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Abstract 

 

 

 Diabetic peripheral neuropathy results in the loss of sensation in the hands and feet. Other 

symptoms such as numbness, burning, shooting pain, and electrical sensation have been reported. 

Individuals with this disease are at a greater risk of requiring amputations, as a result of 

unknowingly puncturing the soles of their feet leading to infection and ulceration. Tuning forks, 

electrodiagnostic equipment, and other novel inventions have been used to detect for neuropathy 

on the plantar surface, but the Semmes-Weinstein monofilament remains the most common tool. 

The monofilament is pressed against the plantar surface until it buckles, at which point it 

theoretically produces a maximum contact force, often expressed using grams of force. The most 

popular monofilament examines for the loss of protective sensation, designated at the threshold 

sensitivity of 10.0 grams of force. However, this tool’s accuracy is subject to factors such as 

insertion rate, angle of insertion, diameter, length, human skin material properties, temperature, 

humidity, and even material fatigue. As such, the purpose of this dissertation is to demonstrate 

the practical concerns of the hand-applied Semmes-Weinstein monofilament assessment 

technique, present a novel diagnostic tool which automates the assessment protocol, and 

implement it in a clinical study to ascertain subjects’ current degree of threshold sensitivity on 

the plantar surface. 

 

Relevant background information is provided in Chapter 1, while Chapter 2 of this dissertation 

details a theoretical contact mechanics analysis of a hand-applied Semmes-Weinstein 

monofilament in contact with a human skin sample. Theoretical equations and finite element 

analysis are both used to explore the influence that monofilament diameter, insertion depth, and 

material skin properties have on the contact force, and corresponding normal stress at the center 



 

3 

 

of contact. Both a homogeneous isotropic and composite isotropic model are considered, the 

later includes the epidermis, dermis, and subcutaneous fat layers of human skin. The study 

resulted in 188 finite element analysis simulations, which after linear regression analysis led to 

the derivation of empirical equations. The equations relate contact force and normal stress at the 

center of contact to insertion depth, the epidermis stiffness, and dermis stiffness. The conclusions 

of this study were that small amounts of insertion depth can have a substantial impact on the 

contact force produced, and that the material properties of the epidermis and dermis layers are 

also impactful. These findings suggest that attention to application technique is recommended 

when interpreting the results while using the hand-applied monofilament for neuropathy 

assessment on the plantar surface. Furthermore the necessity for a force feedback loop used to 

measure the contact force during application is established.   

 

After understanding the practical concerns of the hand-applied Semmes-Weinstein monofilament 

assessment, examined in a non-buckling simulation study, and the dependencies on external 

factors on the tool’s accuracy, the development of an automated tool is presented in Chapter 3. 

This automated tool took the current commercially available 10.0-gram force Semmes-Weinstein 

monofilament and placed it in a robotic CNC device. The monofilament was moved into position 

with the use of belts and pulleys and was attached to an innovative probe subassembly. The 

probe subassembly used a stepper motor load cell feedback loop to constantly measure the 

contact force during insertion, until a prescribed value was achieved. The device used a new 

methodology which evaluated 13 locations per foot, grouped within three regions: toes, ball, and 

heel. The device was used at each location until the threshold sensitivity was determined, based 
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on the following force classifications: 0.35, 0.70, 2.0, 4.0, 6.0, 8.0, 10.0, and >10.0 grams of 

force. The methodology featured randomization, false positive checks, and documentation. 

 

The automated tool was used in a clinical study that is presented in Chapters 4 and 5. Chapter 4 

encompasses the device’s force producing accuracy, a comparison to a hand-applied Semmes-

Weinstein monofilament assessment, and linear regression analysis between subject’s age, body 

mass index (BMI), ankle brachial index (ABI), fasting blood sugar (FBS), HbA1c and threshold 

sensitivity. The subjects examined in Chapter 4 were healthy control subjects, without type 2 

diabetes mellitus. A Threshold Sensitivity Index (TSI) was calculated for each region, in addition 

to a TSI Norm. TSI Norm was representative of a subject’s entire threshold sensitivity across 13 

locations per foot. The automated tool’s force producing accuracy was determined to be 

associated with the region the locations were within. The maximum average absolute errors were 

0.5, 1.2, and 0.9 grams of force at the toe, ball, and heel locations, respectively. The toes 

demonstrated an average absolute error less than or equal to 0.4 grams of force at 98% of the 

locations evaluated, while the ball locations and heel locations were 84% and 60%, respectively. 

The 10.0 grams of force hand-applied monofilament was underdiagnosing 21% of the locations 

when compared to the automated device. Linear regression analysis found that the healthy 

control subjects attributed their threshold sensitivity (TSI Norm) to their age via significant 

linear regression (R2=0.3422, P=0.004), while BMI, ABI, fasting blood sugar, and HbA1c were 

uncorrelated. Chapter 5 repeated the linear regression analysis between TSI Norm, age, BMI, 

ABI, fasting blood sugar, and HbA1c, for subjects with type 2 diabetes mellitus, with and 

without neuropathy symptoms. The subjects from Chapter 4 and 5 had ages, BMIs, and ABIs 

that where not significantly different when evaluated using ANOVAs. These subjects had 
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significantly different  fasting blood sugars and HbA1c levels. Nonetheless, the study did not 

find a significant difference between each group’s TSI Norm. The groups with type 2 diabetes 

did not correlate their threshold sensitivity to their age, BMI, ABI, fasting blood sugar, or 

HbA1c. This finding encourages the use of the automated tool for follow up screenings to 

monitor neuropathy disease progression on the plantar surface.  

 

Chapter 6 details the development of the second iteration of the automated tool. Although the 

second prototype retained a similar gantry system and probe subassembly, improvements 

enhanced its structural rigidity and usability. Chapter 7 presents future studies that could be 

conducted in concert with the automated tool. Topics such as the effects of sex and time of year 

are encouraged, as well as determining locations that yield a better potential for earlier diagnosis. 

Using the automated tool for treatment monitoring would also be beneficial. Improvements to the 

control systems and the code that runs the automated tool are encouraged. 

 

This dissertation presents the development and functionality of an automated tool for neuropathy 

assessment on the plantar surface. It was used in a clinical study, which concluded that threshold 

sensitivity is challenging to predict using age, BMI, ABI, fasting blood sugar, or HbA1c alone. 

With the automated tool threshold sensitivity can be documented and studied over time, which 

could provide both clinicians and their patients insights into the efficacy of treatments and 

disease progression.  
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Chapter 1: Introduction and Background 

 

 

1.1. Dissertation Overview 

 

This dissertation addresses the current landscape of diabetic peripheral neuropathy on the plantar 

surface. Diabetic peripheral neuropathy is often attributed to the loss of sensation in the 

extremities, especially in older individuals with type 2 diabetes mellitus. As such this dissertation 

depicts the symptoms associated with neuropathy, as well as the current assessment techniques 

used for diagnosis and their inherent limitations. The hand-applied Semmes-Weinstein 

monofilament assessment is the gold standard for neuropathy assessment, but its accuracy has 

come into question in the literature examined. Finite element analysis is used to demonstrate the 

practical concerns when using hand-applied monofilaments. This justified the development of a 

diagnostic tool which automated the evaluation process and improved the assessment accuracy. 

The design is presented in this work, and a prototype was used in clinical study. The clinical 

study’s results are divided into two areas of work, the first being the accuracy and threshold 

sensitivity assessment of subjects in a healthy non-diabetic control population. The second is the 

comparison of threshold sensitivities between the healthy control subjects and subjects with type 

2 diabetes mellitus, with and without neuropathy symptoms. Linear regression analyses were 

performed between each subject’s threshold sensitivity and their age, BMI, ABI, fasting blood 

sugar, and HbA1c to draw conclusions regarding if these characteristics can be used as a 

predictive factor in an individual’s degree of sensation. Following this, a second prototype is 

introduced, as well as future directions where this research could be taken, not only to strengthen 

the findings, but to encourage the development of future treatments for neuropathy. 
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1.2. Neuropathy Disease Background 

 

1.2.1. Origin and History  

 

The loss of sensation in one’s extremities is often attributed to peripheral neuropathy. By its 

definition it is the disease of nerves away from the brain, as “peripheral” is defined as 

anatomically beyond the brain, “neuro” is related to nerves, and “pathy” is disease [1]. Peripheral 

neuropathy is the most common type of neuropathy and is especially prevalent in the hands and 

feet of individuals with type 2 diabetes mellitus [2, 3, 4, 5]. The origins of diabetes have been 

recorded as far back as 1550 BC in Egypt, while the first recorded symptoms of diabetic 

neuropathy were recorded by Susruta in India, circa the 5th century AD [6, 7]. Marchal de Calvi 

reported on the link between neuropathy and diabetes in 1864 [6, 7]. Frederick William Pavy 

also noted the specific symptoms of “heavy legs”, lightning pain, and numb feet in the 19th 

century [6]. The 20th century brought with it the discovery of insulin and that the development of 

neuropathy is impacted by glycemic control [6, 7].  

 

1.2.2. Current Numbers and Trends 

 

In 2019, it was reported by the International Diabetes Federation that there are 463 million adults 

with diabetes, with this number increasing to an estimated 700 million by 2045 [5]. Globally 

there are 40 to 60 million people who experience complications attributed to neuropathy [5]. It 

has been suggested that 50% of adults with diabetes will develop diabetic peripheral neuropathy 

during their lifetime [8]. Although much of the epidemiology of diabetic peripheral neuropathy is 

focused on older populations, it has also been reported that 26% of adolescents with type 2 

diabetes also have peripheral neuropathy [8]. Individuals who have neuropathy are at a greater 

risk of developing foot ulcers, which are susceptible to infection and eventually may require 

amputations [9, 10]. To add to this, 15% of diabetics are at a risk of developing an ulcer and 
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there is a 10-to-20-fold increase in having a lower limb amputation than those without diabetes  

[5, 11]. There are approximately 80,000 lower limb amputations per year attributed to diabetic 

peripheral neuropathy [11]. Those who develop foot ulcers will experience an 85% chance of 

having an amputation, which occurs every 30 seconds worldwide [5, 12]. The cost for those who 

are diagnosed with painful diabetic peripheral neuropathy in the first year can exceed 

$16,000.00, which is double the cost for those diagnosed solely with diabetes mellitus [13]. The 

cost after the first year for those with painful neuropathy symptoms is approximately $14,000.00 

per year [13, 14]. In 2002, the total annual cost of diabetic peripheral neuropathy in individuals 

with type 2 diabetes was approximately $14 billion in the US, while the cost of diabetes as a 

whole was $44 billion in 1997 [15]. As of 2017, the cost of diagnosed diabetes in the US has 

risen to $327 billion, which based on the previously cited literature indicates that the cost 

associated with diabetic neuropathy has increased substantially [16].  

 

1.2.3. Type 2 Diabetes Mellitus and Neuropathy 

 

It has often been reported that uncontrolled high blood sugar is what damages nerves and 

eventually causes diabetic peripheral neuropathy [17, 18]. High blood sugar can weaken the 

walls of capillaries, which in turn cuts off oxygen and nutrients to the nerves [17]. High blood 

sugar, or hyperglycemia, which takes the form of fasting blood sugar and HbA1c are used as the 

measure for the presence of diabetes [19]. Hyperglycemia has been linked to painful neuropathy 

symptoms [20]. Gaining control over blood sugar has been reported to slow down neuropathy in 

individuals with type 1 diabetes mellitus, but not those with type 2 diabetes mellitus [21]. 

However, in Bril’s review, three separate studies found that glycemic control was not a strong 

factor in the progression of diabetic peripheral neuropathy for those with type 2 diabetes, but 

rather body mass index and high blood pressure are more likely [22]. High blood pressure and 
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insulin resistance have both been correlated to diabetic neuropathy [18]. Due to the presence of 

diabetic peripheral neuropathy, individuals often reduce their physical activity; consequently, 

this negatively impacts their vascular flow [23]. This reduction in vascular flow causes the 

peripheral edema, a buildup of fluid, to stagnate and can lead to an increased risk of infections 

[23, 24]. 

 

1.2.4. Symptoms 

 

Neuropathy symptoms were reported in between 10% to 20% of individuals with diagnosed 

diabetes and between 40% and 60% of those with diagnosed diabetic neuropathy [11, 25]. 

Burning feet is often cited as one of the most common and persistent symptoms found in those 

with diabetic peripheral neuropathy [26]. Electrical sensation, shooting pain, and numbness have 

also all been reported as typical symptoms [27, 28, 29]. Others have described a loss of balance 

and difficulty walking, as well as poor sense to temperature [30]. Also prickling, tingling and 

weakness in the hands and feet have been described [30, 31]. Charcot’s joint, although rare, is 

another complication, which occurs when a joint degrades due to nerve complications in the foot 

or ankle [32, 33]. “Diabetic foot” has been a moniker used to describe the loss of sensation in the 

feet for individuals who have been diagnosed with diabetic peripheral neuropathy [5]. Due to the 

loss of sensation and pain, an individual may puncture their foot by stepping on a sharp object 

without knowing it, causing an ulcer to form [9, 10, 34]. These diabetic foot ulcers can impact 

morbidity and mortality [35, 36, 37]. Boulton reported that those with diabetes and a history of 

ulceration are up to 50% more likely to develop additional foot ulcers in their lifetime [38].  
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1.3. Plantar Surface Anatomy 

 

1.3.1. Anatomical References 

 

The foot is made up of 28 bones, some of which include the talus, calcaneus, cuneiforms, 

metatarsals, and phalanges [39]. These can be grouped in two different ways, in regions and in 

columns. There are three regions of the foot, which are the hindfoot, midfoot, and forefoot [39]. 

Meanwhile there are two columns, the medical column (inward) and the lateral column 

(outward) [39]. There are five metatarsals and fourteen phalange bones in the foot, with the 

metatarsal heads being the main weight bearing surface of the foot [39]. Furthermore, the largest 

phalange is often referred to as the great toe or hallux [39]. The phalanges are either defined as 

the proximal phalanxes (closet to the ankle) or the distal phalanxes (farthest from the ankle) and 

are connected by either the proximal or distal interphalangeal joints [39]. The proximal 

phalanges and the metatarsals are joined together by the metatarsal-phalangeal joints [39]. The 

foot can also be broken down into the dorsum aspect (top) or the plantar aspect (bottom) [40]. 

The plantar fascia runs the distance from the calcaneus to the base of each of the five phalanges, 

but it is not a muscle, tendon, or nerve [39]. The plantar fascia is a strong fibrous tissue, located 

just beneath the skin, which provides protection to muscles located on the bottom of the foot and 

supports the arch of the foot [39, 41]. Relevant to this dissertation is the plantar aspect, or plantar 

surface, which has four distinct muscle layers, located beneath the plantar fascia [40].  

 

 

1.3.2. Neurological References 

 

The foot has five key nerves that run past the ankle, which can trace their origin to the lumbar 

spine [39]. The sciatic and femoral nerves comprise two branches that carry these five nerves 

past the ankle [39]. The femoral nerve leads to the saphenous nerve [39]. The sciatic nerve 
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precedes the tibial and peroneal nerves, where the peroneal nerve is further divided into the deep 

personal nerve and the superficial personal nerve [39]. The tibial nerve precedes the sural nerve, 

in addition to further branching off to form the medial plantar nerve and the lateral plantar nerve 

[39]. It is the medial plantar nerve and lateral plantar nerve that affect the sensitivity of the entire 

plantar surface and are responsible for innervating the muscles relevant to this aspect [39, 40]. In 

addition to these nerves there is the medial calcaneal nerve, which branches from the tibial nerve 

[42]. There is also the inferior calcaneal nerve which branches off the lateral plantar nerve [42]. 

A diagram of these neural connections is provided below in Figure 1-1, in addition to Figure 1-2, 

which shows approximate nerve locations on the plantar surface [42, 43]. 

 

Figure 1-1: Nerve Branches Schematic of the Foot 

 

 

 

 

 

Lumbar Spine

Sciatic Nerve

Tibial Nerve

Sural Nerve
Medial Plantar 

Nerve
Lateral Plantar 

Nerve

Inferior 
Calcaneal Nerve

Medial 
Calcaneal Nerve

Peroneal Nerve

Deep Peroneal 
Nerve

Superficial 
Peroneal Nerve

Femoral Nerve

Saphenous 
Nerve



 

32 

 

 
Figure 1-2: Approximate Nerve Locations on the Plantar Surface1 

 

 

 

 

 

 

 

 

 
1 Medial Plantar Nerve (Purple), Lateral Plantar Nerve (Dark Green), Sural Nerve (Blue), Saphenous Nerve (Green), 

Medial Calcaneal Nerve (Orange) 
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1.4. Sensory Perception Tools and Methods 

 

1.4.1. Survey Based Screening Tools 

 

Questionnaire based evaluations have been used for the screening of DPN, such as the Michigan 

Neuropathy Screening Instrument (MNSI), the Neuropathy Symptom Score (NSS), the 

Neuropathy Disability Score (NDS), and the Neuropathy Impairment Score (NIS) [44, 45, 46, 

47]. The MNSI is a very popular 15-item questionnaire relating to symptoms, in which the 

subject answers yes or no to each question [44, 46]. An MNSI score greater than or equal to 2.5 

indicates the presence of diabetic peripheral neuropathy [44]. The MNSI test leads to the referral 

to a neurologist for further assessment with electrophysiological equipment [45, 46]. The NDS 

assessment is comprised of 35 items and has been used in the past, although a revised version has 

become more common [48]. The Toronto Clinical Scoring System (TCNS) includes the use of a 

symptoms score, reflex score, and sensory test score to screen for diabetic peripheral neuropathy 

[48]. The Norfolk Quality of Life Diabetic Neuropathy Questionnaire contains 35 questions, 

which the subject answers privately, and has been found to be effective in early diagnosis [49]. 

The composite scoring system known as the Clinical Neurological Examination (CNE) measures 

sensory signs and reflexes in the lower limbs through the use of light touch and vibration [48]. 

The Diabetic Neuropathy Examination (DNE) was derived from NDS, but only uses eight 

metrics, such as muscle strength, reflexes, and sensation on the index finger and big toe to 

evaluated for neuropathy [48]. 

 

1.4.2. Hand-Applied Semmes-Weinstein Monofilament Tool  

 

The most common tool used for neuropathy assessment in the extremities is the Semmes-

Weinstein monofilament. Originally horsehair filaments were used for sensation perception in 

the hands and feet in the 1800s, following which Semmes and Weinstein created nylon 
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monofilaments in the 1960s [50, 51]. They developed these monofilaments from a single fiber of 

nylon and were used on the palmar surfaces for individuals who sustained brain injuries [9, 52]. 

The principal behind them is that they are calibrated to produce a consistent buckling stress and 

minimize the effects of movement caused by the hand of the clinician during application [9, 53]. 

The Semmes-Weinstein monofilament is applied perpendicular to the skin, gradually increasing 

the contact force until it buckles, ideally making it a reproducible assessment [50, 52, 54]. An 

example of this technique can be found in Figure 1-3. Different buckling forces can be produced 

using different monofilaments, which range between 0.008 to 300 grams of force [29]. The 

monofilament gauge is often noted using an evaluator size, which is the logarithm of the force 

applied in grams [29, 51]. They work by using Weber’s Law, which is the relationship between 

perceived sensation ratio to the stimulus intensity [52, 54]. Plantar threshold sensitivity can be 

grouped into 5 categories: normal (0.008-0.4 grams of force), diminished light touch (0.6-2.0 

grams of force), diminished protective sensation (4.0-8.0 grams of force), loss of protective 

sensation (10.0-180.0 grams of force), and deep pressure sensation (300 grams of force) [29]. 

The 5.07 evaluator, which produces a buckling force of 10.0 grams of force, is the most widely 

used monofilament to measure threshold sensitivity [28, 29, 52]. Semmes-Weinstein 

monofilaments are chosen by clinicians because they are noninvasive, easy to use, quick, and 

inexpensive compared to other tools [9, 52]. 
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Figure 1-3: Hand-Applied Semmes-Weinstein Monofilament Procedure 

a) Monofilament in initial contact with the plantar surface 

b) Monofilament applied until buckling 

 

1.4.3. Non-Monofilament Assessment Tools and Techniques  

 

Non-monofilament assessment tools include the use of warm and cold stimuli, vibratory analysis, 

nerve conduction, and electrodiagnostic studies [9]. A popular non-monofilament assessment 

tool for neuropathy assessment has been the tuning fork. They apply a vibratory stimulus to the 

assessment location, the most popular being the 128 Hz tuning fork [4, 27, 29]. The fork itself is 

struck, after which the blunt end is applied to the skin causing vibration to propagate through the 

tool to the subject. The Vibratip™ is similar to the 128 Hz tuning fork, in which it applies a 

vibratory stimulus to assess an individual’s threshold sensitivity [55]. A Tactile Circumferential 

Discriminator (TCD), which is a metal disk with eight protruding rods of increasing diameter, 
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has also been used to assess for neuropathy risk [56]. The TCD is applied by hand, similar to a 

Semmes-Weinstein monofilament, but lacks the buckling aspect, making it easy to use [56, 57]. 

Steel ball bearings of varying diameters, common in the field of tribology, have also been used 

for neuropathy assessment [58]. Subjects would walk barefoot on these ball bearings, which are 

attached to the plantar surface using a plaster [58]. The NeuroQuick device applies a cold stream 

of air to the skin, at varying velocities, to measure sensation threshold [59]. A device called a 

Neurometer® uses electrodes placed at either the big toe or ankle, to deliver current stimulations 

at specific frequencies [10]. Likewise, a Biothesiometer also applies a vibratory stimulus and has 

been effective in past studies [27, 38]. In a study that used a Biothesiometer among a diabetic 

population is was determined that those who had a baseline threshold above 25 volts were 7 

times more likely to develop a foot ulcer than when evaluated using a lower voltage on the 

Biothesiometer [38]. An additional vibratory tool is the Neurothesiometer, which is considered 

an improvement over the Biothesiometer [60]. Another novel technique is by measuring the 

reflectance spectra, or the oxygen level of the skin, as a means of evaluating for neuropathy and 

ulcers [61]. Devices that measure an individual’s sweat content have also been used for 

neuropathy assessment, also defined as sudomotor devices [57]. A sudomotor device known as a 

Neuropad uses sweat produced to measure healthy sensation perception [57, 62]. It works by 

using a color changing patch to signify the health of the subject [57, 62]. Another sudomotor tool 

is the Sudoscan, which works by having the subject place their hands and feet on stainless steel 

plates, used to analyze the subject’s sweat [57, 63]. The NC-stat DPN is a handheld device used 

to evaluate the sural nerve conduction velocity and the sensory nerve action potential; it has been 

shown to screen for diabetic neuropathy [57, 64, 62]. Medoc’s Quantitative Sensory Test (QST) 
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is another proposed tool to evaluate the sensory nerve function via the use of thermal, pressure, 

and or vibratory stimuli [65]. 

 

1.4.4. Automated Assessment Tools 

 

Automated tools have been developed to more accurately assess a subject’s threshold sensitivity, 

although documented quantitative data for these devices is lacking in the literature. A robotic 

device created by Wilasrumee et al. applied a 10.0-gram force Semmes-Weinstein monofilament 

on the plantar surface [66]. This device had good agreement with assessments performed using a 

hand-applied monofilament and tuning fork [66]. Another robotic tool was developed by 

Siddiqui et al., which also took a 10.0 grams of force Semmes-Weinstein monofilament and 

actuated it through a clear perforated hole plate, until it made contact with the subject’s plantar 

surface [67, 68]. A handheld Semmes-Weinstein device, with a LED light indicator to signal 

when the monofilament had reached its 10.0 grams of force target, or if it was inadvertently 

applied greater than 11.0 grams of force, was also created by Spruce and Bowling [69]. This 

device countered the effects on monofilament fatigue and had improved repeatability to the 

commercially available Semmes-Weinstein monofilament [69]. The patent of Leung and Lau 

proposed a robotic solution for neuropathy assessment which used a solenoid to translate 

monofilaments through a perforated hole plate against the plantar surface [70]. Similarly, Ino et 

al. filed a patent on a device in which the subject’s foot is subjected to not only a normal force, 

but a shear force to evaluate for sensation loss [71]. Snellenberg et al. patented an automated tool 

which used a micro servo to acuate a monofilament until it buckles, while also using a thermal 

imaging camera to evaluate potential areas of concern on the feet [72]. Spruce used a force 

transducer to apply a monofilament until a desired force was achieved, either using a handheld 

device or with the use of an automated tool similar to the other patents mentioned [73]. Only a 
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few of these automated devices reported accuracy data, which will be presented in Chapter 4 of 

this dissertation as a means of comparing the automated tool developed in this body of work.  

 

1.5. Potential Shortcomings of Non-Automated Hand-Applied Tools 

 

1.5.1. Accuracy Factors and Clinician Biases  

 

The actual force produced as a result of applying the hand-applied monofilament until it buckles 

is dependent on a couple of factors. The rate of insertion in terms of impact velocity and the 

angle of insertion can factor into the accuracy [54]. Likewise, these monofilaments are 

susceptible to fatigue, in which after 10 applications its contact force has been decreased by 10% 

[54]. Lavery et al. not only found that some commercially available 10.0-gram monofilaments 

varied up to 30% of their buckling force when brand new, but also only remain effective for 7-9 

days [74].  Although Lavery et al. demonstrated relatively stable behavior after the first 

application of the monofilament, at an accuracy of 30% this could potentially overlap between 

different monofilament evaluators, especially when considering monofilaments that produce 8.0 

and 10.0 grams of force. It has also been reported that hand-applied monofilaments require 24 

hours of inactivity to fully recover, before being capable of accurately applying their rated force 

[54, 69]. The environment, in terms of temperature and humidity, in which the monofilaments 

are kept also plays into the accuracy [50]. Not only can the diameter and length of the 

monofilaments influence the accuracy, but the overall quality of the nylon used to manufacture 

these devices is also important to the contact force accuracy [53]. It was observed that as the 

length of the monofilament decreased, the contact force produced upon buckling increased [75]. 

Chapter 2 of this dissertation explored how material properties of human skin are also influential 

on the accuracy of hand-applied monofilaments [76]. Moreover, the accuracy of hand-applied 
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monofilaments will be directly compared to the force producing accuracy of the automated tool 

in Chapter 4 of this dissertation.   

 

1.5.2. Unstandardized Methodology  

 

Dros et al. found that in their meta-analysis that there is a lack of standardization for the hand-

applied monofilament assessment. Some studies have used one testing site, while others have 

used up to ten testing sites [9]. Three and five testing sites are also common, as well as also 

evaluating the dorsal aspect, otherwise known as the top of the foot between the toes [77]. Some 

studies will apply the monofilament between two and four times per location [77]. The great toe, 

or big toe, is often one of the most common sites evaluated, but there is no evidence in the 

literature to suggest that it is the most indicative location for sensation loss [77]. Although the 

10.0-gram force rated monofilament is the most common hand-applied monofilament used, the 

1.0, 2.0, and 75.0 grams of force monofilaments have also been cited, with the 2.0 grams of force 

monofilament having the potential for greater diagnosis of diabetic peripheral neuropathy [9, 77]. 

Ultimately, the use of monofilaments alone is not enough to diagnosis peripheral neuropathy, 

with additional evaluation techniques required to verify the individual’s condition [9, 78]. 

 

1.6. Dissertation Motivation and Statement of Purpose 

 

Neuropathy, especially in the presence of type 2 diabetes mellitus brings many complications. 

Although burning of the feet and numbness are prevalent symptoms, the formation of ulcers, 

resulting in amputations are what makes neuropathy life threatening. Sensation loss in the 

extremities, particularly the plantar surface, should not be overlooked and currently the Semmes-

Weinstein monofilament assessment is the most common hand-applied assessment method. 

Other approaches have been used to assess for sensation loss and have compared well to the 



 

40 

 

hand-applied monofilament techniques, but their lack of accuracy validation still makes them 

challenging to recommend. Automated tools, which incorporate sensors and computer 

algorithms, can allow for increased accuracy and the removal of clinician biases. Paired with the 

ability to document sensation loss over the course of time, automated tools can evaluate the 

efficacy of treatments, allowing for unparalleled benefits when compared to standard tools and 

methods. 

 

Therefore, the purpose of this dissertation is to demonstrate the practical concerns of the hand-

applied Semmes-Weinstein monofilament assessment technique, present a novel diagnostic tool 

which automates the assessment protocol, and implement it in a clinical study to ascertain 

subjects’ current degree of threshold sensitivity on the plantar surface.  

 

1.7. Dissertation Objectives 

 

There are six objectives related to this research project, which are each presented chronologically 

in a corresponding chapter in this dissertation. The first objective was to analyze the effects of 

monofilament diameter, insertion depth, and material skin properties on the contact force and 

normal stress produced. This was achieved through the use of theoretical contact mechanics and 

finite element simulations. The second objective was to introduce a proposed automated 

diagnostic tool solution for neuropathy assessment on the plantar surface. The design of the tool 

is presented, and its functionalities are detailed. The third objective of this dissertation was to 

conduct a performance analysis and a clinical evaluation of the automated tool in a healthy 

control group, absent of type 2 diabetes mellitus. This entailed not only determining the device’s 

force producing accuracy, but also the quantification of research subjects’ plantar threshold 

sensitivity. Linear regression analyses were used to compare each subject’s threshold sensitivity 
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to their age, BMI, ABI, fasting blood sugar, and HbA1c to determine if a relationship existed 

between these variables in the healthy control population. The fourth objective was to evaluate 

and compare plantar threshold sensitivities between the healthy control subjects and subjects 

with type 2 diabetes mellitus, with and without neuropathy symptoms. A robust statistical 

analysis between the three populations was performed to draw conclusions as how type 2 

diabetes mellitus and the presence of neuropathy symptoms impact sensation loss on the plantar 

surface. The fifth objective of this work is to propose and detail an improved design of the 

diagnostic tool. The sixth and final objective of this dissertation was to recommend future work 

and potential studies which could enhance the diagnostic tool and yield additional insights into 

neuropathy.  
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Chapter 2: Contact Mechanics Modeling of the Semmes-Weinstein Monofilament on the 

Plantar Surface 

 

 

2.1. Abstract 

 

Background: Neuropathy is a disease which results in the loss of sensation in the extremities. 

One method for assessing the degree of neuropathy is with a monofilament evaluator which 

buckles at a prescribed force depending on the filament diameter. However, as this assessment is 

conducted manually by the clinician, the true force delivered is not guaranteed. Therefore, the 

purpose of this study was to model the effects of both insertion depth and monofilament diameter 

on the contact force and normal stress produced on the plantar surface of the foot.  

 

Methods: Theoretical contact mechanics equations were used to understand the relationship 

between insertion depth, monofilament diameter, and applied force. SolidWorks® Finite Element 

Analysis was used to evaluate a 0.5 mm diameter monofilament, which is reported to provide a 

contact force of 10.0 grams of force at the point of buckling, at various insertion depths. Two 

different Finite Element Analysis models were studied in this paper, a homogenous isotropic 

model and a composite isotropic model. A total of 188simulations were used in this study. A 

range of human skin elastic moduli were modeled to determine the effect imposed upon the 

contact force and normal stress produced by monofilament insertion. For the homogeneous 

isotropic model, the sample was modeled as a uniform block with an overall elastic modulus. 

The composite isotropic model was created using epidermis, dermis, and subcutaneous fat layers, 

each with its own specific thickness. A range of moduli were considered for the epidermis and 

dermis layers. The homogenous isotropic model was validated with the results of the theoretical 

calculations by comparing the percent error between the contact force and normal stress. 
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Consequently, the same simulation settings were used for both models. Regression analysis was 

used to analyze the composite isotropic results by using the regression coefficients and their 

corresponding epidermis and dermis elastic moduli. Linear, logarithmic, and power regressions 

were all considered. The overall fit of the data was examined by inspecting the R2 values, which 

were between 0.52 and 0.99 for all regressions. 

 

Results: The theoretical contact mechanics analysis show that higher levels of insertion and 

larger diameter monofilaments produce greater amounts of contact force. The normal stress 

increase with insertion depth but decrease with monofilament diameter. Increased values of 

human skin elastic modulus result in the contact force and normal stress being more sensitive to 

insertion depth, compared to lower values. The homogenous isotropic model had percent errors 

approximately between 2% and 8% when compared to the theoretical equations. Furthermore, 

after collecting all of the data from the composite isotropic model, regression analysis was used 

to derive empirical equations that represented both contact force and normal stress as functions 

of epidermis elastic modulus, dermis elastic modulus, and insertion depth. The empirical 

equations show that to produce exactly 10.0 grams of force upon contact the physician would 

have to insert the monofilament between 0.235 and 0.559 mm depending on the epidermis and 

dermis moduli.  

