspinatus tendon and the joint capsule when exposed to repeated near-instantaneous torques, an
in vitro test apparatus was developed. Supraspinatus and capsular reaction forces, capsular surface
strains, and shoulder accelerations were measured over 30 cycles of applied torque. A decreasing
logarithmic decay was found in the difference between the initial and final loads within each cycle. A
generalized force-displacement fiber recruitment model was used to determine the protective role of
the capsule by evaluating changes in stiffness. The results suggest that while relatively more damage
happens in the first few high-torque load cycles, sudden adduction loading injuries are likely fatigue-

based in nature.
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1 Literature Review

1.1 Anatomy of the Shoulder and Rotator Cuff

The shoulder is an upper extremity joint connecting the arm to the torso. The shoulder joint is the
intersection of the scapula, clavicle, and humerus, and is surrounded by numerous muscles including
the rotator cuff (Supraspinatus, Subscapularis, Infraspinatus, and Teres Minor), as well as other mus-
cles (Deltoid, Pectoralis major, Teres major, Biceps, Triceps, Coracobrachialis, and Latissimus dorsi)
[1, 35]. The rotator cuff is a system of four muscle-tendon units that originate on the scapula and insert
into the proximal humerus [33] (Figure 1). The purpose of the rotator cuff is to stabilize the shoulder
by constraining the position of the proximal humerus and aiding larger skeletal muscles in creating
humeral motion. For example, in arm abduction the Supraspinatus has been shown to have larger force
contributions at lower arm angles (0° to 45°) than it does at higher arm angles [19]. Teres Minor, In-

fraspinatus, and Subscapularis all contribute to humeral rotation and horizontal flexion/extension [30].
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Figure 1: Diagram of rotator cuff muscles and tendons: Supraspinatus, Infraspinatus, Subscapularis,
and Teres Minor [2].

There are four muscle-tendon units that make up the rotator cuff: the Supraspinatus (superior), In-
fraspinatus (posterior), Subscapularis (anterior), and Teres Minor (posterior, inferior) (Figure 2). All
four of these muscles originate on the scapula and insert into the head of the humerus [33]. The middle
deltoid (which originates on the acromion and inserts into the deltoid tuberosity on the humerus) is

a key contributor to abduction [40]. This is important because this study is focused on ab/adduction
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motion of shoulder.

1.2 Physiology of the Rotator Cuff

It has been shown that while there are several muscles that are active in elevating (abducting) the
arm [30], the middle deltoid and Supraspinatus muscles are the primary shoulder abductors [19]. One
study looked at relative muscle contributions to humeral abduction by measuring the force in the
deltoid as certain combinations of muscles were used [30]. This study was done to simulate the effect
of rotator cuff tearing and find the relationship between rotator cuff muscles and the deltoid during
arm abduction. The results are summarized in the table shown in Figure 3. Moment arm information
as a function of abduction angle has been collected in multiple studies [1, 40] and is best summarized
in Figure 4. The combination of relative force information and moment arms can be used in force
balance equations to scale loading conditions, as the relationship between increasing the load carried
in the hand during abduction and force required for abduction has been shown to be approximately

linear (Jarvholm et al. [16] in Figure 5).
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Figure 2: Geometry of Rotator Cuff muscles, shown with centered anchor points.
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Figure 3: Deltoid force [N] required to abduct shoulder with different rotator cuff tearing contributions
[30]. This information was important in developing our Supraspinatus load estimates.
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Figure 4: Diagram of muscle moment arms for pure abduction of the shoulder [40].
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FIGS. 4A AND 4B. Mean IMP and normalized EMG in the supraspinatus muscle at five different
abduction angles with (A) a straight elbow and (B) a flexed elbow. In each position the hand was loaded
with 0, 1, or 2 kg. Vertical lines extending above the bars indicate the SEMs.

Figure 5: Linear relationship between intramuscular pressure and weight held in the hand during
abduction from EMG study [16].

1.3 Clinical Problem

Rotator cuff tears are the most common cause of pain, weakness, and disability in the shoulder, ap-
pearing in over 20% of the population and increasing in prevalence with age [4, 22, 28]. Adding further
complication to the general study of rotator cuff injury is the prevalence of asymptomatic tears to the
rotator cuff. This is when an individual has at least a partial tear of the rotator cuff but does not have

symptoms or pain and is consequently unaware of the injury. One study conducting shoulder exams



found that of the 664 subjects, 147 had rotator cuff tears—65.3% of which were asymptomatic [28§].
Studies looking at such tears suggest that roughly half of patients with asymptomatic tears will de-
velop symptoms within 3 years of the injury [41]. This often makes determining the cause of such tears

difficult, as they may be inappropriately attributed to events occurring closer to the onset of symptoms.

Independent of failure mode, many previous studies have reported that the vast majority of rotator
cuff tears are to the Supraspinatus tendon, usually around approximately lcm away from the humeral
insertion [22, 28]. Of these tears, it has been observed in one study that approximately 85% are
centered in the anterior portion of the tendon [36]. Interestingly, the anterior portion of the tendon
has been shown to have a higher failure stress (16.5 £ 7.1MPa) than the middle (6.0 £ 2.6MPa)
and posterior (4.1 + 1.3MPa) portions of the tendon [14]. Cadaveric studies of rotator cuff tearing

report that between 23% and 30% of cadavers are found to have some degree of rotator cuff tearing [28].

