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Abstract

The diverse physiological pressures within the human body are crucial in maintaining optimal
health and homeostasis. Léegn and continuous monitoring of these physiological
pressures can provide key information in the early diagnosis aratreigseneral critical
diseases, suchea® diseadeladder dysfunctigneurological disordgand cardiovascular
conditions. Amonthe vitalphysiological pressaie the humarbody, blood pressur@P)

is the most importaktinicalparameteto manitor. Approximately 1.13 billion people suffer

from high blood pressure (hypertension), and nearly lt@&gtdbal healthcare budget is

spent on controlling BP.

The gold standardBP monitors currently used irhypertension management are
uncomfortable, lagkrecisionand most importantlynsuitable for continuoumsonitoring.
With the recent development in wearaldgices a variety of new BP monitoring
technologies have begrroduced withthe potentiakto monitor the BP continuously
However, thditerature reviesuggesidthat theaccuracy and suitability of these devices for
clinical usarestill questionabld.o furthervalidatehe application of these deviagd test
thehypothesis thathe new weable BP devices awitable for clinical useltlinical study
was performedo validatethe existing wearable hobesed blood pressure monitors
(HBPMs) The output of these HBPMs was compared against the gold standard brachial
sphygmomanometer usirge tISO8106@ (2019/A1:2020protocol, and none of the
devices passed the ISO validation criteriaeSh#s of this study strengthenedctse for

an unmetlinicaineedof ahighy accurte, nonocclusive continuous BP monitoring solution

for hypertension management, especially forislgpatients

To address thenmetneedaminiaturizedvireless pressure sensoraessgnedieveloped,

and testedbr safety anflinctional performanda preclinical model¥he sensoconsists

of aplarer inductor anda capadite sensing element to form an (i@luctorcapacitor)
resonance circuithe initial prototypes of the sensor were designed and optimized to
monitor the pressuréor wearablemedicalapplications The sensoprototypeswere
manufacturedusing a costffective, accessibleand scalabléabrication process. The
performancef theseprototypesvascharacterizely preclinicabench mods]includinga
customized pressure chamber pimgsiological flow model§he fabrication process was

optimized using an epoxy thiol click chemistry technique to improve the sensor integrity and



refability. This technique allowed achieving sensors with irreversible bonding between
variougmaterial layers in the sensor assembly.

The initial prototypesiesigned for wearable medical applications, suphessire
monitoring in compression bandageserelatively largen sizeto meet the requirement

of the applicatiorF-ollowing the proof of concept withe initial design, the sensor was
optimizedto meet the requirements of continuous BP monitevittga novel thitfilm
miniaturized desigimhe modified sensor design was createch fubcutaneou8P
monitoring system comprisindpighly sensitiveoldable sensdo be placed othe radial
arteryand a reader system embedded in a wrist brabededesign of thesensor was
optimized to an elliptical shape that can be folded in compact dimensions along the major
axis, making it suitable for subcutaneous delivery. Moreover, the elliptical sexus@is can
more area over the artery. There was no exastigtical onumerical model for elliptical
shapeplanarinductors designed for tlsensor; therefore, a numerical model was also
developedduring this researgbroject This numerical model was validatemoughly

against experimentabtotypes

The novel elliptical sensors were characterized for the wireless linkage between the
implantable sensor and external reader coil in porcine and ovine tissue environmgnts. Duri
thisex vivimvestigation study, the impact of the biological medium on the relative magnitude

of thereflection coefficient and resonafiequencyvasanalyzedAn external repeater coll

was introduced between the implantable sensor and the ex#eleratoil to improve the

wireless linkage. It was observed that the repeater coil improved the wireless linkage 3 to 3.5
times when there was a 2.5 cm thick tissue (skin, fat, and muscle) layer between the sensor

and reader coil.

Subsequently, a premalin vivo study on a animal mode{sheep)was conducted to
validate the efficacy and safety of the novel ellipticdilrthipressure sensor. Qne
implantation day (day 0), 9 sensors were implanted on the left and right carotaf arteries
sheep After implantation owlay 0,simultaneous B&ata were recorded from a reference
device (MillaMikro-Tip SPR524 and from the detectablmplantedsensors. Another
measurement session was performed on the-fghlalay (day 14), and data was recorded
from thedetectable working sensors. The recorded data wepequesised and compared
with Millar catheter data (Reference devicey gadd correlatiobetween the sensor and

reference datsasobservedrom day 0 and day 14. However, the quality of data@as



better than the data recorded on day 14. After the measurement session, the sensors and
tissue samples from the implantation site were analyzed for biological evaluation according
to ISO 109936:201biological evaluation ahplantedmedical dages)protocol No

significant inflammations or reactions were seen, proving the biocompatibility and safety of
the thinfilm pressure sensors. Tinizivostudy successfully achieved its primary objectives,
confirming the sensors' efficacy (continuous BP monitoring) in acute conditions and their
safety during the folleup session, as evidenced by their optimal performance on day 0 and
the absence of infemts or inflammation on day 14. Thsults suggestbobcompatibility

and the potential for a future minimally invasisaocclusive subcutaneous device for

continuous longerm BP monitoring through further advancements.

Xi
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TBI Traumatic brain jary

CVI Chronic venous insufficiency
FDA Food and Drug Administration
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Chapter 1

Introduction
This chapter provides an overview of the BéEsis. It provides an introductory

discussion about different physiological presguralsthe importance of continuous
pressure monitoring, a problem statement, a proposed solution, a brief literature survey,
and discovered challenges in developtogtanuous pressure monitoring system for
longtermuse The chapter also highlights the key contributions of thise2eBrch

in continuous pressure monitoring.

1.1 Physiological Pressures

Physiological pressure refers to diverse pressures inside thbddymnplaying vital

roles in proper functioning and maintaining homeostasis. These pressures are crucial
for the health and optimal performance of specific organs or systems in the human
body. Precise regulation mechanisms tightly control physiolcggesargievels to

ensure optimal functionali§ome oftievitalphysiological pressures inside the human
bodyincludeblood pressure, intracranial pressure, intraocular pressibiadder

pressure.

Blood pressure is the force exerted bgithalating blood against the walls of arteries.
Various factors, including the pumping action of the heart, blood volume, and the
resistance of blood vessels, regulate blood pressure. Intracranial pressure (ICP) is the
pressure exerted inside the skudl lanain tissue. The balance of cerebrospinal fluid
(CSF) production, absorption, and circulation is critical for maintaining normal ICP.
Intraocular pressure (IOP) is the fluid pressure inside the eye, specifically within the
anterior chamber. Maintainisgpropriate 10P is essential for preserving the shape of
the eye and ensuring optimal blood flow to ocular strudladder pressure is the

force exerted within the urinary bladtaintaining and monitoring it is essential to
prevent complications dilurinary retention, infections, and damage, ensuring healthy
bladder function and overall wsing.Understanding and maintaining physiological
pressure within these systems is crucial for optimal health eéreingelDeviations

from the normal rangesn indicate underlying pathology and may require medical

intervention to restore balance and prevent further complications.

Recent advancements in sensing technology have paved the way for the development
of sophisticated, lortgrm pressure monitoring\wces that are compact, lightweight,
1



and usefriendly[1]d[4]. These statef-the-art devices offer accurate and consistent
pressure readings over extended durations, making them indispensable tools in clinical
and research settingg. The field ofbiomedicine greatly benefits from loexgn,
continuous pressure monitoring, as it enables precise and reliable measurement of
pressure variations over prolonged peri@js [7] These devices encompass
implantable and wearable sensors, which are customized for specific biomedical
applications, taking into account factors such as size, biocompatibilitpsizwgd se
principles[1], [8], [9] The emergence of implantable and wearable pressure sensors
holds transformative potential in revolutionizing medical monitoring and therapeutic

intervention$10] as illustrated in Figutd.
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Figure 11 Physiological pressure monitoring in human health care (Intraocular (&
Blood pressurg97] Bladde pressure, Intracranial press[88] Compression therag99]
Respiratory signfl00],[101] Woundpressur¢d1)

1.2 Clinical Need

Longterm, continuous physiological pressure monitoring is critical in the biomedical
field, as it enables accurate and consistent measurement of pressure fluctuations over
extended durations. This monitoring apgraasignificanin diagnosing and treating

variousmedical conditions, including cardiovascular disease, eye disease, neurological
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disorders, lower limb rehabilitation, and wound complications. Examples include
monitoring the intrarterial pressure int@ats with hypertension, the intraocular
pressure in patients with glaucdiiy and the bladder pressure in patients with
neurogenic bladder dysfunctj@@] By continuously monitoring blood pressure over

an extended period, valuable information can be obtained regarding the patient's
condition, identifying trels and patterns that may indicate the presence of
hypertension or other cardiovascular conditj@8 Moreover, this monitoring
technique can assist in evaluating treatment efficacy and identifying potential
complications, such as heart fajlld¢ Continuous monitoring of intracranial pressure

is also crucial for obtaining insights into brain healthaids in identifying trends and
patterns of intracranial pressure in brain injury [d&ges

Furthermore, more frequent intraocular pressure (IOP) measurements are desirable to
enhanceainderstanding of glaucoma, characterized by elevated I0P, and improve the
management of dividual patientfl1] Reatime, continuous monitoring of bladder
pressure is vital in acquiring information that can be intelligently utilized to stimulate
sphincter muscles, offering particular benefits to patients with neurogenic bladder
dysfunctiorj12] Plantar pressure refers to the force exerted on the sole of the feet and
serves as an important indicator of foot health, facilitating the identification of patients
at risk of foot injuries and other fatisorder$16] Wound pressure, on the other hand,
refers to the pressure exerted on a wound and plays a critical role in evaluating the
progress of wound healing and identifying patiesteptible to wound complications

[17]

Among thevital physiological pressures, blood pressure is one ot important
indicators of overall health. The World Health Organization (WHO) reports that
approximately 1.13 billion people worldwide suffer from hypertension, a major risk
factor for cardiovascular disegdé Blood pressure control remains suboptimal,
leading to increased morbidity and mortality rates. The economic buatéen is
substantial, with approximately 10% of global healthcare expenditure allocated to blood
pressure managemefdd], [20] Uncontrolled high blood pressure significantly
increases the risk of heart @étta strokes, and other cardiovascular complications.
However, by effectively monitoring and managing blood pressure, it is possible to

reduce the occurrence of these adverse events by up[1p0%



The existing research and commercial solutions for continuous physiological
monitoring face significant limitations in accuracy, invasiveness, tethered, and user
comfortability, particularly for lotgrm continuous blood pressure monitofirig

[22P[25] These limitations emphasize the need for a new technology to provide high
accuracy and reliability while minimizing the impact on the patient's routine. activities
This new technology should mitigate the drawbacks of invasiveness, tethered, and

discomfort experienced by users during monitoring.

1.3 Literature Survey

Physiological pressure such as intracranial, intraocular, and cardiovascular pressure are
vital paramets to monitor the health condition and provide the opportunity for early
disease diagnof26pP[30] By keeping track of these crucial physiological indicators, it

is possible to customize therapies and advance preventative hi@dlfh&2Studies

have reported that pressarenitoring can be used in muscle rehabilitation, diagnosis

of lower limb problems, and wound monitorfBP[35] Recently, technological
advances have been made to the development of miniaturized wearable blood pressure
(BP) measurement devigg8] Among the former, modern smartwatches implement

BP measurement functions, but they are still far from being ready for clifidal use

In biomedical applications, pressure monitoring technologies are based on optical,
piezoelectric, resistive, or capacitive sensing prif@fipp3] In the optical pressure
monitoring approach, light is released from the source onto biological tissues, and the
reflected light is collected on a photodetector. BP is calculated using the change in light
intensity; however, motion artifacts can result in inaccurate measys&jjéaidn
piezoelectric sensiraspecialized piezoelectric material gets polarized from external
pressure and generates voltg488[48] however, this sensing technology is not
suitable for static pressure due to the current le§kag¢SQ]

In resistive sensing, the contact area between the sensor electrode and the active
resistive layer changes with the external prgssufeng irachange in resistariéd }

however, there is always a need for a power source for resistive pressure sensors.
Moreover, resistive sensing technology is sensitive to temperature; therefore, this
technology is not suitable for impldB& In capacitive pressure sensing, the distance
between the electrodes of the capacitor chantieexternal pressufé3] This

capacitive element (C), whiethen paired with the inductor (L), provides an LC



resonant tank circuit that can be powered wirelessly, making it the most suitable
candidate for an implantpdssivesensof41], [42], [54]56]

The thinfilm-based capacitiyeessure sensors are flexible, less expensive, and simple

to fabricatd28], [55], [57Fonseca et g§b8]presented a flexible wireless LC pressure
sensor that was rollable and foldable to a compact shape for-batestatelivery.

The sensor was tested acutelyi¢pfor over 30days in canine models simulating
abdominal aortic aneurysms (AAA). Li ef58] reported a lowpower flexible LC

sensor for intracranial pressure (ICP) monitoring with anddal operation in
piezoelectric and capacitive modes; accuracy and reliability were improved using the
dualmode capability. Chen et H7] presented a wireless pressure sensor for
continuous intraocular pressure monitoring of glaucoma patients with a long sensing
distance and small physical form factor. To demonstrate the viability and effectiveness
of the sensor implant with lotgym biocompatibility, the sensor was placed for six
months inside a live rabbit eye. Peng [@0qteported a novel lortgrm implantable

BP monitoring system consisting ofmacro-electremechanicabystem(MEMS)

pressure sensor. The sensor was validated on the carotid artery of the rat; however, the
system was not fully wireless. Bingger fldkeported a caeitiveBP sensor to
measur®P, heart rate, and respiratory rate. The sensor was wrapped around the pig's
carotid artery; however, the sensor was not wireless. A biodegradable LC sensor was
proposed by Boutry et 85]in which a capacitive element was wrapped around the
rat's femoral artery to measBiein both wired and wireless modes. However, this
sensor was created primarily to measure blood flow riiglloe@ionstructive surgery

and was implantedrougha complex surgical procedure

Most wearable solutions designed for blood pressure monitoring employ resistive
mechanisms ardémanda power source for operation. Additionally, these wearables
require a tight fit over the arterial surface, leading to discomfort and posing challenges
for long-term monitoring. In contrast, implantable blood pressure sensors often rely on
capacitive sensing mechanisms, in which the capacitance varies due to the compression
of a flexible dielectric layer. Neverthelessetgor's performance degrades over time

due to changes in the dielectric layer's behavio

Air cavitybased pressure sensors exhibit nonlinear behavior when transitioning from
low to highpressure ranges. Furthermore, their response varies with fluctuations in

temperature, raising doubts abibwir suitability for mediegtade solutions. Most
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implantable sensors are situated either within the artery, wrapped around it, or placed
in proximity to the artery. Thesemplicatecgurgical procedures render them highly
invasive and less practicalgavlonged pressure monitoring. The invasive nature of

the implantation process also introduces challenges in terms of regulatory compliance.

It has been observed that a significant portion of research studies only characterize their
sensorsn vitrar usng ex vivanodels. This raises concerns about the validity of their
performancen vivanodelswhich isnecessary to demonstrate sensor biocompatibility

and safety. The literature highlights several key challeteggrimg andevelopg

medical deees,includng device performance, biocompatibility, invasiveness, power
and communication, and user comfort. These challenges are examined in greater depth
in Section 1.3.1

1.3.1 Challenges in the Device Development

The existing research and commerciali@odutor continuous physiological pressure
monitoring exhibit several challenges. One major challengecigdimyasiveness of
traditional measurement methods, such as the auscultatory method for blood pressure
measurement, which can weomfortable and lead to complications. Additionally,
invasive procedures for measuring intracranial pressure can pose risks of infection and
other complications. Sensors need to be biocompatible, durable, and provide accurate
and precise measurements timee. However, current sensor designs lack the desired
performance parameters for ldagnm continuous pressure monitorifigerefore,

sensor design and performance present another significant ch&ltenge.
management and communication are cruciatdiotinuous monitoring systems,
requiring efficient power sources and wireless communication protocols.
Biocompatibilityequirement also poses a mel@lleng, as implantable devices must

be nontoxic and nosinflammatory.Calilrating thesensorrespone againsthe
physiologicgbarameteis also very importar@alibratbn ensureshe accuacy of the

results andverallsystem performaneéile meeting regulatory standa@ddibration

poses difficulties, particularly in scenarios with rapidly vanysiglogical pressures.
Wearability and user comfort are essential to ensuterlongompliance. The high

cost of continuous monitoring systems limits their accessibility, particularly ir resource

constrained settings.

Sensor Design and Performanc®ressure sensors used for physiological monitoring

should exhibit lonterm stability and reliabil[§2] Continuous and prolonged use of
6



the sensor should not result in significant drift or degradation of its performance.
Factors such as material aging, mechanical wear, and exposure to body fluids can impact
the longterm stabilityf thesensarRolust sensor designs, proper encapsulation, and
suitable packaging techniques are employed to enhanterntorsgability and
reliability. Developing sensors capable of accurately and reliably measuring
physiological pressure over extended periods isfi@asignechnical challenge. The
sensors must be durable and capable of providing accurate and precise measurements
even under various physiological conditions. In recent advancements, researchers have
reported pressure sensors for ICP, IOP, Blood pressuiepladder pressure
monitoring; however, the performance parameter (sensitivity, linear operation range,
life of the sensor, size of the sensors, stability over time) of these sensors are not

promising for long term continuous pressure monitoring.

Biocompatibility: One of the most significant challenges in designing implantable
pressure sensors is ensuring the device is bioconjpaliblaplantable devices are

in direct contact with the body's tissues, fluids, and cells, and therefore, it is essential
that the materials used in thenstauction of the sensor are rowic, non
inflammatory, and do not trigger an immune response. Biocompatibility testing is
crucial to ensure that the device does not cause any adverse reactions or harm to the
body.

Invasiveness:One of the biggest chalfges is the invasiveness of many traditional
methods for measuring these parametergxaanplein the conventional methoaf
continuousblood pressurenonitoring a small cathetes inserted o the vascular
system through peripherabrteryconnected with external electronigkich can be
uncomfortable for the patient and lead to complications swatess injury and
infections Similarly, traditional methods for measuring intracranial pressure, such as
inserting a pressusensing devidarough the skull, can also be invasive and lead to

complications such as infectj68]

Sensor Validation:Sensor validation in the viveenvironment poses a significant
challenge. It requires overcoming various complexities, such as ensuring proper
placement and functionality of the sensor, dealing with biological variations and
physiological responses, and managing potential interferesiges!l artifacts. The

challenges relateditoviveensor validation necessitate extensive expertise, resources,



and time to overcome, making it a crucial aspect of sensor development and validation

processes.

Power Management and Communication:Conthnuous monitoring requires a
reliable power source for the monitoring system. Efficient power management is
essential to ensure lelgm operation without frequent battery replacements or
rechargingTherefore, providing a power source for an implanteddeysesensing

device is alsofagnificanthalleng¢64], [65] Powerefficient designs are essential to
prolong battery life or minimize the need for frequent recharging. This involves
optimizing sensor readout circuits, implementingpdover signal processing

algorithms, and exploring eneefficient wireless communication protocols.

Batteryfree or wireleggpowered implantable devices are more desirable fterong
pressure monitoringResearchers have reported baftegy and telemetric wireless
implantable pressure solutions for biomedical applications. However, delivering
wireless power and communication signals to implantable sensors becomes more

challenging in deep tissue environniébis

Wearability and User ComfortWearable devices for pressure monitoring should be
comfortable for longerm use and not interfere with the user's daily actiMitégld
standardmethod for BP monitoringses a brachialsphygmomanometewhich is

occlusive and cawsse lot of disconfort for the user.Achieving a balance between
sensor size, weight, and user comfort is crucial to ensure user compliance and minimize

any adverse effects caused bytdsrablelevice.

To address these challengesmgproved pressure monitoriteghnoloy is required

that can overcome the limitations of current approaches. This technology should offer
superior accuracy and reliability, ensuring precise measurements of physiological
pressures over extended periods. Moreover, it should minimize invdsivenizgsy
norrinvasive or minimally invasive techniques, reducing patient discomfort and
potential complications. Additionally, the new technology should eliminate the need for
tethered connections, providing wireless or@stnictive solutiorthatallowpatients

to move freely and engage in routine activities without hindrance. This enhanced user
comfort and mobility will promote better patient compliance and adherence to long
term monitoring protocols. This innovation opens new possibilitiesgtedm blood

pressure monitoring, enabling personalized therapy and improving healthcare

outcomes.



1.4 Objectives

The objectives of this thesis are designed to consider the gaps in the available literature

and mitigate the challenges mentioned e&Hethesis objectives are as follows:

1.

Review the existing literature on the different physiological pressures, the
importance of continuous physiological pressure monitoringofstadert
sensing technologies, and implantable and wearable solutions for pressure
monitoring to discover the research gap in the existing solutions for continuous
blood pressure monitoring.

Perform a clinical validation study using the existing wearable solutions for
blood pressure monitoring to investigate their accuracy, comfortability,
feasibility, and possibility for letegm monitoring.

Design and fabricate a sensor for wearableajopls; particularly pressure
monitoring in compression thera@nd further optimize the fabrication
process to achieve a more reliable andntegjrated pressure sensor with
better performander implantable applications

Develop a setup for senstasting and characterization using a pressure
chamber and othe-shelf components to closely replicate the pressure profiles
that the sensor will experience dunngvealidation.

Investiga and characteezthe sensor response in differeex vivo
environments to address the issues related to wireless power and
communication in tissue environments. Timegi&r@ndex vivealidations will
mitigate the reasons for failure dunmgvealidation

Design, fabricatand validate a numerical nmoide a novel planar inductor

that provides a wider coverage area over the artery and allows easy folding
making it suitable for subcutaneous delivery without invasive implantation
procedures

Perform a comprehensive preclinical validation study t® thesefficacy and

safety of the novel pressure sensor developed in this research.

The challenges related to degradation in sensor performance parameters such as

sensitivity, linearity, operational range, accuracy, and reliability can be solved using a

better sensor design, optimized fabrication technique, and the best available materials

in sensor fabrication. A click chemistry technique can be used to chemically

functionalize and bond the different material layers of the sensor to achieve a reliable

andweltintegrated pressure sensor without degradation in the sensor performance.

9



The challenges associated with sensor validation im wiveenvironment can be
addressed through comprehensive testing and characterization inidifférearnd

ex vivenvironments before conductimgvivovalidation. Usingn vitroand ex vivo
environments that closely replicate the pressure profiles experienced by the sensor in
the in vivosetting can be instrumental in overcoming these challengeto
environments can be created using readily available components and customized
pressure chambers to generate pressure profiles that closely resemble physiological
pressures.

Additionally, performingx vivexperiments in tissue environments resemhkng t
vivoconditions can help optimize the sensor's wireless communication and power
capabilities, which is a significant challenge for implantable devices. One approach to
improving wireless linkage involves incorporating an external repeater coitfietwee
sensor and the reader coils. By extensively testing and characterizing sensors in these
controlled environments, we can gain crucial knowledge about sresooy
performance, and wireless communication, reducing the uncertainties associated with

in vivealidation.

The invasiveness of the physiological pressure measurement method is also a big
challenge that can be addressed using a minimally invasive pressure sensor approach. A
flexible pressure sensor can be developed and injected into thesibgdy
subcutaneous injection vath a complex surgical procedure. For this subcutaneous
injection the sensor should be foldable in minor dimensions. Therefore, the
symmetrical shaped sensor should be optimized tsygametrical shapes such as
elliptical shape. In this way, the sensor can be folded in compact size by folding up
along the major axis. This oval sensor will cover more area over the artery, improving
thesensor's performance

Ensuring biocompatibility is also a big challenge for imMipéasémsors, and it can be
enhanced by utilizing biocompatible materials during the sensor fabrication process. If
any sensor component lacks biocompatibility, applying a biocompatible coating can be
a viable solution for encapsulation. For acut@vostudies,polydimethylsiloxane
(PDMS) canbe an effective encapsulation material, providing waterproofing and

biocompatibility to the sensor.

The challenge of wearability and user comfort is increasingly significant in continuous

physiological pressure monitg. This challenge can be addressed by designing the
10



wearable component of the device in a manner similar to a wristwatch, which is widely
accepted and has minimal adverse effects on the user's daily life. Additionally, the device
should be able to recbcontinuous pressure measurements over the long term without
requiring user input. This enables recording the user's pressure profile during routine

activities and even while sleeping.

1.5 Thesis Contributions

This PhD isfocused ontranslational researchdamech innovation with the
development of pressure sensors as a core part. The aim is to address the challenges

mentioned earlier and propose a feasible solution for continuous pressure monitoring.
The specific novel contributions of this thesiswarenarizednd listed below:

1. The literature on the different physiological pressures, the importance of
continuous physiological pressure monitoring, -cftdte-art sensing
technologies, and implantadohel wearable solutions for pressure monitoring were
reviewed to discover the research gap in the existing solutions for continuous blood
pressure monitoringObjective 1). This literature reviewcontributs to the
advancement édhowledge in these kagpects listed belpw
1 The importance of continuous physiological pressure monitoring
1 Thestateof-the-art pressure sensing technologies
1 The ecentadvancements wearable and implantable pressure sensors
1 The gapin the existing research solution, ifipatly in longerm continuous

blood pressure monitoring

2. Performanceevaluation othe existing wearable solutions for blood pressure
monitoring through clinical validation studyhis studyconcludeshat these
wearable solutions are rsofitable due to their lack of accuracy, discomfort to
patients, lack of feasibility, and the possibility oftéwnmgmonitoring@bjective
2).

Publication: Mattia Lunardi-arooq Muhammad Atif Shahzad, Asma Nadeem,
Lisa Combe, Andrew Simpkin, Faisal iSh&illiam William Wijns, and John
Mc Evoy. oOPer f or manc-tgpe bdme bhloed pradsuree wat
measurement devicesinawealr | d cl i ni cal sample. 6 (un
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3. The design and fabrication of wireless pressure sensors usingffactiost
fabrication methodology for wearable applicatiquerticularly pressure
monitoring in compression therd@pjective 3).

Publications: Farooq, Muhammad Talha Igbal, Patricia Vazquez, Nazar Farid,
Sudhin Thampi, William Wijns, and Alfahzad. "Thiilm flexible wireless
pressure sensor for continuous pressure monitoring in medical applications."
Sensors 20, no. 22 (2020): 6653.

4. The optimization ofthe fabrication process to achieve a more reliable and well
integrated pressure sersotable for implantable applicati¢g@bjective 3).

Publications: Farooq, Muhammad Bilal Amin, Adnan Elahi, William Wijns,
and Atif Shahzad. "An optimized methodology to achieve irreversible bonding
between PDMS and polyimides for biomedical senSognéering
Proceeding27, no. 1 (2022): 14.

5. A preclinical bench model was developed using a customized pressure chamber,
pneumatic pressure pump, and a customized control system constructed from off
theshelf components for the preclinivalidation of physiological pressure
sensors.This model providesustomizablegressure wave simulation to suit
various applicatienThis preclinical bench modebntributes to the testing and
characterizing facility for the pressure sensors durindeteéopment stage
(Objective 4).

Publication: Farooq, Muhammad Muhammad Riaz Ur Rehman, Patricia
Vazquez, William Wi j ns,K6 OpénSaurceCoirtrallerz ad, N
for Dynamic Cardiovascular Modelsi n Har dwar eX (under | ol

6. The planar inductor primarily determines the overall geometry of tbe sens
Howeverthe wider geometry of conventional inductors mahalienggto fold
the sensointo smaller dimensions for implantation. A novel planar inductor with
an ellipticeshape was developed and fabricated to address this limitation.

1 The development and validation of tluenerical model for elliptical planar

inductor.

1 The sensor designed using #iigptical planar inductoan covemorearea

over the artergnd provide better performance.

1 Theellipticalsensor can be easily folddangthe major axis into compact

dimensionsmaking it suitable for subcutaneous delivery.
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This contribution represents a significant advancement in sensor design for
implantabledevices, enhancing their functionality and adaptability for improved
biomedical applicatior@lfjectives).

Publication: Farooq, Muhammad Bilal Amin, Adnan Elahi, William Wijns, and

Atif Shahzad. "Planar elliptical inductor design for wireless inmplanéatical
devices." Bioengineering 10, no. 2 (2023): 151.

. An ex vivavestigative study was conducted to explore the wireless connectivity
between the LC sensor and the external readartheipresence wérious tissue
layerqObijectiveb). Thefindings of this studgontributeto the advancement of
wireless communication capabilities for biomedical implants by increasing the

wireless linkage distance

Publication: Farooq, Muhammad Bil al Ami n, Marcin J.

Muhammad Riaz Ur Ream William Wijns, and Atif Shahzad. &rvivetudy

of wireless linkage distance between implantable LC resonance sensor and external

readout coil." Sensors 22, no. 21 (2022): 8402.

. A comprehensive preclinical validation study was performed to assHsaty

and safety of the novel pressure sensor developed in this (€dgantive?).

The main contributiaof this work are listed below;

1 The experimentatudywas designdd validate the efficacy and satietyugh
thesheep model

1 The \alidaion of the efficacy and safety of the developed sensmimal
model.

1 The development of am-house data acquisitionsystem(software and
hardwarg

The postprocessing of the recorded data USIAGLAB.

1 The quantitativeanalysigor performancevaluationof the sensor data with
referencelevicedata.

1 The biological evaluatiohthe implantation site for biocompatibility

The findings of this study serve as a critical step toward advancing the field of

biomedical sensing and enhancingatieeracy and reliability of blood pressure

monitoring techniques.

Publication: Farooq, Muhammad Ma r c i nBilal Aminjatif 8hahzad,

andWilliam Wijnso Pr ec |l i ni c al validation -of a
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shaped LC wireless pressures@erfor continuousin vivoblood pressure

measurements. o6 (under review)

1.5.1 Publications and Invention Discloser Form (IDF)

There are seven (7) deliverables of thisrBe&arch proje¢é journal papers and 1

IDF), excluding the thesaslistedbelow

[1] Mattia LunardiFarooq Muhammad Atif Shahzad, Asma Nadeem, Lisa Combe,
Andrew Simpkin, Faisal Sharif, William Willlam Wins, and John McEvoy.
OPer f or mance -ypehanme blood irdseire measueiment devices in a

realworld clinicak a mpl ed6 (under journal 6s peer rev

[2] Farooq, Muhammad Talha Igbal, Patricia Vazquez, Nazar Farid, Sudhin Thampi,
William Wijns, and Atif Shahzad. "Fhim flexible wireless pressure sensor for
continuous pressure monitoring in medical appliciti®essors 20, no. 22 (2020):

6653.

[3] Faroog, Muhammad Bilal Amin, Adnan Elahi, William Wijns, and Atif Shahzad.

"An optimized methodology to achieve irreversible bonding between PDMS and
polyimides for biomedical sensoEgineering Proceedir@js, ro. 1 (2022): 14.

[4] Farooq, Muhammad Muhammad Riaz Ur Rehman, Patricia Vazquez, William

Wi j ns, At i f S h a h z @&penSouMa Cantroler fdr.Dynd&mica F ny .

Cardiovascular Modéls i n Har dwareX (under journal 0s

[5] Faroog, Muhammad Bial Amin, Adnan Elahi, William Wijns, and Atif Shahzad.
"Planar elliptical inductor design for wireless implantable medical devices."
Bioengineering 10, no. 2 (2023): 151.

[6]Farooq, Muhammad Bi | al Amin, Marcin J. KraFny,
Ur Réhman, William Wijns, and Atif Shahzad. &nvivetudy of wireless linkage

distance between implantable LC resonance sensor and external readout coil.” Sensors
22, no. 21 (2022): 8402.

[7] Farooq, Muhammad Ma r c i n Bildl AminkAtife&SfahzadandWilliam
Winso Precl i ni cal val i dat i on-shaped lsC wirelessl y I my
pressure sensor for continuaniyivib | ood pr essure measur emen

review).
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[8] Farooq, Muhammad William Wijns, a meousAt i f S|
i mpl antable wireless blood pressure sensc
to University of Galway, Ireland

1.6 Thesis Organization

The rest of the thesisasganizeds follows: Chapter 2 descsiltiee background of
physiological pressure monitoring, tmical needfor continuous longerm
physiological pressure monitoring, wearable and implantable solutions, the most
commonly used pressure sensing mechanism, and existing researchfeolution
physiological pressure monitoring in the biomedical field. This chapter concludes with
a discussion on tlgapsidentified after the literature survey toward the need for an
accurate, continuous, and subcutaneous solution for physiological pressioa]ys

for blood pressure monitoring. Chapter 3 mainly focuses on hypothesis validation
through a clinical study validate the performance of existing wearable solutions for
blood pressure monitoring. Chapter 3 presents the descriptive andlsaaadfsis of
clinicalstudy data tshow the validity and usability of these wearable existing solutions
for BP monitoring. Chaptes and 5describéhedesign and develmgnt ofwearable

and implantabk wireless pressure sessfor continuous pressure monitoring in
biomedical application€haptet6 presentdhe development of areclinicabench

model for accuratesensor characterizatiomnd validationusing offthe-shelf
components. This chapter explains Hosvdustomized pressure chamber can be used

to replicate pressure profiles similar to human blood pressure iproftlesettings.

As stated in the earlier section, the planar inductor dictates the shape of the sensors;
therefore Chapter7 describeghe shape optimization of the planar inductor to fit the
proposed application best. Chagtexplains the development of a numerical model

for the novel elliptical inductors. Chafepresents ammvestigatie study ofthe

wireless linkage distance between the developed sensor and external readout coil in the
ovine and porcine tissue environragbhapteBalso explains the effect of the repeater

coil on the signal quality when placed between the sensor and the readout coil. Chapter
9 of this thesipresentthevalidaton of theefficacyand safety of the developed sensors
through anin viveexpgeriment on a sheep modeastly,Chapter10 provides the
conclusion of the continuous blood pressure monitoring solution developed in this

research and the future directions.
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Chapter 2

Background
This chapter provides a comprehensive review diviise physiological pressures

within the human body, highlighting the significance and advantages of continuous
monitoring of key parameters like blood pressure, intraocular pressure, and intracranial
pressure over an extended period. The primary fb¢his @ahapter is to critically

evaluate the existing solutions for physiological pressure monitoring while addressing

key challenges in this domain.

Firstly, adetailed overview of essential design and performance paraoatexcs for

the developmentf@ressure sensors for continuous monitoring is preshieber.

Section 2.2s related tdhe most commonly used sensing mechanisms in pressure
sensing, while Section 2.3 explores the latest progress in wearable and implantable
applications. SpecificaBgction 2.3.6 concentrates on recent advancements in blood

pressure monitoring, considering its vital role in cardiovascular health.

Section 2.4 discusses key findings and limitations of current research work in
physiological pressure monitoriafferingvaluable insights for future developments.
Finally this chaptezoncludesvith a proposal for a novel solution: a minimally invasive,
nontocclusive continuous blood pressure sensor designed to enataaricargd
uninterrupted physiological pressureitaong. This literature review contributes to

the advancement of knowledge in these key aspects listed below;

1 Theimportancef continuous physiological pressure monitoring.

1 Stateof-the-art pressure sensing technologies.

1 Recent developments in weaarid implantable pressure sensors.

9 Identified gaps in current research, with a focus otelongontinuous blood

pressure monitoring
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2.1 A Review d Thin-Film Pressure Sensors for

Physiological Applications

Abstractii Physiological signals, including heart rate, blood pressure, respiratory rate,
intraocular pressure, intracranial pressure, and cardiovascular presguogaate
maintaining human health and swelhg. Continuous and letegm monitoring of
thesevital parameters offers a unique opportunity for early disease diagnosis and
personalized therapeutic interventions, ultimately contributing to improved healthcare
outcomesAmong the various technologies available for capturing these physiological
signalsthinfilm based pressure sensors have emerged as a prominent choice. These
sensors have demonstrated exceptional potential in both wearable and implantable
applications, driven by remarkable advancements in sensor technology. Depending on
the sensing meanism, pressure sensors can be classified into three main categories:
piezoelectric, resistive, and capacitive technolBgiesal critical factors must be
considered when designing a pressure samdading sensitivity, linear operational
range, rgmnse time, and sensor lifesg@y microstructuring the active layer can
enhance sensitivity and response time, but it may compromise the linearity of the
sensor's outpuithe primary objective of this comprehensive review is to provide a
scientificsummay of the existing flexible pressure sensing technogsnkey
fabrication processes and materials employed, and highlight significant research
findings and physiological applications. By doing so, this review aims to offer valuable
insights to @searchers and engineers in selecting appropriate sensing mechanisms,
sensor materials, and fabrication methodologies to develop tailored and effective
flexible pressure sensors for a wide range of biomedical appliCatmrgh an in
depthliterature swvey, this revievexploresarious physiological pressungghligits

the significance of continuous monitoring, evaluates-ofthteart sensing
technologies, andlentifes potential research gaps in the existing solutions for

continuous physiologlgaressure monitoring

Keyworddi Thin-film, flexible sensors, wireless sensorsn@&toring, implantable
sensors, wearable sens@bBysiological applications, resistive pressure sensor,

capacitive pressure sensor, piezoelectric pressure sensor.

