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ABSTRACT

Design, Fabrication, and Characterization of Biocompatible Soft Strain
Sensors for Implantable Applications
Abdulkadir Yasin Atik
Master of Science in Mechanical Engineering
April 28, 2025

Cardiovascular diseases remain a major global health challenge, with effective post-
operative monitoring critical for improving patient outcomes and reducing hospital
readmissions. This study presents the design, fabrication, and characterization of
biocompatible soft strain sensors for implantable applications, focusing on continuous
and precise cardiac strain monitoring. Two sensor types were developed: resistive and
capacitive. While the resistive sensors provided initial insights, they faced durability
limitations under cyclic loading, leading to the design of capacitive sensors with
interdigitated configurations.

The capacitive sensors were constructed with polydimethylsiloxane encapsulation
and 25 um copper conductive elements. Theoretically, this design yielded a baseline
capacitance of 0.228 pF and demonstrated sensitivity increments of 10, 20, and 30 fF
under 5%, 10%, and 15% strain, respectively. Durability tests included continuous cyclic
loading at 10% strain for over 12 hours, where the sensors exhibited minimal baseline
drift and consistent signal integrity. Additionally, the capacitive sensors maintained
stability under large strain amplitudes of 25% and demonstrated pressure insensitivity,
ensuring operational reliability in dynamic physiological environments.

Characterization under simulated cardiac conditions using a ViVitro Superpump
confirmed the sensor’s ability to detect minimal volumetric changes and to accurately
trace distinct phases of a heartbeat. These findings underscore the potential of the
proposed sensors for real-time telemetric cardiac monitoring, offering high sensitivity,
durability, and biocompatibility. This work lays a critical foundation for next-generation
implantable devices aimed at enhancing cardiovascular care.
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OZETCE

Implant Uygulamalari icin Biyo-uyumlu gerinim sensérlerinin tasarim, iiretim
ve karakterizasyonu
Abdulkadir Yasin Atik
Makine Miihendisligi, Yiiksek Lisans
28 Nisan 2025

Kardiyovaskiiler hastaliklar, diinya genelinde 6nemli bir saglik sorunu olmaya
devam etmekte ve ileri teshis ve tedavi araclarina olan ihtiyaci vurgulamaktadir. Sol
ventrikiil gerinim analizi yoluyla siirekli kardiyak izleme, 6zellikle ameliyat sonrasi
sonugclarin iyilestirilmesinde ve hastane tekrar yatis oranlarinin azaltilmasinda énemli bir
potansiyel sunmaktadir. Bu ¢alisma, hassas ve uzun vadeli kardiyak izleme ¢ozlimleri
icin 6zel olarak tasarlanmis biyouyumlu yumusak gerinim sensorlerinin tasarimi, iiretimi
ve karakterizasyonuna odaklanmaktadir. Direng tabanli ve kapasitif olmak {izere iki
sensor tipi gelistirilmistir. Direng bazli sensorler, gerinim 6l¢iimiinde uygulanabilirligi
gostermis, ancak dongiisel yiikleme altinda dayaniklilik sorunlariyla karsilasmistir. Bu
baglamda, istikrar ve hassasiyet acisindan iistiinliik sunan tarak konfigiirasyonlu kapasitif
sensorler tasarlanmistir. Polidimetilsiloksan ile enkapsiile edilen ve 25 pm bakir iletken
elemanlarla iiretilen kapasitif sensorler, tasariminda teorik olarak 0,228 pF'lik bir
baslangi¢ kapasitansi saglamis ve sirasiyla %5, %10 ve %15 gerinim altinda 10, 20 ve 30
fF kapasitans artiglar1 gostermistir. Dayaniklilik testlerinde, sensorler 12 saat dongiisel
gerinime maruz birakilmis ve minimal baglangi¢ kaymasi ve tutarli sinyal devamliligi
sergilemistir. Ayrica, kapasitif sensorler %25 gibi biiyiikk gerinim genliklerinde stabil
kalmis ve c¢esitli kuvvetlere karsi basing duyarsizligi gostermistir, bu da dinamik
fizyolojik ortamlar i¢in operasyonel giivenilirligi garanti etmektedir. ViVitro Superpump
kullanilarak simiile edilmis kardiyak kosullar altinda yapilan karakterizasyon, sensoriin
diisiik hacimsel degisiklikleri algilama ve bir kalp atisinin farkli evrelerini dogru bir
sekilde izleme yetenegini dogrulamistir. Bu bulgular, 6nerilen sensorlerin ger¢ek zamanl
telemetrik kardiyak izleme i¢in yiiksek hassasiyet, dayaniklilik ve biyouyumluluk
sundugunu gostermektedir. Bu c¢alisma, kardiyovaskiiler bakimi gelistirmeyi amaglayan
bir sonraki nesil implant edilebilir cihazlar i¢in kritik bir temel olusturmaktadir.
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Introduction 1

Chapter 1:
INTRODUCTION

1.1 Cardiovascular Diseases

Heart failure (HF), a condition in which the heart cannot pump enough blood to meet
the body’s needs, poses a significant health and economic challenge worldwide [1].
Affecting over 6 million adults in the United States alone, HF incurs an annual cost
exceeding $30 billion [2]. Globally, cardiovascular diseases remain the leading cause of
death, accounting for an estimated 19 million fatalities in 2020—a staggering 18.7%
increase from 2010 [3]. The increasing incidence of heart disease has resulted in more
elective cardiac surgeries and heart transplantations, especially among older populations,
emphasizing the critical need for effective management strategies. [4].

Coronary heart disease, the most common type of heart disease in the United States,
was responsible for 382,000 deaths in 2020 [5]. Advanced cardiovascular interventions,
such as coronary artery bypass grafting—the most frequently performed surgery for
cardiac disease—and mechanical circulatory support devices, have significantly
improved patient outcomes and extended lifespans. Despite these advancements, high-
risk patients, though constituting less than 15% of in-patient procedures, account for a
staggering 80% of deaths [6]. Furthermore, gaps in post-acute care remain evident, with
unplanned readmission rates as high as 20% [7], [8]. Continuous and reliable monitoring
of cardiac activity has emerged as a promising solution. It helps patients stick to their
medication plans, improves the quality of care, and lowers costs for outpatient visits and
hospital stays. [9]. This approach has proven particularly effective for chronic heart
failure patients, enabling cost-effective reductions in hospitalizations and improved long-
term outcomes [10], [11].

Open-heart surgery has historically played a pivotal role in improving survival rates
for patients with cardiovascular disease [12]. However, the postoperative phase can be
very challenging, especially for patients with HF. These patients have a much higher risk
of death after surgery compared to those without HF. [13]. In complex surgeries, the one-
year mortality rate can climb as high as 30%, highlighting the urgent need for enhanced

care strategies for high-risk individuals [14]. Complications such as chest pain, kidney
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and liver failure, and neurological disorders often hinder recovery, with 1 in 4 patients
being rehospitalized within six months of surgery [15]. These complications severely
impact the cardiovascular system's physiology during and after surgery, making improved
postoperative outcomes a critical factor for functional recovery, long-term survival, and
reducing healthcare costs [16], [17], [18].

Systemic inflammatory response syndrome (SIRS) and vasoplegia are common
postoperative complications, with incidence rates ranging from 5%—25% in the general
population and up to 50% in high-risk groups, significantly lowering survival rates [19].
After surgery, heart function can get worse over days or weeks. This decline often
happens outside of hospitals and may go unnoticed during occasional check-ups [20]. By
the time symptoms become evident, irreversible myocardial damage and functional
impairments may have already taken hold [21], [22], [23], [24], [25]. Continuous
monitoring systems offer a critical solution, enabling the timely detection of major
adverse cardiac events such as malignant ventricular arrhythmias or myocardial
infarctions. This early detection can dramatically improve clinical outcomes and patient
recovery [26], [27], [28].

The lack of quantitative monitoring following cardiac surgery leaves a significant
gap in patient care, leading to a cycle of worsening conditions that includes
hospitalization, treatment, and readmission [29], [30]. Currently, patients are discharged
without medical monitoring devices, and healthcare providers must rely on subjective
patient reports to assess the need for rehospitalization. Implementing a reliable method to
quantitatively monitor cardiac function—specifically cardiac output—could enable early
detection of complications, significantly improving patient outcomes. Continuous
monitoring of left and right heart volumes is particularly crucial for optimizing survival
during surgery and postoperative intensive care [18], [19], [31]. For high-risk HF patients,
early detection of declining cardiac function in both LV and RV is vital for effective post-
acute care and preventing irreversible deterioration [18], [23], [32], [33].

Monitoring LV activity is crucial for detecting systolic and diastolic dysfunctions
and identifying early signs of HF [34], [35], [36]. Recent studies highlight myocardial
strain as a sensitive and robust early indicator of cardiac dysfunction, offering superior
prognostic value compared to traditional metrics [37], [38], [39]. Preclinical
investigations reveal that abnormalities in myocardial strain emerge earlier in the

progression of HF than other factors, such as changes in ventricular filling pressures [40],
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[41], [42], [43], [44], [45], [46]. The measurement of ventricular strain, primarily through
advanced imaging techniques like magnetic resonance and ultrasound, is an area of active
research in cardiovascular medicine [47], [48]. Reduced strain, often coupled with
increased myocardial stiffness, serves as a hallmark of cardiomyopathy progression and
is a strong predictor of major adverse cardiac events, disability, and mortality in clinical
settings [49], [50]. This evidence underscores the potential of strain metrics in improving
early diagnosis and intervention strategies for HF patients.

During surgery, heart volume is typically monitored indirectly through central
venous pressure measured via invasive pressure lines and visualized using
transesophageal echocardiography (TEE) [19]. This continuous monitoring enables real-
time volume management, such as administering or retaining fluid through a modified
cardiopulmonary bypass (CPB). Post-surgery, patients are moved to the intensive care
unit, where TEE is discontinued due to its need for sedation [51] (Figure 1.1). During the
critical first 48 hours, patients are at high risk for complications like vasoplegia and SIRS,
which cause blood to leak into the periphery. This reduces the heart's filling volume at
end-diastole, impairing stroke volume and cardiac output. Early detection of these volume
changes allows timely fluid administration to restore cardiac function; otherwise, severe
outcomes may occur.

The most commonly used device for LV volume measurement in clinical settings is
transthoracic echocardiography (TTE) [52] (Figure 1.1). However, TTE has limitations,
including its reliance on a clinician to manually position the probe for optimal imaging,
which affects reproducibility and accuracy [53]. Continuous LV volume measurement
methods, such as intra-cardiac electric impedance via a catheter, offer improved precision
but are associated with significant thromboembolic risks, limiting their use to short-term
experimental animal studies. This underscores the need for a safer, continuous, and

reliable LV volume monitoring solution for better clinical outcomes [54], [55], [56].
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Figure 1.1: Conventional methods for detecting heart volume. a) TEE [57] , b) TTE [58].

Explained by the Frank Starling mechanism, LV volume and myocardial strain are
closely related to cardiac output, physiologically [59]. Strain is a specific metric and can
be measured along multiple axes. It provides clear insights into health conditions and
helps in understanding different disease types, leading to better ways to categorize them.
[60], [61]. Studies have shown that left ventricular epicardial strain closely correlates with
preload and stroke volume, making it a valuable parameter for evaluating hemodynamic
performance [62]. Beyond cardiac tissue, strain measurements can be applied to
compliant outflow vessels, such as the aorta, where circumferential strain serves as an
indicator of systolic pressure. This versatility highlights the broad utility of strain analysis
in both cardiac and vascular contexts [63].

