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Abstract

Respiratory illnesses continue to be a significant concern in the medical field, and their
prevalence has only grown since the coronavirus disease of 2019 (COVID-19) pandemic.
As a result, there is a need for reliable medical devices for remote monitoring. The
existing technology presents limitations which do not allow for patient autonomy
where the individual can be continuously monitored from their home. The technology
in development has the potential to mitigate these shortcomings. The aim of this
user study is to verify the accuracy of a wearable transcutaneous oxygen sensor and
optimize its design and processing capabilities. In order to assess the viability of a
current transcutaneous oxygen sensor prototype, a laboratory-based small human
subject test was conducted to validate the sensor and characterize its performance.
Qualitative research was conducted to improve the data processing methods as well
as user comfort through wearability.



Executive Summary

Respiratory illnesses factor into leading causes of death worldwide. Accurate oxygen
monitoring is crucial and can help mitigate respiratory illnesses by allowing for
real-time tracking of patients. Following the COVID-19 pandemic in 2020, the need
for respiratory monitoring and remote care became a primary concern worldwide.
The need for remote monitoring has continued to grow. Technological developments
allow for patients to be monitored accurately and consistently without needing to be
tethered to machines. These advancements allow for increased patient comfort and
absolve dignity concerns in times of fatal health conditions and hospice.

Recent developments in the field of respiratory monitoring include a transcutaneous
oxygen sensor. The device being analyzed in this report is unique because it uses an
oxygen-quenching film to take measurements. The gold standard in the industry is
pulse oximetry (PPG) which reflects light off the skin to gather measurements. How-
ever, this technique does have disadvantages. Most alarmingly, noted discrepancies
when measuring blood oxygen in people of color. Due to different absorption rates
of light based on the skin’s pigment, the readings can become less accurate based
on the biological makeup of the subject. This creates concerns for people of color in
relation to accurate monitoring of their respiratory functions. Measuring the oxygen
quenching film instead of the skin has the potential to reduce inaccuracies as skin
pigment should not factor into the sensor measurement process.

The device is currently in the development stage and has a working prototype.
However, further testing needed to be conducted to ensure the medical grade potential
of the device. To verify if the prototype would be usable in the medical industry,
the sensor must report consistent and accurate measurements across a wide range
of patients. Thus, extensive testing was conducted on four participants utilizing the
sensor on various body locations. The purpose of the testing was as follows.

1. Standardize a procedure to take measurements;

2. Observe potential errors and points of improvement;

3. Verify consistency and repeatability of readings;

4. Determine optimal location for potential remote monitoring application;

5. Improve user comfort through wearability.

Following the conclusion of human subject testing, the data was further analyzed,
and the PCB sensor design was modified for user comfort. The testing indicated



the technology was capable of producing accurate and repeatable measurements.
However, outliers during data collection often arose because of the lack of proper
sensor encapsulation. An example of an error caused by a lack of encapsulation
is the rush of oxygen which occurs when a subject moves slightly and the sensing
film is exposed to ambient air. Therefore, experimentation in data processing was
conducted to assess how different MATLAB functions impacted the data. Specifically,
the functions tested in MATLAB included the Hampel, rmoutliers, filloutliers, and
moving average filters. After processing data with outliers, the team concluded that
the Hampel filter yielded the best results while maintaining the integrity of the data.

To help adapt the technology to future use in remote monitoring, the PCB needs
to be miniaturized to promote user comfort through wearability. Ideally, a product
produced for remote patient monitoring should be small enough not to compromise the
user’s quality of life during the testing period. Human subject tests were performed
with a prototype built on a rigid PCB. However, as test verification has proved
the sensor’s functionality, the next stage of board design is user-centric. Ease of
wearability and comfort are two concerns that are addressed through re-sizing the
PCB. In order to reduce the overall size of the prototype, a rigid-flex PCB could be
used to create a foldable design. This design exhibits the benefits of shrinking the
overall size of the PCB while maintaining an equivalent surface area. Therefore, the
components and layout verified in testing are directly transferable to the modified
PCB. By reducing the area of the PCB, the design can be easily encapsulated into a
wearable device for users to keep on throughout the day.

While verification of the sensor’s capabilities has been successful, there are a number
of future modifications which can be implemented. The modifications will retain
the core technology while allowing for an easier transition to a product suitable
for remote patient monitoring. Ultimately, this Major Qualifying Project (MQP)
helped verify the proficiency of an existing transcutaneous oxygen sensor prototype
developed at Worcester Polytechnic Institute’s (WPI) Integrated Circuits and System
Lab (ICAS Lab) and recommended measurement sites on the body as well as made
recommendations for future developments.

0.1 Contributions

During the project, the team wrote two conference papers. The first paper was
submitted and accepted to the IEEE Engineering in Medicine and Biology Conference.
It focuses on a user study to determine the optimal location on the human body
to conduct PtcOy measurements. All locations consistently reported accurate and
reliable data. Among them, the thumb demonstrated shorter settling times and the



most uniform luminescence lifetime values [1]. The second paper will be submitted
to the MIT Undergraduate Research Technology Conference. It focuses on outlier
detection and removal for the PtcOs sensor. The goal of signal processing is to remove
prominent outliers and smooth deviations in the data without losing the integrity of
the initial signal. The Hampel filter in MATLAB was the most successful at detecting
outliers, and the fillmissing function with the previous or linear interpolation method
was the most successful at replacing outliers [2].
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1 Introduction

1.1 Motivations
1.1.1 Importance of Monitoring Respiration Parameters

Respiration is crucial to the survival of the human body. Respiration ensures cellular
gas exchange, acid-base regulation, and overall homeostasis [9]. Respiratory rate
is an indicator of patient health deterioration and aids in disease diagnosis [10].
Moreover, the respiratory rate varies in response to stressors such as emotional
stress and temperature [10]. Monitoring respiration is important as respiratory
diseases impact millions worldwide [11]. Two of the top five leading causes of death
are respiratory illnesses: chronic obtrusive pulmonary disease (COPD) and lower
respiratory disease [12].

1.1.2 Relevance to COVID-19

As the world evolves, the need for accurate bedside and remote respiratory medical
devices persists. The COVID-1) pandemic exacerbated these issues, contributing to
over 6.8 million deaths [11]. The virus itself, SARS-CoV-2, infects cells along the
respiration airways of the lungs. By attaching to the ACE-2 receptor on a healthy cell,
the virus can infect this cell by reproducing [13]. These strains then continue to affect
other surrounding cells, causing the human to have symptoms of COVID-19 such as
shortness of breath and even respiratory failure [14]. In severe cases, some patients
may need to use a ventilator to assist their breathing [15]. Monitoring respiration can
help detect early signs of respiratory decline and therefore help medical professionals
determine more effective and accurate treatment options.

1.1.3 What is Transcutaneous Oxygen?

The circulatory system is responsible for delivering oxygen to tissues within the
body. Blood is oxygenated in the lungs and then circulated around the body through
the arteries [16]. Microcirculation is responsible for oxygen delivery from the red
blood cells to the tissues [17]|. Since blood gas parameters can indicate a patient’s
respiratory status, it is important to measure blood oxygen. The most accurate
method to measure blood oxygen is through using an arterial blood gas test [18].
However, this method is invasive and does not provide instant data [19]. Noninvasive,
surrogate contact methods of measuring blood oxygen has become increasingly popular
as they are still accurate at detecting blood oxygen levels. Transcutaneous oxygen
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specifically measures the partial pressure of oxygen from blood immediately below
the skin [20].