1.4 Risk Factors

There is some disagreement over what the primary pathogenesis of rotator cuff tearing is [2]. Some
argue that the leading cause of rotator cuff tearing is caused by degeneration over time due to a variety
of factors including poor blood supply or collagen deterioration among other factors [12, 24]. Stud-
ies looking at rotator cuff tears [33] have identified several risk factors, including genetics, smoking,
hypercholesterolemia, and occupational hazards. These factors are all contributors to enhance the

age-related deterioration that can lead to injury or disease of the rotator cuff.

Others argue that the leading cause is subacromial impingement of the Supraspinatus, resulting in
wear of the tissue and leading to rotator cuff tears [20]. Subacromial Impingement Syndrome is caused
by the acromion pinching down on the avascular region of the Supraspinatus and biceps tendons. It
is commonly found in athletes, and while it does increase in prevalence with time, young athletes are

also at risk for subacromial impingement [13, 37].

1.5 Who Has Studied Rotator Cuff Tears?

There have been many studies on the various elements of rotator cuff tears, which take a look at the
family of injuries in a multitude of ways. It is well established that shoulder pain is linked to occu-
pational hazards, including heavy workloads, repetitive motions, and compromising postures [3, 38].
Research has looked at factors ranging from the geometric properties of the Supraspinatus tendon [17],
to strain distributions during tensile rupture tests of the Supraspinatus tendon [21]. The implications

certain activities (like pitching in baseball) have on tearing the rotator cuff have also been studied



[10, 29]. Additionally, tears to the Supraspinatus tendon decrease the stability of the shoulder and
show significant decreases in the elastic modulus of the Infraspinatus and Subscapularis [27]. While
there are many studies investigating possible causes and effects of rotator cuff tears, there is a notice-

able void in the literature when it comes to the injury mechanism involved in sudden adduction loading.

Nearly all of the studies currently presented in literature that look at traumatic events believed to
cause tearing in one or more rotator cuff muscles are centered around over-hand throwing motions,
like those seen in professional sports (e.g. a baseball pitcher) [25, 29]. There is little published work
pertaining to rotator cuff tears injured through other motion profiles, such as abduction and adduc-
tion rotation of the shoulder. According to Dr. Rick Goding, these injuries occur in industries where
manual labor is used. Inspiration for the methods used in this study were searched for in literature,
however the lack of published work on recreating tears in cadavers by mimicking real-world trauma

scenarios limited the external influence on the direction of this project.

1.6 Why Study Rotator Cuff Tears?

Rotator cuff tears and resulting surgeries are on the rise in the United States, with a reported 141%
increase in surgical procedures between 1996 and 2006 [6]. An estimated 272,000 rotator cuff repairs
were performed in the United States in 2006 [15], and with the estimated average cost for a surgical
repair cycle around $5,900 [23], there is an increasing need to find better repair and injury prevention
methods. There is also evidence suggesting that rotator cuff tear prevalence increases with age, partic-
ularly in people older than 60 [34]. With the average age of the US population increasing [26] (Figure

6), rotator cuff tears will increase as well.

Rotator cuff tears (like most physical injuries and conditions) can be treated in a variety of ways, often
including surgical options. While many people prefer non-surgical treatment methods for cost or other
reasons, one study has shown long term cost-benefits of choosing a surgical route for rotator cuff tears.
This is particularly true for younger patients: the average lifetime savings of 30-39 year olds opting for
surgery over alternative treatments is $77,662 [18]. These findings help motivate research that better
enables and prepares surgeons for procedures to correct rotator cuff injury, with an interest in creating

a better and more informed surgical environment.
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Figure 6: Increasing age of population in the United States [26].

Aside from tendon degeneration and subacromial impingement, there is a third potential primary factor
that leads to tearing of the rotator cuff: injury due to sudden or fatigue related stresses placed on the
shoulder. In some industries where high-power hand-operated equipment is used (e.g. construction),
the soft tissues in the shoulder can be subjected to sudden large loads that have the potential to lead
to injury. The mechanisms behind damage due to sudden torque loading that originate from drill use

have not previously been studied.

1.7 Drilling Position

The position in which an operator holds a drill has a direct impact on the relative risk of injury
during drill use. Documentation from drill manufacturers (like the Makita XFD07Z user manual
[7]) offer vague guidelines for best practices, suggesting that drills should be operated from balanced
positions and that operators should not overreach. In a study investigating the relative muscle forces
for operating a drill in a range of over-head drilling positions, Anton et al. [3] showed that drilling closer
to the body (less extreme arm/shoulder position) minimized shoulder forces. The range of positions

and corresponding data from this study are shown in Figures 7 and 8, respectively. These findings are



consistent with the reported mode of injury [Dr. Rick Goding|, where drill operators have their arm

elevated and away from the body.

Posture of the overhead drilling task using a close, middle and far reach position
while standing on the lower and higher step of a stepladder. (a) Close reach, high step; (b)
Middle reach, high step; (¢) Far reach, high step; (d) Close reach, low step; (e) Middle
reach, low step; ([) Far reach, low step.

Figure 7: Overhead drilling positions studied by Anton et al. [3].

