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Abstract. Posterior Tibial Tendon Dysfunction is a progressive foot dysfunction that involves 
flattening of the foot arch and results in significant pain and reduced mobility. People at a high risk 
for PTTD may be unaware of their progression towards the deformity and discover the dysfunction 
too late to take corrective action A physical prototype has been developed which recognizes 
differences in the readings of forces on the patient’s foot from previous check-ups and infers on 
whether the user is showing progressions of PTTD. Trends show that patients with PTTD tend to 
have a higher imbalance between the inner and outer heel, with the inner heel absorbing a higher 
amount of force. In addition, patients with flat footedness showed higher pressure within the 
midfoot compared to a normal foot. Additional testing and analysis is planned to develop the PTTD 
diagnosis which will lead to a reduction in type I and II errors. 

Introduction 
One of the many abilities that one may take for granted is in their ability to move. The 
compensation by the U.S. government for losing a ligament on the job can be upwards of $800,000 
during a lifetime (Swanson 2015, 1). In 2011 alone, it was estimated the economic burden of foot 
and ankle surgery in the Medicare population was 11 billion (Belatti et al. 2014, 1).  
Posterior Tibial Tendon Dysfunction (PTTD) is a progressive foot impairment that leads the cause 
of acquired flat-foot deformity (Carmody et al. 2015, 1). Patients with the dysfunction can 
experience extreme pain (Carmody et al. 2015, 27) that can potentially lead to degenerative arthritis 
if left untreated (Strom et al. 1989, 5). The dysfunction involves the posterior tibial tendon located 
within the foot, which acts as the prime inverter of the midfoot (Carmody et al. 2015, 1). As the 
condition for PTTD worsens, the posterior tibial tendon becomes inflamed and loses strength 
(Carmody et al. 2015, 2). People at a high risk for PTTD may be unaware of their progression 
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towards the deformity and discover the dysfunction too late to take corrective action (Berry et al. 
2004,1).  
 
It is estimated 1 out of 100 people will require surgery due to PTTD (Ling et al, 2017, 1). Patients with flat 
feet are also at risk, which affects a range from 5-15% in the general population; roughly 7-15% of 
the patients will see medical attention (Ling et al. 2017, 1). Women over 40 are at most risk for 
PTTD (Berry et al. 2004, 1). In addition to this particular group, patients with conditions such as 
diabetes, hypertension, obesity, previous surgery, foot/ankle trauma and steroid use are at risk for 
PTTD acquisition (Carmody et al. 2015, 2). The conditions mentioned are found within 60% of 
patients worldwide (Carmody et al. 2015, 2).  
 

PTTD Stages 
 
PTTD can be classified into three stages (Houck et al. 2009, 1). The first stage involves 
inflammation of the foot (Carmody et al. 2015, 2). No visual signs of the dysfunctions are apparent 
during this stage (Houck et al. 2009, 1). The second stage is characterized by forefoot abduction as 
well as heel eversion (Strom et al. 1989, 1). In addition, the arch under the foot begins to flatten, 
scientifically referred to as planovalgus deformity (Carmody et al. 2015, 2). In stage three, the 
tendon is elongated, and arthritis is present (Strom et al. 1989, 2). The dysfunction is now fixed 
(Berry et al. 2004, 2).  
 
Treatments vary depending on the stage. However, each stage can be addressed with surgery at any 
point in time (Berry et al. 2004, 4). Stage I PTTD can be reversed via rest and exercise, as well as 
with a brace (corrective orthosis) on the foot (Berry et al. 2004, 4). Stage II cannot be reversed with 
rest, and requires a brace or surgical treatment (Berry et al. 2004, 5). In Stage III, the patient 
experiences extreme pain due to arthritis and will require surgical treatment (Berry et al. 2004, 4).  
The progressive dysfunction affects the functional balance of an individual, which subsequently 
affects the locomotion of an individual (Strom et al. 1989,4). Such imbalance leads to the 
underlying problem of pain from walking. The necessity of walking in everyday locomotion is 
relational in the frequency of walking pain, affecting the quality of life. Given the scope of the 
people potentially affected, indicates the true nature of whom is susceptible to the dysfunction. The 
complication arises when there are little to no current methods of detection for the dysfunction 
beyond the scope of a doctor visit. Patients with Stage 2 of the deformity are provided an orthosis, 
corrective brace, but are “told to live with the discomfort.” (Strom et al. 1989,2). 