Traditional imaging systems for cardiac monitoring are limited by their reliance on
operator-driven investigations and their confinement to hospital settings, making them
unsuitable for continuous use. An implantable, soft, miniaturized, and sensitive strain-
sensing device could revolutionize cardiac care by enabling long-term monitoring of
critical parameters in everyday settings. Such a device would facilitate the early detection
of major cardiac adverse events at home and allow real-time tracking of the heart's
response to medications, paving the way for personalized therapies. Implantable cardiac
sensors, positioned in closer proximity to the heart, offer significant advantages, including
enhanced precision, a higher signal-to-noise ratio (SNR), and the ability to detect subtle
changes in cardiac activity [64]. While technologies like the CardioMEMS (Abbott, IL,

USA) pressure sensors provide valuable data on pulmonary artery pressures correlated

4
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with left ventricular function, they are influenced by pulmonary resistance and fail to
address the need for direct LV myocardial strain [65], [66], [67]. Thus, the demand for an
innovative sensor technology persists—one that can detect LV strain anomalies in real
time, remain permanently implanted due to its small size, and ensure biocompatibility for
long-term use.

In addition to transthoracic echocardiography (TTE) and transesophageal
echocardiography (TEE), several alternative techniques exist for cardiac volume and
output monitoring. Doppler ultrasound, particularly pulsed-wave Doppler (PWD), offers
a non-invasive means to estimate stroke volume by measuring blood flow velocities
across cardiac valves, combined with anatomical estimations of valve cross-sectional
areas [68]. While widely utilized, Doppler-based methods inherently provide flow-
derived rather than direct volumetric measurements and are highly operator-dependent,
with significant accuracy contingent upon correct alignment and anatomical assumptions.
Cardiac magnetic resonance imaging (MRI) represents the gold standard for precise
volumetric assessment, offering high-resolution, three-dimensional visualization of
ventricular volumes and ejection fractions; however, it remains impractical for
continuous monitoring due to high cost, limited accessibility, and procedural duration
[69]. Computed tomography (CT) angiography similarly provides detailed static
volumetric data but is primarily restricted to anatomical evaluations owing to radiation
exposure and its non-continuous nature [70]. Emerging technologies such as
bioimpedance cardiography estimate stroke volume by detecting changes in thoracic
electrical impedance during the cardiac cycle, offering continuous, non-invasive
monitoring albeit with reduced accuracy in patients with high body mass or fluid overload
[71]. Additionally, pulse contour analysis techniques based on arterial waveform
monitoring (e.g., PICCO, LiDCO systems) allow semi-continuous estimation of cardiac
output in critical care settings, though they infer rather than directly measure ventricular
volume [72]. Implantable pressure sensors, exemplified by CardioMEMS, indirectly
assess cardiac function by monitoring pulmonary artery pressures but lack direct left
ventricular volume measurement capability [73]. Overall, while multiple modalities are
available, each presents specific limitations in terms of invasiveness, continuity, or
precision, underscoring the clinical need for novel implantable technologies capable of
direct, continuous heart volume monitoring—such as the strain-sensing device proposed

in this study.
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1.2 Implantable Devices

Research in implantable devices has garnered substantial interest over the past few
years, leading to significant advancements in the field. This surge in interest can be
attributed to the growing potential of these devices to improve patient outcomes and
enhance quality of life. Recent studies have reported a variety of innovative implantable
devices that have successfully demonstrated their functionality and efficacy in vivo.
These developments highlight the ongoing commitment to refining medical technologies
that can be integrated into the human body, paving the way for new therapeutic
approaches and monitoring solutions in healthcare.

Biodegradable materials are used by Boutry et al. In this work, they created an arterial
blood flow monitor implant, which is completely biodegradable and transmits signals
wirelessly. It works as a pressure sensor just as a capacitor utilizing fringing-field
capacitance. Having minimal hysteresis, short response time and very good cyclic
stability on top of being undoubtedly robust are present on the sensor. With these
capabilities, the sensor happens to be a ready-to-use implant. Hence, an in vivo test is
demonstrated in the study with rats. Surgeons delicately sutured the sensor on femoral
vessel and signals are collected via a Vector Network Analyzer. This study paves the way
for using capacitance-based sensing on implantable applications [74].

Providing sensitive electrical signal with an implant having mechanical properties
close to myocardial tissue is demonstrated for the first time in the study of Sim et al. They
created an epicardial patch loaded with transistors ready to generate a spatiotemporal map
of the patient’s heart. This is done by fabricating fully rubbery transistor array
encapsulated by biocompatible elastomer. The elastomer lets the implant stretch in
harmony with heart while measuring vitals like temperature and strain. They showed the
capabilities of the device on a beating porcine heart. Also, with slight adjustments, the
device can be therapeutic and harvest its own energy from heart beats [75].

CardioMEMS (Abbott, IL, USA) is a wireless, implantable monitoring device
designed to track pulmonary artery pressure (PAP) in heart failure (HF) patients.
Approved by the FDA in 2014, it plays a significant role in early detection and
management of HF by enabling remote hemodynamic monitoring. The device consists of
a pressure sensor implanted in the pulmonary artery, which operates without batteries or

leads, relying on radiofrequency signals for power. Patients transmit daily pressure
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readings through an external electronic unit and an antenna-equipped pillow. This real-
time data allows healthcare providers to make timely adjustments to medication, reducing
the risk of hospitalizations and improving patient outcomes. Studies have demonstrated
that CardioMEMS significantly lowers HF-related admissions and may contribute to
mortality reduction. Beyond HF, it has shown potential applications in monitoring
pulmonary hypertension, optimizing left ventricular assist devices (LVADs), and early
detection of cardiovascular complications [76].

Hwang et al. present an innovative single-device platform for in situ cardiac
diagnosis and treatment, integrating mechanophysiological sensing and therapeutic
electrical stimulation. Unlike conventional electrophysiological methods that rely on
electrical signal detection, this platform employs an active-matrix array of pressure-
sensitive transistors to monitor cardiac pressure distribution in real time, ensuring
minimal interference with electrical pacing signals. The device also features
biocompatible, low-impedance platinum-black electrodes for efficient cardiac stimulation
and an alginate-based hydrogel adhesive for stable attachment to the epicardium. In vivo
experiments on rabbits demonstrate the system’s ability to detect abnormal heart rhythms
and synchronize cardiac pacing with high precision. The key novelty of this study lies in
its seamless integration of pressure-based sensing with therapeutic electrical stimulation
within a single platform, enabling simultaneous diagnosis and treatment of arrhythmias
while overcoming the limitations of ECG-based monitoring [77].

Liu et al. introduce a self-powered, ultrasensitive endocardial pressure sensor (SEPS)
based on a triboelectric nanogenerator (TENG) for real-time cardiac monitoring. Unlike
conventional pressure sensors that require external power sources and are limited in long-
term applications, this device harnesses the energy from blood flow to generate electrical
signals, enabling continuous monitoring without battery dependency. The SEPS is
miniaturized, flexible, and integrated with a surgical catheter for minimally invasive
implantation, making it suitable for real-time tracking of endocardial pressure changes.
In vivo experiments in a porcine model demonstrate its high sensitivity (1.195 mV
mmHg™) and excellent linearity (R? = 0.997), allowing detection of both normal cardiac
function and pathological conditions such as ventricular fibrillation. This study shows a
remarkable combination of self-powering capability, high sensitivity, and minimally
invasive design, paving the way for next-generation implantable cardiovascular sensors

[78].
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Figure 1.2: a) A fully biodegradable, wireless arterial-pulse sensor based on fringe-field capacitor technology,

enabling real-time, battery-free blood flow monitoring after surgery without requiring device removal [74]. b) A soft,

stretchable epicardial bioelectronic patch, enabling spatiotemporal mapping of electrophysiological activity, strain,
and temperature while conforming seamlessly to a beating heart [75]. c) A single-device platform that integrates
mechanophysiological sensing and therapeutic electrical stimulation for real-time, in situ cardiac diagnosis and

treatment, using a pressure-sensitive transistor array to overcome the limitations of traditional ECG-based
monitoring [77]. d) A self-powered, ultrasensitive endocardial pressure sensor based on a triboelectric
nanogenerator, enabling real-time, battery-free cardiac pressure monitoring with high sensitivity and minimal
invasiveness [78].

Flexible electronics hold great promise for cardiovascular healthcare monitoring, but
several challenges hinder their widespread clinical adoption. One major issue is the trade-
off between flexibility, durability, and electrical performance; achieving high mechanical
stretchability while maintaining stable signal transmission remains difficult. Motion
artifacts caused by unpredictable body movements can distort readings, affecting the
reliability of continuous monitoring. Additionally, power consumption and energy
sustainability present challenges, as many flexible sensors still require external power
sources, limiting their long-term usability. Biocompatibility and long-term stability are
also concerns, as implantable or skin-mounted devices must integrate seamlessly with
biological tissues without causing adverse reactions. Furthermore, data accuracy and
processing require improvements, as noise interference and calibration complexities can

impact diagnostic reliability. Overcoming these challenges will require advancements in
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materials, fabrication techniques, and signal-processing algorithms to ensure flexible

electronics provide reliable, real-time monitoring for cardiovascular health.

1.3 Strain Sensors

Dr. Arthur C. Ruge is credited with creating the first strain sensor in 1938, and his
fundamental strain sensing mechanism is still used in most commercial sensors today.
The initial strain gauge relies on the relationship between electrical resistance and
material geometry, favoring highly conductive and sometimes ductile materials for their
lower voltage requirements and broader elasticity range.

Soft material sensors have a low modulus and are flexible, which helps solve
problems that stiffer sensors face. Because of their flexibility, these sensors can easily fit
onto curved surfaces and can measure a larger range of movements. Many devices, such
as wearables, implants, soft robots, and flexible robots, need strain sensors that can handle
more than 30% strain. In contrast, traditional strain gauges often break at strains of 5% or
less. Additionally, differences in stiffness can cause the sensors to delaminate, leading to
inaccurate measurements.

The effectiveness of soft sensors depends a lot on the choice of soft conductors and
the elastomers that cover them. The main materials used for the elastomeric layer in
sensors are Polydimethylsiloxane (PDMS), Ecoflex series, and Dragon Skin.
Polyurethane-based elastomers are also commonly used because they have a wide range
of stiffness and can be 3D printed. Flexible conductors can be divided into three types
based on their material and structure: conductive liquids, conductive composites, and soft

structural conductors. Each type will be discussed in the following sections.

1.3.1 Conductive Liquids

For a liquid to exhibit electrical conductivity, it is essential for it to contain free
electrons. This property can be accomplished in two primary ways: the use of liquid
metals, which have a high density of free electrons, or by dissolving ionic compounds in
a liquid, creating charged particles that can move freely and carry an electrical current. A
particularly innovative and effective method for creating a soft strain sensor involves
encapsulating a conductive liquid within a soft elastomer. This approach not only

provides a high degree of flexibility and sensitivity but also minimizes the risks typically
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associated with electronic components, such as rupture or delamination. By employing
this technique, the durability and reliability of the sensor are significantly enhanced,
making it suitable for a variety of applications where strain detection is critical.

High hysteresis is commonly observed in sensing applications utilizing liquid
conductors, particularly in microfluidic systems. This phenomenon often stems from the
deformation of the microfluidic channels themselves, which can occur under pressure or
flow conditions. Additionally, there are inherent delays in liquid recovery after the initial
loading phase, further contributing to inconsistencies in sensor readings. A significant
challenge in accurate measurements lies in the need to differentiate between the genuine
sensor signals and the piezoresistive effects generated by the cabling connected to the
sensors [79].

While liquid conductors are capable of effectively measuring substantial
deformations, they come with complications. The high conductivity associated with
liquid metals, for example, tends to result in a decrease in measurement resolution. This
trade-off between the ability to detect large changes and the precision of the readings is

critical to consider in the design and implementation of sensing technologies [80].

1.3.2  Conductive Composites

Conductive composites are comprised of elastomeric matrix and conductive fillers.
Their mechanical and electrical properties can be delicately adjusted via changing the
base elastomer and filler ratios. They can be integrated in microfabrication processes and
therefore have the potential for miniaturization. Considering these, they are good
candidates for implantable devices.

Almost all of the conductive composite sensors rely on piezoresistive effects. This is
an advantage since easy-read out circuits like Wheatstone bridges can be integrated.
However, piezoresistive sensors are known for their high hysteresis and varying nominal
resistance. This is due to the continuously changing pathways of electric current in the
composite with respect to applied strain. This effect worsens as the number of cycles the
sensor is exposed to increases.