Close reach Middle reach Far reach
Step Mean SE Mean SE Mean SE
Anterior deltoid High 30.18 241 53.88 2.98 11577  3.89
Low 98.91 3.17 134.73 4.85 153.11 8.14
Biceps brachii High 379.07 12.61 29896  30.96 42231 44.10
Low 11298 49.82 27290 2191 645.82  65.07
Triceps brachii High 2293 2.11 21.55 1.64 2871 211
Low 102.67  4.41 55.92 3.19 56.64  4.19
Shoulder joint moment  High 7.03 0.42 13.78 0.408 2418 0.554
Low 13.07 0.493 20.95 0.583 28.74  0.612

SE =standard error.

Figure 8: EMG |% Normalized] and shoulder moment [Nm| data from varying drilling position [3].

1.8 Tissue Clamping Methods

There are many ways to rigidly fix an object, however many of these can lead to problems during data

collection, which make clamp selection an important step in experimental setup. The main reported

issues that other experiments have had with clamping soft tissues are slipping of the muscle or tendon



from the clamp, and early rupture of the specimen due to stress concentrations and altered tissue
geometry as a result of clamping [32]. To account for these issues, research groups have developed
several methods and devices for clamping soft tissues. One of the most popular solutions is the freeze
clamp or “cryo jaw”, and offshoots of this idea [31]. Figure 9 provides one such design of a freeze clamp.
Freeze clamps work by pumping liquid nitrogen or COs through channels in the clamp to rapidly cool
the clamp and attached tissue. Typically, they have crinkled clamping faces to increase the surface

area that the tissue has in contact with the clamp.

Freeze clamping has been shown to greatly improve the pull-out force of tissues over traditional clamps,
but is also expensive and requires a lot of maintenance. Other methods of clamping tissue include
self-tightening clamps, sandpaper-based clamps, and clamps with optimized adhering surfaces [32].
Additionally, companies like Instron sell a range of clamp variants based on the type of tissue being

tested and the tensile force requirements of the test.
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Figure 9: Example freeze clamp design for circulating coolant and rapidly chilling clamped portion of
specimen [31].



2 IN VITRO SIMULATION OF TORQUE-INDUCED
ROTATOR CUFF DAMAGE

2.1 Introduction

Rotator cuff tears are the most common cause of shoulder pain, appearing in over 20% of the pop-
ulation, and are increasing in prevalence with age [22, 28, 33]. While the rotator cuff is comprised
of four separate muscles positioned about the shoulder, the majority of rotator cuff tears are to the
Supraspinatus tendon, near the humeral insertion [22, 28]. Of Supraspinatus tears, approximately 85%
are centered in the anterior half of the tendon [36]. With an estimated 272,000 rotator cuff repairs
performed in the United States in 2006 [15], and an estimated average cost of $5,900 for a typical ro-

tator cuff surgical repair cycle [23], there is a pressing need to better understand the injury mechanism.

The cross-sectional area of the Supraspinatus tendon has been shown to decrease with age [17] and may
therefore increase tendon stress due to muscle forces transmitted through the tendon. Few studies,
however, have investigated the actual failure mechanism of rotator cuff tears. Itoi et al. measured
the tensile and rupture properties of the Supraspinatus in cadavers and found that the ultimate load
was significantly greater in the anterior portion of the tendon [14]. Miller et al. measured the strain
distribution during cyclic fatigue tensile loading (to failure) and found that over the course of testing
the direction of strain shifted from the anterior to posterior portion of the tendon [21]. Neviaser et al.
conducted a similar fatigue tensile loading study in rats, and found that subjecting specimens to large
strains led to reduced stiffness over the course of testing as a result of fiber rupture. Neviaser suggests
that in low strain tests an increase in stiffness can be attributed to the recruitment of fibers and the
associated redistribution of loads to undamaged fibers, while high strains may exceed the capacity of
these compensatory mechanisms [24]. These findings indicate that initial stages of fatigue may consist
of an uncrimping of fibers and a redistribution of loading in the tissue. These studies provide some
insight into the mechanics of tendon injury under axial tension, however, there is little information
regarding the injury mechanism initiating rotator cuff tears. The exception to this is sports-related
injuries, thought to occur during over-hand throwing motions, in which the shear and compressive

forces as well as adduction torques are significant [10, 25, 29].

Shoulder pain is linked to occupational hazards, including heavy workloads and repetitive motions [38].
It is also associated with kinematic profiles that include abduction or adduction of the shoulder, most
commonly seen in manual labor settings involving drill usage [Dr. Rick Goding]. The position of the
shoulder during drill usage has a considerable effect on the muscle load, and is associated with higher

stress in the shoulder. Using EMG data, Anton et al. demonstrated that most of the forces in the



shoulder (anterior deltoid, biceps, and total shoulder moment) are lower when holding the drill closer
to the body [3]. Anton concluded that operating a drill further from the body has a higher likelihood
of injury to the rotator cuff and shoulder complex as a whole. During drill usage, the shoulder is in
an abducted position and experiences a rise in torque from the drill about the anterior-posterior axis
of the glenohumeral joint center. In some scenarios, for example when a drill hits rebar and stops the
drill bit from spinning, an abrupt increase in abduction torque may occur that is then countered by ad-
duction muscle forces and the shoulder capsule aiming to stabilize the arm. The capsule is responsible
for creating a stable fulcrum for shoulder motion, and is the primary restraint against translation of
the humeral head [5]. The Supraspinatus tendon (along with the other rotator cuff tendons) fuse with
the capsule [9], making it important to evaluate both together to determine their combined response
to torque loads. Understanding the injury mechanism during drill use will be useful in evaluating

techniques for repairing rotator cuff tears.

