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1. Context Analysis 
The shoulder is one of the most complex joints in the human body. Loss of               

movement in the shoulder joint can severely restrict interaction with the world and limit              
performing daily tasks and activities. The shoulder joint, also known as the glenohumeral             
joint, is the only multiaxial joint in the human body and is comprised of bones, muscles,                
and ligaments that work in tandem to provide the biggest range of motion in the human                
body. The following sections discuss the anatomy of the shoulder and its range of              
movements, what frozen shoulder is, its causes and symptoms, and treatment methods            
that are currently available.  

1.1. Anatomy of the Shoulder 

To understand frozen shoulder, it is necessary to learn the workings of the bones,              
joints, and muscles that are collectively referred to as the shoulder. The four bones that               
comprise the shoulder are the sternum (the breastbone), the clavicle (the collarbone), the             
scapula (the shoulder blade), and the humerus (the upper arm bone). The sternum, which              
is located in the middle portion of the front of the chest, supports the clavicles and acts as                  
the connection point of the appendicular skeleton to the axial skeleton. The clavicle             
functions as the connection between the scapula and the sternum and is stabilized by the               
acromioclavicular joint and the sternoclavicular joint. The scapula acts as the connection            
between the clavicle (via the acromion) and the humerus. The scapula and the supporting              
muscles surrounding it are responsible for the movement of the arm. The humerus is a               
long bone that connects the  shoulder to the elbow and is essential in arm movement [1]. 

 

 

Figure 1.1. Shoulder Bones and Joints [2] 

The four joints that make up the shoulder are the sternoclavicular joint (SC joint),              
the acromioclavicular joint (AC joint), the glenohumeral joint, and the scapulothoracic           
joint. The AC joint, is located at the tip of the clavicle and serves as the connection                 
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between the clavicle and the acromion. The AC joint provides most of the stability in the                
anterior and posterior direction of the shoulder. The SC joint, is a saddle joint between the                
upper part of the sternum and the clavicle [1]. 

The glenohumeral joint, or the shoulder joint, is a ball and socket joint. The “ball” is                
the humeral head and the socket is the glenoid cavity which is located on the scapula.                
Due to the small size of the glenoid cavity, a ring of labrum surrounds the glenoid,                
effectively deepening its depth [1]. The space inside the glenohumeral joint is 4-5 mm              
[19]. Support to the front of the shoulder joint is provided by three glenohumeral              
ligaments: the superior, middle and inferior glenohumeral ligaments. The coracohumeral          
ligament and the superior glenohumeral ligament provide stabilization to the humeral           
head [18]. 

 

 
Figure 1.2. Ligaments of the glenohumeral joint [16] 

The deltoid muscle is primarily responsible for the abduction of the shoulder and             
stabilizing the humeral head. The deltoid muscle covers the shoulder joint and is             
comprised of three separate portions: anterior deltoid (clavicular), middle deltoid          
(acromial), and the posterior deltoid (spinal). Each portion of the deltoid muscle is             
involved in different shoulder joint movements. The anterior deltoid allows flexion,           
adduction, and medial rotation of the arm. The middle deltoid is responsible for adduction              
of the arm, which is the primary movement of the shoulder. The posterior deltoid allows               
extension, adduction, and lateral rotation of the arm [3]. 
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Figure 1.3. The deltoid muscle [15] 

Movement in the shoulder is also provided by muscles from the chest and from the               
back. Muscles in the chest that contribute to shoulder movement are pectoralis minor,             
subclavius, and levator scapulae. Muscles from the back that contribute to the movement             
of the shoulder are trapezius, Levator scapula, and Latissimus dorsi.  

1.2. What is Frozen Shoulder?  
Adhesive capsulitis, or more commonly known as frozen shoulder, is a           

musculoskeletal condition that can be characterized by stiffness in the shoulder joint,            
leading to pain and temporary loss of full range of motion (ROM) in the shoulder. When                
frozen shoulder affects a person, movement of both passive and active motions are near              
impossible [37]. Frozen shoulder, starts in one shoulder, and very rarely occurs bilaterally             
(i.e. affect both shoulders). Development of frozen shoulder usually starts in the            
non-dominant hand and in 6-17% of patients the dominant hand usually becomes            
affected within 5 years [39]. Studies suggest that ranges of between 20 and 50% of               
patients with frozen shoulder, suffer from long-term ROM deficits that may last up to 10               
years [4]. 

Development of the condition is very slow and occurs in three distinct phases              
(Table 1.1). In the first stage, referred to as the freezing or pain stage, the shoulder joint                 
begins to stiffen due to buildup of scar tissue. As a result of the restricted joint space, the                  
patient experiences the onset of pain in the shoulder. During the first stage, the patient               
thinks that the pain will be self-treated and in order to avoid pain they limit use of the                  
affected shoulder. The lack of shoulder movement increases scar tissue development in            
shoulder joint, creating more stiffness and increasing pain, and as a result limiting their              
active and passive ROM further. Pain is worsened at night when the patient is sleeping or                
lying on the affected side. The freezing stage typically lasts between 3 to 9 months [4].  

The second stage, referred to as the frozen stage, involves buildup of scar tissue              
around the shoulder joint, increasing stiffness, and eventually limiting shoulder movement           
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to an entirely “frozen” state. During this stage, pain does not worsen, however, the patient               
still feels pain at the extremes of their ROM. The frozen stage severely limits external               
shoulder rotation, as well as shoulder flexion and internal rotation. This stage typically             
lasts between 4 t o12 months [4].  

In the third stage, known as the thawing or recovery stage, shoulder pain             
decreases significantly as scar tissue in the shoulder joint begins to soften. As a result,               
stiffness starts to fade and movement in the shoulder gradually returns until the patient              
gains full ROM. Improvements in shoulder movement first occur with external shoulder            
rotation, followed by abduction and internal rotation. This stage of frozen shoulder            
typically lasts between 12 to 42 months [4]. 

 

 Stage 1: 
Freezing Stage 

Stage 2: 
Frozen Stage 

Stage 3: 
Thawing Stage 

Duration 2 to 9 months 4 to 12 months 5 to 26 months 

Pain Severe pain that 
worsens at night 

Pain at extremes of 
ROM  

Recovery stage, 
little to no pain 

Range of Motion 
(ROM) 

Progressive loss of 
ROM Limited ROM Gradual Return of 

ROM 

Stiffness Scar tissue build up 
stiffens shoulder 

Increasing stiffness 
to final stiff shoulder Fading stiffness 

Scar Tissue Scar tissue build up Maximum scar tissue Softening of scar 
tissue 

Table 1.1. Stages of Frozen Shoulder  

Figure 1.4 is an arthroscopic picture of the space in the glenohumeral joint. The              
picture on the left illustrates a normal joint, whereas the picture on the right shows               
inflammation of the joint and buildup of scar tissue, which limits the space in the joint and                 
leads to pain and gradual loss of motion in the shoulder. Normally, the gap of the                
glenohumeral joint is 3-4 millimeters, but with the build-up of scar tissue this gap              
decreases dramatically causing pain.  
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Figure 1.4. Arthroscopic photos of a normal glenohumeral joint (left) and an 
inflamed joint affected by frozen shoulder (right) [5] 

1.3. Etiology and Associations 
The exact causes of adhesive capsulitis or frozen shoulder syndrome are           

unknown. However possible causes include, but are not limited to, trauma and injury to              
the shoulder joint and immobilization of the shoulder after shoulder surgery. For women,             
immobilization of the arm after breast cancer surgery also plays a key role in the               
development of the condition. Usually when frozen shoulder affects a person, movement            
of both passive and active motions are near impossible [37].  

Frozen shoulder has an incidence of 3%-5% in the general population [4]. Its peak              
incidence is in people between the ages of 40 and 60, and its peak age is 56 [39].                  
Women are also more likely at a 3 to 1 ratio to develop frozen shoulder than men [49].  

Frozen shoulder is strongly associated with diabetes, dupuytren’s disease,         
hyperthyroidism, hypothyroidism, and Parkinson’s disease.  
Diabetes mellitus (incidence of 10-36%)  

People with diabetes have a 3:1 ratio with non-diabetics of getting frozen shoulder.             
However, the actual risk of getting frozen shoulder and being a diabetic is much higher               
than the original 10-20% [36]. 
Dupuytren’s contracture (incidence of 18-25%)  

Dupuytren's (du-pwe-TRANZ) contracture is a hand condition that takes several          
years to develop. The condition affects a layer of tissue that lies under the skin of the                 
palm known as the fascia. Knots of tissue form under the skin, eventually creating a thick                
cord that can pull the fingers to one side of the hand (i.e. torsion of the fingers) [41].                  
Dupuytren’s contracture has a incidence rate of 18 to 25% in frozen shoulder patients. 
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Hypothyroidism 
Hypothyroidism is another condition that is associated with frozen shoulder.          

Underactive thyroid gland slows down growth and development, usually in infants or in             
women over the age of 60. This condition is caused when the thyroid gland fails to                
produce a certain amount of important hormones for the rest of the body [22].              
Hypothyroidism upsets the normal balance of chemical reactions in the body. It is usually              
symptomless in the early stages, but gets progressively more dangerous if it is left              
untreated. It usually leads obesity, joint pain, infertility and heart disease to name a few.               
That joint pain in this case is one of the links to adhesive capsulitis. Most diseases that                 
affect the endocrine system have a strong link to frozen shoulder [22].  

Hyperthyroidism (thyrotoxicosis) 
Overactive thyroid gland speeds up growth in the body usually producing far too             

much of the thyroid hormone [24]. Hyperthyroidism can possibly increase metabolism,           
which could cause loss of weight, thinning hair, profuse sweating. Blood tests diagnose it,              
and treatment typically involves prescription medication, though serious cases may          
warrant ablation or surgical removal of the thyroid gland [24]. 

Parkinson’s disease 
In a survey of 150 people, evidence suggests that Parkinson’s can be added to              

one of the causes of frozen shoulder. However, Parkinson’s disease is defined as a              
progressive disease of the nervous system marked by tremor and muscular rigidity; this is              
due to certain nerve cells in the brain and all around the nervous system being broken                
down or in extreme cases, the cells die. It is a progressive condition, however, so the                
ultimate destination for the cells in the brain is death and that causes the person’s               
physical condition to worsen [20]. In the onset of Parkinson’s disease, the face may show               
little or no expression. Arms may not swing when you walk, which goes back to the                
muscle rigidness, which in turn is associated with why frozen shoulder is common in              
Parkinson’s patients. The stiffness can be painful and limit range of motion, which is              
similar to how frozen shoulder forms [25]. 

1.4. Shoulder Range of Motion (ROM)  
Measuring shoulder range of motion (ROM) is crucial in the treatment of frozen             

shoulder. Frozen shoulder shares a lot of similarities with other shoulder injuries.            
Therefore, accurate measurement of the shoulder joint ROM is an important step in the              
diagnosis and treatment process. Moreover, tracking improvement or deterioration of          
mobility during the rehabilitation stage is vital in determining the effectiveness of            
prescribed physical therapy exercises. 

Currently, range of motion is measured by mechanical devices such as           
goniometers and inclinometers by trained practitioners. However, due to the low accuracy            
and reliability of such devices, measurements can vary among different operators [6].  
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Goniometers 
Goniometers are the primary tool used to measure range of motion (ROM) in             

human body. Goniometers are an inexpensive, ubiquitous, and lightweight instrument that           
assess shoulder ROM by measuring the angle between the upper arm and a reference              
point on the body. One of the drawbacks of goniometers is the necessity of identifying a                
reliable body landmark to ensure consistent measurements of the shoulder movement by            
different testers [27]. 

 

Figure 1.5. Plastic goniometer (Baseline™ HiRes™ Goniometer) 

Inclinometers 
Inclinometers, though not as ubiquitous as goniometers, are another handheld,          

portable tool that are used for measuring shoulder ROM. Inclinometers assess shoulder            
ROM by measuring the slope between the upper arm and the horizontal plane. They are               
available in two forms, mechanical and digital. One of the disadvantages of inclinometers             
is the expertise required in establishing the zero point (i.e. reference point) before             
measurement begins. Additionally, motion or tilting of the device when measurement is            
taken can increase the risk of measurement errors [23]. 

 

Figure 1.6. Digital Inclinometer (AcuMar™ ACU 360 Digital Inclinometer) 
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The standards for measuring shoulder ROM have been established by the           
American Medical Association (AMA) and the American Academy of Orthopaedic          
Surgeons (AAOS) in 1985 and 1964 respectively. The movements that were measured to             
determine shoulder ROM were “elevation in abduction and flexion, extension of the arm             
when at the side behind the body, internal and external rotation with the arm at the side,                 
external and internal rotation with the arm at 90 degrees of abduction, and adduction of               
the arm across the body” [27]. The four main shoulder range of motion movements              
identified for use in this project are flexion, extension, abduction, and adduction. Their             
corresponding maximum range of motion are 180°, 60°, 150°, and 50° respectively [18]. 

 

Figure 1.7. Shoulder Range of Motion (ROM) [18] 

Table 1.2 lists the standard ROM values for the shoulder. Values for flexion and              
extension were measured with the shoulder in zero degrees of abduction. The 90°             
internal and external rotation measurements were taken with the arm abducted 90°.  

 

Table 1.2. Normal ROM Values for the Shoulder [28] 
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Visual assessment is a quick, easy and inexpensive method of assessing shoulder            

ROM that is commonly used by healthcare practitioners as part of their office evaluation              
process, often replacing goniometers and inclinometers. A glaring drawback of visual           
assessment of shoulder ROM is that they are not as accurate as other measuring              
instruments such as, goniometers and inclinometers [27].  