Dual et al. developed an innovative implantable soft strain sensor that incorporates
gold-coated titanium dioxide nanowires (Au-TiO2 NW), encapsulated within a soft

elastomeric material PDMS. The choice of gold and titanium is significant, as researchers

10
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are actively seeking alternatives to silver, which is traditionally the most common
conductive filler used in conductive composite sensors.

In their study, the sensor was subjected to an extensive testing regimen that included
a 72-hour cyclic deformation experiment, where it experienced a strain of 30%. This
assessment was carried out using an ex vivo model, in addition to a shorter-duration
experiment performed on an in vivo porcine model to evaluate its performance in a living
organism.

Results from these experiments indicated a progressive increase in the resistance of
the sensor, aligning with expectations due to the reorientation and potential disconnection
of the Au-TiO2 NW during the cyclic loading. This change in resistance is a critical
parameter, as it reflects the sensor's material behavior under sustained mechanical stress.

The researchers hypothesize that with the implementation of an effective
preconditioning process in future work, the resistance of the sensor could eventually
stabilize at a steady state. This stabilization would be significant, as it would mean that
the introduction of an increasing number of cycles would not lead to further changes in
resistance, thereby enhancing the reliability and longevity of the sensor in practical

applications [62].

1.3.3  Structurally Soft Conductors

Soft sensors that incorporate embedded structurally soft conductors are commonly
designed using a combination of elastomeric films and more rigid conductive materials
such as silicon and copper. These traditional rigid conductors are essential for effective
sensing but can limit the overall flexibility and stretchability of the sensor. To overcome
this challenge, engineers and designers employ geometric tuning techniques that modify
the arrangement and dimensions of the embedded conductors, promoting a balance
between conductivity and the necessary mechanical properties.

One of the primary strategies for enhancing flexibility involves adjusting the
thickness of the metallic conductors. By reducing their thickness, the conductive elements
become more compliant and capable of bending without compromising their electrical
performance. This adaptation is crucial for applications where the sensor must conform

to dynamic surfaces or be subjected to frequent deformation.

11
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In addition to thickness modification, the use of innovative structural designs, such
as wavy or serpentine patterns, plays a key role in enhancing the stretchability of the
conductors. These non-linear geometries allow the conductors to expand and contract
significantly without breaking or losing their conductive properties. By strategically
implementing these design principles, soft sensors can effectively maintain functionality
while adapting to a wide range of movements and environmental conditions. This
approach not only increases the usability of soft sensors in various applications, including
wearable and implant technology but also opens up new possibilities for creating devices
that require both flexibility and reliable electrical performance.

Despite the inherent flexible and stretchable characteristics of structurally soft
conductors, these materials are not without their limitations, particularly due to certain
rigid aspects. The utilization of serpentine patterns in these conductors, which is a
common strategy to enhance flexibility, results in an increased volume requirement.
Consequently, the operational range per unit area or volume remains lower compared to
entirely soft sensors. However, one of the advantages of using rigid conductors is their
compatibility with micromachining techniques. These special fabrication methods allow
for the miniaturization of these conductors, making them suitable for use in implantable
devices.

Moreover, the ability to freely pattern these rigid materials opens up possibilities for
employing capacitive sensing technology rather than relying solely on piezoresistive
sensing. Capacitive sensing is particularly advantageous as it typically avoids certain
defects that trouble piezoresistive sensors, such as hysteresis and fluctuations in nominal
resistance. In contrast to piezoresistive sensors, which measure changes in resistivity,
capacitive sensors primarily respond to changes in the geometry of the sensor structure.
This distinction provides capacitive sensors with the capability to deliver more reliable
measurements, especially when dealing with dynamic loads and rapid rate changes [81].

Both capacitive and resistive sensors share the benefit of relatively straightforward
architectures, which often include designs such as interdigitated combs and parallel
plates. This simplicity in design enhances their practicality and appeal for various
applications. Given these compelling attributes, capacitive sensing has been chosen as the
foundational mechanism for the strain sensors developed in this study. The decision to

utilize capacitive sensing was driven by the desire to leverage its promising attributes,

12
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thereby enhancing the overall performance and reliability of the strain sensing

technology.

1.4  Scope of the Thesis

In this research, we propose a novel soft implantable cardiac strain sensor specifically
designed to facilitate essential telemetric measurements for patients who have undergone
open-heart surgeries, such as coronary artery bypass grafting. These patients are at an
increased risk of readmission due to complications like vasoplegia, making continuous
monitoring critical for their post-operative care.

One of the unique aspects of this study is the exploration of the effect of the distance
between the neutral axis and the sensing layer of the strain sensor, a topic that has not
been addressed in the existing literature until now. By conducting controlled experiments,
we aim to investigate how this distance impacts sensor performance. A primary design
goal for our sensor is to ensure its functionality and accuracy regardless of the pressure
applied during use.

The first phase of this thesis centers on the design, fabrication, and characterization
of a resistive soft strain sensor. We described the fundamentals of the sensor's design
process and evaluated the experiment results, discussing the strengths and weaknesses
observed in our findings. Based on these observations, we seek to identify potential design
improvements; specifically, we explore the use of capacitance as a more effective
measurement alternative.

The second phase of the study shifts focus to the development of a capacitive soft
strain sensor, which employs an interdigitated capacitor configuration with a transverse
comb structure. We provide a detailed account of the design, fabrication, and
characterization processes involved in creating this sensor. Each step of the design phases
is meticulously documented, along with the results, which are thoroughly validated
through both analytical and numerical methods. The analytical approach involves
applying established formulas based on a series of assumptions to predict sensor behavior,
while the numerical approach employs the finite element method within a multi-physics
framework to simulate and analyze the sensor's performance under various conditions.
This comprehensive approach ensures a robust understanding of the sensor dynamics and

its potential applications in clinical settings.
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Chapter 2:
DESIGN, FABRICATION AND CHARACTERIZATION OF
RESISTIVE STRAIN SENSOR

2.1 Design

Piezoresistive strain sensors operate based on the principle that the resistance of a
material changes when it experiences deformation. This change in resistance is
fundamentally linked to the geometrical properties described in the resistance formula.
The electrical resistance (R) of a piezoresistive strain gauge can be expressed in a
simplified form as in the equation (2.1):

L (2.1)
R = 'DZ

where p represents the resistivity of the material, L is the length of the sensor, and A
1s its cross-sectional area.

When the sensor is subjected to stretching, its length increases, while its cross-
sectional area decreases, a relationship defined by Poisson's ratio, which quantifies the
tendency of a material to expand in directions perpendicular to the direction of
compression or stretching. As a result of these changes, the overall resistance R of the
strain gauge increases.

To fully comprehend the mechanical and electrical responses of the material, as well
as to optimize the design of the strain sensors, multiple prototypes are developed and
tested. These various iterations allow for systematic evaluation of their performance
under different conditions and provide insights into how design parameters influence
sensitivity and accuracy in measuring strain. The iterative prototyping process is crucial

for refining the technology to meet specific application requirements.

2.2 Fabrication and Characterization

The fabrication of our sensor involves a detailed three-step process, beginning with
the preparation of the substrate, which is composed of PDMS (Sylgard 184, Dow Corning
Corporation, Midland, MI, USA). The first step involves creating the substrate by mixing

PDMS base with a crosslinker in a precise 1:10 weight ratio. This mixture is thoroughly
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stirred to ensure homogeneity before being placed in a desiccator to undergo a degassing
process. This step is crucial as it removes any air bubbles entrapped within the PDMS
solution, which could compromise the mechanical properties and performance of the final
Sensor.

Once the degassing is complete and all gas bubbles are eliminated, the liquid PDMS
is carefully poured onto a prepared glass slide that has been coated with Parylene-C. The
Parylene-C coating process itself requires careful control of conditions; the Parylene-C
material is stored as dimers within a specialized coating device (Labcoater 100, PPS,
Rosenheim, Germany). Under low-pressure and elevated temperature conditions, these
dimers are converted into their monomer form, becoming volatile. As a result, when the
Parylene-C monomers are deposited onto the glass surface, they interact with it at room
temperature or lower, facilitating a deposition process where the monomers nucleate and
polymerize to form a dense, thin layer of Parylene-C.

The Parylene-C consists of poly(chloro-p-xylylene), a polymer whose unique
structure - particularly the presence of chlorine branches - endows it with pronounced
hydrophobic properties (Figure 2.1). This hydrophobicity is pivotal, as it provides a
protective barrier for the underlying glass surface, preventing the PDMS from adhering
directly to it during the curing process. Consequently, when the PDMS layer is cured on
the Parylene-C-coated glass slide, the interaction between the PDMS and the Parylene-C
remains minimal, ensuring the integrity of both materials and optimizing the performance
characteristics of the sensor. This careful construction methodology set the foundation for

the sensor's functionality and reliability in its intended applications.

Cl

Figure 2.1: Repeating unit of Parylene-C
As the key sensing material for the sensor, we have chosen a conductive paste known

as Intexar PE874 (DuPontde Nemours, Inc., Wilmington, Delaware, USA). This

particular material is recognized for its exceptional recovery capability and consistent
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performance when applied to elastomeric substrates, making it a suitable choice for our
application.

To effectively apply this conductive paste onto the elastomeric substrates, we
explored multiple methodologies, focusing on two primary techniques: screen printing
and inkjet printing. Inkjet printing stands out for its speed and precision in fabrication,
allowing for intricate designs to be realized efficiently. However, the implementation of
inkjet printing necessitates the use of sophisticated equipment, which can significantly
elevate the overall costs associated with sensor fabrication.

In contrast, screen printing emerges as a more cost-effective solution, requiring only
a stencil for application. The stencils used in this process are meticulously crafted based
on the specific geometrical designs intended for the sensing material, ensuring accuracy
in the printing process. For the fabrication of these stencils, we utilized the LPKF R4
System (LPKF ProtoLaser R4, LPKF Laser & Electronics AG, Garbsen, Germany). The
laser parameters were optimized to achieve the best results, set at a frequency of 300 kHz,
with a power output of 7.3 W, a marking speed of 300 mm/s, and a total of three

repetitions during the engraving process (Figure 2.2).
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PDMS

Screen Printing

Figure 2.2: Fabrication flow of resistive strain sensor. a) PDMS substrate developed on the glass slide rigid
layer. b) Stencil patterned with LPKF ProtoLaser R4 placed on PDMS substrate. ¢) Conductive paste is screen
printed. d) The sensor is encapsulated with PDMS and carefully removed from glass.

As part of the design iteration process, the geometry of the sensing element was
systematically refined based on experimental phases and their corresponding results. The
initial design consisted of a simple pattern featuring a thick single line, which served as a
foundational structure. This straightforward configuration enabled rapid experimentation,
allowing us to obtain initial results swiftly thanks to its uncomplicated nature. Notably,
the first design was executed without any encapsulation, providing a clear baseline for

subsequent modifications and enhancements (Figure 2.3).
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Figure 2.3: Single line design without encapsulation.

To begin the process of fabrication, encapsulation was deliberately omitted to
facilitate the acquisition of initial results while conserving both materials and time. The
first step involved curing a layer of PDMS on a clean glass slide. This PDMS film
undergoes a curing process that involves the cross-linking of siloxane chains, which
creates a solid elastomer. Upon completion of the curing phase, the PDMS film is
carefully detached from the glass substrate to relieve any residual stress that may have
developed during the curing process.

Once the PDMS film is separated, it is allowed to shrink to its final dimensions, and
then it is placed on a flat, even surface to ensure stability. The next step involves cutting
a stencil from a 33-micron thick polyethylene terephthalate (PET) sheet using an LPKF
R4 laser cutter, following a specified recipe designed for precision. The dimensions of
the stencil patterns are carefully chosen to be manageable while still suitable for the
intended application. Specifically, the width is designed to accommodate the metal clips
of the characterization device, ensuring secure attachment, while the length is optimized
for a typical cardiac patch.