Problem & Need 
As patients are unaware of their progression in PTTD, this leads to the patients being undiagnosed 
when therapeutic intervention is needed. To fulfill the need of timely and cost-effective 
intervention, there is a need to inform the patient prior to Stage 1. 

Concept of Operations 
The people with risk factors for PTTD such as diabetes, hypertension, obesity, previous surgery, 
foot/ankle trauma and steroid use are at risk for PTTD acquisition will be identified by a medical 
professional (Step 1). Once identified, the patient will be provided with a shoe insert that will be 
utilized to collect data. The data will be collected through the use of pressure sensors, which are 
localized to 4 regions of the foot. The initial data will be used to as starting point for comparison 
and stored as a baseline within the patient profile (Step 2). The patient will then follow up with an 
annual checkup (Step 3), if the system detects PTTD physical therapy will be recommended (Step 
4), otherwise the patient will proceed with the next checkup. The Concept of Operations is 
summarized in Figure 1. 
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Figure 1. Concept of Operations Diagram 

Design 
 
Based on the conops, there must be a method to acquire the baseline foot pressure of a subject, and 
then analyzed to determine if PTTD is present.  For simplicity, the system designed was named 
PAD (Pressure Analysis and Diagnostics System). Architecture for the system was designed using 
an object-oriented approach, via SysML. Entity decompositions in SysML were able to show 
clearly different parts (entities) within a physical prototype. Several architectural SysML diagrams 
were required and made for the system, this section delves into a subset with four diagrams (Class, 
Object, Physical, Deployed).  
 
 
Class Diagram: The class diagram of the Pressure Analysis Diagnostics System (PAD) provides an 
overview of a system by showing its classes and the relationship among them (Figure 2).  Similar to 
object-oriented programming languages, classes contain attributes and functions. An object is an 
instantiation of the class. Each rectangular box represents an entity(class). The top layer lists the 
attributes of the class, while the bottom layer lists functions. In total there is 7 entities within the 
class diagram. The 4 blue entities in the middle is what was engineered to execute the conops. This 
can be considered as the system boundary. The 3 remaining are entities that interact with the 
system, such as the patient, doctor, and collector (pressure sensors). The Arduino firmware 
references code written for a microcontroller, which was able to display data as well as house 
collector states, store data, and generate collection requirements. The generated tasking 
requirements are sent to an entity within the microcontroller called tasking, which is able to send 
commands to a collector until the collection requirements are met. As the data is generated by the 
collector, the feed is sent to an entity for processing those collections and eventually storing them 
within the firmware. The doctor is able retrieve this information and upload to an entity called 
‘analyze and diagnose’, which is a program created to predict if the patient is progressing towards 
PTTD. The class diagram was later used to create the generic and instantiated physical architecture 
of the system.  In essence, the class diagram shows a conceptual model of the system. 
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Figure 2. UML Class Diagram 

Object Diagram: The object diagram of the system shows possible state of the of the class 
diagram, using real attributes and domains (Figure 3). Four pressure sensors and a clock were 
connected. It is important to note that the analyze and diagnose program does not have any 
interaction with entities part of the microcontroller that measures pressure. The only interaction that 
occurs between the Arduino firmware and the diagnostics software is that the pressure data is 
transferred from the Arduino via the doctor.  

 
Figure 3. UML Object Diagram 

 
Physical Architecture: The class diagram is extended to create a layout for the physical 
architecture (Figure 4). The physical architecture shows the entities contained with the system and 
with listed attributes. The physical architecture was split into 3 domains. The domain for Human 
Machine Interface consisted of entities responsible for interaction from the doctor or patient. The 
Internal subsystem contained lower level components for functionality such as wires. Software 
services consisted of many entities directly from the class diagram, responsible for executing the 
conops. Each entity can be located within a morphological box of the system.  
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Figure 4. UML Physical Architecture 

 
 
Deployed Physical Architecture: The physical architecture is utilized to create a deployment 
model of the physical architecture (Figure 5). The nodes ( ) connecting the entities are interfaces, 
showing data flow from one entity to another.  It is important to note, the ‘Analyze and Exploit’ 
entity in Figure 4 is referenced as ‘Cognitive Engine’ within software services in Figure 5. The 
Cognitive Engine is still retaining the same functions as ‘Analyze and Diagnose’ in Figure 2.   