1.4.1. Inter-tester and Intra-tester Reliability of Goniometers 
The team conducted an experiment to establish the inter-tester and intra tester            

reliability of goniometers for measurement of active shoulder range of motion.  
Participants 

A sample size of twelve Systems Engineering students from the George Mason            
University participated in the study. There were 7 males (58.3%) and 5 females (41.7%),              
who were all under the age of 40 years old. In 11 of the participants (91.7%) the dominant                  
hand was the right hand, and 1 participant (8.3%) was left-handed. One participant             
reported previous shoulder history of torn labrum on the right shoulder. One participant             
reported shoulder history of a broken collarbone on the left shoulder. One participant             
reported previous history of broken arm (left) and dislocated shoulder (left). None of the              
participants had a prior history of frozen shoulder, diabetes, dupuytren's disease,           
Parkinson’s disease, hypothyroidism, or hyperthyroidism.  
Procedures 

Three group members were trained by a physical therapist to use goniometers and             
acted as testers. A pilot study was conducted before testing began to determine flaws              
with the original test plan. The data from the pilot test (7 subjects total) was discarded                
after its completion and was not included in the final analysis.  

Each test began with obtaining consent from participants (a copy of the consent             
form is available in Appendix A). After providing their consent, participant’s basic            
information such as gender, age (over or under 40 years of age), dominant hand,              
shoulder history (such as shoulder dislocations, rotator cuff, frozen shoulder, and any            
shoulder surgery), and medical history (such as diabetes, dupuytren's disease,          
Parkinson’s disease, hypothyroidism, or hyperthyroidism) was recorded. All participant’s         
shoulder range of motion was measured by the 3 testers on the same day, starting with                
the dominant hand. The testers measured participants range of motion for flexion,            
extension, abduction, adduction, internal rotation, and external rotation.The movements         
were counterbalanced to avoid the introduction of confounding variables. The testers           
recorded the participant’s range of motion data after each measurement. Each           
measurement process was also timed by the testers. After the completion of the first              
measurement, participants were given one minute rest, and their range of motion was             
measured for a second time. Statistical analysis was performed on the collected data             
using the SPSS Statistics software package. 
Results 

Obtained Intraclass Correlation Coefficients (ICC) indicate excellent intra-tester        
reliability (Cicchetti, 1994) for flexion, extension, abduction, and adduction. Tester 3 had            
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ICC value below the acceptable threshold of 0.75 for extension (right arm). Tester 1 had               
ICC value below the acceptable threshold of 0.75 for adduction (right arm). 

 
 Figure 1.8. Intra-tester Reliability of Goniometers  

Table 1.3 provides a detailed look at the obtained ICC values and their             
corresponding 95% confidence interval for all three testers. 

Movement 

Tester 1 Tester 2 Tester 3 

ICC 

95% C.I. 

ICC 

95% C.I. 

ICC 

95% C.I. 
Lower 
Bound 

Upper 
Bound 

Lower 
Bound 

Upper 
Bound 

Lower 
Bound 

Upper 
Bound 

Flexion (L) 0.977 0.92 0.993 0.93 0.749 0.98 0.861 0.271 0.927 

Flexion (R) 0.986 0.952 0.996 0.968 0.894 0.991 0.919 0.724 0.977 

Extension (L) 0.887 0.626 0.967 0.981 0.916 0.995 0.88 0.599 0.965 

Extension (R) 0.935 0.718 0.982 0.986 0.954 0.996 0.742 0.173 0.924 

Abduction (L) 0.923 0.735 0.978 0.98 0.932 0.994 0.883 0.587 0.967 

Abduction (R) 0.914 0.62 0.977 0.993 0.977 0.998 0.98 0.913 0.994 

Adduction (L) 0.986 0.953 0.996 0.93 0.749 0.98 0.773 0.173 0.935 

Adduction (R) 0.745 0.122 0.926 0.971 0.905 0.992 0.962 0.853 0.989 
Table 1.3. Intra-tester Reliability of Goniometers Results 

 

 

 14 



 

Obtained Intraclass Correlation Coefficients (ICC) indicate high inter-tester        
reliability for flexion and extension. Lower ICC for abduction and adduction are due to              
testers not being able to identify incorrect shoulder movement.  

 

 Figure 1.9. Inter-tester Reliability of Goniometers  

Table 1.4 provides a detailed look at the obtained ICC values and their 
corresponding 95% confidence interval for all shoulder range of motion movements. 
 

    95% CI 

 Movement ICC Lower Bound Upper Bound 

Flexion (L) 0.906 0.749 0.971 

Flexion (R) 0.867 0.653 0.958 

Extension (L) 0.841 0.588 0.95 

Extension (R) 0.822 0.536 0.944 

Abduction (L) 0.767 0.235 0.932 

Abduction (R) 0.704 0.094 0.913 

Adduction (L) 0.738 0.306 0.918 

Adduction (R) 0.763 0.4 0.925 
Table 1.4. Inter-tester Reliability of Goniometers Results 
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1.5. Diagnosis  
Diagnosis of frozen shoulder begins with a history of patient’s shoulder injuries,            

including mild trauma and previous surgical procedures, to determine factors that may            
have initiated the process. A physical examination of the shoulder is also performed to              
measure the patient’s active and passive shoulder ROM and the severity of the condition              
[4]. As part of the diagnosis process, x-rays, MRIs, and ultrasounds can be used to               
determine any other underlying shoulder problems.  

Radiographs (X-rays) 
Similarities between symptoms associated with the early stages of frozen shoulder           

and common shoulder conditions, such as impingement, partial thickness and          
full-thickness rotator cuff, have made the diagnosis of frozen shoulder a process of             
elimination [8]. Therefore, x-ray exams are crucial in diagnosis of frozen shoulder and             
identifying other underlying problems such as osteoarthritis and dislocation. X-rays of the            
shoulders of patients with frozen shoulder, show contraction of the shoulder capsule.  

Magnetic Resonance Imaging (MRI) 
Additionally, recent studies have demonstrated that magnetic resonance imaging         

(MRI) can provide reliable imaging for indicators of frozen shoulder, including the            
thickening of the coracohumeral ligament and the shoulder joint [9].  

Ultrasound 
Ultrasound technology is used to provide images of soft tissue and detect            

anomalies in muscles. “However, it is recognised that ultrasound offers little or no             
diagnostic information for internal structures”, making it a good compliment to other            
diagnostic scans, but not very accurate on its own [14]. 

1.6. Treatment  
Treatment for patients with frozen shoulder consists of attempting to increase the            

patient’s ROM while mitigating pain as much as possible. Frozen shoulder treatment can             
be divided into two categories: non-surgical treatments (Pharmacological and         
Rehabilitative) and surgical treatments.  

1.6.1. Non-surgical Treatments 
Nonsteroidal anti-inflammatories drugs (NSAIDs)  

NSAIDs are the most commonly used medication to help patients with Frozen            
Shoulder. These anti-inflammatory products are proven to reduce pain of patients who            
use them. While an effective initial treatment choice, they are only a short-term solution              
and should be paired with long-term solutions [4]. Over-the-counter pain relievers such as             
aspirin and ibuprofen (Advil, Motrin) are commonly used to manage the pain associated             
with frozen shoulder. They are the most inexpensive and accessible treatment type and             
do not require prescriptions from a doctor. 

 

 16 



 

Physical Therapy 
Physical therapy is helpful in softening the tissue in the shoulder joint. Certain             

exercises can start to break up some scar tissue that has built up in the shoulder.                
Frequent physical therapy sessions gradually improve the patient’s shoulder movement.          
The two commonly used techniques to treat frozen shoulder are passive mobilization of             
the arm and stretching of the capsular joint [47]. Passive mobilization of the arm is often                
performed by the physical therapist during therapy sessions. Moreover, patients are given            
physical exercises that they have to perform between therapy sessions at the comfort of              
their homes. The frequency and length of physiotherapy sessions depends on the stage             
of frozen shoulder (i.e. freezing or frozen stage). Improvements in patient’s shoulder ROM             
are measured with a goniometer by the physical therapist and occasionally the data is              
entered into an electronic health record (EHR) system after each measurement.  

Steroid Injections 
Injecting corticosteroids into the shoulder joint may help decrease pain and           

improve shoulder mobility, especially in the early stages of the process. The steroid             
injections help promote very immediate pain relief, but ultimately only work in the long              
term when paired with physical therapy exercises [44]. 
Joint Distension 

Injecting corticosteroids into the shoulder joint may help decrease pain and           
improve shoulder mobility, especially in the early stages of the process. The steroid             
injections help promote very immediate pain relief, but ultimately only work in the long              
term when paired with physical therapy exercises [44]. 

1.6.2. Surgical Treatments 
Although surgery is not always needed, doctors may recommend surgery for more            

extreme cases and for patients in the latter stages of the condition to remove scar tissue                
and adhesions from inside the shoulder joint. Orthopedic surgeons perform this surgery            
with lighted, tubular instruments inserted through small incisions around the shoulder joint            
(arthroscopically). “In a recent survey of healthcare professionals only: 3% of the            
respondents recommended surgical treatment for the ‘freezing phase’ of the disease           
process. In comparison, 47% of respondents recommended surgical treatment for the           
second and third phases of frozen shoulder [42]. The surgical treatment options in this              
survey were manipulation under anaesthesia, arthroscopic capsular release and open          
capsular release” [43]. 

Arthroscopy Release and Repair 
Shoulder arthroscopy is used to diagnose shoulder problems. This is a “surgery            

that uses a tiny camera called an arthroscope to examine or repair the tissues inside or                
around the shoulder joint. The arthroscope is inserted through a small cut (incision) in the               
skin” [13]. Through this incision, the surgeon is able to remove any damaged tissue in the                
shoulder, or simply look at how much damaged tissue there is. The problem with these               
incisions is that they will create scar tissue and require physical therapy. This may              
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shorten the recovery time, but physiotherapy sessions coupled with surgery could be            
expensive. 

 

Figure 1.10. Shoulder Arthroscopy [17] 

Shoulder Manipulation under Anaesthesia 
In this procedure, the patient receives a general anesthetic, so he/she will be              

unconscious and feel no pain. Then the doctor moves his/her shoulder joint in different              
directions, to help loosen the tightened tissue and releasing tensions in the shoulder joint. 

1.6.3. Treatments Recommended for Different Stages of FS  
Physical Therapy is highly recommended for every stage of frozen shoulder. 

However, it is important to note that surgical treatments are also highly recommended in 
stage 3 when range of motion is very limited [50]. Figures 1.11 and 1.12 provide a 
detailed look at the treatment recommendations for stage 1 and 3 of frozen shoulder.  
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Figure 1.11. Recommended Treatments for Stage 1. Physical Therapy is highly 
recommended in the initial stages of frozen shoulder. 

 

 
Figure 1.12. Recommended Treatments for Stage 3. Surgical treatments 

1.6.4. Treatment Process  
During the treatment process, when the patient’s shoulder range of motion is very             

limited, the patient visits an orthopedic surgeon after a night of severe shoulder pain. The               
orthopedic surgeon recommends surgery for the patient and the patient calls to set an              
appointment with the orthopedic surgeon. After some wait time, the date for the surgery is               
set. The patient arrives for the surgery, and the surgery is performed. As part of the                
shoulder healing process, the surgeon refers the patient to a physical therapist. The             
patient accepts the recommendation and gets in contact with a physical therapist; after             
talking for sometime, the therapist and the patient reach a decision and an appointment              
for a physical therapy session is set after some wait time by the patient again. The patient                 
then arrives to the appointment where the physical therapist asks them to perform a set of                
different exercises at the clinic and at-home between session and assessments which will             
then be recorded and tracked till full range of motion is gained.  

In another scenario, when surgery is not required, the patient consults an            
orthopedic surgeon after diagnosis is made. The orthopedic surgeon then recommends a            
physical therapist and the patient proceeds with that treatment method. The patient then             
makes an appointment with the physical therapist and after some wait time the patient              
receives an appointment. The patient arrives to the appointment where range of motion             
measurements are measured and the data is recorded at the beginning of the session.              
Next, physical therapy exercises are performed at the clinic to regain range of motion              
back in the shoulder and then the exercises are recorded in an exercise log, from there                
full range of motion is either gained or the patient has to make a decision on whether or                  
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not to seek more physiotherapy sessions. If the patient decides to continue physical             
therapy, the physical therapist continues to treat the patient until full ROM is restored.              
However, if the patient wishes not to participate in more treatment sessions, physical             
therapy ends and they could perform the exercises at-home. In almost all cases of              
treatment, the end result ends up being a recommendation for physical therapy,            
consequently physical therapy has proven to be a very important mode of treatment. The              
Cross-functional process map depicted in Figure 1.13 provides a visual representation of            
the decision making process during the treatment of frozen shoulder. 
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Figure 1.13. Frozen Shoulder Treatment Cross-Functional Process Map 
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1.6.5. Treatment Costs  
The cost of treating frozen shoulder varies depending on whether the patient is             

insured or not. The following section provides a general guideline for estimating frozen             
shoulder treatment costs.  