 

Conclusions: The results show that slight differences in insertion depth and monofilament 

diameters have a large effect on the force delivered. Therefore, attention to application technique 

is recommended when interpreting the results obtained using hand-applied monofilaments 
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because of the variances of human skin properties among research subjects and the subsequent 

levels of applied force.  
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2.2. Introduction 

 

Neuropathy is a disease, commonly associated with diabetes, which results in a loss of sensation 

on the plantar surfaces of the hands and feet. It is commonly known as “diabetic foot” and 40-60 

million people suffer from challenges associated with neuropathy [5]. In a research survey 

conducted by Brouwer et al. they found that the most frequent symptom of neuropathy was 

burning feet [26]. Likewise, individuals tolerate numbness, electrical sensation, sensory loss, and 

shooting pain caused by neuropathy [27, 28, 29, 79]. Severe cases of neuropathy can result in an 

individual stepping on an object and unknowingly puncturing their foot as a result of their 

sensation loss [34]. These individuals are at a greater risk of ulceration [9, 10, 80]. The loss of 

protective sensation and mechanical loading during weight bearing activities, such as standing 

and walking, are contributing factors to the ulceration of individuals suffering from neuropathy 

[81]. In the worst cases, neuropathy can result in infection, amputation, and even death [10, 82].  

The gold standard for assessing the degree of neuropathy is with the Semmes-Weinstein 

monofilament test. This method involves inserting a monofilament, similar to fishing line, 

noninvasively into human skin. These nylon monofilaments are calibrated to produce a 

consistent buckling stress and minimize the vibration of the clinician’s hand while it is being 

applied [9, 53]. The monofilaments are popular because they are noninvasive, quick, and easy to 

use [9, 52, 83]. There are many different gauges of these monofilament evaluators which 

reportedly produce different amounts of force at the point of buckling. However, the actual force 

produced by these monofilaments are extremely sensitive to many different parameters. For 

example, Chikai and Ino compared a manual monofilament assessment with an automated 

process looking at how insertion speed and angle affected measurements [54]. They found that 

after 10 applications of the monofilament the buckling force decayed by 10% of its initial value 
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[54]. They also found that the velocity and the insertion angle affected the buckling force in both 

automated and manual applications of the monofilament [54]. Haloua, Sierevelt, and Theuvenet 

found that these monofilaments are dependent on the temperature and the humidity in which they 

are stored, resulting in different buckling forces than advertised [50]. The length of the 

monofilament also influences the amount of force applied to the plantar surface of the foot [75]. 

Furthermore, an extensive literature review by Dros et al. found that there is a lack of standard 

testing methodology [9]. This, along with the lack of accuracy of this test, raises questions about 

its validity [9].  

 

One of the most common monofilaments used produces an equivalent force of 10.0 grams when 

applied to the plantar surface of the foot to the point of buckling [28, 29, 52]. The monofilament 

is advertised to produce this force at the instant that it buckles but it is possible for it to exceed its 

rated value if it is over applied. If the monofilament is not applied normal to the surface than the 

force can be subdivided into more than one cartesian plane. The inability of the clinician to apply 

a consistent force presents challenges for assessment of disease progression and future treatments 

to combat this disease. Therefore, it is important to develop an understanding of the parameters 

that may affect the force applied by the monofilament and, therefore, why attention to 

application procedure is recommended when interpreting the results of the hand-applied 

monofilament assessment. 

 

To this end, this modeling study examined how changes in the depth of insertion, the diameter of 

the monofilament, and skin material properties affects the amount of force and stress produced 

on the skin. Accordingly, this study was designed to ensure that the monofilament was applied 
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normal to the skin, i.e., normal to the plantar surface of the foot. This orientation of insertion is 

easily achieved with both theoretical equations and finite element analysis (FEA). Theoretical 

contact mechanics were used to show the dependence on the insertion depth for monofilaments 

of various diameters. Furthermore, FEA was conducted via SolidWorks® Simulation for the 10.0-

gram rated monofilament. The FEA simulations were used to calculate the contact force and to 

measure the normal stress. The FEA results of this study were verified with theoretical results 

and were also subjected to a sensitivity analysis [84]. Ultimately the objective of this study was 

to determine the effects of monofilament diameter, insertion depth, and skin materials properties 

on the force produced as a result of monofilament contact against the skin.  

 

2.3. Methods  

 

2.3.1. Theoretical Equations  

 

In this study, theoretical contact mechanics equations were chosen that would best demonstrate 

the effect of insertion depth on the force and stress produced on the skin for monofilaments of 

different diameters. This problem was modeled as a Boussinesq problem, where there is a rigid 

indenter being pressed into an elastic half space. In this study, the nylon was considered rigid 

when compared to human skin. Sneddon took Boussinesq equations and applied Hankel 

transforms to derive relevant equations for a cylindrical indenter applied normal to the surface 

[85]. Sneddon looked at the relationships between depth of penetration and force, in addition to 

stress profiles as a result of the contact. The first equation derived by Sneddon (Equation 2-1) 

shows the relationship between load (𝑃) and the depth of penetration (𝛿). Here 𝑎 is the radius of 

the circular face and 𝜂 is the Poisson’s ratio of the half space. The other variable, 𝜇, is the 

modulus of rigidity, also known as the shear modulus, and is defined in Equation 2-2. 

Additionally, 𝐸 is the modulus of elasticity. Combining Equation 2-1 and 2-2 leads to a complete 



 

48 

 

expression, Equation 2-3, for the load (𝑃) in terms of 𝐸, 𝑎, 𝛿, and 𝜂. This theoretical equation 

was used to compare to the FEA results when the monofilament is applied normal to the skin. 

The FEA predictions were validated with analytically derived models to ensure that the 

simulation performed as expected [84]. The analytical model is given by the following equations: 

 

 𝑃 =
4𝜇𝑎𝛿

1 − 𝜂
 Eq. 2-1 

 

 𝜇 =
𝐸

2(1 + 𝜂)
 Eq. 2-2 

 

 𝑃 =
2𝐸𝑎𝛿

(1 + 𝜂)(1 − 𝜂)
 Eq. 2-3 

 

 𝜎𝑧𝑧 =
2𝜇𝛿

𝜋(1 − 𝜂)√𝑎2 − 𝜌2
 Eq. 2-4 

 

 𝜎𝑧𝑧 =
𝐸𝛿

𝜋(1 + 𝜂)(1 − 𝜂)𝑎
 Eq. 2-5 

 

Sneddon derived an expression for the normal stress profile caused by the indenter, where 𝜌 is 

the incremental radial distance from the center of the indenter up to the edge of the indenter 

(Equation 2-4). However, in this study it was necessary to set 𝜌 equal to zero to calculate the 

normal stress at the center of contact, because at the edge of the indenter the stress becomes 

theoretically infinite [86]. This produces a singularity at the edge and as a result it is more 

feasible to evaluate the stress at the center of the contact. However, in practice, infinite stress 

will not occur due to the rounded edges of the indenter and non-linear properties, such as 

plasticity. This equation was rewritten to a more readily applied form in Equation 2-5 and was 

used to compare the normal stress found at the center of the indenter when in contact with the 

human skin sample. 
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2.3.2. Finite Element Analysis Setup 

 

SolidWorks® Simulation was used for this modeling experiment between the monofilament 

evaluator and a human skin sample. Two different FEA models were analyzed: a homogenous 

isotropic model and a composite isotropic model, depicted in Figure 2-1. Both models used the 

same monofilament, which was modeled as a thin cylinder with an overall length of 40.0 mm 

and a diameter of 0.500 mm, equivalent to a standard 10.0-gram evaluator. The actual 

monofilament is made of nylon; in the simulation nylon 6/10 was used as it was already in the 

SolidWorks material database. The chosen nylon has an elastic modulus of 8.30 GPa, a Poisson’s 

ratio of 0.28, a density of 1400 kg-m3, and a yield strength of 139 MPa, as reported in the 

SolidWorks® material database. In the homogenous isotropic model, the specimen was a 

rectangular block with a Poisson’s ratio of 0.49 [87] and density of 1116 kg-m3 [88]. Four 

different elastic moduli were considered, 1000, 2000, 3000, and 4000 kPa [87, 88]. The overall 

dimensions of the specimen were 13.0 mm width, 13.0 mm height, and 13.0 mm depth. The 

depth was based on of the work of Thomas, Patil, and Radhakrishnan which reported that at the 

forefoot the thickness of the skin can be expected to be between 7.8 and 13 mm based on the 

health of the individual [87]. The composite isotropic model incorporated three distinct layers of 

skin: the epidermis, the dermis, and subcutaneous fat [88]. In Figure 2-1 the orange layer 

corresponds to the epidermis, the magenta is for the dermis, and the subcutaneous fat is yellow. 

As with the homogenous isotropic model, four values for elastic modulus of the epidermis layer 

were selected: 1000, 2000, 3000, and 4000 kPa [87, 88]. Likewise, five values of dermis elastic 

moduli were considered: 100, 150, 200, 250, and 300 kPa [88]. Only one value of subcutaneous 

fat elastic modulus was studied, 34.0 kPa, since it was determined that the subcutaneous fat does 

not vary as much as the adjacent skin layers [88]. The values of Poisson’s ratio, density, and 
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yield strength for human skin were kept consistent between both models. In the composite 

isotropic model, the overall dimensions of the specimen were 13.0 mm width, 13.0 mm height, 

and 13.0 mm depth. The depth was subdivided based on the epidermis, dermis, and subcutaneous 

fat layers, which were respectively 0.6 [89], 5.0, and 7.4 mm thick. It was reported from Wang 

and Sanders that the dermis layer can range in thickness from 1 to 4 mm and is thicker than the 

epidermis [90]. In order to rationalize each layer thicknesses for the forefoot some 

approximations had to be made. Since the thickness of the entire specimen was 13 mm [87], the 

epidermis was selected to be 0.6 mm [89], and considering that Li found the subcutaneous fat 

region in his model to be marginally thicker than the dermis layer [88], then the dermis thickness 

was approximated to 5 mm. This left the subcutaneous fat layer to be 7.4 mm thick. 

 

In both models the monofilament and specimen were arranged in a SolidWorks® assembly in 

which the end of the monofilament was in immediate contact with the sample. Figure 2-1 shows 

the monofilament (green) in contact with a human skin specimen. A static analysis was 

employed for all trials assuming linear elastic material properties and small displacements. The 

simulation was set up with a fixture on the back face of the sample, shown in green arrows, 

opposite that of the contacting surface with the monofilament. All of the other faces of the 

specimens were unconstrained and free. 
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Figure 2-1: Contact Assembly- Nylon Monofilament in Initial Contact with Human Skin Specimen 

a) Setup Assembly 

b) Homogenous Isotropic Skin Specimen 

c) Composite Isotropic Skin Specimen2 

  

 

The monofilament was given a prescribed displacement at the opposite end of the surface-to-

surface contact, shown in red arrows. The displacements considered in the homogenous isotropic 

model were between 0.025 and 0.3 mm spaced in equal increments of 0.025 mm apart, totaling 

twelve insertion depths. In the composite isotropic model seven displacements were considered 

between 0.1 and 0.7 mm, spaced in equal increments of 0.1 mm. These displacements were 

defined in the z direction, whereas the x and y directions where set to zero millimeters. It was 

necessary to set the x and y directions to zero in this simulation to properly define how the 

monofilament was supposed to interact with the specimen. The contacting surfaces between the 

specimen and the monofilament were given a no penetration condition, which allowed the 

monofilament to deform the specimen and to create an impact crater representative of the 

 
2 Epidermis (Orange), Dermis (Magenta), Subcutaneous Fat (Yellow) 

a) 

b) 

c) 
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insertion. Mesh parameters included a curvature-based mesh with a maximum element size of 

0.250 mm, minimum size of 0.0833325 mm, and a minimum of twelve elements in a circle. The 

element size growth ratio was set to 1.5 and the mesh density was set to be fine. Mesh control 

settings were used at the end of the monofilament and a circular region, with a 1.00 mm 

diameter, on the face of the specimen to further refine the mesh. This parameter was set to have 

an element size of 0.050 mm and a 1.5 ratio. Dong et al. used a similar process of having an 

extremely fine mesh at the area of contact and a coarse mesh farther away [91]. When 

considering contact mechanics, it is important to have a fine mesh, which does increase the 

computational time. Nonetheless, mesh controls allow for areas of interest to have a much finer 

mesh than the surrounding areas, which are not as important and consequently the stress 

gradients are lower. This provided a good balance between a good quality mesh and run time. It 

should also be noted that an H-adaptive study was employed which served as a way to further 

refine the mesh at areas of interest, such as the contacting surfaces. The mesh was refined as a 

result of the stresses that occurred in the model in order to reach the target accuracy threshold 

[92]. This level of mesh refinement is similar to surface roughness; at a large scale the surface 

may have very little roughness, but at a smaller scale it may appear to be extremely rough.  

 

The associated H-adaptive parameters included setting the target accuracy to 98%, or 2% error, 

and setting the accuracy bias to global. The target accuracy is a parameter for the strain energy 

norm [92] and was used as a criterion to justify that the simulation completed. The accuracy bias 

was set to global to prevent the presence of singularities, which meant that the FEA simulation 

focused on getting accurate results on a global scale [92]. Additional study parameters included 

selecting the options for improving the accuracy for no penetration contacting surfaces, setting 



 

53 

 

the incompatible bonding options to more accurate and using the FEEPlus iterative solver, which 

works well with the H-adaptive solving method. Identical mesh parameters were used for both 

models, where the homogenous isotropic model was validated with the theoretical equations to 

prove that the mesh settings yielded correct results. 

 

After simulation, numerous results were reviewed including the contact force, normal stress, and 

the accuracy achieved in the simulation. Sensors were placed at the center of the specimen, 

where the monofilament made initial contact. Sensors were configured to measure the values of 

force and stress, which are automatically updated for each simulation. The contact force was 

calculated by the software and is shown as a set of vectors, whereas the stress is depicted with 

contour plots. A comparative analysis was performed between the theoretical equations and the 

homogenous isotropic model, while regression analysis was used to analyze results from the 

composite isotropic model. Linear regression analysis was first used by comparing the contact 

force to the insertion depth for each epidermis elastic modulus grouped by dermis elastic 

modulus. The coefficient of the linear regression analysis was then plotted against the epidermis 

elastic modulus, grouped by the dermis elastic modulus using a logarithmic relationship. Two 

additional coefficients were then extracted and plotted against the dermis elastic modulus using a 

power relationship. R2 values were used to determine strong relationships, which in this study 

were all between 0.52 and 0.99 for all types of regressions performed. Once a simulation was 

setup it was duplicated and modified to reflect different parameters such as the insertion depth. 

This ensured that all settings remained the same from one simulation to another. In total 188 

simulations were completed between the two models. All simulations were performed on a Dell 
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Inspiron 7559 with an upgraded Samsung 860 EVO m.2 solid state drive and 16 gigabytes of 

RAM. It also utilized a 2.6 GHz Intel Quad Core i7-6700HQ. 

 

2.4. Results 

 

The first set of results are based upon theoretical Equations 2-3 and 2-5, where the amount of 

force and stress are both functions of the depth of insertion and the diameter of the 

monofilament. Furthermore, when using equation 3 the units are in Newtons, however, to be 

consistent with neuropathy studies, which use Semmes-Weinstein monofilaments, the force is 

expressed in grams of force (gF). This was achieved by dividing Newtons by gravity, 9.81 m-s-2, 

and then multiplying by one thousand to convert from kg to g. The values for normal stress are 

all expressed in kilopascals (kPa). When using Young’s modulus and Poisson’s ratio for human 

skin [87, 88] the following surface plot, Figure 2-2, was produced. It shows that as the depth of 

insertion increased, so did the contact force. The same was seen as the diameter of the 

monofilament increased. Another surface plot was created to show the normal stress as a 

function of insertion depth and diameter, Figure 2-3. Here, the greatest amount of stress occurred 

when the amount of insertion increased, while the diameter decreased. Both Figure 2-2 and 

Figure 2-3 are for an elasticity of 1000 kPa.  
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Figure 2-2: Contact Force Surface Plot- Contact Force as a Function of Insertion Depth and Diameter for Human 

Skin with an Epidermis Elastic Modulus of 1000 kPa 
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Figure 2-3: Normal Stress Surface Plot- Normal Stress as a Function of Insertion Depth and Diameter for Human 

Skin with an Epidermis Elastic Modulus of 1000 kPa 

 

 

Direct relationships are extrapolated from the surface plots for specific monofilaments. Since the 

10.0-gram monofilament is one of the most popularly used, which has a diameter of 0.5 mm, 

Figure 2-4 was produced to show the relationship between the contact force and normal stress 

versus the depth of insertion. Figure 2-4 shows a clear linear relationship for both the contact 

force and normal stress when grouped by elastic modulus (E). These theoretical solutions were 

used to validate the FEA results. 
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Figure 2-4: 10.0-gram Monofilament Contact Theoretical Relationships 

a) Theoretical Contact Force versus Depth of Insertion for a 10.0-gram Monofilament with a 0.5 mm 

Diameter 

b) Normal Stress versus Depth of Insertion for a 10.0-gram Monofilament with a 0.5 mm Diameter 

  

 

Before going through all of the FEA results it is important to showcase the H-Adaptive mesh 

used during the study. Figure 2-5 showcases the detail of the mesh when the monofilament is 

applied to the specimen. The H-adaptive mesh refined itself at the areas of contact in order to 

gain an understanding of how the monofilament affected the specimen. Zooming in reveals 
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smaller mesh elements, which appear unclear in the overall image. Figure 2-5 also shows how 

the contact between the two components and the resulting stress required a finer mesh for 

analysis. 

 

Figure 2-5: FEA H-Adaptive Contact Mesh- Mesh Utilized for 10.0-gram Monofilament for 0.600 mm Insertion 

Depth 

a) Large Scale 

b) Medium Scale 

c) Small Scale 

 

The first FEA results, for the homogenous isotropic model, are depicted in Table 2-1, which 

show the contact force and normal stress for a 10.0-gram monofilament applied normal to the 

surface of the sample at an elastic modulus of 1000 kPa. Both the theoretical contact force and 

normal stress are provided and are used to calculate a percent error compared to the FEA results. 

The FEA contact force had an average percent error of 1.97% compared to the theoretical. The 

normal stress average percent error was 3.32%. Likewise for moduli of 2000, 3000, and 4000 

kPa the average percent errors for the contact force where 3.49%, 4.96%, and 6.39%. The 

corresponding average percent errors for the normal stress where 4.88%, 6.09%, and 7.56%. 

Also, all 48 simulations for the homogenous isotropic model achieved the 2% strain energy norm 

a) 
b) c) 
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criteria in three iterations. Each simulation completed at a value of 1.89%, 1.87%, 1.86%, and 

1.86% for each modulus: 1000, 2000, 3000, and 4000 kPa, respectively. Therefore, the FEA is 

verified for its accuracy. 

 

Epidermis-1000 kPa 

 FEA Theory   FEA Theory  Total 

Relative 

Strain Energy 

Norm error 

Depth 

(mm) 

Force 

(gF) 

Force 

(gF) %Error  

Normal 

Stress 

(MPa) 

Normal 

Stress 

(MPa) %Error 

0.025 1.64 1.68 1.96  0.041 0.042 3.31 1.89% 

0.05 3.29 3.35 1.99  0.081 0.084 3.31 1.89% 

0.075 4.93 5.03 1.98  0.122 0.126 3.31 1.89% 

0.1 6.58 6.71 1.97  0.162 0.168 3.31 1.89% 

0.125 8.22 8.38 1.97  0.203 0.209 3.31 1.89% 

0.15 9.86 10.06 1.98  0.243 0.251 3.31 1.89% 

0.175 11.51 11.74 1.94  0.284 0.293 3.31 1.89% 

0.2 13.15 13.41 1.97  0.324 0.335 3.31 1.89% 

0.225 14.79 15.09 2.00  0.364 0.377 3.34 1.89% 

0.25 16.44 16.77 1.96  0.405 0.419 3.34 1.89% 

0.275 18.08 18.44 1.98  0.445 0.461 3.34 1.89% 

0.3 19.72 20.12 2.00  0.486 0.503 3.33 1.89% 
Table 2-1: FEA Contact Force and Normal Stress for 10.0-gram Monofilament Applied Normal to the Surface 

 

SolidWorks® FEA also produced detailed displacement and stress plots of the results for a 10.0-

gram rated monofilament. Figure 2-6a and 2-6b shows the displacement plot created as a result 

of the contact between the monofilament and specimen when the insertion depth was 0.150 mm, 

and with a 1000 kPa elastic modulus. This displacement correlated to approximately 10.0 gF 

produced as a result of contact. An impact crater formed at the center of contact and extends into 

the specimen. Likewise, Figure 2-6c and 2-6d depicts the normal stress plot. The monofilament 

was hidden in these plots, allowing for easy visibility of the crater formed. 
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Figure 2-6: FEA Displacement and Stress Plots- Human Skin Specimen Displacement and Normal Stress Plots for 

0.600 mm Insertion Depth 

a) Displacement Plot  

b) Displacement Plot Close-Up  

c) Normal Stress Plot  

d) Normal Stress Close-Up 

 

By varying the epidermis and dermis elastic moduli and the insertion depth, the composite 

homogeneous model yielded 140 total simulations, accounting for 20 different ratios of 

epidermis to dermis elastic moduli. Contact force and normal stress plots, grouped by dermis 

a) 
b) 

c) 

d) 
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modulus, were generated to show the impact of both moduli. Figure 2-7 shows the contact force 

relationship for a dermis elastic modulus of 100 kPa and corresponding epidermis moduli. A 

similar plot, Figure 2-8, was generated to show the relationship between the normal stress and 

the displacement for a 100 kPa dermis elastic modulus. Both figures depict a linear relationship 

between their respective variables in the following format: 

𝑦 = 𝐴δ Eq. 2-6 

 

In this equation y is the contact force (gF) or the normal stress (kPa), while δ is the displacement 

(mm). The y-intercept of these curves was manually set to zero to enforce the fact that at no 

displacement, i.e., no contact, there cannot be a contact force, nor normal stress. The slope of 

these lines, coefficient A, can then be further analyzed by taking the value and plotting it versus 

the epidermis modulus. Figure 2-9 and Figure 2-10 depict these plots for contact force and 

normal stress, respectively.  
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Figure 2-7: Contact Force Plot for 100 kPa Dermis Elastic Modulus versus Displacement, grouped by Epidermis 

Elastic Modulus (γ) 

 

 

Figure 2-8: Normal Stress Plot for 100 kPa Dermis Elastic Modulus versus Displacement, grouped by Epidermis 

Elastic Modulus (γ) 
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Figure 2-9: Contact Force Logarithmic Relationship Between Coefficient A and Epidermis Elastic Modulus, 

grouped by Dermis Elastic Modulus (λ) 

 

Figure 2-10: Normal Stress Logarithmic Relationship Between Coefficient A and Epidermis Elastic Modulus, 

grouped by Dermis Elastic Modulus (λ) 
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Regression analysis was used to understand the relationship between the coefficient, A, and the 

epidermis modulus; a logarithmic relationship was found to best fit the data. Two additional 

coefficients, B and C, were then extracted and analyzed. The following equation represents how 

both of these two additional coefficients, B and C, are related to coefficient A. 

 𝐴 = 𝐵 ∗ 𝑙𝑛(𝛾) − 𝐶 Eq. 2-7 

 

Coefficients B and C were then plotted versus their relative dermis elastic modulus (λ) values to 

further understand the relationships between these variables with further regression analysis. 

Figure 2-11 and Figure 2-12 show both of these coefficients for contact force and normal stress. 

The following equation captures these relationships for both coefficient B and C, where K1 and 

K2 are constants: 

 𝐵, 𝐶 = 𝐾1 ∗ 𝜆𝐾2 Eq. 2-8 

 

All of these equations can be combined together to form empirical equations for contact force 

and normal stress. The variables of the equations include epidermis elastic modulus, dermis 

elastic modulus, and displacement. Equation 9 is for the contact force expressed in grams force 

and Equation 10 is for the normal stress in kPa, where γ is the epidermis elastic modulus. 

Furthermore, γ and λ are expressed in kPa and the displacement, δ, is expressed in mm. R2=0.99 

for both Equation 2-9 and 2-10. 

 
𝐹 = [1.48𝜆0.3381 ln(𝛾) − 8.282𝜆0.2839]𝛿 

Eq. 2-9 

 

 

𝜎 = [17.579𝜆0.4023 ln(𝛾) − 105.11𝜆0.3072]𝛿 
Eq. 2-10 
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Figure 2-11: Contact Force Power Relationship Between Coefficient B & C versus Dermis Elastic Modulus 

 

 

Figure 2-12: Normal Stress Power Relationship Between Coefficient B & C versus Dermis Elastic Modulus 

 

2.5. Discussion  

 

 

The results foremost show that an increase in insertion depth yielded greater amounts of contact 

force and normal stress. Furthermore, when evaluating the theoretical equations from Sneddon, 

as the diameter became larger the contact force increased, but the normal stress decreased. If the 

diameter decreased, the area also decreased, which allowed higher stresses to be induced. When 
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using the theoretical equations for the 10.0-gram monofilament, a linear relationship existed 

between the contact force and normal stress when evaluated versus insertion depth. The more an 

indenter was applied into a material the greater the force produced. Likewise, if the force 

increased, the corresponding normal stress increased, since the contact area did not change its 

physical shape. However, what is most insightful is how sensitive these equations are to 

differences in skin elasticity. For an elastic modulus of 1000 kPa it took exactly 0.149 mm of 

insertion to produce 10.0 gF when using a properly calibrated monofilament. An elasticity of 

4000 kPa required 0.037 mm to produce the same force. The steeper the slope of the curve in 

Figure 2-4, the greater the influence that the insertion depth had on the force generated. In some 

cases, slight differences had a large effect on how much force was actually produced. 

Considering that these monofilaments are supposed to be applied by hand it would be 

exceedingly difficult to precisely stop applying the monofilament at exactly the right distance, 

even if the elasticity of the foot is known. It is also worth noting that the material properties of 

human skin differ from one person to another, which could influence the insertion depth required 

to obtain a certain amount of contact force. This would make it challenging to get the 

monofilament to achieve the desired force output.  

 

The homogenous isotropic model performed very well when compared to three different 

validation checks. Contact force and normal stress were calculated and compared for each 

displacement with the theoretical contact mechanics equations for elastic moduli between 1000 

kPa and 4000 kPa. The percent errors were consistent between all displacements, relative to their 

respected moduli. For 1000 kPa the percent error was 1.97% and was 6.39% for 4000 kPa when 

examining the contact force. The normal stress yielded percent errors of 3.32% and 7.56% for 
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1000 kPa and 4000 kPa, respectively. The reason that the results grouped by elastic modulus had 

approximately the same error was because the displacement is the only parameter that changed 

between simulations, meaning that the simulation solved the same way regardless of the initial 

condition applied. This consistency was seen in the strain energy norm where it was 

approximately the same for each displacement, for its respective modulus. The strain energy 

norms were 1.89%, 1.87%, 1.86%, and 1.86% for 1000, 2000, 3000, and 4000 kPa, respectively, 

which is within the 2% error allowed by the simulation solver. 

 

The justification for using the same mesh settings from the homogenous isotropic model in the 

composite isotropic model was because of the congruency of the contact force and normal stress 

to the theoretical contact mechanics and the strain energy norm. The composite isotropic model 

provided insight into the reaction of human skin on the plantar surface of the foot to a 

monofilament being applied noninvasively. After analyzing all simulations for this model, 

empirical equations were developed that provided insight into the complexities of contact on a 

composite material. The empirical equations show intricate relationships between the epidermis 

elastic modulus, dermis elastic modulus, and the insertion depth. Although they can still be 

classified as linear equations, they offer a wide range of outcomes in determining the contact 

force and normal stress caused by insertion of a 10.0-gram monofilament. Table 2-2 details the 

combinations of the three variables to produce exactly 10.0 grams of force, showing that the 

range of displacement can vary between 0.235 to 0.559 mm to produce the correct force at 

specific combinations of epidermis and dermis elastic moduli. Also noteworthy was how much 

effect the dermis modulus had on the contact force and normal stress produced when compared 

to the homogenous isotropic model and theoretical contact mechanics. The amount of 
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monofilament insertion required to produce 10.0 gF in the composite model was between 3.75 to 

6.35 times greater than previously determined from the homogenous model. All strain energy 

norms were between 1.01% and 1.99% and all of the 140 simulations that used the composite 

model ran between 2-3 iterations using the H-adaptive mesh parameters. 

 

Variables to Produce 10.0 

gF 

γ (kPa) λ (kPa) δ (mm) 

1000 100 0.559 

1000 150 0.470 

1000 200 0.416 

1000 250 0.379 

1000 300 0.351 

2000 100 0.439 

2000 150 0.372 

2000 200 0.331 

2000 250 0.303 

2000 300 0.281 

3000 100 0.391 

3000 150 0.332 

3000 200 0.296 

3000 250 0.271 

3000 300 0.252 

4000 100 0.362 

4000 150 0.308 

4000 200 0.275 

4000 250 0.252 

4000 300 0.235 
Table 2-2: Combinations of Epidermis, Dermis, and Displacement to Produce 10.0 gF for Composite Isotropic 

Human Skin Model 

 

Ultimately, regression analysis provided a means to understand the behavior of the composite 

model. This assertion is supported as the R2 value of both empirical equations was approximately 

one. However, coefficient C of the empirical equation for normal stress had the poorest 

relationship with the data, with an R2 value of 0.6143. Nonetheless, this coefficient had a 
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negligible effect on the accuracy of the empirical equation for normal stress. It was abnormal, 

especially since throughout the study the regression analysis showed significantly stronger 

correlations when curve fitting the data.  

 

Overall, the theoretical contact mechanics and FEA results indicate that slight differences in 

insertion depth had large effects on the force delivered via the monofilament. FEA simulations 

are a powerful tool that lets users model the effects of bodies under load, or in this analysis 

bodies in contact with one another. It can also be used as an iterative process in order to test 

different combinations of fixtures, loads, and settings to compare results between simulations. 

Although some clinicians may be able to use a Semmes-Weinstein monofilament accurately and 

repeatedly, attention to application technique must be used when attempting to recreate the 

correct force delivered over multiple applications of the monofilament.  

 

2.6. Limitations  

 

The greatest limitation with this study is regarding the assumptions necessary to use the 

empirical equations developed. They only work with linear elastic material properties and with 

small displacements. The empirical equations would most likely not work with insertions depths 

greater than 1.0 mm as a result of the small displacement assumption; were not evaluated past 

0.7 mm in this study. SolidWorks® will alert the user if the simulation needs to be solved with 

large displacements and for both models in this study it was verified that small displacements 

were adequate. Also, the fact that both the contact force and normal stress were within an 

acceptable percent error compared to the theoretical contact mechanics verified that small 

displacement simulations were appropriate for this study. Furthermore, the percent error could be 
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improved by setting the accuracy parameter to 99%. However, this would require more than 2-3 

iterations to solve per configuration in each model. This study did not consider a range of elastic 

moduli for the subcutaneous fat layer and did not consider different thicknesses of the epidermis, 

dermis, or subcutaneous fat layers.  

 

Although this study assumed that the nylon monofilament and human skin were linear elastic, 

further studies should consider using nonlinear or hyperelastic variants of the material properties. 

Human skin is viscoelastic, which means that loading rate will impact the stiffness response of 

the material. If loaded at a faster rate than the stiffness of the skin will increase. Considering 

these type of material models would require a nonlinear FEA which could take much effort to set 

up and find adequate settings. Another area of future work could involve nonlinear dynamic 

buckling analysis using the work of Russell and White in order to model the buckling behavior 

of the monofilament when it comes in contact with the skin [93]. The research of Szalai may also 

be useful for nonlinear simulations [94]. Nonlinear mechanical properties of human skin should 

be considered for future FEA [95]. It is anticipated that a similar process could be employed to 

determine empirical equations with the use of nonlinear material properties, or even with 

additional parameters such as varying the thicknesses of the epidermis, dermis, and subcutaneous 

fat layers, along with monofilaments with different diameters.  

 

2.7. Conclusions  

 

This study sought out to understand how insertion depth, monofilament diameter, and skin 

material properties affect neuropathy assessment on the plantar surface of the foot. The contact 

force and normal stress were examined using FEA and were validated using theoretical 

equations. The homogenous isotropic model simulations performed well compared to theoretical 
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contact mechanics and were shown to be an effective way of validating the mesh settings used 

for the composite isotropic model. Empirical equations were derived from the results of the 

composite isotropic model and showcased how the contact force and normal stress are affected 

by epidermis elastic modulus, dermis elastic modulus, and insertion depth. SolidWorks® 

Simulation was an effective way of running all 188 simulations and had many useful features 

that helped model the studies close to real life conditions. Finally, the results indicate that it 

would be extremely difficult to accurately apply a consistent contact force by hand for assessing 

neuropathy. The accuracy of the monofilament test is not only subjective of how far it is applied, 

but also affected by the elastic modulus of the individual’s skin. As such, attention to application 

technique must be taken when using hand-applied monofilaments for neuropathy assessment. 