1.1.4 Difference Between Transcutaneous Oxygen Monitoring and Pulse
Oximetry

Pulse oximetry is a measure of blood oxygen saturation (SpOs) and transcutaneous
oxygen is the measure of the partial pressure of oxygen on the skin surface (PtcOs).
Both methods provide insight into the levels of oxygen in the blood. Pulse oximetry
utilizes specific wavelengths of light and their corresponding absorbance rate when
shined on the skin [21]. Oxygenated hemoglobin and de-oxygenated hemoglobin
absorb different wavelengths of light [21]. Oxygenated hemoglobin absorbs more
infrared light than deoxygenated hemoglobin, and deoxygenated hemoglobin absorbs
more red light than oxygenated hemoglobin [22]. An LED is shined onto the skin
and the absorbance is quantified by the photodiode on the opposite side of the LED.
Using this information, blood oxygenation saturation can be calculated based on
the ratio of oxygenated hemoglobin versus the total hemoglobin in the blood. This
method of monitoring blood oxygen levels requires a pulsating flow of blood [23].
A transcutaneous oxygen monitor measures the partial pressure of oxygen on the
epidermis. The partial pressure of oxygen on the dermis is closely related to arterial
oxygen levels [24]. Transcutaneous oxygen requires sufficient blood perfusion as well
as diffusion of oxygen from the blood [25].

The arterial oxygen saturation (SaQO;) is a percentage value that represents the
number of binding sites on hemoglobin that are bound with oxygen, therefore quan-
tifying the oxygen in the blood [26]. The partial pressure of oxygen (PaOs) is the
measurement of the dissolved oxygen content in the arterial blood. PtcO is directly
correlated to PaOy and SpOs is directly correlated to SaOs [3].

The relationship between the SpO, percentage and PaOs is described graphically
using the oxygen-hemoglobin dissociation curve as shown in Figure 1 [3]. This graph
indicates that as the partial pressure of oxygen in the blood increases, the blood
oxygen saturation also increases.

1.1.5 Need for Miniaturized Wearable Devices

There is a pressing need for miniaturized wearable devices that monitor respiration
parameters remotely and continuously. Remote monitoring in the early stages of
illness would provide healthcare providers with accurate data to create patient-specific
treatment plans [27]. Early detection of respiratory diseases would minimize the
burden on healthcare system resources, enabling patients to visit the hospital only
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Figure 1: (a) Oxygenation measurement methods and their relation shown on an (b)
oxy-hemoglobin dissociation curve [3].

when necessary [28]. This was especially important during the height of the COVID-19
pandemic, as resources were scarce. There was an extreme lack of personal protective
equipment, hospital beds, staff, and ventilators [29]. Having the option to monitor
symptoms remotely would allow patients to only go into the hospital only when
necessary. This would have helped triage patients more accurately according to
disease progression and severity. Creating a device to monitor respiration remotely
would help manage and prevent similar scenarios from occurring in the future [29].

1.2 Transcutaneous Oxygen Sensors

1.2.1 How do Traditional Electrochemical Transcutaneous Oxygen Sensors
Work?

Traditional transcutaneous oxygen sensors use electrochemical Clark electrodes. Clark
electrodes are composed of platinum electrodes, a heating mechanism, and an oxygen-
permeable membrane [30]. Clark electrodes are not suitable for wearable devices
as the heating element affects overall feasibility. It causes the size of the device to
increase, it can irritate the skin if used for continuous monitoring, and also has an
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increased power requirement [31]. Clark electrodes also suffer from errors such as
signal drift, variable response time, and unstable measurements [32].

1.2.2 How do Luminescence-based Transcutaneous Oxygen Sensors Work?

Using a luminescence-based sensing technique can eliminate the challenges that
are faced with a traditional electrochemical Clark electrode. A recent wearable
presented in [33], utilized a luminescent oxygen-sensing film to measure transcutaneous
oxygen levels diffused through the skin. The film’s material, platinum porphyrin
(Pt-porphyrin), consists of functional groups known as fluorophores whose fluorescence
is suppressed in the presence of Oy. When the film is excited with blue light (peak
emission wavelength of 450 nm), the fluorophore is excited to a higher energy state.
The molecule falls back to a lower energy state and emits a photon of red light (peak
emission wavelength of 650 nm). If oxygen is present, it will quench this photon
emission. This phenomenon can be seen in Figure 2. The partial pressure of Og
around the film is inversely proportional to the intensity and lifetime of the emitted
red light. The lifetime-based method is more reliable compared to pulse oximetry
since it is less affected by optical path changes [33].

512 Intersystem 1. An excited photon interacts
Crossing _ with the luminescent molecule.
Exciting S g’;’éﬁ:ﬁ?ﬁ 2. It excites an electron to higher
Spectrum = . _650nm States
= 3 v /7 i 3. The electron slowly returns
1 \ e e~ 8Eenéhing to the ground state, emitting a
S0
Absorbtion  Phosphorescence lower {Ienfergy photon s
a) 4. 0, limits or "quenches” emission.
0.12
In _ " _ C i
i T == 1+ ;\51 1“02
m
zl |
2 1 Exciting
£ | fp/pectrum
- I
| Emission Less O2
! Spectrum
JI 17 More 02
450nm 650nm 50
Wavelength Time [us]
b cl

Figure 2: Electrical state diagram (a) wavelength shift (b), intensity of the emission
quenched by O [4] (¢) intensity vs. time graph .
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2 Project Overview

2.1 Project Organization

Our project consisted of three main phases: testing, signal processing, and PCB
design. First, we created a testing plan to evaluate the current prototype. Our goal
was to determine the optimal location to place the sensor on the human body for
the most consistent and accurate readings. Initial pilot testing was conducted on a
single human subject to narrow down potential locations for sensor evaluation. An
ultrasound was used to aid in locating areas of high blood flow concentration. We then
expanded the number of test subjects to ensure the sensor’s success despite biological
differences between subjects. Four participants were evaluated using the sensor
prototype at several different locations. Following testing, the data were analyzed and
processed using MATLAB. We used various signal processing techniques to eliminate
outliers without losing the defining characteristics of the data. Simultaneously, we
began creating new iterations of the printed circuit board (PCB) design to take steps
toward reducing the size of the prototype for user comfort. The redesign incorporated
a rigid-flex PCB which allowed the PCB to be folded, thus maintaining surface area
while reducing the overall package size.

2.2 Test Implementation

To evaluate the accuracy and consistency of the device across various subjects, we
completed a user study of the transcutaneous oxygen sensor. Based on the locations
of prominent arteries and capillaries close to the skin, we conducted pilot testing on
fourteen locations with a singular subject. Due to elements such as ease of testing
and quality of data, the possible locations were narrowed down to the following: the
thumb, top of the wrist, forearm, thigh, and shin. These five locations were tested
independently on four different subjects. We compared the lifetime value and settling
time of each location among subjects to evaluate the consistency of the device.

2.3 Signal Processing

The current state of packaging for the device can yield false readings and misleading
data. The goal of signal processing is to remove prominent outliers and smooth
deviations in the data without losing the signal’s integrity. We explored multiple
filtering methods and MATLAB functions to remove and replace outliers. This
research focuses on testing these methods on our experimental data. We concluded
that the Hampel filter was most successful at detecting outliers, and the fillmissing
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function with the previous interpolation method was the most successful at replacing
the outliers.

2.4 PCB Design

As the sensor’s functionality was validated through the human subject tests, future
modifications to the board can now be implemented for user comfort. The goal
of redesigning the PCB is to reduce the space required to house the sensor. Thus,
allowing the sensor to become more comfortable to wear. The original board layout
was on a 100mm by 50mm board. The task was to convert the PCB to be flexible
and have a package area of 40mm by 40mm or smaller. All components needed to
be retained from the original design. The surface area could be retained despite the
shrinking perimeter as multiple boards of the same dimension could be used and
stacked on each other.

