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ABSTRACT

SOFT AND SKIN-LIKE STRETCHABLE SILK-BASED EPIDERMAL
ORGANIC BIOELECTRONICS FOR COMPREHENSIVE HUMAN
PHYSIOLOGICAL SIGNAL MONITORING

SEYED SAJJAD MIRBAKHT

ELECTRONICS ENGINEERING M.Sc. THESIS, July 2024

Thesis Supervisor: Assoc. Prof. Dr. Murat Kaya YAPICI
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Skin-like epidermal bioelectronics, which emerged as a unique and transformative
technology, offers highly imperceptible and wearable, soft digital health units
mechanically akin to human skin for continuous and real-time health monitoring. These
innovations, stemming from advancements in novel material synthesis and fabrication
techniques, offer unparalleled features such as conformability, miniature footprint, and
elasticity, where such unique features not only enhance the precision of health data
recording but also promote patient adoption due to their comfort and unobtrusiveness.
However, existing solutions still lack desirable properties, such as self-adhesivity,
breathability, biodegradability, and transparency, and fail to offer a streamlined and
scalable fabrication process. This thesis addresses the shortcomings in the current state-
of-the-art by presenting protein-based silk-based skin-like epidermal bioelectronics,
exploiting all the desirable material features of silk as a substrate, which have been
individually present in existing devices but never combined into a single embodiment.
As a significant advancement, the all-in-one solution presented in this thesis
demonstrates excellent self-adhesiveness (300 N/m), high breathability (1263 g.h-1.m-
2), and rapid biodegradability in soil within a mere two days. Additionally, possessing
an elastic modulus of ~ 5 kPa and surpassing 600% in stretchability, the silk-based,
biodegradable soft electronics seamlessly replicate the mechanics of the epidermis and
form a conformal skin/electrode interface. Therefore, precisely inkjet-patterned with
silver nanoparticle inks and coupled with a flexible readout circuitry, silk epidermal
bioelectronics is capable of real-time and non-invasive recording of electrophysiological
signals, including cardiac (ECG), neural (EEG), muscular (EMG), and ocular (EOG)
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biopotentials, in durations reaching up to 12 hours with superior performance in par
with Ag/AgCl gold standard, “wet” electrodes.



OZET

KAPSAMLI INSAN FIZYOLOIJIK SINYAL IZLEME ICIN YUMUSAK VE DERI
GIBI ESNEK IPEK BAZLI EPIDERMAL ORGANIK BIYOELEKTRONIKLER

SEYED SAJJAD MIRBAKHT

ELEKTRONIK MUHENDISLIGI YUKSEK LISANS TEZI, TEMMUZ 2024

Tez Danigmani: Dog. Dr. Murat Kaya YAPICI

Anahtar Kelimeler: biyopotansiyel takibi, biyomalzemeler, esnek elektronikler, ipek
yumusak elektronikler

Benzersiz ve dontstiiriicii bir teknoloji olarak ortaya c¢ikan deri gibi epidermal
biyoelektronik, siirekli ve gercek zamanli saglik takibi i¢in mekanik olarak insan
derisine benzeyen, son derece algilanamaz ve giyilebilir, yumusak dijital saglik
birimleri sunmaktadir. Yeni malzeme sentezi ve iiretim tekniklerindeki ilerlemelerden
kaynaklanan bu yenilikler, uyumluluk, minyatir ayak izi ve esneklik gibi benzersiz
Ozellikler sunmakta ve bu benzersiz Ozellikler yalmizca saglik verilerinin
kaydedilmesinin hassasiyetini artirmakla kalmayip ayni zamanda konforu ve goéze
batmamasi nedeniyle hastalarin benimsemesini de tesvik etmektedir. Bununla birlikte,
mevecut coziimler hala kendinden yapiskanlik, nefes alabilirlik, biyolojik olarak
coziinebilirlik ve seffaflik gibi arzu edilen Ozelliklerden yoksundur ve kolay ve
6l¢eklenebilir bir liretim siireci sunamamaktadir. Bu tez, ipegin mevcut cihazlarda ayri
ayrt bulunan ancak hi¢bir zaman tek bir diizenlemede birlestirilmemis olan tiim arzu
edilen malzeme 6zelliklerini bir alt tabaka olarak kullanan protein bazli ipek bazli deri
gibi epidermal biyoelektronikler sunarak mevcut en son teknolojideki eksiklikleri ele

almaktadir. Onemli bir ilerleme olarak, bu tezde sunulan hepsi bir arada olan ¢6ziim,

Vi



miitkemmel kendinden yapiskanlik (300 N/m), yiiksek nefes alabilirlik (1263 g.h-1.m-2)
ve sadece iki giin icinde toprakta hizli biyolojik ¢oziiniirliik gostermektedir. Ayrica, ~5
kPa'lik bir elastik modiile sahip olan ve esneme kabiliyeti %6000 asan ipek bazl,
biyolojik olarak ¢6ziinebilir yumusak elektronikler, epidermisin mekanigini sorunsuz bir
sekilde taklit etmekte ve konformal bir cilt/elektrot arayiizii olusturmaktadir. Bu
nedenle, giimiis nanopartikiil miirekkeplerle hassas bir sekilde miirekkep piiskiirtmeli
olarak desenlendirilen ve esnek bir okuma devresiyle birlestirilen ipek epidermal
biyoelektronik, Ag/AgCI standart, “islak” elektrotlarla esit tistiin performansla 12 saate
kadar ulasan stirelerde kardiyak (EKG), noral (EEG), kas (EMG) ve okiiler (EOG)
biyopotansiyeller dahil olmak {izere elektrofizyolojik sinyallerin ger¢ek zamanli ve

invazif olmayan kaydini yapabilmektedir.
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CHAPTER I

INTRODUCTION

1.1. Motivation

Tracking human electrical biosignals holds significant importance for both medical
professionals and engineers. For the former, it provides insights into biological events
that aid in diagnosing health disorders. For the latter, it serves as an input for innovative
human-computer interaction solutions and out-of-hospital health monitoring
technologies. To meet the technological demands for enhanced convenience and
biosignal accuracy, a new class of electronics, often referred to as ‘epidermal
electronics’, has been proposed. This emerging field continuously offers alternatives to
traditional ‘rigid’, ‘bulky’, and ‘cable-intensive’ devices used for recording biosignals
by introducing ‘flexible’, ‘miniaturized’, ‘stretchable’, and ‘wireless’ characteristics.
The primary motivation behind epidermal electronics is the stretchable and soft nature
of skin, which necessitates electronic interfaces with similar properties and resolution to
(1) enhance patient comfort, (2) reduce visibility, (3) simplify usage with smaller form

factors, and most importantly, (4) enhance the accuracy of the collected information.

However, current scientific and commercial epidermal electronic solutions still fall short
in achieving all desired objectives, from integrating all skin properties into these
solutions, to addressing resource-intensive fabrication processes and post-disposal
environmental issues. This work, with the same objectives, investigates materials and
fabrication techniques that not only mimic the attributes of skin but also lowers the end-

product cost for a wider population and minimize environmental pollution risk.



1.2.Synopsis of Findings and Achievements

This study introduces silk Bombyx mori cocoons as a natural raw resource that, upon
correct synthesis and plasticization, can serve as an optimal substrate for epidermal
electronics. This substrate exhibits unique material properties that have not been
collectively achieved in previous works. The Ca?*-modified silk-based substrates in this
study demonstrated (1) significant stretchability, (2) transparency comparable to glass,
(3) breathability surpassing that of skin, (4) water insolubility, (5) biodegradability with
a rapid decomposition rate of two days in soil, (6) self-adhesivity on par with
commercial adhesive tapes, and (7) easy detachment from skin following a simple wash

and gentle scrub.

A notable accomplishment of this work involves the high-resolution patterning of silk
films using scalable technologies. By employing inkjet-printing of silver nanoparticle
(AgNP) on donor substrates and subsequently transferring them to silk substrates,
patterns as fine as 200 um were successfully printed on the silk for the collection of

electrical signals from the skin.

Furthermore, the design and fabrication of miniaturized, flexible, battery-powered, and
wireless electronic circuitry enabled seamless connection to the inkjet-patterned silk
electrodes. This allowed for the reception, amplification, processing, and transmission

of various human biopotential signals to a nearby smartphone.

A key achievement of this work was the resulting device's ability to track cardiovascular
electrocardiography  (ECG),  muscular  electromyography  (EMG), ocular
electrooculography (EOG), and neural electroencephalography (EEG) signals using the
same electrodes and hardware, with the only difference being the electrode placement. A
significant highlight underscoring the advanced performance of the proposed device

was the recording of neural Beta waves from a single channel.