Furthermore the results from this chapter informed design requirements for the automated tool 

prototypes presented in Chapters 3 and 6. 
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Chapter 3: The Neuropathy Cartographer Mk1 

 

 

3.1. Introduction 

 

The findings from Chapter 2 of this dissertation demonstrate the necessity for a more reliable 

tool for neuropathy assessment, given the accuracy dependency on not only the insertion depth, 

but the material skin properties of the subject. Some clinicians may have the hand control 

necessary  to use the hand-applied monofilament accurately and repeatedly, but there is always 

the potential for these variables to influence the assessment. In order to improve the relatability 

and accuracy of neuropathy assessment an automated tool and corresponding testing 

methodology have been created. Both of which can have a positive impact on neuropathy 

assessment on the plantar surface. The proposed solution takes the current hand-applied 

Semmes-Weinstein monofilament and implements robotics to automate the evaluation. 

Standardizing the testing procedure may allow physicians to measure the efficacy of treatments, 

monitor disease progression, and map out the subject’s plantar threshold sensitivity more 

accurately.  

 

3.2. Design Objectives 

 

The device needed to meet certain design objectives to make it feasible. It had to be easy to 

manufacture, in which anyone with a technical background could assemble it within a few hours. 

Simple tools such as Allen wrenches, screw drivers, pliers, crescent wrenches, and a level should 

be the only tools required to assemble. It should ideally be built by only one individual, but no 

more than two should be necessary. Components should be adjustable to accommodate the 

different foot size of approximately 95% of the population. The machine needed to be easy to 

transport between exam rooms with the use of a rolling cart. The solution was required to apply a 
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contact force using a commercially available Semmes-Weinstein monofilament. It also had to 

apply at minimum three contact forces using only one monofilament between 0.2 and 10.0 grams 

of force. The targeted accuracy for the device needed to be within a 0.5 grams of force margin of 

absolute error, with a resolution of 0.1 grams of force. These requirements will be validated in 

the clinical study presented in Chapter 4 of this dissertation, in addition to being compared to the 

accuracy of both hand-applied monofilaments and other automated tool inventions. The machine 

needed to perform the assessment with the monofilament so that it was still noninvasive, just like 

the hand-applied assessment. It also needed to operate with the subject’s foot out in front of 

them, as this is how the assessment is currently performed. Safety is always paramount, which 

required safety features, such as non-sharp edges and properly connecting all electrical wires. 

Incorporating quality power supplies with built in fault detections were necessary. The 

automated tool needed to evaluate one foot at a time and be comfortable for the subject during 

use. Ideally subjects will place their foot in the device and then in a future evaluation their foot 

can be relocated to the same position as before. The subject’s foot had to be secured in a way to 

prevent excessive motion during data collection. The device had to accommodate 95% of the 

world’s population. Multiple locations on the plantar surface were required to be evaluated 

during an assessment. Disinfecting surfaces between subjects was also necessary. The evaluation 

time per foot could take no more than 15 minutes. Lastly when manufacturing at volume the cost 

of the device should cost approximately $1,000.00, not including a computer. 

 

3.3. Mk1 Design 

 

The Mk1 solution for the automated tool took the form of a computer numerical control machine. 

It was designed using SolidWorks and is presented in Figure 3-1. It used a gantry system to 

move a Semmes-Weinstein monofilament to plantar surface testing locations. It also featured an 
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innovative probe system that allowed for a range of monofilament contact forces to be applied. 

The following sections detail the main subassemblies that make up the Mk1 diagnostic tool. The 

device was approximately 45 pounds, with overall dimensions being 23.5 inches in width, 29 

inches in height, and 19.75 inches in depth. All components needed to manufacture the Mk1 

prototype was approximately $2,300.00, which included parts from 80/20 Inc, McMaster-Carr, 

and Amazon. The prototype also featured 3D printed components. A $200.00 46-inch Husky 

workbench was also implemented, which can adjust its height to accommodate different 

examination tables. The device was bolted to the workbench to prevent it from falling off the 

table. The laptop used to run the device was a Dell Inspiron 15 3000 Touch Laptop, offered at a 

price of $588.00. The laptop and the workbench are not included in the $2,300.00 spent on parts 

and electronics. Furthermore, a nonprovisional patent application detailing the Mk1 prototype 

has been filed to the USPTO, under application number US 17027464. 
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Figure 3-1: Mk1 Automated Tool Prototype 

 

3.3.1. Mk1 Chassis Subassembly  

 

The chassis was created out of seventeen 80/20 aluminum T-slot profiles. Its overall shape was 

rectangular and its generally what provided the overall shape of the device. Components and 

other subassemblies connected to the chassis using t-nuts. A front cover plate made of clear 
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acrylic was mounted to the front face of the device, in order to prevent the subject’s foot from 

entering inside of the device. Stepper motors were mounted onto the chassis directly, in addition 

to cooling fans and motor covers. A camera mount and camera (Logitech Brio) were also 

attached at the rear of the chassis.  

 

Figure 3-2: Mk1 Chassis Subassembly3 

a) Isotropic View 

b) Front View 

c) Side View 

 

 

3.3.2. Mk1 Foot Clamp Subassembly  

 

Mounted in the front of the chassis was the foot clamp subassembly, Figure 3-3, which retained 

the only components that came in direct contact with the subject’s foot, other than the Semmes-

Weinstein monofilament. The clamping mechanism was based on the design of a Brannock 

device, often used to measure the size of an individual’s foot. The subject’s foot needed to be 

 
3 80/20 Aluminum T-slot profiles (White), Camera Mounting Plate (Green), Camera Mount (Yellow), Logitech Brio 

Webcam (Blue) 

a) 
b) c) 
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placed in the device so that the plantar surface was in contact with the foot plate. The individual 

components of the clamp could be adjusted up and down and left and right to accommodate 

different size feet. Once in position these components can be locked into place using the various 

screw down knobs. When used in concert with the engraved ruler, Figure 3-4, on the cover plate 

of the device, the individual components can be relocated to specific positions. There was also a 

locator on the clamping mechanism to align with the ball of the foot in order to create a reference 

point for future use. The toes of the subject were strapped down with minimal pressure using a 

Velcro strap. Furthermore, the ankle was placed in a curved ankle holder and was strapped down 

to prevent rotation. The clamping structures were also padded with EVA foam to aid in comfort.  

One of the most prominent features of the device was the foot plate, which featured an array of 

holes. Each of the 1,029 holes functioned as potential assessment locations, each being 0.1875 

inches in diameter. Each hole was evenly spaced 0.25 inches apart in a 5 inch by 7-inch rectangle 

and accommodated 95% of the world’s maximum foot size [96]. The foot plate was made from 

clear cast acrylic, which permitted the camera mounted on the back of the device to take a photo 

of the subject’s foot overlayed with the holes. The foot plate was recessed inwards below the 

front panel of the machine, which reduced the travel distance the monofilament needed to 

contact the plantar surface. All surfaces were easy to disinfect with the use of either wipes or 

sprays.  
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Figure 3-3: Mk1 Foot Clamp Subassembly4 

a) Isotropic View 

b) Front View 

 

 

 

 

 

 
4 Perforated Foot Plate (Dark Blue), 80/20 Aluminum T-slot profiles (White), Toe Clamp (Maroon), Foot Clamp 

Base (Magenta), Foot Clamp (Green), Ball of Foot Locator (Orange), Ankle Holder (Blue), Linear Sleeve Bearing 

(Red), Clamp Lock (Bronze), Screw Down Knobs (Black), Ankle Strap Mount (Grey) , Toe Strap Mount (Dark 

Green), Linear Motion Shaft (Yellow) 

a) 

b) 
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Figure 3-4: Mk1 Foot Clamp Subassembly Mounted on Front of the Automated Tool 

 

3.3.3. Mk1 Gantry Subassembly 

 

The gantry subassembly, Figure 3-5, translated the Semmes-Weinstein monofilament in the x 

and y directions of the device. It essentially moved the monofilament to one of the many holes 

on the foot plate for evaluation. It was comprised of belts, pulleys, linear sleeve bearings, linear 

mounted bearings, shaft collars, linear motion shafts, and 3D printed motion carriages, in 

addition to various fastening elements. There were four linear motion assembles, Figure 3-6, that 

made up the gantry subassembly; mounted onto brackets, directly connected to the chassis. The 

linear motion assemblies interconnected with each other at 90-degree intervals, outlining the 

rectangular chassis. The probe subassembly was connected between two perpendicular linear 

motion shafts and were also connected to the linear motion assemblies. The connection was 
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maintained by a press fit with the accompanying hole on the motion carriage, as well as with the 

use of self-locking retaining rings. GT2 timing belts and pulleys were incorporated into the 

assembly, which have become a standard in 3D printers and robotics [97]. The belts were 

attached to the motion carriages and the tension was maintained with the use of belt tensioners. 

Two stepper motors were connected at opposing corners of the device, each of which were 

connected to a linear motion shaft via a flexible shaft coupling. The shaft collars functioned as 

physical stops, which defined the total travel range in the x and y axis. 3D printed knobs were 

installed at the ends of the linear motion shafts for manual operation of the device, if required. It 

was previously determined that the gantry system had approximately a 99% accuracy in both the 

x and y axis [98].  
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Figure 3-5: Mk1 Gantry Subassembly5 

a) Isotropic View 

b) Front View 

 

 

 

 

 

 

 
5 Brackets (Grey), Linear Motion Shaft (Yellow), Linear Sleeve Bearing (Red), GT2 Timing Pulley (Orange), GT2 

Timing Belt (Black), Coupling (Bronze), Stepper Motor (Blue/Black), Mounted Sleeve Bearing (Dark Blue), Shaft 

Collars (Maroon), 3D Printed Motion Carriage (Green), Belt Tension Plate (White), Mk1 Probe Subassembly 

(Magenta) 

a) 

b) 
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Figure 3-6: Mk1 Linear Motion Assembly6 

a) Isotropic View 

b) Side View 

 

3.3.4. Mk1 Probe Subassembly  

 

The probe subassembly translated the monofilament in the z-direction until it contacted the 

plantar surface. The monofilament was actuated through the hole of the foot plate until it made 

contact on the plantar surface. The probe subassembly used a commercially available 10.0 grams 

of force Semmes-Weinstein monofilament indirectly attached to a load cell in sequence with a 

stepper motor. Chapter 2 of this dissertation demonstrates the challenges of accurately driving 

the monofilament forward without force feedback, which lead to the implementation of a load 

 
6 Linear Motion Shaft (Yellow), Linear Sleeve Bearing (Red), GT2 Timing Pulley (Orange), Coupling (Bronze), 

Stepper Motor (Blue/Black), Mounted Sleeve Bearing (Dark Blue), Shaft Collars (Maroon), 3D Printed Motion 

Carriage (Green), Belt Tension Plate (White) 

a) 

b) 
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cell stepper motor feedback loop. As the stepper motor moved forward, the load cell 

continuously measured the force output until it reached a prescribed value. Once the 

monofilament made initial contact it began to reduce the rate of insertion, until it reached its 

targeted force. The monofilament itself was housed in a holder which straightened the 

monofilament. Furthermore, the assembly featured a miniature ball bearing carriage which 

provided support as the monofilament was actuated. This was essential to overcome the 

instability in the assembly, resulting from mounting all of the essential components to the stepper 

motor alone. The subassembly also featured components mainly manufactured using 3D 

printing, such as platform blocks, the housing, and the chassis. This subassembly and its 

components are presented in Figure 3-7. The accuracy of this system is presented in Chapter 4 of 

this dissertation.  
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Figure 3-7: Mk1 Probe Subassembly7 

a) Isotropic View 

b) Top View 

c) Front View 

 

 

3.3.5. Mk1 Electronics  

 

Electronics included three stepper motors, three stepper motor drivers, four limit switches, a load 

cell, a HX711 amplifier, an Arduino Mega, an Arduino Uno, a Logitech Brio webcam, a power 

supply, and a buck converter. Figure 3-8 presents these electronics. Two SureStep STP-MTP-

 
7 Monofilament (Magenta), Monofilament Holder (Blue), Standoffs (Bronze), Load Cell (Green), Platform (White), 

Support Block 1 (Dark Green), Support Block 2 (Maroon), Support Block 3 (Black), Stepper Motor (Yellow), 

Miniature Ball Bearing Carriage (Orange), Linear Sleeve Bearing (Red), Chassis (Gray), Housing (Dark Blue) 

a) 

b) 

c) 
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17040D stepper motors were used in the gantry system. These NEMA 17 bipolar stepper motors 

have 3.81 lb-in of torque, have 1.7 amps per phase, and have 200 steps per revolution [99]. The 

STP-DRV-6575 stepper motor driver allowed the stepper motors to be microstepped between 

200-20000 steps per revolution [99]. These specific components were powered by a STP-PWR-

4805 48-volt, 5-amp, DC power supply [99]. The third stepper motor was the Walfront D8-

MOTOR80, which featured a built-in lead screw driven carriage. As the motor actuated, the 

carriage would translate back and forth with a screw pitch of 0.5 mm [100]. It was rated at 20 

steps per revolution and operates between 9 and 12 volts, with a 0.800 amps per phase rating 

[100]. This equated to a linear travel distance of 0.025 mm per step, which is an identical 

resolution considered for the homogenous isotropic model and four times the resolution 

considered in the composite isotropic model from Chapter 2 of this dissertation. The Walfront 

stepper motor was connected to a TB6600 stepper motor driver, which was powered by a buck 

converter. The buck converter stepped down the 48 volts supplied by the STP-PWR-4805 to 9 

volts. Limit switches were mounted along the x and y axis of the machine and interacted with the 

gantry subassembly. These not only assisted in calibrating the gantry system before each use, but 

also to stop the machine if triggered. The most important electrical component was the RB-Phi-

203 100-gram micro load cell. This small load cell supported weight up to 100 grams, with an 

error of ±50 milligrams. The rated output of the load cell was 600 μV/V and had a 1000-ohm 

impedance [101]. The HX711 amplifier is a 24-bit analog-to-digital converter and was set to 

sample data at 10 Hz [102]. The power supply, stepper motor drivers, HX711, Arduino Mega 

and Uno were all mounted onto a wooden board, fixed away from the subject. 
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Figure 3-8: Mk1Electronics 

a) STP-PWR-4808 Power Supply 

b) STP-DRW-6575 Stepper Motor Drive 

c) TB6600 Stepper Motor Drive 

d) Arduino Mega 

e) Arduino Uno 

f) RB-Phi-203 100g Micro Load Cell 

g) Logitech Brio Webcam 

h) STP-MTR-17040D Stepper Motor 

i) Walfront D8-MOTOR80 Stepper Motor 

j) Limit Switch 

 

a) 
c) 

e) 

b) 

d) 

f) 

h) i) 
j) 

g) 
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3.4. Assessment Methodology and Features 

 

With an automated approach for neuropathy assessment on the plantar surface came a new 

methodology and features that previously were not present. Following the subject’s foot being 

placed on the device, the operator initiated the MATLAB script developed to control the 

automated tool. After going through positional calibrations, a picture was taken of the subject’s 

foot through the clear acrylic foot plate with the webcam mounted on the rear of the device. The 

webcam was mounted vertically, which allowed for a close-up image of the foot to be taken. A 

grid overlay was generated over the locations of all the holes of the foot plate. The script then 

requested that the operator select testing locations by clicking on corresponding locations on the 

picture at the intersections of the grid, 13 in total. Locations were selected by region, the first 

region being the toe region. Each of the heads of the five toes were selected. The second region 

assessed was the ball of the foot region, which also had five locations. The third region was the 

heel region, which had three locations. After all locations were selected, the device began the 

assessment by randomly selecting one of four regional testing order paths. These testing paths, 

presented in Table 3-1, were optimized to limit the amount of travel between regions. As such, 

the heel region was either assessed first or last, with the other two regions occurring in the 

middle. Once the script had selected a testing order path, the locations within this region were 

assessed randomly, also determined by the script. Incorporating the use of a restricted 

randomization prevented the subject and the clinician from imposing biases and prevented the 

subject from being able to guess the order of occurrence. This was achieved using the MATLAB 

function rng shuffle. Once the locations had been randomized in the first region assessed, the 

gantry system moved the probe subassembly into position at the first testing location. At this 

point the script used a homing sequence to ascertain the location’s threshold sensitivity, 
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illustrated in Figure 3-9. The homing sequence evaluated for the subject’s threshold sensitivity to 

be approximated into the following categories: 0.35, 0.70, 2.0, 4.0, 6.0, 8.0, 10.0, and >10.0 

grams of force. The first load the machine applied was 0.35 grams of contact force. The subject 

was provided a handheld led pushbutton during the assessment, Figure 3-10, which blinked for 

five seconds after a stimulus had been applied. If the subject perceived the stimulus they were 

instructed to press and hold the pushbutton for one second to document their response. If the 

subject felt the 0.35-gram force load, then the locations threshold sensitivity was documented as 

such, and the probe subassembly was moved to the next location. If the subject did not feel the 

0.35-gram force stimulus, a 10.0-gram force stimulus was applied next. Should the subject still 

not feel the monofilament applied at 10.0 grams of force, then this location had a threshold 

greater than 10.0 grams of force and the next location was then assessed. If the subject indicated 

that they felt the stimulus, then the machine proceeded to assess the location at 4.0 grams of 

force, followed by the other forces included in the homing sequence. The goal of the homing 

sequence was to determine the location’s threshold sensitivity without applying all seven contact 

forces, reducing the overall assessment time. This process was repeated from location to 

location, and from region to region, until all 13 locations on the subject’s foot had been 

evaluated. At this point the original image of the subject’s foot was then updated to show the 

threshold sensitivity results. The subject’s second foot was then evaluated, using the same 

procedures. At the conclusion of the assessment the subject’s threshold sensitivities on both feet 

were generated and ready for future analysis.  

 

False positives checks were also included the methodology, where each location had a 10% 

probability of occurrence. When a false positive check occurred, the probe assembly actuated the 
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monofilament forward, but did not contact the plantar surface. This mimicked the sound of an 

actual application of the monofilament. The handheld LED pushbutton also queried the subject. 

A false positive check either occurred before or after the homing sequence determined the 

location’s threshold sensitivity.  

 

 Testing Order Paths 

Order of 

Occurrence 1 2 3 4 

1st Heel Distal Phalanges Metatarsal Heads Heel 

2nd Metatarsal Heads Metatarsal Heads Distal Phalanges Distal Phalanges 

3rd Distal Phalanges Heel Heel Metatarsal Heads 
Table 3-1: Regional Assessment Testing Order Paths 

 

 

Figure 3-9: Homing Sequence 
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Figure 3-10: Handheld Pushbutton for Cataloging Responses 

 

3.5. Controls and MATLAB Interface 

 

The automated tool was controlled using a MATLAB (R2018a release) script which 

communicated in tandem with the Arduino Mega and Uno. The Arduino Mega operated an open-

source CNC software, known as GRBL. GRBL was responsible for operating the gantry system 

and essential moved the probe subassembly to each location. The MATLAB script sent g-code 

instructions to GRBL over serial communication through one of the USB ports on the computer. 

These g-code instructions are the x and y locations of each of the locations. The initial homing 

sequence was also controlled by GRBL, in addition to any safety features related to the gantry 

system hitting a limit switch. The Arduino Uno operated the probe subassembly, by actuating the 

monofilament against the plantar surface. The MATLAB script sent the Arduino Uno the amount 

of force that should be applied, depending on the current homing sequence step. The 

monofilament was then driven forward by the stepper motor, until the load cell measured the 

desired force. Once initial contact was made between the subject’s skin and the monofialemnt 

the probe subassembly begins to slow down the insertion rate of the monofilament until it finally 

reaches its targeted value. After the subject’s response was documented, the Arduino Uno then 
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sent the response and the actual force applied back to the MATLAB script for further 

interpretation. A nonblocking stepper motor Arduino library and a nonblocking HX711 amplifier 

library were both used in the Arduino Uno code. These libraries made it possible accurately 

apply the monofilament, as they permitted a seamless data acquisition rate. All of these scripts 

and codes worked together to control the automated tool and to made it possible to improve the 

hand-applied monofilament technique.  

 

 

3.6. Design Validation  

 

The prototype developed achieved the design objectives. By using modular T-slot aluminum 

profiles, components could be adjusted to fit different foot sizes. This paired with the perforated 

foot plate made the assessment of multiple locations on the plantar surface feasible. The foot 

clamping mechanism not only allows for the subject’s foot to be retained comfortably, but it can 

also be used to precisely relocate the subject’s foot in the future. This allows for the assessment 

of the same locations over the course of multiple evaluations. This version took approximately 

12 hours to assemble once all components were gathered. The weight of the device by itself was 

45 pounds, and when combined with the mobile workbench, the prototype was easily 

transportable. The prototype also used a commercially available 10.0 grams of force Semmes-

Weinstein monofilament and with the feedback loop between the stepper motor and load cell it 

could be applied at various contact forces. By using a typical Semmes-Weinstein monofilament 

in the automated tool, the assessment remained noninvasive. Preliminary pilot testing found that 

the device operated reliably between 0.35 and 10.0 grams of force. Its accuracy and effectiveness 

are discussed in Chapter 4 of this dissertation. Safety was also maintained by keeping all 

mechanical and electrical components away from the subject during the test, and by using quality 
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electronics with built-in safety settings. Although it cost $2,300.00 to manufacture this prototype, 

it is anticipated that if manufactured at volume the cost can be reduced closer to the targeted 

$1,000.00 mark. Components such as the 80/20 aluminum T-slot extrusions, motor couplings, 

and the miniature ball bearing carriage could be acquired for less at volume. The final assembled 

version of the Mk1 automated tool prototype is featured in Figure 3-11.  

 

 

Figure 3-11: Assembled Mk1 Automated Tool Prototype 
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Chapter 4: Performance Analysis and Clinical Evaluation of an Automated Tool for 

Plantar Threshold Sensitivity Assessment in a non-Diabetic Control Population 

 

 

4.1. Abstract  

 

Neuropathy is associated with sensation loss in the extremities. Semmes-Weinstein 

monofilaments are common tools used to assess an individuals’ sensation perception. A tool was 

developed to automate this testing protocol and to more accurately determine an individual’s 

threshold sensitivity at various locations on the plantar surface. Individuals without type 2 

diabetes mellitus (DM2) were classed as control subjects. They were evaluated using a hand-

applied monofilament and the automated tool. The device accuracy of the automated tool was 

first determined, followed by subject’s threshold sensitivity at each location. Twenty-six 

locations were evaluated per subject between 0.35 and 10.0 grams of force. A threshold 

sensitivity index norm was calculated based on the threshold sensitivity at each location per 

individual and was plotted versus age, body mass index, ankle brachial index, fasting blood 

sugars, and HbA1c. The device demonstrated accuracy with an absolute error less than or equal 

to 0.4 grams of force at most locations. Age showed the strongest relationships to sensation loss. 

As age increased sensitivity to touch decreased. The automated tool was shown to be effective in 

determining an individual’s threshold sensitivity in individuals without DM2. The calculation of 

the threshold sensitivity index norm was useful to classify sensation loss.  
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4.2. Introduction 

 

Diabetic peripheral neuropathy (DPN), oftentimes referred to as diabetic foot, affects 40-60 

million people who typically experience a loss of sense to pressure and pain due to their reduced 

sensation in the hands and feet [4, 5, 34]. These individuals most commonly report burning feet 

as a symptom of neuropathy, although other symptoms include numbness, tingling, and antalgic 

gait [26, 28, 79]. These people also have an increased risk of infection, which can lead to ulcers, 

amputations, and even death [9, 10, 80, 82].  

 

Vibratory analysis via tuning forks, applying electrical stimulation, and even measuring the 

reflectance spectra of human skin have all been used to study sensation loss [4, 10, 27, 29, 61]. 

However, force application with a hand-applied monofilament is the most common technique. In 

the 19th century, horsehair was used for sensation perception [50, 51]. Then, in the 1960s, 

Semmes and Weinstein used nylon monofilaments for neuropathy assessment on the palmar 

surfaces of subjects with brain injuries, which would later be called Semmes-Weinstein 

monofilaments (SWMs) [50, 51, 52]. The clinician applies the monofilament perpendicular to 

the testing site until it buckles [52, 54]. These easy-to-use devices are thought to be able to 

minimize movement effects of the clinician’s hand while being applied and are popular because 

they are quick, noninvasive, and cost effective [9, 52, 53, 83].  

 

SWMs are commonly expressed using an evaluator size which represents the amount of force 

they produce at buckling, often in the range between 0.008 to 300 grams of force (gF) [29]. The 

10.0-gF rated SWM is the most common to assess for protective sensation loss [9, 103]. The 
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relationship between the evaluator size and the force applied is logarithmic, which further relates 

the stimulus intensity to the perceived sensation ratio via “Weber’s Law” [29, 51, 52, 54].  

Hand-applied SWMs are influenced by many factors, both dependent and independent of the 

clinician. The force applied by the monofilament is influenced by the insertion angle and the rate 

of insertion  [54]. The monofilaments are also subjected to fatigue in which the produced contact 

force can vary after as few as ten applications on the skin [54]. Moreover, the elasticity of the 

subjects’ skin also affects the accuracy of a SWM assessment [76]. Automated approaches have 

been developed to apply the monofilament, such as the work by Siddiqui et al., which used a 

robot to apply a SWM to the plantar surface [67]. A handheld device which used a LED to 

indicate when a SWM was applied at 10.0 gF was developed by Spruce and Bowling [69]. 

Meanwhile, Wilasrumee et al. also developed a tool to apply a SWM at 10.0 gF, which compared 

well with vibratory and hand-applied SWM assessments [66].  

 

In order to improve the accuracy, reliability, and repeatability of neuropathy assessment, a 

diagnostic tool was developed which automates testing of threshold sensitivity at various 

locations on the plantar surface by using the hand-applied SWM [98]. The device has similarities 

to the previously mentioned automated approaches, however this device allows for the 

application of a variety of contact forces using only a single monofilament. This allows for the 

determination of an individual’s threshold sensitivity at multiple locations on the plantar surface. 

The first objective of this study was to conduct a performance analysis on the automated device 

to validate its accuracy in a control population of individuals without type 2 diabetes mellitus 

(DM2), followed by a comparison of results to hand-applied SWM. The second objective of this 

study was to observe the relationships between recorded sensation to age, body mass index 
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(BMI), ankle brachial index (ABI), fasting blood sugars (FBS), and HbA1c levels. Evaluating 

these results in a control population will support future studies of sensation loss in subjects with 

DM2.  

 

4.3. Methods 

 

4.3.1. Human Subject Demographics and Exclusion Criteria  

 

For this study 59 human subject volunteers were recruited from the Auburn-Opelika Alabama 

area, ranging between 41 to 81 years of age (Mean ± Standard Deviation= 61.9±10.8 years). Two 

subjects did not mee the ABI criteria and were removed from the study. This left 57 subjects 

included in this study. There were 29 male and 28 female participants who were patients of 

Internal Medicine Associates (IMA) in Opelika. In this report all individuals were control 

subjects, meaning they were over the age of 40, had an ABI greater than or equal to 1.0 mmHg, 

and did not have diagnosed DM2. All subjects gave their informed consent to be a part of this 

research study, which was given approval by the Edward Via College of Osteopathic Medicine 

(VCOM-Auburn, USA) Institutional Review Board, protocol 2020-004.  

 

4.3.2. Medical Chart Data Retrieval and ABI Screening Procedures 

 

After an investigator explained the study to the subjects and obtained written consent to 

voluntarily participate, the subject’s IMA medical chart was accessed. Data such as the subject’s 

age, BMI, FBS, and HbA1c levels were retrieved and written down on the subject’s datasheet for 

the study. In this study, up to the three most recently documented FBS and HbA1c levels were 

recorded, with the respective average values calculated and used for analysis. However, some of 

the subjects did not have FBS (n=3) and HbA1c (n=27) documented in their medical chart, due 

to their absence of diagnosed DM2. This lack of data did not remove the subjects from the study. 



 

97 

 

Following the retrieval of their medical data, the subject’s ABI was calculated and written down. 

If the subject’s ABI was below the 1.0 mmHg minimum, then they were excused from further 

analysis, and no further data were collected from them.  

 

4.3.3. Hand-Applied SWM Application Procedures  

 

Subjects were evaluated for threshold sensation on the plantar surface using a hand-applied 

SWM. Subjects were in the supine position on an exam table, with their head elevated and their 

legs out in front of them. Their socks were removed, and their feet hung over the end of the exam 

table with their toes pointing straight up. Their calves were supported underneath by the exam 

table. A 10.0-gram contact force monofilament was used at 13 locations per foot (Figure 4-1), as 

it is the most common rated monofilament used for neuropathy assessment. Locations were 

comprised of the five toes (distal phalanges), five on the ball of the foot (distal metatarsals), and 

three on the heel (calcaneus). The hand-applied SWM was applied perpendicular to the surface 

until it buckled and was promptly removed, after which the subject verbally stated if they felt the 

applied stimulus. Their response was documented on their datasheet for all locations on both 

feet. Locations assessed using the hand-applied SWM were evaluated anterior to posterior, where 

the great toe was first assessed. The great toe was followed by the first distal metatarsal (directly 

below the great toe), to the first heel location. The second toe was tested and succeeded by the 

second distal metatarsal, then to the center of the heel. This process was then used on the third 

toe, to the third distal metatarsal, and to the third heel location. The fourth toe was evaluated 

followed by the fourth distal metatarsal, then the fifth toe, and finally ending at the fifth distal 

metatarsal. 
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Figure 4-1:  Plantar Surface Evaluation Locations for the Hand-Applied Monofilament and the Automated Tool 

 

4.3.4. Automated Tool Evaluation Procedures  

 

The other tool used in this study was an automated device that was designed to apply the 

standard hand-applied SWM directly to the plantar surface (Figure 4-2) [98]. The automated 

device used belts and pulleys to move the SWM to any location along a perforated transparent 

hole plate, comprising of 1,029 holes. In an upright position on the exam table, with their back 

supported by a backrest, the subject placed their foot against the foot plate with their toes 

pointing upward, while their foot was strapped into place. The machine used a load cell feedback 

loop with a stepper motor to accurately deploy the monofilament through the hole until it 

contacted the human skin at the prescribed force (RB-Phi-203 100g Micro Load Cell). Arduino 
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microcontrollers (Arduino Uno and Arduino Mega) were used to interface between the machine 

and a MATLAB script that controlled the device. The script took the force data from the 

automated device and interpreted it for threshold sensitivity analysis. Furthermore, the device 

featured a camera (Logitech BRIO) which was used to take a photograph of the subject’s foot, 

which was used to select testing locations. The photograph also documented the results of the 

test at the end of the assessment, by creating a visual representation of the subject’s threshold 

sensitivity at each location. Figure 4-3 illustrates an example threshold sensitivity map of a 

subject’s foot evaluated using the automated tool. The automated tool applied the SWM at a 

range of forces: 0.35, 0.70, 2.0, 4.0, 6.0, 8.0, and 10.0 gF using a homing sequence illustrated in 

Figure 4-4. These values are consistent in neuropathy assessments, often with the use of 

individually calibrated SWMs [29]. This homing sequence allowed for the threshold sensitivity, 

or the subject’s minimum amount of contact force sensation, at that location to be assessed as 

quickly as possible without having to apply the SWM all seven times. Similar to the hand-

applied tool, the same 13 locations per foot were assessed. However, when using the automated 

tool, the locations were subdivided into three testing regions: the toes (n=5), the ball (n=5), and 

the heel (n=3) (Figure 4-1). Moreover, locations were randomized within each region, resulting 

in neither the subjects nor the clinician knowing the testing order of locations within regions.  

The automated device also featured a blinking push button for the subjects to catalogue an 

affirmative response to the prescribed force. They were instructed, before the assessment, that 

they must press and hold the pushbutton for one second to confirm that they felt the stimulus. A 

five second window was provided for the subjects to press the pushbutton. Not depressing the 

button designated a negative response to the subject sensing the monofilament. False positive 

checks were also a part of the assessment protocol with the automated device; each location 
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having a 10% chance of occurrence. During a false positive check, the SWM did not contact the 

subject’s skin, but it still queried them via the pushbutton. Each foot was assessed one at a time 

and at the conclusion of the evaluation the data were saved in a MATLAB workspace. The 

collected data were used to create a threshold sensitivity map for both feet, providing the results 

of the automated assessment.  