With the stencil prepared, attention turns to the application of conductive paste. To
maintain alignment and to avert imperfections during the patterning process, the PDMS
film is fixed onto another glass slide. Following this, the stencil is positioned on top of
the glass slide with the PDMS substrate nested underneath, utilizing a spacer that is

strategically placed between the stencil and the PDMS. The thickness of this spacer is
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critical; if it is too thick, the paste may be under-applied, leading to ineffective patterns
or incomplete coverage. Conversely, if the spacer is too thin, there is a risk that the stencil
will detach prematurely from the PDMS film during the application, potentially damaging
the pattern created.

Once the PDMS film, stencil, and spacer are securely arranged on the glass slide, it
is time for the application of the conductive paste. To ensure optimal performance, if the
conductive paste has not been utilized in over a week, it is advisable to mix it thoroughly
before application. After preparing the paste, approximately one gram is taken using a
suitable applicator, which can be made from flexible PET with a thickness of at least one
millimeter or more. The paste is applied in a single, smooth swipe to achieve an even
layer on the stencil.

Following the application, the stencil is very carefully removed to prevent any
damage to the freshly patterned conductive paste underneath. With the glass slide now
bearing the PDMS film and the patterned paste, the assembly is placed on a hot plate for
curing. A constant temperature of 75°C is maintained for a duration of three hours. During
this heating period, the conductive paste undergoes curing, and any solvent present within
the paste evaporates, solidifying the pattern. After the designated time has elapsed, the
sensor is allowed to cool to room temperature, at which point it is fully prepared for
subsequent characterization.

The characterization of sensors can be approached from various perspectives, each
focusing on different aspects and requirements that the sensor must fulfill. A fundamental
step in this process is to ensure that the electrical signal responses and strain tests yield
successful outcomes, as these preliminary tests establish a baseline for meeting additional
criteria.

To effectively characterize the sensor, it is imperative to conduct electrical signal
acquisition. This procedure typically necessitates specialized instrumentation such as a
multimeter, an LCR meter, or an impedance analyzer. In pursuit of a precise and accurate
characterization, the Zurich Instruments MFIA Impedance Analyzer (Zurich Instruments
AG, Ziirich, Switzerland), was selected for its exceptional capabilities.

One notable feature of the sensor design is the absence of traditional wiring, which
necessitates the use of metal clips as probes for measurement. These clips provide a
reliable and effective means of connecting to the sensor, allowing for accurate readings

of the electrical signals and strains. This choice of connection method not only simplifies
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the design but also enhances the overall precision of the measurements obtained during
the characterization process. By utilizing high-quality instrumentation and innovative
connection techniques, the characterization can provide deeper insights into the sensor's

performance and capabilities (Figure 2.4).

Loy
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Figure 2.4: Characterization of the sensor without encapsulation and cabling.

The initial baseline measurement for the sensor is established by carefully connecting
the metal clips to the opposite edges of the device. This step is crucial as it provides a
reference point for the sensor's performance under normal conditions. Once the baseline
is recorded within a readable range, and after confirming the stability of the electrical
resistance offered by the conductive paste applied to the sensor, the next phase involves
creating strain to monitor any variations in the sensor's electrical properties.

To facilitate this, a precision instrument capable of applying controlled displacement
to the sensor is essential. Motorized stages are typically employed for such tasks, offering
a range of options tailored to meet specific requirements. Given the level of precision
necessary for this experiment and the compact dimensions of the sensor, the Thorlabs

MTS50-Z8 motorized stage (Thorlabs, Newton, NJ, USA), emerges as a highly suitable
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choice. This particular model features a travel range of 50 mm, ensuring adequate
movement capabilities while maintaining the precision required for accurate
measurements.

For controlling the movement of the motorized stage, the KDC101 DC servo motor
controller (Thorlabs, Newton, NJ, USA), is selected. This controller is key in managing
the translation rate and providing precise adjustments to the motion, allowing for fine-
tuning as the strain is applied.

To effectively position and secure the sensor onto the motorized stage, a reliable
adhesive solution is necessary. In this instance, 3M 9088 (3M, Minnesota, MN, USA)
double-sided tape is utilized. This tape not only ensures a strong bond between the sensor
and the stage but also facilitates easy placement and removal, which is ideal for the
experimental setup.

Following the initial trials, we observed promising results; however, we encountered
a significant issue with microcracks that developed rapidly within the conductive paste
used in the sensor. During periods when the sensor is at rest, these microcracks do not
impact the sensor's functionality and result in the maintenance of the initial baseline
resistance value. However, when the sensor is subjected to strain, these microcracks can
lead to critical failures by causing either disconnections or an abrupt increase in
resistance, which can reach high magnitudes.

To enhance the durability and longevity of the sensor, we are exploring the possibility
of encapsulating the sensor while strategically leaving small areas exposed for probing.
This method aims to protect the sensing elements from environmental factors and
mechanical wear while still allowing for effective data collection and sensor functionality

(Figure 2.5).

22



Design, Fabrication and Characterization of Resistive Strain Sensor
23

Figure 2.5: Sensor with center encapsulated and edges exposed

During the fabrication of this sensor design, a significant challenge emerged
regarding the control of uncured PDMS in the center area of the sensor. To effectively
address this issue, a strategy was implemented that involved applying ten layers of
polyimide tape to the designated regions, thereby creating robust walls that would prevent
the uncured PDMS from spilling into unwanted areas. Once these barriers were set up,
the uncured PDMS was poured into the designated zone and subsequently cured, being
careful not to cover the probing areas that are critical for sensor functionality.

This innovative design led to marked improvements in the overall durability of the
sensor. The encapsulated region exhibited a strong resistance to the formation of
microcracks. However, an unexpected downside emerged concerning the durability of the
probing area itself. The probing process relies on metal clips that must apply sufficient
pressure to maintain a reliable physical connection between the metal and the sensor.
Unfortunately, this requirement for constant pressure, coupled with slight movements of
the sensor during operation, initiated a deterioration process in this area.

After repeated cycles of strain, the continuous pressure on the conductive paste—
used to ensure electrical contact—began to compromise its integrity. Over time, this led
to a peeling effect where the conductive paste started to detach from the surrounding
material, often resulting in disruptive outcomes such as disconnections or a dramatic
increase in resistance values, tracing back to the pressurized region. This highlighted the
need for further refinement in the design to enhance the longevity and reliability of the

probing area while maintaining the benefits observed in the encapsulated section.
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Following the analysis of the initial results, it became clear that incorporating a
wiring system into the design was essential. A thorough examination of various options
was conducted, comparing the benefits and drawbacks of different approaches, including
conductive tape and standard wiring. After careful consideration, conductive tape was
chosen as the preferred update for the design, primarily due to its ease of integration into
the existing framework.

The introduction of conductive tape not only enhanced the overall design but also
allowed for a more efficient flow of electrical signals. The subsequent steps involving the
fabrication of the PDMS substrate film and the application of conductive paste were
retained from the original protocol to ensure consistency in performance. Once the
conductive paste had fully cured, the next step was to meticulously apply the conductive
tape along the edges of the substrate. This application process required a precise level of
applied pressure; therefore, heightened attention was given to ensuring the tape was
adhered correctly to maintain optimal conductivity.

After the tape was applied, a straightforward conductance test was conducted to
evaluate the functionality of the circuit. This preliminary test involved checking the signal
levels to confirm that the sensor was operating as intended. Once it was established that
the circuit met the necessary specifications, the sensor was prepared for encapsulation.

For the encapsulation process, a specific mixture of 2.5 grams of PDMS was
prepared, using a weight ratio of 1:10 of curing agent to PDMS base. This mixture was
placed in a desiccator for 15 minutes to degas and remove any trapped air bubbles, which
could potentially affect the integrity of the final product. Following the degassing, the
sensor was positioned on a hot plate to provide a stable and controlled environment for
curing. The uncured PDMS was then carefully deposited onto the sensor using the drop-
casting technique, ensuring even coverage.

The curing process was conducted at a temperature of 75 degrees Celsius for a
duration of three hours, allowing the PDMS to solidify and form a protective layer around
the sensor. This step was crucial for ensuring the stability and functionality of the sensor

in its final application (Figure 2.6).
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Figure 2.6: Sensor with conductive tape cabling.

The characterization of this design was conducted with the same setup used for
previous designs. For this purpose, the Zurich Instruments MFIA impedance analyzer was
utilized to gather electrical signals effectively. To establish a reliable physical connection
with the conductive tape, metal clips were securely attached to the MFIA.

The initial phase of testing involved measuring resistance and stability under
undisturbed conditions, which yielded successful results. Following this, a strain test was
implemented to evaluate the sensor’s response under various conditions of mechanical
stress. The preliminary trials were encouraging, as they indicated the potential for the
sensor to perform effectively under strain. The problem of durability, showing itself with
either disconnection or extremely high instantaneous resistance values, was overcome.

However, another critical complication emerged with this design. The use of
conductive tape led to the sensor output being considerably susceptible to external
physical effects. The main factor contributing to variations in sensor readings was the
level of pressure exerted by the metal clips. It became evident that both the alignment of
the clips and the specific area where they were applied directly impacted the accuracy
and reliability of the signal.

This phenomenon is not uncommon when working with conductive tape
applications, highlighting a prevalent issue within this domain. Consequently, it is

important to note that this type of cabling is typically employed in power line applications

25



Design, Fabrication and Characterization of Resistive Strain Sensor
26

rather than in sensing lines, where greater stability and precision are often required. The
challenges faced with the current setup underscore the need for careful consideration of
mechanical design in future iterations to enhance sensor performance.

The alternative method for cabling involves the use of standard wiring, which
presents several challenges that must be addressed during the design and fabrication
processes. The primary issue with standard wiring concerns the method of attachment.
Soldering is widely recognized as the most common technique for securing connections
in standard wiring applications. Consequently, after careful consideration, soldering was
chosen as the preferred attachment method for this design.

The fabrication is repeated until the wiring step, that is, fabricating the PDMS film
substrate and the patterned conductive paste. Once these components are ready, the
soldering process is initiated. Usual soldering requires the solder to reach melting
temperatures, which are usually above 250 degrees Celsius.

To address these temperature constraints, a technique known as “low-temperature
soldering” can be employed, which reduces the necessary melting temperature to a range
between 150 and 160 degrees Celsius. For our specific application, we initially opted for
standard soldering practices to evaluate their effectiveness.

A critical factor in soldering onto sensitive materials like PDMS is the management
of heat exposure. It is essential to minimize the duration of heat application to prevent
damage to the underlying materials. With this requirement in mind, the soldering process
begins by applying a small amount of solder to the edge of the wire. Since PDMS 1is
capable of withstanding temperatures in excess of 200 degrees Celsius, it appears suitable
for this situation.

Next, solder is carefully applied to the patterned conductive paste. However, a
significant challenge arises during this process: as the conductive paste reaches the
required temperatures for soldering, it tends to shrink excessively. This thermal reaction
compromises the integrity of its patterned shape, ultimately hindering the ability to
establish a reliable solder joint between the wire and the paste. As a result, despite our
best efforts, the soldering process fails to achieve a secure connection, necessitating a
rethink of our approach.

To ensure that all available options are thoroughly evaluated, a low-temperature
soldering kit has been procured. This kit contains two distinct types of solder: one in the

conventional wire form and the other in a unique wax form.
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The wire solder, which adheres to the typical standards used in soldering, must be
applied with a soldering tool, but at lower temperatures than traditional methods. This
approach aims to minimize heat exposure while still providing a reliable connection in
sensitive applications.

The wax solder offers a different method of application that does not require a
soldering iron or any traditional tooling. Instead, this solder relies solely on the local
temperature to reach its melting point, making the process more straightforward.
Achieving the required temperature can be done using various heat sources such as an
oven, a hot plate, or a heat gun.