In the case of both sports and work-related injuries, we hypothesize that an adduction torque ap-
plied to the shoulder contributes to rotator cuff injury. An in vitro test apparatus was developed
to evaluate the mechanics of the Supraspinatus tendon and superior portion of the shoulder capsule
during repeated exposure to an impulse torque load. The test apparatus was designed to pretention
the Supraspinatus to a theoretical force required to hold a drill and measure Supraspinatus tension

and surface strain of the tendon-capsule complex during sudden shoulder adduction.

2.2 Methods

Test Apparatus

A custom in vitro apparatus was designed to apply a sudden adduction torque to the humerus while
the Supraspinatus is under tension. The apparatus (Figure 10) was built from an aluminum frame
supporting a drill (Makita; Figure 10-1), which was connected to a mechanical arm (Figure 10-4) via
an electromagnetic clutch (Ogura; Figure 10-3). A flywheel (Figure 10-2) was coupled to the drill to
compensate for the inertia of the mechanical arm (Figure 10-4). The mechanical arm was constrained
such that it could only rotate about the axis of the drill. This arm was connected to a 3D printed
fixture holding the distal end of the humerus (Figure 10-5). The scapula was secured in a second
3D printed fixture that was rigidly fixed to the frame. The activation and deactivation of the drill
and clutch were automated using a Raspberry Pi microcontroller, relay switches, limit switches, and

electronic actuators.

The Supraspinatus muscle (the primary rotator cuff muscle used in humeral abduction [2, 4, 22]) was

clamped and tensioned (Figure 10-6) via wire cabling using a high-torque gear motor (TSINY DC

10



Figure 10: Experimental test apparatus. A power drill (1) and flywheel (2) were coupled via an
electromagnetic clutch (3) to a mechanical arm (4). The mechanical arm was connected to the humeral
end of a cadaver shoulder (5). The Supraspinatus tendon was clamped (6) to a cable system that used
a load cell to measure Supraspinatus tension.

motor). The calculation of tensile loads for Supraspinatus is described in the next section. An S-load
cell (Phidgets 500kg) was placed in-line with the Supraspinatus tension cable and used to measure
the Supraspinatus tension during testing (sampling frequency = 62.5Hz). Linear acceleration of the

mechanical arm was recorded using an accelerometer (Delsys Trigno Wireless EMG System) at 1000Hz.

Supraspinatus Tension

The kinematic pose used to estimate the pretension in the deltoid and Supraspinatus was derived from
the posture assumed during drill usage. Specifically, the arm was assumed to be 90° in abduction and
bent 90° at the elbow. When an operator is using a drill, we assumed that three primary components
contribute to the torque applied to the shoulder: mass of the user’s arm (Mporearm and Myumerus)s

mass of the drill (Mp,u), and the force resulting from cutting (Cutting Load) (Figure 11).

Assuming a constant cutting load from the drill, the reaction torque 7 at the shoulder was calculated

as:

Cutting Load

T=g% [dForearm * <MForearm + MDrill + g

) + dHumerus * MHumerus} (1)

11
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Figure 11: Diagram of external loads (Mpgorearm, Mprin, cutting load, and Mpyymerys) acting on
shoulder during drill usage. Internal muscle forces from the deltoid (Fpe;:) and Supraspinatus (Fsupra)
also shown.

where g = gravity; dgorearm = the length of the humerus; dgymerus = the length to the center of mass

of the humerus, measured from the humeral end (Figure 11).

Anthropometric scaling data [39] was used to estimate the mass of the arm for each specimen as a
function of total body mass. Therefore, glenohumeral torque depended only on the height (H) and
mass (BM) of the individual, as well as the load from the drill (Equations 2-5).

drorearm = 0.186 % H 2)
dHumerus = 0.436 * dForearm (3)
Mirumerus = 0.028 % BM (4)
Mporearm = 0.022 + BM (5)

The mass of the drill, 2.7kg, was based on specifications for a Makita 18-Volt LXT Brushless Lithium-
Ton 1/2in. Cordless Driver Drill. The cutting load of the drill (i.e. the reaction force from the drill

on the operator’s hand) was experimentally determined by attaching a block of wood to a rotatable

12



platform configured to measure torque using a Phidgets 200kg button load cell. Using a 1/4in drill
bit in wood, 15 holes were drilled: the average cutting torque of the drill was measured, from which

cutting load was calculated to be 6.03 £+ 0.357N.