2.2 Introduction

Physiological signals generated by the human body provide an opportunity for disease

diagnosis, therapy, and health care. Relguhaan activities evoke changes in
17



physiological signals like skin and body heat, heart rate, blood pressure, respiration rate,
skin and muscle strain, and infrared radig@1i68] In particular, body temperature

and pressures such as intraocular, intracranial, and cardiovascular are key indicators for
human health monitoring [69] Additionally, electroencephalograph (EEG),
electrocardiography (ECG), and elecyagraphy (EMG) are widely used in human
healthcare as they capture electrical signals of brain, heart, and muscle activities,
respectively70[71]72] But these signals are captured with electrodes attached to
human skin or organs through mechanical clamping, adhesive tape, or needle, and
additionally, there are involved in some rigid circuits, evger gupplies and
communication parts, which make them immobile and bulky. These EEG, ECG, and
EMG systems are robust and reliable for clinical applications but present some
important drawbacks for practical use. Their bulkiness, due to the need paladditio
rigid circuits, and the less than perfect adhesion of electrodes to the skin, impede the
comfortability, mobility, and precision required for long term monifé8hdn the

past few decades, the performance and miniaturization of integrated circuits have
advanced drastically, but the mechanical design of wearable technology is still brittle,
rigid, and bulk{31]74]75] 76}

Along with electrograms, there are also available wearable and implantable systems that
integrate different small physical sensors: temperature, pressure, strain, pH, optical, and
electrodermal activity sensors. A physical sensobia devi ce t hat dete
physical stimulus, turning that change into a signal that can be measured or recorded
[31D . These systems present a | ow stiffnes
microthickness, and can be highly stretchay6]40]77] and flexible
[78]79]42]58]61] which makes them easily conformable to human skin to monitor
health. Londerm, continuous physiological pressure nmorgtes an important tool

in the biomedical field, as it allows for the accurate and consistent measurement of
pressure changes over extended periods. This type of monitoring is particularly useful

in diagnosing and treating a wide range of medicala@wmdricluding cardiovascular

disease, eye disease, neurological disorders, lower limb rehabilitation, and wound

complications.

The monitoring of the intrarterial pressure of patients with hypertension, the
intraocular pressure of patients with glau¢bijaand the bladder pressure of patients
with neurogenic bladddysfunction12] More frequent intraocular pressure (IOP)

measurements are desirable not only for a better understanding of glaucoma,
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charaatrized by an elevated It also for better management of individual patients
[11] Reatime, continuous bladder pressure information can be used to stimulate the
sphincter muscles intelligently. This can be particularly useful for patients with
neurogenic bladder dysfunctj@f] A shunt system currently used for hydrocephalus

or traumatic brain injury treatment could be more effective with continuous intracranial
pressure feedback. Currently, the mostmmmmmethods for continuous pressure
measurement are through a cathsised system. These methods are often only
suitable for shotierm measurement since percutaneous connections through the skin
present infection risks. Cathdiased systems prohilditetfree movement of the

subject and limit feasibility to clinical set{ié2fs

High blood pressure (BP) is a major factor in cardiovascular@3e@sediovascular
disease is a leading cause of death worldwide, and continuous blood pressure
monitoring is an essential tool in its diagnosis and management. High blood pressure,
or hypertension, is aafor risk factor for several diseases, including cardiovascular
disease and strok&0], [81] According to the World Health Organization (WHO),
approximately more than 1 billion people worldwide have hyperf88%iand it is
estimated that hypertension is responsible for 9.4 million deaths ey88y ieag

term, continaus blood pressure monitoring can provide valuable information about
the patient's condition and help identify trends and patterns that may indicate the
presence of hypertension or other cardiovascular condi®@insThis type of
monitoring can also be used to evaluate the effectiveness of treatment and to identify
potential complications, such as heart fdildje

Neurological disorders, such as brain injuries, are also an area whens,long
continuous pressure monitoring is essential. Continuous monitoring of intracranial
pressure can provide valuabfermation about the patient's condition and help to
identify trends and patterns that may indicate the presence of a brditbinjunis

type of monitoring can also be used to evaluate the effectiveness of treatment and to
identify potential complications, such as brairnirsyvdhtracranial pressure (ICP) is

the pressure inside the skull, and it is an important indicator of the patient's
hemodynamic status. An elevated ICP can lead to brain injury and is associated with
poor outcomes in critically ill patients, such a% thath traumatic brain injury,
subarachnoid hemorrhage, and hydrocepf@lldhe Centers for Disease Control

and Prevention (CDC) estimates that in 2010, 2.5 million people sustained a traumatic

brain injury[85], [86] Traumatic brain injury is associated with increased ICP. ICP
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monitoring is recommended for all patients with severe traumatic brain injury.
Implantable pressure sensors can be used to monitor ICP in clifpzlBnts and

provide a more accurate and continuous measurement of ICP compared to traditional
methodg487p[89]

Intraocular pressure is the pressure inside the eye, amdihmrtant indicator of

the patient's eye heal@j Elevated IOP can lead to glaucoma and eyeediseases.
Elevated intraocular pressure is a major risk factor for the development and progression
of glaucoma, a group of eye diseases that can lead to irreversible vision loss. According
to the WHO, glaucoma is the second leading cause of blindridesds, affecting

an estimated 80 million peof88], [91] It is estimated that approximately 10% of all
cases of blindness are attributable to glaucoma. Given the significant burden of
glaucoma on Igbal vision health, reducing IOP through early detection and
management remains a critical part of maintaining eye health. Implantable pressure
sensors can monitor IOP in patients with glaucoma and other eye diseases. They
provide a more accurate and sardus measurement of IOP compared to traditional
methods and are useful in identifying patients at risk of developing elevated IOP and in
guiding therapp 1], [92], [93]

Plantar pressure is the pressure exerted on the sole from the feet, and it is an important
indicator of the patient's foot health and can be used to identify patients &datsk o
injuries and other foot disorddis] Wearable plantar pressure sensors have been
developed to enable convenient and continuous monitoring of plantar pressure,
representing an innative solution in the field. These wearable sensors oftaneeal

and precise measurement of plantar pressure dynamics, allowing for early identification
of highrisk patients and guiding targeted therapeutic intervg@d$n®5]Wound

pressure, on the other hand, refers to the pressure exerted on a wound and plays a
critical role in evaluating wound healing progress and identifying patients susceptible to
wound complicationd 7] Wearable wound pressure sensors have been introduced to
enhance the monitoring of wound pressure seamlessly and continuously. These sensors
enable the accuradad reatime assessment of pressure dynamics within the wound
area. By leveraging this technology, healthcare professionals can proactively identify
patients at risk of wound complications and implement timely interventions to facilitate

optimal wound hdiag outcomef96]
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Recent advancements in sensing technology have paved the way for the development
of sophisticated loAgrm pressure monitoring devices that are compact, lightweight,
and usefriendly[1]3[3]. These statef-the-art devices offer accurate and consistent
pressure readingses extended durations, making them indispensable tools in clinical
and research settingg Longterm, continuous pressure monitoring plays a pivotal

role in the field of biomedicine, enabling precise and reliable measurement of pressure
variations over prolonged perig€k [7] These devices encompass implantable and
wearable sensors tailored to specific biomedical appliRtid8 [9] considering

factors such as size, biocompatibéitg, sensing principles.

The emergence of implantable and wearable pressure sensors holds transformative
potential in revolutionizing medical monitoring and therapeutic intervét@ipas

illustrated in Figur@l. In comparison to traditional methods, these sensors can
provide continuous monitoring of pressure, thereby facilitating thiécemtéon of

highrisk patients and guiding targeted treatment strategies.
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\ Protective chamber
RF coaxial cable
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Readout coil B Wound dressing

Wound pressure Compression pressure  Plantar pressure

Figure 2.1Physiological pressure monitoring in human health care (Intraocular[@idssure
Blood pressurf@7] Bladder pressure, Intracranial pred9&jeCompression theraf§9]
Respiratory signdl00], [101]Wound pressufdl)

The scientific community has witnessed a significant surge in research endeavors
exploring the diverse applications of implantable and wearable pressure sensors across
various medical disciplir{@®],[17] Wearable pressure sensors, for instance, possess
the remarkable ability to conform to the body's contours, enabling pressure
measurements even during movement. Moreover, their seamless integration into
garments, bandages, and other wearablesdefférs a convenient and uninterrupted

means of pressure monitoring. Notably, wearable pressure sensors have demonstrated
utility in monitoring blood pressure, plantar pressure, and wound diegs(iéd],

[102], [103]Furthermore, the ongoing devehgmt of flexible and stretchable pressure

sensors holds promise for enhancing user convenience and overall functionality.

On the other hand, implantable pressure sensors represent devices specifically designed
for internal placement within the body. Thayehproven invaluable in monitoring

critical parameters such as intracranial pref&@jeintraocular pressur®?2]
cardiovascular pressuys®], [104]and bladder pressyf5] Implantable sensors

excel in longerm monitoring scenarios and can deliver reasonable accuracy and
continuous pressure measurements compared to conventional methodologies.
However, designing implantable pressure sensors presiictdtahallenge, as they

must exhibit dimensions conducive to minimally invasive procedures, maintain a
lightweight profile to prevent tissue damage, and effectively mitigate the risk of
infection[62] Integrating these cuttiedge pressursensing technologies into the
medical landscape holds tremendous promise for advancing patient care, enhancing
diagnostic capabilities, and optimizing treatment outcomes. By enabling precise and

continuous pressure monitoring, these devicegsotamtially transform the field of
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biomedicine, facilitating proactive interventions and personalized healthcare

approaches.

2.3 Challenges in Acquiring Physiological Signal
Monitoring

Monitoring key physiological pressure parameters, such as blood preastasial

pressure, and pressure in the lungs and other organs, is essential for diagnosing and
treating various diseases. However, several clinical problems can arise when attempting
to monitor these paramet§2g], [62][106], [107]

2.3.1 Invasiveness

Invasiveness is one of the major challenges associated with humerous conventional
techniques used to measure these parameters. For example, the conventional approach
to continuous blood pressure monitoring is whemaadl catheter is injected into the
vascular system through a peripheral artery and linked to external electronics. This
procedure can cause discomfort for patients and may result in complications, including
artery injuries and infections. Similarly, adioreal methods for assessing intracranial
pressure, involving the insertion of pressensing devices through the skull, can also

be invasive and carry the risk of complications, notably infg&®pns

2.3.2 Long-term Stability and Reiability

Pressure sensors used for physiological monitoring should exhitatriostability

and reliability62] Continuous and prolonged use of the sensor should not result in
significant drift or degradation of its performafk@etors such as material aging,
mechanical wear, and exposure to body fluids can impact the senst@rslong
stability. Robust sensor designs, proper encapsulation, and suitable packaging

technigues are employed to enhanceté@ngstability and relidiby.

2.3.3 Accuracy

Another problem is the accuracy and reliability of many traditional methods for
measuring these paramefe@3] For example, the auscultatory method for measuring
blood pressure can be affected by several factors, such as the skill of the practitioner,
which candad to inaccurate or inconsistent readings. Similarly, traditional methods for
measuring intracranial pressure can be affected by factors such as the position of the

patient and the movement of the patient's brain, which can lead to inaccurate readings.
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2.3.4 Biocompatibility

One of the most significant challenges in designing implantable pressure sensors is
ensuring the device is biocompaf{®d Implantable devices are in direct contact with

the body's tissues, fluids, and cells, and therefore, it is essential that the materials used
in theconstruction of the sensor are #ioxic, norinflammatory, and do not trigger

an immune response. Biocompatibility testing is crucial to ensure that the device does

not cause any adverse reactions or harm to the body.

2.3.5 Calibration

Calibration is another goichallenge for a pressaemsing device. It is difficult to

achieve simultaneous measurements from the test and reference devices, especially
when the physiological pressure varies rapidly. Calibration is the process of adjusting
the sensor's output toatch the actual pressure. Calibration is important for accurate
pressure readings and should be simple, repeatable, and provide accurate results.
Calibration becomes more challenging when the sensor response is nonlinear and
difficult to mathematically meld108]

2.3.6 Power Sources

Implantable pressure sensors require a power source to function, and this power source
must be small and lightweight enough to be implanted bodize Additionally, the

device must be designed to minimize the risk of infection and to be as comfortable as
possible for the patient. Therefore, providing a power source for an implantable
pressuresensing device is also a big challg#je[65] Powerefficientdesigns are
essential to prolong battery life or minimize the need for frequent recharging. This
involves optimizing sensor readout circuits, implementinmploer signal processing

algorithms, and exploring eneeffjcient wireless communication protsec

2.3.7 Regulatory and Safety Concerns

In addition to these challenges, several regulatory and safety concerns must be
considered when designing implantable pressure sensors. These devices are considered
medical devices and must be approved by regulateey bodh as the FDA or the

EU's Medical Device Regulation. This means that the device must be designed and
tested to meet strict safety and performance standards. Additionally, the device must be
manufactured in a cleanroom environment to ensure ttisgata contaminants and

must be sterilized before use.
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Addressing these challenges requires adisaifilinary approach involving engineers,
materials scientists, medical experts, and regulatory agencies working together to create
a safe, effective, ptecal, and compliant device for use in the human body. However,

to overcome some of the earlier reported challenges, active or passive pressure sensors
can be used. The choice between active and passive sensors depends on the biomedical
application (wedrke or implantable), such as size, accuracy, cost, and ease of
manufacturing and use. Active pressure sensors are devices that require a power source
to operatg¢109] They typically use a piezoresistive or piezoelectric element to measure
pressure and are known for their high accuracy and stability. On the other hand, passive
pressure sensors do not require a power source teopEney typically use a
capacitive or optical element to measure pressure and are known for their low cost and
wide range of applications. Active pressure sensors have the advantage of high accuracy
and stability, and passive sensors have the advaiigigg towcost and easy to use

[109], [110]

2.4 Pressure Sensing Mechanism

Piezoelectric, resistive, and capacitive pressure sensing mechanisms are commonly
employed in various applications for accurate and reliable pressure measurement.
Piezoelectric pressure sensing operatesdratezipiezoelectric effect, where certain
materials generate an electric charge in response to mechanical stress. Resistive pressure
sensing relies on changes in electrical resistance to determine pressure levels. Capacitive
pressure sensing involves Wagiation of capacitance due to changes in pressure.
Piezoelectric, resistive, and capacitive pressure sensors are commonly employed in

medical devices, consumer electronics, and environmental mdaBar[@g], [109]

2.4.1 Piezoelectric Pressure Sensing Mechanism

Piezoelectric mssure sensors are a type of pressure sensor that uses the piezoelectric
effect to measure pressure. Piezoelectric sensors consist of a piezoelectric material.
When a piezoelectric material undergoes mechanical stress, a voltage across the sensor
is genated[3], [111] Thus, a piezoelectric sensor produces electricity in response to a
change in pressure, as shown in F@Rré ead zirconate titanate (PZT) is the most
common piezoelectric material, but it is brittle. To tackle this, flexible nanogenerators
have beenayeloped recently using nanowires, which are made of thin ribbons of PZT,

polyvinylidene fluoride (PVDF), and zinc oxide (4id@)112] Piezoelectric sensors
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have been widely used in human healthcare to monitor respimtioeararate, blood

pulse, muscle stress, and body temperature.
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Figure 2.2 Piezoelectric pressure sensing mechérisRy)[113]

In biomedical applications, piezoelectric pressure sensors are used in catheter
applications and epidermal arterial pulse monitfrdi#P[116] They are highly
accurate, reliable, and have a fast respime, making them suitable for critical
medical applications. Other important design considerations for piezoelectric pressure
sensors in biomedical applications include the size and shape of the sensor, its durability
and biocompatibility, and its é&tmal properties. For example, the size of the sensor
must be small enough to be inserted into the body without causing discomfort or harm,
and the materials used must be biocompatible and able to withstand the harsh

environments found within the body.

2.4.2 Resistive Pressure Sensing Mechanism

The working principle of resistive pressure sensors is based on the resistance change of
a material under pressure. When pressure is applied to the sensor, it causes a change in
the shape of the diaphragm, which in tasults in a change in the resistance of the
material. This active layer, shown in blue in R2gjrbecomes in close contact with
conductive particles (sometimes nanowires), and resistance decreases with applied
pressure. This change in resistancep®ional to the applied pressure, allowing for

the measurement of the pressure.
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Figure 2.3 Resistive pressure sensing mechdRisg) [113]

A common material used for the diaphragm in resistive pressure sensors is a metal, such
as stainless steel or copper, due to its high electrical conductivity andthigterts
deformation under pressure. Other commonly used materials include polymers,
polyvinyl chloride or polyethylene, and ceramic materials. The choice of material
depends on the specific application requirements, such as the pressure range,

temperatte range, and environmental conditions.

The basic design of a resistive pressure sensor includes a flexible diaphragm that is
positioned between two electrodes. The diaphragm is in contact with the pressure
source and deforms under pressure, causing gedhathe resistance between the
electrodes. The electrodes are connected to a Wheatstone bridge, which measures the
resistance between the electrodes and converts it into a pressure reading. The electrical
circuit is typically designed to provide a lioefgnut signal, meaning that the output
voltage or current is proportional to the applied pressure.

The key design parameters of resistive pressure sensors include sensitivity, linearity,
resolution, accuracy, and stability. Sensitivity refers to the&ihé sensor to detect
changes in pressure, while linearity refers to the ability of the sensor to accurately reflect
the pressure linearly. Resolution refers to the smallest change in pressure that can be
detected by the sensor, while accuracy teféne deviation of the actual pressure
measurement from the true value. Stability refers to the ability of the sensor to maintain

its performance over time and under varying environmental conditions.

To ensure accurate pressure measurements, it isninfwodansider other factors
that can affect the accuracy of the resistance measurement, such as temperature

variations and environmental factors such as humidity. To minimize the effect of these
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factors, resistive pressure sensors are often tempevatpemsated, packaged in a
protective housing, and coated with a protective material, such as silicone or epoxy, to
protect the sensor from the environm&acause of the simple structure of resistive
pressure sensors, the fabrication techniques araedsireapdd0] [117][118]so
commonly used in electronic sk#®] [118] [119] industrial monitoring, human
computesinterface, and biomedical applicatjah8] [119] Resistive pressure sensors

have high sensitivity in a lpvessure rége €5 Q0 )@and sensitivity fall significantly

when pressure 5°Q0 [57] [40] [120] [121]

2.4.3 Capacitive Pressure Sensing Mechanism

Capacitive pressure sensors are devices used to measure pressure by utilizing the change
in capacitance that occurs when pressure is applied to a capacitor. The capacitance of a
capacitor is defined as the ratio of the electric charge stored on one plate of the capacitor
to the voltage applied across the plates. When pressure is applieditiva pagssure

sensor, it causes a change in the separation between the capacitor's plates, resulting in a
change in the capacitance, as shown in REigur&his change in capacitance is
proportional to the applied pressure, allowing for the measurement of the [fifessure

[10]

Po P, \
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Figure 2.4 Capacitive pressure sensing mechanisio[PL13]

The basic design of a capacitive pressure sensor includes two pargbletesetal

known as the capacitor plates, which are separated by a dielectric material, such as air
or a polymer. The change in the separation between the plates due to pressure causes a
change in the capacitance of the capacitor. The capacitor plateseatecctm an

electrical circuit, which measures the capacitance between the plates and converts it into

a pressure reading.
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Common materials used for the capacitor plates in capacitive pressure sensors include
metals such as aluminum, stainless steekrcappgold. The choice of material
depends on the specific application requirements, such as the pressure range,
temperature range, and environmental conditions. The dielectric material is often a
flexible polymer, such as Polydimethylsiloxane (PDM§)athar elastomer, that can

deform under pressure to allow for the measurement of small pressure changes. The
sensitivity and linear operational range can be tuned by changing the material of the
conductor and the dielectric layer. The sensitivity canbalsenhanced by
microstructuring the dielectric film instead of a flat[#Bh [79] [121] Capacitive

pressure sensors are widely used for biomedical applications, especially for blood
pressure monitoring. In many cases, this capacitive pressure sensing (C) element is
connected with the inductor coil (L) to makeltC resonant tank circuditat can be

read and powered wirele$36j}

2.5 Key Performance and Design Parameters

Designing a pressure sensor for biomedical applications requires careful consideration
of several key factors to ensure accurate and reliable measurements. Some of the key

design and performance factors are shown in Ri§ure

2.5.1 Sensitivity

Sensitivity israimportant factor in determining the accuracy of the pressure readings.

It is defined as the change in sensor response (resistance, capacitance, or voltage) per
unit change in pressure. A high sensitivity means that a small change in pressure results
in alarge change in the sensor response, which can lead to improved accuracy.
However, high sensitivity can also result idinearity, which can affect the accuracy

of the readings.
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Figure2.5: Key performance and design parameters

2.5.2 Linearity

Linearity refers to the proportionality between the pressure applied to the sensor and
the change in capacitance. A linear response is important for accurate pressure readings,
and nonlinearity can lead to errors ie tieadings. Linearity is often specified in terms

of the maximum deviation from a straight line and is usually expressed as a percentage
of the fultscale pressure range.

2.5.3 Hysteresis and Respons&ime

Hysteresis refers to the difference in the sensor outemt the same pressure is
applied in increasing and decreasing directions. High hysteresis can result in poor
repeatability, which is a problem in biomedical applications where repeatability is
important. Hysteresis is usually specified as a percethtadalkfcale pressure range.
Hysteresis is also subjected to the response time of the sensor. The response time
represents how fast sensor response varies with respect to the loading and unloading of
the load (pressure). If the response time of a setsoslow, then the sensor will not

be suitable for reime physiological pressure, such as blood pressure and plantar
pressure, as they vary quickly.

2.5.4 Resolution

Resolution is the smallest change in pressure that the sensor can detect. It is an

important factor in determining the ser's sensitivitgnd is typically expressed in kPa
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or Pa. High resolution is desirable in biomedical applications, as it allows for accurate
detection of small changes in pressligitresolution sensoase more suitable if the
physiological pressure has smaller but sharp variation over time, Soohtiashatdh

and peak in blood pressure waveform.

2.5.5 Accuracy

Accuracy refers to the degree of agreement between the actual pressure and the readings
from the sensor. Accuracy is usually specified as a percentage -sttie fukkssure

range and is aucial factor in determining the reliability of the readings in biomedical
applications. Highly accurate sensors are very important to achieve -@naelical

physiological measurement.

2.5.6 Life cycle and Stability

Sability refers to the ability of the sen®omaintain its accuracy over time. This is
important in biomedical applications where-terrg monitoring is required. Stability

is usually specified in terms of the maximum deviation from the initial accuracy over a
specified period. The stabilitglso linked with the life cycle of the sensor. If the sensor
response varies after 100 hours, then it means that sensor life is only suitable for N
loading/ unloading cycles that occurred during thitdi@Oduration.

2.5.7 Dynamic Range

Dynamic range refersttee range of pressure the sensor can measure. It is important

to consider the dynamic range when selecting a sensor for a particular application, as
the range must be sufficient to cover the expected range of pressures. The dynamic
range is usually speaif in terms of the minimum and maximum pressures that the

SEeNsor can measure.

2.5.8 Size of the Sensor

Another key design parameter in the design of implantable pressure sensors is the size
and weight of the device. The sensor must be small enough to be platednally

invasive procedure and lightweight enough to avoid causing any damage to the
surrounding tissue. The device must also be designed to minimize the risk of infection
and to be as comfortable as possible for the patient.

In addition to these Wedesign parameters, other factors to consider when selecting a
pressure sensor for biomedical applications include operating temperature range,
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frequency response, environmental protection, size and form factor, signal output, and
cost.When selecting agssure sensor for a particular application, these parameters
should be considergéal ensure it meets the required performance specifications.

2.6 Recent Development in Pressure Sensing

2.6.1 Bladder Pressure/Volume Monitoring

Bladder pressure refers to the pressure within the bladder. Bladder pressure can be
affected by various factors, including the volume of urine in the bladder, the strength
of the bladder muscles, and tin@ary tract conditiof122] The condition in which

the bladder does not work properly and leads to urination problems is known as bladder
dysfunction. Over 200 rmlli people experience urinary dysfunctions, which include a
wide range of symptoms such as overactive bladder, urine incontinence, and voiding
dysfunctior{123] Bladder dysfunctiois a complex and challenging issue thatsaffect
millions of people worldwide, particularly those who are elderly or have neurological
disorders. The condition can cause significant discomfort and embarrassment and
significantly impact the quality of life of those affected. Recent advances in medical
technology have led to the development of monitoring systems that can measure
bladder pressure and provide-tiead feedback to clinicians. This information can be
used to adjust the treatments as needed, providing more personalized and effective care
for patients with bladder dysfunct[8h [12], [105]

There are two main ways to measure bladder pressure. The first method involves
implanting a sensor inside the bladder or the bladder wall to measure the bladder's intra
pressure; however, this approach poses several chigleRgsty, the environment

inside the bladder, including the presemcrine and the significant pressure changes
during urination, creates a harsh environment for the sensor. Therefore, packaging the
sensor to withstand these changes is a challenging task. Additionally, recording reliable
pressure with such a sensor @madsmitting the output signal outside the body are
critical issues. Furthermore, implanting a sensor inside the bladder can be risky and
requires significant skill and experience. The second method involves attaching a sensor
to the surface of the bladdeall to measure the volume change of the blgg]deor

example, a stidhaped sensor attached to the bladder wall stretgbtdset with the
expanding bladder, providing the volume change of the bladder through the output

change of the send@P4] However, the bladder is-B®bject, and the rate of change
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of the sensor varies dependorg the direction in which the sensor is attached.
Therefore, a smadized sticlshaped sensor may not be enough to accurately measure
overall bladder volume chane&5]

Several studies have been conducted on sensors that monitor bladder volume using
various sensing methods. These methods include resistive, capd@issyelectric
sensors. Each method has its advantages and disadvantages. Capacitive sensors are
challenging to apply to a circuit since the output value is small depending on the strain
[126] Additionally, implanting piezoelectric sensor inside the bladder wall is likely to
damage the bladder wall muscle and is, therefore, limited in clinical applications.
Furthermore, the output signal is generated only during the large mechanical
movements of the target. Howevesistive pressure sensors are suitable for bladder
volume monitoring due to their simple mechanism and ease of application to a circuit.
There has been more research on redigtigesensors than the other types of sensors

for bladder applications. HowgMenproving sensor performance in terms of volume,
length, and sensitivity and developing a proper monitoring system are still required for
bladder applications.

In 2019, Hannah et §] developed a flexible and biocompatible using thin gold films

on a polyurethane substrate to measure bladder stretch. The sensor showed good
stability and linearity with very small hysteresidaitey cycled between 0 and 50%

strain and the largest deviation of about 19% after 100 cycles with a 6 mm long sensor.
Forexvivi al i dati on, the sensor was confor med
using a biocompatible hydrogel adhesive. Traeblads repeatedly filled and emptied

to evaluate the sensords performance agai

to compute bladder volume noninvasively.

In this study[126] researchers have developedvacd composed of a strain sensor

and electrical stimulator to control bladder function. The device was developed using a
thin layer carbon nanotube (CNT) and Ecofle®5@0 There were developed
piezoresistive and capacitive sensors, tested from 0 tsti€@%ing, and showed a
sensitivity of 350 Ohm and 2.1ge¥cent strain, respectively. Both types demonstrated
stability throughout 5000 stretching cycles under physiological conditions. The sensors

were tested on feline bladdersivoand there as seen an average correlation of 0.9.

Clausen et dB] have designed, fabricated, and measured outcomes of a diaphragm

based singlerystal silicon sensor element sized 820 um x 820 um x 500 um. The
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sensor was piezoresistive with {nilbiofouling proof forin vivoapplication. A
sensitivity of approximately 20 mV/V was observed for a change in absolute pressure
from 500 to 1500 mbar. In later resefit@fi] these sensors were integrated into the
catheter system, which was used and tested on a patient during cytometry for 17 hours.
A minimally invasive suprapubic approach was used to implant a target sensor inside
the urine bladder and a reference sensor outside the bladder wall. This research
demonstrated that the developed system is safe and feasible for recomliadjtitigh
urinary bladder measurements for the long term.

In this researcfi24] a strain sensor with good cyclic repeatability was developed using

a composite material composed of-golted titanium dioxide nanowires embedded

in a soft silicone elastomer. The implantable strain sensor is built on a resahant ci
which includes a stretchable plate capacitor and an inductive coil for reading the
resonance frequency. The sensor showed good stability during cyclic stability when kept
under 5%, 20%, 50%, and 100% strdime successful wireless readout was
demorstrated during 50% strain cycles.efArvivexperiment was performed on the
porcine bladder to prove the concept of continuous wireless strain monitoring in a

tissue environment using the newly developed materials.

Kim et al[128]reported a resistive bladder volume sensor with a novel ladder structure
developed from a customized composite of polypyrrole and agarose hydrogel. Due to
the ungue design, the sensor provided a digital output when bladder volume reached
the set threshold switch. A very small variation in the sensor response was seen when
tested for 1000 stretch and relax cy@ligsr in vitrovalidation on the balloon, the
devdoped sensor was attached to the porcine bladdex favealidation, and this

novel sensor was able to show the feasibility of monitoring the bladder volume.

The study[125]presented the development of highly flexible and stretchable strain
sensors for monitoring bladder activity using biocompatible materials viaotlsed

as a substrate material due to its-$tigdtichable and biocompatible properties, and
CNT was utilized as the conducting material. The sensors' performance was evaluated
by comparing the resistance characteristics of sensors with CNT and AuCNT
conposites when subjected to a strain change of up to 200%. The study also introduced
a 3channel strain sensor for monitoring bladder wall movement using AuCNT
composites and an Arduibased monitoring system. The researchers tested the

sensor's performanegth a balloon model amxvivdbladder of pigs, demonstrating
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its potential for closddop neuromodulation in bladder applications with an

implantable neurostimulator.

2.6.2 PressureMonitoring in Rehabilitation

Pressure monitoring has various applications in rehabilitation, ranging from injury
prevention to assessing the effectiveness of rehabilitation programs. This technology
has proved to be a valuable tool in understanding the human body's biomechanics and
identifying areas of concern for rehabilitation and prdd2@One of the most
common aplications of pressure monitoring in rehabilitation is plantar pressure
monitoring[95] Foot pressure sensors can be used to assess the distribution of pressure
under the foot while walking, running, or standing. This information can be used to
diagnose and treat foot pleims such as plantar fasciitis, metatarsalgia, and heel spurs.
In addition, foot pressure monitoring can be used to design and evaluate orthotics and
prosthetics. By assessing the pressure distribution under the foot, clinicians can design
custom orthoticghat provide the necessary support and cushioning to prevent further

injury and promote healifftB0]

Pressure monitoring can also be used to analyze gait, which is the pattern of movement
when walking or runnifd30] Gait analysis can be used to diagnos&eatdyait
abnormalities, such as overpronation, underpronation, and leg length discrepancies. By
analyzing the pressure distribution under the foot during the gait cycle, clinicians can
identify areas of concern and develop a treatment plan to corgaat tmormality.

Gait analysis can also be used to assess the effectiveness of rehabilitation programs. By
comparing the pressure distribution under the foot before and after a rehabilitation
program, clinicians can determine if the program was suc¢nessfiecting the gait
abnormality130], [131]

Leiet al2012[117]reported a flexible capacitive pressure sensor for plantar pressure
measurements. Different ratios of PDMSpmlgmer and curing agent were mixed to

tune the elasticity to achieve optimal sensor sensitivity anplemational range. The
pressure regime for plantar measurements was up@w4fi1 9] but thedeveloped

sensor was able to work frol845°Q0 .cThe sensor was tested using a moving stage

with a pressure gauge and capacitance meter. The sensitivity of the fabricated sensor
was 6.B ¥ with a linear operation range between 0 an®®48wvhilecapacitance

values were changing between. @ 2.69 "@ith no load to 94W0 raspectively.
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In the research, Lou et |I31]reported dlexiblepiezoresistive pressure smrwas
developed using multilayer graphene films on polyester textiles. The deformation of the
graphene conductive network structure and the resulting changes in resistance were
responsible for the pressure response. The developed sensor showedtya afensitiv
0.012 kP& and worked up to 800 kPa pressure range with a 50 ms response time. A
wireless wshoe measurement system was developed to demonstratetitne real
dynamic pressure monitoriegacquire the plantar pressure distribution. The graphene
pressure sensor has a broad dynamic range, flexibility, and comfort, making it useful for
assessing footwear, analyzing clinical gait, and diagnosing pathological foot conditions.

Gerlach et a[132]reported a piezoresistive plantar pressure monitoring system to
prevent ulcers. The sensor fabrication used awvalléd carbon nanotube (MWCNT)
polydimethylsiloxane (PDMS) composite. A sensor matrix made of the composite was
printed to allow pressuristiibution measurements. Six sensors were fabricated on the
characteristic point of the insole to classify the healthy and unhealthy rollover patterns.
This insole was further integrated into the shoe, and plantar pressure was measured
during the walk timy which shows the potential of this monitoring system for gait

analysis and plantar pressure monitoring.

Tan et al. [43] developed a flexible textile piezoresistive sensor (TPRS) for plantar
pressure measurements in this work. The TRPS was fabricegea silsier fabric
electrode and a reduced graphene oxide (rGO) fabric electrode. The sensitivity of the
TPRS was 3.96°4* when tested betweer86 kPa. The sensor showed good stability

of 1000 cycles with 170 ms of response time. An array of six Td3RIgsa&loped on

a flexible PCB and placed inside the insole to capture plantar pressure. The insole
captures all TPRS sensors with precision, allowing the creatiorpoéssnes maps

that represent gait phases and allow the analysis of the obtained data

Kaidarova et a[133]developed a piezoresistive flexible pressure sensor using 3D
porous graphene that exhibits a highugean with a detection limit of 10 Pa and an
extremely wide dynamic range of at least 20 MPa. The sensor showed a sensitivity of
1.23 x 18 kPa and stability when tested for 15,000 cycles for greater than 100 hours.
The biocompatibility of laserducedyraphene is also evaluated, showing no significant
drop in viability. The developed sensors were tested on the radial artery and showed

good pulsation. Five sensors were also placed under the human feet using nylon
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stockings, plantar pressure was monit@ed gait analysis was performed on the

recorded data.

Parmar et al. [PBvestigatedhe effectiveness of commercialigilabléexible

resistive pressure sensors for monitoring compression therapy in this research. The
sensors were tested througtistand dynamic pressures against various pressure levels.
The Peratech and Sensitronics sensors were suitable for dynamic compression
treatment applications with an acceptable accuracy of 90%. The medium pressure level
of 51.4 mmHg provided the most aatesensor readisgThe Peratech and Interlink

sensors showed 95% accuracy in static and dynamic pressure settings. Sensors showed
only 55% accuracy when tested for 30.5 mmHg. The results revealed variance in static
and dynamic sensing capabilities)jdimgy accuracy and drift.