2.5 Project Challenges

Finally, we discuss various challenges the team navigated throughout the project. To
improve the overall accuracy and wearability of the sensor, we recommended a variety
of improvements.
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3 Background Research

Y6

Respiratory Blood
System Circuit Cells
02 ‘
C02 C02
Gas Exchange Oxygen Transport Gas Exchange
. O,-rich, CO,-poor . O,-poor, CO,-rich

Figure 3: Oxygenation and circulation of blood in the body [5].

3.1 Circulatory System

The circulatory system is responsible for delivering oxygen (Os) to tissues around
the body. This process is depicted in Figure 3. Blood is oxygenated in the lungs and
then circulated around the body through the blood vessels. The circulatory system is
responsible for oxygen delivery from the red blood cells to the tissue cells [34]. This
exchange of nutrients and oxygen is known as micro-circulation and involves arterioles,
capillaries, and venules [34]. Oxygen delivery is administered by the capillaries, which
are small blood vessels that branch off from arteries. As the blood flows through the
capillaries, oxygen diffuses to the tissues. The oxygen content in the blood is highest
on the arteriole end of the capillary. A representation of this micro-circulation process
is shown in Figure 4 [6].
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3.2 Physiological Factors
3.2.1 Dermal Perfusion

Dermal perfusion is the flow of blood to the dermis. This blood flow impacts
transcutaneous oxygen levels. Transcutaneous oxygen is a measurement of the oxygen
delivered to the skin from the underlying tissues [20]. Many factors impact the amount
of blood flow to the dermis as well as the rate at which blood is circulating. Blood
perfusion is affected by changes in the cardiovascular system, hormonal function, and
circulatory function. Therefore, poor blood perfusion or changes in blood perfusion
may be indicators of health defects [35].

3.2.2 Circulatory/Cardiovascular Function

Circulatory /Cardiovascular function directly impacts dermal perfusion. Dermal
perfusion is related to the ability of the heart to pump blood through the vessels
around the body. The cardiac output is a measure of this and is defined as the amount
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of blood pumped each minute by the heart. Changes in the cardiac output affect
the blood pressure and the rate of blood flow [36]. Poor blood circulation directly
impacts dermal perfusion. Conditions, such as coronary and carotid artery disease,
cause the narrowing of the arteries and blood vessels resulting in poor circulation of
blood [37] [38]. Environmental factors such as cold air result in the arteries narrowing,
preventing heat loss to maintain the body’s core temperature [39]. Treatments
for certain conditions also result in the narrowing of blood vessels facilitated by
vasoconstriction medications such as angiotensin-converting enzyme (ACE) inhibitors
and nitrates [40].

3.3 Oxygen Diffusion
3.3.1 Epidermal and Subcutaneous Fat Thickness

A greater diffusion distance results in less oxygen from the capillaries diffusing to
the epidermis, reducing PtcOy [41]. The diffusion distance between the capillaries
and the epidermis is increased due to factors such as subcutaneous fat and epidermal
thickness [41]. Epidermal thickness and distribution of fat vary between body locations
and between individuals.

3.3.2 Capillary Density

A study has suggested that PtcOy depends on the capillary density [41]. The capillary
density is defined as the number of capillaries per unit of cross-sectional area of
muscle [42]. Maintaining a highly perfused capillary density will result in smaller
diffusion distances from capillary to tissue [43]. The density of capillaries in the skin
varies between individuals and differing body locations [44]. Capillary density can
increase in athletic individuals, this is known as capillarization [45]. Capillarization
increases the muscle-blood surface area to increase exercise capacity [45].

3.4 Transcutaneous Sensor Locations

Locations that are assumed to be the best for transcutaneous oxygen measurements
are those that have thin skin and are highly vascularized. A research study suggested
that the palm of the hand provides the most consistent transcutaneous measurements,
possibly due to the high vasculature [46]. Other locations such as the forearm, chest,
and abdomen, have been reported as optimal locations for testing. However, these
locations were tested using applied heat to increase blood flow and diffusion [47].
Another study conducted using a transcutaneous monitor has suggested that the
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anterior chest is not an optimal place as this sensor site had lower reading when
compared to the hand and arm [48]. Locations for infants are different compared to
adults. The primary location for newborn intensive care unit (NICU) patients and
infants is the upper chest [49]. Locations such as the ear have been investigated as
this location does not risk detachment during movement [49]. To further investigate
the best oxygen locations, the team tested multiple locations on the body. These
locations were tested without the application of heat [50]. The initial locations for
testing included the cheek, neck, upper back, collarbone, bicep, forearm, wrist, thumb,
chest, thigh, and shin.

3.5 Decontamination and Sterilization of Sensor Packaging
and Film

It is important that all components of the sensor are able to be decontaminated to
remove microbials on the surface of the device. Research has been conducted that is
currently in the beginning phases and has suggested promising results. Important
parts of the decontamination process include mitigating risk to the integrity of the
sensor. It is important to not compromise the film accuracy and the sensor’s electrical
components. The film data sheet indicates that the film can be in contact with ethanol
and not risk reduction in accuracy [51]. Ethanol as a sterilizing agent has been used
effectively in healthcare [52]. Along with the film, research suggests ethanol is an
effective method of cleaning electronics. Through the use of pure-ethanol, electronics
can be decontaminated with minimal risk to electrical component damage [53].

Other methods of decontamination that are compatible with electronics include
Ultraviolet C (UVC). No research has been conducted on its impact on the film;
however, UVC has promising results for electronic decontamination. In another
study conducted, 87% of the surfaces had a reduction in microbes [54]. It was also
determined that the amount of decontamination was dependent on the exposure time
to the UVC [54].

Methods of decontamination that have been studied for current market devices
include neutral electrolyzed water. In a study to prevent infection while using a
transcutaneous oxygen monitor, it was found that exposure to electrolyzed water
removed microbes on the surface of the sensor [55]. While this research is still in
the early stages, it is important to determine methods of decontamination and the
research has indicated multiple methods to be further investigated.

Methods of sterilizations are important to consider for initial distribution of the
sensor. Initial research has been conducted to determine the best methods of steril-
ization for the sensor. The initial research indicated that chloride dioxide is the best
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Table 1: Sterilization Methods and Their Compatibility with Electronics

‘ Sterilization Method H Problematic Parameters ‘ Compatibility
- Can affect floating-gate memory
Autoclave Steam Temperature, humidity cells (EEPROM)
. . . Th T
Ethylene Oxide Flammability carcinogen ¢ vacuui can a ect embedded
batteries
. . Tl rse eff
Chloride Dioxide None 1ere are 1o adVCIS.C cffects on
electronics or batteries
. . i
Vaporized Hydrogen Peroxide || Vacuum The vacuuin can affect embedded
batteries
The RF energy required to generate
Hydrogen Peroxide Plasma Vacuum, plasma discharge | the plasma may not be compatible to
semiconductors
Gamma Ray Radiation, nuclear waste The radiation can damage semiconductors
that are not designed for
Electron Beam Radiation The radiation can damage semiconductors

that are not designed for exposure

option of sterilization for electronics and batteries [56]. As shown in Table 1, two
sterilization methods have issues with embedded batteries, therefore, if batteries were
removed before sterilization, these are also options to consider [56].
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4 Test Implementation

The team first developed a regimented formula to standardize testing. During
implementation, volunteers helped verify the accuracy of the sensor. We selected
various locations on the human body for testing based on artery locations.

4.1 Methods

We conducted pilot testing using the sensor on one subject. The team selected the
initial locations based on research on capillary-dense areas and major arteries. Results

from pilot testing can be seen in Appendix 8 and testing locations are shown in
Table 2.