The two primary muscle contributors to abduction are the Supraspinatus and middle deltoid [19]. At
90 ° of abduction, the moment arms for Supraspinatus and middle deltoid are approximately 14mm
and 28mm, respectively [1]. Assuming that the arm is in a static position, the torque 7 is assumed to

be balanced by the action of these muscles such that:

T = (FDelt *0.028 + FSupra * 0014) (6)

Using data from Sharkey et al. [30], the ratio between Supraspinatus force and middle deltoid force is
approximately 0.8. Therefore, the theoretical Supraspinatus force for 90 ° of abduction was calculated

as:

T

F, Upra — ~ 1 mam
Sup 0.1960

Surface Strain Measurements

Separation of the superior capsule and Supraspinatus tendon was not possible and therefore strain
of the tendon-capsule complex was measured. Displacement and strain data was measuring using a
3x4 grid drawn on the surface of the capsule over the Supraspinatus tendon resulting in nine strain
regions per specimen. To account for the pre-tensioning of the Supraspinatus, strain was calculated
with respect to the displacements at the beginning of each cycle (not the displacements before testing).
The grid was aligned with the tensile axis (Figure 12). A camera (Panasonic Lumix FZ200) was used
to record the capsular surface grid (100fps) for analysis in MATLAB. The video files were converted to
images. The center of each grid point was manually digitized within each image and used to calculate

displacements and strains throughout the surface.
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Figure 12: The Supraspinatus tendon was clamped near the aponeurosis of the distal tendon insertion,
and a 3x4 dot matrix was drawn over the capsule surface (black dots). The regions between the dots
(numbered 1-9) were used in the strain evaluation process.

Specimen Preparation and Testing

Fresh-frozen shoulder cadavers (n = 5) were used for testing. Specimens were thawed at room temper-
ature for 24 hours, then dissected to remove skin, fat, and all soft tissues except for Supraspinatus and
the shoulder capsule. The coracoid process and acromion were removed to allow uninhibited access
and visibility to Supraspinatus. Next, the distal end of the humerus and distal scapula were potted
in two-part epoxy (Smooth-On). The proximal end of the Supraspinatus was severed and placed in a
clamp connected to the load cell via wire cabling. The clamp was placed as close to the aponeurosis of
the distal tendon insertion as possible to ensure that only the Supraspinatus tendon was held in ten-

sion, not the muscle. A series of magnets were used to help secure the humerus in the abducted position.

Each test cycle included three phases of testing. First, the arm was placed at 90° of abduction and
the Supraspinatus muscle was tensioned (Figure 13: Phase I). With the specimen secured in the test
apparatus and the muscles appropriately tensioned, the drill was activated to full speed, after which
the clutch engaged sending a sudden adduction torque to the cadaver and overpowering the magnets
used to hold the humerus (Figure 13: increase in force at beginning of Phase II). Once a certain angle
of powered adduction was reached (for our tests this angle was 27°), a limit switch was activated which
in turn released the clutch and the arm was allowed to settle in its adducted state (Figure 13: Phase
II), before being manually raised back up to its original position (Figure 13: transition between Phase

IT and III). During each test cycle, both the camera and accelerometer were manually started once

14



the drill was actuated to full speed, and manually deactivated upon the specimen coming to a resting
stop. This procedure was repeated for 30 load cycles for each specimen at two-minute intervals. If

necessary, specimens were re-tensioned to the phase I target value in between all tests.

Sample Data
180

1

160

15 2 25 3
Time [ms] <10*

Figure 13: Stages of a test cycle-Specimen is held in tension (I), the clutch engages, the arm adducts
and settles (II), and is manually returned to the initial position (III).

Data Analysis

All control software and load cell data acquisition code was written in Python 2.7. Load cell force,
accelerations, and strain image data from the camera was processed in MATLAB. Differences in ac-
celeration between initial and final cycles were compared using paired t-tests. Loss in tensile strength
was quantified by comparing (unpaired t-test) the initial Supraspinatus tensile force during phase I to
the force after the specimen was passively returned to the initial position in phase III. Using the net
displacement of the capsule-tendon construct and measured tensile force during powered adduction, we
analyzed the force-displacement curves during each cycle. We identified three distinct phases of stiff-
ness during each test: an initial low stiffness (k1) followed by two sequential increases in stiffness (ko
and k3). The three stiffness values were evaluated over time to identify changes in the capsule-tendon
construct due to repeated adduction torque. Finally, we evaluated the surface strain measurements
to determine whether repeated adduction torque resulted in changes in the superior capsule strain

distribution. For all analyses, alpha values for significance was set to 0.05.

15



2.3 Results

Supraspinatus Tension and Powered Adduction

The average force used to pretension Supraspinatus was 100 £+ 10.6N (Table 1). Acceleration data was
successfully acquired in four specimens. There was no significant difference in the amount of powered
acceleration over the course of testing within a given specimen (Figure 14, p = 0.389). The mean peak

acceleration across all specimens was 24.53 + 1.69m/s?.

Table 1: Specimen size parameters and theoretical Supraspinatus loads.

Specimen | Age (years) | Height (cm) | Weight (kg) | Supraspinatus Force (N)
S2 60 183 86.2 112
S5 52 170 59.0 88
S6 52 188 77.1 109
S8 57 188 49.9 91
S9 58 183 68.0 100
Mean 55.8 182.4 68.0 100
Std 3.6 7.4 14.3 10.6

S5 Peak Acceleration
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Figure 14: Representative peak acceleration over test cycles. Other specimens showed a similarly flat
trajectory over the course of testing.

Tensile Loss

We successfully measured the tensile loss in 76% of all trials in four of the five specimens. Technical
difficulties during testing prevented acquisition of data in all test cycles, including a fifth specimen
which only yielded 5 data points. Loss in tensile strength was defined as decreases in the static tension

at Phase III compared to the initial tension during Phase I (Figure 13). For most specimens, the loss
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in tensile strength over the course of testing followed a logarithmic decay (Figure 15) — that is, the
greatest loss in tensile strength occurred in the initial cycles.