2.6.3 Wound and Ulcer Monitoring

Pressure monitoring plays a crucial role in wound monitoring, particularly in the
assessment of chronic wounds that do not heal easily. Chronic wounds are a major
health concern affecting millions worttky and their proper assessment and
management are critical for successful wound hdaln§l34] These wounds are
typically characterized byitrsdow healing rate and the presence of bacterial biofilms,
which can lead to chronic inflammation and tissue damage. In wound care, pressure
monitoring is used to assess the level of compression and support provided by various
dressings and bandaf@s], [135] This information is critical in choosing the right
dressing or bandage for a particular wound. The correct choice of dressing or bandage
can promote healing and prevent further tissue damage, whereas andahgoeper

can worsen the wound and prolong healing time.

Another important application of pressure monitoring in wound care is the prevention
of pressure ulcers. Pressure ulcers are a common complication in bedridden or
immobilized patients, and they canfbeHreatening if not treated properly. Pressure
monitoring can be used to identify areas of high pressure that are at risk for developing
pressure ulcerd35], [136] This information can be used to adjust the patient's
position, use pressem@ieving devices such as mattresses or cushions, and apply
dressings or bandages thavpl® adequate support. Overall, pressure monitoring is

an essential tool in wound monitoring and management. It provides valuable
information about the level of pressure applied to the wound site and can be used to

optimize the choice of dressings and &gesl Furthermore, pressure monitoring can
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help prevent the development of pressure ulcers, which are a major complication in
immobilized patients. Therefore, pressure monitoring is a crucial component of wound
care and rehabilitation, and its importaramen@ be overstategd6] Numerous
researches have been reported related to wound and ulcer monitoring using pressure

SEensors.

Denget al201d41]designed an LC wireless sensor to monitorebbanical pressure

on the wound. Resonance frequefjcwés measured by placing the external readout
system Inmabove the LC sens@at 0d & 'O"@as 799 "Ofand it showed a linear

relation up to 208 & "O"@ith a sensitivity of 284@"Cké & "O"8nd sensitivity was
reduced to 74.8’Of & 'O’(he sensor was also tested by changing the material
under the sensor from foam to human skinbati0'O"&ndf,was decreased from 792

0 "Odo 7770 "OawWhen the underlying foam was changed to fresh pork, the sensitivity
was reduced to 270@0f0 & "O°(The sensor was also tested for different bending
angled, and &t?, f,was shifted to 76D "Ocfrom 7770 "OaThe fabricated sensor was
flexibleand wearable, so it was kept under the bandage to measure the pressure at the
wound site and can be used in future smart bandaging.

In this study, Sadaf et §6] reported a loweost, contaefree resonant sensor
embedded in a commercial dressing for monitoring the healing process of wounds while
keeping the site closed and sterile. The circular spiral LC resonators are made of flexible,
coppercoated polyimide arde read using external antennas connected tgpartwo

vector network analyzer. The resonant frequency and amplitude of the resonant feature
increase as the tissue permittivity and conductivity change during the healing process.
The sensor was tested gelatirbased phantoms and animal studies, indicating a
positive correlation between the resonant frequency and wound size.

Mehmood et al. [$#eporteda duaimode sensing system inside the compression
bandage for chronic wound management in this aglesdaicustonmade flexible
telemetric sensing system was achieved usingthestiélf flexible force sensor
(FSR406) and moisture sensor (HIRJ. The sensing system's performance is
validated on a mannequin limb and tested on a healthy voluntegingndiiable and
repeatable performance when placed on a human limb. The sensors showed good
performance when pressure was varied betwgemmHg and moisture levels were
changed from-200%.
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Rahim et a[137]reported a wireless strain sensor was developgdarsian printing

and laser machining on a commercially available wound dressing. The sensor comprises
a flexible planar spiral coil embedded in PDMS, and its resonant frequency varies when
subjected to strain. The frequency shift was directly propaditimeshmount of strain

applied, and sensor response was linear when the strain was varied between 0 to 35%,
with a mean sensitivity of 150 kHz/%strain and insignificant hysteresis observed.

In this study, Farooqui et @I38]reported a loveost, continuous wireless monitoring
system to monitor the different wound parameters such as pressure, pH levels, and
irregular bleeding. The system waseftesttive, created using inkjet printing on the
commercially asable bandage. The sensor was working on the capacitive sensing
mechanism. The capacitance varied due to the compression of the dielectric layer and
the increase in dielectric constant by absorbing the bleeding from the wound. The
inkjetprinted sensors ete disposable, while the wireless electronic system was
reusableA pressure of around 6 mmHg produces a capacitance change of around 13%.
The smart bandage concept is an important step towards innovative wearable sensors
for remote healthcare applicasioas it provides lostgrm wound progression data to

healthcare providers.

Jose et al. [137] reported a flexible sensor for wound strain and temperature monitoring
in this researciThe sensor is developed using simple printing and coating techniques,
makng it suitable for cosfffective fabrication. The relative resistance of the sensor

was increased by 1.26 (1840 Ohm when the sensor is unstretched) times when stretches
between 2 to 70 % with a resolution of Tte sensor was fabricated on the single

used Thermoplastic Polyurethane bandage ford&yliRvivoesting studies on mice

and showed improved wound healing. These developed sensors can be used to adjust

the amount of tension on the wound site more precisely to improve wound healing.

2.6.4 Intraocular PressureMonitoring

Intraocular pressure refers to the pressure inside the eye and serves as a crucial indicator
of the patient's eye health. Elevated IOP is a significant risk factor for the development
and progression of glaucoma, a group of eyseldbat can lead to irreversible vision

loss[6]. According to the World Health Organization, glaacs the second leading

cause of blindness worldwide, affecting approximately 80 million@@jop®d,]and

it is estimated that around 10% of all cases of blindness are attributed to glaucoma.

Given the substantial impact of glaucoma on global vision health, the early detection
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and management of elevated IOP are vital for maintaining eye health. In this context,
implantable pressure sensors offer a promising solution for monitoring IOP in patients
with glaucoma and other eye diseases. These sensors provide more accurate and
continuous IOP measurements than traditional methods, such as tonometry. By
offering reatime data, implantable pressure sensors can aid in identifying patients at
risk of develping elevated IOP and assist in guiding appropriate therapeutic
intervention$11], [92], [93]

Implantable pressure sensors for monitoring IOP function by directly measuring the
pressure within the eye. They are typically integrated into small, biocompatible devices
that can be implanted during surgery or placed in close proximity tq98¢ Elyese

sensors provide clinicians with valuable information on the variations in IOP over time,
enabling them to better understand the patient's condition and tailor treatment plans
accordingly. The use of implantable pressure sensors for IOP monitoring offers several
advantages. Firstly, it allows for continuous anddomgneasurements, providing a
comprehensive understanding of the patient's IOP profile. This is particulg valu

in cases where I0P fluctuates throughout the day or in individuals with progressive
glaucoma. Additionally, these sensors can provitimeetdedback, enabling prompt

intervention in cases of sudden or significant IOP changes.

Developing and impleatingimplantable pressure sensors for IOP monitoring also
comes with challenges. The sensors need to be miniaturized to ensure compatibility
with the delicate structures of the eye. Biocompatibility is crucial to prevent adverse
reactions or tissue daraagurthermore, calibration and accuracy are essential to ensure
reliable and precise measurements. Power management and data transmission from the
implantable sensor to external devices are also active research areas. With continued
advancements in thiglfl, implantable pressure sensors are promising to enhance the
management and treatment of glaucoma by providing valuable insights into IOP

dynamics.

Chenet al 2010[27] reported the development of a wireless pressure sensor for
continuous intraocular pressure monitoring of glaucoma patients. An implantable
wireless pressure sensor was made from an LC tank resonant circuit to wirelessly
transmit the power at the implantable site. Sensor feasibility and biocompatibility were
testedhrough 6 months of chronitvivand acutexvivanimal studies. The designed

sensor was tested using a readout system. The coil's inductancenblvaan&®7
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capacitance was 8,6@ achieve a resonance frequency ob 38l The sensitivity
of thesensor was 180°Cf & "O™fwit it was increased to 2@30%i & "O"@hen the
encapsulated air volume was doultedivavireless pressure sensing feasibility was

demonstrated through acute animal testing using a live rabbit eye model.

2.6.5 Intracranial Pressure

Intracranial pressuegthe pressure inside the skull, which is exerted by the brain, blood,
and cerebrospinal fluid. It is a vital sign that reflects the balance between the volume
and pressure of these three components. The mangalof ICP is between 5 mmHg

and 15 mmHg, but it can increase or decrease in certain medical conditions. Elevated
ICP, also known as intracranial hypertension, can lead to brain injury, herniation, and
death if not treated promptly. The measuremetffd important in diagnosing and
managing intracranial hypertension, as well as other conditions such as traumatic brain
injury, brain tumors, and hydroceph{#8$, [89]According to recent data from the
Centers for Disease Control and Prevention (CDC), in 2010 alone, approximately 2.5
million traumatic brain injurglated emergency departmertsyisospitalizations, and

deaths occurred in the United States. These alarming figures highlight the significance
of ICP monitoring irtraumatic brain injurgases. In fact, guidelines recommend ICP
monitoring for all patients with sevegematic braimjury[85], [86]

ICP measurement can be done invasively by inserting a catheter intootheoskull
invasively by using devices such as a transducer that sits on the skull. Invasive ICP
measurement is considered more accurate but is associated with certain complications
such as infection, bleeding, and cathelated injury. Noimvasive ICP nasurement

is considered less accurate, but it is associated with fewer complications and can be
done at the bedsif&/] ICP measurement is typically performed in critically ill patients,
such as those in the intensive care unit or those with traumatic brain injury. It can
provide valuable information about the p#sieorain function and the response to
therapy[139] Continuous monitoring of intracranial pressure (ICP) is of paramount
importanceas it provides vital information about the patient's condition, enabling the
identification of trends and patterns that may indicate the presence of a brain injury
[15], [98]

To obtain more accurate and continuous intracranial pressurgemears,)
implantable pressure sensors have emerged as an innovative solution for critically ill

patients[140] These sensors offer several advantages over traditional monitoring
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methods, including rethe data acquisition and eliating repeated invasive

procedures. Furthermore, they enable healthcare professionals to promptly detect
critical changes in ICP, facilitating timely interventions and improving patient outcomes
[87P[89] Over the past few decades, researchers have reported some potential

solutions for ICP monitoring.

Li et al 2010[59] reported a duahode flexible sensor for intracranial pressure
monitoring. Two working modes (pielextric or resonant) were achieved because of

the polyvinylidene fluoride trifluoroethylene (PVIDIFE) piezoelectric polymer
diaphragm. Fabricated sensors were tested and compared with a commercially available
pressure sensor for 72 hours, and a 0.9®.8idcorrelation factor was noted in
piezoelectric and resonant modes, respectively. The linear range for both modes was
between &0 & & "'O"@hile the sensitivity of the sensor was @2Fa & "O"th
piezoelectric mode and it was@i@a & "O'M resonant mode. In piezoelectric mode,

the sensor exhibited good linearity and less power consumption, but the resonant mode

sensor was more sensitive and easier to adapt in wireless applications.

In this research, Jiang efB1]reported an ICP sensing device using arthiltrair

pouch sensofl42]and a lowpower systermn-achip (SoC) for data acquisition
control and wireless transmission. Experimerstalts demonstrate that the prototype
implantable ICP device has a resolution of 0.2 mmHg and a battery life of one week
with a 3 V 50 mAh battery. Testing was conducted in a liquid environment, and the
nonlinearity error is less than 0.4 mmHg for thenrfaasurement range -80 to

+150 mmHg. The developed device was tested in the porcine tissue environment for

ex vivaalidation and showed good accuracy and biocompatibility.

Wagas et aJ143]reported a wireless pressure sensing system compriseithesf off

shelf piezoresistive sensors and other custom electronics to monitor ICP minimally
invasive mannerhis sensor was wirelessly powered from anotherdynunit using

inductive powef140] The sensor also has affaid antenna that sends the pressure

data to the ofbody unit. The simulation and measurement results demonatriie th

system can wirelessly monitor pressure up to 1 m away, covering a pressure range of
I3 to 33 mmHg, and assess the impact of

system's operation.

Behfar et al. [56] reported minimally invasive and wiselessrs for continuous

intracranial pressure monitoring in this research. A capacitive MEMS (Murata SCB10H
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BO12FB) pressure sensor was integrated
achieve an LC resonant circuit. The performance of the propleseetry system was
evaluated in a hydrostatic pressure measurement setup and simulated the impact of
human tissues on the inductive link using a 5 mm layer of pig skin. vitne
measurement results demonstrated that the developed sensors cduldCRlete
variations ranging from 0 to 70 mmHg at 2.5 mmHg intervals.

2.6.6 Blood Pressue Monitoring

Blood pressuris a critical indicator of cardiovascular health and is influenced by factors
such as cardiac output, peripheral resistance, and blood volurbéoddiginessure,

known as hypertension, is a significant risk factor for cardiovascular diseases, including
coronary artery disease, stroke, and heart failjf&0], [81]Accordng to the WHO,
approximately more than 1 billion people worldwide have hyperf88%iand it is
estimated that hypertension is responsible for 9.4 million deaths evi&3j] year
contributes substantially to the overall burden of disease and mortality ratest,Moreo
hypertension is often asymptomatic, making regular blood pressure monitoring crucial
for early detection and effective managefhénat The World Health Organization,
American College of Cardiology, and American Heart Association recommend regular

blood pressure measurements for individuals aged 18 and above.

Hypertension is commonly categorized into different grades based on blood pressure
readings. Optimal blood pressure is defined as a systolic pressure below 120 mmHg and
a diastolic pressure below 80 mmHg. Normal blood pressure is defined as systolic
presste between 12029 mmHg and diastolic pressure betweeg4 8dmHg.
Elevated blood pressure falls betweer1l329mmHg systolic and -89 mmHg
diastolic. Grade 1 hypertension (mild hypertension) is characterized by a systolic
pressure of 14059 mmHg and aliastolic pressure of 99 mmHg. Grade 2
hypertension (moderate hypertension) ranges fredi7260mHg systolic and 100

109 mmHg diastolic. Grade 3 hypertension (severe hypertension) is indicated by a
systolic pressure of 180 mmHg or higher and a digstedisure of 110 mmHg or
higher{144p[146]

Accurate assessment of blood pressure can be achieved through vaneasiven
methods, including ambulatory blood pressure monitoring (ABPM) aadlomah
pressure monitoring (HBPN¥A3], [14] ABPM involves measuring blood pressure at

regular irgrvals over 24 hours, capturing fluctuations in blood pressure during daily
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activities and sleg¢p47] This method provides a more comprehensive and reliable
evaluation of blood pressure patterns than a singler@iasurement. It helps identify

white coat hypertension (elevated blood pressure in a clinical setting) and masked
hypertension (normal clinic blood pressure but elevated out of the clinic). HBPM, on
the other hand, allows individuals to measure thed plessure in the comfort of

their homes. It offers the convenience of multiple measurements taken at different
times of the day, leading to a more accurate representation of an individual's blood
pressure profilgd 3], [148], [149]

The development of wearable and implantable pressure sensors has paved the way for
continuous and reaime monitoring of cardiovascular parameters, including blood
pressurerad heart rat¢24], [61], [150Wearable sensors, commonly placed on the
wrist @ chest, offer the advantage of ftorasiveness and u$eendly monitoring

[120], [151] They utilize various sensing mechanisms such as piezoelectric,
piezoresistive, or capacitive technology to measure blood pressure. Implantable sensors,
on the other hand, provide direct access to physiological signals and altwves for m
precise monitoring28], [61], [152]They typically require a surgical procedure for
placement and may be positioned within blood vessels or in close proximity to target
arteries. Implantable sensors often employ wireless communchpiower transfer
technologies, such as inductive coupling or radiofrequency, to facilifBite celtave

been many research articles where people have developed wearable and implantable
pressure sensors to monitor heart rate and BP.

Akiyamaet al 2006[153]reported a highly sensitive piezoelectric sensor tesig) C
oriented aluminum nitride (AIN) thin film on polyethylene terephthalate (PET) film.
The sensor worked within the frequency range of 0.3 @xIDie deeloped sensor
measured human pulse, holding the sensor between the thumb and middle finger. The
response of this piezoelectric sensor was tested at room temperature, and the response
was linear within 0 to 4000 é@nd there was created a charge ajé3W . The
measurements of the sensor were also compared with the standard

sphygmomanometer.

In this research work, Tserg al 2013[154] fabricated a tactile sensor that has
advantages such as reliability, flexibility, high strain limit, low cost, and easy fabrication
technigue. This sensor was also mounted on different places of the body like the carotid
artery, apical pulse, brathréery, radial artery, finger artery, and ankle artery region to
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measure the pulse wave velocity (PWV). The PWV between apical to radial was 5.66
a i and from brachial to radial it wag 4 and from radial to ankle its value was
6.154 i

Chenet al 2017[155]reported a stretchable nanocomposite nanogenerator used to
harvest the biomechanical energy and monitor the physiological signals. The developed
sensor was twistable, foldable, highly stretchable, and had goodtysemsit
conformability. When the fabricated sensor was tested under compressive force, a linear
behavior was noted up toNgOwhile the linearity was not good under the stretch
condition. The durability of the sensor was up to thes20@@r 60 streth
conditions. The developed sensors were attached to different body regions to monitor
eye blinking, radial pulsation, arm movement, pronunciation of words, and heart rate.

Chenet al 2017[156]reported a device that was conformal to the human body to
harvest biomechanical energy. This device was fabricated from piezoelectric
nanomaterial and showed good sensitivity and flexibility. A sensor patahéef 3.5

o asizewas tested for different bending angles, and a linear relationship was noticed in
the sensor behavior. The sensor was tested for 1000 folding and unfolding cycles, which
showed the repeatability and stability of the sensor. A linear response was noticed
beween the output voltage and applied force, changing flono 3.8 . The sensors

were able to identify the deep, shallow, fast, and slow states of respiratiore Real
radial pulse was monitored by mounting the device on the wust,"@2 were

measured while successfully distinguishing between systolic and diastolic peaks.

Yonget al 2017[116]reported an ultrthin plastic pulse sensor to monitee bic

signals of radial and carotid near the arteries' surface. This developed sensor was tested
with a dynamic pushing stage system, and the sensor showed a quite linear response up
to 30°Q0 RAnd the sensitivity of the sensor was G®A.&. Thedurability of the

sensor was tested by applying @20{bading and unloading witifrequency

and there was no change in sensor response up to 5000 cycles. Blood pulse was
measured after conformably attaching to the radial and carotid arteries. A healthy male
subject was used during theviveexperiment, and sensor response was monitored
beforeand after exercise. Approximatelga¥3Q¢ were measured before exercise and

after exercisgd Q¢ were increased to 100.
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Wanget al 2017[157]reported a cellular fluorocarbon piezoelectric pressure sensor
(FPS) to monitor physiological signals. FPS was developed bgtaghieepressing
method. The FP§howed high sensitivity in the {pressure range with good response
time and longer mechanical stability. During the testing, it was noticed that the
sensitivity of the FPS was 7888 when pressure 1 Q0 .But the sensitivity was
decreased td9n @  with good linearity between 1 to'@® .cThe response time

of the sensor noticed 80i when a fQ0 {bad was loaded and unloaded. To check
the repeatability, a™@0 @yclic load was applied and up to 30000 cycles there was
noticed avery small fluctuation in sensor response was noticed3& & the sensor

was attached to human skin to check the wrist and cheek motion, eye blinking, and
respiration rate. For a-$6arold male, the breathing rate was 21 tin&£The

systolic and diastolic peaks of the redial pulse were also identified successfully.

Choonget al 2014[40] designed a highly stretchable resistive pressure sensor for
biomedical applications. The designed sensor worked on very low voltage and had a
high mechanical stretchability. A pyramidal structureh@asn by comparing the
shaping factors of a circular cylinder and a microstructured pyramid. Because of the
non-clean room environment and simple electronics, fabrication cost was very low. A
sensor was worn conf or mab/l yasueernhe blood o f
pressure. The sensitivity of the sensor depended on the strain level. The linear
operational range forGstrained was between 0539Q0 With a sensitivity of 10.3

Q0 Gand this linear range was reduced t&&26or an ungained sensor. The
developed sensor was working on very low voltage (0.2V) with a fast response time of

0.%for loading/unloading of ®0 tbads.

Gonget al2014[120]developed &esistive pressure sensor by sandwiching the gold
nanowire (AuNWSs) impregnated tissue between the two thin PDMS sheets. This sensor
was tested for stabilignd dynamic pressure 60 ,céand a stable response was noted

up to 1000 cycles. While for a static pressure @®b@he sensor was stable up to
50000 cycles. The sensitivity of the sensor wa€. Xdwithin a linear range o0

Q0 .GA sensors array was mounted on the wrist to monitor the pulse wave, and
approximately 6611 "Q¢ were measured in normal condition while it was increased to

88 a1 "Q¢ after some physical exercise. The peaks of systolic and diastolic blood
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pressure were distinguished successfully, which exhibited the potential oftihes weara

device in the field of biomedical health monitoring.

Tai et al 2015[158]fabricated a highlsensitive and cesffective resistive pressure
sensor for biomedical applications. The active layer of the sensor was conductive and
piezoresistive, made from singédled carbon nanotube (SWCNT)/alginate hydrogel
spheres, and this active layer wadnsalmed between the ITO/PET electrodes. The
sensitivity of the sensor was 0.398, 0.176 and@49when the diameters of the
spheres were 0.6, 1, andinmrespectively. The effective working range of the sensor
was between 0 and X4 .c¥he nechanical stability of the sensor was 3000 cycles for
a maximum load of 0.02at a frequency of 0®@da The sensitivity of the sensor was
great for low pressure {00 dwith a dynamic response time of A 0A fabricated
sensor was mounted on tteglial artery and in normal conditionstB1'Q¢ were
recorded while after a physical exerciséti7@¢ were recorded. A sensor was

attached to the human neck to monitor the muscle motion for different words.

Gonget al201977]developed a strain sensor mainly based on ultrathin gold nanowires
to monitor human health. A universal deagting technique was used to fabricate a
1.64A4 thick blaclgold film on latex rubber. The durability and responsiveness of the
sensor were 5000 cycles and &2ihrespectively. The developed sensor was able to
work under a wide strain range (0.6200 ). The fabricated sensor was mounted on

the cheekforearm, and throat to monitor muscle movement. A sensor was also
mounted on the wrist to monitor the radial blood pulse, and the sensor successfully
detected the peaks of systolic and diastolic pressure.

Leeet al 2016[159]reported a transparent and bending insensitive resistive pressure
sensor to monitor the vessel blood pressure. Bendemsitivity was achieved by
fabricating the nanofibers using carbon nanotubes and graphene. A device with a 1.4
Ad thick PET substrate was negligible bending insensitive. An applied pressure
between 0.6 to 1’0 ddas successfully monitored betweendfienaterials. A2 4

G & the pressure sensor was wrapped around the artificial silicon blood vessel to show
the future potential fon vivapplications. The mechanical stability, durability, and
repeatability of the sensor were tested, and anadhyelange in the sensor response

was noticed after 1000 cycles. The response time of the sensdr inagizdloading

state, and for the unloading state, it was anlly 5

47



In 2016, Pangt al[151]demonstrated a highly sensitive and flexible pressure and strain
sensor for wearable applications. This sensor was based on a graphene porous network
(GPN) and PDMS. The sensitivity w90 cwithin the linear range of 100 .

The response time of the sensor for loading was f@hd for unloading, its value

was 80d i. The repeatability of the sensor response was tested for loading and
unloading of 166&0 ¢ressure, and after 10 cycles, there was noticed a change in
sensor response. A sensor was kept under the heel to monitor the walking states. From
the sensor rpsnse, it was successfully distinguished between the walking and jogging
states. To demonstrate the physiological applications, a sensor was attached to the wrist
to monitor the radial pulse wave and heartbeat. The sensor was able to identify the

systoliand diastolic peaks whilectB8"Q¢ were recorded.

Zhou et al 2017[160] developed an-gkin with high sensitivity and gmdivering

features. EBkin was achieved hyeaving the polyvinylidene fluoride (PVDF)
nanofibers coated wigtoly @, 4ethylenedioxythiophene) (PEDOT). The developed
PPNWF sensor was tested on the human face to monitor muscle movement. A sensor
was also attached to the human throat to monit@ptech. One of the sensors was
attached to the wrist of a healthy male subject, and the peaks of systolic and diastolic
pressure were easily detected before and after an exercise. This PPNWF sensor was
showing a sensitivity of 18.326 ¢ for a presserrange up to 1d0D cand sensitivity

was reduced to 0.&8¥0 ¢for a wider pressure range between 0.00Z&16. The

response time of the sensor wag 1and the repeatability and durability of the sensor

were up to 7500 cycles without obisgrany significant change in sensor response.

Park et al. 201]861]develped a highly sensitive and flexible piezoresistive pressure
sensor based on wrinkled carbon nanotube film. Because of wrinkled structures, the
sensr's sensitivityvas increased 12800 times with a rapid response timé of 20
Sensitivity was 278®@> for a pressure20 ®and it was reduced to 13 &

when the pressure range was between@®0 .cThe durability and repeatability

of the sensor were tested by applying a cyclic load®d Gi6d after 500 cycles there

was seenrgegligible drift in sensor values. To show the feasibility for human wearables,

a sensor was mounted over the radial artery, and systolic and diastolic peaks of blood
pressure were successfully recorded. This sensor was also mounted on the throat for

voicedetection, and a similar profile was noticed when the same word was repeated.
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Janget al 2019[162]demonstrated a flexible piezoresistive pulse sensor (FPPS) to
monitor the different physiologicdnals from the human body. A special patterned
PDMS substrate layer was achieved by pouring and peeling off the PDMS on the
Sharkskin moldThe substrate was coated with PEDOT, BS&&two electrodes were
attached to complete the structure of FPPS. imtisity of the sensor was 62.56

Q0 Gwithin a range of 070 Rand sensitivity was reduced to 882 &yfrom 0.7

6°Q0 .cFhe lifetime of the developed sensor was tested with an external loaddf 280

and there was noticed a very smdtlid sensor behavior after 3000 cyclesxAlLl

o & the sensor was mounted on the wrist near the radial artery, and pulse data was
measured. The systolic and diastolic peaks were measured successfully, and after
processing the data from the sensMATLAB reflection index, stiffness index, and

vascular age were calculated.

Shinet al200942]developed an implantable flexible capacitive pressure sensor using
chipembedded flexible (CEFP) technology. The bending test and simulation were
made to analyze the mechanical parameters of the flexible communication platform. As
the flexibilityof the sensor was good so, it was easily wrapped around the blood vessel.
A capacitive pressure sensor was also integrated with a coil to form an LC resonator to
remotely monitor blood pressure. The concept of the study was pravedtioy
experiments where the sensor was wrapped around a silicon rubber tube. A readout
antenna was connected to a vector network analyzer (VNA) to measure the resonance
frequency. At restwas 150.9 "Oc¢and it was showing quite linear response between

0 and 8004 & "O"@ith a sensitivity of 11.2Z3°0HQ0 .6

Fonsecat al200658]reported a flexible wireless LC pressure sensor for biomedical
applications. Twqpes of devices were designed, atssmmietic device was designed

for acute usage, and a hermetic device was developed for chronic use. Because of the
flexibility, devices were able to fold or roll for catieised delivery. The device was

tested acutglin vivafor over 30 days in canine models simulating abdominal aortic
aneurysms (AAA) incorporating a wired reference pressure transducer. Different
substrates were tested, and resonance frequencies were ranging Hedwe&d30

Linear pressure séhsty was ranging between 1 toQ00fh & "O"fbr different
LCP/expanded PTFE devices and 0.5 to(X'Gta & "O"®r PTFE/FEP/Ceramic

devices. In an animal study, four acute devices were implanted in four animals in wired
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and wireless modes. Tieeless sensor was showing a sensitivity 56 G "0"Q
and it was 5.Q°0Cfa & 'O wired mode.

Broxet al2011163]reported a capacitive pressure sensor for biomedical applications.
The sensor was developed by thermally bonding the parylene membrane on a stainless
steel ctp with an air cavity. The sensor was working linearly up 6o 20D"80o it

was suitable fan vivblood pressure sensing applications. The sensitivity of the sensor
was 2QTh & '0"@r 100N n @ & "Ofbr a linear range up to 260a 'O his

sensor was tested on temperature range betwé8@ 86d there was noted a shift of

250N ) #0, this shift is because of the permittivity of par@eméhich increases with
temperature. The proposed sensor of size 1.5x 0.2a & was notin wotested,

but it has a potential for vivexperiments.

Binggeret al201261]reported a flexible pressure sensor for continuous monitoring
of blood pressure for the long term. Developed sensor of size¥@.54 & was
testedn vitrdoy wrapping around the artificial blood vesselhain8iameter and 0.5
mnthick wall. Theensitivityin vitravas between 0.03Z& & "O"&nd 0.6k ¥& a 'OQ

for a pressure range between 0 andx22007°(But this sensitivity was increased to
0.18 T& & "O"@hen the sensor was wrapped around the carotid artery’@Qf@ig0

The responseatie of the sensor wasb0a i. When the sensor was tested for durability

and repeatability, it showed a drift after 60 hours because of PEDOT:PSS layer swelling.

Schwartzt al2013[79]reported a flexible pressure sensor that used low power and

had good sensitivity and fast response tingfl@kible pressusensitive organic thin

film transistor (OTFT) combined a PDMS microstructured dielectric layer and
polyisoindigobithiophersloxane (Pil2Bi). These OTFTs base pressure sensors with
different spacing between the pyramids (1.33,838%9,and 13.644 ) were tested.

Optimal sensitivity was observed for the 8@5spacing sensor. Because of the
sensor's insensitivity to bent, it was easily mounted on the wrist near the radial artery of
the adult person, and the sensor showed clear systolic and diastolic peaks. The sensitivity
of the sensor was §@0 @with a rpid response time &f 104 i. The mechanical

stability and durability for a continuous load were mord 5080 cycles. This sensor

was consuming extremely low powé&mW,

Chenet al 2014[26] reported a wireless, rale pressure sensing and monitoring
system with a passive approach. The flexibility and miniaturization of the sensor were
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targeted in teiwork. For a 5@8& wide trace, the sensitivity and linear operational
ranges were 2.050da & "O"&nd 01004 & "Otespectively, and sensitivity was 1.93
0 "Odda a "Ofer a trace width of 2&4 and the range was 40@ "O°(The response
time of the sensor wad&90 & i which showed the potential of this sensor in
physiological signal monitoring. To monitor the radial pulse, 2.366 G thesensor

was mounted on the radial artery of a healthy subject, @d@®2 were recorded.
Two sensors of & 3 & G size and 1 sensor with X2.54G & size were placed

under the epidural space inside the skulls of 3 different mice to monitor the intracranial
pressure.

Boutryet al201930]developed a biodegradable pressure sensor with high sensitivity
and faster response. This sensor measured the arterial blood pulseeamdvpul
velocity. An array (4 5) of sensors was tested, and the average sensitivity of the 20
sensors was 0.TB0 (in a pressure range2 Q0 fbut this sensitivity was decreased

to 0.11Q0 dwhen the pressure range was betweef81¢5q this sensor was good

for a lowpressure regime @ “Q0 )oBecause of the microstructured dielectric layer,

the response time of the sensor was improved to the millisecond range. Sensors array
was showing a stable response up to 8000 cycles for dpadimjoading of Q0 &

loads. The size of the sensor array was 244 & . Forin viveesting, this sensor

array was mounted over the radial artery of an adult subject, and the sensor successfully

detected the diastolic and systolic peaks.

Nieet al2019164]developed a flexible iontronic film for presseresing applications

in health monitoring. This iontronic film was used as a dielectric layer between the two
electrodes. A sensor of sizec 2A@x 0.2& & was showing an ultrahigh capacitance

with a sensivity of 3.1&¢ "@0 G within a detection range o51Q0 .cThe sensor's
response time was in the millisecond range, which was ten times faster than available
solutions. The dynamic pressure range of the sensor with THamber diameter

was betwen 1118°Q0 &t it was tuneable to chamber diameter. A sensor was tested
for a cyclic load of D0 ét 1000d¢and it was showing repeatability in capacitance
values over JW00 cycles. A sensor was mounted on the finger, and the finger was
placedon the radial artery to measure the blood pressure waveform in a dry and

underwater environment.
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In this study, Parlet al 2016[28] integrated a wireless pressure sensor into a
biodegradable polymer stent to monitor the vessel blood pressure. Sensor area was
limited to 3x 3a & because it was integrated with a stent. Resonance frequency was
measured using an external readout antenna, and it was changing beiwé&tn183

173 0 "Odfor a pressure ranging frori280 & & 'O"With a sensitivity of 0.043

0 "Oda & "O'he size of the designed sensor wad@ & and 177 sensors were
fabricated on a 100nsilicon wafer. The sensor was integrated within a biodegradable
polymer stent because metal was interfering with sensor signals in the case of a metal
stent. A bidegradable polymer stent integrated with a fabricated sensor was implanted
inside the cardiovascular blood vessel of a pig to monitor the vascular pressure.

Boutryet al 201955 reported an LC resonance sensor to monitor arterial pulsation
after complex reconstructive surgeries. The sensor was fabricated from biodegradable
materials, so there was no need to remove the sensor after use. The sensor was having
aresponse time of 320i. The sensor stability was tested up to 3000 loading and
unloading cycles of 40 to 2Qd .d&Vhen this sensor was wrapped aroumdreagtery,

the change in diameter was noted as énlyAdd f,was changed 8 "Odwhen the

appied force on the artery was between BL@6@ 0.06M. Duringin vivdesting, a

sensor was wrapped around the femoral vessel of a rat and fixed to the abductor's
muscles with sutures. For wireless sensor testing, the coil structure of the device was

placed on the groin fat pad.

2.7 Resultsand Discussion

The studies listed above have been analyzed with respect to their applications and key
materials used in fabrication and results. The reported results of every sensor are
different because of the sensor design and materials. For instance, the deasitivity o
pressure sensor depends on the design and materials of the sensor. In the case of a
capacitive pressure sensor, its sensitivity can be improved bstrogtuong the

dielectric layerSimilarly, the active layer of a resistive sensor can alsorde mi
structured to increase its sensitivity. The deformation of the layer depends on Young's
modulus of the material, which changes with the curing agent ratio and duration of
undercuring temperatuf@65]166]43]}

Youngds modulus represents how muonh stre:

different materials. There is a linear relationship between stress and strain up to a certain
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l'imit, known as the yield | imit. I f Younc
be easily deformed. After the yield point, the plastic regisnastdrthe material will

be permanently deformed with added load. The material response in the plastic region

is nonlinear, and after reaching its ultimate tensile strength limit, it will break. Dielectric
materials commonly used in developing presawserséiave a very small value of
Youngds modulus to achieve bettedimfl exi bi
pressure sensor, a thin layer of conductive material should have better electrical and

mechanical properties while providing mesetility.

2.7.1 Piezoelectric Pressure Sensing

Table2.1shows the tabular summary of piezoelectric pressure sensors developed to
monitor different physiological signals. The linear operational range reported by
Akiyamaet al[153 was 0400°Q0 ,dwhich is 40 times greater than that achieved by
Wanget al[157] On the other hand, the sensitivity reported in $i&Hjwas 900

N ® which is 30 times greater as compared to EtGd@}yThe linear operational

range and sensitivity of piezoelectric sensors depend upon Young's modulus, elastic
limit and yield strength of piezoelectric material and substrate2.5ablews the

mechanical properties of different stattstmaterials.

In studieg155] [156] [157] PDMS is used as a substrate material, and as Young's
modulus of PDMS is less thab © ¢ihe sensitivities reported are good. The Young's
modulus of PET is ranging betwe283.1°00 dvhich is much greater than the
Young's modulus of PDMS. Therefore, PET based sensor will deform less compared
to PDMS sensor.

The sensitivity of piezoelectric sensors also depends on the nature of their piezoelectric
material. We can dild piezoelectric materials into three groups: natural, ceramic, and
polymer. The best examples of the first group aserBi€h has low sensitivity but

good stability. Barium titanate (BagjJ,i@luminum nitride, and lead zirconium titanate

are used instlieg153] [114] [154], [155] [116]and are the most typical examples of

the ceramic group. They have good sensitivity, but due to their pole orientation loss,
these materials cannot be used for the long term. Regarding polymeric piezoelectric
materials, PVDF presents the highest piezoelectricity effect of these materials and is
normally used in combination with TrFE to produce a RWBE copolymer for

thin-film piezoelectric applications. In addition, AQNWSs, CNTs, and PEDOT:PSS are
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used sometimes as electrodes to achieve high sensitivity and fleb@ahjility5] [156]
Copol ymer based piezoelectric pressure s
widely used in physiological applications.