Table 2: Pilot Testing Locations

’ Location H Corresponding Artery
Thumb Digital Artery
Lower Thumb Digital Artery
Bottom of Wrist || Ulnar Artery
Top of Wrist Ulnar Artery
Bicep Brachial Artery
Clavicle Subclavian Artery
Neck Carotid Artery
Ear Superficial Temporal Artery
Cheek Traverse Facial Artery
Chest Coronary Artery
Abdomen lliac Artery
Thigh Superficial Femoral Artery
Shin Tibial Artery

After an initial assessment, we narrowed down the measurement locations to the
following: the top of the wrist, forearm, thigh, thumb, and shin. Before conducting
the test, a portable ultrasound was used to detect the closest artery to find the ideal
placement of the sensor. An example of our ultrasound measurements can be seen in
Figures 5 and 6.

Our team completed the next phase of the user study after narrowing down potential
test locations. Multiple subjects were tested to evaluate the repeatability and accuracy
of the sensor. Medical-grade accuracy and repeatability between subjects are crucial
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Figure 5: Ultrasound of subject’s subclavian artery.

for the sensor to have a future in remote health monitoring. The team aimed to locate

successful testing locations, where there were relatively small standard deviations

between lifetime value measurements among peer locations. The general setup of the

tests is in Figure 7, where the PCB was placed directly on the subject’s skin.
Testing was conducted using a routine procedure:

1. Clean skin with an alcohol wipe
2. Take 6 ambient air measurements
3. Fix the sensor to the skin

4. Collect continuous data points

This repetition in testing allowed for consistent measurement practice. The sensor’s
accuracy relied on the O, quenching film contacting the patient’s skin. Therefore, it
was important that the subject’s skin was clean before the testing process began as not
to corrupt the data measurements. The sensor measured ambient air before contact
with the skin was made. This practice ensured the sensor was functioning as expected.
Air consistently reported a lifetime value between 12us and 14us. Additionally, the
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Figure 6: Ultrasound of subject’s femoral arteries.

Figure 7: Sensor layout and placement on the forearm (shown as an inset, the sensor
head is located on the board’s bottom side).

ambient air measurements served as a reference point for future data processing and
adjustments.

As the current version of the prototype does not have an air tight-reservoir, a
certain amount of pressure is required to prevent ambient air rush-in into the sensor,
ensuring accurate readings. Based on the body part, the method to secure the sensor
to the skin changed. Typically, an adhesive helped maintain consistent pressure and
ensure that the PCB remained fixed to the skin. However, locations such as the
thumb were more successful without using tape. Due to the thumb’s smaller surface
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area and shape, it was easier to apply pressure from above. Using a clamp to hold
the sensor upright, the subject placed their thumb on the LED side of the PCB and
held it down as the readings were taken.

After maintaining successful contact, the sensor could collect accurate measurements.
The UART interface communicates between the PC and the sensor. A MATLAB script
controlled the sensor by modulating the power source on and off. The experiment
utilized a time interval of 10 seconds between sensor readings. MATLAB would
populate a graph of lifetime values versus time with each new data point. The data
consistently showed a line trending upwards before reaching a stabilization point
where the data would flatline. At this point, we assumed the oxygen quenching film
had reached equilibrium and accurately reported the lifetime value measurement.
This measurement was recorded along with the settling time of how long it took for
the sensor to reach stability.

4.2 Results

The lifetime values of the thumb, forearm, wrist, shin, and thigh were measured on
four different test subjects. The distribution of settling times and associated lifetime
values of each body location is represented in Figures 8a and b.
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Figure 8: Distribution of experimental data among locations for (a) lifetime value
and (b) settling time (locations are denoted as: A - thumb, B - wrist, C -
forearm, D - thigh, and E - shin).

The thumb, wrist, forearm, thigh, and shin varied in terms of settling time and
7 value across four subjects. Certain locations, like the thigh and wrist, showed
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Table 3: Settling Times and Lifetime Values for Each Subject by Location

Subject A Subject B Subject C Subject D
Testing Locations || Settling time (s) | 7 (us) | Settling time (s) | 7 (us) | Settling time (s) | 7 (us) | Settling time (s) | 7 (us)
Thumb 574 16.50 576 14.10 584 15.47 598 15.98
Wrist 2857 18.72 2006 21.45 812 23.60 697 31.30
Forearm 2650 20.20 1251 21.32 2650 21.94 5133 19.16
Thigh 8226 17.70 3115 21.19 6384 22.6 2506 17.80
Shin 2084 23.03 3100 24.30 3466 26.36 7578 23.68

significantly more variation across test subjects compared to the thumb. The thumb
showed the lowest variability in both settling time and value. In comparison, the
thigh resulted in the largest variation of settling time 2,500-8,200 s, and the wrist
had the most variation in 7 values 19-31 ps.

Out of the five measurement locations, the thumb reached its settling point the
fastest, reporting an average of 583 s and a standard deviation of 10.69 s. The thumb
showed the smallest variation in settling time ranging from 574-598 s, as well as
the least variation in lifetime value from 14.10-16.50 us. The average value for the
lifetime value of the thumb was 15.51 pus. All settling times are recorded in Table 3.

In addition, we evaluated the reproducibility of the experiment by collecting three
data sets for one body location. The testing took place with uniform conditions.
These conditions also include testing on sequential days at the same time each day
with no eating prior to the trials. However, physical activity, sleep duration, and
sleep quality were not tracked. Figure 9a compares the stabilized lifetime values for
one human subject for three days. The first trial reported a setting time of 598 s
with a 7 value of 15.98 us. The second trial reported a settling time of 607 s with a 7
value of 14.3 ps. The third trial reported a settling time of 621 s with a 7 value of
14.4 ps.

4.3 Challenges

Throughout the testing process, we encountered different obstacles. The sensor needed
constant pressure throughout the testing. Without consistent pressure, the sensor
would not make contact enough with the skin causing lifetime readings to drop. When
the lifetime value dropped to the value of ambient air, it indicated that the film had
momentarily lost contact with the skin. Alternatively, too much pressure caused
lifetime values to spike.

Based on initial testing, lifetime values directly correlate to oxygen readings, seen
in Figure 10. However, the lifetime values theoretically hit a maximum of around
30 ps. Therefore, anytime the data was above 30 us, it was an indication that the
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Figure 9: Lifetime value over time for (a) the thumb of Subject D on three separate
days and (b) the thumb of four human subjects.

value could not be converted into an oxygen reading. This constraint presented a
challenge as the data would occasionally settle above the anticipated 30 ps maximum.
Each time the measurements settled above 30 or exhibited outlier values, we restarted
testing.

Additionally, we found that each body location required a different amount of
time to settle. Due to thicker tissue increasing distance from blood flow, the oxygen
quenching film took longer to reach equilibrium. The thigh location frequently
exhibited these challenges, requiring one subject to wait 8000 seconds, just over two
hours, for a measurement to stabilize.

Different environmental factors also altered the readings of the sensor. When the
subjects tested after eating, it was sometimes more difficult for lifetime values to
stabilize and would instead fluctuate to a greater degree. This is likely due to how
digestion alters the distribution of oxygen in the body. Thus, after this discovery, the
subjects were unable to eat before testing.

The sensor needed to make complete contact with the skin, as the PD needed to
be in total darkness for an accurate measurement. As the measurement technique
depends on measuring reflected light and utilizes PDs, any escaped light can induce
measurement errors. This circumstance was challenging because if a subject jostled
the sensor with any minor movement and broke contact, the PDs could not measure
properly. Often the sensor would begin reporting values close to ambient air if the
PDs were exposed. Under this scenario, we restarted testing due to errors in the data
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history and subsequent graphs.

4.4 Discussion

To determine the optimal location for measuring PtcO,, we used parameters such as
settling time, consistency, and variation in lifetime measurements. The data collected
from the four subjects represented in Figures 8a, b, and Figure 9b demonstrate
that the sensor is capable of accurately measuring the lifetime value for a variety of
different body locations. Moreover, Figure 9a demonstrates the sensor’s ability to
reproduce data.