All specimens experienced an immediate loss in tensile strength after the first cycle (26.1 + 9.9%). By
the 4'h cycle, the loss in tensile strength decreased to 12.6 + 8.1% (p = 0.046) (Figure 15, Table 2). At
cycle 7, loss in tensile strength further decreased to 10.7 £ 9.12% (p = 0.047) after which there were
no significant changes in the loss of tensile strength between cycle seven and the last cycles during

testing (p = 0.187).

Table 2: Percent tensile loss data: mean, standard deviation, number of data points, and p-value for
an unpaired t-test comparing the cycle mean to the cycle 1 data. p-values not reported when n < 3.

Cycle | Mean | Std | n | p-value

1 26.1 | 994 | 5 —

2 25,5 | 8.66 | 4 | 0.920
3 194 | 1249 | 4 | 0.398
4 126 | 813 | 5| 0.046
5 16.6 | 1548 | 2 —

6 129 | 990 | 3| 0.117
7 10.7 | 9.12 | 4| 0.047
8 22.7 — 1 —

9 9.3 6.08 | 3 | 0.040

Stiffness

Force-displacement data during powered adduction was analyzed for the first seven cycles in four of
the five specimens. Three of those four specimens exhibited two or three distinct regions of stiffness:
initial stiffening, moderate stiffening, and high stiffening (Figure 16). The remaining specimen did not
follow any noticeable trends and was not considered for further analysis.

The overall stiffness decreased by an average of 48.3% in two of the three specimens and increased
by 32.7% in one specimen (Table 3). When we analyzed the stiffness in cycles 1-7, the stiffness was
highest in region 3 (k3 = 54.65 &+ 17.92), and lowest in region 1 (k; = 2.86 £ 10.29). The intermediate
stiffness ko was 19.30 £+ 18.31.

Table 3: Overall stiffness for each specimen over the first 7 cycles.
Stiffness [N/mm)|

Overall S5 S8 S9
C1 23.51 | 27.35 | 37.08
C2 17.97 | 56.08 | 30.63
C3 24.83 | 23.46 | 36.37
C4 31.41 | 16.64 | 42.99
Ch NaN | 17.08 | 43.56
C6 13.04 | 15.94 | 53.67
C7 10.41 | 16.16 | 49.20

The initial low stiffness region (k1) decreased at a rate of 2.68N/mm per cycle for S8, while ks increased

in two specimens and moderately decreased in S8. Overall, for ko, the stiffness increased at a rate of
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Figure 15: (A) Tension lost in each cycle for all specimens, normalized to each specimen’s target
(calculated) initial tension. Due to issues during testing, not all specimens have tension loss values for
all 30 cycles. (B) Average tensile loss followed a logarithmic trend (tensile loss = —6.60 * In(cycle) +
25.07); only specimens with three or more data points were used in (B).
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Figure 16: Generalized Force-Displacement damage model (A), shown with the stiffnesses for the
evaluated specimens. An example of fitting this model to experimentally collected data is shown (B).

0.71N/mm per cycle. The high stiffness region towards the end of powered adduction, k3, decreased
at a rate of 2.03N/mm per cycle (Figure 17, Table 4).
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Figure 17: Region 1 (A) shows initial tendon lengthening for healthy tissue. Region 2 (B) shows fully-
recruited tendon stiffness. Region 3 (C) shows the gradual decay in stiffness when both the tendon
and capsule are being pulled.

Table 4: Regional stiffness data for all specimens. Note: ‘NaN’ is a placeholder for unavailable data
points. Specimens S5 and S9 showed either little or no initial tendon lengthening (k).
Stiffness [N/mm]|

k1 ko k3
S5 S8 S9 S5 S8 S9 S5 S8 S9
C1 NaN 10.06 7.02 0.13 16.90 44.58 45.40 47.67 62.58
C2 NaN 0.91 NaN 14.85 18.67 26.16 35.10 82.42 80.27
C3 NaN 9.13 19.03 15.80 19.26 42.94 44.78 51.71 57.35
C4 NaN -9.74 NaN 6.60 24.51 4.21 40.23 86.56 47.65
C5 NaN 7.00 NaN NaN 11.38 42.15 NaN 53.31 71.19
C6 NaN 12.25 NaN 7.44 11.25 39.41 43.88 59.82 67.11
C7 NaN -542 NaN 2.15 8.64  58.68 8.51 53.08 54.36
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Figure 18: Changes in strain over cycles. Increasing trends can be seen in regions 1, 4, 6, and 9.

Strain

Surface strain of the superior capsule-tendon complex data was evaluated for each cycle. Nine regions
of strain were quantified from the displacement grid (Figure 12, Table 5). Two of the three specimens
showed a consistent peak strain magnitude and location (region 9, posterior-lateral corner of the cap-
sule), however the third specimen did not show consistency in peak strain location. No regions showed
decreasing strain, and the strain in most regions (2, 3, 5, and 8) was constant. One specimen showed

larger increases in strain than the other two (Figure 18).
Strain values through the first seven cycles alone were also examined (Figure 19). The average strains

in cycle 1 were larger (0.164 £ 0.095) than their cycle 7 counterparts (0.147 4 0.080), however a paired
t-test did not find the difference to be significant (p = 0.175).
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Figure 19: Strain for specimen S5 at the end of cycles 1 and 7, plotted on the same color scale. While
there are some slight changes in peak strain and strain at certain locations, the strain distribution is
largely unchanged.