The response time of piezoelectric sensors depends on the piezoelectric material used,
as they show different relaxation times. The piezoelectric materials used in the reported
studies have fast recovery time;udief[114] [116] [157] for instance, the reported
response times were in the millisecond range, as can be seerRit Tabléeature

of fast responses allows the sensors listed to capture the physiological signals they aim

for.

The life cycle of a piezoelectric sensor mainly depends on the piezoelectric material. For
example, the surface of ceraba@sed piezoelectric sensors suffers onattksyclic

loading. In another instance, some piezoelectric materials can store some compression
energy, which produces hysteresis in the sensor response upon a cyclic load. In 2017
Chen[155]reported a piezoelectric sensor made of(Ballie to its stiffness, the
sensor s r es pons eSimilarlg, yangt dl[1l1H]fepogada PAe 2000
based pressur e s e ncenstant respoase afterdb@0D dyolgs.tBy s h o w
contrast, in 2015 Chezt al[112]used PMMA as a substrate and PMIFE as
piezoelectric material that, when tested, showed a negligible variation in the sensor
response afte86000 loading/unloading cycles. Another polyrhased piezoelectric

material was used by WLy’ ]in his sensor design, and the sensor showed a negligible

drift in the behavior until 30000 cycles.

2.7.2 Resistive Pressure Sensing

In a resistive pressure sensor, the sensitivity of the sensor dependschpagdhie

the connecting area between the active layer and the conductor. It is noticed that using
a microporous active layer increases the sensitivity of the resistive pressure sensor. This
increase in sensitivity is due to the porous nature of thelaativavhich provides

more contact area between electrodes and the active layer.

In general, the sensitivity and linear operational range of resistive pressure sensors are
less than compared to capacitive sensoretRhreported a very sensitive ptee

sensor with a sensitivity of583.1Q0 @for a pressure 300 ¢and 0.4Q0 & for

a range> 1°Q0 dsing a polypyrrole conductive gel with Cu and Au eleditadgs

In 2014, Choongt al [40] reported a pressure sensor using conductive elastomer
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(PEDOT:PSS), which showed a linear response bet8&m@0 dbith the best
sensitivity of 10.80 ¢. Gonget alfabricated a pressure sensor using gold nanowires
but the sensitivity was only @8 ¢[120] In 2015, Taétal demonstrated a resistive
pressure sensor using skvgddled carbon nanotubes (SWCNTs) with alginated
hydrogel conductive spheres and ITO/RiaEed electrodes, and it was noticed that
with the increase in diameter of CNTs, the sensitivity was dgdfe=i A nickel
foambased pressure sensor was demonstrated byetPahfi51] with a linear
operational range up to 100® &ut the sensitivity was only 0009 . The best
sensitivity reported for a pressure range bew@€ dsas only 10.80 @wand the

best linear operation range reported by @hem[167]was between-20 Q0 .GA
complete tabular summary of resistive pressure sensors can be beh2an Ta

The response time of resistive pressure sensors is generally very fast compared to
piezoelectric and capacitive. From Talfleyou can see that the response times of
resistive pressure sensors are good because of the flexible nature of thgeactiv

Zhou et alfabricated a pressure sensor using a flexible PEDOT -f¢B#& active

layer with a response time of @%. In 2014 and 2015, Gorg al demonstrated
different pressure sensors using AuNWs with PDMS and rubber for radial pulse
monioring with a response time ofdl. 7 and 22x itrespectively. Studid$8][161]

[158] [159]reported CNT<hased resistive pressure sensors with responseliifie

a .

In the resistive sensing chanism, theensor's durability, stability, and repeatability
depend upon the active layer's natfitne active layer deforms easily with applied
pressure and no permanent deformation occurs, then the sensor can survive more
compression cycles. In 20Gbnget alreported a flexible and highly sensitive sensor
based on AuNWSs, which was able to show a constant response ofQ{9tm&0ing

and unloading cycles without any deflection in sensor red2@$&aret alreported

a polypyrrole conductive gpalsed sensor fors&in application with 8000 life cycles

[121] Durability and repeatability reported in the stile@]were 7500 cycles for
loading and unloading of a ‘@D {dad. In 2015, Gonet al[77] reported another
AuNWSsbased pressure sensor wdifferent substrates, and a maximum of 5000
loading and unloading cycles were noticed. Loading and unloading cycles were between
5063000 for the studid40] [168] [161] [162] [158] [159] [167]reported in Table
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2.2 In 2017, Pangt al fabricated a resistive pressure sensor using nickel foam,
graphene, and PDMS, which survived only for 10 f/&slds

2.7.3 Capacitive Pressure Sensing

Table2.3provides a tabular summary of all capacitive pressure sensors reported in this
paper. The sensitivity reported by Géteal[26]is highest because of its novel design

and the microstructured dielectric layer of SBS. Initially, the linear operational range was
between 0 and 1604 "O"(®-13.3°Q0 )iwith a sensitivity of 2252 0t & "0 6ut

by changing the spiral trace width, the linearity range was increas@dté@{®3.3
"Q0)dwith a small decrease in the sensitiVitis reduced sensitivity was 1930
QOfG & "O"@hich is still the highest among the reported sensor ahé#piter So

there is a tradeoff between the sensitivity and linearity of thg2@hsor

Shinet al [42] have reportedhe maximum linear operational range from all the
capacitive pressure sensors that have been reported in this review chapter. The sensor
was showing a linear response up toa8800 " QL067Q0 )but sensitivity was only
11.25Q"CHit & "O’Qeiet al[117]reported a sensor for plantar pressure measurements,
sensor response was quite linear up3dC84 &ut the sensitivity was less. In 2019,
Boutryet. a]55]reported another sensor to monitor the blood flow after reconstructive
surgeriesindthesensor response was linear up todB00Sensors reported in studies

[78] [58] [27] [59], [30] [164]were linear for the lopressure regime (0°Q0 )while

in studieg79] [61] [41] [39] [28] the linear operational range of the sensors were in

medium pressure regimel0 Q0 énd< 100°Q0 )

In capacitive pressure sesstresensitivity also depends upon the structure of the
dieletric layer. Mannsfelet al[78] stated that the sensitivity of the microstructured
pyramidal film sensor was 30 timeghdr than the unstructured film sensor, but the

linear operational range was not good. Schetatiz9]statel that the sensitivity of

the sensor can be tuned by increasing the spacing between the micro pyramids because
more spacing of the same stress will cause more deformation of the pioamesetr,

due tothemore space for air, there will be an increase in the nonlinearity of the sensor.
Boutry et al[30]repoted a capacitive pressure sensor with a microstructured dielectric
layer which showed good sensitivity in the-pressure range because there was
present some air between the two npgramids of the structuréhese air gaps also

caused nofinearity m sensor behavior. The sensitivity and linearity of the capacitive
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pressure sensor also decrease at high pressure because the dielectric layer gets saturated,

and no compression occurs with more prefso4g

The response time of the sensor also depends upon the microstructuring of the
dielectric layer. For a PDMS pyramidal microstructigkttdc layer, the response

time was 10000 times faster than unstructured film. This response time also depends
upon the viscoelastic behavior of the material, which can be reduced by producing a
microporous dielectric film instead of a solid[8@) [57] Sensor response time and

linear behavior are also affected because of the hysteresis effect of tedibfiel&ctri

2015, Boutry et §B0]Jcompared the response and relaxation times of microstructured
and unstructured pressgensors, and a very fast response and relaxation time were
noticed in the case of structured as compared to unstructured dielecbaséayer
sensor$l64]

From Table2.3 it can be noticed that the sensor reported by ScletvalizO]has
the fastest response time, which wa® d i, thereforesenso was able to monitor
the radial pulse wave continuously. The response time of a capacitive pressure sensor is
defined by the response time and relaxation time of the dielectric material. Mostly,
capacitive pressure sensors reported in Za&hleere abléo monitor the reaime

physiological signals, which means the sensor had faster response times.

The life cycles of the capacitive pressure sensor again depend upon the material of

the sensor because, over time, the elasticity of the material chargydgel&dnc

materials can store compression energy and can change the behavior of the sensor as it
goes under more compression cycles. Electrode material also plays a key role in sensor
life because if the stiffness of the electrode is too high, itinmiMlesunder high

pressure. Mannsfetd al[78] and Schwaret al [79] have used IT&@oated PET
conductive electrodes in their designs, and good repeatabaiigtéity up to 10000

and 15000 cycles were noticed, respectively. In 2015, éB@l{80] reported an

iontronic filmbased pressure sensor witB000O0 life cycles.

2.7.4 ResearchGaps

As stated in the earlier sections, thin filnibfeyressure sensors play a crucial role
in various wearable and implantable applications for monitoring physiological pressures.
In wearable applications, these sensors are widely utilized for tasks such as plantar

pressure measurement, compressionpthesaad wound monitoring. They enable
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healthcare professionals to gather valuable data on the pressure exerted on the feet,
facilitating the assessment of gait abnormalities, foot health, and wound healing
progress. Moreover, wearable pressure sensondiliigdin compression therapy
garments, ensuring optimal pressure distribution for improved circulation and healing.
In the context of wound monitoring, these sensors allow for measuring pressure
changes around the wound site, aiding in the assessrheatingf progress and

preventing complications.

Implantable pressure sensors, on the other hand, offer valuable insights into internal
physiological pressures. For instance, they are employed in monitoring bladder, blood,
intracranial, anthtraocular pressure. By continuously monitoring bladder pressure,
healthcare professionals can diagnose and manage conditions such as urinary
incontinence or urinary retention. Blood pressure sensors provide crucial information
about cardiovascular heaéthabling early detection and management of hypertension,

a condition affecting a significant portion of the global population. Monitoring
intracranial pressure is essential for patients with conditions like traumatic brain injury
or hydrocephalus, allowifor timely interventions to prevent potential complications.
Similarly, intraocular pressure sensors are utilized to manage glaucoma, a leading cause
of irreversible blindness, by providing accurate and continuous monitoring to guide
treatment decisions

Among these physiological pressures, blood pressure is one of the most important
indicators of overall health. The World Health Organization reports that approximately
1.13 billion people worldwide suffer from hypertension, a major risk factor for
cardivascular diseases. Blood pressure control remains suboptimal, leading to
increased morbidity and mortality rates. The economic burden is also substantial, with
approximately 10% of global healthcare expenditure allocated to blood pressure
management. Uncwalled high blood pressure significantly increases the risk of heart
attacks, strokes, and other cardiovascular complications. However, by effectively
monitoring and managing blood pressure, it is possible to reduce the occurrence of
these adverse evehysup to 50%.

Extensive research has been conducted to develop solutions for monitoring blood
pressure, with various wearable and implantable devices proposed. Wearable blood
pressure sensors commonly employ resistive sensing mechanisms. These sensors are

typically placed on the wrist, positioned above the radial artery, and rely on changes in
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resistance to measure blood pressure. While they offer convenience and ease of use,
their reliance on a power supply limits their suitability fottdangmonitoring
Furthermore, the need for a secure and tight fit to accurately detect pulsations can be a
challenge for prolonged usage. In contrast, implantable blood pressure sensors often
utilize capacitive sensing mechanisms combined with planar inductors to form LC
resonant tank circuits. This configuration enables wireless communication and power
transfer through resonance coupling. Implantable sensors require a surgical procedure
to be placed either inside the artery, wrapped around it, or positioned neay.the arte
These procedures, though effective in acquiring accurate measurements, pose practical
limitations for widespread adoption. The invasiveness of the implantation process,
coupled with potential complications and limited wireless connectivity, resiricts t

practical use in losigrm blood pressure monitoring.

To overcome these challenges, a novel approach has been proposed in this thesis: the
development of a minimally invasive -occiusive continuous blood pressure sensor.

The proposed sensor cornsist a capacitive pressure sensing element integrated with

a novel planar inductor to achieve an LC resonant tank circuit to enable wireless power
and communication features. This sensor is designed to be implanted near the artery
subcutaneously, ensuriagcurate and continuoldood pressure measurement
Subcutaneous placement offers advantages such as reduced invasiveness, improved
patient comfort, and minimized risks associated with deep sensor implantation. By
positioning the sensor beneath the skioan be in close proximity to the artery,
allowing for precise monitoring of blood pressure variations. The developed
subcutaneous blood pressure sensor operates using a wireless communication and
power transfer system. An external reader system, whicé paniaturized into a
wristwatcHike band, is employed to wirelessly read the data from the sensor and
provide power. This wireless functionality eliminates the need for cumbersome wired
connections, enhancing patient comfort and enablintglomgnhomtoring. The reader

system utilizes resonance coupling to establish a wireless link with the subcutaneous
sensor, allowing farontinuousdata transmission and power transfer. Continuous
blood pressure measurement over an extended period provides vsilgiatsienito a

patient's blood pressure profile throughout the day. Thigdmglty data collection

allows healthcare professionals to analyze blood pressure patterns, detect fluctuations,
and assess the effectiveness of treatment interventions. Byntpvbia detailed
information, personalized therapy strategies can be developed to optimize blood
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pressure control and improve patient outcomes. The proposed subcutaneous blood
pressure sensor holds great promise for-téwnmg monitoring applications. Its
minimally invasive nature minimizes the risks associated with traditional implantable
sensors, making it a more practical and péimmdly solution. Additionally, the
wireless communication and power transfer system enhance the convenience and
usabilly of the sensor, enabling continuous monitoring without the restrictions

imposed by wired connections.

The thin film flexible pressure sensors are widely used in wearable and implantable
devices for monitoring physiological pressures. Blood pressamticulap, plays a

pivotal role in assessing cardiovascular health and predicting mortality. Existing
research solutions include wearable sensors utilizing resistive sensing mechanisms and
implantable sensors employing capacitive sensing mechanisms, thewseposed
subcutaneous blood pressure sensor offers a novel approach by combining minimally
invasive placement, wireless communication, and power transfer. This innovation
opens up new possibilities for ldagn blood pressure monitoring, enabling
personalized therapy and improving healthcare outcomes.

2.8 Conclusion

This review chapter summarizes the -sfatee-art technologies for a thiihm

pressure sensor. We have provided a complete overview of the fabricatiditnof thin
based piezoelectric, sistive, and capacitive pressure sensors to monitor the
physiological signals for healthcare applications-filithipressure sensors are
generally fabricated by lithography processes, but the cost of fabrication depends upon
the complexity of the desigmlamaterial of the sensor. The sensitivity, linear operation
range, response time, and the number of loading/unloading cycles of any sensor also
depend upon the design and material of the sensor. After analyzing the previous
literature, we can easily cadel that there is a trad# between the sensitivity and

linearity of a sensor.

In piezoelectric thifilm pressure sensors, sensitivity and linear operational range
depend upon the material of the piezoelectric thin film and substrate. The response
time o f the piezoelectric sensor I's gener a
physiological signal measurements. The life of the piezoelectric sensor can be increased
by using polymeric piezoelectric thin layers instead of ceramic or natural crystal

piezoeletric materials. By looking at Tal2lds2.2 and2.3 we can say that the size of
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the overall sensor is bigger in the case of piezoelectric as compared to resistive and
capacitive sensing technologies. Therefore, piezoelectric pressure sensors cannot be
used in the implantable application. Piezoelectric sensors are only useful for dynamic
pressure applications because, at static pressure, the voltage starts dropping because of
the i mperfect insulation and wieeusisggensor 0:
a piezoelectric sensor, a charge amplifier is also required, which needs to be designed

very carefully, and this additional circuitry also makes the sensor bulky.

Resistive pressure sensors reported in this paper are mostly fabricatedbiem flexi
nanowires, conductive gels, or conductive elastomers. Because of the simple structure,
fabrication of resistive pressure sensors is vergfisusive and easy. In resistive
pressure sensors, sensitivity and linear operation range depend upomidhefmate
external electrodes and the active layer. The sensitivity, linearity, and response time of
resistive pressure sensors can also be controlled by using porous or microstructured
active layers. By comparing the response times of resistive senpmzogitttric

and capacitive pressure sensors, we can simply say that resistive pressure sensors have
a faster response. Because of the flexible nature of the active layer, resistive pressure
sensors are easily conformable to human skin and, therefarsefed in physiological

signal monitoring for human healthcare. Although the sensor size is very small in many
cases, but still cannot be used in implantable applications because resistive pressure
requires a power source to operate the sensor. Frée2Palh can be noticed that

resistive pressure sensors are very sensitive to-firegswre regime, and sensitivity

was reduced in medium and kpgéssure regimes.

In a thinfilm capacitive traducing mechanism, the sensitivity, linearity, resp@nse ti

and life of the sensors depend upon the electrodes and dielectric material. The dielectric
layer is microstructured to achieve a faster response time and better sensitivity, but
because of the air gaps, microstructuring causéisaanity in responsBecause of

the complex structure and microstructuring of the dielectric layer, the fabrication cost
of the capacitive pressure sensor is very high as compared to piezoelectric and resistive
pressure sensors. If we compare the linearity of capacisuegpsessors reported in
Table2.3with piezoelectric and resistive pressure sensors, we can conclude that the
capacitive sensor can show linearity for a greater range. The response time of the
capacitive sensor is generally slow because of the geeaBomeiime of dielectric
materials. A capacitive sensor, in combination with an inductor (L) makes an LC

resonance tank and can be wirelessly energized; because of this wireless energy
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transmission capability, capacitive pressure sensors are widelyimpkhtable

applications.

Using the wireless communication and powering capability of LC pressure sensors, this
thesis proposes a novel solution to address the challenges of blood pressure monitoring
by developing a minimally invasive and-occlusive continuous blood pressure
sensor. The sensor, designed to be implanted subcutaneously near the artery,
incorporates a capacitive pressure sensing element and a planar inductor to enable
wireless power and communication capabilities through essonant tank circuit.

This subcutaneous placement offers advantages such as reduced invasiveness, improved
patient comfort, and minimized risks associated with deep sensor implantation. A
wireless reader system, resembling a wristwatch band, eswiselédsly read data

from the sensor and provide power, eliminating the need for cumbersome wired
connections. The collected hdgnsity data enables healthcare professionals to analyze
blood pressure patterns, detect fluctuations, and optimize tteatene@ntions. This
subcutaneous blood pressure sensor presents a promising solutiontésmlong
monitoring, combining its minimally invasive nature with wireless functionality to

enhance convenience and usability.

Table2.1 Summary of ipzoelectric pressure sensors

Linear Response No. of

Study Materials operational  Sensitivity >P X Size Applications

time cycles
range
Akiyama et o

al. 2006 Pt, AIN, PET  0-400Q0 ® 30R 6 0 N/A N/A N/A Human pulse wave

[153]

BuU et al. Pt, AN, Monitoring of

N/A N/A N/A N/A  20x30a a respiration and heartbe

2007[114] Polyimide during sleeping

Sharmaet N, o
PVDFTIFE, Au, 0-300d & "0 0.0914 o¥ o T iaati
al[.lzl(%}Z Al, Silicon Wafer (0-400% & @ '0%Q 1704 i N/A  1.5x1.5w & Catheter applicatian
Tsenget al. PZT, Au, PWV of different
2013[154] Stainless steel N/A NIA NIA N/A N/A regions
PVDFTIFE,
PEDOT: PSS " Monitoring of breath
' 0.1-40 - . !
ggfg[itlgl]' Au-coated 1-40°005 % 458.24 o¥0 N/A 36000 10x10a & heartbeat pulse, and
Kapton, Al, 3 v finger movements
PMMA
Monitoring of eye
Chenetal. BaTiO3 NPs, 5500 N/A N/A 20005 N/A blinking, pronunciation,

2017[155] AgNWs, PDMS arm movement, and

radial artery pulse
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PVDFTIFE, PU, 5.6-430

Chenet al. — = . Respiration and radial
AgNWs, CNTs, (7.4657.33 7.84wf0 N/A 1000 2.5x3wa .
2017[156] PDMS Q0 % pulse monitoring
Yong et al. PZT, Au, N w 0.018 L Arterial pulse
2017[116] Sapphire S 60a i 5000 N/A monitoring
The motim of the wrist,
Wang et al. FEP/fPTFE, Ag, T Lo L =, eye blinking, respiratiot
2017[157] PDMS 1000 & 9001 0 U 50ai 30000 3x3wa rate, radial pulse wave
monitoring
Table2.2 Summary of resistipeessure sensors
Linear Response No. of
Study Materials operational  Sensitivity >P ' Size Applications
time  cycles
range
o 56 -
Logarithmic T

Panet al. g”near 133.19u wfor E-skin for human
2014 Polypyrrole, Cu, AU rejationship a<3 ®  50ai 8000 104 computer
[121] 0-100700 ¢ 0.4°QU o for applications

>1Q0 &
Choong > > % Radial pulse
etal. PEDOT: PSS, PDM:0.37-5.9'Q0 10.3Q0 & 2004 i 800 0.9x0.9% & monito‘:in

2014[40] g

Gonget x x Radial pulse
al. 2014 AuNWSs, Au,PDMS 0-5°Q0 @ 1.14Q0 & 174 i 50000 4x500 Al p
monitoring
[120]
0.398Q0 ®
when D =0.6
Tai et al ITO/PET, ad,
2015 h(S(;NCNIT )/a'g'”at.e 0-1.4°00 0&}76 %‘“ﬂ , 100G i 3000 diameter=6  Radial pulse
[158] ydrogel conductive when D = aa monitoring
spheres a a,0.149
Q0 ®when D
=1.54 &
AuNWS, Ag paste,

Gong et o )

al. 2015 Latexrubber nitile o o 55500 GE=99 2247 5000  N/A Radial pulse
[77] rubber, PDMS, Eco monitoring

flex, and PET

Sosaet al. Only tested i ice
2015 si Yo N NA  NA 1pp  Generalbiomedice

for 15°Qu ¢ applications
[169]

Leeetal. CNTs, Graphene, B Blood vessel
2016 Fluorinated 0.61.57Q0 « N/A 206 i 1000 2x400 pressure after
[159] copolymer, PET wrapping

Panget Nickel foam s s Radial pulse

al. 2016 ! 0-1000QU ¢ 0.09'Q0 & 1004 i 10 N/A monitoring, walking

Graphene, PDMS .
[151] state detection

Zhou et Cu-wires, B B E-skin for human

al. 2017 PEDOT:PVDF, 0.00210°Q0 0.67°Q0 & 154 i 7500 N/A computer
[160] PDMS applications
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YC-02 organesilicon,

Huang et Ag paste B B E-skin for human
al[.lég]w CB/MWCNTS/SR, 0-2°Qu @ 0.35Q0 W 45a i 2000 10x10x5a & a;gﬂ::%ltjitgns
PDMS, PUR spongt
Chen et Carbonized crepe Radial pulse
al. 2018 PaPer Ag paste, Ct o oqma5 ¢ 296567 304 1 3000 10x1000) monitoring,
wires, Printing papel QL © respiration
[167] o L
Polyimide tape monitoring
Park et So T PN Radial pulse
CNT' Ag paste’ 0-2 Pa 278.5Q0 W, ., v, S i
al. 2018 . o 20a i 500 3.81x3.8lwa monitoring, voice
[161] Polystyrene, PDMS <0.5Q0 @ 13.56°Q0 ® detection
Janget 7O R _
PEDOT:PSS, Cutag 0-0.7QU &« 62.56Q0 w, - Radial pulse
a'['lég]lg Ag paste, PDMS ~ 0.76°Q0 ¢ 83200 ¢ WA 8000 Ixlwa monitoring

Table2.3 Summary of capacitipeessure sensors

Linear Response No. of
Study Materials  operational Sensitivity >P : Size Applications
time cycles
range
Chatzandroulis  Silicon-Boron,0-300a a O 35 N/A N/A Diameter =  Implantable
et al. 2000[39] Air (0-40 Q0% "'OFG ¢ 'C 45006 G  pressure sensin
PR Vessel blood
. Au, Cu, Blood0-8004a @ 'O 11.25
Shin et al. 2005 vessel, (0-106Q0 ¢ Q'Od N/A N/A  8x3.140 0 pressure after
[42] Polvimide ) ‘8 0C wrapping aroun
y Ta a ‘ the vessel
70-120 576
Fonsecaetal.  Cu, LCP, aaoQ Implantable
2006[17]  PTFE FEP (9.316 <20« ~~ NA >30day 13100 oo e sensin
TQ’L") ’Y)) Ja a OC
E-skin for
Mannsfeld et al. ITO/PET shee T 0.55 . L
2010[78] PDMS 0-2Qu w 0 & 500a i >10000 5%x50 & human_computel
applications
L e 2 224 " Catheter with Intracranial bloo
Li etal. 2010 Ti/Ay, PVDF- 0-506 a0t aaya &t . _ radiusofl ossure
[59] TIFE  (0-6.6'Q0%H 419 & & and lengt mpomtorm
"OFa & C of 1.54 & 9
0-1004 & 'O 160 Diameter= 4 Intraocular blooc

Chenet al. 2010Au/Ti, Parylen s - a a with
[27] C (0-13.3 Q0d 90ai <100h Thickness= 1 pressure

Q0P T4 a0C 4 a monitoring
i 0-2004 & O
Brox et al. 2011T|/A_u/Cu shee 2 1.5x1.5x0.2 Biomedical
[163] Stainless stee (NO—gG.’B O & 'O N/A N/A P applications
Parylene C QU P
Lei etal. 2012 Cu, PDMS, o 6.8 . . Plantar pressur
[117] Polyimide 0-945Q0 ¢ %0 N/A N/A 28270 @ measurement
: 0-2204 a O
Bingger et al. PEDOT.PSS, 0-29.3 0.18 L h 40%x5%0.5  Vessel blood
2012[61] RTV-23 (0-29. bYd & O S0ai <60 aa pressure
silicone QU P

64



after wrapping
around the vess

PiIl2T-Si, continuous radic
Schwartzetal.  ITO/PET, wx . 8.4 . N
2013[79] PDMS, 0-60 QU w 0l <10ai =>15000 1.700 artery p'uls'e wav
- monitoring
Polyimide
. 04006 40O 1.93 Intracranial bloo
Chen ?;SI'ZOM cu, Psoéysamlde (0-533 b "Oq 904 i N/A  2.5x2.500 pressure
Q0P T4 & 'O°C monitoring
Fe-Mg, 4x5 array of .
Boutry et al. S 0.76 L Cardiovascular
PHB/PHYV, 0-2Q0 ®W .~ » . Indi >8000 2.42x2.42 L
2015[30] PGS Q0 ® 00 monitoring
Radial, femoral,
Nieet al.2015  ITO/PET 3.1 20%10x%0.2 and
i . , — . - . .
[164] lontronic film 1-5Qu w 200 O Inai >30000 4 G carotid artery
pressure
monitoring
Cu. Au. Silicor0-2304 & 'O Sensor within
Park et al.2016 —~t AU SHICOMR2SIX O Dy 570 3.13x3.16 stent
[28] wafer, SU8,  (0-30.6 aaoq NA N/A 00 (Blood vessel
AZ4620 QU P
pressure)
0-2006 ¢ 'O 270
De”gfjﬁ"zow ?gaf’iﬁ?ﬁ?’ (0-266  Q0& NA  NA  5x5000 m‘(’)\;olt‘g?ﬁl
y QO Ta & OC 9
Fe-Mg, PGS, Sensor 5x2C  Monitoring of
Boutry et al. PLLA, S L oo blood flow after
2019[55] POMacC, +300 Q0 & N/A 32001 >3000 10x100 O reconstructive
PHB/PHV coil surgeries
Table 2.4 Electrical and mechanical properties of conductive materials
... Youn o . Yield Tensile
M aterial Resistivity modulus Conductivity P0|§son strength  strength Ref
RN & L Tl = S
2.214
Gold (Au) o 76 4516 pm 0.415 20 100 [170][171]
Silver (Ag) 159 pm 83 6289 pm 0.37 54 140 [171]172][173][174][175]
Platinum (Pt) 105 pm 171 95239 pm 0.39 125165 [171][176][177]
Aluminum (Al) 265 pm 689 3773 pm 0.33 276 310 [171][272] [178][179]
1.724
Copper (Cu) o 130 58 prm 0.34 70 93-262 [171][180]
Nickel (Ni) 685 pm 207 1459 pm 0.31 59 45 [171]181]
Graphene 1.7 pm 1000 5882 pm 0.18 130500 [182][183]
. 0.252
Magnesium (Mg) ~4.45 pm 45 2247 pm 40 90105 160196 [171][184]
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Indium tin oxide (ITO)

coated polyethylene 1 p T 116 ~1 pm 0.35 0.022 [185]
terephthalate (PET) film

Poly(3,4
ethylenedioxythiophene)
polystyrene sulfonate
(PEDOT:PSS) film

5 pm 18 200 0.34 42.8 [61][186]

Polypyrrole gel 455 pm 1-6 222.22 0.4 20.68 [187][188]

Gold nanowires 0.142

(AuNWSs) of diameter = o 70+11 7 pT 0.44 3500+110C [77][189][190]
200 nm

Carb‘;gﬁ?g;’t”bes 1 pm 1000 1 pm 01 170000 63000 [191][192]

Single-walled carbon 50000

1 pm 1000 1 pm 0.285

nanotubes (SWCNTSs) 500000 [191][192]
Multi -walled carbon
nanotubes (MWCNTSs) 1 pm 3001000 1 pTm 0.1 10-60 [191][192]

Table 2.5 Electrical and mechanical properties of the substratéeeseadric materials

Substrate or dielectric Od ul " Ppoisson Melting - piejectric El!as_tlc Yield h Tensﬂi ¢
materials modulus ratio temperature constant imit stJrJengt Stjengt Re
(b (°C) @ ¢+
Polydimethylsiloxane  ~0.36
(PDMS) 0g7 0:49999 40 22275 <218 1.01 3.910.8 [193][194][195]
Styrene-butadiene- ~2800
styrene (SBS) 3100 A 180 228 369 34 13.5 [196][197]
Polyimide 1034371€ 0.34 400 2832 72 15230 23345 [198][199]
Poly g'yfscgos')sebacate 0.041.2 03 5233762 NA 330 0.205  [165][200]
Parylene-C 3200 0.4 290 3.15 200 55 69 [201]
Room-temperature-
vulcanizing silicone 0.2 0.460.4¢ 160 3 1000 124  2.05 [61][202]
(RTV-Si)
Poly L-lactic acid =, 55400¢ 0.3 182.4 N/A 24 2226 3080 [165]
(PLLA) nanofibers ' ' '
Polytetrafluoroethylene
(PTFE) 575 0.46 327 2.1 450 10 30.5 [203]
Polyethylene y
terephthalate (PET) 2800310(0.37-0.4 250 3.3 50-150 59.3 5575 [193][204]
Polyurethane rubber 0.48
(PUR) 6 0.49999 140 7.1 375 2551 2551 [193]
Polystyrene (PS) 3250 0.34 240 2.52.9 3.4 4211 46 [205]
Latex rubbe ;5 (4505 g0 3 850 25 [206][207]
natural)
~0.02
Eco-flex o5 049999 110 3 900 1.37  [193][208]
White nitrile rubber
(NBR) sheet, 1.5mx50 4  0.4805 80 3 250 3 [206][207][209]

00O x300
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Polypropylene 1325  0.43 165 22 450 1243 19.780  [210][211]
Lead zirconate titanate ;555 ¢ 5 N/A 1800  N/A N/A [212]
(PZT)
Polyvinylidene fluoride 457 15 175180 10 225 44 535 [212][213][214]
(PVDF)
Poly vinylidene fluoride -
trifluorethylene (PVDF- 5000 N/A 110 7 40140 20 60-160 [215]
TIFE)
Fluorinated ethylene
oropylene (FEP) 350  0.36 270 2 300 12 14521  [216]217]
Aluminum nitride (AIN) 331000  0.22 2670 8.9  N/A 300350 300350 [218]
Polymethyl-methacrylate ;5 34 110 3 5 588732 72 [211][219]220]
(PMMA)
Sapphire 345000 0.29 2040 94  N/A 400 1900  [221][222]
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Chapter3

A Clinical Studyto Validate Accuracyof Stateof-
the-art WearableBP Devices

The literature review chapter highlights the importance of continuous monitoring of
physiological pressure, particularly in the context oftdongblood pressure
monitoring, which can provide cial insights into cardiovascular diseases. Extensive
research studies have been reviewed, yet none of the existing solutions are suitable for
longterm BP monitoring due teize, wearability, stability, and biocompatibility
challenge€hapter 2 provideaidetailed reviewof pressure monitoring solutions under
research investigatipmsost of which have not advanced to clinical investigations.
There are several commercially avasahiéonsput their clinical accuracy has not
been reported itheliteratureConsequently, at the endfaptel, a hypothesis was
formulated, suggesting a lack of solutions for-tésng BP monitoring and
emphasizing the neé&a developa continuous BP monitiag solutionTherefore, a

clinical study was needed/alidate this hypotbieis presented ithis chapter

In this study, three different wearal® devicesnamel\BPrg HeartGuide, and
Heartisan, utilizing tonometric, oscillometric, aptiotoplethysmographic
technologies, respectively, were shortliStexke deéces were representing the best
sample of the most commonly used technologesioned abovdhe local ethics
committee approved the study with protocol number@®Thta fron eacldevice
was compared against the gold standard brachial sphygmomanometer using the
ISO8106€2 (2019/A1:202(¢)rotocol.In total, 128subjects participated in the study,
with data recorded from all thidevies for each subject. However, only 10[@sisb
met the inclusion criteria for the validation analysistiithgs primary endpoint was
the validation of the three waldte home blood pressurenitoring devicesgainst
the sphygmomanometer, pébO8106€2 (2019/A1:2020)criteria. Secondary
endpoints included the comparison of adjusted longitudinal BP measurements between
devices and reporting on device usability. A linear mixed model was employed to

compare the recorded data fromdéeicesnd the reference sphygmonmaater. All

1 The following body of the chapter is exact caqybafittexigapéne publicaiomiaal Research
in Cardiolodyam thint first author eiglual contributidhdécstudy and publicatieas involved
in the initial protocol development, clinical trial, managing the trial data, writing, and proofreading th
draft of this manuscript with-atlko
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thedevicesnet the ISO criteria, with the mean difference between the reference device
(HBPM) and the test device (sphygmomanometer) falling within £5 mmHg. However,
the HBPM devices failed to meet the validation criteria for standard deagatfien
recorded standard deviation exceeded 8 mmHg. Consequently, nase,o0égh
mentioned earligiBPMs passed tH808106€2 (2019/A1:2020)alidation criteria
during this clinical study. This validattonfirms that no mediegtade device can
provide continuous longerm BP monitoringThis work also meethe second
objectiveof conducting clinical validation study using the existing wearable solutions
for blood pressure monitoring to investigate their accuracy, comfortability, feasibility,
and possibility for loagrm monitoringThe key contributions of this chapteriated
below
1 Thedesign angrotocoldevelopmentf the studyaccording taSO81060
2 (2019/A1:202Q)rotocol
1 Descriptive analysif the acquired data validate th@erformanceand
usabilityof three CE-markedwearable HBPM working aimnometric,

oscillometric, and photoplethysmographic technalogies
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3.1 Performance of wearable watckype home blood
pressure measurement devices in a reabrld

clinical sample

Abstract Independent validation of home blood pressure (BP) measurement (HBPM)
devices is often lacking, particularly amongvoell samples of older and multi

morbid patients. We studied tB€ro G2 (using tonometry), Omron HeartGuide

(using  occlusive  oscillomet technology) and  Heartisans  (using
photoplethysmography) wristwatches, each using different BP measurement
technologies, against a gold standard brachial sphygmomanométel 86184060

2 protocol. In addition, we used linear mixed models to coanjasted longitudinal

BP measurements between devices. Finally, as a surrogate for usability, we recorded
instances of device failure where no BP measurement was returned. We enrolled 128
participants (median [€213] age 53 [465] years, 51% male, 46&@atihypertensive

drugs), of whom 100 were suitable for the validation analysis. All three devices had
mean BP values within 5 mmHg of sphygmomanometry. However, due to insufficient
reliability (e.g., wider than accepted standard deviations of meand3é¥)the three

devices passed dhe criteria required for 1SO810680validation. In adjusted
longitudinal analyses, the Omron device also systematically underestimated systolic and
diastolic BP-8.46 mmHg; 95%CL10.86-6.07 p<0.001; anek.53 mmHg; 5%CI -

4.03;1.03; p=0.00Xespectively). Nevertheless, compared to the Omron device, BPro
and Heartisans devices had increased odds of failure (BPro: odds ratio [OR] 5.24;
95%CI 2.53, 10.86; p<0.0001; Heartisans: OR 5.61; 95%CI 2.71, 11.59; p<0.001).
Wathtype wearable HBPM devices are promising technologies for the future, but they
will require improvements to offer reliable BP assessment. This study also highlights
the need for validation studies specifically designed focciasive BP measurement

technologies.