 
1. Expected Cost of FS (uninsured)  = CoT  

CoT = CoPT + P1(Surgery + Income Loss)* 
CoPT = [ P1 (per PT Session) x number of PT sessions ] + Income Loss 

2. Expected Cost of FS (insured)  = CoT + INP 
CoT = CoPT + P1(Copay Surgery + Income Loss)* 
CoPT = [ P1 (Copay per PT Session) x number of PT sessions ] + Income Loss 
INP = INP_C + INP_F 
Where:  

FS - Frozen Shoulder 
PT - Physical Therapy 
CoT - Expected Cost of Treating FS ($)  
CoPT - Expected Cost of PT ($) 
INP - Insurance Premium ($) 
INP_C - Current Insurance Premium ($) 
INP_F - Future Insurance Premium Increase ($) 

 
* Surgery is not always recommended  
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For the rehabilitation of frozen shoulder, 5 categories of possible treatments types            

were observed. The first is a doctor’s visit; which is a step in the right direction because it                  
could provide the patient with an accurate understanding of the condition. The costs for a               
doctor’s visit is around $150 for an uninsured patient which is a common demographic or               
the demographic of interest here because patients in that demographic understand the            
pain of having to pay an arm and a leg to be treated. The next course of treatment is                   
physical therapy which is the most common and most recommended type of treatment             
Physical therapy sessions cost and average of about $100 per session for uninsured             
patients. MRI is the next option, but it’s used more to diagnose a person than it is to treat                   
them. However, this is a cost that needs to be accounted for, nevertheless. The reason               
for this is that this leads to treatment and this is one of the ways to determine the                  
treatment type the visitor will undergo. The price range for an MRI is about $100-$200 for                
an insured person and $1,500 for an uninsured user. The X-ray is another low level way                
of determining the existence and severity of frozen shoulder, but like the MRI, it just finds                
what is wrong; and does not treat the condition. Arthroscopy and surgery are under the               
same category. Since an arthroscopy is a type of surgery, insured surgery costs about              
$500 at the onset of surgery; whereas for an uninsured person it ranges between $5,000               
to $8,000. All in all, the different treatment types are fairly costly for insured and uninsured                
frozen shoulder patients. A summary of these costs is listed in Table 1.5. 

Treatment Type Insured  Uninsured  

Doctor’s Visit $49 $150 

Physical Therapy  $10 - $75 
Or a copay after 60 sessions 

$100 

MRI (Diagnosis) $100 - $200 $1,500 

X-Ray (Diagnosis) $10 - $75 
Or a copay after 60 sessions 

$240 

Surgery (e.g. Arthroscopy) $500 $5,000-$9.000 

Table 1.5. Treatment Costs 
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2. Stakeholder Analysis  
During the treatment of frozen shoulder, the primary stakeholders of the system            

are: patients with frozen shoulder, orthopedic surgeons, physical therapists, and          
insurance companies. The objectives and tensions that exist between different          
stakeholders are discussed in the following sections. The interactions between the           
different stakeholders are depicted in Figure 2.1. 

Patients with Frozen Shoulder 
Frozen shoulder patients are the primary stakeholders of the system. Due to the              

nature of their condition, frozen shoulder patients are unable to perform normal daily             
activities; therefore, their main objective is to gain full range of motion and to resume               
normal daily activities by receiving quality treatment in a cost effective manner. Treatment             
times for frozen shoulder patients vary depending on the stage of their condition. A survey               
of current and former patients who have had physical therapy for a shoulder condition              
(n=28), indicates that 68% of respondents were prescribed physiotherapy exercises that           
they had to perform at-home between session. The frequency of these at-home sessions             
was 3 or more times a week for 80% of the respondents. However, only 20% of                
respondents answered that they performed all the at-home exercises that was assigned            
to them by their physical therapist, leading to longer treatment times (a copy of complete               
survey results is provided in Appendix B). Consequently, frozen shoulder patients not only             
suffer the consequences of their condition, but also loss of leisure and family time.              
Furthermore, in order to attend physical therapy sessions, which are often during work             
hours, patients have to take time off from work, leading to potential loss of income. The                
lengthy treatment process of frozen shoulder, incurs costs for the patient's employer too.             
For instance, employers must deal with productivity loss due to worker illness and             
employee absence, which result in decreases in production output and financial returns.  

As outlined in the treatment section, in the latter stages of frozen shoulder where              
the patient’s range of motion is very limited, surgery is the more recommended treatment.              
The costs associated with surgical procedures vary significantly, depending on the           
patient’s insurance coverage. Whether frozen shoulder patients require surgery or not,           
they still need to go through extensive physical therapy. This places a significant financial              
burden on the patient’s shoulders.  

Orthopedic Surgeons 
Orthopedic surgeons are often the first point of contact for frozen shoulder patients             

and are involved primarily during the diagnosis process. Though, in rare occasions where             
surgery is required they are involved in treatment too. During diagnosis, they perform a              
physical examination of the patient and provide referrals to medical imaging clinics (i.e.             
for MRI) and physical therapists. After diagnosis, if the patient requires surgery, an             
orthopedic surgeon performs surgical procedures such as, arthroscopy or manipulation          
under anesthesia. Orthopedic surgeons also monitor patient’s recovery progress by          
getting range of motion progress reports from physical therapists. The main objective of             
orthopedics is to diagnose and treat frozen shoulder patients properly. They are also             
motivated to increase their incomes. 
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Reimbursements by insurance companies for services performed and patient         
payments are the main sources of income for orthopedic surgeons. This creates a tension              
in the system where orthopedics are incentivized to recommend services that may not be              
greatly beneficial to the patient. Furthermore, they are trying to diagnose every patient             
properly, but are also trying to maximize profits, which means they spend less time with               
each patient. A recent survey of U.S. physicians indicates that 51% physicians spend             
between 9-16 minutes with each patient [45]. The lack of face-to-face time with the              
physician leaves many patients frustrated, who often have to spend several hours at the              
doctor’s office [46]. Therefore, profit maximization is the cause of tension for orthopedics,             
who under the Hippocratic Oath, have an obligation to behave ethically and honestly.  

Medical assistants are also a secondary stakeholder in the system that are            
associated with orthopedic surgeons and have direct contact with the patients. They are             
responsible for preparing and handling medical tools, measuring patient vitals, measuring           
patient’s range of motion, and electronic health recording (EHR).  
Physical Therapists 

Physical Therapists are another primary stakeholder in the system and are           
involved in the treatment process. Their motives are similar to orthopedic surgeons; they             
have a profit motive and want to treat frozen shoulder patients during the rehabilitation              
process. Physical Therapists are mainly tasked with rehabilitating and monitoring patient           
progress until the patient gains their range of motion. This occurs during several months              
of physical therapy, often involving multiple sessions per week. The main sources of             
income for physical therapists are reimbursements by insurance companies and patients           
paying for therapy sessions. Upon the patient’s visit to the clinic, physical therapists or              
their assistants use a goniometer to measure the patient’s range of motion. The results              
are often recorded manually and patient progress is also calculated manually. During the             
therapy session, patients are a given a set of exercises that they must perform while they                
are at the clinic. However, in most cases the physical therapist or their assistant does not                
spend the entire length of the session working one-on-one with the patient and guide              
them through exercises. Rather, they occasionally check up on the patient to provide             
feedback and guidance. The instructions provided by physical therapists to the patient for             
at-home exercises, are often printed on a sheet of paper with the physical therapist              
writing down the number of sets and repetitions for each exercise.  

Insurance Companies 
Insurance companies are another primary stakeholder in the system. Their sole           

motive is to maximize their profits, but to do this they need their clients to use as little                  
money on medical needs as possible. The greatest source of revenue for insurance             
companies is the premiums that their customers pay every month to receive medical             
coverage. To maximize their profits insurance companies, keep their costs low by            
reducing reimbursement amounts to orthopedic surgeons and physical therapists when          
patients seek treatment. In the United States, every task and service provided in the              
healthcare system, has a Common Procedural Technology (CPT) code assigned to it that             
is used to track patient medical records and for billing purposes. The American Medical              
Association (AMA), develops and maintains CPT codes as new services are created and             
unused codes are discarded. The centralized storage of CPT codes ensures uniformity in             
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the system. Insurance companies use these CPT codes to determine the amount of             
reimbursement to healthcare practitioners by the services they provide to patients. The            
amount of reimbursement that each practitioner receives also depends on their contract            
with the insurance companies [48]. Furthermore, insurance companies only cover the first            
60 sessions of physical therapy, and only until the patient has gained an acceptable              
range of motion, and not when they are pain free. Furthermore, patients are prone to               
ending their therapy sessions when their insurance coverage runs out, since they are now              
responsible to pay the full cost of therapy sessions. Moreover, patients are still             
responsible for copay, even if their therapy session coverage has not expired. The             
amount of copay that patients are expected to pay varies depending on their insurance              
provided and whether they are in-network or out-network with the physical therapist.            
Coverage ranges from 65% of therapy costs to 85% for in-network and out-network             
respectively, which creates a tension between the patient and their insurance provider,            
since they may not be able to go to physical therapists that are more convenient for them. 

Due to the influence of insurance companies, patients also have to start their             
treatment process with the cheapest treatment option, which is oral painkillers, and move             
to more expensive procedures if needed. This creates a tension in the system, since              
patients often have to wait several months from the onset of their condition before they               
can start the most effective treatment option, which is often physical therapy or surgical              
procedures. The long wait time for the patient leads to more limited range of motion, pain,                
and longer treatment times since the severity of their condition has worsened.  
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Figure 2.1. Stakeholder Analysis Diagram 
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3. Performance Gap 
Currently, there is no service available that monitors patient compliance with            

at-home physical therapy exercises and whether they are performing them correctly. In an             
effort to better understand where the gap lies in the current at-home compliance rate, a               
survey was conducted on a sample of 28 individuals who had seeked physical therapy for               
a shoulder condition. In this survey, 80% of the respondents, answered that they were              
prescribed physical therapy exercises to be performed about 3 or more times a week              
at-home. However, 80% did not perform all of their prescribed exercises, creating a             
performance gap between a higher compliance rate and the current level. 

Additionally, a performance gap exists from the moment a patient’s insurance           
coverage runs out, and the patient still continues to need treatment in the form of physical                
therapy. Half of frozen shoulder patients recover within the first six months when doing              
physical therapy; 64% of patients recover within the first year, 86% of patients recover              
within 2 years; and 99% of patients recover within 3 years. Therefore, the the full amount                
of time it takes to recover ranges from 6 months to 3 years [51]. Insurance companies in a                  
normal progression of treatment costs cover up to 60 sessions. On average that is about               
7.5 months of treatment covered if the patient has insurance. If the patient does not gain                
their range of motion within the 7.5 months, while they are covered by insurance              
companies, they are responsible for full treatment costs.  

4. Problem Statement  
A survey of 28 individuals who have received physical therapy for a shoulder              

condition indicates, that 68% of participants had to perform at-home physical therapy            
exercises during the treatment of their condition, with 80% responding that the frequency             
of these sessions was 3 or more times a week. However, only 20% of respondents               
answered that they performed all the prescribed exercises, leading to longer treatment            
times and higher costs. This problem is due to lack of a system to remotely monitor                
patient compliance with the prescribed exercises and to ensure correct exercise           
performance during the at-home rehabilitation sessions. Furthermore, a key aspect of           
treating frozen shoulder is tracking patients’ progress as they gain their full range of              
motion (ROM) during the rehabilitation process. Shoulder ROM is measured with the aid             
of mechanical measurement instruments such as goniometers and inclinometers.         
Although these devices are inexpensive and provide practitioners an easy method of            
measuring shoulder ROM in 3D space, obtaining accurate measurements relies heavily           
on the expertise and experience of the practitioner. In addition, ROM data is recorded              
manually and patient progress is currently measured infrequently. Currently, there is also            
a lack of a remote monitoring system to ensure correct exercise performance without the              
need for a physical therapist or an orthopedic surgeon if the patient was given a set of                 
exercises to perform at-home. Moreover, on average physical therapy costs $100 per            
session without insurance and insurance only covers the first 60 sessions, placing a             
significant financial burden on the patient’s shoulder after their coverage ends.  
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5. Need Statement  
There is a need for a system that provides frozen shoulder patients the opportunity              

to receive physical therapy at-home with more frequent assessments in order to reduce             
the amount of physical therapy sessions needed during the treatment of their condition.             
Furthermore, there is a need for the system to autonomously and objectively measure             
shoulder range of motion and calculate progress results and allow healthcare           
professionals to remotely monitor the progress of patients. This enables the practitioner to             
remotely provide feedback and recommend physical therapy exercises based on          
progress results and to modify exercises as needed.  
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6. Concept of Operations 
The proposed concept of operations (Figure 6.1.) provides at-home rehabilitation          

for frozen shoulder patients and remote monitoring by healthcare professionals if the            
patient chooses such option. The conceptualized concept of operations provides objective           
measurement of patient’s shoulder range of motion in 3D space while simultaneously            
monitoring the activity of the deltoid muscle. An accompanying mobile health application            
tracks patient progress throughout the course of treatment. The health application           
provides a wide range of custom physical therapy exercises based on progress results.             
Furthermore, the health app provides instructions with exercises to increase correct           
performance of the physical therapy exercises and to facilitate progress rate. The            
interactive nature of the application is intended to increase user compliance with therapy             
exercises.  

The system also provides remote monitoring by healthcare professionals at the           
discretion of the patient. An updatable patient profile on a cloud platform stores patient              
progress reports and exercise performance metrics. This feature allows remote          
monitoring of patient progress by healthcare professionals and for therapy exercise           
recommendations and provides a communications channel in the form of text messaging,            
video and/or voice messages. Figure 6.1. provides an overview of the proposed concept             
of operations.  