Figure 1.1. Photographic depiction of the silk-based silver inkjet-patterned soft

electronic skin positioned on the original Bombyx mori silk cocoons. Scale bar, 1 cm.

1.3. Outline

In Chapter 1, the motivation behind the fabrication of silk-based epidermal electronics is
explored, ranging from the necessity of human biosignal tracking to the engineering
approaches employed in the previous works. This chapter also delves into the
significant discoveries and accomplishments of this work, including the innovative
material properties of the proposed silk substrates, the high-quality and scalable
patterning method that was utilized, the design of the biosignal recording hardware, and
the range of human biopotential signals that can be acquired using the proposed cutting-

edge solution.



In Chapter 2, we delve into the background of soft epidermal bioelectronics,
emphasizing their critical distinctions from standard health monitoring rigid electronics.
The primary objective in this chapter is to underscore the compelling motivation behind

soft electronics as an alternative to existing solutions.

In Chapter 3, the experimental results of material characterization for soft silk films as a
substrate are presented. These characterizations serve as a testament to the potential of
the reported work for in vivo practical applications, while also considering post-disposal

environmental impacts.

In Chapter 4, the potential of printing technologies, specifically inkjet printing, for
patterning soft and elastic substrates using a straightforward print-and-transfer method
is discussed. Additionally, the electrical performance of inkjet-patterned silver silk
substrates is characterized. Finally, flexible and miniaturized data acquisition circuitry is
introduced, which, when connected to such soft electronics, can find applications in a

wide array of wearable health monitoring scenarios.

In Chapter 5, the various applications of soft silk-based electrodes in conjunction with
flexible circuitry as an all-in-one wearable solution for recording human biopotential
signals is presented. This chapter serves as a testament to the impact of the presented
work in the wearable electronics domain by introducing the feasibility of collecting four
distinct biopotential signals using identical hardware and electrodes. These signals
range from cardiovascular to neural, demonstrating superior performance compared to

their commercial counterparts.



CHAPTER II

BACKGROUND ON EPIDERMAL BIOELECTRONICS

2.1. Wearable Soft Epidermal Bioelectronics

Stretchable and soft epidermal electronics offer a versatile approach to non-invasive
skin interfacing, enabling the acquisition of crucial physiological data or the delivery of
therapeutic stimulation and medication [1]. In contrast to conventional rigid
technologies, these platforms possess mechanical characteristics akin to the epidermis
[2], and this seamless conformal interface is instrumental in high-fidelity biosignal
acquisition while minimizing susceptibility to motion artifacts [3], [4], [5]. Within
healthcare, their applications span a wide spectrum, encompassing the evaluation of
skin thermal variations [6], innovative wound dressing techniques [7], monitoring skin
hydration levels [8], assessing sleep quality [9], and detecting biomarkers directly on the
skin surface [10]. In soft robotics, these devices have played a pivotal role in providing
sensory feedback for prosthetic hands [11] and enabling electro-tactile stimulation for
interactive human-robot interfaces [12]. Their utility extends further into self-powered

electronic devices through energy harvesting methods [13], [14].



Wire #1

Figure 2.1. The transformative implications of epidermal electronics in health
surveillance. (a) Contemporary technology employed for the observation of a neonate in
a NICU environment, encompassing cardiography leads (positioned on the thorax) and
a blood oxygenation probe (attached to the feet). (b) Soft and wireless electronic
alternatives for the acquisition of ECG and PPG readings. Adapted with a CC BY 4.0
DEED license from [15]. Copyright © 2019, American Association for the

Advancement of Science.

2.1.Limitations of Existing Models

The fabrication of skin-like bioelectronics, particularly those utilizing photolithography-
based cleanroom procedures, has been instrumental in propelling the field forward.
These microfabrication procedures generally share several steps, which include (1) the
deposition of metals, (2) the application of photoresist through spin-coating, (3) UV
exposure coupled with lithography, (4) etching of metal/resin, and (5) the lift-off
process [16]. However, the potential for exploring alternative methods is hinted at by
the intricate and resource-intensive nature of these processes, especially when applied to
products designed for single use [17], [18]. Cleanroom processes demand a controlled
environment, the establishment and maintenance of which can incur substantial costs
and energy. The inherent complexity of these procedures may result in increased costs
and challenges in maintaining precise control, potentially complicating the fabrication
process and inflating the final product’s cost, thereby limiting their accessibility for

broader use [19], [20]. Given the unique opportunities presented by alternative,



cleanroom-free additive fabrication techniques such as inkjet-printing [21], screen-
printing [22], gravure printing [23], and laser technologies [24], the transition of skin-
like electronics from academic research prototypes to clinical-grade scalable
technologies is feasible. Employing these fabrication and printing technologies, a
diverse array of materials can be deposited and printed in the form of inks. However,
when compared to microfabrication techniques, not all these materials may be
compatible with standard processes and cleanroom environments. Furthermore, such
printing methods, particularly screen-printing, are a favored choice for large-scale
production due to their high throughput and relatively short processing time,
comparable to microfabrication processes. This could potentially benefit a significant
segment of the population as well as maintaining an environmentally friendly

production cycle.

a &

i. Cleaning glass ii. Spin-casting iii. Patterning metal film iv. Spin-casting PI
polyimide (PI) on PI by lithography and encapsulation
film deposition layer

au

v. Patterning Al on Pl vi. Dry etching PI vii. Dissolving the Vviii. Releasing the PMFs in
as mask film mask buffer oxidation etching
solution (BOE)

Figure 2.2. Typical microfabrication process necessary for the fabrication and patterning
of epidermal bioelectronics. This includes multi-step spin-coating, photolithography,
and etching. Adapted with a CC BY 4.0 DEED license from [25]. Copyright © 2021,
American Association for the Advancement of Science.

In addition, concerns have also been raised regarding the environmental impact of
chemically synthesized plastics and polymers such as polyurethane (PU),
polydimethylsiloxane  (PDMS), poly(vinyl alcohol) (PVA), and poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) [26], [27], [28], [29],
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[30], [31]. These materials often endure prolonged natural degradation when disposed
of after a single use. Compounding this issue is the escalating volume of disposable
electronics, contributing substantially to the burgeoning problem of electronic waste (e-

waste), which is projected to reach a staggering 74 million tons by 2030 [32].
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Figure 2.3. The Various Components of a Commercially Available silver/silver chloride
(Ag/AgCl) Gel-Based Electrode. This includes plastic layers, which are not readily
biodegradable and thus pose a potential environmental concern.

Another challenge shared between all skin-interfaced wearables persists in the limited
biocompatibility of the skin-like bioelectronics, posing potential discomfort and
dermatological irritation with extended use. Such discomfort may stem from using non-
organic or potentially hazardous materials or disrupting the skin’s natural trans-
epidermal water loss and air permeation [33]. Furthermore, the continuous exposure of
skin electronics to the natural deformation of the skin, sweat, and oils poses a
significant challenge. Weak bonding between these devices and the skin often results in
detachment, leading to performance issues such as data loss during signal recording and
interruptions in continuous monitoring. This problem is particularly pronounced for skin
electronics relying on low Van der Waals forces for adhesion, owing to their inherently

lower adhesive energy [34].
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Figure 2.4. Desired material properties for enhanced performance in epidermal
electronics. The properties include self-adhesivity, breathability, biodegradability,
biocompatibility, and scalable fabrication that are collectively absent in existing works

and reports.

2.2.Inkjet-Printing and Wearable Electronics

Inkjet printing is a highly efficient technique for the direct deposition of a variety of
materials in the form of ink onto an array of substrates. This method is distinct from
photolithography processes, which necessitate the use of physically pre-prepared masks.
Conversely, inkjet printing employs digitally modifiable patterns, and this digital
control over the printing process enhances the quality, speed, and precision of material
deposition. Moreover, due to its straightforward processing, cost-effectiveness, and
superior adaptability for large-scale fabrication of electronic devices, sensors, and light-
emitting diodes, inkjet printing presents a compelling solution in both industrial and

scientific settings.



For the printing process to be effective, certain fluid parameters of the ink, such as
viscosity and surface tension, along with the particle size of the suspended functional
materials within the ink, must be maintained within an optimal range. Each of these
parameters, if not correctly optimized, could result in specific printing failures. For
example, if the viscosity is not well-optimized, no ink would be ejected from the
nozzles. Similarly, if the surface tension of the liquid exceeds the surface energy of the
substrate, the high contact angle between the ejected ink and substrate will result in non-
homogeneous printing. Furthermore, if the particle size of the ink is greater than or
similar to the nozzle diameter, nozzle clogging could lead to printing failure.