Keywords Blood pressure, hypertension, wearable blood pressure watches,

monitoring

3.2 Introduction
Approximately 3@5% of adults have hypertension, with a slightly higher

prevalence in men than woni223] Hypertension consequently representsddeng
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global attributable risk factor for premature death, accounting for almost 10 million
deathsannually{224] Due to challenges thiagnosing and monitorifggh blood

pressure, less than 20% of hypertensive adults are reported to have a diagnosis and have
their BP under contr82], [225]

Home BP measurement (HBPM) by automaticosgfflometric devices,
traditionally placed on the upper arm for brachial artery BP assessment, have better
predictive value for cardiovascular (CV) outcomes than clinic measyz26@nts
[228] This is despite several potential limitations, witklde the lack of nocturnal
BP information and the fact that BP measured by HBPM under research conditions
and by trained research participants may not translate wellworlceallinical
conditions[229P[231] Ambulatory BP monitoring (ABPNYB32]overcomes some
limitations by recording BP at regular intervals throughedath capturing diurnal
and nocturnal BRariations. Nevertheless, ABPM is limited by patient compliance,
sleep disturbance, availability, and cost. It is also harder to repeat ABPM over multiple
daysso HBPM is better to assess tempoealds in BP. As such, HBPM and ABPM
may be used icamgementanfashion233] However, it is vitdhat the devices used

by patients have been rigorously validated, preferably by independent investigators.

The present study aimed to test the validity and usabilitywondalatients,
of three Conformité Européenne (€Rarked wearable watiyipeBP monitorsBPro
G2 watch (HealthSTATS Technologies, London, United Kingdom), Omron
HeartGuide (Omron Healthcare, Kyoto, Japan) and Heartisans watch (Heartisans,
Hong Kong, Hong Kong).

3.3 Methodology

3.3.1 StudyDesign

This was a validation study enrolling consecutive participants at University Hospital
Galway, Ireland. THecal ethics committee approved the siittyprotocol number

201906. Subjects were enrolled after informed consent. Participants were sampled
pragnatically with minimal inclusion and exclusion criteria and included a mix of
healthy volunteers, patients attending the outpatient department, and patients admitted
to the hospital. Inclusion criteria were males angnegnmant females over the age of

18 while exclusion criteria were inability to consent to participate in the stady and

known history of cardiac arrhythmiascluding atrial fibrillation. Participant
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demographic data were collected before BP measurement, along with their hypertensive
stdus, anthypertensive medical treatment status, and wrist and arm circumference for

proper device selection.

3.3.2 Characteristics of the three HBPM monitor devices studied

1 BPro G2 watch: This watch is based on tonometry. Like manual palpation,
tonometry is k@ed on applying external pressure perpendicular to the artery
using a tonometer. The device is sensitive to tonometer misplacement. For each
individual user, the BP results generated by this tonometer device have to first
be calibrated to the BP recordesing a traditional occlusive arm cuff
measurement devi@34] Automated measurements are then provided by the
device every 15 minutes.

1 Omron HeartGuide: This device is based on standard occlusive cuff
oscillometry and integrates a miniature cuff in the watchLsteabrachial
cuff devices, the user maststill and initiatthe measurement. No calibration
is required. The watch is placed at heart level to minimiz§€8&joTwo
models are available according to the wrist circumference641BVZM
(16.019.0 cm) and HENM3410TZL (18.021.5 cm)This device provides BP
measurementgpon user activation. In our study, the Omron device was placed

on the arm proximally to the other 2 test devices.

1 Heartisans watch: This wearable watch is based on technology that leverages a
onelead ECG athphotoplethysmography (PPG) sensors. The ECG waveform
provides information of the timing of heart contraction (in other wbeds
onset of ventricular systole), which is approximately when the pulse waveform
leaves the heart. This pulse waveform thérefuravels to the distal end on
the arm, where its signal is read by the PPG sensor, which reflects the change
in blood volume within each cardiac cycle PR@& waveform's peak (or foot)
is then used as the fiducial point for calculating pulse tiraes{PTT)the
difference between the ECG and PPG peak/foot times. Experimental studies
have shown PTT to be linearly related tdZ38] However, because BP is
estimated by this device using PTT, baseline calibration is also first required for
each usr with a traditional occlusive arm cuff measurement device.

Measurements are provided upon user activation.
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3.3.3 Blood pressure measurement protocol
This validity study used a standard operating procedure that followed the 2018

Association for the Advancemerft Medical Instrumentation (AAMI)/American
National Standards Institut&NSI)/International Standardization Organization (ISO)
810602 protocol237]. As a sensitivity analysis, we tested device validity against a joint
ISO/European Society of Hypertension (ESH) protf&3] This protocol is almost
identical to the 2018 ISO protocol but also stipulates (a) the reporting of standardized
BlandAltman charts demonstrating absolutéiBrences within 5, 10, atfimmHg

and (b) the reporting of probability the device will provide a mean test BP reading that
is within 10 mmHg of the reference. The three devices were tested by a study team
trained in their use, composed of a techn{té&ing care of set up of the devices,
calibration, and measurements), two observers (performing standard manual
sphygmomanometer measurements as reference measures), and a timekeeper (guiding
the subsequent measurement sessions throughout the study).

Prior to commencing BP measurement, all participants were seated comfortably
for at least 5 minutes with their back and arm supported and with the middle of their
upper arm at heart level, legs uncrossed, and feet flat on the floor. Of note, each
participat kept this position throughout the entire duration of the examination. Then,
the BP measurements were performed as follows:

1 A first BP measurement with a Welch Allyn manual aneroid
sphygmomanometer (calibrated last time in 2019 by the Medical Physics
Department at the University Hospital in Galway) was taken in both arms and
according to the study protodbke arm with the highest BP values was chosen
to carry out the study; this arm was where the technician placed the 3 watch
like HBPM devices.

1 The 2 olservers then took 3 independent and simultaneous BP measurements
from the chosen arm using a dedicatedhdzalset Littmann Master Classic I
stethoscope (3M Health CarePaul, MN, USA).

1 According to the study protocol, the resulting 6 measurenezatsised by
each technician to calcul ate their av
measurement (RO), which was used to calibr&®ribeend Heartisans devices
(Omron watch did not require calibration).
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1 Then, another reference sphygmomanometesurament (R1) was taken by
the 2 independent observers.

T After that, the first O0testd BP measur
HBPM device in the following order: BPro (automatic measurement without
technician launch/actiion based on a timeset at 18ninute intervals),

Heartisans (technician launch), and Omron (technician launch).

1 A second reference BP measurement (R2) was taken exactly 15 minutes after
R1, and repeated test BP measurements by each HBPM device immediately
after (T2).

1 Thisstep was repeated after another 15 minutes (R3 + T3), and a final reference

measurement (R4) was taken after 15 minutes from R3.

The 15 minutes gap between measurements was mandated by the automatic BPro
measurement, with a minimum interval of every i&esiset by the manufacturer.
According to ISO 810D protocol, intervals between the preceding reference
measurement and the test device measurement (@1, &lwell the time between

the test device measurement and the following reference mesis(eegn TR2)

must last at least 60 seconds. Study participation ended at R4 time.

The three devices had to be worn simultaneously on the same arm to avoid repeated
calibrations during the examination. BP values were recorded directly from the watch
screen after each measurement, except froBPtteedevice, which required data
transfer to its dedicated software for readings. In some occasions, orders of test devices
measurements could change if failures occurred in order not to delay too much the
meaurement of the next test device. Eventdallyng devices were testedhedast

ones until succes$he complete flowchart of theobt pressure measurement

protocol is given in FiguBel.
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Participant seated comfortably for > 5 minutes
Baseline BP BP measurement with sphygmomanometer in both arms
assessment and T
choice of the stud
Y Observer 1: Q, ] Observer 2:
arm 3 consecutive BP 3 consecutive BP
measurements with — N measurements with
sphygmomanometer Highest BP values arm sphygmomanometer
lighest BP values arm
Technician: Average used to calculate the baseline reference measurement (RO)
RO + calibration l
Technician: Calibration of the Bpro and Heartisans devices on the basis of RO
Observer 1: Q, ] Observer 2:
1< reference 1% reference
sphygmomanometer / — sphygmomanometer
measurement (R1) Highest BP values arm measurement (R1)
R1+T1 l
Technician: 15 BP measurement (T1) taken consecutively by each device
BPro (automatic) Heartisans (manual) Omron (manual)
l 15 minutes l
Observer 1: o] g Observer 2:
2m reference 2nd reference
sphygmomanometer —— Pr— sphygmomanometer
measurement (R2) Highest BP values arm measurement (R2)
R2 +T2 Technician: 2" BP measurement (T2) taken consecutively by each device
BPro (automatic) Heartisans (manual) Omron (manual)
I 15 minutes l
Observer 1: 0, [ Observer 2:
3 reference 31 reference
sphygmomanometer 4 . sphygmomanometer
measurement (R3) Highest BP values arm measurement (R3)
R3+T3 Technician: 3™ BP measurement (T3) taken consecutively by each device
BPro (automatic) Heartisans (manual) Omron (manual)
l 15 minutes l
Observer 1: O, g Observer 2:
R4 4t reference 4th reference
End of the study sphygmomanometer i - sphygmomanometer
measurement (R4) Highest BP values arm measurement (R4)
lighest BF values arm

Figure 3.1Flowchart of the blood pressure measurement protocol.
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3.3.4 Statistical analysis

Continuous variables were presented as mean and standard deviation or as median and
interquartile range depending on their distribution, wheregaricatevariables were
presented as frequencies (percentages). Examination of continuous variables normal

distribution was performed with the Kolmoge8mirnov test.

3.3.4.1 Primary Endpoint

The primary endpoint of this study was validation, according to ISE28106
criteria, of the three wathe HBPM devices againat sphygmomanometer.
According to the 1ISO 810&0standard, a minimum of 85 participants are required to
determine the accuracy of test devices against the reference sphygmomanometer, of
which morethan 30% of the sample are required to be males and more than 30%
required to be females. Alsaccording to ISO, the distribution of reference
sphygmomanometer BP values (RO) required the following criteria: >5% with systolic

BP (SBP% 160 mmHg, >20% with SBA40 mmHg, >5% with diastolic BP (DBP)

¢60 mmHg, >5% with DBP100 mmHg, and >20% with DBB5 mmHg. Subjects
whose reference sphygmomanometer BP values (at any of R1,0RR4R8iffer
substantially for any pair of measurmes ¢bserver 1 and observer 2 readings differ by
12 mmHg for SBP and by 8 mmHg for DBP), were also required to be excluded from
the analysis.

Using the remaining subjects, two criteria must be met to validate the device as accurate
by the ISO 81060 standrd, and both criteria must be passed for each of the SBP and
DBP values for validation.

1) Criterion 1has two elements:

i. Accuracy check: the mean differend®) (between the reference
sphygmomanometer device and the test HBPM device must be between
mmHg.To comparghe T1 BP value to the reference BP, we took the mean of
R1 and R2. Likewise, T2 was compared to the mean of R2 and R3 was
compared to thmean of R3 and R4 shown ifrigure3.1).

ii. First reliability check: the standard deviationof the difference between the
reference device and the test device must bepeiovAg.

- p
W =
€
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for'Q pfB [ determinations, with  is the SBP or DBP measurement from
the device wter test and  is the corresponding measure from the reference
sphygmomanometer averaged between two observers.
2) Criterion 2 is a second reliability check and measures whether théssubject
individual errors differ substantially fram Each devie must have a subject

standard deviation () below a threshold determined by the lew®l.of

i
i

for'Q phB M subjects whe® is defined as above adds the average difference

for subjectQ

Therefore, in totalhere were six elements to pass the 1ISO 218@ddard based on
®,i andi ;foreach SBP and DBP.

3.3.4.2 Secondary Endpoints

The secondary endpoints of the study were (a) to compare adjusted longitudinal
BP measurements between devices and (b) tothepoasability of each device. These
secondary analyses were conducted on all participants enrolled (including those
removed from the primary ISO 81&b@nalyses due to interobserver discordance in
the reference sphygmomanometer BP values). To compadpished differences in
SBP and DBP measurements between devices, we used a linear mixed model (LMM).
Since SBP and DBP weneasured repeatedly for each subject, the LMM can account
for the betweessubject variation in BP and the withubject variation in BP over
time. For both SBP and DBP, we included an interaction term between the device
(Observer,BPrg Heartisans, Omron) and time (measured in minutes from the
beginning of the expment for each subject). In these linear madelalso included
the age of the subject (years), gender (female/male), arm (left/right), wrist

circumference (cm), and whether the subject was takihgpantension medication
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(no/yes). We reported regseon coefficientsvhich are estimates of mean differences

between devices in BP in units of mmHg.

To compare device usabjhtee estimated the probability of failure for each test device
(assuming no failures for t hneasorbme®s).ver so
We defined failure as an instance when the device was activated to record a BP but
when no measurement was returned. We used a logistic mixed effect model with
random effects per patient to allow within and between subject variabitjom t

odds of failureFixed effects included in the model were the device (OB,
Heartisans), participant age (years), arm (left/right), as well as mean observer recorded
SBP and DBP (both in mmHg) acrossRRR3-R4. Odds ratios (OR)ong witf85%
confidence intervals (95% CIl) were reported. Asitenl pvalue <0.05 was
considered to be statistically significant. All analyses were performed using R v4.1 [R
Core Team (2021). R: A language and environmestaftical computingR

Foundationdr Statistical Computing, Vienna, Austria].

3.4 Results and Discussion

A total of 128 volunteers were enrolled in the study. Baseline characteristics are listed

in Table31, while Figurd2 s hows the distribution of BF
techniciaa @easurements throughout the studypBercipant SBP and DBP values

measured by the 3 different devices are shown in SupplementallSgure

Table 3.1 Baseline characteristics of the overall popul@iwlt?28) and of the cohort
selected following the ISO criteria (n=100).

Characteristic N =128 N =100

Age, years 53 (40, 65) 53 (41, 65)
Females 63 (49%) 46 (46%)
Males 65 (51%) 54 (54%)
Measurements

Left arm 60 (47%) 42 (42%)
Right arm 68 (53%) 58(58%)

Arm circumference, cm 27.0 (24.0, 30.1) 27.5 (25.0, 31.0)
Wrist circumference, cm 18.00 (16.00, 19.00) 18.00 (17.00, 19.0(
Antihypertensive treatment 46 (36%) 38 (38%)
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*Continuous variables are presented as median and interquartighexegs, categorical variables are
presented as frequencies (percentages).

Observers SBP SBP by device

g | [ BPRO 1l |l Omron

R1 R2 R3 Tl T2 T3 T1 T2 T3 T1 T2 T3

Observers DBP DBP by device

8PRO g |[ Heartisans | omron |

60

Figure 32Di stri bution of observersd reference |
device) blood pressure measurem@istribution of systolic blood pressure and diastolic
blood pressure taken by sphygmomanometer (left panels) and by each test device (right panel)
during the study. SBP: systolic blood presst

first reference measurement ; R2: observerso
reference measurement ; Tl:tpbS$S2rvebsér versbd
device measurement ; T3: observersodo third tes

In the overall population (n=128), participants whose reference
sphygmomanometer measures differed for any pair of measuresriyglidor SBP
or 8 mmHg for DBP (n=27) were excluded from the primary endpoint analysis,
according to 1ISO protocol. One further participant, who had a delirium episode during
the study examination, was additionally excluded, resulting in a final cohort of 100
subjects. Supplemental Bkl reports details of the reference BP measurements (R1,
R2 and R3) using the sphygmomanometer, against which the three test HBPM devices
were tested for accuracy.

3.4.1 Primary endpoint

None of the 3 HBPM devices tested passed all of the 6 ISO critsuackessful
validation againghe reference sphygmomanometer. The BPro, Heartisans, and
Omron watches passed Zard 3 out of 6 criteria, respectivayshown ifigure 3.
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All 3 of the HBPM devices tested passed the first criterion of the 1SOoprotoc
consistent with accurate BP values on average, but all 3 failed with respect to at least
one of the two BP reliability criteria. Accordifagure3 4 shows the amount of pairs

of measures (technicianbserver) for SBP and DBP inside thartBHg range of

ISO criterion 1.

Criterion 1 Criterion 2 Validation
Fn Sn Sm according to
+5mmHg < 8mmHg < a threshold determined by %, * 150 81060-2
SBP DBP SBP DBP SBP DBP 8
BPro 1.32 1.27 9.25 5.57 7.1 (*6.8) 4.5 (*6.8)
% SBP DBP SBP DBP SBP DBP 8
Heartisans -0.30 -1.66 19.74 12.14 16.6 (*7.0) 11.1(*6.7)
SBP DBP SBP DBP SBP DBP e
Omron -3.44 0.36 12.14 8.36 8.8 (*6.0) 6.5 (*7.0)

Figure 3.3 Summary of ISO criteria to téstaccuracy of BP devices. (To obtain validation,
in total, there are six elements to pass, limd@s (mean differencd), (standard deviation),
andi subject standard deviation) for each of SBP and DBP. SBP: systolic blood pressure;
DBP: diastolic blood pressure.)
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Figure 3.4 Differences in pairs of measuresuisidethe ISO range of criterion {The
amount of pairs of measures (techniciabserver) for systolic blood pressure (SBP) and
diastolic blood pressure (DBP) inside the £5 mmHg range of 1ISO criterion 1 wagithigher
BPro (inside 41.2%) compared to Heartisans (inside 29.3%) and Omron (inside 19.4%).
Colored dots represent each pair of SBP and DBP differences between observer
(sphygmomanometer) and technician (tested device) measurements. Red ellipse shows £5
mmHgSBP and 5 mmHg DBP)

A sensitivity analysis including only untreated patrticipants (n=62) generated similar
results, showing that none of the watches were validated according to the 1ISO standard
(Supplemental Tal3e9).
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In a sensitivity analysis of the Omron device, wgzeahdhe ISO criteria
excluding T1 measurements. We did this because the T1 BP measurement for Omron
appeared systematically lower than T2 or T3 despite stable R measurements. However,
even after removing T1 measures, the Omron device did not meetkhléyreli
(standard deviation) ISO criterion both for SDB and DBP (Supplemental3@ble 3

We tested all devices against the ISO/ESH validation protocol in another
sensitivity analysiBlandAltman charts are provided in Supplemental Fsfz&en
addtion to failing the variability criterion of this ISO/ESH protocol, none of the three
devices tested were able to estimate a mean BP within 10 mmHg of the reference
standard with greater than 85% probability, indicating insufficient accuracy according
to the ISO/ESH protocol.

3.4.2 Secondary endpoint: Linear Mixed Models Comparing
Adjusted Mean BP Values

In the longitudinal data analysis inclusive of all enrolled participants (n=128) and using
BP data from all tinf@oints (therefore accounting temporal trends in BP over serial
measurements), the Omron device SBP was 8.46 mmHg lower on average compared
to the observer reference SBP (95% CI 6.07, 10.86 lower; p<0.001). Further, the
observed average change in SBP during the experiment was iéfeesn the
observer and Omron devices (O8i@Hg/minute vs0.26mmHg/minute; p<0.001).

There was no evidenota difference between reference observer values and either

BPro or the Heartisans device.

Similarly, the Omron device DBP was lower on &vecegpared to observer
measurements, while no significant difference was repoB&udor the Heartisans
device (Supplemental TabkS). On review of the raw visual dasshown ifrigure
32, this systematic underestimation in SBP and DBP inrinesdl models using the
Omron appeared to be driven by significant underestimation on the first test value from
the Omron device. Comparable results were obtained using the data from the 100
subjects included in the ISO criteria analysis (Supplemel&8l58ab

The application of linear mixed models to subgroups of patients according to
their hypertension severity and pulse pressure are presented in the supplement

(Supplemental Tal86Sand Supplemental TaBl&S).
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3.4.3 Secondary endpoint: Usability anlgtsis

Both the BPro and Heartisans devices had increased odds of failure compared to the
Omron device While the Omron failed in 2.9% of cases, BPro and Heartisans both
had a failure rate of 11% in the overall population. The BPro odds ratio (BR}was
(95% ClI 2.530.86; p<0.0001). Similarly, the Heartisans OR was 5.61 (95% CI 2.71
11.59; p<0.001). Older participants tended to have more failures, and for every year of
agethe odds of failure increased by 4% (OR 1.04; 95% €1.07)=0.010aslisted

in Table32).

Table 3.2 Predictors of BP measurement failure compared to the Omron device (n=128).

Predictors Odds Ratios 95% C.I. p
BPro device 5.24 2.530 10.86 <0.001
Heartisans device 5.61 2.71011.59 <0.001
Age, for each year 1.04 1.0161.07 0.010
Right arm 0.71 0.300 1.65 0.424

*C.l: Confidence Interval

When including only the 100 subjects following the ISO criteria, the results did not
change (Supplemental Téd8S). Looking into the failure rates according to different
severities of hypertension, the Heartisans device showed an increased nisk of failu
(OR 6.52; 95%CI 2.84.73; p<0.001) in the presence of low BP values (SBP<120 and
DBP<80 mmHg), contrarily to the BPro, which failed more frequently (OR 8.69; 95%
Cl 1.6246.48; p=0.012) with high BP values (SBP>139 or DBP>89 mifntédly,

details ortime intervals between the reference and test measurements are provided in
Supplemental TabBdS

3.4.4 Discussion

The main findings of this study can be summarized as f¢llpwsne of the three

HBPM devices tested were validated according to ISO criteria due to insufficient
reliability despite sufficient accuracy; (2) the Omron device underestimated adjusted
time-averaged BP relative to the reference standard, partictierfirst of the three

test measurements; and (3) the BPro and Heartisans devices had an increased odd of

failure compared to the Omron device and the reference standard sphygmomanometer.

Unfortunately, the marketplace of HBPM devices is currentipadedhiby non
validated instruments, with major implications for their adoption for clinical
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managemenR4], [238] A recent analysis suggested that only 8.8% of the devices
globally sold have passed scientifically accepted validation pr{286pls
Furthermore, although based on stringent standards, validatcolproften do not
reflect the use of the device on and bywedd patients.

With this background, we aimed to test in aoalers realorld clinical population

the accuracy and usability of three different wearable BP devices. In the present study
none of the three devices could be considered accurate according to the 2018 1SO
criteria. We note that 2 of the 3 devices tested have undergone prior validations, as
summarized below;

1) The BPro device has been validated in a study following the AAdArdsan
and the ESH protoc§240]

2) The Omron device has been validated according to ISOB2da(

3) To our knowledgé¢he Heartisans diee has not undergone a formal validation
study.

The differences in our study from prior reports might be due to several reasons. With
regards to the BPro, the device was validated by the manufacturer on the basis of AAMI
and ESH protocols. The AAMIstandd r equires a mean BP dif
with a standard de auscltatorp referenfe meaBuremmemtd g Vv <
whereas the ESH protocol requires that the majority of subjects have investigational BP
readings within O5 neméhgWhldtheseltréeriaaeefsimitare n ¢ e
to criterion 1 of the 2018 ISO 81@6Protocol,the 2018 ISO protocol also requires

an additional criterion (i.e., whether the subjects individual errors differ from the mean
difference between the tested deviceedatknce measurement), making the 2018 ISO
validation process more stringent. In addition, although the experimental conditions
were comparable (both performed in stationary conditions and by trained staff), the
original BPro validation study involvedstiyoyoung and healthy men, contrary to the

present one, where-atimers volunteers were enrolled. Moreover, in our, Htady

rate of hypertensive participants was higher than the original study. (52%),vs

possibly contributing to the different fimgk.

According to the available evidence, the Omron device is the firstypatch
wearable BP device to filllfhe ISO 8106@Q criteria[241] The previously reported
validation study, which was conducted and supported by the manufacturer (Omron

Healthcare Co., Ltd., Kyotopda), led to findings that were not confirmed in the
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present study. Although performed with the same methodology and in a population of
similar mean age (59 58 years), our study has some charactdtstiosay explain

such discordant resultstly, our population was composed of 52% of patients with
diagnosed hypertension and under hypertensive treatment, while the prior validation
study does not report whether hypertensive patients under medical treatment were
included241] Secondly, in the prior validation gfutie time interval between each

set of BP measurements was 60 seconds, suggesting very close repeated measurements.
By contrast, our repeated BP measurements were obtained every 15 minutes as dictated
by mandateBProdevice settings.

Also of note, in austudythe Omron device showed an average underestimate
of adjustedtmaver aged BP values compared to the
a different (lower) average change in SBP and DPB trends during the experiment.
Figure 2 suggests these resulismge been driven by a lower BP recording at T1
than T2 and T3 (despite the R readings being similar throughout). This finding for
Omron might be explained by the multiple brachial artery occlusions generated during
the reference sphygmomanometer measutsrrior to T1. The potential ischemic
effect on the radial artery may have affected the first Omron measurement while not
impacting the other devices using a different techrj@iigjyThis mechanism could
also explain the lower changes in BP over the study, when at T2th@dstBemic

effect may have disagred.

Another important aspect investigated in our study concerned the usability of
the HBPM devices tested. Customers expect a practical and easy device to use in their
daily routine. In the overall study population, Omron, BPro, and Heartisansdailed t
measurements in 2.9%, 11%, and 11% of cases, respectively. Our model suggests that
both theBPro and Heartisans devices failed approximatatyed more than the
Omron device This was particularly common among older participants, who tended
to have % more failures for every additional year of age (OR 1.04, 95% CI 1.01, 1.07;
p=0.010). Of note, such results derive from measurements performed by expert and
trained staff in stationary and relaxed conditions of the patients, which is not the setting
expeted in the daily routine. In normal conditions, the failure rate might be even more
relevant, potentially further reducing the usability of the devices, in particular by elderly

users.
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3.4.5 Limitations

One limitation of our study is that the BPro device required us teragauidb
intervals between measurements. While this could be argued toregdliteatdinical
assessments more accurately, this could have introduced some physiologic variability
into the ISO assessment over and above device measurement variability. However,
Figure 2 demonstrates that the mean and individual reference BP readings were quite
stable throughout all reference sphygmomanometer readings (R1,, RD, R3)
physiologic vaability appears minimal. Another limitation of the present study is the
lack of dedicated validation protocols for cuffless BP devices, such as the BPro and
Heartisans watches. A recent statement from the European Society of Hypertension
Working Group on Bod Pressure Monitoring and Cardiovascular Variability
highlighted that cuffless BP devices have specific accuracy issues, which may render the
established validation protocols (specifically designed for cuff BP devices) potentially
less adequate for thalidation of cuffless devices. Specifically, the statement highlights
that cuffless devices can be considered more akin to BP monitoring devices than
measurement devices (as they monitor BP values after first calibrating the machine
using a measurementhna cuffbased device) and that the 1ISO protocol may not be
as applicable since this protocol requires multiple BP measurements typically be
obtained in a short space of time (which could favor cuffless dévigeslowever,
in our studywe introduced &inute delays between BP recordings. In addition, this

statement was published after our study was completed.

However, simply because there are no standardized validation protocols to follow
for cuffless devicg¢®43]does not mean their performance should not be tested against
a gold standard. Indeed, to not test these devices using the best available methods would
be regrettable (hoi ng t hat o6t he enemy of good is pe
against a cuffased gold standard using the B&ocol, we provide useful data on
their performance while awaiting future bespoke validation protocols for cuffless
devics. It is ouropinion that the performance data provided here are better than no
data at allFurthermore, the Wearable Cuffless BP Monitors Working &44dp
states that one of the 3 prerequisites for the development of a protocol for the validation
of the cuffless devices is to prove that they can reliably predict BP changes from the BP
level mesured at the calibration point. At present, we argue that the only feasible way
to study the ability of these devices to predict BP change after calibration is to compare

these predictions to actual measurements using cuffed devices.
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3.5 Conclusions

For the tme being, the evidence provided by our study does not support the
validation of wearable wrisised devices for home BP monitoring.
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Chapter 4

Device Designand Prototype Dewvelopment
The primary objective of the project involved the development of a dedicated device

for measuring physiological pressure, particularly focusing on its utilization in
monitoring blood pressure (BP). During the initdavelopment phasea
comprehensive sgst was successfully designed and implemented to fulfill this
objective. A strategic emphasis was placed on integrating the technology into wearable
devices.
Furthermore, the device demonstrated its relevance in the context of compression
wound healing. Thiapplication served as a robust testing ground for the technology's
efficacy. By tracking pressure changes around leg ulcers, the device had the capacity to
provide insights into the effectiveness of compression treatments. This potential to
reshape appaches to wound healing underscores the wider importance and possible
influence on healthcare monitoring. This step allowed for the practical application of
the device in realorld scenarios. Building on this foundation, the technology
underwent further fimement to excel in the domain of unobtrusive -temg blood
pressure monitoring.
Chapter42 focuses on developirin-film flexible pressure sensors for biomedical
applicationsThe chosen sensing mechanmascapacitivepfferingwireless power
and communication benefits over other technolsgiels as piezoelectric and resistive
sensing. Section 4.4.1 of this chapter is relatgdingzingthe circular LC pressure
sensor using the design parameter to achieve optimal reBeqaeceies and quality
factos. In this research work, two sengafrslifferent size$12 mm and 40 mm in
outer diametersyeredeveloped to better fit at different positionghtalower leg,
varying ulcer sizes and varying limb curvatures. The sdastxlewee fabricated
using the wet etching technicarejthena compressible dielectric layes integrated
between the top and bottom electrodes. Detailed information on sensor fabrication can
be found in Section 4.3.2.

To validate and characterize the performance of the developed sensors, a

customized test setwgasdeveloped using a pneumatic pressure pump, glass bottle,

2 The following body of the chapter is exact copy of the journal article published in Sensors of Multi
Digital Publishing Institute (202®).the first lead author in the paper, -ahibbresd omith my
supervisors. The conceptualiegtitamulogy, validation, formalimredtigati@md visualization
were also done by me. | led all parts of the work with the support of my supervisors.
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and vector network analyzer, as described in Sectioi#e38nsawereattached
inside thaval of thepressug bottle and an external read®il connectedith VNA
through an SMA cable was used to read the data from sensors wirélessly.
experimental results and subsequent discussion, including a comparison with existing
research, are presehia Sections 4.4 and 4.5, respectively. Overall, the developed
sensors exhibit good linearity and sensitivity withinOtt@ mmHg range
Encouragingly, the sensors also demonstrate promising performance within the broader
range of 8800 mmHghighlighting their potential for various other biomedical pressure
monitoring applications. Overall, this chapter $ulidithird Objective related to the
designing and fabrication of initial prototypes of the s@rsokey contributiogof
this chapar are listed below;
1 Thedesign optimization of the wireless pressure sdnsachieve optiai
resonance frequencies and gjgality factcs
1 The prototype development of wireless sensonsonitor the pressure in
compression therapy.
1 Sensor characterizatitor 0-100 mmHg and-800 mmHg tadhighlight the
potential othesensor for other medical applications.
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4.1 Thin-Film Flexible Wireless Pressure Sensor for
Continuous Pressure Monitoring in Medical
Applications

Abstract: Physiologicalrpssure measurement is one of the most common applications

of sensors in healthcare. Particularly, continuous pressure monitoring provides key
information for early diagnosis, patspecific treatment, and preventive healthcare.
Thischaptepresents dtn-film flexible wireless pressure sensor for continuous pressure
measurement in a wide range of medical applications but mainly focused on interface
pressure monitoring during compression therapy to treat venous insufficiency. The
sensor is based on agsuralependent capacitar)(and printed inductive cail) that

form an inductocapacitor (LC) resonant circuit. A matched reader coil provides an
excellent coupling at the fundamental resonance frequency of the sensor. Considering
varying requiremenof venous ulceration, two versions of the sensor, with different
sizes, were finalizedter design parameter optimization and fabricated using a cost
effective and simple etching method. A test setup consiigtigtass pressure chamber

and avacuum pump was developed to test and characterize the response of the sensors.
Both sensors were tested for a narrow radgeQ0nmHg) and a wide rangé3(D

mmHg)to cover most of the physiological pressure measurement applications. Both
sensors showagbod linearity with high sensitivity in the lower pressure range <100
mmHg, providing a wireless monitoring platform for compression therapy in venous
ulceration.

Keywords:Pressure sensors; compression therapyilmisensors; wireless sensors;
medich pressure monitoring; capacitive sensors; flexible sensors; LC sensor; wound

monitoring

4.2 Introduction

Physiological pressure, including intraocular, intracranial, and cardiovascular
pressure, is a key parameter for the assessment of human health and provides
opportunities for early diagnosis, personalized therapy, and preventive tigd8hcare
Pressure monitoring has been usedliagnosing lower limb problems, muscle
rehabilitation, and wound monitorig45]246]247]248] A common medical
application of noinvasive pressure sensing is the monitoring of compression therapy

to treat venous lagcers. Venous insufficiency occurs when blood is unable to return
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to the heart and accumulates in the lower limbs. Chronic venous insufficiency (CVI)
may cause swelling, pain, edema, and ulcef@4®j250] The most effective
treatment for CVI is compressidretapy, in which a compression bandage is used to
apply gradual pressure between the ankle and knee to improve the circulation of blood
in the lower lim251]252] The typical pressure range for compression therapy is
between 10 and 50 mmHg, where the bandage pressure has direct impact on the healing
of the ulcer[248]253] To improve the healing process of venowssjlcontinuous
monitoring of applied pressure is essential and has become the focus of current research
and commercial solutions. Clinical evidence suggests that compression therapy
becomes more effective with a feedback sensing system. This feedimcis syst
achieved by using a pressure sensor. Existing solutions that are commonly used in
clinical practice are accurate and robust, but they are mostly tethered, rigid, bulky, and
require an additional power sujp#6]254]255]

The need for wireless, small scale, lightweightalrile sensing solutions has
led current research to focus on miniaturizedfitmnand microelectromechanical
(MEMS) pressure sensing deViz8F256] Current pressure monitoring technologies
are generally based on either pneumatiefifiedt] piezoelectric,gistive, or capacitive
working principle$257]258] In a pneumatic pressure sensing system, the force of
compression bandage is transferred to air pressure and later plessane is
converted into an electrical signal for further procd2&8pPneumatic sensors are
cheap, flexible, and thin but they are not suitable for dynamic pressateapitd
are prone to temperature drift and hystef2sid258] Fluidfilled pressure sensors
are similar to pneumatic pressure sensors, watereor oil is used instead o{260]
The main drawbacks of a flilled sensing system are the air bubbles in the fluid,
leakage risk, and bulking%s9] In the piezoelectric sensing technology, when pressure
is applied on a piezoelectric material, it gets polarized and generates a voltage differential
across the device. The piezoelectric effect is proportional to the applied pressure on the
device. Thidilm piezoelectric pressure sensors are used for argamonitoring
respiratory rate, and integrated with a catheter for intravascular pressure measurements,
and biomedical implarf#8]46]47] Piezoelectric pressure sensors arp@etred,
low cost, and good for dynamic pressure applications, but they are not suitable for static
pressure measurements due to current ledk8§&3] In resistive pressure sensing
technology, the contact area between attive thifilm resistive layer and the

electrodes changes with the applied pressure so the effective resistance of the sensor
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changef261]262] Resistive pressure sensors are easier to fabricate, faster in response,
and less expensive than piezoelectric presssmess@owever, an active power source

with additional adapting circuitry is required to enable pressure sensing and they are
very sensitive to temperaty263] In capacitive pressure sensing technology, the
distance between capacitor electrodes is a function of the applied pressure. A capacitive
sensor can be either an active sensing device where the applied pressure can be
measured by the changes in capaeitanoore often a passive wireless sensing device

by combining it with an inductor cf@b2] The combination ohe sensing capacitor

and inductor coil makes an induatapacitor (LC) resonant tank circuit, which makes

it suitable for wireless sensing via inductive coupling with an external antenna. The
pressure is measured from relative changes in the resorgpmacyref the LC
resonant tanR64]55]265] Due to this wireless communication between sensor and
reader coil, capacitive ggare sensors are more practical for wearable and implantable
applications as compared to resistive and piezoelectric sensing technologies that
demand wired connection to communidasgacitive pressure sensing technology is
generally used in MEMS andhifiim pressure sensors. MENld&sed sensors are
accurate miniaturized, wirelessly powered, and are widely used in wearable and
implantable applicatiof88] However, MEMS sensors are generally rigid and have a
complex fabrication process that requires specialized equipment. On the other hand,
thin-film based capacitive pressure sensors are flexible, less expensive, and simple to
fabricatgd57]

In past decades, many commercial solutions have been developed for pressure
monitoring during compression therapy with growing research focused on lightweight,
flexible, and wireless sensing systems. PicoPress (Microlab Electronica, Ponte S. Nicolo
PD, ltaly),airpack type analyzer (AMI Techno, Tokyo, Japan), Kikuhime pneumatic
transducer (Advancis Medical, Nottinghamshire, UK), Medical stocking tester (MST,
Salzmann AG (SAG), St. Gallen, Switzerland), SIGaT tester (Gagvans, St.