 

 

Figure 6.1. Overview of the Proposed Concept of Operations 
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The proposed concept of operations consists of two different operational          
scenarios. 1. When the system is used for at-home rehabilitation only. 2. When patient              
progress is remotely monitored by a healthcare professional. The following sections           
discuss the two operational scenarios in more detail.  
1. Operational Scenario: At-home Rehabilitation  

The at-home operation of the system is separated into three distinct phases. In the              
first phase, when the device is initially turned on, the sensor device and the application               
work in conjunction to calibrate the device. In the second phase, the sensor device              
captures patient shoulder range of motion and muscle activity for flexion, extension,            
abduction, and adduction. This process is repeated on both arms and the captured             
information is used by the health application to recommend the most suitable exercises             
during the course of rehabilitation and calculate patient progress. The application also            
provides instructions on how each movement has to be performed and guides the patient              
through the movements. In the final phase, the health application recommends physical            
therapy exercises based on the patient’s range of motion and progress report.            
Furthermore, the health application tracks the patient’s arm movement in 3D space during             
each exercise to ensure exercises are being performed correctly. In instances where the             
patient is not performing the exercise correctly, the application informs the user to perform              
the exercise again. At the beginning of each exercise, the health application provides             
instructions on how each exercise is performed, including number of sets and repetitions.             
Figure 6.2 provides a detailed look at the proposed concept of operations for at-home              
rehabilitation.  
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Figure 6.2. Proposed Concept of Operations for at-home Rehabilitation 

2. Operational Scenario: Remote Monitoring by a Healthcare Professional 

The proposed concept of operations for remote monitoring of patient by a 
healthcare provider takes place by the physical therapist logging in to their portal, where 
they are presented with a list of their current patients or they can create a new patient 
profile. New patient profiles are created by entering patient information such as medical 
history, shoulder injury history, and list of any conditions are associated with frozen 
shoulder. This information is used by the health application to recommend the most 
suitable exercises during rehabilitation when the patient is performing the exercises 
at-home. By selecting one of their current patients, the provider can access the patient’s 
range of motion progress reports for flexion, extension, abduction, and adduction. This 
data is retrieved from a cloud based database. Furthermore, providers can view the list of 
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physical therapy exercises that are currently assigned to the patient and provide exercise 
recommendations or modify exercises based on progress results. Figure 6.3 provides the 
sequence diagram for the remote monitoring scenario.  

 

Figure 6.3. Proposed Concept of Operations for Remote Monitoring 
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7. Requirements 
7.1. Requirements for ROM Measurement  
1. The system shall measure the user’s full range of motion (ROM) for the following 
motions: 

a. Flexion: where maximum ROM measured is 180 degrees. 
b. Abduction: where maximum ROM measured is 150 degrees. 
c. Adduction: where maximum ROM measured is 50 degrees. 
d. Extension: where maximum ROM measured is 60 degrees. 

2. The system shall measure the angles of the shoulder for its proper movement for each 
of the following motions in 3D space: 

a. For flexion, the system shall record changes in the x and z-directions. 
b. For abduction, the system shall record changes in the y and z-directions. 
c. For adduction, the system shall record changes in the y and z-directions. 
d. For extension, the system shall record changes in the x and z-directions. 

3. The system shall alert the user if they deviate from the proper movement path for each 
of the following motions: 

a. The system shall detect a change of more than 3 degrees in the y-direction 
for flexion. 

b. The system shall detect a change of more than 3 degrees in the x-direction 
for abduction. 

c. The system shall detect a change of more than 3 degrees in the x-direction 
for adduction. 

d. The system shall detect a change of more than 3 degrees in the y-direction 
for extension. 

 
Figure 7.1. Range of Motion Axes  

7.2. Requirements for Interface and Design 

4. The system shall autonomously store data from the muscle and motion sensors in less 
than 1 second after the movement is complete. 
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5. The system shall track the progress of the patient after each ROM measurement. 

6. The system shall monitor the muscle activity of the deltoid muscle to ensure proper 
movement for flexion, extension, abduction, and adduction. 

7. The system shall allow the patient to move his/her shoulder in all normal ranges for 
flexion, extension, abduction, and adduction while using it. 

10. The system shall be usable by users with shoulder circumferences between 6-18 
inches. 

11. The system shall weigh less than 1 pound. 

12. The system’s hardware shall cost less than $250. 

13. The system shall allow healthcare providers to remotely monitor patient progress. 

14. The system shall allow healthcare providers to make recommendations for physical 
therapy exercises remotely. 

15. The system shall provide exercises to the patient that incentivizes restoration of ROM. 

7.3. Requirements for Usability 

8. The system shall be operable by a single person without the need for human 
assistance. 

9. The system shall instruct and guide the patient how to perform physical therapy 
exercises. 

16. The system shall instruct and show the patient how to perform ROM movements. 

17. The system’s instructions shall receive a clarity rating greater than 7 out of 9 on a 
semantic differential scale by a sample of users for the following tasks: 

a. Recording ROM Measurement for flexion, extension, abduction, and adduction. 
b. Performing physical therapy exercises. 
c. Viewing the progress report for flexion, extension, abduction, and adduction. 
d. Checking the calendar to view the prescribed schedule. 

18. The system shall receive a satisfaction rating greater than 7 out of 9 on a semantic 
differential scale by a sample of users. 

19. The system shall be learnable by users after 7 uses. 
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8. Design Alternatives 
To fulfill the proposed concept of operations and the requirements three design            

alternatives were considered for measuring ROM in 3D space. The three envisioned            
design alternatives are: 1. a custom wearable medical device, 2. a smartwatch, and 3, a               
motion tracking device. 

8.1. Wearable Sensor Device 
The first design alternative is a custom wearable sensor device that uses a single              

inertial measurement unit (IMU) combined with a surface electromyography (EMG)          
sensor to measure shoulder ROM in the 3D reachable workspace and simultaneously            
measures the deltoid muscle activity. The combination of these two measurements will            
allow the system to effectively capture patient’s range of motion and guide the user              
through therapy sessions and ensures correct performance of the exercises and           
movements. 

This design alternative would allow the user to wear the system on their upper arm               
during each assessment and rehabilitation session. The sensors would be connected to a             
mobile health application that processes the sensor data. The software application would            
be able to guide the user through different motions during physical therapy sessions.             
During the rehabilitation process, the software application calculates and tracks patient           
progress each time the user’s range of motion is measured. In cases where the user is                
being remotely monitored by a healthcare professional, their provider will have access to             
the patient’s progress results in real time without having to schedule a meeting to              
measure the patient’s shoulder range of motion. Furthermore, the provider will be able to              
modify and make physical therapy exercise recommendations based on progress reports.  

  

Figure 8.1. Proposed Schematic for the Wearable Sensor Device  
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8.2. Smartwatch 
The second design alternative, which requires little to no hardware development, is            

the use of smartwatches that are currently available on the market to assess shoulder              
ROM and track arm movement in 3D space. For instance, the Apple Watch™ uses              
accelerometers and gyroscopes to track user activity for specific types of movements.            
This sensor data is also provided to developers for use in their applications [29]. Tests               
and research to determine the accuracy of sensors in smartwatches is required to make              
this solution a feasible option for medical evaluations of frozen shoulder patients. In             
addition, this design alternative, requires the development of a software application that            
can analyze data provided by the built-in accelerometer and gyroscope to assess            
shoulder ROM and to provide at-home rehabilitation and remote monitoring capabilities.           
The rapid growth and ubiquity of smartwatches in recent years, make this design             
alternative and attractive option, however it is worth noting that the patient is responsible              
for purchasing a smartwatch that is compatible with the developed software application. 

8.3. Motion Tracking Devices 
The final design alternative takes advantage of motion tracking technology that           

already exists, such as the Microsoft Kinect™ to track shoulder movement in 3D space.              
This option has lower upfront development time and costs, since the technology is readily              
available for use. Motion tracking devices use a combination of infrared and depth             
sensors to detect and track human movement. Motion tracking devices, such as the             
aforementioned Microsoft Kinect, are primarily designed as gaming devices, therefore          
tests and research to determine the accuracy of such devices for measuring shoulder             
range of motion is required. In addition, similar to the smartwatch design alternative, the              
patient is responsible for purchasing a motion tracking device that is compatible with the              
developed software application.  
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9. Analysis of Design Alternatives 
In order to determine which design alternative is the most suitable option for             

measuring shoulder range of motion, a series of various analysis methods were            
performed. These included utility analysis, sensitivity analysis, and cost vs. utility analysis            
of the three options. The results indicated that the custom wearable sensor device is the               
preferred option for at-home rehabilitation of frozen shoulder. The following sections           
provide a detailed discussion of the analysis results.  

9.1 Utility Analysis  
The three design alternatives were compared using four major requirements. The           

four major requirements of the system are the accuracy of shoulder ROM measurement,             
the accuracy of the muscle sensor, the physical weight of the system on the patient’s               
upper arm, and the capability of remote monitoring by a practitioner. The values             
corresponding to the smartwatch and motion tracking device are those of an Apple Watch              
and Microsoft Kinect. Table 9.1 shows to what extent each design alternative fulfills each              
of the four main requirements.  

 

ID. Requirement  Wearable Device Smartwatch Motion Tracking 

2 ROM Measurement Accuracy Inertial 
Measurement Unit 

Accelerometer + 
Gyroscope 

Infrared + Depth 
Sensors 

6 Muscle Sensor Accuracy Electromyography 
Sensors 

Needs Peripheral 
Device 

Needs Peripheral 
Device 

11 Weight 0.33 lbs 0.11 lb 0 

13 Remote Monitoring Yes Yes Yes 

Table 9.1. Design Alternative Attributes 

9.2. Analytic Hierarchy Process (AHP) 
As shown in Figure 9.1, each of the four main requirements was compared to one               

another through the Analytic Hierarchy Process (AHP) method. This method compares           
the importance of each requirement with respect to one another. These values were then              
normalized as shown in Figure 9.2, which also displays the four major requirements and              
the weight assigned to each requirement based on research of the treatment process and              
the stakeholders involved. The results indicate that ROM measurement accuracy          
requirement has a weight (WRO) of 0.2915, the muscle sensor accuracy requirement has             
a weight (WMS) of 0.2566, the physical weight of the device has a weight (WW) of 0.2332,                 
and the remote monitoring requirement has a weight (WRM) of 0.2187. The affinity             
diagram depicted in Figure 9.2 provides a visual representation the four main            
requirements and their corresponding weights.  
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Figure 9.1. AHP Diagram for each Requirement 

 

Figure 9.2. Affinity Diagram for the Requirements 

By inputting the weight of each requirement and the proficiency of each alternative             
in regard to those requirements into a software called Logical Decisions, the utility of each               
alternative was found. Figure 9.3 demonstrates the total utility for each alternative as well              
as how well each alternative excels in regard to the four major requirements. Overall, it               
was determined that the custom wearable sensor device provides the most utility out of              
the three design alternatives (utility of 0.822), making it the optimal choice for treatment of               
frozen shoulder at-home. The motion tracking device and the smartwatch had utilities of             
0.729 and 0.677 respectively.  
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Figure 9.3. Utility of each Design Alternative 

9.3. Sensitivity Analysis  
If the weights assigned to each requirement are incorrect, then the optimal             

decision is likely to be changed. Figures 9.4 and 9.5 show the exact weight threshold that                
would change the optimal decision. For instance, in Figure 9.4 if the percent weight on               
muscle sensor accuracy is actually below 18%, then the optimal choice would be the              
motion tracker, and not the wearable device. Similarly, if the percent weight on the actual               
weight of the device is above 32%, then the optimal choice would be the motion tracker                
instead of the wearable device. Conversely, regardless of what the percent weights on             
remote monitoring and ROM measurement accuracy, the wearable device would still be            
the optimal choice (Figure 9.5). 

Figure 9.4. Sensitivity Analysis for Muscle Sensor Accuracy and Physical Weight of 
the Design Alternative 
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Figure 9.5. Sensitivity Analysis for Remote Monitoring and ROM 

Measurement Accuracy Requirements 

9.4. Cost vs Utility Analysis 
To fully understand the utility of each alternative, the cost of each alternative was              

compared to its utility. The wearable device alternative provides a utility of 0.822 while              
costing only $149. The motion tracker and smartwatch alternatives have utilities of 0.729             
and 0.677 respectively and cost $249 and $349 respectively. It can be concluded that the               
wearable device provides the most utility for the lowest cost (Figure 9.6). This is possible               
due to the wearable device solely focusing on frozen shoulder rehabilitation and            
eliminating extraneous features such as other applications and video games. 

 
Figure 9.6. Utility vs. Cost of Alternative ($) Analysis 
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10. Prototype Design 
10.1. Functional Flow Block Diagram (FFBD) 

The functional flow block diagram shown in Figure 10.1 illustrates the system’s            
high level functions. System functions at the highest level are: Measure ROM (1.0),             
Assess Progress (2.0), Recommend Exercises (3.0), and Monitor Exercises (4.0). The           
Measure ROM function (1.0) ensures the systems provides instructions for the four            
shoulder range of motion movements (1.1) and simultaneously monitors movement          
trajectory (1.2) and monitors muscle activity (1.3). Recording of ROM Data (1.4) and             
Saving the Data to a server (1.5) occur afterwards. The Assess Progress (2.0) function              
provides shoulder ROM progress results by Retrieving latest ROM measurement (2.1),           
Calculating ROM progress (2.2) by comparing the current measurement with last           
recorded data and Displaying the Results (2.3). The Recommend Exercises (3.0)           
function, Assesses ROM severity (3.1), and Analyzes (3.2) and Compiles (3.3) a list of              
relevant exercises and Displays (3.4) the list to the user. The Monitor Exercises (4.0)              
function, Provides Exercise Instructions (4.1) and simultaneously Monitors arm Movement          
(4.2) and monitors muscle activity (4.3) to ensure correct exercise performance. During            
the exercises Sensor Data is Analyzed (4.4) and Exercise Data is saved to a server (4.5). 