Based on the results from the four subjects, the thumb reported the shortest settling
time and smallest variation in lifetime value. Determining the optimal location will
vary according to the application of the sensor as key criteria will change. For example,
in one use, a smaller settling time may be preferred, or in another application, specific
packaging constraints may limit location options.

Although the four subjects exhibited a range of different settling times and lifetime
values, slight variations are expected. The genetics of each subject differed, affecting
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the results. To ensure consistent readings across a diverse range of subjects, a
computational model can be trained to refine the data. Future work can consist of
creating a computational model to personalize the results. Additionally, the packaging
on the prototype must be finalized to ensure consistent pressure and contact with
the sensor. Improving the data collection process will account for the biological
differences between individuals and adjust measurements accordingly.

There is a broad range of PtcO, values obtained by measuring different locations
on the body. This indicates biological variability impacts transcutaneous oxygen
measurements. The findings from this research suggest that different locations on the
body result in varied transcutaneous oxygen measurements. Slight variations in results
are expected as the genetics of individuals differ between subjects. Our measurements
agree with the previous studies performed using commercial transcutaneous oxygen
sensors. The optimal location will depend on the commercial application. Criteria
and restrictions will vary according to the use.
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5 Signal Processing

5.1 Motivation

The current stage of packaging for the device can cause misleading data. For example,
if you move your finger slightly from the sensor and the film is exposed to ambient
air, it will cause a rush of oxygen (O3). Which results in the rapid decline of decay

time value, yielding a false reading. An example of this disrupted data is in Figure 11
below.
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Figure 11: Example experimental data displaying O, rushing.

The goal of signal processing is to remove prominent outliers and smooth deviations
in the data without losing the integrity of the initial signal. For example, Figure 12
depicts a signal with small increases and decreases in decay time. It is important
that the algorithm removes outliers while simultaneously preserving these original
data trends. These small fluctuations indicate important details about a patient’s
health status. This information can help healthcare professionals determine more
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Figure 12: Example experimental data displaying small increases and decreases in
decay time.

accurate conclusions regarding a patient’s health.

5.2 Methods

MATLAB has a variety of filters and other functions that detect and eliminate
misleading data. To compare the success of each filter method, the original and
filtered data were plotted on top of each other. The Hampel filtering method proved
the most successful at detecting and removing the outliers. Then, the “fillmissing”
function was used with the “previous” interpolation method to replace the outliers.
The team tested these filters and functions on sample data from initial experiments
to validate the algorithm’s functionality on diverse data sets.
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5.2.1 Qutlier Detection

Initially, the team looked at different filter methods to detect, remove, and replace
outliers. Out of all filter methods, the Hampel filter is the best at removing outliers
while maintaining the integrity of the primary signal.

Hampel Filter The Hampel filter utilizes a property known as the Hampel Identifier,
an adaptation of the three-sigma rule [57|. The three-sigma rule is also known as the
empirical rule or the 68 — 95 — 99.7 rule, where almost all the data lies within three
standard deviations from the mean. For each sample, the filter computes a window of
the sample taking in the current sample value and (k — 1)/2 adjacent samples. The
filter replaces a sample with the median if the sample differs from the median greater
than the threshold value multiplied by the standard deviation [57].

The basic structure of a Hampel filter is as follows: [y, j, xmd, xsd| = hampel(x, k,
nsigma) [58|, where “y” is the output filtered data, “j” is a logical vector that returns
true at all the points of the original vector that are outliers, “xmd” represents the local
medians for each element of x, “xsd” represents the estimated standard deviations for
each element of x, “x” is the input vector, “k” specifies the number of neighbors on
both sides of each sample of x, “nsigma” represents the number of standard deviations
that the sample of x must vary from the local median for it to be replaced with the
local median [58].
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Figure 13: Effect of Hampel filter on outlier data.
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An example of the Hampel filter is in Figure 13. The image on the left depicts
the original data set. The image in the middle shows the modified data set using a
Hampel filter with a k value of 20 and a nsigma value of 0.1. The image on the right
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shows both the left and middle datasets plotted on top of each other to depict the
overall changes made by the filter.

Rmoutliers The basic structure used for rmoutliers is as follows: [B,TFrm| =
rmoutliers(A, movmethod, window) [59], where “B” is the output filtered data, “TFrm”
is a logical vector representing the data removed from A, “A” is the input vector,
“movmethod” has two possible inputs: “movmedian” and “movmean,” “movmedian”
defines outliers as more than three local scaled median absolute deviations from the
local median over a specific window length, “window,” “movmean” defines outliers as
samples that differ more than three local standard deviations from the local mean
over a specific window length, “window,” “window” is window length. To remove
outliers this filter uses either the movmean or movmedian movmethod [59]. For
example, rmoutliers(A, “movmean”, 7) removes data points that are more than three
local standard deviations from the local mean within a seven-element window.

An example of the rmoutliers function is in Figure 14. The image on the left depicts
the original data set. The image in the middle shows the modified data set using
the function rmoutliers with a movmethod of movmedian and a window length of 20.
The image on the right shows both the left and middle datasets plotted on top of
each other to depict the overall changes made by the filter.
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Figure 14: Effect of rmoutliers on outlier data.

Filloutliers The basic structure used for filloutliers is as follows: [B,TF] = fill-
outliers(A, fillmethod, movmethod, window) [60], where “B” is the output filtered
data, “TF” is a logical array that represents the position of elements of B that were
previously outliers, “A” is the input vector, “fillmethod” has nine possible inputs:
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“center,” “clip,” “previous,” “next,” “nearest,” “linear,” “spline,” “pchip,” and “makima.’
These methods all represent different ways that the outliers can be filled. “movmethod”
has two possible inputs: “movmedian” and “movmean.” “movmedian” defines outliers
as more than three local scaled median absolute deviations from the local median
over a specific window length, “window.” “movmean” defines outliers as samples
that differ more than three local standard deviations from the local mean over a
specific window length, “window.” To remove outliers this filter uses the movmethod
to identify outliers and fillmethod to replace outliers [60]. For example, filloutliers(A,
“next”, “movmean”; 7) removes data points that are more than three local standard
deviations from the local mean within a seven-element window and replaces them
with the next non-outlier value in the data set.

An example of the filloutliers function is in Figure 15. The image on the left depicts
the original data set. The image in the middle shows the modified data set using
the function filloutliers with a fillmethod of linear, movmethod of movmedian, and a
window length of 80. The image on the right shows both the left and middle datasets
plotted on top of each other to depict the overall changes made by the filter.
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Medfiltl The basic structure for medfiltl is as follows: y = medfilt1(x,n) [61],
where “y” is the output filtered data, “x” is the input vector, and “n” is an nth-order
one-dimensional median filter. To remove outliers this filter applies an nth-order
filter to the input vector x. For example, this medfilt1(x, 7) smooths the data with a
7th-ordered median filter [61].

An example of the medfilt]l function is in Figure 16. The image on the left depicts
the original data set. The image in the middle shows the modified data set using the

34

8000

10000



Decay Time (is)
3

function filloutliers with a 20th-order one-dimensional median filter. The image on
the right shows both the left and middle datasets plotted on top of each other to
depict the overall changes made by the filter.
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Figure 16: Effect of medfiltl on outlier data.

Moving Average Filters There are multiple ways to implement moving average
filters in MATLAB. The first method utilizes the 1-D digital filter function. The basic
structure for the filter function is as follows: y = filter(b,a,x) [62]. Using numerator
and denominator coefficients b and a, a rational transfer function filters the input
data x. The team utilized the following equation to create a moving average filter:

y(n) = (1/windowSize) * (x(n) + x(n — 1) + ... + x(n — (windowSize — 1))) [61]

An example of this moving average filter is in Figure 17. The image on the left
depicts the original data set. The image in the middle shows the modified data set
using the function filter. The “b” coefficient is (1/windowSize) * ones(1, windowSize).
The “a” coefficient is 1. The window size for this function is 20. The image on the
right shows both the left and middle datasets plotted on top of each other to depict
the overall changes made by the filter.