 

 
Figure 4-2: Automated Tool Experimental Device Onsight at IMA 
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Figure 4-3: Threshold Sensitivity Map as seen in MATLAB Script Interface 

 

 

 
Figure 4-4: Automated Tool Homing Sequence Protocol for Threshold Sensitivity Determination 
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4.3.5. Accuracy Analysis Overview 

 

Analysis was first conducted on the device accuracy, which compared the prescribed force, or 

the value that the device intended to deliver, to the actual amount of force applied to the skin 

measured by the load cell. This was carried out for all locations at all force levels by calculating 

the absolute error (Equation 4-1). An average absolute error was calculated for each location and 

at all prescribed force levels. 

 

𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝐸𝑟𝑟𝑜𝑟 = |𝐴𝑐𝑡𝑢𝑎𝑙 𝐹𝑜𝑟𝑐𝑒 − 𝑃𝑟𝑒𝑠𝑐𝑟𝑖𝑏𝑒𝑑 𝐹𝑜𝑟𝑐𝑒| Eq. 4-1 

 

 

4.3.6. Automated Tool Data Analysis Procedures 

 

During the study, it was discovered that a number of the subjects were pressing their foot firmly 

against the perforated foot plate, this likely resulted in the subject’s elasticity of their plantar 

surface being reduced. This occurrence created inaccuracies of the device, especially at the lower 

prescribed forces, such as 0.35 and 0.70 gF. The load cell was not capable of processing the 

contact force data quickly enough to stop the advancement of the monofilament at the exact 

moment it reached the prescribed force. This was most apparent when the plantar surface’s 

elasticity was reduced. This discovery led to an exclusion protocol to filter out such locations. If 

the actual force applied was greater than or equal to 2.0 gF above the prescribed force, then it 

was classed as a “device error”. The two exceptions were 0.35 gF and 0.70 gF, which needed to 

be less than 0.70 gF and 2.0 gF, respectively, to be acceptable for analysis. Device errors meant 

the exclusion of data when determining the absolute error, however it did not necessarily indicate 

an inability of the subject’s threshold sensitivity to be established at that location. Depending on 

the subject’s responses to multiple applications of the SWM it was still possible to determine 
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their threshold sensitivity. Device errors impacted false positive checks, as subjects were 

warping the foot plate just enough to induce accidental contact.  

 

After excluding the device errors, the threshold sensitivity at each location was determined and 

grouped into their respective force classifications: 0.35, 0.70, 2.0, 4.0, 6.0, 8.0, 10.0, and >10.0 

gF. However, if there were not enough accurate monofilament applications of the device 

available to establish the threshold sensitivity, then the location was categorized as 

“indeterminate”. Another type of “indeterminate” case was if the camera on the back of the 

machine was misaligned, resulting in the SWM not being applied at the correct location. 

MATLAB commands were used to adjust the photograph, but if it was determined that the SWM 

did not make contact at the correct location, due to the camera misalignment, this location was 

removed from the analysis. 

 

4.3.7. Threshold Sensitivity Index Calculations  

 

Once the threshold sensitivity of all locations was determined, a threshold sensitivity index (TSI) 

was calculated for each region (Equation 4-2). First, the threshold sensitivity values at each 

location were assigned a score based on the value they represented, ranging from one to eight 

(0.35 gF=1, 0.70 gF=2, 2.0 gF=3, 4.0 gF=4, 6.0 gF=5, 8.0 gF=6, 10.0 gF=7, and >10.0 gF=8). 

The TSI was then calculated by taking the average of all locations that did not include 

indeterminate data within the respective region. TSI values range from one to eight, with one 

representing a region that was the most sensitive to the SWM, while a value of eight represented 

a region that was numb to the SWM. A subject with two toes with a threshold of 0.3 gF, one toes 

with a threshold of 0.7 gF, and two toes with a threshold of 2.0 gF would have a TSI equal to 2.0, 

which signifies a region that is overall sensitive to the monofilament. A TSI Norm was then 
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evaluated using all three regions on both feet of the human subject (Equation 4-3). Calculated 

TSI and TSI Norm are unitless measurements since they are derived from a score-based average.  

 

𝑇𝑆𝐼 =
#0.35(1) + #0.70(2) + #2.0(3) + #4.0(4) + #6.0(5) + #8.0(6) + #10.0(7) + # > 10.0(8)

# 𝐿𝑜𝑐𝑎𝑡𝑖𝑜𝑛𝑠 − # 𝐼𝑛𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑒 𝐿𝑜𝑐𝑎𝑡𝑖𝑜𝑛𝑠
 Eq. 4-2 

  

𝑇𝑆𝐼 𝑁𝑜𝑟𝑚 = √𝑇𝑆𝐼𝑅.𝑇𝑜𝑒
2 + 𝑇𝑆𝐼𝐿.𝑇𝑜𝑒

2 + 𝑇𝑆𝐼𝑅.𝐵𝑎𝑙𝑙
2 + 𝑇𝑆𝐼𝐿.𝐵𝑎𝑙𝑙

2 + 𝑇𝑆𝐼𝑅.𝐻𝑒𝑒𝑙
2 + 𝑇𝑆𝐼𝐿.𝐻𝑒𝑒𝑙

2 Eq. 4-3 

 

 

4.3.8. Analysis Approaches and Linear Regression Analysis  

 

The average absolute error for each location, at all prescribed force values, was first determined. 

The results were plotted on a histogram, which was subdivided based on the assessment regions. 

Results were categorized based on the frequency of locations that were the most closely related, 

such as the percentage of locations that were within an absolute error of 0.2 gF, 0.4 gF, and 0.6 

gF. The results of these calculations did not include applications of the monofilament using the 

automated tool that resulted in a device error. 

 

Furthermore, the breakdown of the threshold sensitivity at each location, grouped by region was 

also examined. This also used a histogram to uncover trends on how the threshold sensitivities 

were impacted by location and region. Percentages were calculated where the number of 

locations were less than a threshold sensitivity of 4.0 gF, between a threshold sensitivity of 4.0 

and 10.0 gF, and where the threshold sensitivity was greater than 10.0 gF. These percentages 

were calculated per region.  
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Another analysis performed was the comparison of the results collected using the hand-applied 

SWM and the automated device. This was achieved by calculating the percentages where the 

tools performed identically and differently at each location. The potential of underdiagnosing 

sensitivity loss at 10.0 gF was examined by calculating the percentages in which the subjects 

indicated that they felt a stimulus with the hand-applied SWM but did not feel the stimulus 

applied by the automated tool. Also, the total number of false positive checks in the population 

was determined. False positive check responses were then grouped based on if subjects triggered 

a false positive, they did not trigger a false positive, or if a device error occurred. Percentages 

were calculated to disseminate these findings.  

 

Lastly, the subject’s data were analyzed using a linear regression analysis, which was performed 

between the subject’s TSI Norm and their age, ABI, BMI, FBS, and HbA1c. R2 and P-values 

were calculated using Microsoft Excel’s regression analysis tool to infer the relationships 

between TSI Norms and the previously mentioned medical values. A P-value less than or equal 

to 0.05 was the criteria to be a significant standardized regression coefficient. However, in order 

to account for the presence of multiple indeterminate locations in the calculation of TSI Norm 

values, it was decided that subjects had to have at least four out of five toes, four out of five ball, 

and two out of three heel locations of data available on each foot to be used in the linear 

regression analysis. 

 

4.4. Results 

 

4.4.1. Automated Device Performance Results 

 

The performance of the automated device was first analyzed. Figure 4-5 depicts the average 

absolute error for each location, subdivided by the prescribed force classification. The toe region 
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had the most accurate measurements using the device, with 81% of the locations at the seven 

force classifications having an average absolute error of less than or equal to 0.2 gF. Likewise, 

17% of the toe locations were between an average absolute error of 0.2 gF and 0.4 gF. The 

remaining locations have an average absolute error less than 0.5 gF. The ball region had 34% of 

locations that where less than or equal to an average absolute error of 0.2 gF. Meanwhile an 

additional 50% had an average absolute error between 0.2 gF and 0.4 gF and 11% were between 

0.4 gF and 0.6 gF. The remaining locations in the ball region where between 0.6 gF and 1.2 gF. 

Analysis of the heel region found that 12% of locations had an average absolute error less than or 

equal to 0.2 gF and an additional 48% between 0.2 and 0.4 gF. Also 36% of locations had an 

average absolute error between 0.4 gF and 0.6 gF; the remainder of locations were between 0.6 

gF and 1.0 gF. Moreover, the maximum average absolute errors were 0.5, 1.2, and 0.9 grams of 

force at the toe, ball, and heel locations, respectively. 
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a) Toe Region Absolute Error 

b) Ball Region Absolute Error 

c) Heel Region Absolute Error 

Figure 4-5: Diagnostic Tool Performance Results Categorized by Region 
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4.4.2. Automated Device Threshold Sensitivity Results  

 

The threshold sensitivities at each location were cataloged, demonstrating the differences 

between the respective regions. Figure 4-6 presents these data, grouped by the force categories 

and subdivided by location. The toes showed the greatest sensitivity to the monofilament, with 

the least number of indeterminate locations. The toe data showed 63% of the locations having 

sensitivity less than 4.0 gF, 14% of the locations having a sensitivity between 4.0 and 10.0 gF, 

15% of the locations having no sensitivity when evaluated at 10.0 gF, and 8% of the locations 

where the data were indeterminate. The heel results revealed the second most sensitive locations 

out of the complete dataset. The heel data had 38% of the locations having a sensitivity under 4.0 

gF. In addition, the heel had 21% of the locations having a sensitivity between 4.0 and 10.0 gF 

and 35% of the locations having no sensitivity when applied at 10.0 gF. The amount of 

indeterminate data at the heel was only 6%. The ball region presented the most indeterminate 

locations, with 41% of the locations, and furthermore the least amount of sensitivity. Moreover, 

the ball region only had 21% of the locations having a sensitivity less than 4.0 gF, 18% of the 

locations with a sensitivity between 4.0 and 10.0 gF, and 20% of the locations being insensitive 

to a prescribed force of 10.0 gF.  
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a) Toe Region Results 

b) Ball Region Results 

c) Heel Region Results 

Figure 4-6: Diagnostic Tool Threshold Sensation Results Categorized by Region 
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4.4.3. Hand-Applied Semmes-Weinstein Monofilament and Automated Device 

Comparison  

 

When comparing the hand-applied SWM to the machine, excluding indeterminate locations, it 

was observed that 64.1% of the locations had a threshold sensitivity less than 10.0 gF. The 

percentage of locations where the subject’s threshold sensitivity was determined to be at the 10.0 

gF category using the automated tool, and where they also felt the hand-applied SWM was 4.6%. 

The percentage of locations where the threshold sensitivity determined by the machine was 

greater than 10.0 gF and where the subjects could not feel the hand-applied SWM was 5.6%. 

Furthermore, 4.8% of locations were not sensitive to the hand-applied SWM but were to the 

stimulus applied by the machine. Lastly, the percentage where participants could feel the hand-

applied SWM but not the machine at a contact force of 10.0 gF was 20.9%, which can be 

considered as the underdiagnosis rate of the hand-applied monofilament when compared to the 

automated tool.  

 

4.4.4. False Positive Results 

 

It was discovered that out of all testing locations, 10.8 % included a false positive assessment 

(n=160). Out of the total number of false positive checks, 57.5% of them were answered 

correctly by the subject, meaning they stated that they did not indicate that they felt a stimulus. 

13.8% of the subjects stated that they felt the false positive check, while the remaining 28.8% of 

false positive checks were device errors, where a stimulus was inadvertently applied. On average 

each participant had 2.8 false positives per assessment, and only three individuals indicated that 

they felt more than two false positives.  
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4.4.5. TSI Norm and Medical Data Outcomes 

 

After accounting for the prevalence of indeterminate locations, it was then possible to compare 

TSI Norm values to age, BMI, ABI, FBS, and HbA1c. There were 22 out of the 57 subjects who 

had data at four out of five toes, four out of five locations on the ball of the foot, and two out of 

three locations on the heel, per foot. Figure 4-7a shows the relationship between age and TSI 

Norm. As age increased, sensitivity decreased at a linear rate and was significant (R2=0.34, 

P=0.004). The relationship between TSI Norm, BMI, and ABI, were also analyzed, but both 

showed non-significant relationships (Figure 4-7b and 4-7c). Next, the parallels between FBS 

and TSI Norm was analyzed; however, out of the 22 subjects, only 21 had data for FBS readings 

in their medical chart. Regardless, a linear relationship was discovered between these variables, 

however the result was approaching significance at the 0.05 level, Figure 4-8a (R2=0.18, 

P=0.054). Lastly, the HbA1c levels were compared to TSI Norm; however, only 7 subjects had 

these data available in their medical profile. Although this was not enough data to make 

statistical claims it was still included in this study to encourage future research to examine this 

relationship further. Figure 4-8b shows a linear relationship between HbA1c and TSI Norm, but 

was also not significant (R2= 0.41, P=0.12). 
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a) TSI Norm vs Age (R2=0.3422, P=0.004) (Age: Mean ± Standard Deviation= 61.9±10.8 years) 

b) TSI Norm vs BMI (R2=0.0008, P=0.90) (BMI: Mean ± Standard Deviation= 28.6±7.78 kg/m2) 

c) TSI Norm vs ABI (R2=0.0305, P=0.44) (ABI: Mean ± Standard Deviation= 1.16±0.13 mmHg) 

 

a) 

b) 

c) 

Figure 4-7: Linear Regression Analysis: TSI Norm Compared to Age, BMI, and ABI 
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a) TSI Norm vs FBS (R2=0.1819, P=0.054) (FBS: Mean ± Standard Deviation= 96.4±10.6 mg/dL) 

b) TSI Norm vs HbA1c (R2=0.4124, P=0.12) (HbA1c: Mean ± Standard Deviation= 5.6±0.4 %) (TSI Norm: 

Mean ± Standard Deviation= 11.6±3.28) 
 

4.5. Discussion  

 

The device accuracy of the machine demonstrated an average absolute error less than or equal to 

0.4 gF at 98%, 84%, and 60% of the locations, at the toe, ball, and heel regions, respectively. The 

toe region performed the best, potentially because the toes are more elastic than the ball of the 

foot. Overall, these results are an improvement over hand-applied monofilaments which typically 

are within a 1.0 to 3.0 grams of force absolute error when evaluated at 10.0 grams of force (10-

30% error). These observations are identified in the studies of Lavery et al., Spruce and Bowling, 

as well as Chikai and Ino [54, 69, 74]. Lavery et al. found that hand-applied monofilaments 

would consistently underproduce the 10.0 grams of force after the first application of the 

a) 

b) 

Figure 4-8: Linear Regression Analysis: TSI Norm Compared to FBS and HbA1c 
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corresponding monofilament, whereas Spruce and Bowling found that hand-applied 

monofilaments overproduce, both had extremes upwards of 3.0 grams of force [69, 74]. Table 4-

1 presents these previous studies outcomes, as well as the claimed accuracy results of some 

automated tools from other inventors, which had accuracy between 0.3 and 1.0 grams of force of 

absolute error when evaluated at the 10.0 grams of force category (3-10% error). The automated 

tool presented in this dissertation has an average absolute error between 0.15 and 0.35 grams of 

force when applied at 10.0 grams of force (1.5-3.5% error). Both the overall average absolute 

error and the specific results analyzed at the 10.0 grams of force category are within the initial 

design requirements of the automated tool presented in Chapter 3. The automated tool is not only 

an improvement over hand-applied monofilaments in terms of average absolute error, but is 

comparable to the automated tools of Siddiqui, Spruce and Bowling, and Chikai and Ino. 

However, one of the biggest distinctions between the automated tool presented in this 

dissertation and the others listed in Table 4-1 is the use of the force feedback loop, used to 

simultaneously measure the contact force while it is being applied. The accuracy of Lavery et al., 

as well as Chikai and Ino, were not based on actual human skin, and were measured using weight 

scales. Siddiqui et al.’s study does not state how they obtained their accuracy figure, while 

Spruce and Bowling used a rubber target to measure their device’s accuracy. All accuracy data 

presented in this dissertation was calculated from each subject’s skin. 
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Table 4-1: 10.0 gF Hand-Applied Monofilament and Automated Device Accuracy Comparisons from Previous 

Studies  

 

The majority of device errors occurred in the ball region. It is likely that this was because 

subjects were inadvertently pressing too hard up against the foot plate, resulting in their ball 

region being artificially less elastic. The device actuated the monofilament until it reached the 

prescribed force. However, if the location was too rigid then it was likely unable to stop at the 

precise moment when the prescribed force was reached. The presence of calluses and dry skin 

are not only contributing factors that can influence the accuracy of the hand-applied 

monofilament, but also that of the device, leading to device errors. In the current iteration of the 

code used to control the machine, there was not a safeguard to reevaluate a location in which the 

monofilament was mistakenly applied at too great a force.  

Study 

Type of 

Monofilament 

Assessment(s) 

Notes Accuracy 

Lavery et al. 

[74] 
Hand-Applied Tool 

Examined six 

different brands 

of commercial 

hand-applied 

monofilaments 

10.0 ± 1.0 gF 

-some can vary as much as 30% 

Siddiqui et 

al. [67] 
Automated Tool  98 mN (10.0 gF) ± 1% 

Spruce and 

Bowling 

[69] 

Hand-Applied and 

Semi-Automated 

Tools 

Semi-

Automated tool 

was still applied 

by hand until a 

sensor indicated 

targeted force 

was achieved 

 

20 subjects used 

both tools 

Hand-applied: 10.7 gF 

-one subject applied a 13 gF load 

 

Automated Tool: 10.5 gF 

Chikai and 

Ino [54] 

Hand-Applied and 

Automated Tool 

Automated tool 

was applied at 1, 

5, and 10 mm/s 

impact 

velocities 

Hand-applied: 7.4 ± 0.5 gF 

 

Automated Tool (1mm/s): 9.5 ± 0.3 gF 

Automated Tool (5 mm/s): 9.9 ± 0.3 gF 

Automated Tool (10 mm/s): 10.3 ± 0.4 gF 
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Currently, the medical professional operating the device cannot see the actual force applied until 

the end of the assessment. In order to address this in future studies the code should give the 

medical staff insight into the amount of force immediately after it has been applied. This would 

allow them to instruct the subject to adjust their foot before a remeasurement is taken. Increasing 

the data acquisition rate of the device’s force measurement sensor and or slowing down the 

insertion rate of the monofilament are other techniques which may improve device performance. 

Currently the device will measure the load as it is being applied and will slow down 

incrementally until the desired force is achieved.  

 

Additionally, it was observed that the toes were much more sensitive than the locations in the 

other regions, with 63% of locations having threshold sensitivities under 4.0 gF. In the heel 

region locations were either very sensitive or they had no sensitivity at all. It is possible that 

some subject’s ability to sense the SWM was due to the degree of callus on the surface of the 

foot. Not only can calluses result in device errors in the machine, but they can impact sensitivity.  

The machine was able to detect threshold sensitivities less than 10.0 gF at approximately 64% of 

the locations. However, only approximately 5% of subjects had a sensitivity of less than 10.0 gF 

if they had also indicated that they did not feel a stimulus with the hand-applied SWM. One of 

the most substantial conclusions drawn was that the hand-applied SWM were underdiagnosing at 

a rate of 21% of the locations, relative to the automated tool, meaning that the subject’s threshold 

sensitivity was greater than 10.0 gF at specific locations. However, it is possible that at threshold 

sensitivities below 10.0 gF, hand-applied monofilaments may have underdiagnosed less often 

when compared to the automated tool. It was determined that if the subject did not feel the hand-

applied tool, they most likely did not feel any stimulus provided by the machine at approximately 
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6% of the locations. Also 5% of the locations assessed using the machine had a threshold 

sensitivity, but were reported to be insensitive using the hand-applied monofilament. Future 

work is recommended to compare how various machine operators impact the reliability of the 

hand-applied SWM, as it related to these percentages. 

 

Examining the effects of age, BMI, ABI, FBS, and HbA1c revealed that the strongest 

relationship to sensitivity loss was the age of the subject, which was also found to be significant 

(P=0.004). This was especially noteworthy as the subjects in the control group did not have 

diagnosed DM2. Tremblay et al. found a similar relationship between threshold sensitivity to age 

when evaluated at the right index finger [104]. This relationship was also reported by 

Wickremaratchi and Llewelyn in their review on how touch perception is influenced by aging 

[105]. It was also described that sensation loss associated to aging affects 26% of individuals 

between the ages of 65 and 74, and 54% of those 85 and older [106]. FBS was the second 

strongest dependence on sensation loss, with its P-value of 0.054 approaching significance. BMI 

and ABI showed no obvious relationship in this study. Yümin et al. showed that as age and BMI 

increased, plantar sensation decreases in a female population of individuals without diabetes 

[107]. HbA1c was not a significant variable in explaining threshold sensitivity. Other studies 

have examined HbA1c as a biomarker for neuropathy but with mixed results from different 

studies, which further motivates the study of this biomarker to sensation loss [108]. Furthermore, 

this study should be repeated on DM2 populations with and without neuropathy symptoms in 

order to examine how these trends may change. Comparing data from a control population to 

DM2 populations is presented in Chapter 5 of this dissertation.  
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4.6. Conclusions  

 

This study sought to examine the performance of an automatic tool for plantar threshold 

sensitivity, as well as the clinical results of this device used on a control group without DM2. It 

was determined that the machine had high accuracy, despite occasional problems with the foot 

being placed too firmly against the device’s surface. This shortcoming can be addressed by 

improving the software of the device to allow for the reassessment of locations which cannot be 

evaluated due to excessive pressure caused by the subject’s foot pressing firmly against the foot 

plate. The device showed that approximately 64% of the testing locations had a threshold 

sensitivity less than 10.0 gF. It was also determined that the hand-applied SWM underdiagnosed 

approximately 21% of the testing locations in the control group of having a threshold sensitivity 

category of 10.0 gF when compared to the automated tool. The formulation of a TSI Norm was 

demonstrated as an effective way of characterizing an individual’s threshold sensation as an 

allocation of multiple locations per foot. TSI Norm was shown to be dependent of age and FBS, 

while independent of BMI and ABI. However, age showed the strongest significance to TSI 

Norm, while FBS was not significant with respect to TSI Norm. Future work is suggested to 

draw a relationship between TSI Norm and HbA1c. Finally, future investigations are 

recommended to not only strengthen the findings in this study, but to analyze these relationships 

in a population with DM2, which is the subject of Chapter 5 of this dissertation.   
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Chapter 5: Plantar Threshold Sensitivity Assessment Using an Automated Tool – Clinical 

Assessment Comparison Between a Control Population without Type 2 Diabetes Mellitus, 

and Populations with Type 2 Diabetes Mellitus, with and without Neuropathy Symptoms  

 

 

5.1. Abstract 

 

Aims: This study’s first aim was to quantify and compare sensation on the plantar surface in 

healthy and Type 2 diabetes mellitus (DM2) populations with the standard Semmes-Weinstein 

hand-applied methodology and a tool that automates this approach. The second was to evaluate 

correlations between sensation and the subjects’ medical characteristics.  

 

Methods: Sensation was quantified by both tools, at thirteen locations per foot, in three 

populations: Group 1-Controls without DM2, Group 2-DM2s with neuropathy symptoms, and 

Group 3-DM2s without neuropathy symptoms. The percentage of locations sensitive to the hand-

applied monofilament, yet insensitive to the automated tool was calculated. Linear regression 

analyses between sensation and the subject’s age, BMI, ABI, fasting blood sugar, and HbA1c 

was performed per group. ANOVAs determined differences between populations.  

 

Results: Approximately 22.5% of locations assessed were sensitive to the hand-applied 

monofilament, yet insensitive to the automated tool. Age and sensation were only significantly 

correlated in Group 1 (R2=0.3422, P=0.004). Sensation was not significantly correlated with the 

other medical characteristics per group. Differences in sensation between the groups were not 

significant (P=0.063).  
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Conclusions: Attention to application technique is recommended when using hand-applied 

monofilaments. Group 1’s sensation was correlated to age. The other medical characteristics 

failed to correlate to sensation, despite group.  
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5.2. Introduction 

 

Forty to sixty million people with diabetes experience complications due to diabetic neuropathy, 

otherwise known as diabetic foot, globally [5]. Sensation loss in the extremities, such as the 

plantar and palmar surfaces, is often a complication attributed to those who have neuropathy [4, 

34]. Burning of the feet is the most common symptom linked to diabetic peripheral neuropathy 

(DPN), in addition to antalgic gait, and tingling [26, 28, 79]. Other symptoms range from 

insensitivity to temperature and accidental foot trauma, which can lead to infection, ulceration, 

and amputations [22, 38, 109]. Painful symptoms like burning, pins and needles, and even the 

sensation of electrical shock are prevalent in those who have neuropathy caused by diabetes, 

with nighttime being the time when symptoms are at their peak [20, 47]. Aslam, Singh, and 

Rajbhandari have reported that hyperglycemia could be a factor attributed to painful symptoms, 

but other sources could be involved, such as damage to the nerves [20]. Bril reported that 

glycemic control is not a strong indicator for the development of diabetic neuropathy in persons 

with Type 2 diabetes mellitus (DM2), citing evidence that body mass index, high blood pressure, 

and even smoking could be additional factors [22]. In Yorek et al.’s review they reported that 

although glycemic control slowed down the progression of DPN in individuals with Type 1 

diabetes, it did not in individuals with DM2 [21]. Noteworthy is that aging has been linked to the 

loss of sensation perception and affects 26% of individuals 65-74 years old and 54% of 

individuals 85 years of age and older [105, 106].  

 

Semmes-Weinstein monofilaments (SWM) are the most common method used to assess for 

sensation loss due to being inexpensive, fast, and noninvasive [9, 52]. Developed by Semmes 

and Weinstein to replace the use of horsehair, these nylon monofilaments were used to assess for 
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sensation loss on the palmer surfaces in subjects with brain injuries [50, 51, 52]. Monofilaments 

are applied normal to the surface of the skin until they buckle at which time they produce a 

constant force, the most common of which are calibrated to produce 10.0 gF [52, 54, 110]. There 

is a lack of consistent methodology with monofilament assessment for neuropathy, which can 

factor into the diagnosis of DPN [66]. In addition to a lack of consistency, the accuracy of the 

assessment is also affected by fatigue, angle and rate of insertion, application technique, and 

even the elasticity of the subject’s skin [54, 76, 111].  

 

Novel devices and techniques have been suggested to better measure degree of sensation loss, 

including a laser plantar pressure sensor, a rapid current threshold detection device 

(Neurometer®), and measuring an individual’s oxygen level in their skin [10, 61, 112]. The work 

of Wilasrusmee et al. created a robot to apply a SWM at 10.0 grams of force (gF) to the plantar 

surface which agreed well with hand-applied monofilament and vibratory assessments [66]. 

Similarly, Siddiqui et. al developed a robot which scanned the plantar surface through a clear 

medium with perforated holes, through which the device could apply a monofilament at 10.0 gF 

[67]. Spruce and Bowling developed a handheld electronic force sensor to mimic a typical 

monofilament; used an indicator light to tell the clinician when 10.0 gF had been applied upon 

contact [69]. This device not only had improved repeatability compared to the normal 

monofilament but increased resistance to fatigue [69]. 

 

This study used an automated tool, similar to the robotic instruments previously mentioned, to 

determine a subject’s plantar surface threshold sensitivity at several locations. The tool presented 

in this study can apply a variety of contact forces, consistent with SWM assessments, using a 
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single monofilament, allowing for the mapping and documentation of the results per location. 

Therefore, the first aim of this study was to perform a comparison of the automated tool’s 

findings with a standard hand-applied 10.0 gF monofilament. The second aim of this study was 

to compare threshold sensitivity to age, body mass index (BMI), ankle brachial index (ABI), 

fasting blood sugar (FBS), and HbA1c in three populations: a control group without DM2, a 

DM2 group with neuropathy symptoms, and a DM2 group without neuropathy symptoms. 

Studying how these demographics and medical characteristics relate to threshold sensitivity will 

reveal insights into how the presence of DM2 is related to an individual’s degree of sensation 

loss.  

 

5.3. Subjects, Materials, and Methods 

 

5.3.1. Populations and Exclusion Criteria 

 

Volunteers were recruited in the Auburn-Opelika Alabama area. The study was conducted at 

Internal Medicine Associates (IMA) in Opelika, Alabama and the study was given IRB approval 

from the Edward Via College of Osteopathic Medicine (VCOM-Auburn, USA), under record 

number 2020-004. All participants were required to have an ABI greater than or equal to 1.0 

mmHg and had to be age forty or older. Four subjects failed the ABI screen and were excluded 

from the study. It should also be noted that none of the subjects had ulcers or a history of 

amputations on the plantar surface. Human subjects that passed the screening were categorized 

into three populations: Group 1. A control group without DM2 (n=57, male=29, female=28), 

Group 2. A DM2 group with neuropathy symptoms (n=58, male=35, female=23), and Group 3. 

A DM2 group without neuropathy symptoms (n=38, male=15, female=23).  
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5.3.2. Medical Chart Review and ABI Assessment 

 

The subjects having given their written consent to being a part of this study, were asked if they 

had DM2 and if so whether they had symptoms associated with neuropathy. Their responses then 

placed them into the appropriate group (1, 2, or 3). The medical profiles for each subject at IMA 

were reviewed for their age, BMI, FBS levels, and HbA1c levels and the data were recorded on a 

subject datasheet. The ABI for each subject was calculated and documented on their datasheet. If 

the subject’s ABI was less than 1.0 mmHg, they would be dismissed from the study and would 

not be evaluated any further. Furthermore, FBS and HbA1c would both be averaged with up to 

the three most current readings. These average values were used for the analysis in this report. In 

Group 1, three individuals did not have FBS levels documented in their charts, while 27 

individuals did not have HbA1c levels documented. However, these Group 1 subjects were still 

included in this study. 

 

5.3.3. Hand-Applied Monofilament Assessment 

 

After collecting the subject’s required medical data from chart review and measuring their ABI, 

a hand-applied monofilament was used to assess for sensitivity on the plantar surfaces. The 

subject laid on the exam table, with their head elevated, and their feet were stretched out in front 

of them. Their calves were supported by the exam table, while their feet hung off the edge of the 

table with their toes pointing upward. A 10.0 gF hand-applied SWM was used to evaluate for 

sensitivity at 26 locations, 13 locations per foot (Figure 5-1). The locations included the five toes 

(distal phalanges), five on the ball (distal metatarsals), and three on the heel (calcaneus). The 

monofilament was applied normal to each testing location by the clinician until it buckled. 

Subjects indicated whether or not they felt the hand-applied stimulus per location, which was 

then documented in their datasheet by the clinician. When using the hand-applied monofilament, 
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the locations were assessed anterior to posterior, starting with the great toe. Following the great 

toe, the first distal metatarsal and then the first heel location were evaluated. This anterior to 

posterior procedure was performed at all five distal phalanges, five distal metatarsals, and three 

locations on the heel per foot.  

 

Figure 5-1: Plantar Surface Assessment Locations 

Thirteen locations per foot were evaluated with both a hand-applied monofilament and the automated tool.  

 

5.3.4. Automated Tool Assessment 

 

Following the hand-applied monofilament evaluation, an automated diagnostic tool (Figure 5-2a) 

was used on the same 13 locations, one foot at a time. The diagnostic tool used a 10.0 gF rated 

monofilament which was mounted to a load cell feedback loop with a stepper motor. The stepper 

motor continues to actuate the monofilament against the skin until the load cell (RB-Phi-203 100g 
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Micro Load Cell) measured the prescribed force. A homing sequence (Figure 5-2b) was used to 

determine the individual’s threshold sensitivity at each location using the following forces: 0.35, 

0.70, 2.0, 4.0, 6.0, 8.0, and 10.0 gF, which are typical in monofilament assessments [29]. The 

subject sat on the exam table, with their back tilted against the backrest, while their calves were 

supported by the exam table. The subject’s foot was placed against a perforated foot plate made 

from clear acrylic, with 1,029 holes. Their foot was secured in place with straps over the toes and 

over the ankle, with their toes pointing straight upward. After the subject’s foot was secured in 

place a camera (Logitech Brio) mounted behind the device was used to take a photograph, which 

was then used in a MATLAB (MATLAB R2018a) script to allow the clinician to select testing 

locations for evaluation. Testing locations were grouped by three regions in the automated tool 

assessment: toe region, ball region, and heel region. The MATLAB script included 

randomization within regions. Furthermore, the MATLAB script communicated with Arduino 

microcontrollers (Arduino Uno and Arduino Mega) which controlled belts and pulleys used to 

translate the monofilament to each testing location. Once the monofilament was at the desired 

location it was actuated through the hole of the perforated foot plate until it contacted the skin at 

the prescribed force. After the monofilament was applied, subjects used a LED pushbutton to 

indicate their response to sensing the applied stimulus. Each time a stimulus was applied the 

LED pushbutton would start to blink, during which time the subject depressed the pushbutton for 

one second, only if they felt the prescribed force. Subjects were given five seconds to catalogue 

their response. Also, false positive assessments were randomly incorporated into the automated 

tool evaluation, with each of the thirteen locations per foot having a 10% chance of occurrence. 