 
Figure 10.1. Functional Flow Block Diagram 
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10.2. Physical Hierarchy Diagram 
The physical hierarchy diagram (Figure 10.2) illustrates the system’s five main           

components and their sub-components. The five main components of the system are:            
Hardware Components (1.0), Analysis Components (2.0), Server (3.0), Support and          
Maintainability Components (4.0), and the User Interface Component (5.0). The Hardware           
Component (1.0) is comprised of sensor components such as an inertial measurement            
unit (1.1) and a muscle sensor (1.2) that are used to capture user’s range of motion in the                  
3D space. Microcontroller (1.3), Data Storage (1.4), and Wireless Module (1.5)           
components, enable the device to process, store, and transmit sensor data respectively.            
The Analysis Component (2.0) monitors sensor data and exercise performance,          
calculates progress and generate progress reports, and recommends exercises based on           
patient shoulder history data and progress reports. The Server Component (3.0), consists            
of a Database component (3.1) which stores patient data and an Interface Component             
(3.2) that provides a connection to the health app and patient profile for remote              
monitoring. Support and Maintainability Components (4.0) consists of two teams that           
provide customer support (4.1) and a technical team that provides maintenance (4.2) in             
the event of system malfunction or failure. The User Interface Component (5.0) consists             
of the interface that is implemented in the health application and an interface for a cloud                
based patient profile that can be accessed for remote monitoring.  
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Figure 10.2. Physical Hierarchy Diagram for the Prototype 
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10.3. Prototype Build 
The prototype that was developed consists of two modules; 1. a wearable device that              

measures shoulder ROM and simultaneously monitors deltoid muscle activity by using an            
Inertial Measurement Unit (IMU) and a surface electromyography (EMG) sensor          
respectively, and 2. a software application to collect sensor data, calculate ROM, and             
provide physical therapy exercises. An Arduino Mega 2560 microcontroller board was           
used to process sensor data and to stream the data to a PC. The two sensors and the                  
Arduino board are housed in a 3D printed case and are attached to the user’s upper-arm                
with an adjustable armband. Figure 10.3 provides a schematic of the prototype. 

 
Figure 10.3. Prototype Schematic 

The wearable device consists of a 9 degree of freedom (DOF) IMU, namely the              
MPU-9250 motion processing unit, which collects triaxial accelerometer, triaxial         
gyroscope, and triaxial magnetometer sensor data. The IMU is used to measure the             
orientation of the upper-arm in 3D space and the user’s shoulder ROM is determined by               
calculating Euler angles (i.e. pitch, yaw, and roll). Reference IMU coordinates are            
established based on the accelerometer data, with the initial position of the upper-arm             
defined to be by the side of the user and pointing straight down to the ground. In this                  
state, the gravity force aligns with the accelerometer x-axis, with a vector value of (-1,0,0)               
and magnitude of 9.8 m/s2. Pitch and roll values are calculated by using equations (1) and                
(2), using accelerometer x, y, and z values (Ax, Ay, and Az respectively) and converted               
from radian to degrees (multiplied by 180/𝜋). Sample motion data for flexion, abduction,             
adduction, and extension obtained from the accelerometer and the corresponding pitch           
values are presented in Figure 10.4. 

pitch = )    (1)rctan (  a −Ax

√A  + Ay
2

z
2
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roll= )   (2)rctan (a Az
Ay  

The accelerometer cannot measure the yaw angle, since the accelerometer always           
measures x, y, z values as (0,0,-1) when the IMU is rotated around the z-axis. Therefore,                
the magnetometer is utilized to calculate the yaw angle using equation (3). 

yaw= )   (3)rctan (a M x

M y  
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Figure 10.4. Sample Accelerometer X, Y, Z (blue, red, and yellow) Motion Data 
and Pitch Values for 10 Reps of Flexion, Extension, Abduction, and Adduction 

(from top to bottom). 

The accelerometer readings are very accurate in the long-term, and precise roll and             
pitch angles can be calculated when the IMU is stationary. However, when the IMU is               
moving, readings from the accelerometer are affected by external forces and           
consequently not very accurate in the short-term. Furthermore, gyroscope readings are           
affected by drift in the long-term. Therefore, a sensor fusion algorithm such as the              
complementary filter is necessary for more reliable readings. The complementary filter           
compensates for gyroscope drift and external forces acting on the accelerometer by            
combining the long term signals from the accelerometer and the short term signals from              
the gyroscope to obtain a more accurate reading. This is achieved by applying the              
low-pass filter to the accelerometer readings, and the high-pass filter to the gyroscope             
readings. The complementary fusion algorithm used in this project is presented in            
equation (4), where ⍺ is the weight that factors how much of the data is based on the                  
gyroscope and the accelerometer. The ⍺ value selected for this project is 0.98 (or 98%). 

angle = ⍺ (prevAngle + gyroAngle) + (1-⍺)(accelAngle)     (4) 
To measure the activity of the deltoid muscle during movement the Myoware Muscle             

Sensor, which is a surface electromyography (EMG) sensor, was used in the prototype.             
The EMG sensor is attached to the user’s mid-deltoid shoulder muscle using 3 electrode              
pads (i.e. reference, middle, end) and measures the electrical activity of the targeted             
muscle. Figure 10.5 shows sample mid-deltoid activity data collected for 10 repetitions of             
flexion, extension, abduction, and adduction. The collected data indicates, that at the            
extremes of the shoulder ROM movement the EMG signal activity reaches its peak of              
650, indicating that the user is perhaps over extending their arm and consequently             
performing the exercise incorrectly. 
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Figure 10.5. Surface EMG Sensor Signals from the Deltoid Muscle for Flexion, 

Extension, Abduction, and Adduction (from top to bottom).  

10.4. Mobile Health Application 
The software application is developed in Unity, as shown in the picture on the left               

in Figure 10.6, the app will allow the user to first choose between logging in as a provider                  
or as a patient. If the user is a provider they will then log in using their username and                   
password. Once logged in the provider home screen will pop up with all of the provider’s                
current patients listed. The provider will have the option to view the information of a               
current patient or add a new patient to their list. When they choose to view a patient the                  
provider home screen will pop up. The provider will see the name of the patient followed                
by four different buttons to click on: Progress, Exercise Plan, Calendar, and Contact. 
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Figure 10.6. User Interface of the Application. From Top Left: Home Screen, 

Provider Login Screen, Patient List Screen, and Provider Home Screen. 

Going from top left to right in Figure 10.7 below, when the provider clicks on the                
progress button the app will display the difference between the patient’s two most recent              
measurements. When they click on the exercise plan button they will be able to see the                
patient’s current list of exercises as well as be able to change the number of sets and                 
repetitions for each exercise. The calendar allows the provider to view the patient’s             
calendar and see when they have performed their exercises and a list of the patient’s               
scheduled exercises. Lastly the contact button provides the patient’s contact information           
and enables the provider to directly contact the patient within the app. 
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Figure 10.7. User Interface of the Application. From Top Left: Provider Portal 

Showing Patient Progress, Exercise Modification, Patient Calendar, Patient Info.  

When a new patient profile is created, the Patient will be given an access code that                
they will use to login to their profile. Once logged in they will have four choices of ROM                  
Measurement, Progress, Exercises and Calendar (Figure 10.8, left). The ROM          
Measurement button will provide instructional videos on how to perform the four range of              
motion movements (flexion, extension, abduction, and adduction) properly. The Patient          
will then perform those measurements while the wearable sensor device transmits the            
data to the app where the data is recorded. When the user finishes all four movements                
they will be presented their maximum measured ROM for all four movements. They will              
then return back to the home screen where they can click on the progress button to see                 
their progress from their most recent measurement and the one before that. The exercise              
button will provide the user with a list of exercises to choose from. Each exercise will have                 
an instructional video along with a number of sets and repetitions provided by their              
provider. Finally, the user calendar will allow the patient to log when they perform each               
exercise and synchronize their exercise calendar with their personal calendar to avoid            
conflict of schedules.  
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Figure 10.8. User Interface of the Application. From Top left: Patient Home 
Screen, ROM Measurement Screen, Progress Screen, and Exercise Screen. 

Figure 10.9, demonstrates how the app instructs the user to perform ROM            
movements. As the patient performs the motions, the device will record the angles of the               
shoulder and return the highest angle of proper movement. A green bar will fill up as the                 
patient’s ROM increases and turns red when improper movement is detected by the             
muscle sensor. 

 

 
Figure 10.9. User Interface of the Application. Flexion ROM Measurement Screen 

with Video Instruction.  
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10.5. Future Work 
Wireless Connectivity 

The wearable sensor prototype was designed to communicate wirelessly with the           
mobile health application by incorporating two XBee 2mW Wireless Antennas. The           
wireless data transmission between the wearable device and the application is essential            
in ensuring that system requirements are fulfilled and that the user can freely move their               
arm in 3D space without any physical inhibitions. However, due to the unreliability of the               
sensors, the team was never able to create a reliable and consistent connection between              
the wearable device and the software application using the XBee antennas.           
Consequently, during verification and usability testing a usb cable was used to transmit             
sensor data. It is highly recommended that in the future iterations of the prototype              
wireless connectivity is assigned a high priority and prototype testing is redone. The             
addition of wireless communication will ensure that the prototype is as close as possible              
to the product that  potential customers will be using. 
Cloud Data Storage 

The proposed concept of operation for the rehabilitation envisioned a cloud based            
data storage where patient and exercise data is recorded and is accessed by providers              
for the remote monitoring option. However, the health application that was developed            
never utilized a data server to store data and saved all user data locally. The decision to                 
store data on a local drive and not on an online database was made to comply with the                  
U.S. Health Insurance Portability and Accountability Act (HIPAA) laws that are intended to             
safeguard patient’s Protected Health Information (PHI). System developers are highly          
encouraged to seek legal advice before implementing cloud data storage capabilities in            
the future iterations of the prototype. 
IMU Based Activity Classification and Machine Learning 

One of the requirements of this project is to track arm movement in 3D space and                
warn the user when the ROM movement or the physical therapy exercise is not              
performed correctly. To fulfill this requirement, IMU sensor data for various arm            
movements was collected and various classification algorithms (such as decision trees,           
support vector machines, and neural networks) in MATLAB’s Classification Learner were           
tested to identify whether the correct performance of the physical activity that the user              
was engaged in can be detected or not. The collected data included accelerometer,             
gyroscope, and magnetometer data for 50 repetitions of various movements by 3 different             
subjects. Figure 10.10 illustrates the accuracy of various algorithms that were trained in             
Classification Learner, with Coarse KNN algorithm providing the highest accuracy. Figure           
10.11 shows the confusion matrix for the Coarse KNN algorithm. 
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Figure 10.10. MATLAB Classification Learner. Algorithm Accuracy Results. 

 
Figure 10.11. MATLAB Classification Learner. Confusion Matrix for Coarse KNN. 

Due to unfamiliarity of the developers with machine learning and the time            
constraints associated with project, the trained algorithms were never converted from           
MATLAB code to C/C++ code and consequently sensor data analytics was never            
deployed in the developed health application. Furthermore, currently the classification          
algorithms are only able to classify a pre-recorded set of data. Support for real-time              
classification of arm movement activity in 3D space requires further research.  
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11. Prototype Testing 
To determine whether the developed prototype meets requirements and that it fulfills                 

its intended purpose, various verification and validation tests were conducted. Verification testing                       
consisted of verifying the accuracy of the developed prototype when measuring shoulder range of                           
motion. Sections 11.1.1 and 11.1.2 describe the IMU accuracy test plan and the obtained results.                             
The Requirements Verification Matrix (RVM) in section 11.1.3 lists verification test results of the                           
remaining requirements. Validation consisted of testing the usability of the prototype. The                       
usability test plan and obtained results are discussed in section 11.2. 

11.1. Verification Testing 
Verification testing of system requirements is comprised of four qualification 

activities that are listed below. 
1. Inspection (I): Comparing system attributes to requirements. 
2. Analysis and Simulation (A): Using models that represent some aspect of the 

system in order to verify the requirement.  
3. Demonstration (D): Exercising the system in front of unbiased reviewers in 

expected system environment.  
4. Instrumented Test (T): Using calibrated instruments to measure system’s outputs.  

11.1.1. IMU Accuracy Test Plan (T1) 
Objective  
The objective of this test plan is to measure the accuracy of the inertial              

measurement unit (IMU) when measuring shoulder range of motion for flexion, extension,            
abduction, and adduction. This is achieved by measuring the angle between a reference             
point (R0) and a moving arm (R1). The experimental angle measured by the prototype (𝜷)               
is then compared to the accepted angle (𝛳) measured by a motion tracking software. 

Equipment 
The equipment that were used during testing were the developed prototype, which            

used the inertial measurement unit (IMU) to measure the experimental shoulder range of             
motion values, and Physlets Motion Tracker software that was used to obtain the actual              
shoulder range of motion angles (Figure 11.1).  
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Figure 11.1. Screenshot of the Physlets Tracker Software 

Procedure  
- Attach the prototype (IMU sensor) to moving arm (R1), 2-3 inches above the elbow. 
- Starting moving  R1 from resting position by the side of the user to the highest point 

the arm can reach for flexion, extension, abduction, and adduction. 
- Record angle (𝛳) between R0 and R1 that is measured by the tracking software. 
- Record angle (𝜷) between R0 and R1 that is measured by the prototype. 
- Repeat steps above 3 times for the four shoulder range of motion movements. 

Analysis  
- Find % error between 𝛳 and 𝜷 by using equation (1). 

 

 error ( ) 00% =  accepted value
accepted value − experimental value × 1  (1) 

 
- Find the p-value to determine if the differences in measurements between the 

motion tracker software and the prototype are statistically significant or not.  
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11.1.2. IMU Accuracy Test Results 
To the test the accuracy of the prototype, 3 tests were conducted for flexion,              

extension, abduction, and adduction using the procedure described in the IMU Accuracy            
Test Plan (T1) in section 11.1.1. Initial test results for the accuracy of the prototype when                
measuring shoulder ROM, indicate a high percent error in the initial stages of the              
movement. This pattern is observed in all four range of motion movements, as depicted in               
Figure 11.2. The high percent error in the beginning of the movement is due to the fact                 
that the Tracker software expects the moving arm and the prototype to be perpendicular              
to ground and exactly at zero degrees in regards to the reference point (R0). However, in                
reality the prototype that is attached to the moving arm is not perfectly perpendicular to               
the ground due to sensors picking up the slightest movement in the user’s arm. It is                
notable that the inaccuracy of the IMU sensor in the initial stages of measurement does               
not have an impact on the measurement of the user’s maximum range of motion and the                
collected values for maximum range of motion are still accurate.  