Both solder forms were tested to allow for a comprehensive comparison of their
effectiveness. However, despite these efforts, the adverse effects on the conductive paste
repeat themselves. This challenge highlights the need for further investigation into the
compatibility and performance of these alternative cabling methods.

Upon exploring various alternatives for wiring solutions, a noteworthy approach has
been identified: the use of conductive paste for securing wires. Conductive paste is an
innovative material that, once cured, exhibits both flexibility and stretchability, in
addition to possessing strong adhesive properties.

The process begins with the careful application of this conductive paste to both the
edge of the wire and the corresponding area of connection. This dual application ensures
that there is a solid bond between the wire and the surface to which it will be attached.
Following this, the wire is delicately positioned within the uncured conductive paste,
taking care to maintain optimal alignment for effective conductivity.

To facilitate the curing process, both the sensor and the securely fixed wire assembly
are placed on a hot plate, which is then set to a temperature of 75 degrees Celsius. This
temperature is maintained for a duration of three hours, allowing the conductive paste to
fully cure and create a robust electrical connection while retaining its flexible properties.
This method not only enhances the stability of the connections but also contributes to the
overall durability and performance of the assembled device.

Now, with the wires attached to the sensor, it is time to encapsulate it completely. To
do so, 2.5 gr of PDMS with a 1:10 weight ratio is prepared and degassed. Then, the sensor
is placed on a hot plate, and the uncured PDMS is drop casted. The hot plate is set to 75
degrees Celsius and kept for 3 hours. Now the sensor is ready for characterization (Figure

2.7).

27



Design, Fabrication and Characterization of Resistive Strain Sensor
28

Figure 2.7: Encapsulated sensor with wirings done with conductive paste.

Characterization started with signal testing, like with the previous designs. After
reaching successful results, initial strain tests were conducted, and they also met the
expectations. At this stage, the problem of varying results with physical effects
encountered with conductive tape paste is overcome. Also, fabrication is enabled with
conductive paste, while it is not with soldering.

The process of characterization was initiated with comprehensive signal testing,
following a methodology similar to that used in previous design iterations. After initial
testing benchmarks were successfully achieved, preliminary strain tests were conducted,
yielding results that aligned with expectations and indicating robustness in the designs.

At this stage, challenges associated with inconsistent results from the use of
conductive tape paste were successfully addressed. By refining the approach, variability
in performance that hindered earlier attempts was eliminated. Additionally, the transition
to utilizing conductive paste enabled a more reliable fabrication process, in contrast to the
limitations posed by traditional soldering methods. This advancement not only enhanced
the integrity of the components but also streamlined the overall manufacturing workflow.

The stage of fabrication optimization has now been successfully completed, and the
next critical phase, involving the testing of the implant application, is set to commence.
A series of tests will be conducted to simulate the extreme environmental conditions and

operational stresses that the sensor will endure once it is implanted on the heart. One of
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the primary challenges faced is the limitless number of strain cycles that the sensor will
experience within the dynamic environment of the heart’s beating motion.

To address this specific requirement, a high cycle constant strain test will be
performed. The Thorlabs MTS50-Z8 motorized stage (Thorlabs, Newton, NJ, USA) will
be utilized for this testing procedure. This advanced motorized stage is well-suited for the
purpose due to its programmable user interface, which allows for precise control over the
testing parameters.

The anticipated strain levels for the sensor during its operation have been noted, with
a maximum strain expected to reach 15% and an average strain level estimated at around
10%. Consequently, the initial test will be focused on applying a 10% strain level while
the sensor is subjected to a high number of cycles. Valuable data regarding the sensor's
durability and performance under conditions that closely mirror its expected in vivo
environment will be obtained through careful monitoring and analysis of these tests. This
assessment aims to provide insight into the sensor's resilience and longevity, ensuring its
reliability for future implant applications.

The design featuring a single thick line and wiring has undergone durability testing.
The initial results for this design are positive. The previous design, which lacked cabling,
faced durability issues, but this new design demonstrates the ability to withstand

numerous cycles (Figure 2.8).
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From a durability standpoint, this design can be deemed successful, as there are no
visible signs of physical damage, and the sensor signals remain clearly readable.
Nonetheless, it is important to note that the effects of strain vary with each cycle of use.
A notable observation is the consistent increase in resistance that occurs with every cycle,
indicating a response of the sensor to the applied strain.

Interestingly, despite maintaining a constant strain level throughout the duration of
the experiment, two unexpected phenomena have emerged. Firstly, the baseline resistance
of the sensor exhibits a gradual increase after each cycle, suggesting a potential change
in the material properties or structure of the sensor itself over time. Secondly, there is a
noticeable enhancement in the resistance changes corresponding to a consistent
application of 10% strain, which intensifies in each successive cycle. This indicates that
the sensor’s responsiveness to the applied strain is not only consistent but also amplifies
with repeated applications, warranting further investigation into the underlying
mechanisms responsible for these changes.

To address this issue, a geometric update is proposed to enhance the base resistance
value, thereby amplifying the sensor's response to geometric changes. This update
involves reducing the cross-sectional area and increasing the length of the sensor, which
leads to a higher baseline resistance. As anticipated, this design positively impacted the

results (Figure 2.9).
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Figure 2.9: Initial results of the long-narrow sensor. 5% cyclic strain.
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However, an additional challenge arises with the implementation of the new design.
During long-term cyclic strain testing of the sensor, it becomes apparent that extreme
peaks begin to occur as the number of cycles increases. This phenomenon suggests the
presence of a defect that disrupts the integrity of the connections within the sensor. As
the test progresses, these peaks indicate a progressive degradation, likely resulting from
fatigue or material failures that compromise the sensor's performance. This issue warrants
further investigation to identify the root cause and mitigate the risks associated with

prolonged use under cyclic loading conditions. (Figure 2.10)
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Figure 2.10: Results of the long-narrow sensor. 5% cyclic strain.

To address the identified issue, the thickness of the line has been selected as a critical
parameter for observation. As a result, three distinct alternatives have been designed and
fabricated, each featuring a pair of legs that are connected to enhance the overall
resistance. The alternatives have varying leg thicknesses, specifically 2 mm, 3 mm, and
4 mm. These variations are illustrated in the accompanying figure (Figure 2.11), which
highlights the differences in design and structure. This approach allows for a
comprehensive evaluation of the effects of varying leg thickness on performance and

resistance.
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Figure 2.11: Parametric experiment samples to study effect of leg thickness. a) 2 mm, b) 3 mm, c) 4mm thick.

The three designs showed different resistance values and reacted differently when
strain was applied. Each design had its own unique way of changing resistance under
stress. However, they all had a common problem: their resistance patterns were unstable.
This instability makes it difficult to create a reliable calibration curve, which is needed
for accurate measurements. As a result, it becomes hard to take precise measurements
since the inconsistency in resistance values interferes with getting clear and accurate data.

(Figure 2.12)
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Figure 2.12: Line thickness optimization results. a) 4 mm wide sensor under 5000 cycles of 5% strain, b) 3mm
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The parametric study resulted in unstable patterns, which necessitated a geometric
update. To further improve performance, a more advanced pattern was designed. This

pattern features more arms to increase the change in resistance and, consequently,
sensitivity. (Figure 2.13)
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Figure 2.13: Improved pattern for stable measurement.

The design implemented in our study resulted in reliable and stable measurements
during the initial phases, specifically throughout the first few hundred cycles. This
stability was considered crucial for ensuring the accuracy of the data. However, as more
cycles were conducted, unexpected peaks in the readings were observed. These anomalies
led to fluctuations and introduced significant instability in the measurements.
Consequently, the reliability of sensitive measurements was compromised, prompting a

reassessment of the methodology to address these challenges. (Figure 2.14)
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Figure 2.14: Advanced pattern results. 10% cyclic strain.

At this stage, a specific physical phenomenon is being investigated that appears to
consistently impact the sensor's performance alongside each design enhancement
implemented. This occurrence is believed to be linked to the formation of microcracks
within the sensing layer, particularly in the conductive paste employed in the sensor. Such
microcracks have been documented in various studies found in the literature, especially
in similar applications, indicating that this issue is not unique to our design but rather a
widespread challenge in the field. Further exploration into the underlying mechanisms

responsible for the formation of these microcracks is expected to yield valuable insights

that could improve sensor reliability and performance.
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Chapter 3: DESIGN, FABRICATION AND CHARACTERIZATION
OF CAPACITIVE STRAIN SENSOR

3.1 Design

Resistive strain sensors offer notable advantages such as straightforward fabrication
processes and minimal electronic requirements for effective characterization. These
benefits, however, are present with inherent challenges related to their material properties.
Specifically, the soft and flexible nature of these sensors poses a significant dilemma that
can compromise their operational efficacy.

To elaborate, resistive strain sensors operate on the principle that a change in length
or shape corresponds to a measurable variation in electrical resistance. This mechanism
is particularly effective under low strain conditions, as demonstrated in steel tensile tests.
In such scenarios, the formation of microcracks within the sensing material often remains
insignificant to the accuracy of the readout. The system is capable of absorbing these
small imperfections without significant degradation of performance.

Conversely, when applying these sensors in applications requiring flexibility and
durability, particularly under conditions of repeated stress cycling—such as operating at
a frequency of 1 Hz with a strain amplitude of 10%—the situation becomes more
problematic. The mechanical demands placed on the sensor can lead to the development
of microcracks that multiply over time. Such structural compromises hinder the sensor's
ability to provide reliable readouts, as the consistent formation of microcracks disrupts
the electrical integrity and responsiveness of the sensing element. Thus, while resistive
strain sensors exhibit beneficial traits, their performance can be severely limited in
flexible applications subjected to dynamic strain conditions.

A capacitive strain sensor operates based on the variations in the characteristics of
an interdigitated capacitor, which is a specialized type of capacitor designed for enhanced
sensitivity and performance. To understand how these sensors function, it's essential to
explore the fundamental differences between interdigitated capacitors and the more
commonly recognized parallel-plate capacitors.

In parallel-plate capacitors, the capacitance (C) is determined using the equation

(3.1), where:
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é 3.1

-C represents the capacitance,

-k is the relative permittivity of the dielectric material positioned between the plates,

-A denotes the effective conducting area of the plates, and

-d signifies the separation distance between the plates.

Interdigitated capacitors consist of multiple conductive "fingers" that are interleaved,
resembling a comb-like structure. This unique configuration creates a significantly
different electrical behavior compared to standard parallel-plate capacitors. Each finger
pair acts as a miniaturized capacitor, allowing for greater interaction between the plates.

The formula for capacitance in interdigitated capacitors is an extension of that for
parallel plates. Because there are two-way interactions for each conductive finger, the
capacitance calculation must be multiplied by a factor of 2. Moreover, the repeating
pattern of finger pairs necessitates multiplying this adjusted value by the total number of
finger couples present in the design. This results in a more complex and effective
arrangement that allows for greater sensitivity to strain, as even minor changes in distance
or area can result in measurable shifts in capacitance (Figure 3.1).

Overall, the design of interdigitated capacitors makes them particularly advantageous
for applications involving capacitive strain sensing, as they can effectively detect even

small deformations by monitoring changes in capacitance due to their intricate structure.

Figure 3.1: lllustration of an interdigitated capacitor structure.

The current design has been influenced by several limitations. The parameters to be
selected include capacitance upper and lower limits, sensor thickness, sensor area, and

the medium in which the sensor will be encapsulated.
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The limits for capacitance measurement, both upper and lower, are determined by
the specifications of the characterization device utilized in this project. The FDC 1004
Analog-To-Digital Converter (ADC) integrated circuit from Texas Instruments (Texas
Instruments, Dallas, TX, USA) has been selected for this purpose. This microchip is
designed as a high-resolution, 4-channel capacitance-to-digital converter, specifically
intended for capacitive sensing applications (Figure 3.2).

Capacitance can be measured by the ADC within a range of 0 to 15 picofarads (pF),
with a measurement resolution of 0.0005 pF. Such a fine resolution allows for the accurate
capture of even the smallest variations in capacitance, making it highly suitable for the
design objectives. However, while the design will primarily operate within this specified
capacitance range, additional factors influencing the overall measurement must also be
accounted for.