During a false positive check, the automated tool actuated the monofilament forward, mimicking 

the sound of a standard application of the monofilament, but it did not make contact. The LED 
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pushbutton also blinked, at which time the subject depressed it if they perceived a sensation, 

although one was not applied. At the end of the exam a threshold sensitivity map was generated 

using the MATLAB script (Figure 5-3). These procedures were repeated for the subject’s second 

foot.  

 

 
a) Automated tool which applies a monofilament through the perforated foot plate until contact with the 

plantar surface 

b) Homing sequence protocol used to determine threshold sensitivity per location. Units are in gF 

 

 

 

 

 

 

 

 

 

a) 
b) 

Figure 5-2:Automated Tool and Homing Sequence Protocol 
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a) Subject from Group 1 

b) Subject from Group 2 

c) Subject from Group 3 

a) 

b) 

c) 

Figure 5-3: Threshold Sensitivity Maps 
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5.3.5. Post Processing of Automated Tool Data 

 

It was determined that subjects were firmly pressing their foot up against the foot plate, likely 

reducing the elasticity of their skin. This may have created an inaccuracy when the monofilament 

was applied, often resulting in a load greater than desired being administered. Although the load 

cell is constantly monitoring the contact force of the monofilament, the sensor’s read rate 

prevents it from stopping the actuation of the monofilament instantaneously, especially when the 

subject’s skin elasticity is significantly reduced. As such, every application of the monofilament 

via the automated tool was screened manually for accuracy in all force categories (0.35-10.0 gF). 

This was conducted after the subject completed the study. To ensure that accurate data were used 

it was decided that each location had to be within a 2.0 gF range for it to be accepted. However, 

at 0.35 gF and 0.70 gF, it was required that both needed to be less than 2.0 gF to be valid. If the 

actual force was outside of this range, then this application of the monofilament was considered 

to be a “device error”. Although a “device error” led to the removal of data for a specific 

application of the monofilament, it did not always correspond to a failure in determining an 

individual’s threshold sensitivity at this location. An example of this is if the first application of 

the monofilament was intended to be 0.35 gF, but was measured to had been applied at a force of 

2.10 gF, then this application of the monofilament was classified as a device error. Device errors 

also affected false positive assessments, as some subjects were deforming the footplate such that 

the monofilament made accidental contact, resulting in a load being applied. Locations where the 

threshold could be determined were assigned to the correct force classification: 0.35, 0.70, 2.0, 

4.0, 6.0, 8.0, 10.0, and >10.0 gF. If a threshold sensitivity could not be determined due to the 

presence of “device errors” then this location was labeled as “indeterminate”. Another instance 

where a location was labeled as “indeterminate” was if the wrong location was evaluated, which 
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was caused by a camera misalignment. The photograph was realigned using MATLAB 

commands following the subject’s evaluation, however if it was apparent that the wrong location 

was tested then it was excluded from future analysis.  

 

5.3.6. Threshold Sensitivity Calculation 

 

Using the threshold sensitivities determined with the automated tool, a regional threshold 

sensitivity index (TSI) was calculated, which is an average of all the locations within the specific 

region, excluding indeterminate locations (Equation 5-1). Points were assigned to each threshold 

value (0.35 gF= 1, 0.70 gF= 2, 2.0 gF= 3, 4.0 gF= 4, 6.0 gF= 5, 8.0 gF=6, 10.0 gF=7, and >10.0 

gF=8). TSIs spanned one to eight, a score of one indicated a region with increased sensation 

perception, while a score of eight represented a region with decreased sensation perception. 

Using all six regions per individual a TSI Norm was calculated to assign a single value 

representative of an individual’s overall threshold sensitivity (Equation 5-2). It should be noted 

that TSI and TSI Norm are unitless quantities, attributed to these metrics being calculated using 

score-based averages.  

 

𝑇𝑆𝐼 =
#0.35(1) + #0.70(2) + #2.0(3) + #4.0(4) + #6.0(5) + #8.0(6) + #10.0(7) + # > 10.0(8)

# 𝐿𝑜𝑐𝑎𝑡𝑖𝑜𝑛𝑠 − # 𝐼𝑛𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑒 𝐿𝑜𝑐𝑎𝑡𝑖𝑜𝑛𝑠
 Eq. 5-1 

  

𝑇𝑆𝐼 𝑁𝑜𝑟𝑚 = √𝑇𝑆𝐼𝑅.𝑇𝑜𝑒
2 + 𝑇𝑆𝐼𝐿.𝑇𝑜𝑒

2 + 𝑇𝑆𝐼𝑅.𝐵𝑎𝑙𝑙
2 + 𝑇𝑆𝐼𝐿.𝐵𝑎𝑙𝑙

2 + 𝑇𝑆𝐼𝑅.𝐻𝑒𝑒𝑙
2 + 𝑇𝑆𝐼𝐿.𝐻𝑒𝑒𝑙

2 Eq. 5-2 
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5.3.7. Analysis Approach and Statistical Methods 

 

A comparative analysis between the hand-applied monofilament and the automated tool was 

conducted for all testing locations. Percentages were calculated among all locations where the 

subjects stated that they felt the hand-applied monofilament but were insensitive to the 10.0 gF 

applied by the automated tool. This percentage was considered the underdiagnosis rate of the 

hand-applied monofilament at 10.0 gF, relative to the automated tool, and was calculated for all 

three groups.  

 

The total number of false positive assessments were calculated per group and three percentages 

were calculated: fail rate, pass rate, and device error rate. The fail rate was the percentage of 

false positive check locations where the subject indicated that they felt a stimulus, though none 

was applied. The pass rate was the percentage of locations where subjects indicated that they did 

not feel a stimulus. The device error rate was the percentage of locations where the 

monofilament made accidental contact with the plantar surface. 

 

A linear regression analysis was performed between TSI Norm and the subject’s age, BMI, ABI, 

FBS, and HbA1c in all three populations. Furthermore, to be a part of this analysis subjects had 

to have data at four out of five toes, four out of five ball, and two out of three heel locations per 

foot. This ensured that the presence of indeterminate locations did not skew the TSI Norms. As a 

result, 22 Group 1 subjects, 26 Group 2 subjects, and 22 Group 3 subjects were found to have 

enough valid testing locations per foot to be included in further analysis. Linear regression 

analysis was used to analyze the TSI Norm versus the other medical chart characteristics by 

using Microsoft Excel regression data analysis tool, which outputted the R2 and P-values. For 
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regression analysis a P-value of 0.05 was considered to be significant. Next, R Studio (2022.02.0 

Build 443) was used to conduct all statistical tests to find trends within each metric between the 

populations. TSI Norms and the other five medical characteristics were first checked for normal 

distribution and if the variance between populations were equal (homogeneity). Normality was 

assessed using visual inspection with Q-Q plots and the Shapiro-Wilk normality test (P<0.05). 

The data had to pass both tests to be considered normally distributed. If the data in each metric 

was found to be normally distributed, then a Brown-Forsyth equal variance assessment was used 

(P<0.05). If one or more of the groups were found to fail normality, then they were assessed for 

homogeneity using the Flinger-Killen test (P<0.05). If the data between all three populations 

were found to be both normal and with equal variances, then a one factor ANOVA was used to 

find statistical significance (P<0.05), followed by a Tukey post hoc assessment (P<0.05). 

Furthermore, a one factor ANOVA was also considered if the data lacked normality, but had 

homogeneity, given that ANOVA can handle some nonnormality and that the populations were 

similar in number. If the data were normally distributed but lacked homogeneity then a Welch’s 

ANOVA was used (P<0.05), followed by post hoc assessment with Pairwise Welch’s t-test 

(P<0.05) with P-value adjustment using a Holm correction. If the data were not normal and did 

not have equal variances then a Permutational ANOVA was used to evaluate for significance 

(P<0.05), since it does not have any requirements for normality or homogeneity. This was 

followed by Pairwise Permutational t-Test with a P-value adjustment using a Holm correction 

(P<0.05). The Permutational ANOVA and its associated post hoc test was calculated using 

10,000 iterations. Finally, Permutational ANOVA was also performed and then compared to the 

findings from the other ANOVA assessments.  
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5.4. Results 

 

5.4.1. Comparison between the Hand-Applied Monofilament and the Automated 

Tool 

 

The 57 Group 1 subjects resulted in 1,185 locations assessed, after the removal of the 

indeterminate locations (n=294). This yielded 21% of locations that were underdiagnosed, 

relative to the automated tool. There were 1,334 locations analyzed, excluding the indeterminate 

locations (n=172), within the 58 Group 2 subjects. Consequently only 24% of locations were 

underdiagnosed, compared to the automated tool. Meanwhile 38 Group 3 subjects produced 870 

testing sites, not including indeterminate locations (n=118). Of these locations, 22% of them 

were underdiagnosed versus the automated tool. 

 

5.4.2. False Positive Assessment Results  

 

In Group 1, 160 locations (11%) were subjected to a false positive check. Of these locations 

13.75% of them failed the assessment, 57.5% of them passed, and 28.75% of them were device 

errors. In Group 2, 167 locations (11%) were evaluated with a false positive assessment. Of these 

18% failed the test, 72% passed, while 10% experienced a device error. Finally in Group 3, 107 

locations (11%) were assessed with a false positive. Of these locations, 19.6% of them failed, 

72.0% of them passed, and 8.4% experienced a device error.  

 

5.4.3. TSI Norm and Medical Data Outcomes Compared to Populations 

 

5.4.3.1. TSI Norm versus Age 

 

The 22 Group 1 subjects demonstrated the strongest linear relationship between TSI Norm and 

age (R2=0.3422, P =0.004), which showed that as age increased, TSI Norm also increased 

(Figure 5-4a). Neither the 26 Group 2 subjects (R2=0.0014, P =0.86) or the 22 Group 3 subjects 
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(R2=0.0083, P =0.69) yielded any meaningful relationship between TSI Norm and age. All 

groups passed both normality tests. As such a Brown-Forsyth test was used to assess for 

homogeneity between the groups, which found that the variances were barely equal (P=0.052). 

An ANOVA was used to evaluate for significance (P=0.19), but since it was borderline 

homogenic a Welch’s ANOVA was also used (P=0.21). Both of these and the Permutational 

ANOVA (P=0.20) found that the difference in mean ages between the populations was not 

significant (Group 1: 61.9±10.8 years, Group 2: 65.0±10.1 years, Group 3: 65.9±5.85 years). The 

results for age are categorized in Table 5-1. 

 

5.4.3.2. TSI Norm versus BMI 

 

TSI Norm was compared to BMI in all three groups, however none showed any type of strong 

linear relationship between these variables (Figure 5-4b). Group 1 (R2=0.0008, P=0.90) and 

Group 3 (R2=0.016, P =0.58) performed the worst, while Group 2 (R2=0.1144, P =0.091) still did 

not yield a significant relationship with TSI Norm. Ultimately TSI Norm was insensitive to BMI. 

Group 1 did not pass the Shapiro-Wilk normality assessment (P=0.014), despite passing the 

visual inspection using a Q-Q plot, while Groups 2 and 3 passed both. A Flinger-Killeen 

variance assessment was used which found that the variances were equal between groups 

(P=0.70). An ANOVA was used to determine significance (P=0.11), in addition to a 

Permutational ANOVA (P=0.12). Both found that the mean BMIs between the populations were 

not significantly different (Table 5-1).  

 

5.4.3.3. TSI Norm versus ABI 

 

TSI Norm as a function of ABI did not reveal any significant findings in the populations (Figure 

5-4c). Group 1 (R2=0.0305, P =0.44) and Group 3 (R2=0.078, P=0.21) showed the poorest linear 
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relationship between TSI Norm and ABI. Group 2 (R2=0.1208, P=0.082) yielded the best 

relationship but it was not significant. Furthermore, the ABIs for all three populations did pass 

visual inspection of the Q-Q plots, but Groups 2 and 3 were found to be nonnormal via the 

Shapiro-Wilk test. Flinger-Killeen test found that the populations had equal variance (P=0.34). 

The one-factor ANOVA and the Permutational ANOVA came to the same conclusion that the 

mean ABIs between the populations were not significantly different (P=0.56) (Table 5-1).  

 

5.4.3.4. TSI Norm versus FBS 

 

Linear regression analysis found that Group 1 showed the strongest relationship between TSI 

Norm and FBS (R2=0.1819) but was insignificant (P =0.054) (Figure 5-4d). It should be noted 

that out of the 22 Group 1 subjects, only 21 of them had FBS levels documented in their medical 

charts. The results of Group 2 (R2=0.0022, P=0.82) and Group 3 (R2=0.0692, P=0.24) did not 

yield a strong linear relationship. Normal distributions existed for all groups via Q-Q plot and 

Shapiro-Wilk normality assessments. The Brown-Forsyth homogeneity assessment found that 

the populations had unequal variances compared with each other (P=0.0005). The Welch’s 

ANOVA assessment found that the difference in mean FBS between the groups was highly 

significant (P<0.0001) (Table 1). Group 1 was found to be significantly different to Group 2 

(Padj<0.0001) and Group 3 (Padj<0.0001), using Pairwise Welch’s t-Test. The DM2 groups when 

compared to each other were not significantly different (Padj=0.19). The Permutational ANOVA 

concluded that the mean FBS was significantly different between groups (P<0.0001). Pairwise 

Permutational t-Test found that Group 1 was significantly different to Group 2 (Padj=0.0003) and 

to Group 3 (Padj=0.0003). The post hoc test between the DM2 groups found that FBS was not 
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significantly different between them (Padj=0.19). The results for FBS are documented in Table 5-

1.  

 

5.4.3.5. TSI Norm versus HbA1c 

 

Group 1 demonstrated the strongest relationship between TSI Norm and HbA1c (R2=0.4124), but 

it lacked significance (P=0.12) (Figure 5-4e). However, Group 1 only had seven individuals out 

of the 22 who had HbA1c values documented in their medical charts. Group 2 (R2=0.004, 

P=0.76) and Group 3 (R2=0.0628, P=0.26) did not indicate a linear relationship between TSI 

Norm and HbA1c. All Q-Q plots passed the visual inspection, but Group 2 did not pass the 

Shapiro-Wilk test (P=0.027). This resulted in the use of the Flinger-Killeen variance assessment 

which found that the variances were unequal between the populations (P=0.0015). Due to 

nonnormality and unequal variances the Permutational ANOVA was the only ANOVA 

performed, which found that there were significant differences in the mean HbA1c (P=0.0025) 

(Table 1). The Pairwise Permutational t-Test found that Group 1 was significantly different to 

Group 2 (Padj=0.0006) and Group 3 (Padj=0.0006). The DM2 groups were not significantly 

different from each other using this post hoc assessment, but it was close (Padj=0.053). The 

HbA1c results are presented in Table 5-1. 

 

5.4.3.6. TSI Norm 

 

TSI Norms for all three groups could be approximated to follow a normal distribution using Q-Q 

plots and the Shapiro-Wilk normality assessment. However, the variances between the groups 

were unequal (P=0.030), leading to the use of a Welch’s ANOVA, which found that the mean 

TSI Norm between the populations was not significantly different (P=0.063) (Group 1: 

11.6±3.28, Group 2: 13.3±3.65, Group 3: 10.4±5.22). The Permutational ANOVA found a 
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contrary finding, in which there was significance between the groups, however it should be noted 

that upon the first run of the Permutation ANOVA the P-value was equal to 0.0504 which is 

borderline significant. Every time a Permutational ANOVA is performed there are slight changes 

to its output due to the randomization aspect of this statistical assessment. As such 10 iterations 

of the Permutational ANOVA were performed and the average P-value was used (P=0.048). 

Nonetheless post hoc assessment using the Pairwise Permutational t-Test did not find that any of 

the groups were significantly different to each other. Due to this it is more appropriate to say that 

the TSI Norms between the groups was not significant. Table 5-1 organizes the TSI Norm results 

accordingly.  
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Figure 5-4: Linear Regression Plots 

 
a) TSI Norm vs Age: Group 1 (R2=0.3422, P=0.004); Group 2 (R2=0.0014, P=0.86); Group 3 (R2=0.0083, 

P=0.69) 

b) TSI Norm vs BMI: Group 1 (R2=0.0008, P=0.90); Group 2 (R2=0.1144, P=0.091); Group 3 (R2=0.0016, 

P=0.58) 

c) TSI Norm vs ABI: Group 1 (R2=0.0305, P=0.44); Group 2 (R2=0.1208, P=0.082); Group 3 (R2=0.078, 

P=0.21) 

d) TSI Norm vs FBS: Group 1 (R2=0.1819, P=0.054); Group 2 (R2=0.0022, P=0.82); Group 3 (R2=0.0692, 

P=0.24) 

e) TSI Norm vs HbA1c: Group 1 (R2=0.4124, P=0.12); Group 2 (R2=0.004, P=0.76); Group 3 (R2=0.0628, 

P=0.26) 
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Normality Assessment 

Homogeneity of 

Variance Assessment 

ANOVA  

Assessment  
Post Hoc Test 

Metric Group 

Mean ± 

Standard 
Deviation 

Q-Q Plots 
(Pass/Fail) 

Shapiro-

Wilk 
(P<0.05) 

Brown-

Forsyth 
(P<0.05) 

Flinger-

Killeen 
(P<0.05) 

One-

Factor 
ANOVA 

(P<0.05) 

Welch’s 

ANOVA 
(P<0.05) 

Permutational 

ANOVA 
(P<0.05) 

Pairwise Welch’s  

t-Test 
(Padj<0.05) 

Pairwise 

Permutational t-Test 
(Padj<0.05) 

Age 

 

0.052  0.19 0.21 0.20 

  

Group 1 61.9±10.8 

years 

Pass 0.43 

Group 2 65.0±10.1 

years 

Pass 0.91 

Group 3 65.9±5.85 

years 

Pass 0.12 

BMI 

 

 0.70 0.11  0.12 

  

Group 1 28.6±7.78 

kg/m2 

Pass 0.014 

Group 2 32.6±6.92 

kg/m2 

Pass 0.42 

Group 3 32.1±6.01 

kg/m2 

Pass 0.48 

ABI 

 

 0.34 0.56  0.56 

  

Group 1 1.16±0.13 

mmHg 

Pass 0.083 

Group 2 1.16±0.16 

mmHg 

Pass 0.0027 

Group 3 1.12±0.11 

mmHg 

Pass 0.022 

FBS 

 

0.0005   <0.0001 <0.0001 

 A B  A B Group 1 96.4±10.6 
mg/dL 

Pass 0.93 

Group 2 148.1±43.4 

mg/dL 

Pass 0.11 
B <0.0001 - B 0.0003 - 

Group 3 135.5±20.1 

mg/dL 

Pass 0.32 
C <0.0001 0.19 C 0.0003 0.19 

HbA1c 

 

 0.0015   0.0025  

 A B 
Group 1 5.6±0.4 %  Pass 0.94 

Group 2 7.5±1.6 %  Pass 0.027 B 0.0006 - 

Group 3 6.8±0.8 %  Pass 0.58 C 0.0006 0.053 

TSI 

Norm 

 

0.030   0.063 0.048*  

 A B 
Group 1 11.6±3.28 Pass 0.78 

Group 2 13.3±3.65 Pass 0.15 B 0.17 - 

Group 3 10.4±5.22 Pass 0.067 C 0.37 0.088 

Table 5-1: Statistical Analysis Summary 

A-Group 1 

B-Group 2 

C-Group 3 

Padj-Adjusted P-value 

*Permutational ANOVA average P-value after 10 iterations 
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5.5. Discussion 

 

5.5.1. Hand-Applied Monofilament and Automated Tool Outcomes 

 

The automated tool demonstrated that 21-24% of the locations assessed using the hand-applied 

monofilament were underdiagnosed, relative to the automated tool, regardless of cohort. This 

means that subjects screened for neuropathy using a 10.0 gF hand-applied monofilament could 

potentially be underdiagnosed for their current level of sensation. This combined with the 

previously discussed challenges with using hand-applied monofilaments (fatigue, angle, and rate 

of insertion, etc.) implies that attention to application technique should be taken when relying on 

them to determine an individual’s degree of sensation.  

 

5.5.2. False Positive Assessment Outcomes 

 

Of the locations assessed 11% of them received a false positive assessment, per group. In the 

methodology developed for the automated tool each location has a 10% chance of having a false 

positive check, which compared well to this observation. Between 13-20% of locations failed the 

false positive assessment. Groups 2 and 3 had the greatest pass rate (72%) and the lowest device 

error rates for false positive assessments (10% and 8.4%, respectively). Group 1 had the greatest 

amount of device error rate locations (28.75%), but also had the greatest number of total device 

errors (n=294). This likely impacted the failure and pass rates for Group 1 locations.  

 

5.5.3. TSI Norm and Medical Data Outcomes 

 

The results showed that between the three groups, age, BMI, and ABI were not significantly 

different. It was also determined that the FBS and HbA1c between the groups were significantly 

different. This is not surprising considering that generally individuals with diabetes have 
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elevated FBS and HbA1c, which is used as a criterion to assess for diabetes [19]. However, this 

study failed to find a significant difference between the three groups and TSI Norm (Table 5-1). 

Welch’s ANOVA yielded an insignificant finding (P=0.063), while the Permutational ANOVA 

found significance using a P-value averaged with 10 iterations (P=0.048). Yet the Pairwise 

Permutational t-Test post hoc assessment found that none of the comparisons were significant. 

Ultimately, it was concluded that TSI Norm was not significantly different between groups, 

which was not expected. Also surprising was that despite TSI Norm being dependent on age in 

Group 1 with a strong linear relationship (R2=0.34, P=0.004), it was independent in Groups 2 

and 3. Meanwhile BMI, ABI, FBS, and HbA1c produced no significant findings within each 

group when compared to TSI Norm. Although in Group 1, TSI Norm and FBS yielded a strong 

linear relationship (R2=0.19), it was barely insignificant (P=0.054). It is apparent that Group 1 

subjects attributed their current degree of sensation to their age. Meanwhile DM2 subjects’ 

degree of sensation was regardless of neuropathy symptoms, or lack thereof. This matched well 

with the findings of Yorek et al., where glycemic control did not affect sensitivity [21]. The 

presence of DM2 in subjects makes predicting threshold sensitivity unlikely given the medical 

characteristics examined in this study, which encourages the necessity for not only neuropathy 

screening for those who currently do not express symptoms, but also continued assessment for 

subjects who have symptoms. The use of the automated tool developed cannot only provide a 

more accurate assessment for threshold sensitivity but can also document the presence of an 

individual’s degree of sensation over the course of multiple evaluations.  



 

142 

 

Chapter 6: The Neuropathy Cartographer Mk2 

 

 

6.1. Introduction 

 

The Mk1 prototype of the automated tool was designed, built, and used in a clinical study in the 

Auburn-Opelika Area. The data analyzed using the control subjects indicated that the force 

accuracy of the device was dependent on the region assessed. The accuracy of the Mk1 prototype 

of the automated tool was establish in the results and discussion section of Chapter 4. The 

accuracy of the device had an average absolute error less than or equal to 0.4 grams force at 98% 

of the toe locations evaluated. This percentage dropped to 84% and 60% for locations in the ball 

and heel regions, respectively. Although data had to be filtered to account for the subjects that 

were pressing their feet against the foot plate with enough force to distort the measurement taken 

by the load cell, the device still showed promise. Its ability to document an individual’s threshold 

sensitivity on the plantar surface and its new accompanying methodology allowed for an 

accurate and unbiased analysis of data. However, there are still some improvements that can be 

made, which are addressed below. 

 

6.2. MK2 Design Improvements  

 

The second iteration of the automated tool, Mk2, was finalized and built during the clinical study 

that took place from March to December of 2021. It is presented in Figure 6-1 and Figure 6-2. It 

had similar dimensions to the Mk1 prototype, with a width of 18.5 inches, a height of 24 inches, 

and a depth of 10 inches. The motor covers on the side and top of the device added an additional 

5.25 inches to each dimension, respectively. The weight increased to approximately 60 pounds, 

attributed to the revised gantry subassembly and accompanying electronics cabinet. Although it 

largely remained unchanged, its improvements made it easier to assemble, more rigid, and safer. 
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The changes, outlined below, lead to the total cost of approximately $2,800.00, the increase 

largely attributed to more components required to build a separated electrical cabinet. 

Furthermore a $230.00 52-inch Husky workbench was used for this version for more physical 

space for the machine and the accompanying laptop.  

 

 

Figure 6-1: Mk2 Automated Tool Prototype 
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Figure 6-2: Assembled Mk2 Automated Tool Prototype 

 

6.2.1. Mk2 Chassis Subassembly 

 

The chassis remained largely unchanged from the Mk1 prototype, Figure 6-3. It still used the 

same 80/20 aluminum T-slot profiles. The biggest adaptation was the use of white acrylic panels 

on the front, sides, and top. These panels not only provided a more aesthetically pleasing look to 

the device, but also made it even more difficult for subjects and clinicians to get their hands and 

feet stuck inside. The back of the device remained open so that the camera still had the foot plate 

within its field of view. Two metal brackets were added to the center aluminum extrusion on the 

back of the device, where the camera was mounted. This kept the aluminum extrusion from 

pivoting, which could cause the camera to become misaligned.  
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Figure 6-3: Mk2 Chassis Subassembly8 

a) Isotropic View 

b) Rear View 

c) Side View 

 

6.2.2. Mk2 Foot Clamp Subassembly 

 

The foot clamp mechanism maintained an identical foot plate from Mk1 and similar clamping 

structures. The clamp subassembly, Figure 6-4, still achieved the same functionality by 

providing minimal compression on the medial and lateral sides of the foot. Straps kept the toes 

against the foot plate, and the ankle was also kept in place with a strap. In the Mk1 prototype it 

was difficult for some subjects to place their foot inside the apparatus. To address this, the entire 

foot clamp subassembly was placed on a locking pivot, illustrated in Figure 6-5. This allowed for 

the mechanism to be raised out of the way for the subject while they placed their foot against the 

 
8 80/20 Aluminum T-slot profiles (White), Acrylic Panels (Orange), Stepper Motor Covers (Dark Blue), Camera 

Mounting Plate (Green), Camera Mounting Adapter (Yellow), Camera Mount (Yellow), Logitech Brio Webcam 

(Blue), Limit Switch Mounts (Dark Green), Mounting Brackets (Black) 

a) 

b) 
c) 
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foot plate and then lowered once their foot was in position. This adaptation required three 

additional 80/20 aluminum T-slot profiles from Mk1.  

 

 

Figure 6-4: Mk2 Foot Clamp Subassembly9 

a) Isotropic View 

b) Front View 

 

 
9 Perforated Foot Plate (Dark Blue), 80/20 Aluminum T-slot profiles (White), Toe Clamp (Maroon), Foot Clamp 

Base (Magenta), Foot Clamp (Green), Ball of Foot Locator (Orange), Ankle Holder (Blue), Linear Sleeve Bearing 

(Red), Clamp Lock (Bronze), Screw Down Knobs (Black), Ankle Strap Mount (Grey) , Toe Strap Mount (Dark 

Green), Linear Motion Shaft (Yellow), Locking Pivot (Gold) 

a) 

b) 
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Figure 6-5: Mk2 Foot Clamp Subassembly Locking Pivot Utilization 

 

6.2.3. Mk2 Gantry Subassembly 

 

The gantry subassembly in Mk2 was altered to make the structure more rigid, which also had the 

benefit of making the device easier to assemble, Figure 6-6. The corresponding linear motion 

assembly is provided in Figure 6-7. The linear motion shafts were increased from 6.35 mm to 8.0 

mm. Increasing the shafts required that all bearings, pulleys, retaining rings, shaft collars, and the 

flexible shaft couples all needed to be resourced to accept a larger diameter. The larger rods 

increased the overall stiffness of the assembled structure, which saved time when manufacturing 
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as the thinner rods had more of a tendency to warp during assembly. The motion carriages where 

also modified to accept a shaft holder, used to clamp onto the larger linear motion shafts. This 

replaced the press fit and retaining rings previously used in the Mk1 version of the automated 

tool. Also, a different method was used to connect the belts to the motion carriages. The belts 

were feed into a curved groove, which were bent back onto itself and tied off using a zip tie. A 

belt tensioner was still used to maintain proper tension during operation.  

 

 

Figure 6-6: Mk2 Gantry Subassembly10 

a) Isotropic View 

b) Front View 

 
10 Brackets (Grey), Linear Motion Shaft (Yellow), Linear Sleeve Bearing (Red), GT2 Timing Pulley (Orange), 

Coupling (Bronze), Stepper Motor (Beige), Mounted Sleeve Bearing (Dark Blue), Shaft Collars (Maroon), 3D 

Printed Motion Carriage (Green), Belt Tension Adapter with Plate (White), Mk1 Probe Subassembly (Magenta), 

Manual Adjustment Know (Dark Green) 

a) 
b) 
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Figure 6-7: Mk2 Linear Motion Assembly11 

a) Isotropic View 

b) Front View 

 

6.2.4. Mk2 Probe Subassembly 

 

The probe subassembly was altered to be accessible from above, rather than below. This made 

servicing the probe subassembly easier, as the operator could do it while looking down onto it. 

This included routinely cleaning and or changing out the Semmes-Weinstein monofilament. 

Overall, the probe subassembly was more compact, but still featured the same load cell, Walfront 

stepper motor and miniature ball bearing carriage with guide rail. Limit switches, although 

optional, can also be implemented, which could reduce the need for the operator to manually set 

the origin of the z-axis. The probe subassembly featured four linear sleeve bearings, rather than 

 
11 Linear Motion Shaft (Yellow), Linear Sleeve Bearing (Red), GT2 Timing Pulley (Orange), Coupling (Bronze), 

Stepper Motor (Blue/Gray), Mounted Sleeve Bearing (Dark Blue), Shaft Collars (Maroon), 3D Printed Motion 

Carriage (Green), Belt Tension Adapter with Plate (White), Manual Adjustment Know (Dark Green) 

a) 

b) 
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the three found in the Mk1 prototype, which increase stability. This improved subassembly is 

provided in Figure 6-8. 

 

 

Figure 6-8: Mk2 Probe Subassembly12 

a) Isotropic View 

b) Top View 

c) Front View 

 

 

 

 

 

 

 

 
12 Monofilament (Magenta), Monofilament Holder (Blue), Standoffs (Bronze), Load Cell (Green), Platform (White), 

Support Block 1 (Dark Green), Support Block 2 (Maroon), Support Block 3 (Black), Stepper Motor (Yellow), 

Miniature Ball Bearing Carriage (Orange), Linear Sleeve Bearing (Red), Chassis (Gray), Housing (Dark Blue), 

Limit Switch (Gold) 

a) 

b) 

c) 
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6.2.5. Mk2 Electronics Subassembly  

 

One of the starkest differences between both iterations of the automated tool was the addition of 

a separate structure used to house the electrical components, Figure 6-9. This new structure was 

made out of sixteen 80/20 aluminum T-slot profiles and acrylic panels. Its dimensions were 10 

inches in height, 24 inches in length, and 8 inches in depth. This version of the prototype used 

three dedicated power supplies. One of the power supplies was the PSB48-240S, which 

outputted 48 volts DC, and was used to power the stepper motors that controlled the gantry 

subassembly [99]. The other two power supplies were the 12-volt DC PSB12-030-P, one to 

power the probe subassembly, while the other powered cooling fans inside the device and the 

electronics cabinet. The gantry subassembly used STP-MTR-17048D stepper motors, which had 

a torque of 5.19 lb-in and 2.0 amps per phase [99]. The increased motor torque was necessary to 

counter the added weight caused by increasing the diameter of the linear motion shafts found in 

the gantry subassembly. All other electronics from Mk1 were carried over, including the Arduino 

Mega and Uno. The power supplies and the stepper motor drivers mounted on an aluminum plate 

to dissipate heat, as seen in Figure 6-10. The Arduinos, HX711, and a breadboard were attached 

to an acrylic plate at the base of the cabinet. All wiring was organized within the cabinet and was 

routed outside to the device.  
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Figure 6-9: Mk2 Electronics Cabinet13 

 

 

Figure 6-10: Mk2 Electronics Cabinet-Inside14 

a) 12-volt DC PSB12-030-P 

b) PSB48-240S 

c) 12-volt DC PSB12-030-P 

d) STP-DRW-6575 Stepper Motor Drive 

e) STP-DRW-6575 Stepper Motor Drive 

f) TB6600 Stepper Motor Drive 

 

 
13 80/20 Aluminum T-slot profiles (White), Acrylic Panels (Orange), Door Hinge (Blue) 
14 Aluminum Mounting Plate (Blue), DIN Rail (Red) 

a) 
b) 

c) 
d) e) 

f) 
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Chapter 7: Future Work, Recommendations, and Improvements 

 

 

7.1. Future Work 

 

7.1.1. Threshold Sensitivity versus Sex and Time of Year 

 

7.1.1.1. Threshold Sensitivity and Sex Linear Regression Analysis 

 

Another direction that this research project could proceed is by evaluating how males and 

females experience threshold sensitivities differently, especially in the groups presented in 

Chapter 5. Identical methods to Chapter 5 can be considered, in which subjects would be divided 

into one of three groups: Group 1 (healthy subjects without type 2 diabetes mellitus), Group 2 

(subjects with type 2 diabetes mellitus with neuropathy symptoms), and Group 3 (subjects with 

type 2 diabetes mellitus without neuropathy symptoms). However, it would be necessary to have 

100 subjects in each group, each with 50 male and 50 female subjects. Threshold sensitivity in 

the form of TSI Norm could then be extrapolated and compared to age, BMI, ABI, fasting blood 

sugar (FBS), and HbA1c. These comparisons have been conducted using the limited data 

available from Chapter 5 of this dissertation. Table 7-1 presents the TSI Norms calculated from 

the male and female subjects in the three groups. The mean TSI Norm was greater in males than 

in females, in all three groups, which indicated that on average males in this study had a greater 

sensation loss. Furthermore, Table 7-2 presents the linear regression between TSI Norm and the 

medical characteristics, subdivided by sex. The number of males and females, as well as the 

respective mean and standard deviation are presented for each medical characteristic. After 

conducting 30 linear regressions, three have returned meaningful results. The first is that age 

correlated positively to sensation loss in Group 1 females (R2=0.6399, P =0.017). This was also 

observed in the study by Yümin et al. [107]. Figure 7-1 presents this finding, as well as the 

results correlated from male subjects in Group 1. Another finding from the Chapter 5 data were 
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that the BMI in Group 2 males correlated strongly to threshold sensitivity (R2=0.3208, P=0.028), 

Figure 7-2. In Chapter 5 this correlation between TSI Norm and BMI was not strong when 

considering both males and females concurrently. The last notable finding from the Chapter 5 

data were that the Group 2 females had a strong linear correlation between TSI Norm and ABI 

(R2=0.7688, P=0.0004), Figure 7-3. What is particularly interesting is that this relationship 

suggests that sensitivity threshold decreased with increasing ABI, or that female subjects with 

high ABI had better degree of sensation on the plantar surface. Worth mentioning was the linear 

regression between TSI Norm and FBS in Group 1 females, which demonstrated a linear 

relationship, but did not make the criteria for significance (R2=0.4382, P=0.074). 