Figure 11.2. IMU Accuracy Test Results for Four Shoulder Range of Motion 
Movements (Flexion, Extension, Abduction, and Adduction). 
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The average percent error for all three tests was calculated using equation (1). The              
average percent error for flexion, extension abduction, and adduction was 16.75%,           
18.32%, 18.46%, and 27.04% respectively. Table 11.1 provides a detailed look at the             
summary the average percent error for all movements across the three tests.  

 

  % error Averages 
Movement Total Test 1 Test 2 Test 3 

Flexion 16.75% 17.40% 16.66% 16.18% 

Extension 18.32% 20.94% 16.33% 17.70% 

Abduction 18.46% 18.32% 17.24% 19.83% 

Adduction 27.04% 44.99% 8.69% 27.45% 
Table 11.1. IMU Accuracy Verification Test Results 

Figure 11.3 compares the ROM measurements given by the wearable device and            
the tracker software. In these tests, it can be shown that the angles taken by the wearable                 
device were relatively close to the true measurements provided by the tracker software.             
The percent errors are the same as the ones provided in Figure 11.2 and Table 11.1                
because the figures are derived from the same experiment. 

 

 

Figure 11.3. ROM Values Measured by IMU vs Tracker Software 
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Table 11.2 is a chart displaying the results from a 2-sided t-test conducted to test               
whether or not the data points given by the wearable device were significantly different              
than the true data points given by the tracker software. In this case, the null hypothesis is                 
as follows:  

H0: 𝝁IMU = 𝝁Tracker  
Ordinarily, 2-sided t-tests are conducted to prove that there is a significant            

difference between two samples of data. This significant difference would provide a low             
p-value of below 0.05. However, in this test, the two samples of data being closer               
together would prove the wearable device to be more accurate. Therefore, a high p-value              
is the indicator of success. This experiment was indeed a statistically significant success,             
as the p-values for each ROM measurement are well above 0.05 and we failed to reject                
the null hypothesis that the two samples are equal to one another. 

 Flexion Extension Abduction Adduction 

DF 17 12 16 11 

p-value 0.7396 0.8701 0.8116 0.8716 

Reject H0? Fail to reject H0 Fail to reject H0 Fail to reject H0 Fail to reject H0 

Results No significant 
difference 

between the IMU 
and Tracker 

software. 

No significant 
difference 

between the IMU 
and Tracker 

software. 

No significant 
difference 

between the IMU 
and Tracker 

software. 

No significant 
difference 

between the IMU 
and Tracker 

software. 

Table 11.2. Statistical Analysis of the IMU Accuracy Results Compared to the 
Motion Tracker Software 
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11.1.3. Requirements Verification Matrix (RVM) 
The requirements verification matrix (Table 11.3), provides a summary of the           

qualification activity (analysis, instrumented test, demonstration, and inspection) that was          
used to verify system requirements and the results of each test. 

  

Req ID Requirement Eval ID Eval Type Eval Description Results Action 

1.a,b,c,
d. 
 
2.a,b,c,
d. 

ROM Measurement in 3D 
space for: 

● Flexion 
● Abduction 
● Adduction 
● Extension 

T1 Instrumented 
Test with 
Tracker Software 

Measure the angle between 
the reference point (R0) and 
a moving arm (R1) with IMU 
attached to moving arm. 

Pass See T1 for detailed 
results. 

3.a,b,c,
d. 

Detect path deviation of +/- 3° 
for: 
● Flexion: on x-axis 
● Abduction: on  y-axis 
● Adduction: on y-axis 
● Extension: on x-axis 

T1 Instrumented 
Test with 
Tracker Software 

Attach  IMU to moving arm 
(R1). Measure the angle 
between the reference point 
(R0) and the moving arm 
(R1) when R1 is deviated 
from its expected path. 

In progress For higher ROM 
accuracy, purchase 
better IMU and 
repeat T1. 

4. Autonomous data storage from 
the IMU and muscle sensor in 
less than 1 second after 
movement completion. 

T2 Instrumented 
Test 

Verify that captured data 
from the IMU and muscle 
sensor is recorded in less 
than 1 second. 

Pass Sensor data was 
saved immediately 
after movement 
completion.  

5. 
 

Track patient progress after 
each ROM measurement. 

A1 Analysis Verify that the system 
generates the correct 
progress reports after each 
ROM measurement. 

Pass Manual calculation 
of current vs last 
recorded ROM 
show correct report. 

6. Record anterior, middle, and 
posterior activity for flexion, 
extension, abduction, and 
adduction. 

T3 Instrumented 
Test 

Verify that the system 
records muscle activity and 
ROM measurements at the 
extremes of ROM. 

Pass Surface EMG data 
only for mid-deltoid 
is recorded. Sensor 
is not consistent.  

7. Allow arm movement in all 
normal ranges for flexion, 
extension, abduction, and 
adduction. 

D1 Demonstration Human Interloop Testing. 
Demonstrate that the device 
does not prevent the user 
from moving their arm in all 
normal directions. 

Pass Prototype does not 
inhibit arm 
movement in the 
3D reachable 
space. 

8. Operable by a single person 
without the need for human 
assistance. 

D1 Demonstration Demonstrate that one 
person can put the device 
on their arm without 
assistance. 

Pass See usability test 
results.  

9. 
 

Provide instructions for physical 
therapy exercises. 
 

D1 Demonstration Demonstrate that the 
system provides instructions 
relevant to the physical 
therapy exercise that is 
being performed. 

Pass See usability test 
results. 

10. 
 

System shall be usable by 
users with upper arm 
circumferences between 6-18 
inches. 

T4 Instrumented 
Test 

Measure armband 
circumference for all ranges 
from 6 to 18 inches. 

Pass Armband is 14” 
long, but stretches. 
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11. 
 

Weigh less than 1 lb. T5 Instrumented 
Test 

Measure the combined 
weight of all wearable 
components, sensors, 
power units, that the patient 
should wear during use. 

Pass Prototype device 
weighs 12 oz 
without EMG 
electrodes. 

12. Hardware costs less than $250. 
 

A2 Analysis Calculate the total cost of all 
wearable components, 
sensors, power units, and 
hardware that comprise a 
working unit. 

Pass Manufacturing 
costs are 
approximately $35. 

13. 
 

Remote patient progress 
monitoring by healthcare 
providers. 

A3 Analysis Verify that remote access to 
patient profile is possible. 

Test not 
performed 

All data is stored 
locally, due to 
privacy issues. 

14. 
 

Healthcare professionals can 
recommendation physical 
therapy exercises. 

A3 Analysis Verify exercise 
recommendations and 
messaging can be 
performed remotely. 

Pass See usability test 
results. 

15. 
 

Provide exercises that 
incentivize restoration of ROM. 

A4 Analysis Analysis of therapy 
exercises to verify that they 
contribute to ROM 
improvement. 

Pass See usability test 
results. 

16. Provide instructions for ROM 
movements. 

D1 Demonstration Demonstrate that the 
system provides instructions 
relevant to each ROM 
movement. 

Pass See usability test 
results. 

17.a,b,
c,d. 
 

Clarity rating greater than 7 out 
of 9. 

D1 Demonstration Give a usability 
questionnaire to 5 
participants and analyze 
answers. 

Pass See usability test 
results. 

18. 
 

Satisfaction rating greater than 
7 out of 9. 

D1 Demonstration Give a usability 
questionnaire to 5 
participants and analyze 
answers. 

Pass See usability test 
results. 

19. 
 

Learnable by users after 7 
uses. 

D1 Demonstration Questionnaire for sample of 
users. 

Pass See usability test 
results. 

 Table 11.3. Requirements Verification Matrix (RVM) 
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11.2. Validation Testing 
To validate the system, the prototype (wearable sensor device and the health            

application) were given to a physical therapist. The physical therapist was given a brief              
overview of what the system does. They were then given the questionnaire in Figure 11.4               
and asked if the system could be used to perform each of the tasks listed in the table.                  
Validation results indicated that only one of the tasks was not met. This requirement being               
that the patient would be incentivized to perform their exercises. However, this is a              
requirement that would be met upon further development. The results showed that overall             
the system was validated and overall the system met its intended purpose of providing              
at-home rehabilitation for frozen shoulder patients with remote monitoring. 

 
Figure 11.4. System Validation Questionnaire 

11.2.1. Usability Testing - Goniometer vs. Prototype 
The following sections describe the within subject usability test plan and results of 

a goniometer vs the developed prototype.  
Objective 

To test the usability ratings that prototype gets compared to the current method of              
ROM measurements, such as a goniometer. As previously stated, ROM measurements           
are currently taken manually by a healthcare professional with a goniometer. Time, clarity,             
user experience, repeatability, and preferences of subjects were measured during testing. 
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Participants 
Eleven test subjects were measured (10 male and 1 female). All of these subjects              

were between 20 and 30 years old, all George Mason University students from random              
majors (not all engineers). The subjects had no previous knowledge or familiarity of ROM              
measurement methods. Four tasks were measured on both the prototype and the            
goniometer. These 4 tasks were the 4 major ROM movements: flexion, extension,            
adduction, and abduction. 
Procedure 

The usability test was conducted in classrooms or the SEOR senior design lab at              
George Mason University. Participants were required to sign an informed consent form            
before testing starts. The users were informed that participation was voluntary and they             
could withdraw from the experiment at any time. Basic user information such as age (over               
or under 40), dominant hand, shoulder injury history, and frozen shoulder history were             
collected. To overcome the time limit aspect of Working Memory, participants were asked             
to complete a survey after the completion of each scenario. During testing, 2 testers were               
present to facilitate, observe and record user actions and comments, and record            
performance data. An iPhone’s stopwatch app was used to time the tasks performed. The              
participants were instructed by both the prototype and by the testers with a script to               
perform the four ROM movements. Half of the subjects were measured by the goniometer              
first, and the other half used the wearable device and software first. At the end of the test,                  
participants were asked to record the clarity of instructions, experience, repeatability, on a             
scale from 1 to 9 and which method of measurement they preferred.  
Hypotheses 

Before testing began it was expected that the prototype would not save ROM             
measurement time when compared to the goniometer, but it would receive higher ratings             
in clarity, user experience, repeatability, and overall preference than the goniometer. The            
hypotheses tested in this test are as follows: 
H0.1: The prototype will take no more than 10 seconds longer than the goniometer to measure                
range of motion. 
H0.2: The clarity of the prototype will have an average rating one point greater than or equal to the                   
clarity rating of the goniometer. 
H0.3: The experience of the prototype will have an average rating one point greater than or equal                 
to the experience rating of the goniometer. 
H0.4: The repeatability of the prototype will have an average rating greater than or equal to the                 
repeatability rating of the goniometer 
H0.5: Subjects prefer the prototype over the goniometer 70% of the time. 
H0.6: Subjects prefer the prototype over the goniometer 90% of the time when cost is factored in. 
H0.7: Subjects prefer the prototype over the goniometer 90% of the time when a loss of                
productivity is factored in. 

Analysis 
Data that was gathered for analysis were: clarity of instructions, experience,           

repeatability, on a scale from 1 to 9 and which method of measurement they preferred.               
Users were asked to give these ratings were the same for both the goniometer and               
prototype measurements. The ratings were compared to one another. The goal of these             
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comparisons was that being measured by the prototype will be deemed more usable and              
be preferred overall to being measured by a goniometer. 

Table 11.4 displays the usability goals of the experiment. The prototype was            
expected to receive usability ratings of at least 8 out of 9 and be rated at least one point                   
higher than the ratings the goniometer received.  

  Prototype Prototype Compared 
to Goniometer 

Time(Seconds) μp < 120 μp <= 10 + μG 

Clarity μp >= 8 μp >= 1+ μG 

User Experience μp >= 8 μp >= 1 + μG 

Repeatability μp >= 8 μp >= 1 + μG 

Table 11.4. Goal Requirements for the Prototype compared to a Goniometer 
Table 11.5 displays the preference goals of the experiment. The prototype was            

expected to be preferred to the goniometer with at least a 70% prevalence. Also, when               
the users were told that the goniometer would be more inconvenient and more expensive              
to access, the users were expected to select the prototype with at least a 90%               
prevalence. 

  Prototype Goniometer 

Preference >= 70% of the sample < 30% of the sample 

Prefer if Goniometer measurements 
costed twice as much >= 90% of the sample < 10% of the sample 

Prefer if Goniometer measurements 
required you to take time off work >= 90% of the sample < 10% of the sample 

Table 11.5. Preference Goals for the Prototype compared to a Goniometer 

Table 11.6 displays the usability results of the experiment. The prototype was            
given an average clarity rating of 7.73, an average user experience rating of 8.73, and an                
average repeatability rating of 9. The user experience and clarity rating met the goal of 8                
out of 9. The clarity rating did not meet its goal. Furthermore, the goniometer received               
ratings of higher than 8 on all usability scores, making it impossible for the prototype to be                 
rated a full point higher when compared to the goniometer. Lastly, the goal regarding time               
of measurements were not met, but after further analysis, the time spent physically             
measuring the subjects is negligible. The time a patient would save by not taking off of                
work and driving to and from the physical therapist’s office is much greater than a few                
minutes. 
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Prototype Prototype compared to 
Goniometer 

Result Goal Goal met? Result Goal Goal met? 

Time(Seconds) μp = 80 μp < 120 yes μp > 10+ μ 
(80 > 10+41) 

μp <= 10+ 
μG 

no 

Clarity μp = 7.73 μp >= 8 no μp < μG 

(7.73 < 8.82) 
μp >= μG no 

User Experience μp = 8.73 μp >= 8 yes μp = μG 

(8.73 = 8.73) 
μp >= μG yes 

Repeatability μp = 9 μp >= 8 yes μp > μG 

(9 > 8.82) 
μp >= μG yes 

Table 11.6. Results comparing the Prototype to a Goniometer 
Table 11.7 displays the preference results of the experiment. Despite the           

goniometer receiving the same or higher usability ratings than the prototype did, the             
prototype was preferred to the goniometer with a 73% prevalence rate, and after the              
subjects learned about the convenience and money saved by using the prototype to             
measure ROM, the prevalence of people who preferred the prototype increased to 91%.             
This is likely to alternative factors that we did not test. One conclusion remains: The               
prototype is preferred in terms of usability by most people. 