Table 5: Average strain values by region for all specimens, shown across all cycles, cycles 1-6, and
cycles 7-30.

Strain [mm/mm)]
S5 R1 | R2 R3 R4 | R5 R6 | R7 | R8 | R9 | Overall
mean 0.05 | 0.02 | -0.01 | 0.02 | 0.03 | 0.09 | 0.06 | 0.13 | 0.21 | 0.07
mean 1-6 | 0.05 | -0.01 | 0.03 | 0.06 | -0.01 | 0.10 | 0.06 | 0.06 | 0.24 | 0.07
mean 7-30 | 0.04 | 0.02 | -0.02 | 0.01 | 0.04 | 0.09 | 0.05 | 0.14 | 0.20 | 0.07

S8 R1 | R2 R3 R4 | Rb5 R6 | R7 | R8 | R9 | Overall
mean 031019 | 016 | 0.23 | 0.06 | 0.28 | 0.16 | 0.04 | 0.49 | 0.21
mean 1-6 | 0.24 | 0.15 | 0.16 | 0.19 | 0.07 | 0.18 | 0.18 | 0.03 | 0.35 | 0.17
mean 7-30 | 0.33 | 0.20 | 0.17 | 0.25 | 0.06 | 0.30 | 0.16 | 0.04 | 0.53 | 0.23

S9 R1 | R2 R3 R4 | Rb5 R6 | R7 | R8 | R9 | Overall
mean 0.05 | 0.04 | 0.12 | 0.05 | 0.03 | 0.12 | 0.04 | 0.04 | 0.10 | 0.06
mean 1-6 | 0.01 | 0.05 | 0.09 | 0.02 | 0.02 | 0.09 | 0.04 | 0.05 | 0.06 | 0.05
mean 7-30 | 0.05 | 0.04 | 0.12 | 0.05 | 0.03 | 0.13 | 0.03 | 0.04 | 0.11 | 0.07

2.4 Discussion

In this study, we aimed to develop a novel test methodology for investigating whether adduction
torques contribute to damage of the Supraspinatus tendon and/or capsule. The strongest evidence
that mechanical damage occurs due to repeated powered adduction is the Supraspinatus tension lost
between cycles. However, the decay of this loss in tensile strength with increasing cycles suggests
that the initial few exposures to sudden high-torque loading are initiating the bulk of damage to the
tissue. There was no visible tissue damage, suggesting that damage is likely occurring in the form
of micro-tears within the tendon-capsule complex. We believe that this damage is indicative of the

failure of collagen fibers (and cross links [8]) that initially absorb the bulk of the load, after which
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load is transferred to other collagen fibers upon re-tension. This is similar to the hypotheses derived

from the fiber recruitment model [11], where fibers are “recruited” as the strain in the tendon increases.

As cycle number increased, the tendon clamp was displaced more to maintain the initial tension. It
appears that the effect of doing this is to stretch out and effectively sharpen the toe region in collagen
fiber recruitment, where we see a decrease in k; followed by a slight increase in ko. In a living person,
this would require the Supraspinatus muscle to contract /displace further to generate the same resulting

motion of the arm.

From the data, a generalized model was created to attempt to explain the slack-stiffening patterns
observed (Figure 16-A). When looking at a force-displacement diagram for an individual specimen and
cycle (like in Figure 16-B), there are distinct changes in stiffness as the displacement increases. These
changes are thought to be the recruitment of the tendon (region I in Figure 16), the straining of the
tendon (region IT), and the straining of the tendon and capsule together (region III). These patterns of
stiffness changes were tracked and fit to the general model, which may be an indicator of the degree of
microdamage in the tissue from the macroscopic properties. Specimens with stiffness patterns starting
in region II are believed to have a greater degree of tissue damage when compared to those starting in

region .

The variability seen in the force-displacement curves between specimens is related to the tensile load
during powered adduction, and suggests different degrees of existing damage in the specimens prior to
testing. The specimens used in this study had a mean age of 55.8 years, and others have suggested

that the 65.3% of all rotator cuff tears are asymptomatic [22].

The strain data did not show evidence of a decrease in mechanical resistance over cycles. There was no
significant change in the maximum strains seen within a specimen throughout testing, although local
strains in different regions did result in higher strains in the later cycles, particularly in the medial
portion of the tendon-capsule complex. The lack of apparent change in the strain of the tendon-capsule
complex (Figure 19) suggests that the capsule is not undergoing measurable damage during testing.
This is in contrast to the tensile loss measured on the tendon alone as well as the decrease in k3 stiffness
(Figure 17). The results suggest that while the capsule plays a role in absorbing load, the damage

during this motion is primarily concentrated in the tendon.
There are several limitations to this study. We could not quantify the initial anatomical state of the

Supraspinatus tendon to determine the presence of preexisting tears. The estimation of Supraspinatus

tension takes the geometry of the shoulder into account and combines this with experimentally mea-
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sured results to estimate Supraspinatus pretension. This estimate relies on the findings from Sharkey
et al. [30], and assumes relatively consistent muscle moment arms between subjects. More work is

needed to determine the reliability of this estimate.