In particular, the contributions from sensor wiring, external circuitry, and various
environmental influences that may lead to an increase in overall capacitance should be
considered. These external factors can include temperature fluctuations, humidity, and
the presence of nearby conductive materials. To ensure reliable performance and accurate
readings, a margin accommodating the capacitance effects introduced by these external
influences must be incorporated into the design. By planning for this additional
capacitance, the robustness of the system can be enhanced, maintaining measurement

integrity within the intended operational range.

Figure 3.2: Texas Instruments FDC 1004 ADC evaluation module.

When designing a sensor intended for implantation in the human heart, numerous
critical design choices must be made to ensure both functionality and biocompatibility.
One of the essential considerations is the choice of encapsulation material that will protect

the sensor from the physiological environment while also being safe for long-term contact
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with biological tissues. In this case, PDMS has been selected as the encapsulation material
due to its favorable properties.

PDMS is widely recognized for its biocompatibility, meaning it does not elicit
harmful immune responses when in contact with body tissues. Its soft and flexible nature
allows for ease of integration with the surrounding heart tissue, minimizing discomfort
and potential damage during and after the implantation process. Moreover, PDMS
exhibits excellent durability, which is critical in ensuring the long-term performance of
the sensor within the dynamic environment of the heart. These attributes make PDMS an
optimal choice for this application, ensuring the sensor remains functional and safe over
time.

Additionally, this implant needs to be compact in design to ensure it does not
interfere with the heart's natural movements. The selected maximum dimensions for the
implant are 2 square centimeters, which translates to a rectangular shape with side lengths
of 2 centimeters and 1 centimeter. This size limitation is crucial to maintain proper cardiac
function and to allow the heart to operate efficiently without any obstruction or disruption
caused by the presence of the implant.

Copper with a thickness of 25 um was chosen for the sensing element, striking a
balance between conductivity and mechanical stability. The layout of the sensor features
8 pairs of interdigitated fingers, which are strategically arranged with a separation of 0.1
mm between each finger. This close spacing is considered crucial for optimizing the
capacitive coupling between the finger pairs.

To enhance performance and reliability, a pattern overlap of 2.3 mm is incorporated
into the design, facilitating improved electrical contact and signal quality. Additionally,
a serpentine-structured pattern is integrated to interconnect the finger pairs. This
innovative approach ensures reliable connections and imparts structural stretchability to
the copper, allowing the sensor to maintain functionality under mechanical strain.

Overall, this design aims to leverage the unique properties of the chosen materials
and configurations to achieve a highly responsive and durable capacitive sensor (Figure

3.3).
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Figure 3.3: Illustration of the interdigitated capacitive sensor design.

The analytical formulation used to analyze the selected design is expressed in
Equation 3.2. In this equation, C represents the capacitance of the system, while N denotes
the total number of finger couples integrated into the design. The variable € signifies the
relative permittivity of the dielectric material used, in this case, PDMS, which has a value
of 2.8 where vacuum permittivity is 0.00854 pF/mm. Additionally, t indicates the
thickness of the conductive material, which in this design is copper with a thickness of
0.025 mm.

Netl (3.2)

The length of overlap between the finger couples is represented by the variable [,
which is measured to be 2.3 mm, and d denotes the distance between adjacent fingers, set
at 0.1 mm in the relaxed state of the sensor. The current design incorporates a total of 8
finger couples, contributing to its overall performance.

When these parameters are utilized in the capacitance calculation, they yield a
nominal capacitance value of 0.22808 pF. Moreover, the sensor exhibits sensitivity to
applied strains; specifically, strains of 5%, 10%, and 15% correspond to changes in
capacitance of 10 fF, 20 fF, and 30 fF, respectively. These changes reflect the sensor's
ability to respond to mechanical deformations, making it a valuable component for

applications requiring precise measurements of strain.
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3.1.1 Modelling And Simulation of the Implantable Capacitive Soft Strain Sensor

Modeling and simulation of capacitive soft strain sensors play a crucial role in
predicting the sensor's performance across a range of strain conditions. This predictive
capability is invaluable, as it enables engineers and researchers to optimize the sensor's
design prior to the actual fabrication process. By simulating various scenarios, one can
gain insights into both the mechanical and electrical behavior of the sensor, which is key
to refining its overall performance.

Through detailed simulations, it becomes possible to explore the intricate
multiphysics interactions at play within the sensor. This includes understanding how
mechanical deformation impacts the capacitive readings, as well as how different
materials and geometries influence the sensor's sensitivity and accuracy. Furthermore,
these modeling techniques can pinpoint potential failure points within the sensor design,
allowing for early intervention in the design process to mitigate risks associated with
mechanical stress or material fatigue.

The ability to forecast the response of these sensors under different operating
conditions also assists in making informed material choices. Selecting the appropriate
materials based on their mechanical properties and compatibility with the intended
application can significantly enhance the sensor's reliability and effectiveness. This is
particularly important for implantable applications, where long-term stability and
performance are critical for achieving successful integration into the human body.
Overall, sophisticated modeling and simulation not only advance the understanding of
capacitive soft strain sensors but also play a pivotal role in ensuring their robustness and
performance in practical applications.

Comprehensive explanation of the analytical model of the sensor was provided in the
design section. This model is founded on the principles of the parallel plate theorem,
which allows for the simplification of calculations related to the sensor's performance.
The section details the key geometrical parameters that influence the model, including
the dimensions of the plates, the distance between them, and the material properties
involved. These parameters are crucial for understanding how the sensor operates and
how its performance can be optimized in various applications.

A series of multiphysics finite element analysis (FEA) simulations were performed

to rigorously validate the theoretical model, employing a widely-used commercial FEA
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software suite (COMSOL Multiphysics 5.6, COMSOL AB, Sweden). The methodology
employed for these uncoupled multiphysics simulations is meticulously outlined below.

Initially, mechanically deformed geometries were generated as part of a
comprehensive parametric study. This study involved creating models that experienced
different levels of strain—specifically, 5%, 10%, and 15%—to analyze how varying
degrees of deformation affected the subsequent electromagnetic properties. Once the
strain-induced models were established, they were prepared for in-depth electromagnetic
analysis.

In the final phase of the simulation, an electric potential of 2.25 volts was applied
across the electrodes of the system. This setup aimed to investigate the resulting
electrostatic behavior. To quantify the system's response, the capacitance was calculated
by evaluating the electrostatic energy stored within the components in conjunction with
the applied potential. This approach not only facilitated a detailed understanding of the
electromagnetic interactions but also provided insights into the behavior of the deformed

geometries under specified electrical conditions (Figure 3.4).
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Figure 3.4: FEA simulation results for different strain levels.

3.2  Fabrication

The process of fabricating a capacitive strain sensor using an interdigitated design
demands attention to detail, as uniformity in the spacing of the fingers is crucial for
optimal sensor performance. Each finger's distance must be precisely controlled, and the
overall pattern must yield closely to theoretical specifications to ensure the intended

functionality.
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To successfully create this sensor with soft materials like PDMS, it is essential to
incorporate a rigid supporting layer. For this purpose, a glass slide has been chosen as the
foundational substrate. This bottom layer will support the soft material during the initial
fabrication process and will ultimately be removed to allow for the desired flexibility and
responsiveness of the sensor.

The fabrication flow begins with preparing the PDMS substrate. In this step, a
specific mixing ratio of curing agent to PDMS base of 1:10 is carefully measured and
combined. This mixture is then thoroughly stirred to ensure a homogenous blend, which
is vital for achieving consistent curing properties. The combined materials are poured
onto the glass slide, forming a film that is cured at elevated temperatures to obtain a final
thickness of 100 um.

For a more efficient approach, utilizing commercially available PDMS sheets
presents an alternative method to create the necessary film, bypassing the in-house
preparation process. This option can significantly streamline production while still
ensuring the desired material characteristics for the capacitive strain sensor.

Followingly, a polyimide-copper foil (Pyralux AP Series, DuPont, USA) is carefully
positioned on top of the PDMS film substrate. This specific foil is a commercially
available product that consists of a composite structure: a 25 um layer of polyimide is
laminated with a 25 um layer of copper, resulting in a total thickness of 50 um. The next
step involves precise patterning of the metal foil using a high-resolution picosecond laser
(LPKF ProtoLaser R4, LPKF Laser & Electronics AG, Garbsen, Germany).

To achieve successful patterning, an exact recipe of laser parameters must be
delicately prepared. The laser operates with a frequency setting of 300 kHz, delivering a
power level of 7.3 W. The speed at which the laser marks the material is set to 300 mm/s,
and this procedure is performed with eight repetitions to ensure an accurate and clean cut
through the foil.

Once the laser ablation process is completed, any excess portions of the foil, which
are not part of the intended design, are carefully removed. This delicate removal process
ensures that the final pattern retains its integrity and precision, resulting in a clean and
accurate metal pattern on the PDMS film substrate.

Following the initial fabrication steps, the next crucial phase involves cabling the
sensor components. Unlike the process used for resistive strain sensors, which typically

necessitates alternative joining methods, soldering can be utilized here. This is feasible
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because metal foil can tolerate brief episodes of elevated temperatures, just long enough
for applying small amounts of solder without compromising the material.

Once the cabling is thoroughly completed, attention turns to encapsulation,
specifically with regards to preparing the PDMS. To achieve the proper consistency and
performance characteristics, a mixture comprising a curing agent and PDMS base is
prepared at a weight ratio of 1:10. Before proceeding with the application, it is essential
to eliminate any air bubbles from the mixture to ensure a flawless final product. This is
accomplished by placing the mixed compound in a vacuum chamber, where it undergoes
a degassing process.

After degassing, the PDMS mixture is carefully drop cast onto the sensor surface.
It’s important to distribute the mixture evenly to ensure comprehensive coverage and
optimal encapsulation. Following the application, the sensor is then placed on a hot plate,
where it remains for a designated period of three hours at a consistent temperature of 80°
Celsius. This curing process solidifies the PDMS, providing enhanced protection and
ensuring the integrity of the sensor.

Once the curing time has elapsed, the sensor is delicately removed from the glass
slide, and it is now fully prepared and ready for operational use. The careful attention to

detail throughout these steps is critical in achieving a high-quality and reliable sensor

(Figure 3.5).
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Figure 3.5: Fabrication flow of capacitive strain sensor. a) PDMS substrate developed on the glass slide rigid
layer. b) Commercially available polyimide-copper foil is patterned with LPKF ProtoLaser R4. c) Excess portions of
the foil are removed. d) The sensor is encapsulated with PDMS. e) The completed sensor is delicately removed from

the glass slide. f)Fabricated sensor.

3.3  Characterization

To effectively characterize the sensor, a precision moving stage is required to induce
strain, along with an electrical measurement device to monitor the capacitance changes
resulting from this strain. In this research, the Thorlabs MTS50-Z8 (Thorlabs, Newton,
NJ, USA) has been selected as the precision moving stage, recognized for its high
accuracy and reliability. This stage will allow for the application of controlled and precise
movements to the sensor, facilitating accurate strain induction. Additionally, the Linkam
MFS (Linkam MFS 350, UK) has been chosen as a complementary moving stage, known

for its force sensing capabilities and extremely sensitive positioning.
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For the electrical measurements, the Zurich Instruments MFIA (Zurich Instruments
AG, Zirich, Switzerland) has been selected, providing advanced measurement
capabilities with high sensitivity, which makes it ideal for monitoring small capacitance
variations. Furthermore, a data acquisition system from Texas Instruments, specifically
FDC1004EVM (Texas Instruments, Dallas, TX, USA), is being utilized, offering robust

signal processing features necessary for experimental analysis (Figure 3.6).

Figure 3.6: The characterization setup with Thorlabs moving stage and Zurich Instreuments MFIA.