The second method also uses the filter function [63|. However, The team used this
equation to create a moving average filter:

a(1)y(n) = b(1)x(n) + b(2)x(n — 1) + ... + b(Np)x(n — N, + 1) — a(2)y(n — 1)

—...—a(N,)y(n — N, + 1) [63]

An example of this moving average filter is in Figure 18. The image on the left
depicts the original data set. The image in the middle shows the modified data set
using the function filter. The “b” coefficient is [1/4,1/4,1/4,1/4]. The “a” coefficient

35

10000



Combined Data

Original Data No Outlier Data
26 : ‘ 25 ‘ oA % ”“""”/"”F
24 e ’,,N‘ /’/J - J / (
ol r 20} e 20} /
oY | d
22 - — _ e
2 Ve 3 z |
EZO ﬂ/ﬂ ‘QET15* ‘an‘lS* //
= /¢ = E
> > | > |
3 18 / g0 g0
(=) / (=) | (@] I
16 | |
51 51
14 ‘ ‘
12 ‘ ‘ ‘ ‘ 0 ‘ ‘ ‘ ‘ 0 ‘ ‘ ‘ ‘
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
Time (Seconds) Time (Seconds) Time (Seconds)
Figure 17: Effect of moving average filter on outlier data sets using method 1.
is 1. The image on the right shows both the left and middle data sets plotted on top
of each other to depict the overall changes made by the filter.
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Figure 18: Effect of moving average filter on outlier data sets using method 2.
5.2.2 Replacing Outliers
The “fillmissing” function in MATLAB replaces outlier data. The basic structure for
fillmissing is as follows: F = fillmissing(A,method) [64], where “F” is the output data,
“A” is the input vector, and “Method” is the fill method that replaces the outlier data.
“Method” has seven possible inputs: “previous,” “next,” “nearest,” “linear,” “spline,”

“pchip,” and “makima.” Specifically, this function fills missing data (or data classified
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as not a number (NaN)) with the identified interpolation method [64]. To use this
function with outlier data, replace the outlier values with NaN.

5.3 Results and Discussion

The Hampel filter was the most accurate at smoothing data compared to other
filtering methods (as shown in Figures 13, 14, 15, 16, 17, and 18). However, it is
challenging to standardize one set of parameters to apply to diverse data sets. Instead,
the team took a two-step approach. First, the Hampel filter was used to identify and
remove the outliers. Then, the fillmissing function was used to replace the outliers
with a specified interpolation method.

In more detail, the input parameters of the Hampel filter were fine-tuned to
accommodate a more diverse data set. The team utilized a k value of 35 and a nsigma
value of 3.5. To ensure the filter detected outliers that were considered distinctly
different from the original data the nsigma of 3.5 was standard. The team chose a high
k value of 35 as it is important when dealing with biomedical data to preserve overall
data trends. This data can give critical information about the patient’s medical status.
Figure 11 represents a unique outlier case of O, rushing. As you can see in the top
image of Figure 19, the Hampel filter successfully detected outliers in the data. The
outliers are identified with square boxes. The bottom image in Figure 19 shows how
the fillmissing function replaces the outliers using the previous interpolation method.

To use the fillmissing function in MATLAB, the outliers identified by the Hampel
Filter were cast as NaN. The “previous” interpolation method replaced outlier data
with the previous nonmissing value.

The team then applied this algorithm to test data from our previous experiments.
Figure 20 portrays data with small increases and decreases in the decay time values.
Maintaining the integrity of these fluctuations can be important for informing decisions
about a patient’s health. As you can see, the algorithm successfully identified outliers
while preserving the original data trends.

Next, an algorithm was applied to a set of data that stabilized normally. Figure 21
portrays the data. As you can see, the algorithm was able to identify that there were
no outliers. This further validates that our algorithm works on diverse data.

Again, the team applied this algorithm to another data set from our previous
experiments. Figure 22 portrays data with a decrease in decay time value at around
1300 seconds. It is important that this dip was not recognized as an outlier, as small
fluctuations such as this can be critical for informing decisions about a patient’s
health.

The team applied this algorithm to data with a system error (values reaching the
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Figure 19: Outlier detection and replacement algorithm successfully applied to outlier
case of O, rushing.

negatives). Figure 23 portrays data with a large decrease in decay time to negative
values at around 42 seconds. It is important that this dip was recognized as an outlier,
as negative decay values in this application indicate a system error. The algorithm
was able to remove the outlier.

The previous and linear interpolation methods can be used with this algorithm.
However, the validity of four common methods: previous, linear, spline, and pchip
were tested. Figure 24 and Figure 25 utilize data from Figure 11. All four interpolation
methods were tested on this data set.

At first, all signals look to have a similar effect. However, when the signals are
overlaid on top of each other, there are subtle differences in the data, as seen in
Figure 26.

The team looked at other data sets to see if these interpolation methods had a
different effect. As seen in Figure 27 and Figure 28, these methods had drastically
different effects.
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Figure 20: Outlier detection and replacement algorithm successfully applied to data
from a previous experiment.

Figure 29 and Figure 30 show how the data differs using the previous and spline
interpolation methods. As seen the previous method successfully replaced the outliers,
whereas the spline method is not as accurate.

Since the previous and linear interpolation methods had the most consistent and
successful results, either method can be used in this outlier detection and replacement
algorithm. For the sake of standardizing the process, one method, the previous or
linear interpolation method, was used to produce all results.
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Figure 21: Outlier detection and replacement algorithm successfully applied to data
from a previous experiment.
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Figure 22: Outlier detection and replacement algorithm successfully applied to data
from a previous experiment.
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Figure 23: Outlier detection and replacement algorithm successfully applied to data
from a previous experiment.
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Figure 26: Zoomed in comparison of four interpolation methods used to replace
outliers from the signal depicted in Figure 11.
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6 Hardware Design

The following section will introduce the hardware design of the transcutaneous oxygen
sensor prototype. Components will be discussed with respect to their functionality in
the device including the power management unit (PMU), sensor head, analog front
end (AFE), and microcontroller (MCU).

After testing, the team moved on to miniaturizing the transcutaneous oxygen
sensor. By having a smaller overall device size, it is more user-friendly. The size will
increase the level of comfort when wearing the device. In an attempt to minimize
prototype size, the team opted for a flexible PCB design.

6.1 Block Design

Com.mand In/ Data Out

?’3 I 1l,m l’\1ll ff MCU
. I
1 LTC ADM ' L'[‘C ] —SWDlo__ 1
o | | 3204 J 7160 | 3204 —SWCLK__F |
= I STM32WB35 (x4)
21 —agn | ]3
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Figure 31: Block diagram of transcutaneous oxygen sensor.
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6.1.1 Power Management Unit

The power management unit consists of two boost converters and low dropout
regulators (LDO). The boost converters increase the output voltage to a necessary
level. While boost converters are highly efficient, they also induce an element of noise.
Before connecting to the microcontroller an LDO is used to reduce and regulate the
voltage. The LDO offers an advantage as it reduces noise in the system which is
critical when used in conjunction with the buck. As the voltage from the original
source varies, as the battery drains, the power management system will ensure a
consistent voltage is being delivered to the rest of the system. Overall, the PMU
produces four varying voltage rails. The 5V power rail to power the device is seen in
Figure 32, the 1.8V power rail for the AFE is seen in Figure 35, and there are two
separate 3.3V rails, one for the MCU and FLASH integrated circuit (IC) and the
other to drive the LEDs are seen in Figure 33 and Figure 34.