Gallen, SwitzerlandcOxford pressure monitor MK Il (Talley Ltd., Romsey, UK)

are available pneumatic sei®ed solutions to monitor the pressure during
compression therag266]267]268]269] A comparative study has confirmed that
PicoPress and Kikuhime are more accurate compared to [38BaPicoPress,
Kikuhime, MST, and SIGaT are the most common medical devices focused on clinical
applications, with relatively higher costs compared teastaedsensof248]252]
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Because of the pneumatic sensing principle, these systems are not appropriate for
continuous dynamic pressure measurefi2&3f269]

On the other hand, Quantum tunneling composite (QTC, Peratech, Richmond,
UK), ThruMode Force Sensing Resistor (FSR, Sensitronics, Washington, DC, USA),
Interlink FSR (Interlink Electronics InCamarillpCA, USA) FScan (Tekscan, Inc.,
Boston, MA, USA) and Tactilus (Sensor Products Madison,NJ, USA) are
commercially available piezoresistive pressure sensors being widely used to measure
interface pressure during compression th¢t8pYy Although these sensors are-low
cost, thin, and flexible, they require a wired connection and additional electronics to
work which makes the system bulky and impractical fetimealpressure
measuremenf$36]270]

In addition to the commercially available compression therapy monitoring
solutions, several research studies on pressure sensors and systems have been reported
in the literature. Rajt al.[271]used watefilled polymerizing vinyl chloride (PVC)
envelopes connected to an electrical pressure transducer to measure the interface
pressure at four positions and reported thit within @8 hours of daily routine
applied pressure falls significantly. Haéteal.[272] reported a silicone dilled
pressure sensing system to train healthcare staff for an optimal compression in venous
ulcer patient management; however, no detmlst #éhe effect of temperature,
hysteresis, and dynamic pressueereported. Barberetl al.[259] demonstrated a
pressure sensing system for interface pressugePVC probes filled with vegetable oil
and was only limited to a pressure rangi8a@fHmmHg. Burket al[248]developed an
interface pressure monitoring system using four commercially available force sensors
after integrated with a microcontroller and was capable to work in a rad@fe of O
mmHg. However, there was observed a large hysteresilamnd tepeatability.
Mehmoodet al.[99]reported a telemetric mobilased subandage for monitoring
the pressure and moisture of wounds but because of improper integration of
commercial sensors, the system sizebiga€ase\et al.[252]reported a wearable
capacitive flexible pressure sensing technology facigabcompression therapy
monitoring. This flexible sensor array is built on active capasedrpressure sensing.
Therefore, it requires a connected power supply and coiitrBartsoquiet al.[138]
reporteda lowcost inkjefprinted wireless sensing system for chronic wound monitoring
by measuring the pH level and physical pressure at the wound siteet RA[2713]

proposed an LC wireless strain sensor for wound monitoring by directly printing the
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conductive traces on the wound dresbkiagever, linearity was limited to 35% strain, and
no details wereported about the repeatability and relatilithe system. Deegial[41]
fabricated an LC wireless sensor for wound monitoring with a sensitivity of 270
kHz/mmHg in the range between 0 and 200 mmHg.

The majority of implantable or wearable sensors areohdsedystems due to
the wireless communication betwtensensor and reader coil. Fonsstcal.[274]
presented a very flexible wireless LE&spre sensor that was rollable and foldable to a
compact shape for cathebased delivery. This sensor was tested aout@kgor
greater than 30 days in canine models simulating abdominal aortic aneurysms (AAA).
Li et al.[59] reported a lovpower flexible sensor for intracranial pressure (ICP)
monitoring with a duahode operatiomipiezoelectric and capacitive modes, accuracy
and reliability can be improved using-thale capability. Chehal [27]presented a
wireless pressure sensor for continuous intraocular pressure monitoring of glaucoma
patients witha long sensing distance and small physical form facter.al.§247]
reported a flexible capacitive pressure sensor for plantar pressure measméments,
different ratios of polydimethylsiloga(PDMS) prepolymer and curing agent were
mixed to improve the linearity by tweaking the stiffness factor.

The work presented here shows a flexiblefitimncapacitive pressure sensor
that can be fabricated using a sipgusteffective etching procedse proposed
sensor can be used in a wide range of medical applications, including intra and
extracranial pressure, wound healing, and muscle rehabilitation maaittooirgh,
in this instanget has been designed mainly for interface pressure mgnitoring
compression therapy.

Considering varying ulcer sjdesver limb curvatures, and different positions,
two versions of the sensor with different sizes were fabad@edptimization of
their design parameters for best quality factor andmesdrequencies. Nevertheless,
both sensors are LC resonant tank circuits and work on a capacitive sensing mechanism.
The optimization of such parameters is reported as analytical results. In the
experimental work, the performance of these sensors waseevaler a pressure
range of 8100 mmHg. In addition, both sensors were also tested for a wider pressure
range of 8300 mmHg to suit a varying range of medical applications.

The rest of thechapteris organized as follows: Sect#®B describes the
methodology, including the design, fabrication, and validation of the senso4;,.&ection
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presents the results obtained (analytical and experimental)4&snimiSectiod.6

provide the final discussion and conclusions, respectively.
4.3 Material and Methods

The proposed sensor is based on an LC resonance circuit, where the resonance
frequency of the LC circuit is proportional to the applied pressure. The schematic
diagram of the wireless sensing system is presented id EaguBg plang multiple
sensors under compression barglageshown in Figurlb, an array of wireless
sensors can be formed to help in delivering a more controlled personalized compression
therapy for the fast recovery of venous uldensearable readout band éaep

records of pressure profiles during the daily routine.

Network ! )
Analyzer i

Reader with processing unit Sensor

@ (b)

Figure 4.1 (a) Schematic diagram of wireless LC sensing system showing sensor and reader
coil connected with a vector netwarlalger (b) An application demonstration using flexible
pressure sensors under the compression bandage.

4.3.1 Sensor Design

The LC sensor is designas a disc capacitor made of two parallel circular
plates, and the inductor is a planar circular spiral coil located around one of the capacitor
electrodes suited for a flexible design for a basttagénterfaceThe geometrical
representati@of the sensor and reader are shown in e, respectively. The
resonance frequenc¥2 ( of the proposed LC sensor depends on the inductance

0 and capacitancé of the sensor, as given in Equatih)(

Q L — (4.1
¢ 06
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@ (b)

Figure 4.2 Geometrical representation of the proposed LC system: (a) LC sensor with a
capacitor of the radius) @nd planar inductor with an inner diaméger)(shown with a solid
line, outer diametek) ) shown with a dotted line, trace separatjoand trace widthy();
(b) Reader antenna with the same design pararéete@( ,i,0).

Thecapacitance of the sensor can be calculated as in Edution (
o TToti
6 5 42)
where] is the permittivity of free spate,is the relative permittivity of
dielectric material in the capacitor, and the radius of the disk capacitor. The
inductance of the planar spiral inductor is calculated using its current sheet expression
[275] which depends on the inner diam@terouter diameté&® and number of

turnsU , as given in Equatiof.3):

A0 Q o . _, . . o«
0 — l6jt 6t 6t (43
whereA is the permeability of free spatéas the number of turn§)

t —=2  andé ,6 ,6 andd are the coefficients for the current

sheet expression, which are 1, 2.46, 0, and 0.2 for a circul§2 telsign

4.3.1.1 Parasitic Components

The inductive part of the sensor, consisting of circular spirals, can be modeled
accurately using lumped elements. Its elements are an indugt@ parasitic
resistance’Y , and parasitic capacitari@e), whered and’Y are in series in

parallel t@ as shown in Figure3a.
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Figure 4.3 Parasitieffects:4) Lumped model of the spiral inductor showing the indiicdor (
parasitic resistance and capacitamdeSkin effect on a rectangular conductor, with current
flowing only in the red aree) The parasitic capacitance is due to the detapen coil turns

0 and the substrate material

One of the major parasitic effects that play a major role in the quality factor of
the inductor is the series resistance, which is mod@&fed iasthischapter A large
Y will reslt in a poor quality factor of the inductor in the seansdihe reader coil.
This'Y can be represented by Equatit)( which includes direct current resistance

'Y and alternating current resistance .
Y Y Y 44
'Y can be calculated according to Equatld), (where' is the resistivity of the

conductorgis the length of the spiral conductois the trace widflandois the trace

thickness.

" 45
v 45)

For a spiral inductor with number of turns, outer and inner diaméegers
andQ , the length of the conductive traces can be calculated using E¢gation (

“0Q Q (46)
C

a

The componentY in Equation 44) is affected by the valuesYof and

'Y , which correspond to the skin effect and proximity effect, respectively:
Y Y Y @

The skin effect occurs at higher frequencies thleaurrent does not flow
through the completerosssectional area of the conductor and it starts flowing only

through its surfagcas shown in Figude3b, which increases the effective resistémce.
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Figure4 3b, the red color represents the skin deptfof current flowand the blue
color shows the area without electric curfidns effect is represented by the skin
depth] . The mathematical expiiessto computeY is given in Equatiortg)
[276] Here® is the permeability constant andis the relative permeability of the

conductor an&s the operational frequency.

Y — , wheré _ (48)

The proximity effect is another major contributofY to that becomes
significant above a frequency specific to the design, known as crowding fl@quency,
In the signal frequencies abo®e , magnetic forces surrounding the conductor
become significant and result in a nonuniform current flougththe conductor. This
redistribution of the current causes an increase in effective resistance and can be
calculated through Equatie9)[277.

Y — —— , wheréQ 8 (49)

The parasitic capacitance between the nearby turns can be computed from
Equation 410)[278[279] where & and A are 0.edt and O.
the parasitic contribution due to the airlgatpreen the coil turns and the gap between
the metallic tracks and the substrate, as shown ind3gare and]  are the relative

permittivity of air and substrate material respectively.
6 6 6 —4& & (410)

The value of the saksonance frequeri€y of an inductor is critical, as
above this frequendhe parasitic capacitance of the inductor becomes dominant. The
"Q can be calculated using Equatblil([279]

p (411)
- 05

“Q b /e
06

Finally, theguality factor of the LC sensor is given by Equatib?)[280]

412)
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4.3.2 Device Fabrication

After the optimization of design parameters that is discussed in&4édtian
wet etching process was used to fabricate the two different sensors and their reader
antennas. Figude4 shows the stages in the fabrication process. In step I, as shown in
Figured 4a, the mask of the sensor was directlyponted a 50 Qumcodtedi c k c o
polyimide film (Fl-eappéeecldideEF B@kmame)ci r c ui
with a LaserJet printer (HP M553, HP Technology, Dublin, Ireland). In shep II,
printed copper sheets were immersed in an etchant solution (CIF, Boosted ferric
chloride solution). After manuglrring for 15 miatesat room temperature, all the
unwanted copper was rema\eesi shown in Figudedb, and the patterned sheet was
waded with hot water.ffer the etching process, Acetone was used to remove the ink
particles from the copper surfdoethe next step, a polydimethylsiloxane (PDMS) layer
(Ultrarthin-film, 30° shore A hardness, Silex Ltd, Bordon, UK) of 2®hickness
was cut into a circular shape equal to the diameter of the capacitor electrodes and was
placed on the bottom electrode as shown in Hgtoce PDMS is widely used as a
dielectric | ayer i n capacitive pressure
compresibility. An adhesive layer composed of polypropylene and synthetic rubber of
90 Q mthickness (Tesa64621, Tesa, Norderstedt, Germany) was placed around the
PDMS layeras shown in Figud4d. In the final step, the top layer of the sensor was
folded ontothe PDMS layer for the final assembly of the sensor. Figifeshows
the top and bottom views of the fabricated sensor. The reader antenna was also
fabricated by the same etching procedure, and flexible multithread wires were soldered

to connect witla SukMiniature version A (SMA) connector.

Cu

V'

Polyimide

@) (b) ©
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Adbhesive layer

(d) ©) (f)

Figure 4.4 Fabrication process) (Coppetrcoated polyimide film withe ink-printed mask;
(b) Etched pattern showiegpacitor electrodes and planar inductor sgiy&e{ectric layer
of PDMS elastomdd) Adhesive layer placement around the PDMS dielekffiop( view

and(f) bottom views of the LC sensor.

4.3.3 Device Validation

To test the fabricated system (sensorreditier coils), a bentdst model was
developed using a vector network analyzer (VNA E5063, Keysight Technologies Inc.,
Santa Rosa, CA, USA), a ipgissure glass bottle (Pressure+ 1000, Duran, Mainz,
Germany), and a digital pressure gauge (TraceaBleF&t&r Scientific Ltd,
Loughborough, UK), as shown in Fightfe The sensor was placed inside the pressure
chamberand its responsgasrecorded using the reader antenna, which was placed
outside the wall of the chamber. The pressure was varied using a vacuum pump
(FB70155 Pump, Fisher Scientific Ltd, Loughborough, UK) to produce positive
pressure inside the chamber, which was measureltilasthe digital pressure gauge.
The input impedance of the VNA was 50 Y.
the VNA to observe the variation in resonance frequency against the varying pressure,

and theSparameters of the sensor were recorded sieoltsly.
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Figure 4.5 Bench test setup for sensor validation whereader coil is connectedateector
network analyzgthesensor is kept inside the pressure chaargkpressure is varied using

pressure pump.

4.4 Results

The results presented in tbigpteicomprise of the outcomes of two types of
investigation: analytical investigations (Setddr) and experimental investigations
(Sectio4.42). The analytical investigations are performetthdaptimization of
design parameter® RO H to achieve the best quality factdor'Q and lower
resonance frequenciéQ 8The experimental investigations are performed to test and
charaterize the performance of the two fabricated prototype sensors on suitable
testbeds.

4.4.1 Analytical Results: Numerical Estimation of Sensor

Parameters

Sensor optimization was done in two steps. In the first step, the outer diameter
‘Q  and the numberfaurns 0 of the inductor were optimized while keeping the
trace width0 and trace separation constant. In the second step, after selecting
the optimal values & andU, bothi hand0 were adjusted to achieve the best
quality factor0"O with a low resonance frequency.
4.4.1.1 Optimization of Outer Diameter "H - »and Number of Turns "E

Before the fabrication stage of the sensor, MATLAB numerical modeling was
performed to achieve the best quality faétdOwithin low resonance frequeny
range to achieve a better sigoraoise ratio (SNR). The two different designs of the
sensor, sensor &) and sensor &, were characterized according to their individual
parameterss was modeled for differe@ values, between 36 and 45 mm, and a

varyingd from 1 to 10 while keepingc0 = 500 Om. As cdata be
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point shown in Figurd6, the besb "Quasp m&p with a correspondent resonance
frequency of 17.147 MHz, whéh and0 were 45 mm and l@espectively.
However, to keep the sensor size small, we sé&bkectedd0 mm and) = 10 for the
fabrication as there was no significant lo8s@97.46), anQwas also low (19.188
MHz).

X=10,Y=45mm X=10,Y=40mm
Z=106.4 Z=97.46

Quality Factor
~
o
Resonance Frequency (MHz)

Outer Diameter (mm) Number of Turns

Figure 4.6 Analysis of Squality factor and resonance frequency for different number of
turns and outer diameters when trace separat

A similar model was computed $ras shown in Figuée?. In this case, the
objective was to desigredatively small sensor; theref@e, was varied between 10
and 14 mm and between 1 and 5 turns, whilendO were kept constant at 500 and
2 0 0, ré3mectively. F&, the highedi "@vas ~32, with A of 222.4 MHz fol
= 14 mm and) = 5; however, we selectdd = 12 mmandi = 5 to achieve an

optimal set 0b "@23.93) ani2 (259.44 MHz) against the size of the sensor.
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Figure 4.7 Analysis of Sjuality factor and resonance frequency for different number of turns
and outer diameters when trace separation wa

4.4.1.2 Optimization of Trace width :: and Trace separation v

Trace width and trace separation also affegt ¥d@d resonance frequency; therefore,
complete numerical modeling was performed for the selection of the trace geometry.
0 "@nd"Qwere analyzed for different values ahd0 , while the number of turns

andQ were fixed this time. Both trace width &nd trace gap)(were varied within

the maximum allowable range to fit within the limithefiven sensor size and

number of turns. Fd$, values of andb weremrodel ed bet ween 200 an

Q and( were 40 mm angl firespectively. As shown in Figd& the highesi "O
(103.5) was observedfor 325 ®m 4@ Om, with a resona
16.82 MHz. For an equally distributed pattetmamirace widthi() and trace gap)(

of 5 0 Qery@mall losaln "@~5%) was observed, therefdresi = 500 Om wer e
chosen for the design of S
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Figure 4.8 Analysis of Sjuality factor and resonance frequency for different trace separation
and trace width when the number of turns and outer diameter were 10 and 40 mm, respectively.

Swas modeled by varying et ween 200 uafirord208dn@50@)m and
Om whi | € kdzZnmand =5 fixed, as shown in Figu#®. Maximum
0 "@vas 23.93 with a resonance frequency of 259.44 MHz for a combirati&0of
Om amrd 200 Om. OAGNd the resonaricé feequencyiolvere very
sensitive to trace width and separation, the combinati@andb that produced the

bestd "@vere chosen forS
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o
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Figure 4.9 S quality factor and resonance frequency analysis for diffacenseparation
and trace width when the number of turns and outer diameter were 5 and 12 mm, respectively.

4.4.2 Experimental Prototype and Results

After selecting the optimized design paramersiHPA T &, two
sensors of outer diameters 40 and 12 mm (shown in £ig))revere fabricated and
tested using the tekench described in Sectiér3.3 The key design parameters,
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results, and operating frequencies for both sensors and respective readbstenils

in Table4 1.

f | s =500 um

w= 500um s =500 um
w =200 um

Extra Trace = 3.5 mm ;

" di=20mm 1 |

d yye= 40 mm

@)

s =500 um
w= 500 um

=

0 J,-,,= 5.3lmm-
| I
l doye=12 mm |
[ d=20mm 1 |
| i
doue=40 mm

(b)

Figure 4.10 Fully labeled images of final prototypasFébricated wireless LC resonance

sensors: left, $40 mm in diameter), and right(®2 mm diameterk) Reader coils for S
(left) and S(right).
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Table 4.1 Key design parameters and results for both sens@$ é8d their readers (R
Ro).

Parameter/Result S/R: /R
(40 mm) (12 mm)
Outer diameteilQ  (mm) 40 12
Inner diameteiQ (mm) 20 5.3
Trace widthy (mm) 0.5 0.2
Trace separation{mm) 0.5 0.5
Number of turnsi 10 5
Capacitor electrode radiugmm) 7 2
Dielectric layer thickne&3( Q m) 200 200
Spiral lengtig(mm) 942.5 135.9
Skin depthy, ( @ m) 15.15 4.12
DC resistancg& ( U) 0.9371 0.3377
AC resistancg ( U) 3.7755 17.0536
Relative permittivity of PDM37]7 2.65 2.65

Calculated resonance frequeitzy, (MHz)  19.188  259.44
Measured resonance frequeifzy, (MHz) 30.84375( 274.10

Sensitivitydt (kHz/mmHg) I8.1 165,
Capacitance, (pF) 18.06 1.4743
Parasitic capacitanoe,(pF) 0.72434 0.10442
Inductance) ( QH) 3.8095 0.25572
Selfresonance frequend®, (MHz) 95.81 974.80
Quiality factor) "@t"Q 97.4584  23.92

As discussed in Secti2 sincebandage pressure varies between 10 and 60
mmHg during compression therapy, both fabricated sensors were tested for a pressure
range of 0 to 100 mmHghe reader coil connected with the network analyzer was
magnetically coupled with the sensor, and thenss of the sensor over varying
pressurewas measured. The measurements from VNA were triggered at an interval of
5 mmHg for a narrow range @f1®0 mmHg. These measurements are the reflection
coefficients (@parameter) and are shown in Figdres and4.12 for the sensors S

and g respectively.
105



==—100 mmHgF==
95 mmHg —
90 mmHg
—85 mmHg
——80mmHg [~
L 75 mmHg N
L [—70 mmHg
- |—65 mmHg
10 |——60 mmHg
I 55 mmHg
I |—50 mmHg
[ [~—45mmHg
15k 40 mmHg
L [—35 mmHg
L [—30 mmHg
I |25 mmHg
1 20 mmHg
—20F [—15 mmHg
I |=——10 mmHg
[ 5 mmHg
[ |—0mmHg
25 L 1 L L L 1 L L 1 1 L L 1 1 1 L L 1 " L L 1 L L L
29.8 30 30.2 304 30.6 30.8 31

Resonance Frequency (MHz)

~ /I

Magnitude (dB)

Figure 4.11Reflection coefficientsi(parameter) of:Sor a pressure range of 0 to 100
mmHg.
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Figure 4.12Reflection coefficientsi($arameter) of S2 for a pressure range of 0 to 100
mmHg

In addition to compression therapy monitoring, the proposed sensors could be
used for other medical applications,utliog physiological pressure measurement.
Therefore, both sensors were also tested over a wider range36DhtmHghat
covers almost the entire physiological pressure Téegeeasurements from VNA
were triggered at an interval ofn@hHg for a widerange of 8300mmHg Figures
413 and4.14 show the measured reflection coefficientpd@meter) 0§ andS
over this broad pressure range
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Figure 4.13Reflection coefficients:{Parameter) of:Sor a pressure range between 0 to
300 mmHg.

77—

é~3oo mmHg|
[|——275 mmHg
250 mmHg
-3 H—225 mmHg
200 mmHg
175 mmHg

(V]

F[—150 mmHg
! Hl—125 mmHg
L[—100 mmHg
75 mmHg
= [|=—50 mmHg
F——25 mmHg
0 mmHg

Magnitude (dB)

1 1 L L L L L L L L L L L L L
255 260 265 270 275
Resonance Frequency (MHz)

Figure 4.14Reflection coefficients:{Parameter) of.$or a pressure range between 0 to
300 mmHg.

As the response of both the sensors was linear within the targeted pressure range
of 0 © 100 mmHga firstorder polynomial was fitted over the measured response of
the sensors. The coefficients of the linear fitted model are given iA 2 .able
measure sensor response (dotted) and fitted curve (solid) for both sensors are shown in
Figure415.

Table 4.2 Coefficients of the polynomEadjuation AD i 0 r;wheredis

pressurejurve fitting between measured resonance frequencies and applied pressure.

Parameters S (40 mm) S (12 mm)

G (sensitivty) 8. 128 71 165. 48 i
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Figure 4.15Linear model fitting for a pressure range of 0 to 100 mraHgtebsured
response (dotted) and linear fit (solid);gbpMeasured response (dotted) and linear fit (solid)
of S.

In the sensor response over a wide range of pressure up to 300 mmHg, a
nonlinearity associated with compression saturation of the dielectric layer was observed
at higher pressuress shown in Figu#l16. Therefore, a seceardier polynomial
function was fitted to the measured response to obtain a model relating the resonance
frequency to the pressure. The values-sifudre (goodness of fit) and the model

coefficients are listed in TaBle.
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Figure 4.16Nonlinear model fitting for a pressure range of 0 td 30¢ :Qa) Measured
response (dotted) and linear fit (solid);gbpMeasured response (dotted) and linear fit (solid)
of S.

Table 4.3 Coefficientsof 2nd order polynomial® A 0 A 0 r;wheredis
pressurejurve fitting between measured resonance frequencies and applied pressure.

Parameters S (40 mm) S (12 mm)
=|= 15.27 77.12
-H- 9. 79% 1 8. 439 1
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i ) 3.084 x 10 2.75x 18
4 (goodness of fit) 0.9991 0.993

To assess the repeatability of pressure measurement with both sensors, the
response of theensors for six different pressure points between 0 and 100 mmHg was
measured repeatedly for 10 cyElgsirest.17 andd18show the repeatability afefhd
S, respectively. The mean values of the frequency response against applied pressure

"Q and standard deviation of 10 repeated measurements at 6 pressure points
(100, 80, 60, 40, 20NNHgare given in Tabkd4.
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Figure4.17 Repeatability of measurements witiv&r 10 cycles.
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Figured.18 Repeatability of measurements witbv@r 10 cycles.

Table 4.4 Mean value and standard deviation of measured resonance frequencies when both
sensors were tested under different pressures for 10 cycles.

Pressure (mmHg)

Sensor Parameter 160 50 50 0 55 5
Mean,i> (MHz) 30.05 30.18 30.32 30.49 30.66 30.86
> Standard deviationd (kHz) 22.48 7.48 5.27 4.93 3.01 3.01
Mean,l> (MHz) 267.64 268.69 270.00 271.29 272.62 274.12

Standard deviationd (kHz) 26.81 80.96 59.86 45.94 4249 67.49
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4.5 Discussion

An LC pressure sensing system is developed to measure the pressure in
compression therapy due to wireless communication béthesemsor and reader
coil. Optimization of the sensors is essential to achieve the best quality factor and
resonance frequency while keeping the sensor size limited. Optimized values of outer
diameterQ  and the number of turn$ , trace width0 hand trace separation
i are listed in Tablel. The parasitic components of the semguch are parasitic

capacitance and parasitic resistance at resonance fregeleneyalyzed through
numerical modelingnd their values are reported in TdldleThe reported sensors
were fabricated using a wet etching process, whichaffecste and very simple but
comes at the cost of less control on trace widths. In these circumstances, the thinnest
trace width achieved waasterized OsindanbenchBestt h s e
setup that was developed during this research work. Both sensors showed good linearity
and repeatability for a pressure <100 mmHg.

As shown in Figu#15, the response of both designed sensors was linear over
a pressure rangé 00100 mmHg, with a sensitivity of 8 kHz/mmHg feraBd 65
kHz/mmHg for S. The sensor response was observed as nonlinear at the higher
pressure range of 0 to 300 mmHg, as shown in Bigeird his is due to the nonlinear
effect of the compression gatiion of the dielectric layer of the capacitor in the sensor.
Up to 100 mmHg, the sensitivity efwés 8.11 kHz/mmHg, which was reduced at
higher pressure due to the dielectric layer saturation. Similar behavior was noticed for
S, where sensitivity wéS.48 kHz/mmHg up to 100 mmHg and was reduced when
the sensor was loaded with higitessure values

Both sensors offered good repeatabdgyshown in Figurdsl7 and4.18,
for a pressure rang80 mmHg; however, variability in measurements started growing
in the sensor response for higher applied pressures (>80 mmHg) due to the already
mentioned hysteresis of the dielectric layer. As it can be noticed froddTedde
average repeatability fioth the sensors over the pressure rang&l0D0nmHg is
slightly larger than the sensitivity pdr ( ,Gandthe measurement uncertainty is
estimated as less than £1 mmHg.

From Tablet 1, it can be noticed that'®f S was better than,Svhich is due
to the exponential increase of the ac resistance at higher frequencoesi$ed 3y

the skin effect. In addition, by comparing the amplitude of S parameters of both sensors
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in Figurest13 and4 14, it is quite clear thath@s a better sigralnoise ratio3 . 2

compared toS

There was noticed a difference between the calculated and measured resonance
frequencies of both sensorsai® 9 was due to numerous possible reasons. The first
possible reason might be the value of the P@i#&ctric constarit ( , Which

reported between 2.3 and 2.&hiliteraturg[195] however, for this research

wasselected 2.65 as stated in T4lleThe second reason for this difference might be

due to the roughness of conductive traces caused by-atclavgreffect during the
fabrication process. This difference was greatardoe $ the uneven distribution of

the dielectric layer and air gaps between the capacitor plates, which were relatively bigger
as compared te.Sn the future, a more controll&brication process can be used to
improve the etching process and dielectric layer deposition to overcome the mismatch
between analytical and real values of sensor parameters.

A comparison of the developed sensors with previously reported systems is
given in Tablel5. It includes sensors developed explicitly for wound compression
therapy andas an extension, implantable sensors that measure bodily pressures in
different locatins. Although not designed specifically for the application targeted in
this work, these implantable sensors are based on the same sensing concept of LC
systems and operate in similar pressure ranges (as shown 4b)dblem the
observation of the vwads listed in the table, it is noticeable that the sensitivity of the S
sensor65.48 kHzmmHg is comparable with the prototypes reported in the literature.

I n the authorodés view, t hi s thad theasensoot e wo r t
proposed heris based on a simple and sgxpensive fabrication method. By contrast,

most states of the art sensors are based on microfabrication techniques, which are very
expensive and laborious.

Table 4.5 Comparative analysis of this study with the literature.

Linear
Sensing ) ~ Fabrication o
Sudy , Methodology  Operational Sensitivity Application
Mechanism Cost
Range
LaserJet printing 8.11 Interface presst
_ » Copper etching, kHz/ mmHg monitoring durin
This study Capacitive o 08100mmHg Low _
Sandwiching of 65.48 compression
PDMS layer kHz/ mmHg therapy
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Si wafer molding.

Deng et a N PDMS casting, 270 _ Wound
Capacitive _ ~— 00200mmHg High o
[41] Conductive printini kHz/ mmHg monitoring
Packaging
Micro-machining, ¢
wafer molding, Subbandage
Casey et i - ] )
(252] CapacitiveElectrode patternir 20080 mmHg N/A High pressure
Component measurements
mounting
Screen printing,
_ _ o Smart bandag:
Farooqui ¢ ~ Conductive printiny 0.0523 ] ]
Capacitive 53100mmHg Medium for chronic
al.[138] Component pF/mmHg
_ _ wounds
mounting, Packagi
Standard lithograp!
Fonseca ¢ N Wetchemical 5.76 _ Implantable
Capacitive _ 70120mmHc High _
al.[274] etching, Laser kHz/ mmHg pressure sensit
cutting
Oxide patterning,
Coating, and Intraocular
Cheneta . ) 160 )
Capacitive patterning, Metal 06100mmHg High pressure
[27] . kHz/ mmHg o
deposition, Deep ! monitoring
etching
_ Intracranial bloo
Lietal. . _ o 0.419 _
Capacitive Microfabrication 0350mmHg High pressure
[59] kHz/mmHg o
monitoring
Corona treatment:
Laser patterning ¢
Rahimi et ] themask, Screer 150 kHz% ) Wound
Inductive o 00835% , High o
al.[273] printing of strain monitoring
electrodes,
Temperature curir
Off-the-shelf senso
o integration with Subbandage
Mehmooc Resistive ) .
electronics,  0060mmHg N/A Medium  pressure and

etal[99] (FSR)

Biocompatible

coating

wound moisture
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Subbandage

~ Off-theshelf sensc pressure durin
Burke et a Resistive ) _ 31.27 _
integration with 0696 mmHg Medium venous
[248] (FSR) ) mV/ mmHg )
electronics compression
therapy

4.6 Conclusions

This work presented the design of a wireless capacitive pressure sensor of low
cost fabrication for medical applications. In particular, the satesigised to be used
for monitoring of compression therapy in venous leg ulcers. The sensor design was
optimized to achieve an optimal quality factor and resonance frequency by numerical
modeling of the design parameters. The proposefilithiitexible wieless pressure
sensor was fabricated using a simpteffective fabrication method. Twensors
with 40 and 12 mm outer diameteese developed and characterized betvéd®0 0
and @300 mmHg to cover the pressure range of compression therapy andriaé n
range of all other physiological applications. A bench test setup was also developed for
sensor validation using a glass pressure bottle, pressure pump, and a network analyzer.
Both sensors showed good sensitivity, linearity, and repeatalfityoleet pressure
regime (6100 mmHg). A MATLAB curvitting tool was used to model the
relationship between the shift in resonance frequency and the change in pressure.

The focus of this research work was on the early prototype development of the
sensor,which is characterized by the benchtop model. However, in the future,
improved and miniaturized prototypes will be fabricated by a more controlled
fabrication process, and an extensive study will be perfamnhednan subjects to
validate thie effectiveess The miniaturization and replacement of the dielectric
material used in the proposed sensors with other elastomeric polymers can improve the
linearity, sensitivity, and repeatability of the sensor and will make it more suitable for

numerous medical dgations.
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Chapter 5

Sensor Fabrication Methodology and Process
Optimization

In Chapter 4, initial prototypes of film pressure sensareredesigned,
optimized, and fabricated using a-effstctive process. The sensor electrodes were
developed on coppepated polyimide sheets using the wet etching technique, and a
PDMS dielectric layer wearefullysandwiched between the top and bottoerdayf
the electrodes (patterned on, BRd a double side tape was used to integrate the top
and bottom layergiowever, upon testing, it became apparent that the -daldule
tape used for integration did not offer the desiredtéonystability for theensor.
Addressing this limitatioBhaptet5 proposedan optimized methodology to achieve
irreversible bonding between the PDMS and PI layers of the sensor.

This researcemployed an epoxy thiol click chemistry techiocpehievéreversible
bonding Plasma treatment of the polyimide sheet with sensor electrode patterns and
premade PDMS sheetssconducted at high RF levels for 45 seconds &t3000

mTorr pressure. Subsequently, a 2% (v/v) solution w@he(@aptopropyl)
trimethoxysilane (MPTMS) in ethanol and a 2% (v/v) solution of- (3
glycidyloxypropyl) trimethoxysilane (GPTMS) in methameprepared in a nitrogen

gas environment. Tidasma treatddDMS and Pl sheetgereimmersed in MPTMS

and GPTMS solutions for 1 hour, followed by a thorowgih with deionized water

at room temperature. These chemically functionalized sid@DMSwerethen
sandwiched between Pl sheets kapt undempressure for 24 hours. The resulting
sensomvastested under a pressure chamber for approximately 1 foillaocyclic
pressure of 45 to 95 mmHgvealing a cohesitearing of the PDM$3ilure instead

of an adhesive failure. This cohesive failure demonstrates the successful irreversible
bond betwen the PDMS and PI surfaces, making the sensors suitable for various
wearable and implantable applicatioesto improved reliabilityhe work presented

3 The following body of the chapter is exact copy of the conference pageirpEasgineetiagd publish
Proceedings in Multidisciplinary Digital Publishing Instaoig{2G8).lead author in the paper,
which is-aathored with my supervisors. The conceptualization, methodology, validation, formal &
investigati@md isualization were also done by me. | led all parts of the work with the support of
supervisors.
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in this chapter significantly contributes to fulfilling objextifthe PhD researcihhe
key contibutiors of this chapter are listed below;

1 Achiewedanirreversibléonding betweethe PDMS and PI layer of the sensor

usingtheclick chemistriechnique

1 Developed standard operating proceduresfor methodology to achieve
irreversible bonding.

1 Fatiguedsting of the developed sesgorshow adhesive and cohesive failures.
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5.1 An Optimized Methodology to Achieve Irreversible
Bonding between PDMS and Polyimides for

Biomedical Sensors

Abstract: Polyimide (PI) andolydimethylsiloxane (PDM&g widely used materials

in biomedical sensor development. The hydrophobic property of PDMS makes it
difficult to bind with other materials, such as PI, which is commonly used in sensor
applications. Thishapteemploys the chemical functionalizatiotnefPDMS and Pl
surfaces via epofyiol click chemistry to achieve irreversible bonding. The bonding
strength between the PDMS and PI is tested using-affpest method where
adhesive and cohesive failures are observed. To demonstrate the iropsttange
bonding, a wireless pressure sewsadeveloped. The sensor is tested for cyclic
pressures over 1 million cycles with no evidence of bonding failures. This irreversible
bonding can improve sensor integrity, reliability, and stability, gdpetiminedical

applications.