The primary evaluation criterion for the implant application of the capacitive soft
strain sensor is the stability and durability demonstrated under continuous operation over
extended periods. To assess this, a rigorous 12-hour cyclic test was conducted to simulate
real-world operating conditions. Throughout the test, remarkably stable performance was
exhibited by the sensor, with consistent signal integrity maintained under the applied
strain. However, it was noted that the only disruption observed in the signal was attributed
to the gradual loss of adhesive properties in the double-sided transfer tape used for

attachment during the testing process (Figure 3.7).
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Figure 3.7: Capacitive sensor 12-hour cyclic measurement. Patterned cycle of 5, 10, 15, 15, 10, 5% strain.

Although the sensor is designed to operate under typical conditions where it
experiences a strain of approximately 10% throughout the majority of its operational life,
there are instances—albeit rare—where it may encounter strains of up to 20%. In light of
this potential variability and the need to accommodate for occasional overshoots during
usage, the sensor undergoes rigorous testing at a strain level of 25% for a duration of 1000
cycles. This comprehensive testing regime is critical, as it not only ensures the sensor's
reliability under normal conditions but also evaluates its performance under extreme
stress scenarios. The results of the experiment indicate that the sensor effectively retains
its stability and functionality, even in these more demanding conditions, thereby

affirming its robustness and durability in a range of applications (Figure 3.8).
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Figure 3.8: Large strain experiment at 25% strain for 1000 cycles.

The durability of the sensor is crucial, but equally important is its sensitivity, which
must be evaluated in an environment that closely resembles the actual site of implantation.
To achieve this, the Vivitro Superpump (Vivitro Superpump System, ViVitro Labs Inc.,
Canada) -a high-performance heart-simulating pulsatile pump- is utilized. This equipment
is recognized as the leading system in the market for accurately replicating the dynamics
of human heart function.

In the testing process, the Vivitro Superpump is meticulously prepared to assess
various pumping capacities. This preparation involves configuring the pump to handle a
range of fluid volumes and rates that simulate physiological conditions. By doing so,
realistic stimuli are provided to the capacitive strain sensor, enabling effective evaluation
of its performance and sensitivity. This approach highlights the sensor's capabilities and
reinforces its potential reliability for future applications in real-world scenarios (Figure
3.9).
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Figure 3.9: Sensitivity test setup with ViVitro Superpump.

The findings indicated that the sensor demonstrates a remarkable ability to
distinguish even the smallest variations in blood flow, specifically being sensitive enough
to detect changes as minimal as 5 milliliters per stroke. Additionally, it has proven capable
of accurately identifying and monitoring every distinct phase of a regular heartbeat,

providing a comprehensive analysis of cardiac function (Figure 3.10).
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Figure 3.10: Vivitro superpump results. a) identification of pumping capacity changes. b) identification of
healthy cardiovascular activity.

To ensure optimal functionality, it is essential for the sensor to exhibit insensitivity
to external pressures that may be applied by the internal organs of patients. This
sensitivity can vary depending on several factors, including the patient's height, weight,
and the size of their internal organs. To systematically evaluate this characteristic, a
comprehensive testing setup is prepared.

Initially, the sensor is mounted onto a moving stage, which is programmed to perform
cyclic motion. This movement simulates the dynamic conditions that the sensor might
encounter in practical applications. Next, the entire assembly, consisting of the sensor and
the moving stage, is positioned beneath a Mark-10 Force Gauge (Mark-10 Corp.
Copiague, NY). The purpose of the Force Gauge is to apply precise and measurable forces
to the sensor, allowing for accurate assessment of its insensitivity to pressure variations.
Additionally, a Z-axis stage is incorporated into the setup to provide controlled vertical
adjustments, further facilitating the evaluation process. This combination of equipment is
critical for conducting rigorous tests that will help ascertain the performance and

reliability of the sensor under different pressure scenarios (Figure 3.11).
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Figure 3.11: Pressure insensitivity test setup.

After the sensor was placed, it was subjected to an initial phase of cyclic motion,
during which 15% cyclic strain was applied. This motion was intended to simulate the
dynamic conditions that might be encountered within human body. Following the
establishment of this cyclic motion, a constant force was applied to the sensor to replicate
the pressure exerted by internal organs during various physiological activities.

To thoroughly assess the performance of the sensor, the experiment was conducted
at three distinct pressure levels. The goal was to determine whether sensitivity could be
maintained, and reliable calibration curves could be produced across all tested conditions.

The results obtained from the experiment were consistent with expectations. Each of
the three pressure levels yielded calibration curves that were remarkably similar,
indicating that the integrity and accuracy of the sensor were effectively retained even
under varying pressures. This consistency in the calibration curves suggests robust
performance of the sensor in conditions that mimic real-life human body pressures

(Figure 3.12).
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Figure 3.12: Pressure insensitivity experiment results. Sensors under a patterned cycle of 5, 7.5, 10, 12.5, 15%
strain. a) 0.400 N force results and b) calibration curve. c) 0.750 N force results and d) calibration curve. e) 1.200 N
Jorce results and f) calibration curve. g) Calibration curve comparison.

In addition to the utilization of a sophisticated and highly sensitive tabletop signal
collector for initial evaluations, thorough characterization of the sensor must also be
conducted with a dedicated microchip to accurately simulate the conditions that would be
experienced when implanted. For this purpose, FDC1004 was selected as the ADC
microchip, known for its precision and reliability in capturing analog signals. To assess
the compatibility and performance of the sensor with the ADC microchip, the
FDC1004EVM evaluation board was employed, which is specifically designed for testing
and development.

To facilitate the testing of the sensor's response, the Thorlabs MTS50-Z8 motorized
stage was used, allowing for precise control over the application of strain. This setup
enabled the systematic application of varying levels of strain, specifically at 5%, 10%,
15%, 20%, 25%, and 30%, each applied for 100 cycles. Accurate and repeatable
movements were ensured by the motorized stage, allowing for thorough analysis and

recording of the sensor's behavior under these strain conditions. This comprehensive
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approach is aimed at ensuring that all necessary requirements for the sensor's intended

application can be met (Figure 3.13).

0000 e [

Figure 3.13: Setup for testing Texas Instruments FDC1004 sensing performance.

The results indicated that the selection of the microchip was appropriate for the
intended application. Furthermore, the findings demonstrated that it is indeed possible to
achieve sufficient sensitivity levels, which are crucial for the effectiveness of the device

in its operational context (Figure 3.14).
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Figure 3.14: Results of Texas Instruments FDC1004 ADC microchip experiment. Sensor under a patterned
cycle of 5, 10, 15, 20, 25, 30% strain.

The next step involves an assessment of the sensor's response and recovery reflexes.
Given that the sensor will experience continuous and repetitive motion throughout its
operational lifespan, it is crucial that both the response and recovery mechanisms function
flawlessly. This ensures that the sensor can accurately detect and react to stimuli without
any delays or malfunctions. Any defects in these reflexes could lead to compromised

performance, potentially affecting the overall reliability and efficiency of the sensor

during its use (Figure 3.15).
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Figure 3.15: Response and recovery experiment results. 15% strain.

Before proceeding with the clinical studies of the sensor, it is essential to conduct in
vivo animal tests to evaluate its performance and safety in a live organism. While the
comprehensive in vivo experiments, which will involve detailed signal acquisition and a
full implantation procedure, are left for future work of this thesis, an initial step has been
taken to establish a foundational proof of concept. In this initial experiment, the sensor
has been surgically implanted onto the myocardium of a sheep heart using suturing
techniques. This preliminary implantation aims to assess not only the functionality of the
sensor but also its mechanical stability within the cardiac tissue environment. The results
of this initial phase will provide valuable insights and inform the subsequent stages of the

research (Figure 3.16).
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Figure 3.16: The sensor implanted on animal heart.

3.4  Optimization

The initial design serves as a foundational framework for the development of a fully
implantable cardiac soft strain sensor. To enhance this design and improve the sensor's
performance, a series of comprehensive optimization studies were undertaken.

These studies included an in-depth examination of the effects of pre-stretch on the
sensor, which is critical for understanding how the material behaves under physiological
conditions. Additionally, a thorough analysis of the material selection was conducted to
determine the most suitable options that would provide the necessary sensitivity and
durability.

The optimization process also involved a delicate evaluation of the PDMS
compound, focusing on its formulation to achieve the desired mechanical properties.
Moreover, the impact of the distance between the sensing layer and the neutral axis is
investigated, as this parameter significantly influences the sensor's accuracy and
responsiveness to strain changes. These optimization efforts aim to elevate the overall
functionality and reliability of the cardiac strain sensor for clinical applications.
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3.4.1 Effect of Pre-stretch

A variety of studies in the current literature on soft sensors indicate that their
properties can be influenced by the degree of pre-stretch applied prior to their operational
use. These effects often arise from either the encapsulation layer or the sensing layer of
the sensors. Specifically, sensing layers that leverage piezoresistive properties typically
necessitate a carefully optimized pre-stretch setting to ensure accurate performance. In
contrast, our capacitive soft strain sensor is designed with the expectation that neither the
encapsulation layer nor the sensing layer will require an initial pre-stretch setting.

To rigorously test this hypothesis, we subjected the sensor to a controlled pre-stretch
process lasting 60 seconds, during which we applied three distinct levels of strain: 5
percent, 10 percent, and 15 percent. Following this pre-stretch phase, the sensors
underwent a series of 25 repetitive cycles at a consistent strain level of 15 percent. In
alignment with our initial expectations, the analysis revealed that the pre-stretch
treatments did not result in any observable changes in the sensor's performance or sensing
capabilities after the cycles were completed. This outcome supports the premise that our
design effectively mitigates dependence on pre-stretch, highlighting its robustness under

varying application scenarios. (Figure 3.17)
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Figure 3.17: Effect of pre-stretch experiment. a) 5% strain, b) 10% strain, c) 15% strain and d) combined
results.

3.4.2 Material

The encapsulation material is crucial for ensuring the sensitivity and overall
performance of the sensor used in various applications, particularly in medical devices.

There are specific requirements that this material must meet to function effectively in
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sensitive environments, especially when interfacing with biological tissues. Primarily, the
material must be biocompatible to ensure it does not provoke an adverse reaction within
the body. Additionally, it should exhibit stretchability and flexibility to accommodate the
dynamic movements of the heart without causing discomfort or additional strain on the
surrounding tissues.

Moreover, the encapsulation material should possess a low elastic modulus. This
characteristic is essential as it allows the material to deform easily in response to the
natural motion of the heart, ensuring seamless integration and preventing any restrictions
in movement that could affect both sensor performance and patient comfort.

Several commercially available elastomers are suitable for this application, meeting
the outlined criteria. Among those considered, PDMS, EcoFlex, and Dragon Skin stand
out as promising candidates due to their respective properties. However, choosing the
most appropriate material involves an optimization process. Careful selection will lead to
enhanced sensor performance and reliability in medical applications.

The fabricated sensors underwent a comprehensive characterization process
consisting of two critical steps to assess their mechanical properties and performance in
strain sensing applications.

The initial phase involved conducting a tensile test, which is essential for determining
the elastic modulus of each material. This measurement not only provides insight into the
material's stiffness but also allows for an estimation of the sensors' sensitivity. The results
of the tensile tests revealed a significant variation in the elastic moduli among the
materials used. Notably, PDMS demonstrated the highest strength, exhibiting an elastic
modulus of 992 kPa. In contrast, Dragon Skin silicone followed as the second strongest
material with an elastic modulus measured at 182 kPa. Meanwhile, Eco-Flex, although
preferred for its flexibility, displayed the lowest elastic modulus value at 85 kPa.

Building on these findings, sensitivity tests were subsequently conducted to evaluate
the performance of the sensors further. According to established theoretical principles, it
is anticipated that the material with the highest elastic modulus would exhibit the greatest
sensitivity to strain. To verify this hypothesis, calibration curves were derived for each
sensor by performing a series of cyclic strain tests at varying strain levels, reaching up to
15%.