  
  

Prototype Goniometer 

Result Goal Goal met? Result Goal Goal met? 

Preference 0.73 
(73%) 

>= 70% of 
the sample 

yes 
0.27 

(27%) 
<= 30% of 
the sample 

yes 

Prefer if Goniometer 
measurements 
costed twice as 
much 

0.91 
(91%) 

>= 90% of 
the sample 

yes 
0.09 
(9%) 

<= 10% of 
the sample 

 
yes 

Prefer if Goniometer 
measurements 
required you to take 
time off work 

0.91 
(91%) 

>= 90% of 
the sample 

yes 
0.09 
(9%) 

<= 10% of 
the sample 

 
yes 

Table 11.7. Preference Results of the Prototype compared to the Goniometer 
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11.2.2. Usability Testing - Prototype  
Objective 

To test the usability performance and user experience of the prototype and            
identifying possible design flaws to improve the learnability, memorability, efficiency and           
user satisfaction.  
Participants 

The primary target of this usability test plan was frozen shoulder patients who             
currently have frozen shoulder or have had frozen shoulder in the past. A total of 5                
participants were tested. Participants were asked to complete various tasks that are            
representative of real-world scenarios and asked to provide feedback regarding the           
usability of the wearable device and the mobile health application. Participants were be             
provided with an overview of the device and functionality of the mobile health application              
before testing began. 
Procedure 

The usability test was conducted at a physical therapist’s office and at George             
Mason University. Participants were required to sign an informed consent form before            
testing started. The participants were informed that participation was voluntary and they            
could withdraw from the experiment at any time. Basic user information such as age (over               
or under 40), dominant hand, shoulder injury history, and frozen shoulder history was also              
collected. To overcome the time limit aspect of Working Memory, participants were asked             
to complete a survey after the completion of each scenario. During testing, 2-3 testers              
were present to facilitate, observe and record user actions and comments, and record             
performance data. At the end of the test, participants were asked to rate their overall               
satisfaction with the system by completing a survey.  
Tasks 

Participants were asked to perform specific tasks designated to test particular 
features of the wearable and the health application. The tasks that were performed by the 
participants are as follows: 

1. Wear Device: User will follow instructions provided by the health app to wear             
device around their arm. 

2. Take ROM Measurements: User will be instructed by the health application to            
perform 4 range of motion (ROM) movements. The movements are flexion,           
extension, abduction, adduction. 

3. Navigate the Health Application: User will be asked to navigate from the health             
application home screen to the following screens: ROM Measurement, Progress          
Results, Exercises, and Calendar.  

4. Perform Exercises: User will be asked to follow instructions provided by the            
health application and perform the recommended physical therapy exercises. 

Analysis 
Data that was gathered for analysis were: recording of time on task, user behavior              

and comments, identification of tasks with a high frequency of failure and incompletion,             
and identifying errors and their level of impact on task completion. The user satisfaction              
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questionnaire that was completed by the participants is intended to determine what they             
liked and did not like about the prototype. In the survey, participants were asked to rate                
their ability to perform tasks on a 1 to 9 scale (1 = imposible, 9 = effortless, bold meaning                   
needed help from the testers). Any task with a mean below 7 (goal requirement) is               
considered to need improvement.  
Results 

Results from the first iteration of usability testing indicated that the tasks requiring             
the wearable device are the most confusing when it comes to measuring range of motion               
for the four movements. These four tasks had averages of below 7 and were deemed to                
need improvements. The instructions provided by the application received an average of            
6.6 and did not meet the goal requirement of 7. Furthermore, two participants had an               
overall performance average of 6.26 and 6.74 and did not meet the intended goal              
requirements. All other tasks satisfied the goal requirement of higher than 7, meaning the              
application is fairly simple to navigate. The total task average for the first iteration of               
usability testing was 7.74. Figure 11.5 provides a detailed look at the test results. 
 

 
Figure 11.5. Health Application Usability Test Results for the First Iteration of 

the App. Task Averages below Goal Requirement of 7 Highlighted in Red. 

 

 66 



 

 
Fixes made to the Health Application  

After the completion of the first iteration of usability test, several changes were             
made to the health application to improve user experience. These included written            
instructions before measuring ROM and performing exercises, adding a Finish button so            
the user can tell the system when they are finished performing the movement, and              
matching the ROM measurement interface to the Exercise interface. After these changes            
were made to the health application, a second usability test was conducted to determine              
the impact of the changes on user experience. The results from the second iteration              
(Figure 11.6) of the usability test indicate that all tasks scored higher than the goal               
requirement of 7 and the total task average for the prototype increased to 8.68.  

 

 
Figure 11.6. Health Application Usability Test Results for the Second 

Iteration of the App. Green Highlights Indicate Improvements from First 
Iteration.  
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12. Business Model 
ACERS (Adhesive Capsulitis Expert Rehabilitation System) provides at-home        

rehabilitation and remote monitoring by healthcare providers for frozen shoulder patients.           
The product that is being offered is in the form of a lightweight wearable medical device                
that the user wears on their upper arm and an accompanying mobile health application              
(Figure 12.1). ACERS measures the patient’s shoulder range of motion via the wearable             
device, while the health application calculates progress and provides exercises with           
instructions. The wearable device and the health application work in conjunction with            
each other to share patient progress with their healthcare provider, while at the same time               
allowing orthopedic surgeons and physical therapists to provide feedback and exercise           
recommendations based on progress results. The pricing strategy for the service is a             
prorated monthly subscription fee of $149 for device and application use. Patients use the              
device for the duration of their treatment and upon the completion of their treatment return               
the device. In the event that the patient chooses to be remotely monitored by a               
practitioner, a patient profile is created by their practitioner and the patient accesses their              
account by using a unique code that is associated with their account.  

 

 

Figure 12.1. ACERS Wearable Device and Health Application 
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Key product features are: 
● Remote Patient Monitoring  

Healthcare providers have access to patient’s progress results and can modify 
exercises as needed. 

● Custom Physical Therapy Exercises 
Provides physical therapy exercise recommendations based on progress results.  

● Interactive Mobile Health Application 
Guides patients through therapy exercises and provides a motivational experience 
to increase user compliance and correct performance of prescribed exercises.   

● Objective Range of Motion (ROM) Data Capture 
Accurately measures shoulder ROM in all directions. 

● Muscle Activity Monitor  
Surface muscle sensors captures EMG activity of the deltoid muscle. 

12.1. Market Analysis  
The primary target market for ACERS is frozen shoulder patients that are seeking             

at-home rehabilitation for their condition. ACERS will be the first of its kind to provide such                
services in the United States. At the time of writing, no company in the U.S. offers                
electronic at-home rehabilitation and remote monitoring services for frozen shoulder          
patients. It is estimated that at any given time 0.75% of the population in the U.S. suffers                 
from frozen shoulder, with women being more affected than men with a 3:1 ratio [5]. This                
creates a target market size of approximately 2,447,000 people with 64% of patients             
achieving full recovery within 12 months and 86% within 24 months [51]. 

It is expected that the early adopters of ACERS would be physical therapists. At              
the clinician’s office, ACERS provides objective and autonomous measurement of          
patient’s shoulder range of motion in the 3D space and provides instantaneous progress             
reports. Therefore, the device can be marketed to replace the more traditional range of              
motion measuring tools, such as goniometers and inclinometers. Furthermore, the sensor           
device assists physical therapists by ensuring that the exercises are being performed            
correctly by the patients while they are at the clinic. The remote monitoring option also               
allows physical therapist to treat more patients simultaneously and thus grow their            
customer base. The second revenue stream is direct sales to frozen shoulder patients             
who will use the device for the duration of rehabilitation device in the comfort of their own                 
homes. Finally, the system can be marketed to insurance companies who are    
incentivized to maximize their profits by providing a cheaper and faster treatment option             
to their customers. 

The main marketing opportunity for ACERS is at the American Academy of             
Orthopedic Surgeons (AAOS) Annual Meeting. It is expected that more than 14,000            
orthopedic surgeons (domestic and international) will be attending the event, as well as             
over 400 companies that will be attending the event to showcase their products and              
services. Furthermore, flyers and posters at the clinics of orthopedic surgeons are            
intended to increase product visibility.  
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12.2. Business Expenses  
Business expenses are categorized into two sections. 1. Startup costs (year 0) and             

2. Operational business expenses (year 1). Startup costs consist of research, prototype            
development, and testing and add up to $408,716. Operational business costs are            
dependant on multiple factors such as employee wages, manufacturing costs and overall            
growth of the business, and therefore may vary as time passes on. Operational Expenses              
such as office rent and employee salaries, reflect the costs associated with a business              
that is based in the Northern Virginia/DC metro area. The amount dedicated to salaries is               
expected to cover the wages of Systems Engineers, marketing and manufacturing           
experts. The marketing budget covers the costs associated with renting a 10’x10’            
exhibition booth at the annual meeting of American orthopedic surgeons for $3,800 and             
travel costs. Additionally, the marketing budget, covers promotional posters and flyers           
printing costs. A budget is also allocated to legals fees and is intended to seek expert                
legal advice to ensure compliance with FDA rules and regulations before the product is              
sold to customers. A detailed outlook of business expenses is listed in Table 12.1. 

 

Startup Costs (Year 0) Quantity Unit Cost Total Cost 
Systems Engineers 5 $70,000 $350,000 

Prototype Hardware 1 $332 $332 

Computers and Peripherals 10 $800 $8,000 

 Total Expenses (Year 0): $408,716 

Operational Costs (Year 1)    

Salary and Wages 10 $85,000 $850,000 

Office Supplies* 1 $500 $500 

Rent/ Lease* 12 $3,500 $42,000 

License and Permit Fees* 1 $2,000 $2,000 

Legal and Accounting Fees* 1 $10,000 $10,000 

Technology Expenses (web-hosting, AWS) 12 $2,500 $30,000 

Marketing 1 $15,000 $15,000 

 Total Expenses (Year 1): $949,500 
Table 12.1. Startup Costs (Year 0) and Operational Costs for Year 1.  

* Provisional and subject to change.  

12.3. Financial Projections  
The main source of revenue for ACERS is the sale of the tracking device and               

health application subscriptions. The customers are charged a monthly subscription fee of            
$149 for device and application use. The pricing model takes into consideration that             
treatment times for frozen shoulder are dependent on the stage of the condition and              
patients with a more limited range of motion will be using the system more, and               
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subsequently pay more for the service. The projections assume a market of penetration of              
20%, $35 manufacturing cost per unit, inventory surplus of 3%, and an average of 4               
months of health application usage by the users. Business expenses are dependent on             
total number of devices manufactured based on customer demand and assume an            
Employee Index Cost of 3% to account for growth of employee compensation [52]. The              
created business model provides projections for neutral (10%) and optimistic (25%)           
year-on-year (YOY) growth scenarios.  
Neutral Growth Rate (10% YOY) 

In the neutral case a 10% YOY growth rate, which is consistent with the S&P 500’s                
average annual return in the past 4 decades, was considered; predicting that the             
company will grow at the same rate as other companies in the U.S. Results from the                
business model indicate cumulative profits of approximately $3,973,000 after 10 years of            
operations with breakeven occuring in year 4. The return-on-investment (ROI) at the end             
of year 10 is expected to be 1,010%. Figure 12.2 and Table 12.2 provide a summary of                 
financial projections for the first 10 years of the business for the neutral case.  

 

 

Figure 12.2. Financial Projections for Neutral Case (First 10 Years)  
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 Cumulative 

Year 
New 

Subscriptions 
Cumulative 

Subscriptions Revenue ($) Expenses ($) Profit ($) 

0 0 0 0.00 393,332.00 -393,332.00 

1 535 535 937,789.70 1,371,317.00 -433,527.30 

2 571 1,106 1,976,989.00 2,378,642.00 -401,652.90 

3 623 1,730 3,129,740.00 3,416,186.00 -286,446.30 

4 802 2,532 4,407,790.00 4,484,857.00 -77,066.59 

5 813 3,345 5,827,088.00 5,585,589.00 241,499.20 

6 1,049 4,394 7,401,355.00 6,719,793.00 681,562.30 

7 1,305 5,699 9,142,388.00 7,889,554.00 1,252,834.00 

8 1,007 6,706 11,073,110.00 9,096,134.00 1,976,980.00 

9 1,270 7,975 13,212,280.00 10,339,980.00 2,872,298.00 

10 931 8,906 15,595,080.00 11,621,740.00 3,973,340.00 

Table 12.2. Financial Projections for Neutral Case (First 10 years) 

In the neutral case it is expected that a total of 8,906 patients will be treated in the                  
first 10 years of operations, with an average treatment length of 6.5 months. The trend               
lines illustrating the number of new subscriptions per year and cumulative values are             
shown in Figure 12.3. 

 

 

Figure 12.3. Subscription Projections for the Neutral Case. 
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Optimistic Growth Rate (25% YOY) 
In the optimistic case a 25% YOY growth rate, which is more inline with high               

growth startups, was considered. Results from the business model indicate cumulative           
profits of approximately $19,461,000 after 10 years of operations with breakeven occuring            
in year 2. The return-on-investment (ROI) at the end of year 10 is expected to be 4,949%.                 
Figure 12.4 and Table 12.4 provide a summary of financial projections for the first 10               
years of the business for the optimistic case.  