The ejection of ink from the nozzles in inkjet printing typically relies on either thermal
processes or piezoelectric principles. In both cases, droplets are ejected from the nozzle
if the pressure on the fluid surpasses a certain threshold. In the absence of pressure, the
liquid will remain at the nozzle due to surface tension. In the thermal method, an
electric current is passed through a heater, causing the liquid to heat above its boiling
point and form tiny bubbles. Upon removal of the current, the bubbles disappear due to
heat transfer, and the rapid expansion and collapse of these bubbles generate a pressure
pulse. In the piezoelectric method, the pressure is generated by applying an ultrasonic

mechanical force from a piezoelectric transducer.

Heater

Piezoelectric
actuator

Bubble

Figure 2.5. Inkjet-printing principles of (a) a thermal bubble jet print head and (b) a

piezoelectrically actuated print head.
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Inkjet printing technology has a significant role in the development of flexible and
wearable electronic devices, precisely designed and for targeting human-health
monitoring applications. Silver nanoparticle (AgNP), suspended in water-based or other
organic solvents, proven their reliance and efficiency as inks for inkjet printing.
Examples include wearable inkjet-printed AgNP-based Radio Frequency Identification
(RFID) tags on tattoo papers [35], stretchable respiratory [36] and pressure sensors [37]
on PDMS substrates, multifunctional printed devices on polyimide substrate [38], and

individual tracking device on fabrics [39].

2.3.Biomaterials in Bioelectronic Applications

Protein-based natural biopolymers, including silk [40], cellulose [41], chitin [42], and
lignin [43], are gaining recognition as robust biomaterials for the development of
bioelectronics, owing to their inherent biocompatibility and widespread availability [43,
44]. Among mentioned, silk is a prime candidate for diverse medical applications due to
its distinct natural structure, tunable mechanical properties [46], and degradation
characteristics [47]. Various formats of silk, such as sponges [48], hydrogels [49],
patches [50], and fibers [51], have been explored for applications in drug delivery [52],
wound healing [53], and biosignal acquisition [54].

In medical applications, the core protein of silk undergoes a thorough extraction
process, including removing the sericin component. Sericin, a set of soluble adhesive
glycoproteins, coats the surface of fibroin, which is the primary protein targeted for
synthesizing soft plastics. This sericin accounts for 25-30% of the total weight of the
silkworm cocoon, and if not properly removed, it can trigger immune responses [55].
To eliminate sericin, silk cocoons are typically immersed in an agqueous solution of
dissolved sodium carbonate (Na2COz) and boiled for approximately 30 to 45 minutes
[56]. Once this adhesive protein is removed, the fibroin fibers can be dissolved in an
aqueous solution, paving the way for further processing into a variety of materials.
Notably, Lithium bromide (LiBr) [57] and formic acid (CH202) [58] have been

extensively employed in past procedures.

11



- oA = - |5 = —~
» A | -1
Bombyx mori silk Insect removal Boiling in Na,CO, Rinsing the silk Drying at room
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Figure 2.6. Procedure for synthesizing silk for biomedical applications. (a) the
degumming process, which involves boiling silk cocoons in an aqueous solution of
na>cos to remove the sericin protein. (b) Dissolution of silk fibers using organic
solvents, such as formic acid. (c) Dissolution of silk fibers in Lithium bromide,

followed by additional steps including dialysis and centrifugation.

Recent advancements have precisely leveraged calcium ions (Ca?") to tailor silk
properties, such as modulus, adhesiveness, and degradation rate, enhancing its
suitability for skin-like electronics [46], [59], [60]. When tuned, these properties render
silk an ideal substrate for such applications. For instance, the self-adhesive nature of
silk-based skin-like bioelectronics plays a pivotal role in continuous physiological
signal recording [61]. However, while robust adhesion is essential for accurate data
capture, it can pose challenges, especially for individuals with delicate skin, such as the
elderly and newborns. Their thinner skin layers and higher transepidermal water loss
make their skin more susceptible to irritation and damage [62], [63], [64]. Balancing
water solubility and adhesiveness through meticulous material property adjustments is
key. This ensures adequate adherence of the electronics to the skin while enabling easy

12



removal through simple washing, thereby mitigating potential skin damage. Achieving
this balance holds promise in preserving both the efficacy of data capture and the skin

health of vulnerable individuals.

S

Dissolving in 1 &
CH,O,+ CaCl,

Figure 2.7. Schematic representation illustrating the effect of ca®* on the protein

structure transition from crystalline to amorphous.

2.4.Related works

In light of the broader implications of our study, it is noteworthy that silk composites
with conductive fillers have been previously explored for human electrophysiological
signals monitoring [65], [66]. However, they face fine-tuning challenges due to their
mechanical properties and limited transparency. Similarly, silk films with deposited
conductive materials have been studied [46], [54], [67], [68], [69], [70], [71] yet these
efforts do not fully capitalize on the unique characteristics of silk, meticulously tuned
and optimized to address the existing gaps in skin-electronic materials. Additionally, the
precise patterning of silk films remains a challenge in these reported works due to
limitations in fabrication methods. Table 2.1. provides a quantitative comparison
between this work and previously reported silk-based wearable electronics for human

physiological sensing.

Moreover, silk-based skin-like epidermal bioelectronics stand distinct from synthesized

polymer-based materials. Indeed, other epidermal electronics with adhesive properties
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often require a secondary separate adhesive polymer layer, [72], [73], [74], [75], [76],
[77], [78], [79] complicating the fabrication process and adding cost and material usage.
Fabrication processes based on microfabrication techniques being resource-intensive
and necessitating a well-regulated environment, lead to substantial costs and intricacy in
fabrication. This, in turn, results in high-priced final products, thereby restricting their
widespread applicability [75], [76], [78], [80], [81]. Integrating conductive fillers into
polymer matrices limits proper permeability and optical transparency [17], [82], [83].
Importantly, synthetic polymers and plastics lack natural decomposition, contributing to
e-waste and environmental concerns [27], [84]. Table 2.2. provides a qualitative
comparison between silk-based skin-like bioelectronics and various previously reported

skin-like wearable bioelectronics, highlighting its unique advantages.

Table 2.1. Quantitative comparison between this work and previously silk-based

wearable electronics for human physiological sensing.
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CHAPTER Il

CHARACTERIZING THE MATERIAL PROPERTIES OF THE
SYNTHESIZED SILK AS ASUBSTRATE FOR EPIDERMAL
BIOELECTRONICS

3.1.  Silk Solution Preparation

Natural Bombyx mori cocoons, ~ 4 cm long (purchased from a local vendor), were
sectioned into ~ 1 cm? segments using stainless-steel scissors. To initiate the
degumming process—the process to remove the sericin protein, a 40 mmol/l sodium
carbonate solution was prepared by dissolving 8.48 g of Na,COs powder (Sigma-
Aldrich, USA) in a 2-liter volume of deionized water. This solution was then elevated to
a temperature of 100 °C under an aluminum foil seal in a 2-liter glass beaker.
Subsequently, 10 g of the prepared cocoon segments were introduced into the boiling
Na>COs solution and subjected to constant stirring for 45 minutes. After this treatment,
cocoons were carefully withdrawn from the solution and thoroughly rinsed with
deionized water. Excess water was removed by squeezing the cocoons. The treated
cocoon segments were then rinsed in deionized water for 20 minutes to clear the
residual sodium carbonate and sericin fully, and this was repeated three times. The
treated cocoon segments were left to air dry overnight on aluminum foil within a fume
hood. To prepare the 45 wt% CaCl2/silk solution, 1.35 g of calcium chloride (CaCly,
Sigma-Aldrich, USA) was mixed with 20 g of formic acid (CH.O2, Sigma-Aldrich,
USA). This mixture was stirred until no visible CaCl, particles remained discernible.
Following the dissolution of CaCls, 3 g of previously degummed cocoons was gradually

introduced into the solution while the mixture was stirred at 700 rpm for 1 hour at room
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temperature. Subsequently, the solution was transferred into an ultrasonication bath for

30 minutes at 45 °C to dissolve silk fibers further.

Spreading the degummed Adding cocoon  Dissolving 8.48-gram of Na,CO,; 10-gram of cocoon pieces
silk fibers for drying pieces into Na,CO;in
boiling 2-liter DI water

DI water/Na,CO4

Dissolving CaCl, Dissolving degummed Stirring the Bath sonication of
in formic acid (CH,0,) silk in silk/CaCl,/CH,0, silk/CaCl,/CH,0,
CacCl, + CH,0, for 1 hour for 30 min at 45 °C

Figure 3.1. Process of degumming silk cocoons and silk solution preparation. The
degumming process involves the following steps: 1) Procuring Bombyx mori cocoons.
2) Cutting the cocoons and removing the deceased insect. 3) Cutting the cocoons into
approximately 1 cm2 pieces using stainless-steel scissors. 4) Weighing out 10 g of the
cut cocoon pieces. 5) Preparing a 0.04 M Sodium carbonate (Na2CO3) solution, which
requires 8.48 g of Na2CO3. 6) Dissolving Na2CO3 in 2 liters of DI water and bringing
it to a boil. 7) Boiling the cocoon pieces in the DI water/Na2CO3 solution for 45
minutes. 8) Thoroughly rinsing the degummed silk fibers with fresh DI water and
allowing them to dry overnight in a fume hood. The silk solution preparation involves:
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9) Dissolving calcium chloride (CaCl) in formic acid (CH202) using a magnetic stir
bar. 10) Adding the degummed silk fibers to the CaCl./CH20: solution. 11) Stirring the
silk/CaCl2/CH.0: solution for 1 hour using a magnetic stir bar. 12) Bath sonication of
the silk/CaCl2/CH-0: solution for 30 minutes at 45°C.

