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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
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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 technigue 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



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), HbAlc 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 (R?=0.3422, P=0.004), while BMI, ABI, fasting blood sugar, and HbA1lc were
uncorrelated. Chapter 5 repeated the linear regression analysis between TSI Norm, age, BMI,
ABI, fasting blood sugar, and HbAlc, for subjects with type 2 diabetes mellitus, with and
without neuropathy symptoms. The subjects from Chapter 4 and 5 had ages, BMls, and ABIs

that where not significantly different when evaluated using ANOVAs. These subjects had



significantly different fasting blood sugars and HbA1lc 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 HbA1lc 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 HbAlc 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 5" 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 19"
century [6]. The 20" 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 HbAlc 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].

VR
Lumbar Spine
Femoral Nerve Sciatic Nerve
Saphenous Peroneal Nerve Tibial Nerve
Nerve
N N \I_/
Deep Peroneal Medial Lateral Plantar Medial Plantar
Nerve Calcaneal Nerve Nerve Nerve Sural Nerve
S N S S
Superficial Inferior
Peroneal Nerve Calcaneal Nerve
S S

Figure 1-1: Nerve Branches Schematic of the Foot
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Figure 1-2: Approximate Nerve Locations on the Plantar Surface!

! 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 MINSI 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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a)

b)

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,

35



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
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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 R? 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 (8). Here a is the radius of
the circular face and 7 is the Poisson’s ratio of the half space. The other variable, p, 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
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expression, Equation 2-3, for the load (P) in terms of E, a, &, and n. 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:
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Sneddon derived an expression for the normal stress profile caused by the indenter, where p 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 p 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-m?3, 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-m? [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

49



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 Specimen?

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)
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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
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the incompatible bonding options to more accurate and using the FEEPIus 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. R? 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,
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
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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
Normal | Normal Relative
Depth | Force | Force Stress Stress Strain Energy
(mm) | (gF) | (gF) | %Error (MPa) (MPa) | %Error | Norm error
0.025 | 164 | 1.68 1.96 0.041 0.042 3.31 1.89%
0.05 | 3.29 | 335 1.99 0.081 0.084 3.31 1.89%
0.075 | 493 | 5.03 1.98 0.122 0.126 3.31 1.89%
0.1 | 658 | 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%
0175|1151 | 1174 | 194 0.284 0.293 3.31 1.89%
0.2 [13.15] 1341 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%
03 [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 2-6¢ 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
¢) 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
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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 = Ad Eq. 2-6

In this equation y is the contact force (gF) or the normal stress (kPa), while ¢ 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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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=BxIn(y)—-C Eq. 2-7

Coefficients B and C were then plotted versus their relative dermis elastic modulus (1) 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 K; and

K> are constants:

B,C = K, * A2 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 y is the epidermis elastic modulus.
Furthermore, y and 1 are expressed in kPa and the displacement, ¢, is expressed in mm. R?=0.99
for both Equation 2-9 and 2-10.

_ 0.3381 _ 0.2839
F = [1.481°3381 In(y) — 8.2821°28%9]§ Eq. 2-9

o= [17_579}.0-4023 ln(,y) _ 105.112‘0.3072]6 Eq 2'10
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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
vy (kPa) | A (kPa) | 6 (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 R? 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 R? 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 Subassembly?®

a) lsotropic 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

%.80/20 Aluminum T-slot profiles (White), Camera Mounting Plate (Green), Camera Mount (Yellow), Logitech Brio
Webcam (Blue)
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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 Subassembly*

a) lsotropic 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)
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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 Subassembly®

a) Isotropic View
b) Front View

il

=N
=

> 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)
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Figure 3-6: MKk1 Linear Motion Assembly®

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

& 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)
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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 Subassembly’

a) lsotropic View
b) Top View
c) Front View
3.3.5. MK 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-

" 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)
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17040D stepper motors were used in the gantry system. These NEMA 17 bipolar stepper motors
have 3.81 Ib-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-
MOTORS80, 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 wV/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
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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 determin