 
Figure 12.4. Financial Projections for Optimistic Case (First 10 Years)  

Year New 
Subscriptions 

Cumulative 
Subscriptions 

Cumulative 
Revenue ($) 

Cumulative 
Expenses ($) 

Cumulative 
Profit ($) 

0 0 0 0.00 393,332.00 -393,332.00 

1 592 592 1,037,045.00 1,371,317.00 -334,271.60 

2 746 1,339 2,309,569.00 2,378,642.00 -69,072.51 

3 937 2,276 3,874,246.00 3,416,405.00 457,841.00 

4 1,166 3,441 5,795,342.00 4,489,934.00 1,305,408.00 

5 1,509 4,951 8,155,245.00 5,600,021.00 2,555,223.00 

6 2,153 7,104 11,063,980.00 6,746,072.00 4,317,909.00 

7 2,186 9,289 14,656,750.00 7,929,344.00 6,727,402.00 

8 2,785 12,075 19,124,550.00 9,151,608.00 9,972,943.00 

9 4,483 16,558 24,625,070.00 10,415,260.00 14,209,810.00 

10 2,937 19,495 31,364,110.00 11,722,450.00 19,641,660.00 

Table 12.4. Financial Projections for Optimistic Case (First 10 years) 
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In the optimistic case it is expected that a total of 19,495 patients will be treated in                 
the first 10 years of operations, with an average treatment length of 6.5 months. The trend                
lines illustrating the number of new subscriptions per year and cumulative values are             
shown in Figure 12.5. 
 

 

Figure 12.5. Subscription Projections for the Optimistic Case. 

12.4. Net Present Value (NPV) 
While traditional methods of financial projections provide a general outlook of           

expected revenue, expenses, and profits for a business, they tend to be overly optimistic              
and do not consider the inherent risk and uncertainty that is associated with each project               
or business. To better understand and visualize risk and uncertainty in discounted cash             
flow (DCF) analysis, a Monte Carlo simulation of 5,000 simulation runs was conducted             
with the primary output being a histogram of net present values (NPV). The NPV              
histograms depicts the distribution of possible outcomes and consequently estimate the           
probability of success for the business (i.e. probability of NPV > 0). The Monte Carlo               
simulation was performed in Excel using Palisade’s @Risk plugin.  

The two variables in the simulation were average treatment time, with distribution            
of GAMM(1.5,7.7), and YOY growth rate of 10% and 25% for the neutral and optimistic               
cases. The distribution used for the neutral growth rate is TRIA(5,10,15) and the             
distribution used for the optimistic case is TRIA(15,25,30). Assuming a discount rate of             
12%, the probability of success in the neutral is expected to be approximately 73.40%,              
with a mean of $1,447,660. In the optimistic case the probability of success increases              
significantly, standing at 97.86% with a mean of $25,871,435.  
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Figures 12.6 and 12.7 illustrate a visual representation of the simulation results for             
the neutral and optimistic scenarios, with positive NPVs highlighted in blue. 

 

 
Figure 12.6. Distribution of NPVs for Neutral Case with Probability of Positive 

NPV Highlighted in Blue. 

 
Figure 12.7. Distribution of NPVs for Optimistic Case with Probability of 

Positive NPV Highlighted in Blue. 
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A detailed look at the simulation results are presented in Table 12.5. 

Neutral Growth (10%) Optimistic Growth (25%) 

Simulation Runs  5,000  5,000 

Y-O-Y Growth (%)  TRIA(5,10,15)  TRIA(15,25,30) 

Average Treatment Length (months)  GAMM(1.5,7.7)  GAMM(1.5,7.7) 

Probability of Success (NPV > 0)  73.40%  97.86% 

Discount Rate  12%  12% 

Minimum  -3,875,257.12  -18,250,485.01 

Maximum  11,169,371.18  113,905,603.74 

Mean  1,447,660.59  25,871,435.41 

90% C.I.  ± $49,254.71  ± $353,750.40 

Mode  1,864,696.92  24,570,268.57 

Median  1,260,833.19  24,435,019.50 

Std Dev  2,117,020.29  15,204,572.48 

Skewness  0.55  0.68 

Kurtosis  3.38  3.98 

Table 12.5. Descriptive Statistics of 5,000 Monte Carlo Simulation Runs 
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13. Project Plan 
13.1. Statement of Work (SOW)  
Objectives 
The objective of this project is to design and prototype a healthcare device that: 

1. Supports treatment of patients with frozen shoulder for at-home rehabilitation. 
2. Enables healthcare professionals to remotely monitor and track the rehabilitation 

progress of patients with frozen shoulder.  
3. Enables healthcare professionals to objectively measure shoulder range of motion. 

Scope of Work 
1. Design and build of prototype device. 
2. Verification, validation, and usability testing to ensure the system meets its 

requirements and design specifications.  

Period of Performance 
The period of performance for the Design of a Frozen Shoulder Expert            

Rehabilitation System is 9 months and starts from August 2018 to May 2019. 

Place of Performance 
Research, design, and implementation of the prototype will take place at the            

George Mason University. Testing for the usability of the prototype device will take place              
at a physical therapist’s office and/or at George Mason University.  

Deliverables and Schedule 
 
 

Deliverable Due Date 

Project Plan  10/1/2018 

Requirements 10/4/2018 

Prototype 1/22/2019 

Testing Results 4/25/2019 

Table 13.1. Major Project Deliverables and Due Dates 
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13.2. Work Breakdown Structure (WBS)  
The WBS relays the tasks needed to complete this project. The overall WBS is 

broken into seven main tasks.  
1. Project Management 
2. Research 
3. Design 
4. Testing 
5. Business Case 
6. Documentation 

 

 

Figure 13.1. Work Breakdown Structure (WBS) 
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13.3. Project Schedule  
Figure 13.2 provides project schedule and activity list. 
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Figure 13.2. Project Schedule and Activity List 

13.4. Project Milestones 
Figure 13.3 illustrates the sequence of project milestones and their due dates. 
 

 
Figure 13.3. Project Milestones 
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13.5. GANTT Chart and Critical Path 
Figure 13.4 Illustrates the project GANTT chart.  
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Figure 13.4. GANTT Chart and Critical Path 

 

 

 83 



 

 
 
The critical path (also highlighted in red in Figure 13.4) and task start and end 

times are listed in Table 13.5.  
 

 
Table 13.5. Critical Path 
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13.6. Project Budget 
The total project budget represents the cost associated with creating one prototype            

unit by 5 junior system engineers over the duration of the project (30 weeks). The               
average salary of a recent graduate system engineer in Northern Virginia was estimated             
to be $90,000 per year [33]. Assuming 50 work weeks and 40-hours of work per week,                
the hourly rate equates to $45 per hour. For the project, total working hours per person is                 
based on the assumption that on average, each person works for 20 hours per week. An                
overhead of 2 was included to account for non-labor and equipment expenses associated             
with the project. Equipment and hardware costs mainly account for the costs associated             
with developing one prototype, as well as spare parts to prevent delays in project              
completion time in case of part breakdown. The total project cost is $345,078. 

 

Personnel  Num. Hours Rate/ hr Total 

Junior Systems Engineers 5 766 $45 $172,350 

Total Personnel Cost (including overhead of x2):  $344,700 

Equipment & Hardware  Qty Unit Price Total 

Arduino 2 $20 $40 

Adjustable Velcro Elastic Armband Strap 1 $20 $20 

- SparkFun 9DoF Razor IMU M0 
- MyoWare Muscle Sensor  
- MyoWare Cable Shield 
- Sensor Cable Electrode Pads (3 connector) 
- XBee 2mW Wireless Antenna 
- Sparkfun XBee Explorer Shield 
- Sparkfun XBee Explorer Dongle 

2 
2 
2 
3 
2 
1 
1 

$35 
$38 
$5 
$5 

$27 
$12 
$25 

$70 
$76 
$10 
$15 
$54 
$12 
$25 

Biomedical Electrode Sensor Pad (10 pack) 2 $8 $16 

Lithium Ion Battery - 400mAh 1 $5 $5 

Goniometer  5 $7 $35 

Total Equipment & Hardware Cost: $378 

Total Project Cost: $345,078 

Table 13.2. Project Budget 
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13.7. Project Risks and Mitigation Plan  
Table 13.3 uses the critical path to list possible risks that may occur in the duration                

of the project and mitigation plan to prevent delays in completion of the project. The               
following risk rating scales were used to determine the risk score associated with each              
task.  

Severity (i.e. impact on outcome): 1. Insignificant, 2. Minor, 3. Moderate, 4. 
Significant, 5. Catastrophic 

Likelihood: 1. Extremely unlikely, 2. Remote possibility, 3. Possible occur, 4. Will 
probably occur, 5. Almost certain  

Risk Score = Severity x Likelihood 
0 - 5 = Low Risk, 6-10 = Moderate Risk, 11-15 = High Risk, 16-25 = extremely high 

unacceptable risk 
 

Task Description Severity Likelihood Risk 
Score 

Mitigation Plan 

Proposed 
Conops 

Lack of information about 
current system. 1 2 2 

Confirm preliminary 
requirements with 
stakeholder 

Write 
Requirements 

Misinterpretation of problem 
statement. 2 3 6 

Confirm preliminary 
requirements with 
stakeholder 

Design of 
Alternatives 

Not enough data to accept 
or reject alternatives. 1 2 2 

Build accurate and consistent 
testing methods and 
requirements 

Purchase 
Prototype 
Hardware 

Long shipping time. 4 1 4 Use expedited shipping or 
order from different sites 

Parts out of stock. 4 1 4 Order from different sites or 
use different parts 

Prototype 
Build 

Lack of time to finish unit 
and app. 4 4 16 Proper time and resources 

allocation 

Table 13.3. Project Risks and Mitigation Plan  
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13.8. Earned Value Management (EVM) 
The Earned Value Management (EVM) chart, Figure 13.5, illustrates performance          

and progress throughout the course of the project. 

 

Figure 13.5. Earned Value Management  
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Appendix A: IRB Consent Form 
TESTING THE ACCURACY OF GONIOMETERS WHEN 

MEASURING THE RANGE OF MOTION OF THE SHOULDER 

INFORMED CONSENT FORM 
RESEARCH PROCEDURES 

This research is being conducted to test the accuracy of goniometers in measuring 
the range of motion of the shoulder. If you agree to participate, you will be asked to move 
your shoulder in six different directions to determine your mobility in each direction. 
RISKS 

The foreseeable risks or discomforts include possible discomfort in the shoulder if 
you are unable to move your shoulder without pain. 
BENEFITS 

There are no benefits to you as a participant other than to further research in 
shoulder mobility. 
CONFIDENTIALITY 

The data in this study will be confidential. The information recorded: name, age, 
diabetic status, dominant hand, shoulder history and range of motion of the shoulder, will 
be collected during the study.  However, the name and exact age will remain confidential 
to only the conductors of this study. Identifiers may be removed from the data and the 
de-identified data could be used for future research without additional consent from 
participants. 
PARTICIPATION 

Your participation is voluntary, and you may withdraw from the study at any time 
and for any reason. If you decide not to participate or if you withdraw from the study, there 
is no penalty or loss of benefits to which you are otherwise entitled. There are no costs to 
you or any other party. 
CONTACT 

This research is being conducted by Farzad Nikpanjeh, Faisal Alharbi, Blaine 
Lacey, Emmanuel Kwakye-Dompreh, and William Calaman at George Mason University. 
They may be reached at (757) 714-3555 for questions or to report a research-related 
problem. Their sponsor, Dr. Lance Sherry can also be contacted at lsherry@gmu.edu. 
You may contact the George Mason University Institutional Review Board office at 
703-993-4121 if you have questions or comments regarding your rights as a participant in 
the research. This research has been reviewed according to George Mason University 
procedures governing your participation in this research. 
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CONSENT 
I have read this form, all of my questions have been answered by the research 

staff, and I agree to participate in this study. 
 

__________________________ 
Signature 

 
__________________________ 
Date of Signature 
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Appendix B: Shoulder Rehabilitation Survey  
Consent Form 

You are invited to participate in a web-based online survey on rehabilitation of 
shoulder conditions. This is a research project  being conducted by Systems Engineering 
and Operations Research students at George Mason University. It should take 
approximately 2-5 minutes to complete the survey. 

To help protect your confidentiality, the survey will not collect any identifying 
information such as your name, email address, or IP address. Therefore, your responses 
will remain anonymous and no one will be able to identify you or your answers and no 
one will know whether or not you participated in the study. The results of this study will be 
used at George Mason University for scholarly purposes only.  

Your participation in this survey is voluntary. You may refuse to take part in the 
research or exit the survey at any time without penalty.  

If you do not wish to participate in the research study, please decline participation 
by choosing  the "Disagree" option. 

 
1. Have you ever been prescribed or are currently seeking physical therapy for any 

shoulder issues? 

 
2. Do you currently have or have you ever had Frozen Shoulder Syndrome? (If you 

don't know what frozen shoulder is, please select "No".) 
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3. My physical therapy sessions were: 

 
1-on-1 Physical Therapy Only 

1. The length of my treatment was: 

 
2. The frequency of my therapy sessions were: 

 
At-home Physical Therapy Only 

1. The length of my treatment was: 
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2. The frequency of my therapy sessions were: 

 
3. How often did you perform the prescribed physical therapy exercises? 

 
4. The instructions that were provided by my physical therapist for at-home exercises 

were adequate. 

 
1-on-1 and at-home Physical Therapy 

1. I met with my physical therapist: 
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2. I was prescribed to perform physical therapy exercises at-home: 

 
3. How often did you perform the prescribed at-home physical therapy exercises? 

 
4. The exercise instructions that were provided by my physical therapist were 

adequate. 

 
General Questions 

1. How old are you? 
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2. What is your sex? 

 
3. If a system was available that offered at-home physical therapy exercises with 

instructions and remote monitoring by a physical therapist for shoulder conditions, 
how likely would you be to use it? 

 
4. During the rehabilitation process, which is most important to you? 
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Appendix C: Arduino Code 
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Appendix D: IMU Octant Recognition in MATLAB 
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Appendix E: 3D Printed Arduino Case and Top 
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