3.2.  Formation of Skin-like Silk Bioelectronic

First, the 130 pm polyethylene terephthalate (PET) films were cleaned using
isopropanol alcohol and deionized water and then dried using a nitrogen gun. Next, the
surface wettability of the films was improved through a 1-minute corona treatment to
enhance ink adhesion to the plastic surfaces (BD-20AC, Electro-Technic Products,
USA). The inkjet printing of silver nanoparticles ink (AgNP, JS-A102A, Novacentrix,
USA) was carried out employing an inkjet printer (DMP-2850, Fujifilm, USA)
equipped with a loaded cartridge (Samba Dimatix, Fujifilm, USA), which featured
twelve nozzles capable of jetting a minimum drop volume of 2.4 pL. A drop spacing of
15 um was configured to ensure optimal print quality and electrical conductivity. The
jetting process was executed under the following conditions: nozzle voltage of 30 V,
nozzle temperature of 28 °C, and a jetting frequency of 10 kHz. The default Fujifilm
Model Fluid waveform was applied to the piezoelectric elements, resulting in a
calculated drop velocity of 6.6 m/s, and all the patterns were printed in a single printing
cycle. Subsequently, the printed AgNP patterns were annealed at 140 °C for 20 minutes.
Later, the as-printed serpentine AgNP network was transferred onto silk films by drop-
casting silk solution onto the newly patterned PET substrates. We have experimentally
found that to achieve a silk film thickness of 100 um, a volume of 50 pL/cm? of the silk
solution was required to be drop-casted. After applying the silk solution onto the donor
substrates, each sample underwent vacuum desiccation to ensure no visible air bubbles
remained within the silk solution. Finally, the samples were left to dry for 20 hours
within a fume hood, allowing for the complete evaporation of formic acid. Next, a post-
baking step was performed to detach the PET substrate from the silk/AgNP layers and
enhance the peeling process for 45 wt% CaCly/silk films with a thickness of 100 pum.
This thermal treatment involved heating the samples at 75 °C for 15 minutes in an oven.
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These parameters are empirically optimized to achieve the most effective peeling
process, which ensures that the force required to separate the elastic silk from the donor
substrate does not push the silk into its plastic deformation region. Subsequently, the
separated silk films, now patterned but still rigid, were subjected to a humidity
treatment for 15 minutes within a controlled humidity chamber with a moisture level of
70% RH. This treatment restored the silk substrate to its initial soft and stretchable state,

forming the skin-like silk bioelectronic patch.

L
4
Inkjet-printing AgNP on Drop casting silk Degassing + drying Peeling-off
donor PET substrate solution

Figure 3.2. Fabrication process of inkjet-patterned silk bioelectronics.

3.3.Mechanical Properties of the Synthesized Silk Substrates

The mechanical properties of the silk films were fine-tuned through the controlled
introduction of CaCl> to the silk fibroin fibers, which enabled their transformation into
ultra-soft and imperceptible substrates for epidermal bioelectronics. Tensile tests were
conducted on the fabricated silk films with varying CaCla/silk weight ratios formulation
with a Universal testing meachine (UTM) (Zwick Z100, Germany). For each
composition, 5 samples were tested (30 samples were investigated). The tests were
conducted at a speed of 20 mm/min. The specimens were fabricated in an L-shape
configuration, featuring a width of 20 mm, a thickness of approximately 200 pm, and an
effective length of 40 mm. The Young’s modulus was determined based on the data
slope in (Afore/Astrain) the initial 0.5% strain region. The Young’s modulus of the silk
films exhibited a significant reduction, decreasing from 11.4 MPa to 427.1 kPa, as the
CacCl; to silk weight ratio increased from 5 wt% to 50 wt% at a relative humidity of ~
45% RH (Figure 3.3a). Correspondingly, the stretchability of the silk films increased
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substantially, expanding from a mere 6% to an impressive >250% (Figure 3.3b).
However, the silk films loaded with 50 wt% CaCl, despite their lower modulus of
elasticity, were found to be mechanically unstable as a stand-alone solid substrate.
Under ~ 45% humidity, they exhibited properties akin to a gel, rendering them
impractical as a structural support for attachment onto the skin. In contrast, silk films
loaded with 45 wt% CaCl> maintained superior mechanical characteristics, featuring
Young’s modulus of 501.1 kPa and stretchability of >230%. These properties closely
matched the mechanical attributes of human skin, specifically the epidermis (which
typically has a modulus ranging from 140 to 600 kPa [87], [88]). Consequently, the
subsequent experiments in this study were conducted using silk films loaded with 45
wt% CacCl..

The influence of ambient humidity on the silk films is of notable significance, given that
silk can absorb more water molecules as the Ca®* ion content increases. For instance,
the modulus of the 45wt% CaClz/silk films decreased from 501.1 kPa to 5.1 kPa, and
the stretchability increased from >230% to >600% as the ambient humidity rose from
~45% to ~60% RH (Figure 3.3c-e). This phenomenon represents an additional

adjustable parameter for fine-tuning the elasticity of Ca2*-modified silk films.

22



o
™
& F’ CaCly/silk
= o W — — 5 w%
\J =7 = &5 — 10 wt%
— 15w%
3 - S — 20 wt%
_8 n ;)’ — 25Wt%
30 Wi%
o L} N0 o —— 35wt%
S LI o — 40wt%
o ‘A — 45wWi%
-g - w n < — 50 wt%
c
8 E E (’\ ~45%RH
> N
T T T T T T T T T T o T T T T T T T T T T
5 10 15 20 25 30 35 40 45 50 0 50 100 150 200 250
CaCl, weight ratio (wt%) Strain (%)
C
35 ‘
30 1 /\
g 25- /
X
N—r’
§ 20 - o
(‘/:) 15 1 = 45 wt% :aCl_/SI'k
10 - ~60% RH
gl i i

0 100 200 300 400 500 600 700
Elongation (%)

Figure 3.3. Mechanical characterization of silk as a soft substrate for skin-like
bioelectronics (a) The Young’s modulus of the silk substrate corresponding to different
CaCl, values at a relative humidity of ~ 45%. (b) Stress-strain curves for silk films
modified with varying concentrations of CaCl,, ranging from 5 wt% to 50 wt%. The
tests were conducted under approximately 45% relative humidity conditions. The curves
demonstrate an increase in stretchability as the concentration of CaCl; increases. (¢) The
resulting tensile stress-strain graph of the silk demonstrated an elongation exceeding
600% under a 60% RH humidity condition. (d) The 45 wt% CaCly/silk film was
attached to a mechanical testing machine with an initial length of 10 mm, and (e) it

stretched to a length of 69.2 mm, indicating an elongation of 592%.

3.4.Material Characterization of the Synthesized Silk Substrates
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3.4.1 Hygroscopic Properties of Silk: Heat-Induced Dehydration and Subsequent
Rehydration

Silk films show revertability to their original form by reabsorbing water content after
experiencing water loss. In the case of 45 wt% CaCl> loaded silk, a weight loss of 7.6%
was observed following a 2-hour exposure to 75°C. Remarkably, this weight loss was
fully recovered after 19 hours, and the material exceeded its initial weight by
approximately 0.7% after 22 hours (Figure 3.4). This indicates that the reported silk
films can recover after undergoing high temperatures and regain their elasticity. In
contrast, silk with 5 wt% CaCl, exhibited a weight loss of only 3.8% and did not return
to its original weight even after 22 hours. These weight fluctuations are attributed to
variations in water content, due to presence of Ca?*, which, in turn, have a discernible

impact on the modulus of the silk films.
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Figure 3.4. The strength of losing and capturing the ambient water molecules of 5 and
45 wit% silk substrates.