5V Power Rail

BOOST_SV
_ 04-tom flax-boost v SchDoc V
VREGIN | IN SV_REG ™

SV EN SV EN SV_EN

P15

Figure 32: Schematic of 5V power rail.

3V3D Power Rail

BOOST_3ViD
2-tom _Bax-boost3v3D.SckDec

IN 3V3D_REG 1

3ViD

VREG IN

3ViD_EN

Figure 33: Schematic of 3.3V rail for microcontroller and FLASH IC.

48



3V3L Power Rail
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) 05-tom,_Bax-boostiv3L SckDoc VAL
VREGIN ™ N 3ViLREG ™
VL EN  —GL EN 3VL_EN |
R7 320K
o402
+— P14
%
Figure 34: Schematic of 3.3V rail for LEDs.
1V8 Power Rail Vs
LDO_1V8
_ 03-tom flax-ldolv8.SckDoc
VRECIN ™ 1N 1vsREG ™
IVE_EN 1Vs DN 1VS_EN

Figure 35: Schematic of 1.8V rail.

External Power Supply The initial PCB board contained an external power
supply for testing of the device. During the initial testing of the device, an external
power supply was used to ensure constant voltage throughout the board. In the new
version of the PCB design, a battery will be used, which is why a coin battery holder
is placed on the PCB layout.

Boost Converters The first boost converter is used to boost the input voltage and
create the 5V power rail. The second boost converter is placed after the LDO to boost
the 1.8V back up to 3.3V One 3.3V power rail is connected to the microcontrollers
and FLASH IC, while a secondary 3.3V is connected to the LEDs. The isolation is
due to current spikes from the LEDs needing to be separated from the MCU. The
schematic of the boost converter is seen in Figure 36.

Low Dropout Regulator The LDO utilized in the design is the ADM7160 [65],
which is an ultralow noise linear regulator as seen in Figure 37. In this design, the
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Figure 36: Block diagram of boost converter.

LDO is responsible for dropping the input voltage to 1.8V to produce the analog
voltage supply (AVDD) and the digital voltage supply (DVDD).

NG . P —Covour

2R

SHORT-CIRCUIT,
o {: UWVLO, AND
THERMAL
PROTECTION

t |
EN( SHUTDOWN
R | REFERENCE |
EM

11334035

Figure 37: Block diagram of low dropout regulator.

Battery The current implementation of the sensor utilized an external DC power
supply or a 3V lithium coin cell battery. The new PCB implementation will have a
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coin cell holder for the battery, but the future design aims to have a rechargeable
battery or possibly a method for wireless charging. The current implementation of
the coin cell battery is shown in Figure 38.

Battery
VBAT
L
f BHI -
== 3034IR D2
BT1 T- 3 DESD3V3SI1EL-78
P13 ™16 O—t
&D @D

Figure 38: Schematic of battery.

6.1.2 Microcontroller Unit

There were three main functions for the microcontroller unit. First, the MCU
(STM32WB35) [66] was used to configure the AFE to drive the LEDs, then receive the
digitized luminescent signal from the AFE, and lastly communicate the experimental
data with a PC. The MCU utilized is a dual-core system where CPU1 contained the
firmware and CPU2 controls the radio frequency (RF) and Bluetooth (BLE) modules.
The hardware rest is controlled by switches. These switches are connected to the
MCU to enable reset, boot, and control display. 12C protocol is used to communicate
between the AFE and the MCU, and universal asynchronous receiver transmitter
(UART) protocol is to convey the data to a PC. MCU connections are shown in
Figure 39.

Storage and FLASH FLASH provides external memory for storing the data
collected. For this design, the stored data contains the calculations for lifetime value.
A 3V 32M-bit serial FLASH memory was used for the design as seen in Figure 40.
The analog-to-digital converter (ADC) within the AFE writes to a first in first out
(FIFO) memory buffer, which acts as short-term storage for data.

Acceleromenter The ADXL367 [67] digital outputs microelectromechanical
(MEMS) accelerometer is used in the design as seen in Figure 41. The accelerometer
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Figure 39: Block diagram of microcontroller.

has low power consumption by sampling the full bandwidth of the sensor rather than
aliasing the input signal by undersampling. The schematic of how the accelerometer
is connected in the PCB is shown in Figure 42.

6.1.3 Analog Front End

The analog front end device takes in the analog signal being read and converts it into
digital data which can be processed by the MCU. The LEDs shine onto the oxygen
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External Memory for Storing Lifetime Data
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Figure 40: Block diagram of flash IC.

film, and the outputs of the photodiode are read back into the AFE. The intensity of
the luminescence reflected is quantified and used as an input to an analog-to-digital
converter which is then fed into the input of the MCU.

Integrated Analog Front End The AFE used is the ADPD4101 [7], which is
capable of measuring (SpO,), CO, (CO,) and specializes in wearable health monitoring
as well as home patient monitoring. The AFE consisted of a transimpedence amplifier,
a buffer, and an analog-to-digital converter. 12C protocol is used to communicate
between the AFE and the MCU. The connections to the AFE are shown in Figure 43.

UART The UART protocol is used to transmit the digitized luminescent data
from the MCU to a PC. This transmission of data to an external computer enables
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Figure 41: Block diagram of the accelerometer.

the calculation of lifetime decay (Tau) as well as additional signal processing. The
UART configuration is shown in Figure 44.

6.1.4 Sensor Head

In the proposed design, there are four major components in the sensor head: pt-
porphyrin film, LED, photodiode, and an optical filter.

Temperature Sensor The TMP117(8] is a high-accuracy and low-power digital
temperature sensor that was used in the design as seen in Figure 45. The temperature
sensor is capable of communicating through the 12C protocol. The proposed design
includes the temperature sensor at the bottom of the board that will have a connection
to the AFE which is located on the layer above. The connections of the temperature
sensor in the PCB are shown in Figure 46.

Pt-Porphyrin Film The Red Eye is a flexible patch that acts as a luminescent
sensor that is receptive to oxygen. This portion of the device is directly in contact
with the subject’s skin. It is the film patch that detects oxygen on the surface of the
skin.

LED A LED with a peak wavelength of 450nm, which corresponds to blue light
is used in the design of the sensor head. The specific LED utilized is the LXZ1-PR01
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Accelerometer for Investigating Motion Artifacts
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Figure 42: Schematic of the accelerometer.

as seen in Figure 47.

Photodiode A photodiode (PD) was placed in the sensor head to produce
a photocurrent, which would then be inputted into the AFE for conversion and
processing, this schematic can be seen in Figure 48. The SD019-141-411 is a PD that
has an integrated band-pass filter with a peak wavelength of 600nm. This filter only
allows for red light to pass.

Optical Filter A long-pass optical filter is used to filter out blue light. The Everix
filter functions at 500nm, only passing light above this wavelength. The purpose of
this filter is to reduce the effect of blue light on the measurements. This filter is a
thin film that is placed above the luminescent sensor patch.
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Figure 43: Block diagram of analog front end |[7].
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3V3D 1 1 10 10 USART1 RX
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Figure 44: Schematic of UART and SWD.

6.2 Flexible PCB Layout

USARTI_RX
USART1 TX

The team went through multiple iterations until they settled on the most optimal
design for the flexible PCB. The initial goal was to produce a miniaturized flexible
PCB that contained all of the components of the initial design. Primarily, a one-fold
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Figure 45: Block diagram of temperature sensor [8].

Temperature Sensor for Measuring Body Temperature
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Figure 46: Schematic of temperature sensor.
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Display LEDs for Indicating the Status of Prototype
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Figure 47: Schematic of LEDs.

and two-layer flexible PCB was proposed, and the team went on to test variously
sized PCB designs and then continued to create a two-fold three-layer PCB as well.