Keywords: Polydimethylsiloxaneonding; irreversible bonding; polyimides bonding;

sensor development; chemical functionalization; pressure sensor
5.2 Introduction

Polyimides are one of the common materials used in biomeda=d dae to
their flexible nature and stability during harsh fabrication conditions. Flexible
electronics such as antennas;#égiitting diodes, and organic transistors are fabricated
on polyimide substratf&81] The existingn vitrestudies have shown that numerous
polyimides are nontoxic and biocompatible and show a minor change in their properties
over a 2dnmonthlong peiod during incubation in physiological conditj@88] Due
to their biocompatible properties, polyimides are widely used in strain sensors, pressure
sensor$33] and wearable electronics in biomedical applid2@3}s

Polyimides are mostly flexible Gamnot be stretched or compressedrétbre,
elastomers are used in combination with polyimides to make the device compressible.
StyreneButadieneéStyrene (SBS)polydimethylsiloxandPDMS), and rubber are
elastomers most commonly usBde to the weak adhesion of elastomers with the
metal,it is difficult to fabricate electrode patterns on the surface of the elastomer
directly{284] Therefore, more complex fabrication techniques are used to fabricate the
electrode dily on the elastomer surface; however, these techniques have limitations
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in terms of reliability, resolution, stability, performance, anteiongtegrity of the
metallic tracd285] As a result, electrode fegihs are manufactured on a thin layer of
the extra substrate rather than directly fabricating metallic electrodes on the elastomers.
Due to the hydrophobic nature of PDMS, the bonding between PDMS and Pl is
challenging; hence, a chemical techniquefacesmodification has been proposed to
improve the bonding between PDMS and Pl. However, this technique needs a
specialized vacuum deposition sygtereasinthe production co$286] The epoxy
thiol click chemistry is a very effective and reliable method for bonding PDMS and Pl
substrates under fairly mild circumstaf2&§
This study has developed a pressure sensor utilizing PDMS and-eoetggper
Pl sheet to highlight the significance of irreversible bonding achieved between PDMS
and PI using epoxthiol click chemistry. This pressure sensor was reported in one of
our pror studieg33] where the sensor patterns were achieved usinegeéestiste
wet etching technique. To chemically functionalize the surfaces;trpi@sta
prefabricated PDMS sheets and elecpatierned Pl sheets were immerse(®-in
mercaptopropyl)  trimethoxysilane  (MPTMSxand  (3-glycidyloxypropyl)
trimethoxysilane (GPTMSgspectively. The final assembly was created after chemical
treatment, and the sensor was then placed under pressure dors2z hoom
temperature. Later, a peéfltest was carried out to gauge the bonding strength, and

sensor performance was shown.

5.3 Materials and Methods

5.3.1 Sensor Designing

A wireless pressure sensor based on an LC resonance principle was developed
using a costffective and accessible fabrication technique. A esbafzd sensor was
designed in AutoCAD 2028nd the geometry of the sensor is shown in Fdiae
The central solid disk represents the capagitowhile the spiral traces represent the
inductaace 0 of the sensor. The sensor resonates at the resonance frequency
which changes with the change in the pressure. The resonance frequency can be

calculated as:

Q =, (51)
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Figure 5.1 Sensor designing and fabrication proc@s®réssure sensor geometny, lifk

mask printed on coppeoated polyimide sheet) Sensor patterns afetching process)(
Sensor pattern after cleaning with aceten®lgsma treatment of PDMS and polyimijle, (
Chemical surface functionalizatigh,RDMS sandwiched between polyimide sheets to make
the final assembly of the sensor under pressure.

5.3.2 Sensao Fabrication

5.3.2.1 Sensor Pattern Development

Figure5.1 shows the different stages of the fabrication process. Firstly, the mask
of the sensor was directly printed on g 50thick coppercoated polyimide film
(Flexible isolating circuit pD -coppered 3bi -1 sided, CIF, Buc, France) with a
LaserJet printer (HP M553, HP Technology, Dublin, Ireland) (Fardn the next
stage, the printed copper sheet was attached to the PCB holder of the bubble etching
tank. To remove all the unwante@eer, sodium persulphate is used as an etchant in
the bubble tank at v #has shown in Figuielc. Acetone and hot water were used to
remove the ink and residual etchant from the patterned electrodes on the polyimide
substrate (Figurgld). The condudtity of the inductive traces was tested using the
short circuit method from a digital multimeter (DMM). These traces were also analyzed

under the digital magnifier.
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5.3.2.2 Plasma Treatment of PDMS and Polyimide

A200ti t hick | ayer of PDMBnensiens. The ®DMSt o t
and sensor conductive pattern on the flexible polyimide sheets were placed inside the
glass chamber of the plasma oven. The glass chamber of the plasma oven was
pressurized to a 18BOi 4 T @rEssure using an-biée dry oxygen pun(PDGC
OPD-2). The RF level was raised to high forsapl&sma treatment on the PDMS and
polyimide surfaces after reaching thé13m 4 | @r&ssure. The plasma treatment
was performed to achieligdroxylatioron the surface dhe PDMS and patterned
polyimide sheeas shown in Figuele.
5.3.2.3 Chemical Solution Preparation and Surface Functionalization

For the chemical surface activationgly8idyloxypropyl) trimethoxysilane
(GPTMS, 98%, PRODUCT# 440167) andm@captopropyl) trimethoxysilane
(MPTMS, 95%PRODUCT #175617) sourced from Sighidrich were used. There
were prepared from 1%/\) solutions of GPTMS in the methanol and MPTMS in the
methanol in the lab under the nitrogen gas environment. In an alternative version of
sensor fabrication, 2%/\{) solutions of GPTMS in methanol and MPTMS in methanol
were prepared for the chemical surface activation.

The plasmi#reated PDMS and patterned polyimide sheets were placed inside the
1% (/v) solution of MPTMS in methanol and GPTMS in methanol faudth
achieve the functionalized surfaces of PDMS and Polyimide as shown lFigure
After 1 hour liquid deposition, these chemically treated PDMS and polyimide sheets
were washed in deionized water and dried at room temperature.

For an alternative fabaimon of the sensor to test the effect of solution strength
on bonding, these plastneated PDMS and polyimide sheets were immersed in the
2% (/v) solution of MPTMS in methanol and 29)( solution of GPTMS in
methanol, respectively.
5.3.2.4 Final Assembling of Sensor

Later, this chemically functionalized PDMS thin sheet was sandwiched between
the patterned Polyimide sheet and kept under uniform pressudéif T0far 24
hoursto achieve the irreversible bonding between the PDMS and patterned Polyimide
as shown in Bure51g. This irreversible bonding between PDMS and Polyimide

surfaces increases the integrity of the pressure sensor.
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5.4 Results and Discussion

This study used a hafaice peel test method to determine the degree of adhesion
between the PDMS and conduefpatterned polyimide. During the juéElest, it was
observed that the bonding between the polyimide surface and PDMS is not irreversible
throughout the sensor area when ¥84 6olution of MPTMS in methanol and 1%

(v/v) solution of GPTMS in methaneére used for chemically surface activation. An
adhesive failure (surficial bonding between the two different layers of materials fails)
was observed between the PDMS and polyboited surfaceas shown in Figure

52a. As a next step, these plassaged PDMS and polyimide sheets were immersed

in the 2% \/v) solution of MPTMS in methanol and 2%)(solution of GPTMS in
methanol, respectively. During the jpéfetest, a cohesive failure (when one of the
bonded materials teaif instead of surficidonding failure) was observed instead of
adhesive failuras shown in Figuée2b.

@ (b)

Figure 5.2 Peeloff test @) Adhesive failure between PDMS and Polyilmidgohesive failure
of PDMSproofing irreversible bonding between polyimide and PDMS.

To simulate fatigue testing, the fabricated sensor, the fabricated sensor was placed
inside the air pressure chambad cyclic pressuoé 453951 | ( @as applied for
more than 1 million cycles. Wever, after 1 million pressure cyeleshave seen a
cohesive failure which means that the bonding between PDMS and Polyimide was
irreversible using this epekyol click chemistry technique.

5.5 Conclusions

This study has presentadefficient and coesffective methodology (epethyol
click chemistry) to functionalize the Polyimide and PDMS surfaces to achieve an
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irreversible bonding. Moreover, a wireless pressure sensor was developed using
chemically functionalized bonding. The bonding strength vealsusisig the peeff

test method. An adhesive failure was observed between PDMS and Polyimide for 1%
(v/v); however, the 2%/{) resulted in a cohesive failure (excellent adhesion) of PDMS,

which shows the bonding between Polyimide and PDMS was lnlevdimieover, it

was observed that the bonding did not f ai
testing, I ndicating that the sensords i
improved. Future optimization of this epthxpl click chemtsy is possible to improve

the bonding of various sensor materials.
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Chapter 6

Development of Bench Model for Preclinical
Validation of Physiological Pressure Measurement
Devices

In Chapter 4, thdéunctionality of thesensorprototypeswas characterizedsinga
pressurehamber made ofghass bottland vacuum pumphat test setup wémited

to allowingonly adjustments to increase or decrease pressure within the bottle, making
it challenging to replicate the complex and specific prgsetiles found in actual
physiological conditions. For instance, blood pressure exhibits dynamic changes, rising
to its systolic peak, gradually descending to the dicrotic notch, and slightly increasing
again to reach the dicrotic peak before finallynieg to the diastolic value.
Additionally, heart rates can vary, with normal values around 72 beats/min but ranging
between 6Q00 beats/min in healthy adults. It is thus crucial to accurately characterize
sensor responses according to these actuallpiigsil pressure profiles, which is a

central focus of this PhD research.

Chaptet6 introduce acustom opersource bench model fpreclinicalalidation of
physiolgical pressumaeasurememtevicesThe proposedench modetombines an
off-theshelf acrylic pressure chamber with a customized Aldhged control
system. By incorporating this system, researchers can now generate more realistic and
diverse pressure profiles, essentisddourately evaluating sensor perfocend he
preclinical bench modean mimic human blood pressure profiles, allowing for a
controlled pressure variatiohetween 30 mmHg to 400 mmHg and achieving a
maximum heart rate of 120 beats/mfincustomized graphical interface (Glés
developed tocustomizethe pressure wavend streamlinethe operation of the
preclinical bench moddlhis invaluable tool facilitates researchemmnprehensively
assessingew pressure sensing technolpdies initial prototyping to fatigue life

testing, before embarking on essential and insightful animal experiments. Moreover,

4 The following body of the chapter is exact copy of tbardentiyalAdéeteview in HardwareX
journal &isevier am the fitetad author in the paper, wkaakhisred with my supemddtarcin

Jan Krasrijhe methodology, validation, formizvasslyaiEand visualization were also done by me.
I led all parts of the work with the Sdppart 3&n Kraang my supervisors

123



this chapter's accomplishments make significagitesgoward fulfilling the fourth

objective of this PhD reseamtoject Thekeycontributions of tts chapter are listed

below;

T

Introduction of a custom opeource bench model for preclinical validation of
physiological pressure measurement devices.

Use of an ofthe-shelf acrylic pressure chamber with a customized Arduino
basedontrol system to create the bench model

The ability to generate more realistic and diverse pressure profiles using the
proposed system enables accurate sensor performance evaluation

Mimicking human blood pressure profiles in the preclinical bench model
providing a controlled pressure variation range of 30 mmHg to 400 mmHg and
a maximum heart rate of 120 beats/min.

Development of a customized graphical interface (GUI) to customize the

pressure wave and streamline the operation of the bench model.
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6.1 Open-Source Controller for Dynamic Cardiovascular
Models

Abstract: Cardiovascular pressure sensors require dedicated, reliable, and customizable
performance testing rigs. The devices available on the market, such as pulsatile pumps
and pulse multipliers, offer limited adaptability to the needs of pressure sensor testing
or are highly complex tools designed for other purposes. Therefore, there is a strong
need to provide an adaptable and versatile device saredévelopment neguisr

to animal model testing. Early development requires detailed cretranteri tre

sensor performance in a realistic environmental scenario. To address this need, we
adapted an otheshelf pressure chamber with a custom Arelssed controller to

achieve rapidly changing pressure, which simulates the profile of human blood pressure.
The system is a highly customizable toml we have experimentally shown that it
successfully worked in a wide range of pressures from 30 mmHg to 400 mmHg with 2
mmHg sensitivity. Witthe adjustment in chamber volume withwiaer balloon, we
achievea@cycle rate of up to 120 beats per minute. The device can be operated directly
from the Arduino IDE or with a customized graphical user interface developed by our
research group. The proposed system is intended to help other researchers in the
developmetal phase of industrial and biomedical pressure sensors.

Keywords: Pressure controller, pulse duplicator, pulsatile pump, blood pressure
phantom, fatigue test

6.2 Introduction

Intracranial, intraocular, and cardiovascular pressures are the essentialcahysiologi
signals monitorinthat can aid irthe early detection, treatment, and prevention of
human disease std@8], [27], [31Puring thdast few years, a great variety of wearable
and implantable pressure sensors for different physiological pressures ni@@jforing
[33], [34], [55]287]have been reporteDuring their development phase, all these
sensing solutiomequire a detailed performance charaatemn, first in the laboratory

setting and later in animal and clinrcak.

The logical first step in the sensor development proadsrasterizinthe sensor
response under cyclic pressures close to the human blood pressure profile. Human

pulsatile blood pressure waveform is described with a few core parametexs within
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single cycle. Specifically, the waveform changes from a minimum value, which is known
as Diastolic Pressure (D®) a peak, which is known as Systolic Pressurar{8P)

then decreases to Dicrotic Notch Pressure (DNP) to increase again to a Dikrotic Pea
Pressure (DPP) value and come back t(2B#], [289]The diffeence between the

SP and DP is known as pulse pressurdZP®)The commonly accepted values for
normal blood pressure expressed in midiset mercury (mmHg) are 120, 80, 90,

and 100 for SP, DP, DNP, and DPéspectively. However, in extreme cases, systolic
pressure can rise to 370 mmHg, and diastolic pressure can drop to 3299inHg
Another important factor one must consider when designing a pressure sensor is long
term durability in difficult conditions under cyclic loadingealthy adult's typical

blood pressure cycle speedppoximately 600 times per minuf291] This means

2.64.3 million beats thin one month only. These parameters make desidioud

pressure sensor challengimich requires an extremely rigorous lab testing phase.

Due to these rapid changes within a single blood pressure cycle, the key requirements
for the pressure sensars (i) the response time required to detect changes, (ii) stability

in time, and (iii) durability. Therefore, prior to further testing in animal models, these
devices can be tested in a pressure chamber mimicking normal and/or extreme pulse
pressure corniibns. The durability and lorgerm performance of the sensors can be
tested with fatigue testif3gl] which requires loAgstingsensor exposute oillating

pressure conditions.

As universal testing device rigs, available pulsatile pumps could hénayphed,

the most common models offer limitecbnfigurability options to allow sensor testing

in extreme case parameters, i.e., pressure isoofthohited adjustability, and achieving

a 1:1 pulse profile replica is often not possible. As more advanced tools, pulse
duplicators or pulse multipliers could be used. These devices are designed to simulate
cardiac physiological stress, most comnf@nfyrosthetic valve fatigue testja§2]

Several commercial and scientific pulse duplicators are available on the market. For
example, Rajeev et[@P2]reported a customade pulse duplicatarrfa simulated

cardiac environment for valve testing, but this system is only adjustabie with
exchange of hardware componedtde et al. [133] and Bazan et al. [134] reported a
softwarebased cardiac simulator systems designed in Lab\W&ENable plse
duplicators are complex and costly devices dedicated for advanced cardiac implant
development, impractical for sensor testing
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This work proposean opersource pressure chamber controller for testing biomedical
pressure sensors. The controllesimpleyet reliable Arduinbased system developed

as a versatile tool, which allows a high level of cestiomiand adaptability to the
userds specific needs. We present i nstruc
with electrically controlledlenoid valves to use the system as a dedicated rig for
developingressure sensors, their charaetion, and fatigue testing. Finally, for ease

of system operatipme propose a LabVIEW winddased Graphical User Interface

(GUI) to control the deviagperation.

6.3 Hardware description

The proposed system is composed of a pressure chambeK(ER series)
connected to a pressure pump (Fisherbrand FB 70155). The pressure inside the
chamber is controlled by two valves (L121V02), inlet and outlet, dpeZAdOAF1
relays (seeigure 6.1 We use a pressure gauge SMC PSHEUBPG1) to measure
the pressure inside the chamiaath its voltage output connected to the analog input
of an Arduino Nano Every board. Additionally, visual pressure readingsides pr
by an optional pressure gauge, SMC ZSEGONF(PG2), used asreference for
pressure values. This meter can also be used for controller calibration purposes, as
explained in thealidation and characterigatiant i on. The systemds |
in the custom firmware and hardware integrated in the controlléxabedt orthe

Arduino platform.
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OUTLET

PRESSURE
GAUGE (PG2)

PRESSURE
PUMP

PRESSURE
GAUGE (PG1)

RPE;EESRSEUN:EE ARDUINO BASED PRESSURE
GAUGE CHAMBER CONTROLLER

Figure 6.1 General overview of the components of the pressure chamber system proposed in
thischapter

Suchasystem allows us to regulate the pressure in the chamber in the rasfe from

to 100 kPa-20 to 775 mmHg) withivoltage atput of the pressure gauge (PG1) in
therangeof 1 to 5 V. To increase the stability of the pressure measurement, we use
Arduinods internal voltage reference of
pressure to 86 kPa (645 mmHg). Relageam®lled with a transistor circuit operated

from digital output pins of the Arduino boas shown in the circuit schemBtgure

6.2
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AIR FLOW

PUMP ==p- =p CHAMBER
________ M - an an o on e o en ==
PWR RELAY e
R1 e -t
10k 2 |p2 SOLENOID VALVE
PWR Sk L121V02 - ZA10A
p1d § 1N4148
12V aT> £
- [T
R2 ™
ARDUINO D OUTPUT = BC337.40

Figure6.2 Relay switching circuit topology.

At 12 V power supplZA10AF1 requires ~200 mA of current in the ON stage,
within limits (800 mA)of the BC337 transistors (T1) used in the control circuit.
Moreoverthe pulsatile operation of the device allows for additional transistor cooling
ti me f or t he perhton.Tiodissipate eneayy in tod relay cails for the
switchingoff phasea standard 1N4148 signal diode is used as a flyback diode (D2).
For avisual indicationfahe working valve (inlet or out|egh additional blue LED
(D1) with the appropriateuent limiting resistor (R1) is added in parallel to the

solenoid coil circuit.

To control the chamber from the PC, we implemented a simple version of
communication commands based on the Standard Commands for Programmable
Instruments (SCPI). This allows user to access and modify all chamber parameters
during operation. The resulting system can be controlled directly from the Arduino IDE
usingthe Serial Monitor to access and change controls on the fly without interfering
with system operation. Additally, we have developed a dedicated Graphical User
Interface (GUI) software for more convenierg as a standalone application in
LabVIEW 2012. Finally, all Arduino readings of the sensed pressure are sampled at a
fixed (useadjustable) sampling ratkvaing for precise signal reconstruction and time
calculation of the chamber operation. All of this is described in more detail in later

sections.

The core software and hardware solutions implementectimegbisallow others

to use and/or apply our work in similar projects where there is required:
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Smple yet reliable and highly custaiie hardware circuit for relay control,

1 Software control with communication commands (SCPI kind of
communication for Arduino),

Reliable sensor readings withreference voltage,
1 Precise signal sampling rate to allow for time control of the signal,

Device fatigue testing.

6.4 Design files summary
Table6.1 Design file summary

Open
Design file name File type source Location of the file
license
SSL_PressureChamber_FW Arduino Firmware MIT https://osf.io/5d4ph/
SSL_PressureChamber_GUI LabView MIT https://osf.io/5d4ph/
Figures .
] ) Figure )
(all figures used in the CC BY-SA https://ost.io/5d4ph/
(PNG/PDF/SVG)
chapten
Dataset .
Data _ CC BY-SA https://osf.io/5d4ph/
(Excel file)

6.5 Bill of materials summary

Table6.2below presents all circuit componentsusedmgus t em wi t h suppl i
list in eurgincluding 23% VAT.

Table6.2 Bill of materials summary

Costper Total Source
] unit - cost- of Materi
Designator Component No. )
currency currency material altype
[EUR] [EUR] S
Dedicated
pressure SRTEK CT Smartresel
) . _ 1 1000.00  1000.00 _ Other
chamber with Series, Biters voirs, UK
solenoid valves
Pressure Gauge SMC, PSE543 Radionics
1 90.00 90.00 Other
(PG1) NO1 Ltd
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https://osf.io/5d4ph/
https://osf.io/5d4ph/
https://osf.io/5d4ph/
https://osf.io/5d4ph/

Pressure Gauge SMC, Radionics
1 110.00 110.00 ther
(PG2) ZSE30AFO1-N Ltd
Fisherbrand FB Fisher
Pressure Pump 1 350.00 350.00 o Other
70155 Scientific
] Arduino Nano Radionics
Arduino 1 18.00 18.00 Other
Every Ltd
_ Radionics Semicon
Transistor (T1) BC33740 2 0.14 0.28
Ltd ductor
C566DBFECUO Semicon
LED (D1) 0.23 0.46 Mouser
W0351 ductor
Flyback diode Semicon
1N4148 2 0.12 0.24 Mouser
(D2) ductor
) 10 kY,
Resistor (R1) 0.12 0.24 Mouser Other
0805, 1%
_ 1.5 kY,
Resistor (R2) 0.12 0.24 Mouser Other
0805, 1%
12 V Power RSStock No.: Radionics
10.0 10.0 Other
Supply 1753303 Ltd
Prototype Radionics
RS Stock No.: 1 5.00 5.00 Other
breadboard Ltd
Terminal block 2 )
PIN PCB straight 1 1.00 1.00 Mouser Other
Terminal block 3 )
BIN PCB straight 3 1.10 3.30 Mouser Other
Hose Nipple RS Stock No.: Radionics
2 5.50 11.00 Other
(HN) 4993732 Ltd
Tee Threaded RS Stock No.: Radionics
3 14.50 43.50 Other
Adapter (TA) 367#5922 Ltd
Straight L
RS Stock No.: Radionics
Threaded 3 6.20 18.60 Other
807564 Ltd
Adapter (SA)
Threaded RS Stock No.: Radionics
1 10.00 10.00 Other
Reducer (TR) 807413 Ltd
PTFE Tape o
) Radionics
Sealing tape RS Stock No.: 1 2.30 2.30 ™ Other
231964
Flexible tube; 1 .
Fisher
Flexible Pipes meter, 10 mm 1 10.00 10.00 S Other
Scientific

outer diameter




6.6 Build I nstructions

In this sectionthe reader will find instructions on how to assemble the device. All
required components are listed in Bilé of materials sumB®M) sectionand
required software tools are listed inCibsign files sumssatyon.

6.6.1 Hardware

Connect pressure piping to the chamber according to the diagram grigune i63.

Both pressure gauges (PG1 & PG2) are connected via Threaded Reducers (TR) to the
main pping system assembled from two Tee Threaded Adapters (TA) and two Straight
Threaded Adapters (SA). As showRigure 6.3we added one extra (optional) set of

TA & SA to connect a third pressure outlet, which we used for calibration as described

in theValidation and characterigatitbon. On top of the pifiea screw valve (delivered

with the pressure chamber), which can be operated manualgdaad.usmergency

pressure release if necessary. All metallic pipe connections are sealed with PTFE sealing

tape.

MANUAL
PRESSUREe
RELEASE

REFEREN(QE
GAUGE OUT

I NLET
RELAY

OUTLTE

PRESSUR
GAUGPR @)

PRESSUR
GAUGEP Q)

CHAMBER

PRESSUR al TO PU
\

Figure 6.3 Pressure chamber with piping, connectors, solenoid a&aty@sessure gauges.

The pump outlet should be connected to one of the solenoid valves, while the
outlet valve (exhaust valve) can remain open. If the exhaust valve releases pressure too

quickly for your application, consider partially blocking the exhaus
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An alternative to the pressure chamber presentedahapteicould beusing
arother sealed container (i.e., bottle) with a plastic cup adjusteddquired pipe
connection. Suchchamber system, without active pressure control, was used in our
previous worl33] Solenoid valves with required adapters ¢batl bemounted

alongside the pipelines.

The controller board should be soldered according to the circuit diagram shown
in Figure 6.2As Arduino digital pins (DRye use DPastheoutlet valve and DP3 as
theinlet valve. Arduino should be connected to a PC with a standartd Giiccable,
anda 12 V power supply should be connected to the board via one of the terminal
blocks. Both pressure gauges are connecié@ ¥ powe supply, so only one power
supply is required for device operation. While soldering and assembling the circuit, extra
care should be taken to keep 12 V power lines insulated and away from Arduino
connections. Also, fahe safety operation of the deviak#,12 V power connections
(i.e, on solenoid valves) should be insulated, and ,ideallgontroller should be

encapsulated in the enclosure. The assembled controller is $hgune 6.4

SOLENOI|D SOLENOI|D
VALVE VALVE
| NL EDIF3) OUT L EOR)

FLYBACK
DI OD D)
LED
1
b OWE H INI(DDll)CAT
SUPPL
NP N
TRANSI ST
{ (T1)
- = g A o - 8 -~ 30 3 7, ' o D)
- v = IRDNY ok, D <> mal ARDUI NQ
USBPC l E 5 1 @108 L % : NANO
) Y 5 EVERY

Figure 6.4 Assembled controller, overall dimensions: 5x5 cm, height 3.5 cm.

6.6.2 Software

Install Arduino IDE, connect your Arduino controller board with the right
options from the Tools menu (Board and Pariylcompile and upload the sketch
(SSL_PressureChamber_FW) to the Arduino.
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Test functionality by connecting with COM port communicbbotg/Serial Monitor)
and type:

IDF

Arduino controller will return the version of the firmware:

Smart Sensors Lab Pressure Chamber Controller ver.1.00.08

As shown irFigure 6.5

@

File Edit Sketch Tools Help

S5L_PressureChamber_FW § [ ERSMBEr TUREEAp chamber_func.h global_variahles.h state_machine.cpp state_machine.h user_interface.cpp user_interface.h

@ coms - O *

IDF| send

Smart Sensors Lab Pressure Chamber Controller ver.l.00.08

v

Autoscroll ] Show timestamp Newline | [115200baud  +| | Clear output

Figure 6.5 Arduino IDE Seial Monitor, example of communication with Smart Sensors Lab
Pressure Chamber Controller.

The pressure chamber can now be operated manually from the Arduino IDE

with the use of text commands typed in the Arduino Serial Monitor, i.e., typing:

DIASTOLIC, 88

Changes diastolic pressure to 88 mmHg.

A list of core parameters with their short description is preseftdulert.3.

The list of all parameters accessible to the user is available in the Arduino firmware

repository.

Table 6.3 List of core commands used to control Arduino controller with their short
description.

PARAMETER VALUE UNIT COMMENT
COMMAND
IDF - - Identification Query returnise firmware versian
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PARAMS - - Returns current values of all parameters (incl
internal params)

BP PARAMS - ADC, Returns current settings of pressure parameters in
mmHg and mmHaunits

ADC INTERVAL XXX us Time in microseconds [us] between consecutive pr
measurements

PRESSURE - ADC, Returns current chamber pressure
mmHg

DIASTOLIC XXX mmHg Set diastolic pressure value to xxx

SYSTOLIC XXX mmHg Set systolic presswaue to xxx

DICROTIC XXX mmHg Setthedicrotic notch value to xxx

NOTCH

DICROTIC PEAK  xxx mmHg Setthedicrotic peak pressure value to xxx

START - - Start pressure cycles

STOP - - Stop pressure cycles

The user can run fatigue testingumning the device in a cyclic manner. Two
counters will be updatezhd the cycle count number will be stored in thevolatile
memory (EEPROM) of the microprocessor. One counter value is for the overall cycles
of the chamber (this can be of help testigate troubleshooting and fatigue of the
relays/chamber itself), while the second one can be zeroed by the user and kept

increasing throughout the cycle of the experiment.

6.6.3 GUI

We developed dedicated GUI software in LabVIEW 2012 for easier device
operatbn. The GUI is available as standalone Windoftwareand the user can
follow simple installation instructions from the-esdifacting archivelhe Hock
diagramwhich is the graphical code of GUI developed in LabViEEsNown irFigure

6.6 and thauser interface (front panel) is explained i@geration instrucieason.
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Figure6.6 LabVIEW GUI block diagram.

6.6.4 Operation instructions

As described in the previous sectitiresuser can operate the controller directly

from the Arduino IDE owuse our custom design GUI developed in LabView.

6.6.5 General operatioralgorithm and logic (state machine) of the

Arduino Controller

The general operation of the Arduino firmware follows the linear logic of a state
machine implemented within the switch case &sophown in the flow diagram in
Figure 6.7aAfter receiving th O STARTG6 command, Arduino
pressure at cyclic intervals and conth@®peration of the inlet & outlet valves to
adjust chamber pressuréhtedesired values set by the user. To increase time and save
some operational Arduino power, skete machine loop operatesa@omparison of
raw ADC values read from the pressure gemiggA r dui nodés ADC. Tr ans
pressure values in mmHg to ADC values happens only once when initial parameters
are given by the user (or if they are chathgat the device operation). Analogously,
the user is given chamber pressure values -timeegHisplayed in GUI), btite
translation of ADC values to pressure expressed in mmHg happens on the PC side, as
explained in the next sectidhe ciamberrunsuntil the Arduino controller receiaes
0STOPOG ¢ omma n dA simpleemor handing maclkanism is implemented
in the Arduino firmware for safety reasdings operates atime intervals basis, and
if no state change ocstor the set period dfime (serdefined), the controller goes
into emergency mode. All relays are thenedpand pressure from the chamber is
releasedfhe s er is noti fied of the errom mode
diode.
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6.6.6 GUI software operation
We have developed a Windows based application for user interface pressure
chamber controllhe gneral devee operation flow is shown kigure 6.3, and the

application interface is showrFigure 6.8

First, the user specifies the valid serial port and baud rate for serial
communication with the hardwar&igure 6.7bThe user then provides custom values
for the desired pressure waveform on the Pressure Profile Settings tab. The valid
combination must meet the following condgi@ystolic > dicrotic peak > dicrotic
notch > diastolic. The update button sends new ualdles Arduino controlleAn
errormessage is displayed in case of an invalid combaatidhe user can provide
the valid combination and click the refresh button again. The user can select the
Advanced System Configuration Settings tab to configure the hardware via text
commands. Theser can enter a hardware command in the command input text box.
Then press the send button to send the command to the hardware. The command's
response is displayed in the Serial Read field.

Current pressure parameters are displayed upplee rightcomer of the
program interface. This includes calculated beats per minute g@Rdlic and
diastolic pressure values from the pressure waveform data streamed directly from the
Arduino controller. The pressure values are calculated from ADC codesfreoeived

the hardwarasingthe linear fit function described in @&libratiosection. In the live
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view d the pressure waveform, a pressure plot is shown to the user. By default, a 12
seconavindow view is shown for an optmeul overview of the current waveform. The
software calculates the pressure parameters from the pressure measurements delivered
by the pressure gauge. For the valid calculation of current pressure parameters, a

minimum of four full cycles are required.

[ Pressure_Chamber V1.1.vi
File B Operate Tools Window Help

CURRENT PRESSURHE
PARAMET ENRESA S URE|D

@x

BPM

Pressure Chamber Control Software

SYSTOLIC

DIASTOLIC

-
cCoMM B
CONBI

i

SYSTOLIC DIASTOLIC

120 120

DIACROTIC PEAK DIACROTIC NOTCH
{100 190

PRESSURE
PROFI L E
SETTI NGB

START STOP e Time (s) W

< >

‘LIVE VI EW ON PRESSUF#E WAVEFORM

Figure 6.8 Front panel of the GUI application window overview with marked Serial port
definition and communication settings with details on chamber cycle parameters with tab for
Advanced system configuration allowing easy access to all the coatoo#endith the use
of communication protocol.

6.7 Validation and characterization

6.7.1 Calibration

To calibrate the PSE5HR®1 (PQ) pressure gauge, the pressure inside the
chamber was increased between 0 (atmospheric pressure) to 100 mmHg with 25 mmHg
intervalsThe pessure gauge signal was recorded as raw ADZ3(Gange) values
with the serial monitor of the Arduino IDE. The corresponding pressure values were
recorded with the Fisher Traceabl&®®21 EFigure 6.1 handheld pressure gauge
connected to the flerence pressure gauge outlet showAigure 6.3Howeverthe
calibration procedure catso bedone witha SMC ZSE30A01-N (PG2) pressure
gaugeAs stated before, to avoid dependencies on Arduino power supply voltage, we
useaninternal reference voltagedd V.Figure 6.8howshe raw ADC values against
the corresponding pressure values. As expdwgatessure gauge shows a linear
relationship between the raw ADC values and the pressure in the chamber. We used

the linear fit functionyEax + b to find the parameters of the linear relationship, where
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theslope was found to be 0,64d the interceptas 705.6. Later, we use this equation
to exchange raw ADC values for the corresponding pressure values expressed in mmHg

units.
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Figure6.9 Calibration of PSE54801 pressure gauge.

6.7.2 Pressure profile with empty chamber vvariable pulse

pressure amplitude

The default values of SP, DP, DNP, and DPP are set to 120, 80, 90, and 100,
respectively. Wheneh 0 STARTO button i s pr,amltkeed, t he
inlet valvepressurizethe chamber to the set value of the SP. Tihenstate machine
implemented in Arduino controls valve operation to keep the desired pressure profile
as requested byettuser. IrFigure 6.8an example of the default pressure profile is
shown. Chamber pressure increases from DP = 80 to SPthel?@ecreases to DBP
= 90, again increases to DPP = 100, and deereasdo the set value of DBBP
and DP default valuese common physiological arterial pressure values measured in
the human body. The maximum value of SP, minimum value ahdBeats per
minute are shown in the upper right corner of the GUI. The chamber used in our study

was adjusted to simulabe volume of one human lung (approximatelyes)it The
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pressure pump used in this setup has a capacity of up és9ritriite thus pressure

profile achieved with an empty chamber is limited to 42a@&P¥own ifrigure 6.8

If one would require faster BPM values and keep the volume of the full
chamber, a possible approach would be to decrease the Pulse Pressure (PP) amplitude.
In the above example, PP is set to 40 m2RBO = 40. However, if the PP would
be set to 10 mmHg only, the rasglBPM could be increased up to 100 BPM. The
relationship between pulse pressure and beats per minute is $hguwe $10The
valueof the SP were varied between 30 to 400 mmHg with an interval of 1§ mmHg
similarly, DP was varied between 20 to 205 mmHg at an interval of 5 mmHg. All the
values of both set and measured pressure parameters are available in the project Data
file (se®esign files sunmangmFigure6.10, it can be noticed that there is an inversely
proportional power relationship between the BPM and PP, whichtheeansaller
the PRthe faster the cycle expressed in BPMs.

Please note the main factor influencing the speed of valve operation is their
opening time, whigkaccording tahe datasheets 20 mg293] Additionally, due to
using a 1@it internal ADC of the Arduino withda3 V reference source, we are limited
to apressure reading of 1 ADC corresponding to 2 mmHg of sensing resolution.
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Figure6.10The relationship between the measured PP and BPM.

6.7.3 Chamber volume vsbeats per minute

An dternative method to incredbe cycle speed (BPM) of the pulse profile is
to reduce the chamber volume.