3.4.2 Conformality of Silk Substrates on Non-Uniform Surfaces: An Examination

of the Interface between Silk and Skin-replica

24



Figure 3.5a illustrates the elasticity and softness of a 45 wt% CaCl.-loaded red-dyed
silk film on a PDMS skin replica. The red-dyed silk films were prepared by
incorporating two droplets of a water-based red pigment ink into 20 grams of the pre-
formulated silk solution. The PDMS skin-replica was fabricated by mixing Sylgard 184
silicone elastomer (DOW, USA) with its curing agent in a 10:1 ratio. The resulting
mixture was stirred for 15 minutes and then poured onto a 60-grit sandpaper. This was
followed by a degassing process and a curing period of 2 hours at 75 °C. After
solidification in the oven, the interface between the silk and the skin replica
demonstrates the tight conformality of the produced silk films in mimicking the surface
topography of the epidermis. Indeed, it is essential to have a conformal electrode/skin
interface to enhance the stability of the signal recording and reduce motion artifacts,
which are the typical limiting factors of the recorded signal-to-noise ratio (SNR) [89].
The surface roughness of the PDMS skin replica is represented with SEM images with
an estimated pore size of ~ 180 pum. (Figure 3.5b). the PDMS was carefully detached

from the sandpaper and utilized as the skin-replica.

PDMS Skin Replica
S A

Figure 3.5. Conformality of silk substrate on irregular surfaces. (a) The interface of red-
dyed 100 pum silk substrate with PDMS skin replica. (b) Surface topography of PDMS
skin-replica. The SEM image represents the surface topology of the prepared PDMS
skin-replica, highlighting pore dimensions of approximately 180 um.

3.4.3 Structural Transition of Silk: From Crystalline -Sheet Abundance to
Amorphous Random Coils
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Figure 3.6a presents the characterization of the molecular structures of Ca?*-modified
silk substrates, with varying CaCly/silk ratios, using Fourier-transform infrared (FTIR,
Thermo Scientific, Nicolet iS10) spectroscopy. FTIR was employed to characterize the
molecular structure of protein-based silk films. The spectroscopic analysis encompassed
the wavenumber range from 400 to 4000 cm-1, employing a resolution of 4 cm-1 and
each spectrum integrated over 16 scans. In the Amide | region (1600 to 1700 cm™, C=0
stretching group), bands at 1619.91 and 1636.78 cm™ are assigned to the p-sheet and
random coil structures, respectively. With the gradual increase in CaCl, content from 5
wt% to 50 wt%, a noticeable transformation was observed: the [-sheet structures
gradually transitioned into random coils. This transformation signifies the shift from a
crystalline form to an amorphous one brought about by the interaction of Ca* ions [90].
Furthermore, the Amide 1l peak (1500 to 1600 cm™ region, associated with N—H
bending groups) displayed a blueshift from 1513 cm™ to 1537 cm™ as the CaCls ratio
increased from 5 to 50 wt%. These Amide | and Il bands are linked to the backbone
conformation of the polymer chain and are indicative of the secondary protein structure
[91]. Additionally, the Amide A peak (3300 to 3500 cm™ region, corresponding to N-H
stretching groups [92]) experienced a redshift, shifting from 3278 cm™ in 5 wt% CaCl
silk to 3234 cm? in 50 wt% silk. This shift was attributed to the transition from
hydrogen bonding to forming Ca-N bonds through chelate reactions [93], [94]. To
further validate this transition from crystalline to amorphous structural alterations, X-
ray diffraction (XRD) data (Figure 3.6b) were examined. XRD analysis was executed
within the 20 range of 5° to 54°, employing a scanning rate of 3° per minute with Cu Ka
radiation (Bruker D8 Advance instrument, Germany). The parameters were set to an X-
ray beam wavelength of 1.5418 A, a voltage of 40 kV, and a current of 40 mA. The
specimens were cut into 1 cm2 squares, each with a uniform thickness of 100 pm, and
mounted on the zero-background stand for analysis. The results revealed a broad peak at
26.54° for the 45 wt% compositions, while two peaks were observed at 9.008° and
20.23° in the 20 scattering angle range for the 5 wt% CaCla/silk compositions, verifying
the transition from crystalline to amorphous structure of the silk protein structures [95],
[96].
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Figure 3.6. Structural transition of silk with varying CaCl, concentrations. (a) FTIR
spectra of different CaCla/silk ratios illustrate the effect of Ca?* ions on forming beta-
sheets and random coils. (b) The X-ray diffraction (XRD) analysis of 5wt% and 45 wt%
CaCly/silk films indicating the transition from a crystalline to an amorphous structure in

silk films as the CaCly/silk concentration increases from 5 wt% to 45 wt%.

3.4.4 Optical Transparency of Silk Substrates

Transparency is a vital biomaterial attribute is which allows epidermal bioelectronics to
blend in naturally with the skin tone and reduce their noticeable appearance when worn,
where the acceptance and comfort of the user depend on this integration of aesthetics.
Figure 3.7 analyzes the transparency of 100 um silk films with varying CaCl> ratios.
Transmittance measurements of the silk films were conducted using a UV-VIS
spectrometer (UV-3150, Shimadzu, Japan) spanning the wavelength range from 400 nm

to 2000 nm, using a sample with a thickness of 100 um. The transmission of these silk
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films decreased significantly from an initial level of over 95% to 8% as the CaCla/silk
ratio was reduced from 45 wt% to 5 wt%. This decline in transmission for the silk films
with lower CaCl> loading was attributed to light scattering originating from larger
crosslinking sites predominantly consisting of B-sheet structures [97]. Furthermore, the
developed silk films exhibited higher transparency than widely-used PET films in
wearable devices by approximately 7% [98], [99], [100]. Moreover, in the event of
100% stretching of the 45 wt% CaCly/silk film, the decrease in transparency of 95 to
78% was negligible.
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Figure 3.7. Transmittance analysis of the silk substrates with different Cala/silk weight

ratios.

3.4.5 Adhesion Force and Self-adhesivity of Silk Substrates

Epidermal bioelectronics also require high adhesion and efficient air permeability to
maintain stable signal recording, and when worn on the skin for prolonged periods, they
should not irritate. As of now, the acquisition of commercial medical-grade adhesives
has been instrumental in achieving these properties. However, distinct adhesives
tailored to specific applications are necessary for sensitive skins (such as newborn
babies or the elderly). Furthermore, despite their effectiveness, the attachment and
subsequent peeling off of these adhesives, particularly around hairy regions, result in
mild discomfort or pain. On the contrary, the present solution is versatile, as it caters to
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individuals with sensitive skin and those without, rendering it to be universally
applicable. The self-adhesive property of the silk bioelectronics is demonstrated by
quantitatively measuring the peel force with respect to glass (Figure 3.8). A 45 wt%
CaCly/silk solution was poured onto a 1 cm x 15 cm Polyamide film and left overnight
to allow for the evaporation of formic acid from the solution. The following day, one
end of the Polyamide film, with the silk film on it, was attached to a dry glass surface,
and the other end was affixed to the mechanical grip of a mechanical tester (Zwick
Z100, Germany). The test was conducted at a speed of 50 mm/min and a relative
humidity of 75%. A similar method was employed to measure the adhesion force of
Polyamide Kapton tape. The adhesion strength was subsequently calculated by dividing
the resultant force by the width of the samplesThe resultant force (~300 N/m) was
comparable to commercial polyimide Kapton tape (~150 N/m), medical grade
adhesives,[101] and previously reported skin-like electronics [82], [84], [102], [103].
Remarkably, the silk films are not severely prone to dehydration as the adhesion force
dropped only by 25% after leaving the silk films in ambient air for one week (Figure
3.8b blue curve).
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Figure 3.8. Comparative analysis of adhesion force between silk and glass. (a)
Schematic of 90° peeling force experiment. (b) Quantitative comparison of adhesion
forces between silk substrates and commercial Kapton tape on glass. (c) Adhesion
assessment of 45 wt% CaCly/silk film on polyimide film. (d) Adhesion evaluation of
polyimide Kapton tape.

3.4.6 Breathability Analysis
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Epidermal bioelectronics should permit the skin-air circulation of water and oxygen to
prevent any dermatological infection or allergy (i.e., they should have high air
permeability). To show the breathability of the reported silk films, we analyzed the
water vapor transmission rate (WVTR) of 45 wt% CaCl>-loaded silk films with a
thickness of 100 um (Figure 3.9)[104]. The WVTR of the silk films was assessed
following the ASTM E96-95 standard protocol. A glass vial with a 4 mm opening was
filled with 3 mL of distilled water and positioned on an 80 °C hotplate. Subsequently,
the vial’s opening was sealed with a 100 um-thick silk film. Then, at regular intervals of
30 minutes over a 3-hour duration, the weight of the vial was measured. The WVTR

was then calculated using Equation 1.