In the future, this study should be expanded by increasing the number of specimens tested, and ana-
lyzing the nature of collagen micro-tearing in the specimen with pre- and post-test imaging analysis.
Load cells should be replaced with higher data acquisition rate models. Additionally, as the data sets
of specimens increase, a damage model may be developed to more completely identify the rate at which

damage occurs in the tendon.

2.5 Conclusion

We have demonstrated that there is a decay in the Supraspinatus tendon’s ability to support load during
sudden adduction motions. Rotator cuff tears may be fatigue-driven where repeated trauma gradually
weakens the tissue prior to failure rather than the result of a blunt immediate trauma. However,
the immediate decrease in load capacity suggests that the damage associated with decreased tendon
strength occurs relatively early in the fatigue cycle. Our data suggests that preventative methods to
protect the shoulder from fatiguing via a brace or other ergonomic considerations should be employed
to mitigate this risk factor. Further work is needed to determine how shoulder biomechanical function
in vivo is affected by repeated exposure to torques and to relate tissue microstructure to macroscopic

tendon properties.
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3 Future Work and Recommendations

Data produced in this study suggests several directions for subsequent work. For this study, one po-
tential problem/limitation was the relatively low sampling frequency (62.5Hz) of the load cell used
to measure Supraspinatus tension. The same equipment used could be set to 125Hz, but this would
increase noise in the measurements. With the testing methodology and mechanism implemented and
working, purchasing and using a higher quality load cell and DAQ that are capable of higher sam-
pling rates is recommended. The improved data resolution would be particularly useful in capturing
the peak load that the specimen sees during testing. In some specimens the peak load ratio (PLR:
defined as the peak tension normalized to the initial tension) showed a promising decaying trend in
most specimens, however there is doubt that the true peak load was captured given the relatively low

sampling frequency, making this information less valuable as a metric for studying damage.

This study employed the use of a 100fps camera to track surface strain of the capsule and tendon with
a 3 by 4 dot matrix. Local strain was computed through a series of MATLAB scripts developed for
this purpose, and while the process is fairly streamlined there is a time-consuming manual element
that introduces potential human error. To avoid these issues moving forward, there are two viable
options: implementing digital image correlation (DIC) or writing an image processing script in MAT-
LAB to find the centers of the dots in the dot matrix. Each method presents challenges: for the DIC,
there is a considerable amount of shaking in the system which has at times lead to image blurring.
Additionally, the speed of the test would likely necessitate the use of a higher frame-rate camera. For
image processing code to track the dot centers, having a clean dot pattern (no smudges or bleeding,
very circular) would be critical to avoid problems arising from image blurring. Possible fixes to the
image blurring issue include upgrading the camera (higher frame rate) and software to process images
in order to remove/minimize blurring. Upgrading the strain acquisition methodology could lead to a

less tedious and time consuming manual process, and less susceptibility to error.

One of the biggest limitations this study faced was a lack of quantifiable information about the initial
state of the tendons, particularly regarding the degree of microtearing in the tendon. During test-
ing, there was considerable variability in the force response data, which I hypothesize was caused by
varying levels of preexisting damage to the tendon microstructure. Unfortunately, without imaging
assessments of the tissue microstructure this idea cannot be confirmed. This information would be
very important in the development of a full damage model for Supraspinatus and would be highly
valuable in relating the microscopic tendon properties to macroscopic performance and health of the

tendon.
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This study chose to focus on one initial angle and range of powered travel, however this does not nec-
essarily need to be the case. The test apparatus was designed such that the initial angle of the scapula
relative to the range of motion can be rotated (in plane) a full 360 *, with 1° resolution. Additionally,
the powered range of motion (relative to the scapula) can be varied between approximately 0° and
60 ° . This freedom and flexibility in the test apparatus means that this system can test other muscles,
motions, and arm angles with powered impulse abduction and adduction arm rotations. Such freedoms
allow for the exploration of other muscle and tendon force responses in similar loading conditions. It is
also possible to replace the drill with a motor (and gearbox), which would allow for traditional cyclic

fatigue tests under low-speed conditions.
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Appendix A Peak Load Ratio

One of the metrics calculated but not used was the deterioration of the peak load sustained during each
cycle, which we normalized to the starting load for each cycle and plotted as a function of cycles for
each specimen. The Peak Load Ratio (PLR) did not show a single common trend across all specimens,

although specimens did show decreasing trends by the latter portion of cycles (Figure 20).

The PLR data might indicate the degree of pre-existing damage in specimens: specimen S5 demon-
strates little capacity to resist additional load and did not show up until region II in our generalized
stiffness model. Conversely, specimen S8 showed initially large and subsequent decay in PLR and
shows up in region I of the generalized stiffness model-—both indicators of an initially healthy tissue.
Information regarding the degree of micro-tearing already present in the cadavers could potentially
address the differences seen in the PLR data, however without this additional information it is diffi-
cult to find meaning in the results. Also limiting the PLR data was the relatively low sampling rate

available, which likely allowed for the true peak load to be missed in some cycles.
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Figure 20: Peak Load Ratio (PLR) data with best fits shown. The general trends show decreasing
ability to bear load in the latter stages for most specimens, although not in all cases.
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