To test this option, we conducted an experiment wheprebsure chamber
volumewas changed from empty (2900 ml) to 500 ml with an interval of 300 ml. To
decrease the free air voim the chamber, we used balloons filled with water. An
example balloon with two different water content in the chamber is sHeigurén
6.1andFigure 6.3This experiment was performed with three settings of PP (20 [SP =
100, DP = 80], 40 [SP = 120P[> 80], 60 [SP = 160, DP = 80]). All theasured
BPM values for each PP setting listed in the project Data fllegign files summary
Figure Gl1shows that there is a nlimearinversely proportional relationship between
PP and BPM. Secowdder polynomial equations were igdld with very high R
valuesas shown ifrigure 6.110ne can see that decreasing the chamber volume to
only 500 ml, with the default pressure parameters as detieseatiorPressure profile
with empty chambeaneble pulse presspigudeallowsachievindPM values in the
range of 120.
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Figure 6.11BPM at different available chamber volumes when PP = 20 (square markers),
PP = 40 (circle mkers), and PP = 60 (triangle markers). For all PP settewstted line
shows 2 order polynomial fit.

6.8 Summary and FutureWork

As shown in thevalidation and characterizatisection, the chamber pulse
profile and cycle speed can be adjusted in multiple ways, including pressure parameters
modification of available chamber volume. Two main limitations of theegropos
solution are a result of the operational speed of the mechanical valves used, limited to
20 ms, and the relatively low speed of the pump used in the described system
configuration. Mor eover, accuracy, i s |in
allowng for measuring pressure chamber with 2 mmHg resolution. If one would require
better resolution, it should be considered (i) replacing the proposed pressure gauge, (ii)
includng the amplification stage, timg for the desired pressure range, or (iii)
implemening anexternal ADC circuit with better resolutionfuture workwe plan
to develop a dedicated Printed Circuit Board (PCB) for the Arduino controller, with an
additional feature tdirectly control the proportional solenoid valves to control inle
and outlet airflow speed from the softwAfgo, control over pressure pump operation
for security reasons will be implemented. Additionally, on the software & firmware side,
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we are implementing several error handling procedures to ithpreafe opeation

of the chamber.
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Chapter7

Design Optimization of Planar Inductor

The work presented in Chaptewdsfocused on developing circeshiaped LC
sensors, where the inductive part (L) is responsible for wireless power and
communication, and the capacitive sensing element (C) facilitates pressure
measurement. Howevéngse circular sensors were primarilgmedsifor wearable
applications due to their wider geom@tnis PhD research asno create a minimally
invasive thitfilm flexible pressure sensor that can be injected subcutaneously near an
artery to enable losigrm blood pressure monitoring. Nonetheless, the circular shape
of the sensor, driven by the planar circular inductive part, posed challenges for compact
folding, hindering its suitability for minimally invasive subcutaneous implantation.
Chapter7s introducesa novel elliptical planar inductor, which outperforms standard
shaped planar inductors in narrow implantation sites. The elliptical inductor can be
foldedalong its major axis, reducinglitsensionand making it ideal for subcutaneous
implantation. Additionally, the elliptical shape covers a larger area over the artery
surface, enabling better pulsation sensing.

There was no existirggnalytical onumerical modeh the literaturefor elliptical
planar inductorshat can be usedt the design and computemalidation stages.
Therefore,a numerical modébr the elliptical plaa inductoris proposedin this
chapter. The modefficiently computésductance and other parasitic components for
elliptical planar inductors withquerformingcomplex computations or simulations.

An area transformation technique and current sheet expression were employed to
develop the numerical madehich transforms the design parameters of the elliptical
planar inductor into circular inductor parameters. By dothg sgjstinformulations
wereleveragg streamlining the design process. The developed numerical model was
rigorously validated against experimental results, demonstrating a mean error of less
than 5% and a standard deviation oflB%grating the elliptical planar inductor with

a sensing etent allows a wireless implant to momptorsiological signals in narrow

5 The following body of the chapter is exact copy of the journal article published in Bioengin
Multidisciplinary Digital Publishing Instituté §202B¢. first lead author in the paper, which is co
authored with my supervisors. The conceptualization, methodology, vaiiteibigafivanthl analysis,
visualization were also done by me. I led all parts of the work withpdseisopgort of my su

144



implantation sites. €work presented in thshaptercomplete®bjectivesix of this

PhD project The key contributions of this chapter are listed below;

T

Introduction of the area transformation technique to reuse the existing
formulation of the standard planar inductors

The development of the numericaldel for planar elliptical inductors

The validation of the proposed numerical model with extensive experimental
results.

The proposed numerical model shos@tparable accurasyth respect to

the stateof-the-art model without performing intensive computations.

This elliptical inductor cdre folded into minor dimensions anckétgd to

narrow implantatiosite.
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7.1 Planar Elliptical Inductor Design for Wireless

Implantable Medical Devices

Abstract: Wireless implantable medical devices (WIMDs) have seen unprecedented
progress in the past three decades. WIMDs help clinicians hurisgtstanding
diseases and enhance medical treatment by allowing for remote data collection and
delivering tailored pant care. The wireless connectivity range between the external
reader and the implanted device is considered one of the key design parameters in
WIMD technology. One of the common modes of communication in Hegtery
WIMDs is inductive coupling, whehe tpower and data between the reader and the
implanted device are transmitted via magnetically coupled inductors. The design and
shape of these inductors depend on the requirements of the application. Several studies
have reported models of standard plemtuctors such as circular, square, hexagonal,

and octagonal in medical applications. However, for applications constrained by narrow
implantable locations, elliptical planar inductors may perform better than-standard
shaped planar inductors. The aimhed study is to develop a numerical model for
elliptical inductors. This model allows dalculating the inductance of the elliptical
planar inductor and its parasitic components, which are key design parameters for
developingVIMDs powered by inductivewpling. An area transformation technique

is used to transform and derive elliptical inductor formulas from standard circular
inductor formulas. The proposed model is validated for various combinations of the
number of turns, trace width, trace separatiahdifferent inner and outer diameters

of the elliptical planar inductor. For a thorough experimental validation of the proposed
numerical model, more than 75 elliptical planar inductors were fabricated, measured,
and compared with the numerical outduthe proposed model. The mean error
between the measured inductor parameters and numerical estimates using the proposed
model is <5%, with a standard deviation of <3.18%. The proposed model provides an
accurate analytical method for estimating and apgne#iptical planar inductor
parameters using a combination of current sheet expression and area transformation
techniques. An elliptical planar inductor integrated with a sensing element can be used

as a wireless implant to monitor the physiologinal &igm narrow implantation sites.
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Keywords:Area transformation; circular planar inductor; elliptical inductor; numerical
model; narrow implantable locations; planar inductor; wireless implantable medical

devices; wireless connectivity
7.2 Introduction

Wirekss implantable medical devices (WIMDs) have gained significant attention
due to theirsuitabilityfor home monitoring and diagnostic surveillaricearious
devices, including pacemakers, cardiac defibrillators, insulin pumps, and
neurostimulatorf294], [295]These devices can also enti@anonitoringof bone
repair and joint stress, which are typically evaluated by m@@&jnyIMDs have
enabled remote patient monitoring and the delivery of personaliZé@%jai@97]

The wireless linkage distance between the WIMD and the externdergegmises

a significant challenge while designing and implanting the WIMD inside the human
body[298], [299]The wireless linkage range between the implantable device and the
reader system is impactedigyal losses due to the interposition of bieglye layers

such as skin, fat, muscle, atiters[300] Electrical inductors are commonly used in
biomedical impints to provide the wireless power supply or to wirelessly communicate
with an external reader for monitoring physiological parameters such a§3b&ksure
blood flow[265] temperaturf802] and heart raf@6] In such applications, the planar
inductors are printed on printed circuit boards (PCB) and are implanted at the target
location inside the boB/76] Numerous studies have demaistt the use of a planar
inductor with a pressusensitive capacitive element to develop dmk€d pressure
sensor for wearable and implantable applicg8pris4], [303} [305].

The planar inductors can be of various shapes, such as circular, octagonal,
hexagonal, and squf3é6] The selection of any sgrecinductor shape depends on
the application and the implantation $867] Squarshaped spirals armaost
commonly used due to their simple laj@@8] To improve the performance of the
spiral inductor, different polgrnshaped inductors have been reported in the literature
[309] Denget al.[41]reported a gessure sensor made from a capacitor and square
shaped planar inductor for wound monitoring. GHeal.[26] reported a wireless
sensor fabricated using a sgsaeped planar inductor to monitor intracranial
pressure. Pakt al.[28]reported a wireless pressure sensor consisting of a capacitive
element and a squaigithped planar inductor to integrate inside the biodegradable
polymer stent for biomedical applications. @Gtexh[27]reported a pressure sensor

consisting of a circular planar inductor and capacitor to monitor the intraocular
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pressure. Symmetrically shaped inductors, such as circular, square, and polygons, have
been the primary choice for these sensor designs due to the availability of mathematical
models for these shapes of inductors and the needs of the applications.

Various studies have reported the analytical formulas for circular, octagonal,
hexagonal, and squateped planar inductoj308], [31@[312] However, these
andytical formulas are not valid for seymmetrical shaped inductors. The lumped
circuit model approach is commonly used to model the spiral inductors and parasitic
components. However, the expression to calculate inductance showed some
inaccuraci€812] The exact inductance for the spiral inductor caalddated using
the welknown Maxwell equatiofl 3] Mahaet al[314]reported a concept of smart
cities and integed sensor systems using displacement sensors, where different
topologies of planar inductors were modeled in ANSYS to optimize the sensor
response. Iftikhar et #15]proposed a method to compute the inductance of a spiral
inductor with a 7% error; however, this method was only validated for a circular planar
inductor and may not be valid for other symna¢toicsemsymmetrical geometries.
Threedimensional (3D) finite element simulators such as COMSOL Multiphysics
[316], [3174nd ANSYS MaxwgB18]can be used to simulate the inductance for spiral
inductors with good accurd8§0] However, these simulators require long and intense
compuational power to verify the inductor de$&18], [319]

In 1962, Groveet al [320]reported the basic formulas to compute the self
inductance of the currecarrying electrod@.he total inductance is computed by
adding the nearby electrodeds mutual i ndt
takesa longer runtime to compute the inductance. Moreover, this approach is only
suitable when the inductor has a whole numberro$ [811], [321]In 1974,
Greenhouset al.[311]proposed another approach to computing the inducténce o
squaregshaped micromachined PCB planar inductors. However, this approach cannot
provide an inductance figure directly from design specificationgt @rf#22]and
Dill et al.[323]reported a simpler formula to compute the inductance of planar
inductors. Again, typical errors were arou@gQP@, and the analytical model was only
validated for a square planar inductor with very few samples. Due to the higher
perc@tage of errors, these expressions were unsuitable for inductor design and
optimizatiof308] Wheeleet al[324]reported an expression for computing radio coll
inductance; however, the proposed expression was only accurate for circular solenoid

coils. Moharet al.[308]proposed a simple and relatively accurate model for planar
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spiral inductors. The authors proposed three approximation technjg08klmthe
first approximation technique, the Wheeler expression was modified, while in the
second, an expression was derived from electromagnetic principles by approximating
the sidesf the spirals as current sheets. In the third approximation, an expression was
derived by fitting a mathematical model to a large database of inductors. The average
error while computing the inductance of the spiral inductor using these approximated
exprasions was found to be between 2 and 3% only. The accuracy of the current sheet
formula remained between 2 and 3% when the trace separation was smaller than or
equal to the trace width. However, the error increases significantly when the ratio
between trae separation and trace width becomes larger. The maximum error was
found to be 8% when the trace separation was less than or equal to three times trace
width.

Andrei et al.[325] reported a technique to model planar inductors through
Electromagnetic simulation and by fitting a polynomial expression qrathen8ters
of the experimental square planar inductors. This techniopgaiiable for inductor
modeling as-farameters vary with the surrounding environment. Laurerj826hl.
reported a comparative study to compute the copper loss of planar inductors at higher
frequencies between the 2D and 3D simulators with an e®2088 bver requency
range of 6 MHz. However, the authors have not reported the results of the inductance.
Claudiaet al [327]reported planar inductor modeling software (CIBSOC) with-a user
friendly interface that is simpler to use and takes a short time for inductance
computation. This software performs computation using the current sheet expression
and can only eopute inductance for symmetrical planar inductors.

Most of the analytical models presented in the literature are gdepmtdent
and only valid for symmetrical planar indud®08], [31@[312] therefore, these
analytical models cannot be applied directly tosgemetrical geometries. The
expression reported by Groeeral [320]is computationally complex and takes a long
time to evaluate the inductance; moreover, it was only validated for square geometry.
The simpler analytical expressions reported by WB24leCrold322] and Dill[323]
show typical errors of between 10 and 20%. The percentage error using the Mohan
expression also increases if the geomeirameters are not selected within the
constraint, such as trace separatyn (a t r a @ )e[308} iFidite kelemén
simulators such as COMSOL Multiphyidts], [317&nd ANSYS Maxw¢gB18]take
a long time and high computational power to simulate the inductor, and the simulation
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cannot be generalized for different geomdB8@%, [319]In some of the relevant
literature, the anailyadl models are validated against the simulator; however, the
percentage error tends to increase when results are experimentally compared due to the
lack of realife factors in the simulatiofi308] The analytical models reported in
previous publications have limitations due to geometry, design parameters, higher
percentage error, and complex computatidhs], [321] Moreover, the current
analytical models do not apply to sgymmetrical geometsuch as elliptical planar
inductorswhich can be beneficial in catheter applications for rsiteomwplantation.

An elliptical inductor can be integrated with a piezo capacitive sensing element and can
be used as an LC wireless sensor to monitor physiological parameters such as
respiratio, blood pressure, or intraocular pres@&f [300], [303], [328], [32Dtle

to the minimized dimensi@long the major axis of the elliptical inductor, it can be
folded into a compact shape and can be delivered to a remote implantation site using a
catheter or a similar delivery system. Despite this importaaseas# elliptical planar
inductors, no angical model of elliptical inductors has been reported in the literature
that computes inductor parameters using simple analytical expressions without the use
of finite elemensimulations angrovides inductor parameters within a small error
margin (<5%).

This study aims to develop a numerical model of elliptical planar inductors that is
computationally simple and provides inductor parameters that can be verified
experimentally. The proposed model will allow for the computation of key inductor
parametersush as inductance and other parasitic components. Elliptical planar
inductors can be useful in various medical implantable applications where symmetrical
shapes cannot be used due to narrow implantation site constraints. This has been
achieved using theigting geometrical theorem to transform the design parameters,
such as inner diameters (minor and major) and outer diameters (minor and major) of
the elliptical planar inductor into the inner and outer diameters of a circular planar
inductor. The proposedhodel was numerically evaluated using MATLAB and was
tested for more than 75 inductors while varying the trace width, trace separation,
number turn, and majbo-minor axis ratio. In this study, more than 75 elliptical planar
inductors were designed, feated, and measured. The proposed model was also
experimentally evaluated using fabricated elliptical inductors with different design
parameters. The results of the proposed model were compared and validated with the
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experimental results. The error waaddo be less than 5% with a standard deviation

of 3.18%, which is comparable with the existing literature.
7.3 Materials and Methods

The elliptical planar inductor shape is novel, and there is no existing expression to
calculate the inductance and other parasrameters. An ellipse can be represented
using an equivalent circular shape using the simple area transformation mathematical
theorem. Therefore, using this theorem, all the design parameters (inner and outer
major and minor diameters) of the etlgitplanar inductor can be transformed into
the design parameters (inner and outer diameters) of a circular planar inductor. Figure
71 represents the overall research approach, where it can be seen that the proposed

numerical model is validated agairse®perimental results.

Area Transformation Numerical
p| using Mathematical p=======p  Modelling in
Theorem MATLAB |
Design Comparison of
Parameters of Numerical and
Elliptical Experimental
Inductor Results
A
Elliptical Inductor Elliptical Inductor
- Designing in el Fabrication and
AutoCAD Testing

Figure 7.1Overall workflow to optimize the design of elliptical inductors.

7.3.1 Planar Inductor Design

As discussed in the introduction, the inductance of the planar inductor depends on
the geometrical parameters of the inductor design, which mcinder diameter
Q , outer diameterQ , number of turns{y( , trace width @ hand trace
sepration "Y8The inner or outer diameter of the planar inductor can be calculated
from Equation7.1)[330]

Q Q BY o o 7

Equation 72) represents the analytical formula to calculate the inductance of
symmetrically shaped planar indudi8®8] Equation 72) is derived explicitly for
circular, octagonal, hexagonal, and sghaped planar inductdB98] as Bown in
Figure72. In Equationq2),6 , 6 , 6 hand® are geometrical constants and their
values are given in TabBl&[308]
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Figure 7.2 Symmetrical spiral planar inductajssquarek)) Hexagonalcj Octagonald)
Circular.

Table 7.1 Geometrical coefficients for current sheet expreg8§i8h

Layout F F F F

Circular 1 2.46 0 0.2
Octagonal 1.07 2.29 0 0.19
Hexagonal 1.09 2.23 0 0.17
Square 1.27 2.07 0.18 0.13

ADQ O . , Y
0 f a& T ot of (72
where,
Q —t —2—6,6,6 andd

HereQ s the average diameter of the planar indactdi represents the fill
ratio of the inductor, which is an indicator of how hollow the inductor is; a $maller
corresponds to a hollower inductor &hd andQ are approximately simil&rom
Equations {1) and 72), it is evident that the indacce of the planar inductor
depends on the induct or 0s 72iecanrhe dbseiveda | part
that all the planar designs are symmetrical in shape. The constants listed.in Table
are specifically computed for symmetrical shapes stiape of the inductor becomes
asymmetrical or sesymmetrical, then these constants cannot be used directly. The
elliptical planar inductor is a ssymmetrical shape; therefore, the inductance of the
elliptical inductor cannot be directly calcufabed Equation72) in combination with

the constants given in TalBlé. In the current study, an area transformation concept
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is used to calculate the inductance of an elliptical planar inductor using a simple

mathematical translation technique.

7.3.2 Area Transformation Technique to Model Elliptical Planar

Inductor

In thischapteran area transformation technique is used to transform the area of
an elliptical shape into a circular sliapg] In this approach, the inductance of the
elliptical planar inductod () is estimated by trangtatithe area of the ellipse
© into the area of the circlé by using mathematical transformation
formulas[331] Using this technique, the design parameters of the elliptical planar
inductors areransformed into a circular planar inductor, and all the circular planar
inductor formulas can be reused. FigiBerepresents the schematic flow of the

transformation of the ellipse area into the area of the circle.

duut,r

din;

dum’j
dnut_maj

@ (b)

Figure 7.3 Area transformation techniqag Ellipse area transformation to a circular shape
(b) Elliptical planar inductor transformation into the circular planar inductor.

Figure7 3a shows an ellipse with a minor radius and major radius hwhich

can be transformed into a circle with a radiususing Equations7@)3( 75).
Equations{6) and 7.7) represent the radius @nd diameterQ of the translated

circle.
0 0 (73
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While,

0 “1 (74)

“ (75)

TR B (76)

Q ¢ 1 77

Similarly, the elliptical planar inductor in FigiBk canbe translated into a
circular planar inductasing Equatiori/(7). Therefore, the inner diamet@r  and
outer diameter€)  of the translated circular planar inductor in terms of elliptical

inner diametelQ ~ HQ and outer diameteR2 ~ HQ can be given

as follows in Equationg&) and 79):

Qo Q (78)

similarly,

Q Qo Q (79)

After transforming an elliptical planar inductor into a circular planar inductor,
which is a standasthape of a planar inductor, all formulas of a circular planar inductor
can be used to estimate the inductance of an equivalent planar elliptical inductor
through Equation72). The inductance of the elliptical planar inductor is given by
Equation 7.10).Moreover, the parasitic components can also be calculated using the

standard formulas of the circular planar inductor.

O — 8t 8t (7.0)
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where,
Q —_—t —X* 6,6 ,6 handd

are geometrglependent and listed in Table

7.3.3 Parasitic Components

After transforming the area of the ellipse into the circular inductor, the values of

the parasitic components for the elliptical planar inductor can be calculated using the

existing circular inductor expressions. The lumped model of the planar inductor is

shown in Figuré4a, consisting of parasitic resista¥ice ( ), parasitic capacitance

© ), and an ideal inductar ().
Lidear Rparasitic 4 -8 ' I L'_) ;‘-""’; L') ;
th + € >II Ig-}--.‘l‘ ______ g
Cpclllrasitic : (‘) ........ U 4 oy | i :
Il TTTTwW T T g
@ (b) ©

Figure 7.4 Lumped model of the elliptical planar inductor to show parasitic effects (

Lumped circuit model of the planar indudbdrSkin depthi ( shown in the red area where
current flows through the red area instead of the etmngpbssectional area of conductoy (
Parasitic capacitance between nearby turns.

The total conductor length of the planar elliptical planar  can be calculated
by Equation{11) after achieving the newer irdiameterQ  and outer diameter
Q  using Equationg §) and 7.9).
“0Q Q

a : : (72
C

The quality factor of the i pedoomance,r

and the quality factor is hugely impacted by the parasitic resitance ( 8The
value ofY Is dependent on the direct current resistaice and the

alternating current resistande ). Equation{.12) is used to comput

Y YooY (73

Equation 713) is used to compute the DC component of the resistdance

(74)
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wherex is the total length of the elliptical spiral conduti®the trace thickness,
W is the trace width, arids the resistivity of the conductor.

The AC resistanceY () of the planar induat is frequencgependent and
becomes significantly higher than the DC resistahceat higher frequencies due to
the skin and proximity effecf832] Therefore, the AC resistanté | can be
computed from Equatio7 {4).

Y Y Y (75)

At higher frequencies, the alternating current flows through the outer area of the
conductor rather than flowing through the complete -sext®nal area of the
conductor; this effect is called the skin effect. Due to a reduction in the effective cross
sectional area, the current flow faces more resistance, which is known as the skin effect
resistanceY . In Figure/ 4b, the red area shows the skin dépttthrough which

current flows, and the black area represents the area with no currdduéien

(715) is used to compute the resistance due to the skin"éffect[276]

Y

where (76)

here' is the permeability constant, and its vaiue isp 1 "OfG ,‘ is the relative
permeability of the conductor, afis$ the operational frequency.

Similar to the skin effect, the proximity effect also becomes significant at higher
frequencies. At a specific frequency (crowding frequ@ncy ), the magnetic field
of the nearby turns of the planar inductor becomes significantly highuaed a
nonuniform flow through the traces. This nonuniform distribution of current results in
increased resistanadich is known as proximity resistange and can be

computed using Equationi6)[277]
Y — —— , wheréQ L (7.7)

The parasitic capacitange ( ) is one of the significant parasiimmponents

and can limit the functionality of the inductor. The parasitic capacitance for the planar
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inductors can be computed from Equatih7()[278] Total parasitic capacitance is a
combined effect of capacitances between the nearby metallic traces due to the air gap

between traces and underlying substrate material (polyimide).

0 0 0 a A (78)

The contributing factors of parasitic capacits aréd = ar®lA 9 =. The. 1
parasitic capacitance due to the air gap and parasitic capacitance due to the
underlying substrat@ ( ) are shown in Figuvelc. The relative permittivities of
the substrate material and air are expregsed as and |, respectively.

Once the parasitic capacitance is computed, then theesgeHdnce
frequency™Q  of the planar elliptical induct@rceasily be computed using the self
inductance of the elliptical inductor and parasitic capacitand®. Tikevery critical
while designing an inductor for specific applications with a wide range of operational
frequencies. Above its saSonancdrequency, an inductor works more like a

capacitor than an inductor. TRe can be computed using Equatiofag)[279]

Q 79)

7.3.4 Fabrication

To validate the proposed elliptical inductor model, different elliptical planar
inductors were made using a-gtehing method. In the first fabrication stage, a
LaserJet printer (HPM553, HP Technology, BDubikland) was used to print the
inductor mask directly onto a Ad thick singlesided coppetcoated polyimide film
(Flexible Isolating Circuit 50 MicreBsppered 35 Microfis Side, CIF, Buc, France).
As the next step, these coppeated polyimide filsnwith printed masks were attached
to the plastic stand of the etching machine (PA104 Heated Bubble Etch tank, Fortex,
UK). The etchant was made by combining sodium persulph&©®(Nand deionized
water in a 1:5 ratio. The etching was carried owg asidnsparent acrylic tank with a
diaphragm air pump attached to microporous tubing to produce tiny air bubbles that
would help the etching process. To increase the speed of the etching process, the
etchant 6s t e mpgusany asuspertigiass heater dippadtinside the
machine tank. The overall etching process was completed WBim#0 In the next
step, this patterned flexible PCB was removed from the etching tank and washed with
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hot water. The ink particles from the patterned toddesigns were removed using
an acetone bath. In the final step of the fabrication, flexible multithread copper wires
were soldered on the terminal points of the inductors for electrical connections. The

stepwise fabrication process is shown in Figure

Soldering of
Electrical
leads

Mask Wet Acetone

Printing Etching Bath

Figure 7.5 Stepwise fabrication process of elliptical planar inductors.

7.3.5 Device Validation
To validate the proposed model, a Keysight E4990A impedance analyzer (Keysight

Technologies Inc., CA, USA) was used for the measurements of fabricated elliptical
inductors. Before the measurements, the impedance analyzer was calibrated using the
standardast fixture 16047E (Keysight Technologies Inc., CA, USA) (open and short
calibration). The fabricated elliptical planar inductors were connected in this test fixture,
as shown in Figui®&6, and the inductance and the realY andimaginary

@ parts of the impedance were measured for a range of frequencies between 20
Hz and 120 MHz (the fudicale measurement range of the E4990A). However, to
validate the proposed model, the inductance measurements reported in theréable
taken at 1 MHz frequency as the equipment error is only 0.1% at 1 MHz, and it became
5310% when the measurement frequency is >100(383}
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Figure 7.6 Inductance and Impedance measurement setup.
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7.4 Results

To validate and assess the estimatioaracy of the proposed elliptical model,
different sets of elliptical planar inductors were fabricated. Considering the significant
impact of parasitic components in varying geometries with different trace widths, trace
separations, minor and major digarsg and the number of turns, a large number of
inductors Nl = 75) were fabricated. In one set, the ntajominor ratio 'Y between
the inner minor and inner major diamet@rs ( o ‘ was kept fixed, and the
trace width (V) and trace separatiof) (vere variedSimilarly, for another set of
fabricated inductors, the ratio betweenaimer minor and outer major diameters
(Q Ok ) was variedvhile keeping the tra width and trace separation

constant.

7.4.1 Estimation Results for Varying Trace Separation (S) and
Trace Width (W) While Keeping the Ratio=| between the

Inner Minor Diameter to Inner Major Diameter Constant

This section details the comparison between the numerical resufisopictbed
modeland the measured results of the fabricated elliptical planar inductors. In this
comparison, the ratioetween thénner minor and inner major diametees kept
fixed at 3, while the trace width and trace separation were varied between
¢ Al AT @Al for 10 and Sturnelliptical inductors. Theiter minor and outer
major diametersvere dependent on the combinationstrate width and trace
separationTables’ 2 and7.3 show the calculated and measured results, respectively,
for the 16turn elliptical inductor. The ratio betweendhter minorand outer major
diametersvas kept ab. Figurer.7 represents the fabricated elliptical inductors with a
trace width of 600 Om and trace dheparati

majorto-minor ratio R) andN are kept constant at 3 and 10,eeByely.

Table 7.2 Inductance of elliptical inductors calculated from the proposed model for different
combinations of trace separatiBnand trace widthA{) while majoto-minor ratio R) = 3
and number of turn&N{j = 10.

Cal cul ated I nduct ance MoQet)Nurabler ofErurhsi
(V) = 10, Majorto-Minor Ratio (R) = 3)

Trace Separation (um)
200 300 400 500 600

Test Parameters

200 3.69 3.65 3.63 3.64 3.66
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300 3.62 3.61 3.62 3.64 3.67

Trace
] 400 3.59 3.60 3.62 3.65 3.68
Width
(um) 500 3.58 3.60 3.63 3.67 3.71
m
H 600 3.58 3.61 3.65 3.69 3.74

Table 7.3 Measured inductances of elliptical planar inductors for different combinations of
trace separatio®)(and trace widthA() whilemajorto-minor ratio R) = 3 and number of
turns (\) = 10.

Measured I nductance (QH) of Fabrica
(NV) = 10 Majorto-Minor Ratio (R) = 3)

Trace Separation (um)
Test Parameters

200 300 400 500 600
200 3.77 3.66 3.67 3.64 3.61

Trace 300 3.69 3.54 3.59 3.59 3.58
Width 400 3.55 3.56 3.55 3.63 3.59
(um) 500 3.55 3.45 3.50 3.54 3.53
600 3.46 3.40 3.48 3.51 3.50

oooooo

S=200um S=300um S=400 um S=500um S=600um

Figure7.7EIl | i pti cal pl anar inductors while a widt
majorto-minor ratio R) = 3 andthenumber of turns) = 10 were kept constant.

The percentage error, as given in Equafid®)( is an evaluation metric
commonly usetb compare estimated and experimental measurdBG8jt[311]
The percentage error beem the numerical inductance of the proposed model and
measured inductance values of the elliptical planar inductor is computed using Equation
(719) and given in Tabfed. A maximum error value of 6.42% was found when the
trace separation and tracewidtae r e 6 00 Om, whil e the minir
be 0.08% when the trace separa@par(d trace widt) wer e 500 Om and
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respectively. However, the average error was 2.47%, with a standard deviation of 1.8%
for the differentombinations of trace separati§nand width\{v).

0 0
PO 1 ¢i—p—— opnum (719

Table 7.4 The percentage error between the numeeaddlylated and measured inductances
of elliptical planar inductors after using the proposed model for different combinations of trace

separationg) and trace width\{) while majoeto-minor ratio R) = 3 and number of turnblj
=10.

% Error in Calculated and Measured Inductances (Number of Turns/A) = 10,
Major-to-Minor Ratio (R) = 3)

Trace Separation (um)
Test Parameters

200 300 400 500 600
200 2.17 0.39 0.95 0.08 1.26

Trace 300 1.82 1.96 0.75 1.28 2.46
Width 400 1.09 1.03 1.86 0.47 2.62
(um) 500 0.75 4.11 3.53 3.44 4.84
600 3.31 5.80 459 4.92 6.42

The measured inductances (black lines) and proposed model inductances (red lines)
with color bar graphs for various trace separations and trace width are represented
graphically in Figuré8. It is evident from Figuré8 that the proposed model
inductane and measured inductance values are approximately the same, with a
percentage difference of less than 5% between the values. This difference is primarily
associated with fabrication inaccuracies and measurement errors.
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Figure 7.8 Surface plot of proposed model inductances and measured inductances of the
elliptical planar inductor with a color bar to represent the percentage error for different

combinations of trace separatiBngnd trace widthA{) while majotto-minor ratio R) = 3
and number of turn§N{( = 10.

Fiveturn elliptical inductors were investigated to evaluate the impact of the
number of turns of the elliptical inductors on varying trace separation and trace width
The fabricated elliptical inductors with five turns are shown in FRjurer a fair
comparison with previous results, trace separation and trace width combinations were
kept the same as in the last test setup. The calculated and measured iraduesance v
are tabulated in Tablés and7 6, respectively. The maximum value of the calculated
i nductance was found for a trace width

mi ni mum i nductance value was seen for a
oo 400 Om.
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Figure 7.9 Elliptical planar inductors with trace widt) ( o f 600 Om and var

separationS) whilemajorto-minor ratio R) = 3 and number of turnslf = 5.

Table 7.5 Inductance of elliptical inductors calculated from the proposed model for different
combinations of trace separatiBngnd trace widthA{) while majoto-minor ratio R) = 3
and number of turndNj = 5.

Cal cul ated I nduct ance MoQets)Nurabler ofETurhsi(A)
5, Major-to-Minor Ratio (R) = 3)

Trace Separation (um)
Test Parameters

200 300 400 500 600
200 1.01 0.982 0.964 0.953 0.945
Trace 300 0.975 0.958 0.947 0.940 0.935
Width 400 0.952 0.941 0.934 0.930 0.928
(um) 500 0.935 0.928 0.924 0.922 0.922
600 0.922 0.919 0.917 0.917 0.918

Table 7.6 Measured inductances of elliptical planar inductors for different combinations of
trace separatio®)(and trace widthA() while majoto-minor ratio R) = 3 and number of
turns ) = 5.

Measured I nductance ( QH) o f(Numtzbof Tiuras
(V) = 5, Major-to-Minor Ratio (£) = 3)

Trace Separation (um)
Test Parameters

200 300 400 500 600
200 1.00 0.966 0.938 0.915 0.933
Trace 300 0.916 0.948 0.884 0.910 0.896
Width 400 0.907 0.875 0.864 0.857 0.846
(um) 500 0.860 0.836 0.864 0.851 0.833
600 0.851 0.918 0.921 0.931 0.940

The measured inductance of elliptical planar inductors is tabulated 7tb Tkble

can be observed from TalBlé that the measured inductance values are lower than the

calculatednductance valueB.he maxi mum measured inductar

minimum measuredindachce i s observed to be 0.8383
@Qm and a trace width of 500 Qm.

The percentage error between the numerical inductance of the proposed model
and the measured inductance values of the elliptical planar inductor is given in Table
7.7. 1t can be observed from TalBlé that the maximum error was observed to be
9.93% for a trace separation of 300 OQm
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error was observed to be 0.59% for a t
Moreover, theaverage error was 4.85%, with a standard deviation of 3.18% for the
different combinations of trace separation and trace width for a fixed number of turns
(5) and fixed majdao-minor ratio (3). Further, it can be observed from Tablbat

the averagpercentage error is slightly higher farrb elliptical inductors compared

to 10Gturn elliptical inductors. This error is higher as fewernductors are more

prone to variability in fabrication and measurement phases thaurmargductors.

Table 7.7 The percentage error between the numerically calculated and measured inductances
of elliptical planar inductors after using the proposed model for different combinations of trace
separationg) and tracavidth (V) while majoeto-minor ratio R) = 3 and number of turnalj

=5.

% Error in Calculated and Measured Values (Number of Turng\) = 5, Major-
to-minor ratio (/) = 3)

Trace Separation (um)
Test Parameters

200 300 400 500 600

200 0.59 1.61 2.73 3.96 1.30

Trace 300 6.10 1.08 6.64 3.15 4.19
Width 400 4.75 7.02 7.48 7.81 8.81
(um) 500 8.04 9.93 6.50 7.73 9.67
600 7.75 0.06 0.45 1.54 2.36

The measured inductances (black lines) and numerical inductances of the proposed
model (red lines) with color bar graphs for various trace separations and trace width
have been represented graphically in Fidrelt is evident from FigurelO that the
numerical inductance of the proposed model and measured inductance values are
approximately the same, with a percentage difference of less than 8% between the
values.
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Figure 7.10Surface plot of theaumerical inductance of the proposed model and measured
inductance of the elliptical planar inductor with a color bar to represent the percentage error
for different combinations of trace separat®rafd trace width/A) while majoto-minor

ratio R = 3 and number of turnslj = 5.

7.4.2 Estimation Results for Varying Ratios of Inner Minor
Diameter to the Inner Major Diameter between 1 to 5 While
Keeping Trace Separation and Wid

To investigate the effect of the varying rrtajominor ratiobetween one and five,
elliptical inductors of different sizes were fabricated and tested, as shownvia Eigure
In all planar inductors, the number of turns, trace width, and trace separation were kept
fixed at 10, 2eBp@ctivelyn ;The anmed mirdrOdiame@nwas set to 5
mm, while the inner major diameter was varied from 5 to 25 mm to achie¥e-major
minor ratio R) values of between one and five. The numerical indudiances
calculated using the proposed mausitioned in Sectioh3 whereas the measured
inductance ( ) is measured using the impedance analyzer. The numerical
inductance of the proposed model and measured inductance values are listed in Table
78. To calculate the difference betweemtheerical inductance of the proposed
model and measured inductance values, the absolute percentage error has been

calculated and is tabulated in T@l8le
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