Analysis of the results revealed a direct correlation with the theoretical expectations:

PDMS sensors exhibited the highest sensitivity, aligning with their superior elastic
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modulus. Dragon Skin sensors followed in sensitivity, while Eco-Flex sensors confirmed
their position as the least sensitive among the tested materials. These findings underscore
the relationship between material stiffness and sensor performance, providing valuable
insights for future applications in strain sensing technologies (Figure 3.18).
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Figure 3.18: Material optimization results. Sensors under a patterned cycle of 5, 7.5, 10, 10, 12.5, 15% strain.
a) cyclic strain results, b) force-displacement results, c) calibration curve of PDMS. d) cyclic strain results, e) force-
displacement results, f) calibration curve of Dragon Skin. g) cyclic strain results, h) force-displacement results, i)
calibration curve of EcoFlex. j) Calibration curve comparison.

3.4.3 PDMS Compound Optimization

The results from the optimization of encapsulation materials indicate that PDMS
demonstrates the highest sensitivity in sensor applications while maintaining essential
properties such as biocompatibility, flexibility, and stretchability. Additionally, PDMS
features a relatively low elastic modulus, making it an ideal choice for delicate sensor
designs.

An advantageous characteristic of PDMS is its ability to be finely tuned through
variations in its fabrication process. For this study, the primary objective is to fabricate a
sensor that possesses maximum sensitivity and delicateness. To achieve this, we focus on
optimizing the fabrication flow of the PDMS encapsulation layer. Specifically, the
manipulation of the base to curing agent ratio is identified as a key parameter for
optimization.

We have selected three candidate ratios for our experiments: 10:1, 20:1, and 30:1 by

wt.% of base to curing agent. The theoretical framework suggests that increasing the
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proportion of curing agent in the mixture should result in a compound with an elevated
elastic modulus. This increase in elastic modulus could potentially affect the overall
performance characteristics of the sensor, making it crucial to analyze the effects of
different ratios on the final material properties. By carefully investigating these
parameters, we aim to develop the PDMS-based encapsulation layer that will enhance the
sensitivity and functionality of the sensors.

In order to evaluate the performance of the sensors in relation to theoretical
predictions, a series of tensile tests were conducted. These tests were carried out using
the Linkam MFS. Each sensor was securely positioned within the testing apparatus
utilizing mechanical jaws, ensuring stability and accurate data collection during the
experiments.

The results from the tensile tests were highly consistent with the underlying
theoretical framework, revealing distinct differences in elastic modulus values among the
various sensor configurations. Specifically, the sensor with a 10:1 ratio exhibited the
highest elastic modulus, measuring 1500 kPa. In contrast, the sensor with a 20:1 ratio
demonstrated a lower elastic modulus of 460 kPa, while the 30:1 ratio sensor showed the
least with an elastic modulus of 250 kPa. These findings underscore the significant impact
of the curing agent ratio on material stiffness.

Following the tensile tests, we proceeded to assess the sensitivity of the sensors by
applying a series of strain levels in a cyclic manner. This approach allowed for the
generation of calibration curves, which are essential for understanding sensor behavior
under varying levels of stress. Once again, the results aligned with theoretical
expectations, indicating that the sensor with a 10:1 ratio was the most sensitive in
detecting changes in strain, while the 30:1 ratio sensor displayed the least sensitivity. This
comprehensive evaluation of both elastic modulus and sensitivity provides valuable

insights into the performance characteristics of the sensors under testing (Figure 3.19).
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Figure 3.19: PDMS Compound optimization results. a) force-displacement results b) cyclic strain results c)
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The mechanical properties of cardiac tissue are highly dynamic, varying significantly
between the phases of the cardiac cycle. During systole (contraction), myocardial tissue
becomes markedly stiffer to generate the pressures necessary for blood ejection, whereas
during diastole (relaxation), it softens to facilitate ventricular filling. Quantitative studies
have demonstrated that the elastic modulus of myocardial tissue increases by several fold
during contraction compared to relaxation. For instance, measurements in isolated rat
myocardium show that the elastic modulus can rise from approximately 20—50 kPa during
diastole to 100-500 kPa during systole, depending on the species and experimental
conditions [82]. This dynamic stiffening is primarily attributed to sarcomere contraction
and cross-bridge formation within the cardiomyocytes, in addition to extracellular matrix
contributions. Understanding and accounting for these variations are crucial for
accurately designing implantable sensors intended to operate in cardiac environments, as
they must accommodate the wide mechanical range the tissue experiences within each

heartbeat.

3.4.4  Effect of Distance Between Neutral Axis and Sensing Layer

Finally, we undertake a geometrical optimization process aimed specifically at
maximizing sensitivity. This involves a detailed examination of the neutral axis, which is
conceptualized as an imaginary plane running through the cross-section of a solid object
undergoing bending or flexural deformation.

When a solid is subjected to bending forces, it experiences differential strain across
its cross-section. Specifically, one segment of the material is elongated or stretched, while
another segment is compressed. The neutral axis serves as a critical reference point within
this context. It delineates the boundary in the cross-section where the material retains its
original dimensions—meaning that there is no tensile or compressive strain acting on it.

To elaborate, the neutral axis is situated at a specific depth within the cross-section,
where the fibers of the material experience zero elongation. Above this axis, the material
remains in a state of tension, and below it, the material is in compression. This
understanding of the neutral axis is essential for predicting how the structure will respond
to applied loads, particularly when adjusting its geometry to improve its performance

under bending conditions. By optimizing the configuration of the solid with sensitivity
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maximization in mind, we aim to enhance its overall structural efficiency and
performance.

In the context of implanting our sensor, it is important to consider the specific
motions that will occur, primarily involving a combination of bending and relaxation. Our
theoretical framework suggests that increasing the distance between the sensing layer and
the neutral axis of the sensor enhances its sensitivity. This is because a greater distance
allows the sensing layer to experience higher levels of strain during motion, amplifying
its ability to detect changes.

However, there are significant trade-offs associated with increasing this distance.
Firstly, an increased distance results in a thicker sensor, which complicates the
implantation process. A thicker device may pose challenges regarding placement and
could affect the overall comfort and safety for the patient. Secondly, as the distance from
the neutral axis increases, the stiffness of the sensor likewise increases. This increased
stiffness can hinder the natural motion of the heart, potentially leading to complications
that could impact the sensor's functionality and the patient's health.

To explore these factors in greater detail, we have selected three specific distance
candidates for the sensing layer: 0.75 mm, 0.95 mm, and 1.30 mm. A tensile test is
conducted as a preliminary evaluation to assess the stiffness of these sensors. As
anticipated, the results revealed that the sensor with a distance of 1.30 mm exhibited the
highest stiffness. Conversely, the sensor with a distance of 0.75 mm displayed the lowest

stiffness (Figure 3.20).
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Figure 3.20: Effect of distance between neutral axis and sensing layer experiment force-displacement results.
Sensor with a distance of a) 0.75 mm, b) 0.95 mm and c) 1.30 mm.

Following the initial experiments, a sensitivity test is conducted with a significant
modification to the approach used in prior tests. In this instance, a setup is developed that
closely mimics the heart's bent-relaxed cyclic motion, incorporating a controlled
environment to ensure precision in measurements. Z-axis stage is utilized as the primary
source for controlled bending, allowing consistent and measurable displacements to be
applied to the system. The Zurich Instruments MFIA is employed to capture the resulting
electrical signals generated during this process, known for its capability to accurately
collect and analyze electrical signals. This combination of tools creates a reliable
framework for assessing the sensitivity of the system under conditions that closely

resemble the natural dynamics of heart motion (Figure 3.21).
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Figure 3.21: The sensor under bending test setup.

In this experiment, three sensors of varying distances were subjected to bending at
three distinct levels, and the resulting capacitance responses were delicately recorded.
The findings aligned well with the theoretical expectations. Among the sensors tested, the
one with a distance of 1.30 mm demonstrated the highest sensitivity to bending, indicating
its superior responsiveness to changes in curvature. Conversely, the sensor that measured
0.75 mm in distance exhibited the least sensitivity, making it the least effective in
detecting the variations caused by bending. To quantify the bending levels, we employed
a parameter known as the reciprocal of the radius of curvature (1/radius of curvature),
which provides a clear metric for assessing the degree of curvature experienced by each

sensor (Figure 3.22).

81



Design, Fabrication and Characterization of Capacitive Strain Sensor

82
a)
le—12
o
§ 2.10"
S
O
T 2.08
[(+]
Q
0 10 15 20 25 30 35 40
Time (s)
— 0
L
©
R -1
T
£
-2
0 10 15 20 25 30 35 40
Time (s)
b)
le—12
m
0 2.1251
Q
5
+ 2,100
(@)
[(+]
3
8 2.0751
0 10 15 20 25 30
Time (s)
— 0]
X
- —1-
(0]
N
® —21
£
2 -3
0 10 15 20 25 30
Time (s)

82



Design, Fabrication and Characterization of Capacitive Strain Sensor

83

Normalized Capacitance (%)

Capacitance (F)

83

c)
le—12
2.15 |
2.10
0 10 15 20 25 30 35
Time (s)
— 0
=R
©
]
N _2
T
£
o
Z -4
0 10 15 20 25 30 35
Time (s)
d)
01 —— 0.75mm
0.95 mm
— 1.30 mm
_17
_27
_3-
-4
0 10 15 20
Time (s)



Design, Fabrication and Characterization of Capacitive Strain Sensor
84

Normalized Capacitance (%)
N

0_

0.00 0.02 0.04 0.06 0.08 0.10 0.12
1 / Radius of Curvature

Figure 3.22: Effect of distance between neutral axis and sensing layer experiments sensitivity results. Strain
results of the sensors with a distance of a) 0.75mm, b) 0.95mm and c) 1.30 mm. d) Combined strain results. e)
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3.5 Comparison of Analytical, Numerical and Experimental Models

In the plot presented in Figure 3.23, a comprehensive comparison is made between
experimental, analytical, and numerical models. The discrepancies observed between the
FEA results and the analytical solutions can largely be attributed to numerical errors that
arise during the FEA process, as well as the inherent assumptions made when deriving
the analytical solutions. Furthermore, the variations in capacitance between the
experimental results and those obtained from the analytical and numerical approaches can
primarily be explained by the additional electrical energy that is stored in the space
between the edges of the conductive fingers. This effect is significantly influenced by the
presence of fringing fields, which contribute to the total capacitance by generating electric

field lines that extend beyond the immediate boundaries of the conductive elements.
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Chapter 4:
CONCLUSION

This thesis presents a comprehensive study on the design, fabrication, and
characterization of biocompatible soft strain sensors tailored for implantable applications.
By addressing the pressing need for reliable and continuous cardiac monitoring, the
research contributes significantly to advancing healthcare technologies for postoperative
care and long-term management of cardiovascular diseases.

The resistive strain sensor demonstrated a straightforward design and initial success in
strain measurement. However, challenges such as durability under cyclic loading and
sensitivity to microcrack formation highlighted the need for improvement. This led to the
development of capacitive strain sensors, which leveraged interdigitated designs and
capacitive sensing principles to achieve superior stability, sensitivity, and adaptability to
dynamic physiological conditions. Material optimization, including the use of PDMS as
the encapsulating layer, ensured biocompatibility and mechanical compatibility with soft
tissues, while innovative fabrication techniques enhanced sensor performance.

Extensive testing under simulated physiological conditions validated the sensors' ability
to detect subtle strain changes with high precision, even under cyclic and large-strain
scenarios. The capacitive sensors, in particular, exhibited pressure insensitivity and long-
term stability, making them viable for real-time cardiac function monitoring. This
capability is pivotal for early detection of adverse cardiac events, personalized treatment
regimens, and reducing hospital readmission rates.

The study lays a robust foundation for the integration of soft strain sensors into
implantable devices, with potential applications extending beyond cardiac monitoring to
other fields requiring precise, biocompatible sensing solutions. Future work can explore
miniaturization, wireless telemetry, and energy-harvesting techniques to enhance the
functionality and usability of these sensors in clinical settings. Ultimately, this research
contributes to bridging the gap between innovative sensor technologies and improved
patient outcomes in modern healthcare.
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