 

 

TSI Norm 

Group Sex Mean 
Standard 

Deviation 

Group 1 
Male 12.27 2.85 

Female 10.35 3.82 

Group 2 
Male 13.35 4.07 

Female 13.34 3.18 

Group 3 
Male 13.71 5.00 

Female 8.08 4.11 

Table 7-1: TSI Norm in Males and Females per Study Group 
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  Male Female 

Metric Group Number 

Mean ± 

Standard 

Deviation 

R2 P-value Number 

Mean ± 

Standard 

Deviation 

R2 P-value 

Age 

 

Group 1 14 61.6 ±10.6 

years 

0.1842 0.13 8 60.3 ±11.9 

years 

0.6399 0.017* 

Group 2 15 64.1 ±12.3 

years 

0.024 0.98 11 66.2 ±6.1 

years 

3E-5 0.65 

Group 3 9 63.8 ±3.9 

years 

0.0869 0.44 13 67.3 ±6.7 

years 

2E-5 0.99 

BMI 

 

Group 1 14 28.9±8.6 
kg/m2 

0.0264 0.58 8 28.1±6.5 
kg/m2 

0.1136 0.41 

Group 2 15 31.2±5.4 
kg/m2 

0.3208 0.028* 11 34.4±8.5 
kg/m2 

0.0208 0.67 

Group 3 9 32.3±4.2 

kg/m2 

0.0007 0.94 13 32.1±7.2 

kg/m2 

0.0419 0.50 

ABI 

 

Group 1 14 1.14±0.10 

mmHg 

0.0289 0.56 8 1.19±0.17 

mmHg 

0.3286 0.14 

Group 2 15 1.17±0.15 

mmHg 

0.0001 0.97 11 1.14±0.17 

mmHg 

0.7688 0.0004* 

Group 3 9 1.18±0.12 

mmHg 

0.0362 0.62 13 1.08±0.08 

mmHg 

0.0767 0.36 

FBS 

 

Group 1 13 99.4±10.6 

mg/dL 

0.0183 0.66 8 91.6±9.3 

mg/dL 

0.4382 0.074 

Group 2 15 152.9±41.8 

mg/dL 

000177 0.64 11 141.6±46.5 

mg/dL 

0.0079 0.80 

Group 3 9 145.3±19.3 

mg/dL 

0.0964 0.42 13 128.7±18.4 

mg/dL 

0.0297 0.57 

HbA1c 

 

Group 1 3 5.93±0.25 % 0.9399 0.16 4 5.32±0.25 % 0.459 0.32 

Group 2 15 7.74±1.75 % 0.0042 0.82 11 7.06±1.22 % 0.0042 0.85 

Group 3 9 7.18±0.79 % 0.0363 0.62 13 6.49±0.64 % 0.0296 0.57 

Table 7-2: TSI Norm Linear Regression to Medical Characteristics Subdivided per Sex 

*Significant finding 

 

 

 
Figure 7-1: Group 1-Male and Female TSI Norm versus Age 
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Figure 7-2: Group 2-Male and Female TSI Norm versus BMI 

 

 
Figure 7-3: Group 2-Male and Female TSI Norm versus ABI 
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7.1.1.2. Threshold Sensitivity and Time of Year Linear Regression Analysis 

 

Studying the time of year and how it can affect a subject’s threshold sensitivity may also be 

considered in future studies using the automated tool. If the automated tool can be used on six 

individuals per working day, two of each from Groups 1, 2, and 3, then this would be 

approximately 1,500 subjects in a year, assuming 250 working days per year. A linear regression 

of TSI Norm versus the day of the year could then be used to see if a trend existed. However, this 

type of study would need to be performed every year for at least five years, and all subjects 

would need to be from the same geographical location. The results can also be interpreted using 

the group classifications, previously mentioned in Chapter 5. Preliminary data from Chapter 5 

has been used to study the relationship between TSI Norm and time of year and is presented in 

Figure 7-4. However, it should be noted that subjects were not evaluated during July and August 

of 2021, which explains why there is a gap of data in Figure 7-4. When considering all subjects 

combined in one group the linear regression was not strong and was not significant (R2=0.0189, 

P=0.26). The Group 1 subjects did have a correlation, but failed to be significant (R2=0.1322, 

P=0.096). Group 3 did not present a linear relationship between TSI Norm and time of year 

(R2=0.0466, P=0.35). Moreover, Group 2, which is the symptomatic DM2 group, did indicate 

that subjects had improved sensitivity later in the year (R2=0.2417, P=0.011). Nonetheless these 

results are only based on a relatively small population scattered from March through December 

2021 and are not substantial enough to draw definitive conclusions. If analyzed in a larger future 

study, the results could lead to a normalization of TSI Norm to account for time of year, 

especially if considered in multiple geographical locations.  

 

 



 

158 

 

 
Figure 7-4: TSI Norm Linear Regression versus Time of Year 

 

 

7.1.2. Threshold Sensitivity Variability versus Plantar Surface Location and 

Cohort 

 

7.1.2.1. Introduction 

 

The presented methodology used 13 locations per foot to quantify threshold sensitivity in the 

form of TSI Norm. However, as presented earlier, there is no standard methodology when using 

the hand-applied monofilament. Studies have used three, five, and ten locations to assess 

threshold sensitivity, but it is not clear why there are differences [9, 77]. In order to speed up the 

assessment it would be advantageous to find three to four locations which could be used. Finding 

locations with the greatest feasibility of predicting sensation loss can be achieved with a more 

extensive study than the one demonstrated in Chapters 4 and 5 of this dissertation.  
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7.1.2.2. Methods 

 

Identical groups would be recommended, but the number of subjects required needs to be 

increased. In the work presented in this dissertation there were 22 healthy control subjects, 26 

DM2 subjects with neuropathy symptoms, and 22 DM2 subjects without neuropathy symptoms, 

who all had four out of five toe locations, four out of five ball locations, and two out of three heel 

locations. Recruiting 100 subjects per group, matched by similar ages, ABIs, and BMIs would be 

the next step in understanding which locations on the plantar surface have the greatest sensitivity 

variability between groups. All subjects would be required to have an age greater than or equal to 

50 and ABIs greater than or equal to 1.0 mmHg. It would also be beneficial to analyze all 100 

subjects within the same month, by evaluating at least five subjects per day.  

 

Instead of using TSI or TSI Norm, it would be recommended to use the point system used to 

derive TSI as the mechanism to study location variability. In this analysis, the subject’s threshold 

sensitivities would be determined (0.35 to >10.0 grams of force) and then each category would 

be assigned a score, ranging from one to eight. Lower numbers are designated to locations with 

better threshold sensitivity, while larger numbers are for those with worse threshold sensitivity. 

From this box plots can be used per group and per locations to understand sensitivity variability.  

 

7.1.2.3. Results and Discussion 

 

Figures 7-5 and 7-6 show the subjects from the three groups, presented in Chapter 5. An 

interesting observation from the data were that the mean threshold scores found in the 

individuals with neuropathy symptoms were always greater than those without neuropathy 

symptoms for all locations on both feet. However, the data were more varied between the groups 
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which made observations less obvious. It is challenging to find three locations per foot and per 

group that performed universally the same when analyzing the data. The only location that 

demonstrated the greatest variability per location, per foot, and per group was the fifth toe, with 

the only exception being the control group versus non-symptomatic neuropathic group 

comparison on the right foot. Other potentially interesting locations are the second toe and the 

center of the heel.  

 

When analyzing for variability between groups and locations, the neural pathways should be 

considered. This was not an important consideration in Chapter 4 and 5 in the calculation of TSI 

Norm because the plantar surface as a whole was being studied. It is not recommended to 

consider the fourth toe or the fourth location on the ball of the foot, since these locations share 

common neural pathways with the medial plantar nerve and the lateral plantar nerve. Ideally, 

locations that are aligned with the medial plantar nerve, lateral plantar nerve, and the medial 

calcaneal nerve would be considered for this variability study. This would essentially target the 

tibial nerve, as all of these nerves originate from it. If two locations that targeted the medial 

plantar nerve, one location that targeted the lateral plantar nerve, and one location that targeted 

the medial calcaneal nerve could be identified as the best indicators for the development of 

neuropathy, then this could become a new screening standard. Screenings would not only occur 

more quickly but would also be more meaningful for the initial assessment of diabetic peripheral 

neuropathy on the plantar surface.  
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7.1.3. Utilizing the Automated Tool for Treatment Monitoring  

 

7.1.3.1. Introduction  

 

It has been demonstrated in Chapters 4 and 5 of this dissertation that the automated tool 

effectively documented plantar threshold sensitivity in healthy individuals without type 2 

diabetes mellitus, as well as individuals with type 2 diabetes mellitus, with and without 

neuropathy symptoms. However, these subjects were only evaluated once using the device. The 

automated tool has the potential to document threshold sensitivity over the course of time to 

obtain a long-term picture of the subject’s degree of sensation loss. This can either be achieved 

by having the machine operator reselect the locations on the plantar surface to be reevaluated, or 

the MATLAB script can be modified to automate this process. An accurate assessment, in 

addition to documentation, is necessary to effectively monitor the efficacy of treatments.  

 

Treatments often fall into the categories of pain management or targeting underlying conditions 

related to diabetes [113]. Drugs for the treatment of epilepsy, antidepressants, painkillers, and 

anti-inflammatories have been prescribed to suppress symptoms caused by diabetic peripheral 

neuropathy [113, 114]. The medications: duloxetine, mexiletine, nortriptyline, and pregabalin 

have been used for the treatment of neuropathy, but none produced an effective reduction of 

symptoms [115]. Improving one’s lifestyle in the forms of regularly exercising, eating healthier, 

and quitting smoking can be beneficial [113, 114]. However, many sources have indicated that 

there is currently no cure for this disease [115, 116]. The transcutaneous electrical nerve 

stimulation (TENS) and the frequency rhythm electrical modulation system (FREMS) have been 

used to treat neuropathy [117, 118]. The FREMS mechanism alleviated symptoms for up to three 

months after treatment [119]. Compression devices, such as compression socks have also been 
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studies to reduce neuropathy symptoms, as well as warm water, acupuncture, and massaging the 

lower extremities [120, 121] Two types of interventions are proposed with the use of the 

automated tool: studying activity level over the course of time and the invention of an 

accompanying novel treatment device.  

 

7.1.3.2. Activity Level Compared to TSI Norm 

 

A study using subjects with type 2 diabetes mellitus and neuropathy symptoms are recommended 

to study how activity level can not only improve symptoms, but potentially improve threshold 

sensitivity on the plantar surface. Four groups of subjects would be recommended, each with 30 

individuals. The variable introduced into the study would be the number of steps per day each 

subject would be required to walk or run. 2,500, 3,250, 3,250, and 5,000 steps per day would be 

assigned to subjects placed into one of the four groups. Ideally, subjects would have similar ages, 

ABIs, and BMIs in order to account for outliers. Subjects would be prescreened before the study 

began to make sure these metrics were all similar, with an ABI greater than or equal to 1.0 

mmHg and an age greater than or equal to 50. All subjects would be from the same geographical 

location, and all would be studied during the same time of year. All 120 subjects would start 

their regimen within the same week. Daily measurements would be recorded using Pedometers 

and the subjects would need to keep a log of their steps. Every week they would hand off their 

daily step log to the researchers. Subjects would be provided an Apple Watch or Fitbit to record 

their daily steps. Each week, subjects would be required to have a reassessment using the 

automated tool to document their threshold sensitivity over time. Each subject would be 

evaluated at the same day and time every week for three months. Furthermore, during the 

subject’s weekly assessment, they will also report the severity of their symptoms on an index 
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between one to ten, with ten being the worst. Additionally, the subjects would need to provide a 

sample of blood to document their fasting blood sugar each week. Blood pressure readings 

would also be required for each office visit. Fasting blood sugars and blood pressure readings are 

needed to correlate these measurements with activity level and to observe these trends over time. 

Four automated tools would be required to evaluate six subjects per day, to study all 120 subjects 

within a working week. A team of eight researchers are recommended to interact with subjects 

every week, to operate the machine and interact with the subjects. At the conclusion of the study 

the results could be analyzed to understand how activity level impacted TSI Norm.  

 

7.1.3.3. Analyzing the Efficacy of a Novel Non-pharmacological Treatment 

Device 

 

The invention of this automated tool for neuropathy assessment on the plantar surface of the foot 

demonstrated the benefits of implementing robotics into the field of medicine. As such a novel 

non-pharmacological treatment device would complement the automated tool. By combining 

compression and temperature into a single system targeted at the lower extremities it may be 

possible to promote healthy circulation, preventing the buildup of edema. The proposed solution 

is a hot water compression boot, with multiple bladder systems, which surrounds the foot and the 

shank of the leg concurrently. Figure 7-6 is a representation of this device. This device could 

oscillate the rate in which the separate bladder systems fill with hot water, causing systematic 

compression of the lower extremities. Such a device can be achieved with between three and five 

individual bladder systems, interconnected with a system of valves and a pump. As each valve 

opens and closes it will compress the bladder around the area of focus. All of the bladder systems 

would be housed inside a fabric sleeve, which keeps the device together, yet still allows for the 

transmission of temperature to the subject. Arduinos, actuators, flow sensors, and temperature 
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sensors, would all be required to operate this device. A small pilot study with ten individuals, all 

with type 2 diabetes mellitus and neuropathy symptoms could be used to test the efficacy of this 

treatment device. Each would be trained on how to setup and use the system, while in the 

comfort of their own home. Subjects would be asked to use the device every day, between 30 

and 45 minutes, for six months. It would also be necessary for subjects to come into the office 

every two weeks to be evaluated using the automated device in order to track their threshold 

sensitivity, in the form of TSI Norm. Subjects will also document the pain caused by their 

symptoms and provide that information to the research staff. At the end of the study, the results 

could indicate whether this novel treatment prevented further sensation loss and or alleviated 

painful neuropathy symptoms.  

 

 

Figure 7-7: Proposed Non-Pharmacological Treatment Device 
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7.2. Recommendations and Improvements 

 

7.2.1. Revised Homing Sequence Protocol  

 

In order to speed up the assessment methodology, different procedures can be considered to 

determine the threshold sensitivity on numerous locations on the plantar surface. The homing 

sequence demonstrated in Chapters 4 and 5 was used on all subjects, regardless of group 

classification. This type of protocol was effective for individuals without symptoms and enabling 

a baseline of the subject. However, at linear approach may save more time, depending on the 

subject. It may be better to evaluate a healthy subject by applying the monofilament at increasing 

amounts of force, starting at 0.35 grams of force and ending at 10.0 grams of force, in ascending 

order. While a subject with painful neuropathy symptoms may benefit from starting the 

assessment at 10.0 grams of force and working their way down to 0.35 grams of force, in 

descending order. This could be used in subsequent evaluations using the automated tool once 

the subject’s TSI Norm has been established.  

 

An adaptive approach for follow up evaluations may also be useful, meaning that at the 

beginning of the reassessment each individual location can initially be tested at what the previous 

evaluation determined was the threshold sensitivity. Depending on their initial response, a new 

homing sequence could determine the specific location’s new threshold sensitivity. This paired 

with the future work examining the threshold sensitivity variability versus plantar surface 

location could greatly improve the assessment time.  

 

7.2.2. Methods for Reducing Device Errors During Assessments 

 

One of the biggest revelations from the clinical study conducted in Chapters 4 and 5 was that 

subjects were able to influence the accuracy of the device by firmly placing their foot against the 
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foot plate. In the current versions of the MATLAB script and the code on the Arduino Uno there 

is no way to see the resulting contact force immediately after it has been applied. The machine 

operator can only view these data at the end of the assessment by going through the data results. 

The code can be modified to analyze for occurrences when an absolute error greater than 0.5 

grams of force takes place. It can then notify the operator that a device error occurred and that a 

reassessment is recommended. The operator can then instruct the subject to relax their foot. The 

Arduino code could also be modified to decrease its insertion rate when device errors have 

occurred during an assessment.  

 

Another solution would be to mount a strain gauge on the acrylic foot plate, which could be 

wired to either to a physical light or feedback sensor into the MATLAB script. The strain gauge 

could be used to indicate when subjects are distorting the foot plate. The use of a light could alert 

the subject and operator when the foot plate is being distorted.  

 

The last proposal to prevent device errors is to consider mounting the automated tool on an 

adjustable pivot. This would allow subjects to have their foot in plantar flexion during 

evaluation. Some subjects may find this more comfortable and may not have the need to firmly 

place their foot against the acrylic plate. The pivot should allow between zero and thirty degrees 

of rotation but will need to be locked in place during operation.  

 

7.2.3. Code Improvements 

 

The code used to control the automated tool can be improved to make it more robust. The 

MATLAB script communicated with the Arduino Mega’s GRBL code and the Arduino Uno’s 

custom code over serial USB communication. Although this worked well in the prototypes 
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developed in this dissertation, a single coding environment, such as ROS or C+ would be better 

in a commercial version of the automated tool. In order to get the MATLAB script to 

communicate with the Arduinos “pauses” had to be used throughout the code to not overwhelm 

the serial port, which is not ideal. The script was optimized for the prototypes created, but if 

developed in a program that allowed for more parallel processing, the code would be more 

efficient, hence allowing the implementation of other improvements. Another addition to the 

code is incorporating variable feed rates based upon relative distances between locations. If after 

randomization, two locations are separated by a farther distance, then it would be prudent for the 

gantry subassembly to move the probe as quickly as possible. This can be achieved by modifying 

the g-code sent from the MATLAB script to the Arduino Mega. Moreover, a graphical user 

interface would be an improvement over the dialogue boxes that currently guide the operator 

through the device procedures. The last coding improvement would be to consider a Raspberry 

Pi to not only control the entire machine, but also replacing the need for a separate laptop. A 

display, keyboard, and mouse could be connected to a Raspberry Pi, which could also replace 

both Arduinos. If this action was taken, then GRBL would need to be replaced with a different g-

code interpreter.  

 

7.2.4. Probe Subassembly Improvements 

 

One area of interest that involves the probe subassembly is analyzing the impulse of the 

monofilament as it contacts the plantar surface. Although the device does analyze these data to 

reduce its rate of insertion as it approaches the desired force, more could be done. Finding ways 

to correlate the impulse to the elasticity of human skin could be a way to further improve the 

device’s accuracy. However, one change that could be invaluable to the automated tool would be 

to replace the stepper motor used in the probe subassembly with a DC motor. DC motors use a 
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feedback loop in order to keep track of the position during use, which is not very different than 

what has been used in this dissertation. Yet, stepper motors are considered more accurate in 

position-controlled applications, such as 3D printers and CNC devices. Evaluating the feasibility 

of a DC motor would be a recommended next step, by investigating if the contact force accuracy 

can be improved.  

 

7.2.5. Future Analysis  

 

The data analyzed in Chapters 4, 5, and 7 have been performed by using univariate linear 

regressions, by comparing TSI Norm to age, BMI, ABI, FBS, and HbA1c. The influence of sex 

on these parameters has also been presented. However, the interactions of multiple medical 

characteristics on TSI Norm concurrently have not been addressed in this dissertation. 

Multivariate linear regression by comparing TSI Norm to different combinations of age, BMI, 

ABI, FBS, and HbA1c is a recommended analysis that future studies should examine. The data 

from Chapter 4 and 5 have been used to perform multivariate analysis considering combinations 

of two, three, four, and five of the medical characteristics. All of these permutations have been 

performed on the Group 1, 2, and 3 subjects. The results of these analyses are documented in 

Appendix L, M, and N. However, after 63 permutations, multivariate analysis has not provided 

any additional insights into the data. Although the analyses were performed within groups, 

additional analyses considering two-way and three-way ANOVAs are recommended, as well as 

MANOVA analyses.  

 

Another recommended analysis is the calculations of sensitivity, specificity, positive predictive 

value, and negative predictive value when comparing the hand-applied Semmes-Weinstein 
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monofilaments to the automated tool. These measurements have been calculated using data 

available from the Group 1, 2 and 3 subjects, and are provided in Appendix O. However, in order 

to strengthen these findings, the automated tool should be compared to not only a 10.0 grams of 

force rated monofilament, but all available monofilaments between 0.35 grams of force and 10.0 

grams of force. By doing this, each category that the automated tool assesses at can be directly 

compared to a corresponding hand-applied monofilament. This type of analysis would strengthen 

the findings of the automated tool.  

 

 

 

 

 



 

172 

 

Chapter 8: Conclusion 

 

 

The purpose of this dissertation is to  demonstrate the practical concerns of the hand-applied 

Semmes-Weinstein neuropathy assessment, present a novel diagnostic tool which automated the 

assessment protocol, and communicate the results of the implementation of this tool in a clinical 

study to ascertain subjects’ current degree of threshold sensitivity on the plantar surface.  

 

Chapter 2 of this dissertation details the results obtained considering theoretical contact 

mechanics and finite element analysis when modeling the contact between a nylon Semmes-

Weinstein monofilament on a human skin sample. Specifically, the study examined how 

insertion depth, monofilament diameter, and human skin material properties affected neuropathy 

assessment on the plantar surface, when modeling a non-buckling monofilament. Empirical 

equations, which considered the epidermis and dermis elastic moduli of human skin, demonstrate 

the challenges associated with using a hand-applied monofilament to accurately apply 10.0 

grams of force to the plantar surface. Depending on the epidermis and the dermis properties an 

insertion depth between 0.235 and 0.559 mm would be required to create a contact force of 

exactly 10.0 grams of force by hand, assuming a non-buckling monofilament.  

 

The findings from Chapter 2 encouraged the development of an automated tool, detailed in 

Chapter 3, which accounted for the practical concerns of using a hand-applied Semmes-

Weinstein monofilament for neuropathy assessment. The creation of the automated tool brought 

with it the potential for an improved assessment methodology, incorporating aspects such as 

documentation, randomization, and false positive assessments.  
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The automated tool was used in a clinical study outlined in Chapters 4 and 5. Chapter 4 analyzed 

control subjects who were not diagnosed with type 2 diabetes mellitus. The accuracy in terms of 

absolute error was calculated using the control subjects, which demonstrated that the device had 

an average absolute error less than or equal to 0.4 grams of force between 60% and 98% of 

locations, depending on the region. The toes yielded the most sensitive locations assessed, with 

63% of locations having a threshold sensitivity under 4.0 grams of force. Hand-applied 

monofilaments were underdiagnosing sensation loss at the 10.0-gram force threshold at a rate of 

21%, relative to the automated tool. TSI Norm was used to quantify a subject’s threshold 

sensitivity at thirteen locations per foot. Control subjects significantly attributed their degree of 

sensation to their age (R2=0.3422, P=0.004), but not to their BMI, ABI, fasting blood sugar, or 

HbA1c. Chapter 5 compared the healthy control subjects from Chapter 4 to individuals with 

diagnosed type 2 diabetes mellitus, with and without neuropathy symptoms. The subjects in all 

three groups had similar ages, BMIs, and ABIs, while only differing in their fasting blood sugar 

and HbA1c. However, this study failed to find a significant difference between each group’s TSI 

Norm. Both groups with diabetes did not yield a correlation between threshold sensitivity and the 

other medical characteristics examined in this work.  

 

In Chapter 6, the second iteration of the automated tool was presented and featured its various 

improvements over the first prototype. Chapter 7 presented three future directions this research 

can be taken using the automated for analyzing the effects of sex, time of year, location 

variability, and treatment monitoring on threshold sensitivity. Furthermore, additional 

recommendations and improvements to the automated tool are provided, mainly in the area of 

coding and controls.  
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This dissertation concludes with the assertion that the automated tool developed is an improved 

device compared to the commercially available and widely used Semmes-Weinstein 

monofilament. Its corresponding methodology provides the standardization needed to not only 

study neuropathy assessment on the plantar surface, but also studying the efficacy of future 

treatments.  
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I.  SUMMARY 

 
Neuropathy is defined as a sensation in the body such as burning, tingling, numbness, warm or cool 
patches, a sensation of a sock on the foot, or a sponge under the foot.  
 
The most common cause of neuropathy is type 2 diabetes mellitus. Neuropathic symptoms are most 
common in the foot but can occur in the hand, the trunk of the body or the lower back into the legs. The 
cause of neuropathy is not well understood. Some of the causes include an inherited trait, poor blood 
sugar control, and poor circulation to the feet.  
 
The purpose of the study is to compare the standard foot exam to an examination done with a newly 
invented device. A standard foot exam includes hand applied monofilaments and vibratory analysis 
using a tuning fork. Your participation in this study is voluntary; it is your choice. You have the right to 
withdraw from the study at any point. The information from this research study will be confidential, 
kept anonymous, and maintained in a secure computer system under a coded protocol. 
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Our hope is that the data will give you new information about the health of your feet. The collected 
information will lead to better foot care for you and for all other diabetics in the future. 
  

The study staff will explain this study in detail to you.  Ask questions about anything that is not 
clear at any time.  You may take home an unsigned copy of this consent form to think about 
and discuss with family or friends. 

Please read this consent form carefully. 
 

II.  WHAT IS INFORMED CONSENT? 
 
You are being asked to take part in a research study that will study that may benefit individuals 
who have diabetic foot neuropathy, a condition causing pain in various places on the foot. 
Before you decide whether to take part in the research, you should be told about the risks and 
benefits with this study.  This process is known as informed consent.  This consent form will 
give you information about this study and your rights as a research subject.  Your decision to (or 
not to) participate in the voluntary study will in no way influence or affect your medical care 
and treatment at Internal Medicine Associates. 
 

III. WHY IS THIS RESEARCH BEING DONE? 
 

The purpose of this research it to develop a method of examining the sensitivity of the foot using 

a device using a monofilament. The research involves an office visit to examine your feet using 

the device. 

 
IV. WHAT WILL HAPPEN IN THIS RESEARCH STUDY? 

 
After you have given consent the Edward via College of Osteopathic Medicine (VCOM) student 
will generate a study code unique to you. All of your data and results will be deidentified using 
this code as to remove your identity from the results. During the exam you will be asked to 
remove shoes, socks, stockings, and or knee highs to expose the foot and ankle. If you have a 
long sleeve shirt, a gown will be provided to check your blood pressure. Your blood pressure, 
body mass index (BMI), and ankle-brachial index (ABI) will be evaluated and recorded on a data 
sheet. Your age, gender, and any symptoms related to neuropathy, such as burning, numbness, 
false sensation, etc., will also be recorded on the datasheet. Your medical record at IMA will be 
accessed for your last three fasting blood sugars and last three HgbA1c readings and will be 
written down on the datasheet. Your current medications will also be documented on the 
datasheet. Furthermore, a standard exam will be conducted using hand applied monofilaments 
and vibratory analysis using a tuning fork on both of your feet. After this you will be tested with 
the new device by a VCOM student. While you are lying on the exam table the neuropathic 
device will be placed up against the sole of your foot. Care will be taken to assume proper 
placement. Comfort is important so no part of your foot will feel excess pressure. The device 
will then measure 13 points from the toes down to your heel. Different pressures will be used 
at random locations, until your minimum threshold sensitivity is determined. You will be given a 
handheld pushbutton, which blinks to request a response from you.  If you feel the applied 
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pressure, please press the button during the blinking cycle.  If you are not sure if you can feel 
the pressure, do not hit the button. False positives are thrown into the assessment to make 
sure you are only pressing the button when you felt the monofilament being applied to your 
foot. Both of your feet will be assed using the new device A photograph will be taken of each 
foot for use with the device and for future analysis. You are being asked to allow the VCOM 
students to access your medical record and to retain a photograph of your feet.   
 

V. WHAT ARE THE RISKS OF BEING IN THIS RESEARCH STUDY? 
 
The examination of the foot using the monofilament should present minimal risk to you. In 
taking part in this research there may be other risks to you that we are not aware of at this 
time. As this study involves the use of your identifiable, personal information, there is a chance 
that a loss of confidentiality will occur. The researchers have procedures in place to lessen the 

possibility of this happening (see “What about confidentiality?” section below). If you choose to 

participate in this study, the risk for COVID-19 are about the same as those posed by similar 

activities while the virus is still spreading in your community. Similar activities could include 

grocery shopping, having your car repaired, or getting a haircut. Please refer to section XVIII 

COVID-19 Addendum for more information. In order to address the risk for COVID-19 face 

masks will be required for both the you and the investigators. Each investigator will be wearing a 

face shield/goggles, a gown, and a pair of gloves. A 6-foot physical distance will be maintained 

at all times except when the investigators are applying hand applied tools or taking vitals such as 

blood pressure and ABI. In the event of potential COVID-19 exposure a contact tracing log will 

be maintained, and you will be notified.  

 

VI. WHAT ARE THE BENEFITS OF BEING IN THIS REASEARCH STUDY? 
 
We cannot promise any benefits to your from taking part in the study.  At the completion of the                     

examination you will be given a copy of the datasheet with all of your results, including your 

threshold sensitivity of your feet using hand applied methods and the new device. However, the 

results using the new device cannot be used for the diagnosis of diseases, since it is not an FDA 

regulated device. Although you may not personally benefit from taking part in this study, the 

knowledge gained may benefit others.  

 
 

VII. ARE THERE ANY OPTIONS TO BEING IN THIS REASEARCH STUDY? 
 
The only alternative to participation is to choose not to participate. 
 
 

VIII. WILL I RECEIVE NEW INFORMATION ABOUT THIS RESEARCH STUDY? 
 
You will not receive any new information about this research study beyond the results of the 

examination. 
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IX. WHAT ABOUT CONFIDENTIALITY? 
After you sign this consent form, the VCOM student will make a study code unique to you. This 
code will be used throughout this examination. This code will deidentify your data and your 
results collected through this study, in addition to the photographs of your feet. There will be 
no record that connects your name with your study code, you will be the only person who 
knows your own study code. At the end of the evaluation you will get a copy of this consent 
document and a copy of your datasheet. The investigators’ copy of your signed consent form 
and datasheet will be keep in a locked filing cabinet and will be separated into different folders. 
The new machine will use your study code to save your deidentified results and data on 
password protected computers owned by the investigators of this study. Your datasheet will 
also include a summary of this results. Your identity will not be used in any sort of published 
report without your written permission. 
 