Am
WVTR =
tx A

where Am is the weight change during t hours, and A is the opening area covered with a
sample. Accordingly, the water was heated to 80 °C, and the weight drop due to the
evaporated water molecules escaping through the silk films was measured. The obtained
WVTR was 1262.6 g.hour’.m?, which is comparable to that of human skin with a
WVTR of ~12 g.hourl.m? [105]. To further show the air permeation of the silk
substrate in situ, thermal analysis was performed after “wearing” the Silk epidermal
bioelectronics and commericial gel-based Ag/AgCl electrodes on the forearm for 5
hours, and no temperature variations were observed on the skin region covered with silk
epidermal bioelectronics and Ag/AgCI electrodes after immediate thermal imaging
(Figure 3.9c-d). These findings highlight Silk epidermal bioelectronics as a promising
candidate for an irritation-free electrode, offering extended monitoring periods

comparable to those of commercial alternatives.
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Figure 3.9. Analysis of breathability of silk-based epidermal bioelectronics. (a)
Experimental setup for investigating the Water Vapor Transmission Rate (WVTR). (b)
Weight variations of a glass vial sealed with a silk film at 30-minute intervals,
demonstrating water loss through evaporation via the silk film. The calculated WVTR
was found to be 1262.6 g.hourl.m=2. Infrared imaging indicating no discernible
temperature variation in skin areas covered by (c) commercial Ag/AgCl electrodes and

(d) silk-based epidermal bioelectronics.
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3.4.7 Biodegradability Analysis of Silk Films in soil

To investigate the biodegradability of the silk substrates, the films modified with 45
wt% and 5 wt% CaCl», both with a thickness of 100 um, were subjected to soil burial
and monitored after two days. For the biodegradability test, regular soil rich in organic
matter was sieved through a #18 sieve and oven-dried at 60 °C for 4 hours. In each
circular plastic container, a total of 25 g of the prepared soil was placed, with the
bottom and top diameters of the container measuring 4 and 7 cm, respectively.
Following the silk films’ placement in the soil’s center, the soil was gently moistened
once with 4 mL of distilled water. The plastic containers were securely sealed with
aluminum foil to maintain appropriate air circulation, allowing for small openings. After
an incubation period of 2 days, the soil was sieved once more to assess the silk film
degradation rate visually. We show that the 45 wt% silk films achieved complete
decomposition in the soil within only 2 days (Figure 3.10). Indeed, this rapid
degradation aligns with the FTIR analysis. The prevalence of B-sheet structures in the 5
wt% CaCl; silk films extended the degradation timeline compared to the 45 wt% CaCl>
silk films, where random coils dominated the structural composition [106]. The
remarkable biodegradability exhibited by silk establishes it as an alternative to the
commonly used non-biodegradable synthetic polymers for applications in skin-like
bioelectronics [26], [29], [107], [108].

Figure 3.10. Biodegradability analysis of silk films in soil. Two silk films, one with a 5
wt% CaCly/silk ratio and the other with a 45 wt% CaCla/silk ratio, both with a thickness

of 100 um, were buried in soil. After a period of 2 days, the soil was sifted to assess the
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condition of the silk films. The silk film with a 5 wt% CaCl> ratio remained intact (a),
while the silk film with a 45 wt% CaCl. ratio was found to be completely degraded (b).

3.4.8 Water Dissolution Rate and Skin Interaction of Silk Films in Aqueous

Environments

Any epidermal bioelectronic device may be exposed to high humidity or perspiration
and must maintain its structural integrity to ensure optimal performance for long-term
monitoring applications (beyond controlled lab conditions). Therefore, water-solubility
for the silk films was investigated. A 100 um-thick, red-dyed silk film containing 45
wit% CaCl, was subjected to stirring in deionized (DI) water for 5 hours. The silk film
did not dissolve during this period (Figure 3.11a). Interestingly, the silk substrates
retained their original form and adhesive properties despite being immersed in a water
bath (Figure 3.11b). On the other hand, washing off the skin is possible only by gentle

rubbing action on the silk patch under water.

Figure 3.11. Water solubility of silk substrates and their adhesivity performance in
aqueous situations. (a) A red-dyed silk film with a 45 wt% CaCl, ratio and a thickness
of 100 um was submerged in deionized water and subjected to continuous stirring for a
duration of 5 hours. The figure shows the film immediately after being placed in the
water, after 15 minutes, after 1 hour, and after 5 hours. The results highlight the water-
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insolubility of the 45 wt% CaCl, silk films, suggesting their potential suitability for
applications in high humidity or sweat conditions. (b) Evaluation of the adhesion quality
of Silk epidermal bioelectronics on skin under water. Prior to submersion in water,
during full submersion of the hand in water, with the hand partially submerged and
partially exposed to air, and after removal from the water. The observations suggest that
complete submersion of the silk-based epidermal electronics on skin in water does not

compromise its adhesion quality.
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CHAPTER IV

INTEGRATION OF INKJET-PATTERNED SILVER INTO SILK-
BASEDEPIDERMAL ORGANIC BIOELECTRONICS WITH FLEXIBLE
READOUT CIRCUITRY FOR PHYSIOLOGICAL MONITORING

4.1.Inkjet-printing of Silver Nanoparticle

The Silk epidermal bioelectronics incorporates inkjet-printed serpentine designs
featuring a 200 pm trace width, an 800 um circular diameter, and an overall effective
surface area of 1 cm? (Figure 4.1a). Achieving high-resolution inkjet printing involved
optimizing jetting parameters such as piezoelectric jetting voltage, temperature, and
frequency. Figure 4.1Db illustrates the jetting profile of 5 out of 12 nozzles. It showcases
uniform jetting of AgNP ink droplets from the nozzles, exhibiting perfectly rounded
shapes without secondary satellites or stretched filaments. The duration for inkjet-
printing a single electrode was estimated to be 5 minutes. The sessile drop method was
employed to characterize the PET films’ surface-wetting behavior. A liquid droplet (4
pL) was deposited on the substrate and allowed to spread for 10 sec. The side-view
profile of the droplet-substrate interface was captured, and the contact angle was
measured (Theta Lite optical tensiometer, ON, Canada). The increasing contact angle
was regarded as the lower wettability of the substrate. The measured contact angle of
11° between the AgNP ink and the corona-treated donor PET substrate (Figure 4.1c)
indicates that the surface energy is sufficiently increased to facilitate the merging of ink
droplets on the substrate to form the desired print design. Stylus profilometry indicated
a printed AgNP thickness of approximately 500 nm on the donor PET substrate (Figure
4.1d). Following printing, the samples underwent annealing for 20 minutes at an
optimized temperature of 140°C. While higher annealing temperatures typically
enhance electrical conductivity, the low glass transition temperature of PET substrate at
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~78°C restricts higher annealing temperatures due to the risk of physical deformation
[109].
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Figure 4.1. Characterizing the inkjet-printing properties of AgNP. (a) Geometry of the
serpentine design. (b) AgNP jetting profile of the inkjet-printer head. (c) Contact angle
between a PET substrate treated with corona for 1 minute and AgNP ink, with an
average value of 10.71°. (d) Profilometer results for a PET substrate with a single cycle
of inkjet-printed AgNP. The measured thickness of the printed layer is approximately
514.45 nm.

4.2.Surface Topography of the Inkjet-patterned Silk-based Epidermal Electronics

The surface topography of the patterned silk substrate with AgNP was examined using
scanning electron microscopy (SEM, Zeiss Gemini Supra 35 VP, LEO, Germany)
operating at an acceleration voltage of 3 kV. To enable the imaging of samples, their
surfaces were sputter-coated with a layer of gold-platinum approximately 10 nm thick.
The atomic force microscopy (AFM) was assessed using an atomic force microscope
(Nanomagnetics Instruments, hpAFM, UK) in tapping mode. The SEM images depict
the serpentine pattern of inkjet-patterned AgNP on the silk substrate (Figure 4.2b), with
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the printed AgNP estimated to have a nanoparticle size of approximately 75 nm (Figure
4.2c¢). Furthermore, Figure 4.2a in the SEM image illustrates the surface roughness of

the silk electrodes. This observed roughness was compared with the AFM images

(Figure 4.2d-e), revealing a maximum surface roughness of 26.29 nm.
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Figure 4.2. Surface topography of the skin-like silk bioelectronics (Silk epidermal
bioelectronics). SEM images of (a) the pristine silk substrate section of the Silk
epidermal bioelectronics, (b) AgNP patterned Silk epidermal bioelectronics, and (c)
Inkjet-printed AgNP section of the Silk epidermal bioelectronics. AFM images showing:
(d) the surface topology, and (e) 3D topography of the silk substrate.