6.2.1 Layer Distribution

When designing the two-layer PCB, there were four separate faces available to place
components on. The components were divided based on various requirements. The
sensor head was placed on the bottom face due to the requirement of needing to be
in contact with the subject’s skin. Since the AFE was the first stage of processing,
it was placed on the face directly above the sensor head. When considering the last
two faces, it was clear that the informational LEDs, PMU, and the RF/BLE module
would be those that required the least chance of interference, so they were grouped
and placed on the topmost face. This left the MCU unit, FLASH, and accelerometer
on the face below the PMU. The proposed layout can be seen in Figure 49.

After generating a 40mm x 40mm face for the two-layer board, there was extra
space on the PCB. The final 40mm x 40mm designs can be seen in Figures 50, 51,
52. The team went on to optimize space by developing a 30mm x 30mm two-layer
board. The final 30mm x 30mm designs can be seen in Figures 53, 54, 55. At this
stage, the team considered the possibility of reducing size even more but needed to
implement an additional layer. Then the team went on to develop a 20mm x 20mm
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Optical Components for PtcO2
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Figure 48: Schematic of optical system.
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1. PMU 1. MCU 1. Sensing Film

2. RF/BLE 2. FLASH IC I 2. Photodiode
3. Battery Cell 3. Accelerometer - Ana ?E?\d ron 3. LEDs
4. UART 4. Temp Sensor

Figure 49: Proposed layout for folded PCB.

three-layer board. The final 20mm x 20mm designs can be seen in Figures 56, 57,
58.

When designing the three-layer PCB, the component breakdown had to be adjusted.
The team left the bottom face to include the sensor head, and the face directly above
it to include the AFE. At this point, the team had to isolate which components
needed space at the topmost layer, which would be the LEDs, RF/BLE, and battery
cell. These three components were placed on the topmost face, and directly below it
was the PMU for shorter connections. The middle layer contained the MCU on the
top face and the FLASH, accelerometer, and additional switch on the bottom face.

6.2.2 Optimizing Space and Layout

There were three iterations of the flexible PCB. The first iteration was the 40mm x
40mm two-layer PCB. The main issue with this design was the empty space at the
bottom layer. This left enough room to develop a smaller iteration.

The team then tried to follow the same design but on a smaller scale of 30mm
x 30mm. The main issue with this design was that the AFE and sensor head did
not require the full board space allotted. Therefore the space could be used more
effectively. Additionally, the distribution of components was uneven. While the faces
with the AFE and sensor head had excess room, the MCU and PMU sides were
crowded with components. As a result, the battery cell holder did not entirely fit
this design. The team wanted to try to fit everything in a smaller space, but this
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Figure 51: Unfolded top layout of 40mm PCB.
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Figure 52: Folded layout of 40mm PCB.

would require another layer to the PCB.

=
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Figure 53: Unfolded bottom layout of 30mm PCB.

Finally, the team developed a design where the faces were 20mm x 20mm but there
were three layers instead of two. The PCB design is now primarily dependent on the
packaging constraints of the device and future battery modifications. The largest
component on the PCB is the coin cell battery holder. If this component can be
removed or modified to incorporate power using a less bulky component the overall
size of the PCB could be even further reduced.
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Figure 54: Unfolded top layout of 30mm PCB.

Figure 55: Folded layout of 30mm PCB.
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Figure 56: Unfolded bottom layout of 20mm PCB.
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Figure 57: Unfolded top layout of 20mm PCB.

Figure 58: Folded layout of 20mm PCB.



7 Suggestions

In this section, we outline future modifications to the transcutaneous oxygen sensor.
Ultimately, the objective of sensor development is to improve the capabilities of the
current prototype and work toward making the sensors suitable for practical use in
remote health monitoring.

The next immediate step will be finalizing the redesign of the flexible PCB. Any
additional decrease in size will benefit the usability of the device for remote monitoring,
as patients should ideally be uninhibited by the device’s size. The flexible PCB will
need to be encapsulated into a packaging attachment for patient use. Testing will
also need to be conducted using the flexible version to ensure the functionality of the
original device has been retained.

There are also potential improvements regarding data transmission. Currently,
the prototype is hardwired and relies on connections to both the power source and
CPU for data collection. The sensor has components to make it capable of wireless
transmission and Bluetooth in the future. In order to become a feasible remote
device, these technological developments are critical. Future uses of the device may
require data transmission from a patient to a doctor who can continuously monitor
the subject’s vitals.

It is important that all components of the sensor are able to be decontaminated to
remove microbials on the surface of the device. Research has been conducted that is
currently in the beginning phases and has suggested promising results. Important
parts of the decontamination process include mitigating risk to the integrity of the
sensor. It is important not to compromise the film accuracy and the sensor’s electrical
components. The film data sheet indicates that the film can be in contact with
ethanol and not risk reduction in accuracy. Ethanol as a sterilizing agent has been
used effectively in healthcare [52]. Along with the film, research suggests ethanol is an
effective method of cleaning electronics. Through the use of pure-ethanol, electronics
can be decontaminated with minimal risk to electrical component damage [53].

Further testing will be required to determine how to sterilize the film needed for
repeated device use. Various cleaning techniques can be tested, and the impact of
the film quality should be analyzed over a series of varying time intervals to observe
any potential changes.

Other methods of decontamination that are compatible with electronics include
Ultraviolet C (UVC). No research has been conducted on its impact on the film
however, UVC has promising results for electronic decontamination. In a study
conducted, 87% of the surfaces had a reduction in microbes [54]. It was also determined
that the amount of decontamination was dependent on the exposure time to the
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UVC [54].

Methods of decontamination that have been studied for current market devices
include neutral electrolyzed water. In a study to prevent infection while using a
transcutaneous oxygen monitor, it was found that exposure to electrolyzed water
removed microbes on the surface of the sensor [55]. While this research is still in
the early stages, it is important to determine methods of decontamination and the
research has indicated multiple methods to be further investigated.

Testing was conducted using constant pressure without any movement of the subject.
For the sensor to become viable for remote patient monitoring, the device needs to
be able to withstand movement. An accelerometer has been added to the PCB, but
the functionality must be implemented and tested. The accelerometer will be able
to track the movement of the subject. By tracking motion and understanding how
movement impacts the accuracy of the sensor, the readings can be calibrated. Data
processing can be implemented to account for any potential physical disturbances
caused to the oxygen measurements. With this additional functionality, the packaging
of the device must be modified to adhere directly to the skin.

In regards to packaging, further developments can be made to improve the usability
of the device. An ideal solution would involve removable sections of the device. The
remote monitoring device could be split up into three different parts, one containing
the battery, another containing the PCB core, and the last containing the LEDs
and film which makes contact with the skin. The battery could be improved in the
future to become rechargeable thus reducing the number of disposable components
the device uses. The film section will either need to be disposable or a method must
be found to sanitize the film. Testing needs to be done to determine the exact lifetime
of the film and experiments on how possible sanitization efforts would impact the
sensor readings.
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8 Conclusion

The goal of this project was to evaluate the viability of the transcutaneous oxygen
sensor within the medical field. Various body locations were tested to evaluate the
optimal placement of the sensor. Four subjects were assessed to verify the prototype’s
accuracy across a diverse patient range. While the lifetime values and subsequent
settling times of each body location differed, the device produced consistent and
accurate readings across multiple subjects. Ultimately, all locations have the potential
to produce viable data and the optimal location will depend of the specific user
application. Future modifications have been outlined to help the transition of the
prototype into an operable product for remote patient care. The beginning steps
include improving the data processing procedure and modifying the PCB design to
decrease the overall size of the device.
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Appendix A: Pilot Testing
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Figure 59: Initial test of (a) abdomen (b) bicep (c) cheek (d) chest.
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Figure 60: Initial test of (a) clavicle (b) back of ear (c¢) forearm (d) neck.
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Figure 61: Initial test of (a) shin (b) thigh (c) thumb (d) wrist.
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