Your identity in this study will be treated as confidential.  The results of the study, including 
laboratory or any other data, may be published but will not give your name or include any 
identifiable references to you. This includes your blood pressure, BMI, ABI, last three fasting 
blood sugars, last three HgbA1c levels, current medications, age, gender, symptoms related to 
neuropathy, and data results from the standard foot exam and from the new device, and the 
photographs of your feet. However, any records or data obtained as a result of your 
participation in this study may be inspected by the persons conducting this study and/or The 
Edward Via College of Osteopathic Medicine’s Institutional Review Board, provided that such 
inspectors are legally obligated to protect any identifiable information from public disclosure, 
except where disclosure is otherwise required by law or a court of competent jurisdiction.  
These records will be kept private in so far as permitted by law. 
 

X. AUTHORIZATION TO USE YOUR HEALTH INFORMATION? 
 
There is a federal law that protects the privacy of health information. This law is known as 
HIPAA. HIPAA stands for the “Health Insurance Portability and Accountability Act.” Because of 
this law, your health information cannot be looked at, collected or shared with others without 
your permission.  
Signing this consent and authorization form means you allow the Principal Investigator for this 
study and members of the investigator’s research team to create, get, use, store and share 
information that identifies you for the purposes of this research. 
After the VCOM student goes through this document with you and you sign it, they will go 
through your medical record and document the last three fasting blood sugars, and the last 
three HgbA1c readings on your datasheet. Your current medications will also be documented 
on the datasheet. The datasheet will be noted with your unique study code, used to deidentify 
you from your data. Your blood pressure, BMI, ABI, age, gender, and any symptoms related to 
neuropathy will all be evaluated and documented on your datasheet. The datasheet will also 
document the results of your standard foot exam and your examination using the new device.  
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XI. WILL IT COST ME MONEY TO TAKE PART IN THE RESEARCH? 
 
There is no cost to you to take part in the research study. If while participating, you think you have an 
injury or illness related to this study, contact the study staff right away.  The study staff will treat you or 
refer you for treatment.  If referred, you will be responsible for the cost of such treatment. 

 
XII. WILL I BE PAID FOR TAKING PART IN THIS RESEARCH? 

 
There will be no compensation for taking part in this research study. 

 
XIII. WHAT IF I WANT TO STOP BEING IN THE STUDY BEFORE IT IS FINISHED? 

 
At any time during the examination, you can choose to not participate and end the examination. You 
can also request to be removed from this study at any time, in which case your results will be removed.  

 
XIV. CAN I BE REMOVED FROM THIS RESARCH WITHOUT MY APPROVAL? 

 
The person in charge of this research can remove you from this research without your approval. There 
are three cases where this might occur, the first is if your ABI is less than one. The second is if you hit to 
many false positive checks while being evaluated with the new device. The third is if you have any open 
wounds on your feet.  

 
XV. ARE RESEARCHERS BEING PAID TO DO THIS STUDY? 

 
This research study is funded by VCOM, which has paid for the development of the device, raw 
materials, the Auburn University graduate research assistant’s salary and Auburn University 
undergraduate research assistant salary. Other than the Auburn University graduate and undergraduate 
students, none of the investigators or research staff will receive money or other types of payment from 
this study. 

 
XVI. WHAT ARE MY RESPONSIBILITES IF I CHOOSE TO PARTICIPATE IN THIS RESEARCH 

STUDY? 
 
If you choose to participate, an appointment will be scheduled for your examination.  The examination 
will require that you lay still and place your foot in a device.  Furthermore, you will be tested with hand 
applied monofilaments and a tuning fork. The examination should not take longer than 60 minutes to 
complete. 
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XVII. WHO ARE THE CONTACT PERSONS FOR THIS STUDY? 
 

If you encounter complications or have any questions about the study, you may call: 
Investigator Name:  Dr. Jon Commander, MD 
Address:  Internal Medicine Associates, 121 North 20th St. #6, Opelika, AL 36801 
Phone #: (334) 749-3385 
Email Address:  jcommander@imaopelika.com 
 

This research is being overseen by the Edward Via College of Osteopathic Medicine Institutional 
Review Board (IRB). An IRB is a group of people whi perform independent review of research 
studies. You may talk with the Chairman of the IRB by calling (540) 231-4981 if: 
 

• You have questions, concerns, or complaints that are not being answered by the 
research team. 

• If you have questions about your rights as a research subject. 

• If you need to report a research-related injury.  
 

XVIII. COVID-19 ADDENDUM 
 

You have agreed to participate in a research study at Edward Via College of Osteopathic 

Medicine. The research study involves in-person contact or procedures. Here are some things 

you should know about in-person research while COVID-19 remains a risk: 

Risks related to COVID-19: 

If you choose to participate in this study, the risk for COVID-19 are about the same as those 

posed by similar activities while the virus is still spreading in your community. Similar activities 

could include grocery shopping, having your car repaired, or getting a haircut. 

In addition, participation might increase risk to your family, the community, and the research 

team. 

You should not participate if you have any conditions or risk factors that could make a COVID-

19 infection more serious. Risk factors for severe illness include having other medical conditions 

such as asthma, heart problems, or any other illness.  Certain populations might also be at 

increased risk or unknown risk, including people aged 65 and older, people with disabilities, 

women who are pregnant or breastfeeding, people who are experiencing homelessness, and 

people who are part of racial and ethnic minority groups.  

The information on people who need to take extra precautions is being updated regularly. We 

encourage you to check for the latest information before you decide whether to participate. 

Please visit https://www.cdc.gov/coronavirus/2019-ncov/need-extra-precautions/index.html for 

the most up to date information. 

What we are doing to reduce risk to you: 

Each lab or study has developed a process for conducting the research as safely as possible, 

given current knowledge about COVID-19. This process has been reviewed by the Institutional 

Review Board at Edward Via College of Osteopathic Medicine.  A member of the research team 

mailto:jcommander@imaopelika.com
https://www.cdc.gov/coronavirus/2019-ncov/need-extra-precautions/index.html
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will review this information with you and answer any questions you might have before you agree 

to participate. 

We will not conduct the study during times of increasing community spread or if we cannot 

obtain the necessary disinfecting supplies and equipment to reduce the risk of exposure. 

Everyone working on the study has been instructed to stay home if they have any symptoms that 

could be related to COVID-19. If someone on the research team tests positive for COVID-19 and 

you have been exposed, someone will notify you. We will maintain a contact tracing log that is 

separate from your data and other details about your participation, and we will provide this log to 

your local health district who will conduct contact tracing in the case of a positive test. We will 

destroy this log 60 days after your last visit. 

 

What you can do to reduce risk to us and to the community: 

Do not participate if you have had any symptoms of COVID-19 in the past 14 days or have been 

in contact with someone who has symptoms. Symptoms include, but are not limited to, cough, 

shortness of breath or difficulty breathing, fever, chill, repeated shaking with chills, muscle pain, 

headache, sore throat, and new loss of taste or smell. 

Do not participate if you have tested positive for COVID-19 in the past 21 days, even if you have 

not shown any symptoms. 

Do not participate if you know you have been exposed to anyone who has tested positive for 

COVID-19 in the past 21 days. 

Let us know if you test positive for COVID-19 within the next 14 days. We will provide your 

contact tracing log to the college or public health authorities who will use the tracing log to 

contact others who may have been exposed during your visit.  

Wash your hands frequently and observe current guidance on avoiding virus spread from the 

Centers for Disease Control. 

Wear a mask or a cloth face covering over your nose and mouth. Depending on the study, other 

methods may be used, such as physical distancing, a face shield, or Plexiglas barrier or multiple 

methods may be deployed simultaneously.   

For the latest information on COVID-19 please visit: https://www.cdc.gov/coronavirus/2019-

ncov/index.html 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.cdc.gov/coronavirus/2019-ncov/index.html
https://www.cdc.gov/coronavirus/2019-ncov/index.html
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XIX. CONSENT SIGNATURES 
 

PARTICIPANT:  The research study described in this consent form, including the risks and 
benefits, has been explained to me and all my questions have been answered.  I consent to take 
part in this research study.  My consent is given willingly and voluntarily.  I understand that I am 
free to withdraw my consent at any time.  I will receive a signed copy of this consent form. 
I give my permission to the researchers to use my medical records as described in this consent 
form. 
 
______________________________________ __________     
  
Printed Name of Participant   Signature of participant  
 Date 
 
PERSON OBTAINING CONSENT:  I certify I was present for the informed consent discussion.  The 
subject or legally authorized representative had an opportunity to ask questions about the 
study and appeared to understand the information presented.  The subject or legally 
authorized representative agreed to take part voluntarily in the research and I obtained his/her 
signature. 
 
______________________________________ __________     
  
Printed Name of Person Obtaining Consent  Signature of Person Obtaining Consent
 Date 
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Appendix C (Subject Datasheet) 

 

 

 

Patient Code: ______________________ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cohort 

☐ Control 

☐ DM2, no symptoms 

☐ DM2, with symptoms 

☐ DM2, history of ulcers, 

amputation 

 

Vital Signs 

BP: _______ 

BMI: _______ 

ABI Screen: _______ 

Last 3 Fasting Blood Sugars 

_______,_______,_______ 

Last 3 HgbA1c 

_______,_______,_______ 

List of Current Medications: 

_______________________________

_______________________________

_______________________________

_______________________________ 

Sig PMH 

☐ CKDz, Proteinuria 

☐ Neuropathy 

☐ Vascular Disease 

☐ Peripheral Vascular Disease 

☐ None 

 

Gender: _______ 

Age: _______ 

(if older than 89 indicate 90+) 

Symptoms 

☐ Burning 

☐ Tingling 

☐ Numbness 

☐ Warm Patches 

☐ Cold Patches 

☐ False Sensation 

☐ Other: ________________ 

 ______________________ 

 ______________________ 

☐ None 
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Patient Code: ______________________ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Standard Foot Exam 

 Right Left 

M V M V 

Toe   1     

2     

3     

4     

5     

MT   1     

2     

3     

4     

5     

H      1     

2     

3     

 

New Device Foot Exam* 

 
Right Left 

Toe   1   

2   

3   

4   

5   

MT   1   

2   

3   

4   

5   

H      1   

2   

3   

*Note: Results obtained using the new device 

cannot be used for the diagnosis of diseases, 

since this is not an FDA regulated device 

**Note: Pictorial shows 

the plantar surface of the 

foot, locations and size 

are not exact or to scale 
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Appendix D (Research Volunteer Flyer for IMA Lobby) 

 

Dr. Jon Commander of Internal Medicine Associates 

 

Auburn University Samuel Ginn College of Engineering’s 

Mechanical Engineering Department 

 

Edward Via College of Osteopathic Medicine (VCOM) 
 

Request your participation! 

 

A research study on diabetic neuropathy of the feet using a newly invented tool for 

analyzing neuropathy.  

 

Seeking: 

 

• 50 patients, at least 40 years-old, no health risks for diabetes/neuropathy 

• 50 patients, at least 40 years-old, with type II diabetes for at least 5 years, no 

symptoms of neuropathy 

• 50 patients, at least 40 years-old, with type II diabetes for at least 5 years, 

with symptoms of neuropathy 

• 50 patients, at least 40 years-old, with type II diabetes and history of foot 

ulcers and/or partial amputation 

 

If you meet the requirements of one of these groups, please take a flyer/request 

information during vital signs, and you may participate in this FREE test. Results 

will be provided to you. There is no compensation for this free examination.  This 

study is not open to type I diabetics or anyone less than 40 years of age. Also if 

you have an Ankle-Brachial Index less than 1.0 you will be excluded from this 

study. Patient’s with unhealed ulcers or unhealed amputations will be excluded. 

The entire evaluation will take no more than 60 minutes. Participates must wear a 

mask/face covering at all times during the study and will be responsible for bring 

their own. 

 

 

 

 



 

197 

 

Recruitment Script 

 

Thank you for your interest in being included in this research on neuropathy. As a control patient 

you must be at least 40 years of age with no know history of peripheral vascular disease nor 

symptoms of neuropathy.  All Type 2 DM volunteers must be at least age 40 and have had DM 2 

for at least 5 years.  Also if you have an Ankle-Brachial Index less than 1.0 you will be excluded 

from this study. Patient’s with unhealed ulcers or unhealed amputations will be excluded. During 

the evaluation you will have a standard foot exam on each foot, which includes hand applied 

monofilaments and vibratory analysis using a tuning fork. You will also be evaluated using the 

new tool. You will also receive an ABI exam to document your blood flow to your feet. You will 

be given a copy of your results which you can share with your primary care physician, however 

since this is not an FDA approved device the results cannot be used to diagnosis a disease. There 

will be no compensation provided for participation.  The entire evaluation will take no more than 

60 minutes. An appointment time will be scheduled for the free exam. 
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Appendix E (GRBL Settings) 

 

Grbl 1.1g ['$' for help] 

[MSG:'$H'|'$X' to unlock] 

$0=10 

$1=255 

$2=0 

$3=0 

$4=0 

$5=0 

$6=0 

$10=3 

$11=0.010 

$12=0.002 

$13=1 

$20=0 

$21=1 

$22=1 

$23=3 

$24=25.000 

$25=500.000 

$26=25 

$27=1.000 

$30=1000 

$31=0 

$32=0 

$100=500.000 

$101=500.000 

$102=100.000 

$110=1000.000 

$111=1000.000 

$112=100.000 

$120=100.000 

$121=100.000 

$122=1.000 

$130=200.000 

$131=200.000 

$132=200.000 
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Appendix F (Neuropathy Device Start Code) 

 
clc 

clear all 

close all 

  

Hello=questdlg('Hello. Welcome to the Neuropathy Diagnostic Tool Assessment 

Interface. Do not place the patient''s foot in the device yet. Please click 

start to begin the test.', 'Welcome', 'Start', 'Start'); 

PSShcek=questdlg('Did you turn on the small power supply? If not please do so 

now. Select begin test when completed.', 'Power Supply Check', 'Begin Test', 

'Begin Test'); 

ExcelReminder=questdlg('Please make sure that Microsoft Excel is 

closed.','Excel Reminder', 'Okay', 'Okay'); 

  

Mega=serial('COM3', 'BaudRate', 115200); 

fopen(Mega); 

pause(3) 

Uno=serial('COM4', 'BaudRate', 9600); 

Uno.Terminator= 'LF'; 

Uno.timeout=30; 

fopen(Uno); 

pause(3) 

fprintf(Mega, '$X \n'); 

pause(3) 

fprintf(Mega, '$H \n'); 

pause(3) 

fprintf(Mega, 'G20 \n'); 

pause(3) 

fprintf(Mega, 'G28.1 \n'); 

pause(3) 

fprintf(Mega, 'G10 L20 P1 X0 Y0 Z0 \n'); 

pause(3) 

mycam=webcam('Logitech'); 

mycam.Resolution = '1920x1080'; 

pause(10) 

  

  

PatientData=inputdlg({'Patient Identifier:', 'Gender:', 'Age:', 'Time:', 

'Date:', 'Operator Initials:'}, 'Documentation', [1 50]); 

PatientIdentifierChar=char(PatientData(1)); 

  

answer=questdlg('Left Foot or Right Foot?', 'Foot Type', 'Left', 'Right', 

'Left'); 

  

switch answer 

    case 'Left' 

        Type1st='LeftFoot'; 

        Type2nd='RightFoot'; 

    case 'Right' 

        Type1st='RightFoot'; 

        Type2nd='LeftFoot'; 

end 

  

Directory='D:\Documents\Graduate Research Neuropathy Project\Matlab Research 

Files'; 
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NewDirectory=sprintf('%s\\%s',Directory, PatientIdentifierChar); 

  

if ~exist(NewDirectory, 'dir') 

    mkdir(fullfile(Directory,PatientIdentifierChar))   

end 

  

PatientIdentifierCharType1st=sprintf('%s%s',PatientIdentifierChar, Type1st); 

PatientIdentifierCharType2nd=sprintf('%s%s',PatientIdentifierChar, Type2nd); 

SubDirectory1st=sprintf('%s\\%s', NewDirectory, 

PatientIdentifierCharType1st); 

SubDirectory2nd=sprintf('%s\\%s', NewDirectory, 

PatientIdentifierCharType2nd); 

  

if ~exist(SubDirectory1st, 'dir') 

    mkdir(fullfile(NewDirectory, PatientIdentifierCharType1st)) 

end 

  

if ~exist(SubDirectory2nd, 'dir') 

    mkdir(fullfile(NewDirectory, PatientIdentifierCharType2nd)) 

end 

  

filenamex1st=sprintf('%s.xlsx', PatientIdentifierCharType1st); 

filenamex2nd=sprintf('%s.xlsx', PatientIdentifierCharType2nd); 

filenamew=sprintf('%s.mat', PatientIdentifierChar); 

filenamef1st=sprintf('%s.fig', PatientIdentifierCharType1st); 

filenamef2nd=sprintf('%s.fig', PatientIdentifierCharType2nd); 

tic 

  

for H=1:2  

     

    if H==1 

         

        [T1, T2, T3, RS1]=NeuropathyScriptFunction2(Uno, Mega, mycam, 1); 

        answer5=questdlg('Offer the Patient a break', 'Break', 'Okay', 

'Okay'); 

        FigureReminder=questdlg('Please minimize the first window with 

patient''s foot and results on it. Do not close the window.', 'Figure 

Reminder', 'Okay', 'Okay'); 

        fprintf(Mega, '$X \n'); 

        pause(3) 

        fprintf(Mega, '$H \n'); 

        pause(3) 

        fprintf(Mega, 'G20 \n'); 

        pause(3) 

        fprintf(Mega, 'G28.1 \n'); 

        pause(3) 

        fprintf(Mega, 'G10 L20 P1 X0 Y0 Z0 \n'); 

        pause(3) 

        answer6=questdlg('Place the Patient''s other foot in the machine', 

'Insert Foot', 'Okay', 'Okay'); 

        answer7=questdlg('Click Okay to resume the test once the Patient''s 

other foot has been placed in the machine', 'Resume Test', 'Okay', 'Okay'); 

    end 

     

    if H==2 

         

        [T4, T5, T6, RS2]=NeuropathyScriptFunction2(Uno, Mega, mycam, 2); 



 

201 

 

         

    end 

  

end 

  

endTime=toc; 

  

fclose(Mega); 

pause(3) 

fclose(Uno); 

  

SaveReminder=questdlg('Please press save to save the results. Do not close 

out any windows.', 'Save Results', 'Save', 'Save'); 

writetable(T1, filenamex1st, 'sheet', 'sheet1') 

writetable(T2, filenamex1st, 'sheet', 'sheet2') 

writetable(T3, filenamex1st, 'sheet', 'sheet3') 

writetable(T4, filenamex2nd, 'sheet', 'sheet1') 

writetable(T5, filenamex2nd, 'sheet', 'sheet2') 

writetable(T6, filenamex2nd, 'sheet', 'sheet3') 

  

savefig(1, PatientIdentifierCharType1st) 

savefig(2, PatientIdentifierCharType2nd) 

save(PatientIdentifierChar) 

  

movefile(filenamex1st, SubDirectory1st) 

movefile(filenamex2nd, SubDirectory2nd) 

movefile(filenamew, NewDirectory) 

movefile(filenamef1st, SubDirectory1st) 

movefile(filenamef2nd, SubDirectory2nd) 

EndReminder=questdlg('The results have been saved and the files have been 

moved into the patient''s folder. Please close all windows and close MATLAB. 

Also please turn the machine off and unplug the usbs from the computer. Clean 

the device before the next patient. Thank you for all your help - 

Kyle.','Assessment Complete', 'Finish', 'Finish'); 
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Appendix G (Neuropathy Script)  

 
function [T1, T2, T3, rs]=NeuropathyScriptFunction2(Uno, Mega, mycam, N) 

  

  

PatientFoot1=questdlg('Please place the patient''s foot in the device now. 

Make sure that the foot is strapped in place and the plantar surface is 

against the acylic. Adjust the table height if necessary. Hand the patient 

the remote. Press Start once the patient is ready.','Place Patient''s Foot in 

Device', 'Start', 'Start'); 

  

figure(N) 

img=snapshot(mycam); 

imwrite(img, 'PatientNew.tiff'); 

I=imread('PatientNew.tiff'); 

imshow(I); 

axis on 

  

PatientFootImage1=questdlg('Please make the window with the picture of the 

patient''s foot fullscreen. Do not interact with other windows or figures 

during the test', 'Fullscreen Reminder', 'Okay', 'Okay'); 

  

%[c,r]=getpts(figure(N)); %Manual selection for grid 

  

%c1=c(1); 

%c2=c(2); 

  

c1=103; 

c2=1876; 

CLength=c2-c1; 

xratio=12/CLength; 

cd=CLength/48; 

  

%r1=r(1); 

%r2=r(2); 

  

r1=921; 

r2=180; 

RLength=r2-r1; 

yratio=5/RLength; 

rd=RLength/20; 

  

hold on; 

  

for col=c1:cd:c2 

    line([col, col], [r2, r1], 'Color', 'w'); 

end 

  

for row=r1:rd:r2 

    line([c2, c1], [row, row], 'Color', 'w'); 

end 

  

%R=r1:rd:r2; 

%C=c1:cd:c2; 

  

fprintf(Mega, 'G54 X0.26 Y1.285 \n'); %Setting New Orgin at the first hole 
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pause(3) 

fprintf(Mega, 'G30.1 \n'); 

pause(3) 

fprintf(Mega, 'G10 L20 P2 X0 Y0 Z0 \n'); 

pause(0.1) 

[~, ~, ~] = NeuropathyUnoFunction2("0", Uno); 

pause(0.1) 

  

  

for L=1:3 

    if L==1 

        fprintf("Region 1-Toes \n") 

        answer1=questdlg('Please select locations on the heads of each toe, 5 

total. Do not double click the mouse. Backspace on the keyboard will remove 

the location selected. Hit Enter on the keyboard to comfirm locations.', 

'Region 1', 'Okay', 'Okay'); 

    end 

     

    if L==2 

        fprintf("Region 2-Ball of the Foot \n") 

        answer2=questdlg('Please select locations on the ball of the foot, 5 

total. Do not double click the mouse. Backspace on the keyboard will remove 

the location selected. Hit Enter on the keyboard to comfirm locations.', 

'Region 2', 'Okay', 'Okay'); 

    end 

     

    if L==3 

        fprintf("Region 3-Heel \n") 

        answer3=questdlg('Please select locations on the heel, 3 total. Do 

not double click the mouse. Backspace on the keyboard will remove the 

location selected. Hit Enter on the keyboard to comfirm locations.', 'Region 

3', 'Okay', 'Okay'); 

    end 

     

[x,y]=getpts(figure(N)); %Collects data on figure 

hold on 

  

Data=[x y]; %Mouse click Data stored 

DataConversion=Data-[c1 r1]; 

DataInch=DataConversion.*[xratio yratio]; 

  

[rowInch, ~]=size(DataInch); %Determines how many points there are 

NumberRows=rowInch; %Counts rows 

  

accuracy=0.25; %rounded to nearest 0.25 inch 

DataRounded=round(DataInch/accuracy)*accuracy; 

DataRoundedLimit=max(DataRounded, 0); %Converts negative numbers to zero 

  

XData=DataRoundedLimit(: ,1); %X axis data to less than or equal to 12 

XData(XData>12)=12; 

  

YData=DataRoundedLimit(: ,2); %Y axis data to less than or equal to 5 

YData(YData>5)=5; 

  

DataFinal=[XData YData]; 

DataFinalPixels=DataFinal./[xratio yratio]; 
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DataPixels=DataFinalPixels+[c1 r1]; 

DataPixelsX=DataPixels(: ,1); 

DataPixelsY=DataPixels(: ,2); 

plot(DataPixelsX,DataPixelsY, 'c*'); 

hold on 

  

GcodeCell=cell(1, NumberRows); 

for i=1:NumberRows 

    DataPoint=DataFinal(i, :); %Selects a row of data for indexed value or 

rounded set 

    DataPointX=DataPoint(2); %X coorrdinate for indexed value 

    DataPointY=DataPoint(1); %Y coordinate for indexed value 

    Gcode=sprintf('G55 X%0.2f Y%0.2f', DataPointX, DataPointY); %String 

printf of Gcode 

    GcodeCell{i}=Gcode;  %Stores all indexed Gcode in a Cell 

end 

  

    if L==1 

        R1Gcode=GcodeCell; 

        R1DataPixels=DataPixels; 

        R1DataPixelsX=DataPixelsX; 

        R1DataPixelsY=DataPixelsY; 

        Length1=NumberRows; 

    end 

     

    if L==2 

        R2Gcode=GcodeCell; 

        R2DataPixels=DataPixels; 

        R2DataPixelsX=DataPixelsX; 

        R2DataPixelsY=DataPixelsY; 

        Length2=NumberRows; 

    end 

     

    if L==3 

        R3Gcode=GcodeCell; 

        R3DataPixels=DataPixels; 

        R3DataPixelsX=DataPixelsX; 

        R3DataPixelsY=DataPixelsY; 

        Length3=NumberRows; 

    end 

end 

  

rng shuffle 

rs=rng; 

  

TestingOrder=randi(4); 

if TestingOrder==1 

    %1-2-3 

     

    T1Gcode=R1Gcode; 

    T1DataPixels=R1DataPixels; 

    T1DataPixelsX=R1DataPixelsX; 

    T1DataPixelsY=R1DataPixelsY; 

    T1Length=Length1; 

     

    T2Gcode=R2Gcode; 

    T2DataPixels=R2DataPixels; 



 

205 

 

    T2DataPixelsX=R2DataPixelsX; 

    T2DataPixelsY=R2DataPixelsY; 

    T2Length=Length2; 

     

    T3Gcode=R3Gcode; 

    T3DataPixels=R3DataPixels; 

    T3DataPixelsX=R3DataPixelsX; 

    T3DataPixelsY=R3DataPixelsY; 

    T3Length=Length3;     

     

elseif TestingOrder==2 

    %2-1-3 

     

    T1Gcode=R2Gcode; 

    T1DataPixels=R2DataPixels; 

    T1DataPixelsX=R2DataPixelsX; 

    T1DataPixelsY=R2DataPixelsY; 

    T1Length=Length2; 

     

    T2Gcode=R1Gcode; 

    T2DataPixels=R1DataPixels; 

    T2DataPixelsX=R1DataPixelsX; 

    T2DataPixelsY=R1DataPixelsY; 

    T2Length=Length1; 

     

    T3Gcode=R3Gcode; 

    T3DataPixels=R3DataPixels; 

    T3DataPixelsX=R3DataPixelsX; 

    T3DataPixelsY=R3DataPixelsY; 

    T3Length=Length3; 

     

elseif TestingOrder==3 

    %3-1-2 

     

    T1Gcode=R3Gcode; 

    T1DataPixels=R3DataPixels; 

    T1DataPixelsX=R3DataPixelsX; 

    T1DataPixelsY=R3DataPixelsY; 

    T1Length=Length3; 

     

    T2Gcode=R1Gcode; 

    T2DataPixels=R1DataPixels; 

    T2DataPixelsX=R1DataPixelsX; 

    T2DataPixelsY=R1DataPixelsY; 

    T2Length=Length1; 

     

    T3Gcode=R2Gcode; 

    T3DataPixels=R2DataPixels; 

    T3DataPixelsX=R2DataPixelsX; 

    T3DataPixelsY=R2DataPixelsY; 

    T3Length=Length2; 

     

else 

    %3-2-1 

     

    T1Gcode=R3Gcode; 

    T1DataPixels=R3DataPixels; 
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    T1DataPixelsX=R3DataPixelsX; 

    T1DataPixelsY=R3DataPixelsY; 

    T1Length=Length3; 

     

    T2Gcode=R2Gcode; 

    T2DataPixels=R2DataPixels; 

    T2DataPixelsX=R2DataPixelsX; 

    T2DataPixelsY=R2DataPixelsY; 

    T2Length=Length2; 

     

    T3Gcode=R1Gcode; 

    T3DataPixels=R1DataPixels; 

    T3DataPixelsX=R1DataPixelsX; 

    T3DataPixelsY=R1DataPixelsY; 

    T3Length=Length1; 

end 

  

for K=1:3 

     

    if K==1 

        [T1] = NeuropathyFunction4(T1Length, T1Gcode, T1DataPixelsX, 

T1DataPixelsY, Mega, Uno);  

    end 

     

    if K==2 

        [T2] = NeuropathyFunction4(T2Length, T2Gcode, T2DataPixelsX, 

T2DataPixelsY, Mega, Uno); 

    end 

     

    if K==3 

        [T3] = NeuropathyFunction4(T3Length, T3Gcode, T3DataPixelsX, 

T3DataPixelsY, Mega, Uno);  

    end 

     

end 

  

fprintf(Mega, 'G30 \n'); 

pause(3) 

answer4=questdlg('Please remove the Patient''s foot and click okay when 

done', 'Remove Foot', 'Okay', 'Okay'); 
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Appendix H (Neuropathy Function) 

 
function [T] = NeuropathyFunction4(TLength, TGcode, TDataPixelsX, 

TDataPixelsY, Mega, Uno) 

  

TotalNumberofTrialVector=1:TLength; %Creates row vector of total number of 

points selected 

VectorTranspose=TotalNumberofTrialVector'; %Creates cloumn vector of total 

number of points selected 

RandomizedVector=TotalNumberofTrialVector(randperm(length(TotalNumberofTrialV

ector))); %Randomizes the vector, used to randomize the test locations 

RandomizedVectorTranspose=RandomizedVector'; %Takes random vector and 

transposes it 

Y=RandomizedVector; 

  

GcodeCelltoString=string(TGcode); %Converts cell array Gcode to strings 

GcodeCelltoStringTranspose=GcodeCelltoString'; %Transposes a Gcode string 

array 

Z=GcodeCelltoString; 

  

FalsePositiveRandomizationVector=randi([1 10],1,TLength); %Flase Positive 

Randmization 

FalsePositiveRandomizationVectorTranspose=FalsePositiveRandomizationVector';  

%Flase Positive Randomization Transpose 

W=FalsePositiveRandomizationVector; 

X=TLength; 

  

TestLocationCellArray=cell(1, X); 

dataout0=zeros(1, X); 

dataout1=zeros(1, X); 

dataout2=zeros(1, X); 

dataout3=zeros(1, X); 

dataout4=zeros(1, X); 

dataout5=zeros(1, X); 

dataout6=zeros(1, X); 

dataout7=zeros(1, X); 

ResponseIndex0=zeros(1,X); 

ResponseIndex1=zeros(1,X); 

ResponseIndex2=zeros(1,X); 

ResponseIndex3=zeros(1,X); 

ResponseIndex4=zeros(1,X); 

ResponseIndex5=zeros(1,X); 

ResponseIndex6=zeros(1,X); 

ResponseIndex7=zeros(1,X); 

PercentError0=zeros(1,X); 

PercentError1=zeros(1,X); 

PercentError2=zeros(1,X); 

PercentError3=zeros(1,X); 

PercentError4=zeros(1,X); 

PercentError5=zeros(1,X); 

PercentError6=zeros(1,X); 

PercentError7=zeros(1,X); 

FalsePositiveCheckIndex=zeros(1,X); 

RS=cell(1,X); 

  

for i=1:X 
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    TestLocation=Z(Y(i)); %Selects a random point to test at 

    fprintf(Mega, '%s  \n',TestLocation); %Sends Gcode (X and Y) to the 

arduino over serial usb connection 

    TestLocationCellArray{i}=TestLocation; %Stores location data 

    fo=0; 

  

        while fo==0 %feedback loop 

            flushinput(Mega); 

            pause(1) 

            fprintf(Mega, '? \n'); 

            C=fscanf(Mega); 

            CC=strtok(C, '|'); 

            CCC=convertCharsToStrings(CC); 

  

                if CCC=="<Idle" 

                    fo=1; 

                end 

        end 

  

    for j=1 

  

        if W(i)==10 

            %false positive code 

            FalsePositiveCheckRandomizationVector=randi(2); 

            FalsePositiveCheckIndex(i)=FalsePositiveCheckRandomizationVector; 

  

            if FalsePositiveCheckRandomizationVector==2 

                fprintf('False Positive Test at End \n'); 

                fprintf('Z axis move \n'); 

                pause(0.1); 

                F="0.35"; 

                [ResponseIndex1(i), dataout1(i), PercentError1(i)] = 

NeuropathyUnoFunction2(F, Uno); 

  

                if ResponseIndex1(i)==1 

                    ResponseIndex2(i)=101; 

                    ResponseIndex3(i)=101; 

                    ResponseIndex4(i)=101; 

                    ResponseIndex5(i)=101; 

                    ResponseIndex6(i)=101; 

                    ResponseIndex7(i)=101; 

                    dataout2(i)=0; 

                    dataout3(i)=0; 

                    dataout4(i)=0; 

                    dataout5(i)=0; 

                    dataout6(i)=0; 

                    dataout7(i)=0; 

                    PercentError2(i)=0; 

                    PercentError3(i)=0; 

                    PercentError4(i)=0; 