4.3.Susceptibility of the Printed AgNP Patterns to Oxidation: Shelf time
Investigation

Patterns are susceptible to oxidation due to ambient air which potentially impacts their
mechanical and electrical properties. To demonstrate the shelf-life of inkjet-printed
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silver-based soft electronics, we conducted experiments revealing that low humidity
conditions can effectively safeguard the AgNP electrodes from oxidation (Figure 4.3).
Samples stored in a desiccator exhibited no signs of oxidation or changes in resistance
compared to those exposed to ambient air, which displayed a resistance increase of
76.3% after 1 month. Despite the large percent change in resistance, the initial
resistance of the printed structures (4.65 Q) only changes by ~3.55 Q in 1 month,
bringing the final resistance to 8.2 Q which is still very conductive for a typical single-
use biopotential electrode. Therefore, we envision that inkjet-printed, silver-based soft
electronics can still be re-used for durations in excess of a couple of months for various

applications including human vital signs monitoring.

S PET substratelmmme
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Figure 4.3. Impact of ambient air on the oxidation of inkjet-printed AgNP samples. a)
Microscopic image of inkjet-printed AgNP ink on a PET substrate that was left in
ambient air for 1 month. The sample underwent oxidation, and its resistance varied from
4.65 to 8.2 Q. b) Microscopic image of inkjet-printed AgNP ink on a PET substrate that
was preserved in a vacuum desiccator. The sample did not oxidize, and its resistance
remained stable. These results suggest that samples patterned with AgNP have a long

shelf-life under low humidity conditions. Scale bar, 400 pm.

4.4.Skin Conformality and Electrical Performance of Inkjet-patterned Silk-based

Epidermal Electronics
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Conformal attachment of Silk epidermal bioelectronics in mimicking the skin
deformations under stretching, compressing, and twisting is shown in Figure 4.4a. To
assess the resistance changes in the silk electrodes during elongation, a 20% strain was
applied to the samples using a precision brushed motor (Thorlabs, MTS50A-Z8, USA)
with an operating speed of 6 mm/min. Resistance measurements were obtained utilizing
a precision benchtop multimeter (GDM-9061, GW Instek, Taiwan). When subjected to a
20% strain, the recorded electrical resistance exhibited a maximum change of 352.5 kQ
(Figure 4.4b). This change in resistance is attributed to surface cracks in the printed
AgNP that emerge under strain. The increased resistance gradually returns to its initial
value once the strain is removed, primarily because the transition from plastic to elastic

deformation in the silk substrate occurs gradually.
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Figure 4.4. Characterizing the skin conformality and electrical performance of inkjet-
patterned silk-based epidermal electronics. (a) Silk epidermal bioelectronics on the skin

under (i) stretching, (ii) compressing, and (iii) twisting motions. (b) Resistance variation
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of the patch under 20% stretching and releasing tests. (c) Plastic deformation of silk
right after 20% stretch-release to initial form ater 170 seconds. (d) Resistance variation

profile of the patch in 100 times cyclic stretching-releasing.

The electrical performance of the Silk epidermal bioelectronics was further evaluated by
attaching an electrode integrated with a light-emitting diode (LED) to a balloon (Figure
4.5a). A consistent electrical connection maintained the illumination of the LED as the
Silk epidermal bioelectronics underwent stretching or compression with the inflation or
deflation of the balloon. Similarly, the electrode with an LED exhibited stable
performance on the skin during stretching, twisting, and compressing (Figure 4.5b). The
durability/endurance of the Silk epidermal bioelectronics was also assessed through
cyclic of stretching and releasing at 20% strain for 100 repetitins. Throughout these
cycles, the electrode resistance decreased from approximately 300 to about 80 kQ when
subjected to 20% stretch.
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Initial form Inflated

Figure 4.5. Electrical performance of silk-based epidermal electronics under various
deformations. (a) The images depict an LED-integrated Silk epidermal bioelectronics
attached to a balloon. (a) Silk epidermal bioelectronics after attachment to the balloon.
(b) Silk epidermal bioelectronics stretched over the inflated balloon. (c) Silk epidermal
bioelectronics in a compressed state after the balloon has been deflated, relatively to its
initial form. The results demonstrate that the Silk epidermal bioelectronics maintains its
electrical conductivity regardless of whether the balloon is inflated or deflated. The
deformations experienced by the balloon can be likened to natural skin deformations,
which involve stretching and compression. (b) Electrical performance of an LED-
integrated silk electrode applied to skin under various skin deformations. The findings
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reveal that the Silk epidermal bioelectronics maintains stable electrical conductivity,

even when subjected to natural skin deformations.

4.5.Development of a Flexible, Wireless Electronic Circuit for Integration into Silk-
Based Epidermal Electronics

The integration of Silk epidermal bioelectronics with our flexible readout circuitry
having a 15 mm x 70 mm footprint forms a compact system capable of continuously
recording various electrophysiological biosignals, such as non-invasive biopotentials.
The schematic and printed circuit board (PCB) design for the biopotential unit were
designed using Altium Designer 22.2.1, and the flexible board was manufactured
commercially. The soldering process involved the application of solder paste (OM-
5002, Alpha) to the flexible board using a stencil. Subsequently, the electrical
components were positioned on the board. The board was then heated at 220°C for 5
minutes, which melted the solder paste and secured the components to the board. The
flexible signal acquisition unit was attached on skin using double-sided silicone/acrylate
thermoplastic elastomer medical tape (2477P), purchased from 3M (USA).The sensing
circuitry (Figure 4f) comprises an instrumentation amplifier (INA) with a gain of 180,
followed by a low-pass active filter (LPF) set at a 1 kHz cut-off frequency without gain.
The analog signal then enters a 32-bit resolution delta-sigma analog-to-digital converter
(ADC) operating at a sampling rate of 360 samples per second for further processing.
Power is supplied by a rechargeable 12 mAh lithium-ion battery, managed by the
battery management unit for on-board recharging. A Bluetooth low energy (BLE)
system-on-chip (SoC) facilitates the reception of digitized data from the ADC and its
wireless transmission to a nearby smartphone. The individual components of the
readout circuit were assembled on a flexible printed circuit board (FPCB), which can
bend and conform to various curved surfaces for seamless integration into the human
body and the wearable Silk epidermal bioelectronics. The electrical performance of the
flexible device remains consistent even under mechanical bendings exceeding 90°,
surpassing the natural deformations of the body regions of interest, such as the chest,

neck, and forearm.
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Figure 4.6. Flexible and wireless readout circuitry. The figure demonstrates Flexible
circuitry (a) on a curved surface with an inset block diagram of the different parts of the
circuitry., (b) folded by hand, and (c) bent in hand and illustrating the different parts of
the system. DRL: driven right leg. BLE: Bluetooth low energy. Ins. Amp.:
instrumentation amplifier. ADC: analog to digital converter. SPI: serial peripheral

interface.
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CHAPTER V

ELECTROPHYSIOLOGICAL SIGNAL RECORDING USING SILK-
BASED INKJET-PATTERNED EPIDERMAL ORGANIC BIOELECTRONICS

5.1.Cardiovascular Evaluation Using Electrocardiography (ECG)

The Silk epidermal bioelectronics can capture electrical biopotential signals throughout
human skin emanating from physiological processes. For the collected biopotential
signals, offline processing was carried out in MATLAB. The initial step involved the
removal of signal baselines. Subsequently, a notch filter with a quality factor of 35 was
applied to eliminate the 50 Hz powerline noise. Depending on the type of signal
collected, a band-pass filter specific to that signal type was employed. Finally, a moving
average filter was applied to further enhance the signal quality. To demonstrate its
functionality, we collected ECG signals in a standard lead-I configuration by placing the
Silk epidermal bioelectronics on the left and right inner wrist as differential electrodes
while the ground electrode was positioned on the left arm (Figure 5.1a). These
electrodes, characterized by their high elasticity, proved ideal for acquiring high-quality
ECG signals showcasing distinguishable P-QRS-T segments (Figure 5.1b-c). The
fidelity of these signals allows for diagnosing cardiovascular conditions like ischemic
heart disease and myocardial infarction [110] and estimating heart rate in real-time. The
peak-to-peak voltage of the recorded ECG signals measured approximately 60 mV, with
the gain of the flexible electronic circuitry set at 180, and the Welch spectral density
estimation indicates a power value of 33 dB for the R-peak within the frequency range
of 0-150 Hz (Figure 5.1d).
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The superior self-adhesiveness of the silk electronics ensures a conformal attachment to
the skin, enabling the recording of ECG signals for up to 12 hours without any
compromise in signal quality. Throughout this duration, the participant was able to
engage in routine activities such as sleeping, eating, and performing physical tasks like
laboratory work. To ensure the accuracy of the ECG recordings and verify that the
adhesivity of the silk had not degraded during the 12 hours, ECG signals were recorded
at one-hour intervals in a stationary position. Figure 5.1f presents the 5-second
snapshots of these recordings, providing a total of 12 distinct ECG signals over the 12-
hour period.. The RMS noise values fluctuated between 50 and 82 uV, with an average
value of 66.5 pV. This highlights the minimal influence of body movements on the
adhesiveness of the Silk epidermal bioelectronics, thereby affirming the consistent

performance of the electrode.