 

 
Figure 5. UML Deployed Physical Architecture 

Connection Diagram: A microcontroller was needed based on the physical architecture (Figure 6). 
The microcontroller chosen was an Arduino Mega 2560. Derived components based on the system 
included a component to store data. An SD Breakout board was utilized for storing data. An 
interlink 402 Sensor with a 3.3K Ohm Resistor was used to collect data.  Figure 6 shows a standard 
setup for a single sensor. 
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Figure 6. Microcontroller Connection Diagram 

 
Function Diagram: The function diagram shows the output when sensor input is received (Figure 
7). Multiple sensors were used for collecting data at different parts of the foot. Sensor 1, 2, 3 and 4 
collects foot pressure data for the forefoot, midfoot, inner heel and outer heel, respectively. A 
microcontroller will receive 4 sensors inputs.  The readings are then translated via the programmed 
firmware. A series of analyses are then performed to provide insights on the patient's foot, leading 
to the creation of a pressure profile for the patient.  The function diagram is shown in Figure 7. 
 

 
Figure 7. Function Diagram 

Calibration Testing 
Calibration testing was conducted by placing weights on each sensor to obtain Arduino Analog 
readings, which were used to develop a line of best fit. The inverse of the line of best fit was then 
used to convert the sensor reading into weight. To ensure the output data meets the requirement of 
accuracy, the output was tested against pre-measured weights. The results indicated that the weight 
placed on the sensors matched the readings obtained with an error that increased as the weight 
increased to its manufacturer limit of 22lbs.  
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Figure 8. Calibration Results 

Analysis and Diagnosis Algorithm 
 
For a successful analysis data must be collected for several people, those with a foot in good health 
(Normal Foot) and those with a foot with a deformity (Foot without an arch). To ensure enough data 
points for an analysis, 7 minutes was selected as a time frame for data collection. The data collected 
consisted of 4 different locomotion (Standing, Walking, Ascending stairs, Descending Stairs). To 
test the functionality of the prototype 3 subject were used to collect data, one being an individual 
without an arch. Figure 10 illustrates a sample of the data from a subject with a Normal foot while 
standing. 

 
Figure 10. Standing for a Normal Foot 

 
Patients showed a constant pressure between the forefoot, midfoot, inner and outer heel. Further 
testing is required to show significant difference between patients with and without PTTD. 
Specifically, since the pressure remains constant while standing, both the subject and subject 
without PTTD will be required to possess the same body weight.  
 
Illustrated in Figure 11 is a subject walking with a normal foot. Patients with a normal foot showed 
the forefoot experiencing the greatest amount of pressure on average, with a close second being the 
inner heel. The outer heel experiences the third highest amount of overall pressure between the four 
sections, while the midfoot experiences a very minimal amount of pressure in general throughout. 
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Figure 11. Walking for a Normal Foot 

 
Illustrated in Figure 12 is a subject walking with a foot that does not contain an arch. In contrast to a 
normal foot, the patient experiences on average a greater amount of force on the inner heel versus 
the forefoot.  
 

 
Figure 12. Walking for a Foot without an Arch 

 
Illustrated in Figure 13 is a subject ascending a climb with a normal foot. Patients with a normal 
foot showed the forefoot experiencing the greatest amount of pressure on average. In contrast to 
walking, there was a higher difference between the forefoot and the rest of the pressure points. The 
inner heel experienced the second highest amount of pressure overall.   

 
Figure 13. Ascending Climb for a Normal Foot 

 
Illustrated in Figure 14 is a subject ascending a climb with a foot that does not contain an arch. In 
contrast to a patient with a normal foot, the inner heel experienced a pressure closely relational in 
frequency to the forefoot.   
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 Figure 14. Ascending Climb for a Foot without an Arch 

 
Illustrated in Figure 15 is a subject descending climb for a normal foot. The forefoot experienced 
the greatest amount of pressure, with the inner heel following closely in frequency.   
 

 
Figure 15. Descending Climb for a Normal Foot 

 
Illustrated in Figure 16 is a subject ascending a climb with a foot that does not contain an arch. In 
contrast to a patient with a normal foot, the inner heel experienced the greatest amount of pressure 
on average.  
 