                    PercentError5(i)=0; 

                    PercentError6(i)=0; 

                    PercentError7(i)=0; 

                    RS{i}="0.350 grams"; 

                end 

  

                if ResponseIndex1(i)==0                       
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                    fprintf('Z axis move \n'); %Z axis moves 

                    pause(0.1); 

                    F="10"; 

                    [ResponseIndex2(i), dataout2(i), PercentError2(i)] = 

NeuropathyUnoFunction2(F, Uno); 

                end 

  

                if ResponseIndex2(i)==1                      

                    fprintf('Z axis move \n'); %Z axis moves 

                    pause(0.1); 

                    F="4"; 

                    [ResponseIndex3(i), dataout3(i), PercentError3(i)] = 

NeuropathyUnoFunction2(F, Uno); 

                end 

  

                if ResponseIndex2(i)==0 

                    ResponseIndex3(i)=101; 

                    ResponseIndex4(i)=101; 

                    ResponseIndex5(i)=101; 

                    ResponseIndex6(i)=101; 

                    ResponseIndex7(i)=101; 

                    dataout3(i)=0; 

                    dataout4(i)=0; 

                    dataout5(i)=0; 

                    dataout6(i)=0; 

                    dataout7(i)=0; 

                    PercentError3(i)=0; 

                    PercentError4(i)=0; 

                    PercentError5(i)=0; 

                    PercentError6(i)=0; 

                    PercentError7(i)=0; 

                    RS{i}="Greater than 10.0 grams";  

                end 

  

                if ResponseIndex3(i)==1                       

                    fprintf('Z axis move \n'); %Z axis moves 

                    pause(0.1); 

                    F="0.7"; 

                    [ResponseIndex4(i), dataout4(i), PercentError4(i)] = 

NeuropathyUnoFunction2(F, Uno); 

                 

                    if ResponseIndex4(i)==1 

                        ResponseIndex5(i)=101; 

                        ResponseIndex6(i)=101; 

                        ResponseIndex7(i)=101; 

                        dataout5(i)=0; 

                        dataout6(i)=0; 

                        dataout7(i)=0; 

                        PercentError5(i)=0; 

                        PercentError6(i)=0; 

                        PercentError7(i)=0; 

                        RS{i}="0.700 grams"; 

                    end 

  

                    if ResponseIndex4(i)==0                       

                        fprintf('Z axis move \n'); %Z axis moves 

                        pause(0.1); 



 

210 

 

                        F="2"; 

                        [ResponseIndex6(i), dataout6(i), PercentError6(i)] = 

NeuropathyUnoFunction2(F, Uno); 

                         

                        ResponseIndex5(i)=101; 

                        ResponseIndex7(i)=101; 

                        dataout5(i)=0; 

                        dataout7(i)=0; 

                        PercentError5(i)=0; 

                        PercentError7(i)=0; 

                    end 

                     

                    if ResponseIndex6(i)==1 

                       RS{i}="2.00 grams"; 

                    end 

                     

                    if ResponseIndex6(i)==0 

                       RS{i}="4.00 grams"; 

                    end                     

  

                end 

  

                if ResponseIndex3(i)==0                     

                    fprintf('Z axis move \n'); %Z axis moves 

                    pause(0.1); 

                    F="8"; 

                    [ResponseIndex5(i), dataout5(i), PercentError5(i)] = 

NeuropathyUnoFunction2(F, Uno); 

                 

                    if ResponseIndex5(i)==1                         

                        fprintf('Z axis move \n'); %Z axis moves 

                        pause(0.1); 

                        F="6"; 

                        [ResponseIndex7(i), dataout7(i), PercentError7(i)] = 

NeuropathyUnoFunction2(F, Uno); 

                     

                        ResponseIndex4(i)=101; 

                        ResponseIndex6(i)=101; 

                        dataout4(i)=0; 

                        dataout6(i)=0; 

                        PercentError4(i)=0; 

                        PercentError6(i)=0; 

                    end 

                     

                    if ResponseIndex7(i)==1 

                        RS{i}="6.00 grams"; 

                    end 

                     

                    if ResponseIndex7(i)==0 

                        RS{i}="8.00 grams"; 

                    end 

  

                    if ResponseIndex5(i)==0                        

                        ResponseIndex4(i)=101;                        

                        ResponseIndex6(i)=101; 

                        ResponseIndex7(i)=101;                         

                        dataout4(i)=0; 
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                        dataout6(i)=0; 

                        dataout7(i)=0; 

                        PercentError4(i)=0; 

                        PercentError6(i)=0; 

                        PercentError7(i)=0; 

                        RS{i}="10.0 grams"; 

                    end     

                 

                end 

  

                fprintf('False Positive Z \n'); 

                pause(0.1); 

                F="0"; 

                [ResponseIndex0(i), dataout0(i), PercentError0(i)] = 

NeuropathyUnoFunction2(F, Uno); 

  

            else 

                fprintf('False Positive at Beginning \n'); 

                fprintf('False Positive Z \n'); 

                pause(0.1); 

                F="0"; 

                [ResponseIndex0(i), dataout0(i), PercentError0(i)] = 

NeuropathyUnoFunction2(F, Uno); 

  

                fprintf('Z axis move \n'); 

                pause(0.1); 

                F="0.35"; 

                [ResponseIndex1(i), dataout1(i), PercentError1(i)] = 

NeuropathyUnoFunction2(F, Uno); 

  

                if ResponseIndex1(i)==1 

                    ResponseIndex2(i)=101; 

                    ResponseIndex3(i)=101; 

                    ResponseIndex4(i)=101; 

                    ResponseIndex5(i)=101; 

                    ResponseIndex6(i)=101; 

                    ResponseIndex7(i)=101; 

                    dataout2(i)=0; 

                    dataout3(i)=0; 

                    dataout4(i)=0; 

                    dataout5(i)=0; 

                    dataout6(i)=0; 

                    dataout7(i)=0; 

                    PercentError2(i)=0; 

                    PercentError3(i)=0; 

                    PercentError4(i)=0; 

                    PercentError5(i)=0; 

                    PercentError6(i)=0; 

                    PercentError7(i)=0; 

                    RS{i}="0.350 grams"; 

                end 

  

                if ResponseIndex1(i)==0                         

                    fprintf('Z axis move \n'); %Z axis moves 

                    pause(0.1); 

                    F="10"; 
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                    [ResponseIndex2(i), dataout2(i), PercentError2(i)] = 

NeuropathyUnoFunction2(F, Uno); 

                end 

  

                if ResponseIndex2(i)==1                         

                    fprintf('Z axis move \n'); %Z axis moves 

                    pause(0.1); 

                    F="4"; 

                    [ResponseIndex3(i), dataout3(i), PercentError3(i)] = 

NeuropathyUnoFunction2(F, Uno); 

                end 

  

                if ResponseIndex2(i)==0 

                    ResponseIndex3(i)=101; 

                    ResponseIndex4(i)=101; 

                    ResponseIndex5(i)=101; 

                    ResponseIndex6(i)=101; 

                    ResponseIndex7(i)=101; 

                    dataout3(i)=0; 

                    dataout4(i)=0; 

                    dataout5(i)=0; 

                    dataout6(i)=0; 

                    dataout7(i)=0; 

                    PercentError3(i)=0; 

                    PercentError4(i)=0; 

                    PercentError5(i)=0; 

                    PercentError6(i)=0; 

                    PercentError7(i)=0; 

                    RS{i}="Greater than 10.0 grams"; 

                end 

  

                if ResponseIndex3(i)==1                         

                    fprintf('Z axis move \n'); %Z axis moves 

                    pause(0.1); 

                    F="0.7"; 

                    [ResponseIndex4(i), dataout4(i), PercentError4(i)] = 

NeuropathyUnoFunction2(F, Uno); 

                 

                    if ResponseIndex4(i)==1 

                        ResponseIndex5(i)=101; 

                        ResponseIndex6(i)=101; 

                        ResponseIndex7(i)=101; 

                        dataout5(i)=0; 

                        dataout6(i)=0; 

                        dataout7(i)=0; 

                        PercentError5(i)=0; 

                        PercentError6(i)=0; 

                        PercentError7(i)=0; 

                        RS{i}="0.700 grams"; 

                    end 

  

                    if ResponseIndex4(i)==0                         

                        fprintf('Z axis move \n'); %Z axis moves 

                        pause(0.1); 

                        F="2"; 

                        [ResponseIndex6(i), dataout6(i), PercentError6(i)] = 

NeuropathyUnoFunction2(F, Uno); 
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                        ResponseIndex5(i)=101; 

                        ResponseIndex7(i)=101; 

                        dataout5(i)=0; 

                        dataout7(i)=0; 

                        PercentError5(i)=0; 

                        PercentError7(i)=0;                     

                    end 

                     

                    if ResponseIndex6(i)==1 

                       RS{i}="2.00 grams"; 

                    end 

                     

                    if ResponseIndex6(i)==0 

                       RS{i}="4.00 grams"; 

                    end                     

                 

                end 

  

                if ResponseIndex3(i)==0                         

                    fprintf('Z axis move \n'); %Z axis moves 

                    pause(0.1); 

                    F="8"; 

                    [ResponseIndex5(i), dataout5(i), PercentError5(i)] = 

NeuropathyUnoFunction2(F, Uno); 

                 

                    if ResponseIndex5(i)==1                         

                        fprintf('Z axis move \n'); %Z axis moves 

                        pause(0.1); 

                        F="6"; 

                        [ResponseIndex7(i), dataout7(i), PercentError7(i)] = 

NeuropathyUnoFunction2(F, Uno); 

                     

                        ResponseIndex4(i)=101; 

                        ResponseIndex6(i)=101; 

                        dataout4(i)=0; 

                        dataout6(i)=0; 

                        PercentError4(i)=0; 

                        PercentError6(i)=0;                     

                    end 

                     

                    if ResponseIndex7(i)==1 

                        RS{i}="6.00 grams"; 

                    end 

                     

                    if ResponseIndex7(i)==0 

                        RS{i}="8.00 grams"; 

                    end 

  

                    if ResponseIndex5(i)==0                        

                        ResponseIndex4(i)=101;                        

                        ResponseIndex6(i)=101; 

                        ResponseIndex7(i)=101;                         

                        dataout4(i)=0; 

                        dataout6(i)=0; 

                        dataout7(i)=0; 

                        PercentError4(i)=0; 
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                        PercentError6(i)=0; 

                        PercentError7(i)=0; 

                        RS{i}="10.0 grams"; 

                    end 

                 

                end 

  

            end                

  

        else 

            fprintf('No False Positive \n'); 

            fprintf('Z axis move \n'); %Z axis moves 

            pause(0.1); 

            F="0.35"; 

            [ResponseIndex1(i), dataout1(i), PercentError1(i)] = 

NeuropathyUnoFunction2(F, Uno); 

            FalsePositiveCheckIndex(i)=0; 

  

            if ResponseIndex1(i)==1 

                    ResponseIndex0(i)=101; 

                    ResponseIndex2(i)=101; 

                    ResponseIndex3(i)=101; 

                    ResponseIndex4(i)=101; 

                    ResponseIndex5(i)=101; 

                    ResponseIndex6(i)=101; 

                    ResponseIndex7(i)=101; 

                    dataout0(i)=0; 

                    dataout2(i)=0; 

                    dataout3(i)=0; 

                    dataout4(i)=0; 

                    dataout5(i)=0; 

                    dataout6(i)=0; 

                    dataout7(i)=0; 

                    PercentError0(i)=0; 

                    PercentError2(i)=0; 

                    PercentError3(i)=0; 

                    PercentError4(i)=0; 

                    PercentError5(i)=0; 

                    PercentError6(i)=0; 

                    PercentError7(i)=0; 

                    RS{i}="0.350 grams"; 

            end 

  

            if ResponseIndex1(i)==0                     

                fprintf('Z axis move \n'); %Z axis moves 

                pause(0.1); 

                F="10"; 

                [ResponseIndex2(i), dataout2(i), PercentError2(i)] = 

NeuropathyUnoFunction2(F, Uno);    

            end 

  

            if ResponseIndex2(i)==1                    

                fprintf('Z axis move \n'); %Z axis moves 

                pause(0.1); 

                F="4"; 

                [ResponseIndex3(i), dataout3(i), PercentError3(i)] = 

NeuropathyUnoFunction2(F, Uno); 
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            end 

  

            if ResponseIndex2(i)==0 

                    ResponseIndex0(i)=101; 

                    ResponseIndex3(i)=101; 

                    ResponseIndex4(i)=101; 

                    ResponseIndex5(i)=101; 

                    ResponseIndex6(i)=101; 

                    ResponseIndex7(i)=101; 

                    dataout0(i)=0; 

                    dataout3(i)=0; 

                    dataout4(i)=0; 

                    dataout5(i)=0; 

                    dataout6(i)=0; 

                    dataout7(i)=0; 

                    PercentError0(i)=0; 

                    PercentError3(i)=0; 

                    PercentError4(i)=0; 

                    PercentError5(i)=0; 

                    PercentError6(i)=0; 

                    PercentError7(i)=0; 

                    RS{i}="Greater than 10.0 grams"; 

            end 

  

            if ResponseIndex3(i)==1                     

                fprintf('Z axis move \n'); %Z axis moves 

                pause(0.1); 

                F="0.7"; 

                [ResponseIndex4(i), dataout4(i), PercentError4(i)] = 

NeuropathyUnoFunction2(F, Uno); 

             

                if ResponseIndex4(i)==1 

                        ResponseIndex0(i)=101; 

                        ResponseIndex5(i)=101; 

                        ResponseIndex6(i)=101; 

                        ResponseIndex7(i)=101; 

                        dataout0(i)=0; 

                        dataout5(i)=0; 

                        dataout6(i)=0; 

                        dataout7(i)=0; 

                        PercentError0(i)=0; 

                        PercentError5(i)=0; 

                        PercentError6(i)=0; 

                        PercentError7(i)=0; 

                        RS{i}="0.700 grams"; 

                end 

  

                if ResponseIndex4(i)==0 

                    fprintf('Z axis move \n'); %Z axis moves 

                    pause(0.1); 

                    F="2"; 

                    [ResponseIndex6(i), dataout6(i), PercentError6(i)] = 

NeuropathyUnoFunction2(F, Uno); 

                 

                    ResponseIndex0(i)=101; 

                    ResponseIndex5(i)=101; 

                    ResponseIndex7(i)=101; 
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                    dataout0(i)=0; 

                    dataout5(i)=0; 

                    dataout7(i)=0; 

                    PercentError0(i)=0; 

                    PercentError5(i)=0; 

                    PercentError7(i)=0; 

                end 

                 

                if ResponseIndex6(i)==1 

                   RS{i}="2.00 grams"; 

                end 

                     

                if ResponseIndex6(i)==0 

                   RS{i}="4.00 grams"; 

                end                 

  

            end 

  

            if ResponseIndex3(i)==0 

                fprintf('Z axis move \n'); %Z axis moves 

                pause(0.1); 

                F="8"; 

                [ResponseIndex5(i), dataout5(i), PercentError5(i)] = 

NeuropathyUnoFunction2(F, Uno); 

             

                if ResponseIndex5(i)==1 

                    fprintf('Z axis move \n'); %Z axis moves 

                    pause(0.1); 

                    F="6"; 

                    [ResponseIndex7(i), dataout7(i), PercentError7(i)] = 

NeuropathyUnoFunction2(F, Uno); 

                 

                    ResponseIndex0(i)=101; 

                    ResponseIndex4(i)=101; 

                    ResponseIndex6(i)=101; 

                    dataout0(i)=0; 

                    dataout4(i)=0; 

                    dataout6(i)=0; 

                    PercentError0(i)=0; 

                    PercentError4(i)=0; 

                    PercentError6(i)=0;                     

                end 

                 

                if ResponseIndex7(i)==1 

                    RS{i}="6.00 grams"; 

                end 

                 

                if ResponseIndex7(i)==0 

                    RS{i}="8.00 grams"; 

                end 

  

                if ResponseIndex5(i)==0 

                    ResponseIndex0(i)=101; 

                    ResponseIndex4(i)=101; 

                    ResponseIndex6(i)=101; 

                    ResponseIndex7(i)=101; 

                    dataout0(i)=0; 
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                    dataout4(i)=0; 

                    dataout6(i)=0; 

                    dataout7(i)=0; 

                    PercentError0(i)=0; 

                    PercentError4(i)=0; 

                    PercentError6(i)=0; 

                    PercentError7(i)=0; 

                    RS{i}="10.0 grams"; 

                end 

  

            end 

  

        end    

    end       

end 

  

TestLocationCelltoString=string(TestLocationCellArray); 

TestLocationCelltoStringTranspose=TestLocationCelltoString'; 

ResponseIndexRecordI0=ResponseIndex0'; 

ResponseIndexRecordI1=ResponseIndex1'; 

ResponseIndexRecordI2=ResponseIndex2'; 

ResponseIndexRecordI3=ResponseIndex3'; 

ResponseIndexRecordI4=ResponseIndex4'; 

ResponseIndexRecordI5=ResponseIndex5'; 

ResponseIndexRecordI6=ResponseIndex6'; 

ResponseIndexRecordI7=ResponseIndex7'; 

 

FalsePositiveCheckIndexTranspose=FalsePositiveCheckIndex';  

ForceIndexRecordD0=dataout0'; 

ForceIndexRecordD1=dataout1'; 

ForceIndexRecordD2=dataout2'; 

ForceIndexRecordD3=dataout3'; 

ForceIndexRecordD4=dataout4'; 

ForceIndexRecordD5=dataout5'; 

ForceIndexRecordD6=dataout6'; 

ForceIndexRecordD7=dataout7'; 

PercentErrorC0=PercentError0'; 

PercentErrorC1=PercentError1'; 

PercentErrorC2=PercentError2'; 

PercentErrorC3=PercentError3'; 

PercentErrorC4=PercentError4'; 

PercentErrorC5=PercentError5'; 

PercentErrorC6=PercentError6'; 

PercentErrorC7=PercentError7'; 

  

NumberofTrials=VectorTranspose; 

LocationSelected=GcodeCelltoStringTranspose; 

RandomizedOrder=RandomizedVectorTranspose; 

RandomizedLocations=TestLocationCelltoStringTranspose; 

  

FalsePositiveCheck=FalsePositiveRandomizationVectorTranspose; 

FalsePositiveOrderofOccurance=FalsePositiveCheckIndexTranspose; 

  

RandomizedPixelsX=TDataPixelsX(RandomizedVector); 

RandomizedPixelsY=TDataPixelsY(RandomizedVector); 

  

RR=RS'; 
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RRS=string(RR); 

RRC=convertStringsToChars(RRS); 

colors=[0 1 0; 0 1 1; 0 0 1; 1 1 0; 0.9290 0.6940 0.1250; 1 0 1; 1 0 0; 0 0 

0]; 

XC=[ 0 0 0 0 0 0 0 0]'; 

YC=XC; 

  

GC=[ "0.350 grams" "0.700 grams" "2.00 grams" "4.00 grams" "6.00 grams" "8.00 

grams" "10.0 grams" "Greater than 10.0 grams"]'; 

GF=[GC; RRC]; 

XF=[XC; RandomizedPixelsX]; 

YF=[YC; RandomizedPixelsY]; 

gscatter(XF, YF, GF, colors, '', 30, 'on', '', ''); 

legend('Location','northeastoutside'); 

hold on 

  

T=table(NumberofTrials, LocationSelected, RandomizedOrder, 

RandomizedLocations, FalsePositiveCheck, ForceIndexRecordD0, PercentErrorC0, 

ResponseIndexRecordI0, FalsePositiveOrderofOccurance, ForceIndexRecordD1, 

PercentErrorC1, ResponseIndexRecordI1, ForceIndexRecordD2, PercentErrorC2, 

ResponseIndexRecordI2, ForceIndexRecordD3, PercentErrorC3, 

ResponseIndexRecordI3, ForceIndexRecordD4, PercentErrorC4, 

ResponseIndexRecordI4, ForceIndexRecordD5, PercentErrorC5, 

ResponseIndexRecordI5, ForceIndexRecordD6, PercentErrorC6, 

ResponseIndexRecordI6, ForceIndexRecordD7, PercentErrorC7, 

ResponseIndexRecordI7); 

  

End 
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Appendix I (Neuropathy Uno Function) 

 
function [ResponseIndex, dataoutnum, PercentError] = 

NeuropathyUnoFunction2(F, Uno) 

  

  

flushinput(Uno); 

  

%Uno=serial('COM6', 'BaudRate', 9600); 

%fopen(Uno); 

%pause(3) 

  

fprintf(Uno,'%s\n', F); 

foo=0; 

  

while foo==0 

     

    if Uno.BytesAvailable>=0 

        dataoutLC=fscanf(Uno,'%s\n'); 

        dataoutH=fscanf(Uno,'%s\n'); 

        foo=1; 

    end 

end 

  

if dataoutH=="y" 

    ResponseIndex=1; 

else 

    ResponseIndex=0; 

end 

  

dataoutstr=convertCharsToStrings(dataoutLC); 

dataoutnum=str2double(dataoutstr); 

Fnum=str2double(F); 

  

if Fnum==0 

    PercentError=0; 

else 

PercentError=abs((Fnum-dataoutnum)/Fnum)*100; 

end 

  

%pause(0.25) 

%fclose(Uno); 

%pause(0.25) 

%flushoutput(Uno); 

  

end 
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Appendix J (Arduino Uno Function) 

 
#include "Arduino.h" 

#include "HX711N.h" 

#include "AccelStepper.h" 

#include <avr/wdt.h> 

 

HX711N scale(3, 2);  // (DOUT, CLK) 

 

double measuredload; 

char response; 

bool stop_motor = false; 

int calibration_factor = 13280; 

int trim_in_pin = A0; 

int trim_value = 0; 

 

// Motor steps per revolution. Most steppers are 200 steps or 1.8 

degrees/step 

#define MOTOR_STEPS 200 

 

// Microstepping mode. If you hardwired it to save pins, set to the same 

value here. 

#define MICROSTEPS 1 

 

#define DIR 6 

#define STEP 7 

 

bool foo = 1; 

bool foot = 0; 

int foob = 1; 

bool fee=0; 

int fum=0; 

 

AccelStepper stepper(AccelStepper::DRIVER, STEP, DIR); // Defaults to 

AccelStepper::FULL4WIRE (4 pins) on 2, 3, 4, 5 

 

float inputload; 

int startt; 

int endt; 

int n; 

 

void setup() { 

  pinMode(8, INPUT_PULLUP); 

  pinMode(9, OUTPUT); 

  stepper.setMaxSpeed(1000); 

  stepper.setSpeed(-100); 

 

  Serial.begin(9600); 

  //  Serial.println("HX711 calibration sketch"); 

  //  Serial.println("Remove all weight from scale"); 

  //  Serial.println("After readings begin, place known weight on scale"); 

 

  //  scale.set_scale(); 

  scale.tare(10); // Reset the scale to 0; Reads value 10 times, calculates 

average and uses it as offset. 
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  //  long zero_factor = scale.read_average(); //Get a baseline reading 

  //  Serial.print("Zero factor: "); //This can be used to remove the need to 

tare the scale. Useful in permanent scale projects. 

  //  Serial.println(zero_factor); 

  // 

  scale.set_scale(calibration_factor); //Adjust to this calibration factor 

  stepper.setCurrentPosition(0); 

} 

 

void loop() { 

   

  if(Serial.available()>0 && foot == 0 && foo == 1) 

  { 

    inputload = Serial.parseFloat(); 

    foot = 1; 

    foo = 0; 

  } 

  // NOTE: LOOP HAS TO RUN QUICKLY FOR STEPPER TO MOVE SMOOTHLY. DO NOT ADD 

DELAYS 

  while (foot == 1){ 

    stepper.setSpeed(-100); 

    stepper.setAcceleration(250); 

    stepper.move(-300); 

    stepper.runToPosition(); 

    foot = 0; 

    delay(250); 

    } 

 

  if (scale.is_ready() && foo == 0){ 

    measuredload = scale.get_units_direct(); 

 

    if (measuredload < .25*inputload) { 

      stop_motor = false; 

      stepper.setSpeed(-20); 

    } 

    else if (measuredload < .5*inputload) { 

      stop_motor = false; 

      stepper.setSpeed(-15); 

    } 

    else if (measuredload < .75*inputload) { 

      stop_motor = false; 

      stepper.setSpeed(-10); 

    } 

    else if (measuredload < .9*inputload) { 

      stop_motor = false; 

      stepper.setSpeed(-7); 

    } 

    else if (measuredload < 1*inputload) { 

      stop_motor = false; 

      stepper.setSpeed(-5); 

    } 

    else { 

      stop_motor = true; 

      foo=1; 

    } 

 

  } 
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  if (stop_motor) { 

    Serial.println(measuredload); 

    stepper.moveTo(0); 

    stepper.setSpeed(200); 

    fee=0; 

    while (fee==0){ 

      stepper.runToPosition(); 

       

      fee=1; 

       

    } 

 

    foo=1; 

    foob = 1; 

    fum=0; 

        startt = millis(); 

        endt = startt; 

            while ((endt - startt) <=5000 && fum==0){  

                if (foob==1){ 

                 

                if (n%2==0){ 

                digitalWrite(9, HIGH); 

                delay(250); 

                } 

                 

                if (n%2!=0){ 

                digitalWrite(9, LOW); 

                delay(250); 

                } 

             

                      if (digitalRead(8) == LOW){ 

                        response = 'y'; 

                        Serial.println(response); 

                        //Serial.println("felt"); 

                        digitalWrite(9, HIGH); 

                        foob = 2; 

                        fum=1; 

                      } 

                endt = millis(); 

                n=n+1; 

          } 

          } 

            if (digitalRead(8) == HIGH && foo == 1){ 

            response = 'n'; 

            Serial.println(response); 

            foob = 0; 

            digitalWrite(9, LOW); 

            } 

             

            while (foob==0 || foob==2){ 

            //Serial.end(); 

            foo=0; 

            reboot(); 

             

            } 
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            //Serial.end(); 

  } 

 

  else{ 

    stepper.runSpeed(); 

  } 

  

} 

 

void reboot(){ 

  wdt_disable(); 

  wdt_enable(WDTO_15MS); 

  while (1) {} 

} 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

224 

 

Appendix K (TSI Norm and Medical Data) 

 

Group 1 Subjects 

Patient ID Sex 
Age 

(years) 

BMI 

(kg/m2) 

ABI 

(mmHg) 

FBS 

(mg/dL) 

HbA1c 

(%) 
TSI Norm 

C1 Female 74 26.4 1.36 101.6667 5.643333 13.02681 

C2 Male 61 27.4 1.23 102.3333  10.72981 

C3 Male 59 41.6 1.3 103  15.55249 

C4 Female 59 33.4 1.05 94.66667  8.038518 

C5 Female 70 33.3 1.5 95 5.333333 14.79399 

C6 Female 67 23.6 1.07 91.33333  15.36504 

C7 Male 63 19.7 1.16 95  14.04279 

C8 Male 63 38.2 1.16 97  12.64349 

C9 Female 46 23 1.02 86.66667 5.256667 7.11493 

C10 Male 72 22.2 1 107  17.48371 

C11 Male 65 24.2 1.18 103.3333  11.5075 

C12 Male 81 22.3 1.02 111 5.9 12.93836 

C13 Male 65 33 1.01 97.66667  9.753646 

C14 Male 47 28 1.05 87.66667  12.64823 

C15 Male 65 30.1 1.17 108.6667 6.196667 16.11707 

C16 Female 69 39.6 1.23 103.3333  11.6838 

C17 Female 41 22.2 1.24 85.33333 5.04 7.200328 

C18 Female 56 22.9 1.05 74.66667  5.61449 

C19 Male 74 22.4 1.08 84  10.09325 

C20 Male 45 48.6 1.17 115 5.7 7.787026 

C21 Male 56 26.8 1.13 80  12.03518 

C22 Male 46 20.5 1.3   8.418135 
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Group 2 Subjects 

Patient ID Sex 
Age 

(years) 

BMI 

(kg/m2) 

ABI 

(mmHg) 

FBS 

(mg/dL) 

HbA1c 

(%) 
Total Norm 

S1 Male 62 33 1.03 203.3333 11.13333 14.20282 

S2 Female 66 26.9 1 108.3333 6.013333 15.86821 

S3 Male 50 40.2 1.09 158 8.546667 19.59592 

S4 Male 42 31.8 1.02 139.6667 6.006667 13.77211 

S5 Male 65 28.8 1.03 166 8.796667 12.01629 

S6 Male 55 33 1.04 261.3333 11.4 8.679222 

S7 Male 54 36.8 1.2 121.6667 6.55 15.2754 

S8 Female 67 50.2 1 112.3333 6.366667 13.66163 

S9 Male 55 39.9 1.08 119.6667 7.206667 17.67937 

S10 Male 76 29.1 1.2 100.6667 6.096667 10.34752 

S11 Male 70 34 1.25 198 8.993333 17.41238 

S12 Female 67 23.3 1.5 86 5.393333 9.068382 

S13 Male 74 32.3 1.05 136 6.166667 10.37413 

S14 Female 64 39.9 1.33 124 8.293333 9.219198 

S15 Male 79 22 1.45 114.3333 6.283333 15.37057 

S16 Male 55 22.6 1.07 126.6667 6.29 8.844835 

S17 Female 57 36.8 1.09 239 7.963333 15.65815 

S18 Female 68 39 1.05 192 8.533333 12.5774 

S19 Female 79 26.8 1.21 143 6.5 12.98208 

S20 Female 58 44.3 1 158.3333 8.366667 16.49432 

S21 Male 78 27 1.4 167.6667 7.65 9.500234 

S22 Female 65 30.6 1.32 168.3333 6.85 8.397949 

S23 Male 62 26.7 1.36 142.6667 7.186667 7.604933 

S24 Female 64 26.5 1.04 84.33333 5.346667 16.72098 

S25 Male 84 30.7 1.25 138.3333 7.82 19.59592 

S26 Female 73 34.4 1 142 8.07 16.12335 
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Group 3 Subjects 

Patient ID Sex 
Age 

(years) 

BMI 

(kg/m2) 

ABI 

(mmHg) 

FBS 

(mg/dL) 

HbA1c 

(%) 
Total Norm 

NS1 Female 68 22.7 1.18 103.6667 5.29 11.21467 

NS2 Female 58 31.3 1 105.6667 6.21 4.734742 

NS3 Male 58 32.9 1.08 150 7.843333 16.73679 

NS4 Female 58 33.5 1.03 141.3333 7.09 3.279566 

NS5 Female 69 30.2 1.19 157.6667 7.263333 11.11775 

NS6 Male 64 30.4 1.09 110.6667 5.873333 13.03244 

NS7 Male 63 35.2 1.2 161 7.35 17.10672 

NS8 Male 64 34.9 1.3 157.3333 7.866667 3.703452 

NS9 Female 61 34.4 1.26 128.3333 6.263333 12.15529 

NS10 Male 63 27.3 1.19 129.3333 6.296667 10.93882 

NS11 Female 64 37.9 1.06 159 7.75 5.303248 

NS12 Female 63 43.7 1 126 6.76 16.96231 

NS13 Male 64 35.67 1.41 170 6.796667 17.54993 

NS14 Female 76 36.7 1.1 132 6.42 3.072458 

NS15 Female 74 43.3 1.01 114.6667 5.693333 9.091266 

NS16 Female 74 30.6 1.07 133.3333 6.31 5.318965 

NS17 Male 66 24.2 1.18 139 7.65 16.70359 

NS18 Male 72 36.4 1.05 160.3333 8.173333 18.66976 

NS19 Male 60 33.4 1.12 129.6667 6.74 8.936271 

NS20 Female 67 23.4 1.03 144 6.373333 5.73062 

NS21 Female 65 22.1 1.06 108.3333 6.59 6.657327 

NS22 Female 78 27 1.03 119 6.396667 10.34988 
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Appendix L (Multivariate Regression-Group 1) 
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Appendix M (Multivariate Regression-Group 2) 
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Appendix N (Multivariate Regression-Group 3) 
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Appendix O (Sensitivity, Specificity, Positive and Negative Predictive Values)  
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TP-True Positive 

FN-False Negative 

FP-False Positive 

TN-True Negative 

PPV-Positive Predictive Value 

NPV-Negative Predictive Value 

 

TP=66 FP=57

FN=248 TN=814

Group 1

TP=230 FP=152

FN=316 TN=636

Group 2

TP=45 FP=45

FN=188 TN=592

Group 3

Sensitivity=21.0% 

Specificity= 93.5% 

PPV=53.7% 

NPV=76.6% 

Sensitivity=42.1% 

Specificity= 80.7% 

PPV=60.2% 

NPV=66.8% 

Sensitivity=19.3% 

Specificity= 92.9% 

PPV=50.0% 

NPV=75.9% 