 
Figure 16. Descending Climb for a Foot without an Arch 

 

A Neural Network was constructed to identify the locomotion (walking, standing, ascending and 
descending stairs) of the user and whether the user has PTTD, from foot pressure data. The Neural 
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network was configured with a moving window of 10-time series data points for each of the 
sensors. This was used to build an initial layer of 40 neurons. To determine the how the recognition 
were to be handled, 2 layers of 80 neurons were arbitrarily chosen. The final layer had 8 neurons 
with one output representing the locomotion and PTTD presence. The output identified the 
locomotion and PTTD progression (e.g. Standing with No PTTD, Walking with No PTTD, 
Ascending Stairs with No PTTD, Descending Stairs with No PTTD, Standing with PTTD 
Progression, Walking with PTTD Progression, Ascending Stairs with PTTD Progression, and 
Descending Stairs with PTTD Progression) 

The breakdown of how the data was used can be shown in the table 1. 
 

 Total Points Used for Training Used for Testing 

Standing 219 146 73 

Standing with PTTD progressions 219 146 73 

Walking 199 132 67 

Walking with PTTD progressions 156 104 52 

Ascending 162 108 54 

Ascending with PTTD progressions 103 69 34 

Descending 170 113 57 

Descending with PTTD progressions 99 66 33 

Table 1. Neural Net Inputs for Training and Validation 

 

The initial test with 1000 epochs showed an accuracy of 74%, which indicates that more testing is 
required. Based on the analyses, trends show that patients without an arch show inner heel forces 
averaging higher than forefoot forces in contrast to patients with a normal foot. It is important to 
note a relationship was not able to be shown for the midfoot between subjects, however, additional 
sensors in the area may provide more insights in future testing. 
 
   

Business Plan  
Market: Products on the market currently only address scenarios in which a patient has already 
acquired a foot deformity. There are no products currently available that focus on preventative 
healthcare. Based on customer feedback survey conducted by the team, 95% of potential patients 
with the risk factors would pay a subscription for monitoring services. In addition, the technology 
has the potential to increase revenue for the 11,000+ podiatrists (BLS. 2016, 1) in the nation.  
Potential Patients include those with Diabetes, in total of 30.3 million in America as of 2017 (CDC. 
2017, 1). Patients at flat feet are at risk, which affects a range from 5-15% in the general population; 
roughly 7-15% of the patients will see medical attention (Ling et al. 2017, 1). Rising obesity rates in 
America also means there will be more at-risk patients for PTTD. In 2014, 36.5% of the U.S. 
population was considered obese (CDC. 2014, 1). All at-risk patients mentioned above may benefit 
with early detection of PTTD.  
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Cost & Revenue Analysis: To effectively position the benefits of the system, the cost savings of 
preventative diagnosis will be utilized to leverage the product. Where In 2011 alone, it was 
estimated the economic burden of foot and ankle surgery in the medicare population was 11 billion 
(Belatti et al. 2014, 1). The total cost of the device is $180 and based on the size of the defined 
market area, the sales projections for the first year are $1,500,000 (optimistic). A break-even point 
occurs during the 5th year in the market. Table 2 shows a year-by-year financial projection: 
 
Year Start-
Up 

Unit 
Sales Price 

Annual 
Revenue 

Unit 
Cost 

Annual 
Cost 

Annual 
Profit 

 0 - - 0 0 $1,200,000 
  1 250 $3,000 $750,000 180 $382,500 $367,500 

 2 300 $3,090 $927,000 $185 $393,120 $533,880 
 3 360 $3,183 $1,145,772 $191 $406,246 $739,526 
 4 432 $3,278 $1,416,174 $197 $422,470 $993,704 
 

5 518 $3,377 $1,750,391 $203 $442,523 $1,307,868 
Break-
even 

6 622 $3,478 $2,163,484 $209 $467,309 $1,696,175 
 7 746 $3,582 $2,674,066 $215 $497,944 $2,176,122 
 8 896 $3,690 $3,305,145 $221 $535,809 $2,769,337 
 9 1075 $3,800 $4,085,160 $228 $582,610 $3,502,550 
 10 1290 $3,914 $5,049,257 $235 $640,455 $4,408,802 
 

Table 2. Cost & Revenue 
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