Interestingly, the self-adhesive Silk epidermal bioelectronics exhibits even lower skin-
electrode impedance than commercial electrodes equipped with adhesive backing within
the 10-1000 Hz range (Figure 5.1g). The skin and electrode interface impedance was
investigated using an LCR meter (GW Instek, LCR-6002, Taiwan). The skin was
cleaned and dried prior to the experiment. The silk skin electrodes as the measuring
electrode and commercial “wet” silver/silver chloride (Ag/AgCl) electrodes (Beybi,
China) were placed as the reference electrode with 5 cm spacing on the forearm of the
volunteer. The impedance changes were recorded between 10-1000 Hz [111].
Impedance measurements at 10 Hz showed values of 450.67 kQ for the Ag/AgCl
electrodes and 337.16 kQ for the Silk epidermal bioelectronics. The decreased
impedance of the Silk epidermal bioelectronics is attributed to its exceptional elasticity
and robust adhesion at the interface between silk and skin. These material properties
facilitate minimal air gaps between the skin and the electrode, reducing the capacitive
effect and consequently lowering impedance values [89].
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Figure 5.1. Electrocardiography (ECG) monitoring using silk-based epidermal
biolectronics. (a) ECG signal collection using skin-like silk bioelectronics. (b) P-QRS-T
complex identification with an estimated heart rate from the recorded ECG signal. (c)
Power analysis of the recorded ECG signal. (d) Schematic illustration of the Silk
epidermal Dbioelectronics placement for ECG recording. (e) Silk epidermal
bioelectronics integrated with the flexible signal acquisition unit. (f) Extended ECG
monitoring using the Silk epidermal bioelectronics over 12 hours. (g) Comparison of
skin-electrode impedance between “soft” Silk epidermal bioelectronics and commercial
“wet” Ag/AgCl electrodes where the inset shows an illustrative electrical model of the

impedance.

Furthermore, a comparative assessment was conducted to evaluate the performance of
our “soft” silk electrodes in parallel with commercial “wet” Ag/AgCI electrodes for
simultaneous ECG signal measurement using a commercial open-source Open-BClI data
acquisition unit (Figure 5.2). The recorded signals from both the Silk epidermal
bioelectronics and AgQ/AgCl electrodes exhibited an almost excellent Pearson’s
correlation ratio of 99.4% and similar signal-to-noise ratio (SNR) values of 9.09 dB
(Silk epidermal bioelectronics) and 10.08 dB (Ag/AgCl), affirming the high fidelity of

the Silk epidermal bioelectronics in capturing ECG signals.
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Figure 5.2. Simultaneous ecg recording using silk epidermal bioelectronics and
Ag/AgCI electrodes. a) The recorded ECG signals exhibit SNR values of 9.09 dB for
Silk epidermal bioelectronics and 10.08 dB for Ag/AgCl, respectively. These signals
demonstrate a Pearson’s correlation coefficient of 99.4%. b) The figure illustrates the
setup for ECG collection in a lead-1 configuration, along with a commercial signal

acquisition board (Cyton board, OpenBCl).

5.2.Electromyography (EMG) and its Application in Wearable Fitness Monitoring

The unique properties of the Silk epidermal bioelectronics, including self-adhesiveness,
stretchability, and breathability, render it exceptionally suitable for assessing the
electrical activity of the bicep brachii through recording electromyography (EMG)
signals. EMG signal collection typically targets specific muscle groups during
consistent physical activity, which can induce considerable skin deformation and motion
artifacts. Choosing an inappropriate electrode under such conditions may compromise
signal quality and data loss. Self-adhesive and stretchable electrodes prove
advantageous for EMG signal recording as they mimic severe skin deformations and
enhance signal fidelity. Additionally, the skin’s increased sweat production during
physical activity necessitates breathable materials to prevent potential localized skin
trauma [112]. To record EMG signals, a pair of Silk epidermal bioelectronics electrodes
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were positioned 2 cm apart on the right bicep (Figure 5.3a). The participant performed a
series of exercises involving lifting dumbbells of varying weights and maintaining
muscle contraction for 10 seconds, followed by a 10-second relaxation period. This
experiment was repeated using dumbbells weighing 4, 6, and 8 kg. The recorded EMG
signal amplitudes during muscle contraction were approximately 10, 20, and 30 mV for
the 4, 6, and 8 kg weights, respectively (Figure 5.3b). Furthermore, the intensity of the
measured signal demonstrated a linear correlation with the dumbbell weight, exhibiting

a Pearson correlation coefficient (r) value of 0.99 (Figure 5.3c).
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Figure 5.3. Electromyography using silk-based epidermal bioelectronics for fitness
applications. (a) The placement of Silk epidermal bioelectronics electrodes on the bicep
for EMG monitoring. (b) EMG signals were recorded in real time during the contraction
and relaxation phases of the bicep muscle in lifting various dumbbells. (c) Calibration
curve linking the area under the curve (AUC) of EMG signals to the weight of different
dumbbell weights, which can be used to quantify exercise intensity in training or in
notifying/predicting muscle fatigue.

5.3.Electrooculography (EOG) in Characterizing Eye Movement

Furthermore, the application of Silk epidermal bioelectronics extends to collecting
electrooculography (EOG) signals. In our setup, differential electrodes were positioned
on the right and left temples (Figure 5.4a), and as the participant shifted their gaze
between right and left orientations, a distinct alteration in voltage amplitude in the

cornea-retinal potential, spanning from the front to the back of the eye, was observed.
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This particular change bears significance in identifying ocular disorders, facilitating
early diagnosis of macular degeneration, and fostering advancements in human-
computer interaction (HCI) [113], [114]. The recordings illustrated in Figure 5.4b depict
the EOG signals acquired through Silk epidermal bioelectronics and flexible circuitry
while the participant executed swift horizontal eye movements at regular intervals. The
experimental protocol involved the participant looking forward, then shifting their gaze
successively to the left, returning to the center, and subsequently to the right, each
position held for 10 seconds. The distinctive signal profiles during left and right eye
movements exhibited fluctuations within the approximate range of -30 to 30 mV.
Analysis using Welch’s Fourier transform unveiled power magnitudes in the recorded

signals oscillating between -110 and 30 dB (Figure 5.4c).
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Figure 5.4. Electroculography for the characterization of eyeball movement. Electrode
placement for eog recording. (¢) EOG acquisition by Silk epidermal bioelectronics
during left and right eye rotations can be used within activity recognition and mobile

human-machine interaction (HMI). (f) Analysis of the EOG power spectrum density.

5.4.Electroencephalography (EEG) for the Detailed Characterization of Neural
Activity Patterns

We investigated single-channel EEG signal recording with the Silk epidermal

bioelectronics. Electrodes were positioned in a configuration adhering to the universally
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standardized 10-20 system, specifically on Fpl and Al (Figure 7a). While all the
previous biopotentials (ECG, EMG, and EOG) typically exhibit voltage amplitudes in
the milli-volt range, EEG signals fall within the micro-volt range, rendering them
particularly susceptible to noise. Therefore, the performance of both electrodes and the
electronic signal acquisition unit is critical in meeting the stringent requirements for
EEG signal collection. To validate the accuracy of the recorded EEG signal, we assessed
the generation of alpha-band frequencies. The alpha band, spanning from 8 Hz to 12
Hz,[115] typically manifests during participant relaxation, particularly when their eyes
are closed. As such, the participant was instructed to open and close their eyes every
minute alternately. Time-domain EEG signals recorded using Silk epidermal
bioelectronics and the flexible signal acquisition unit are depicted in Figure 7b. In part i
of Figure 7b, the EEG signals manifest distinct sharp spikes associated with voluntary
eye blinks (EOG), marked by an approximate amplitude of 400 uV. However, during
the eye closure, these spikes are substituted by the rapid eye movement state (REM).
Higher-frequency alpha-band generation is also discernible in the time-domain results
(R-peak) within the recorded EEG signals underscores the high performance of Silk
epidermal bioelectronics in capturing high-resolution biosignals and low-noise
recording where even the forehead ECG signals are distinguished. Indeed, the short-
time Fourier transform (STFT) illustrates the occurrence of alpha-band frequencies (7-
11 Hz) when eyes are closed (Figure 7d). Furthermore, Welch’s Fourier transform
analysis depicts a power magnitude of 80 dB within the recorded EEG signals.

51



b

Eyes open Eyes closed Eyes open Eyes closed

i . : . _
400 - f ] > Voluntary Eye blinks
g I 1
2 200 : ]
[} 1 1
] 1 1
= 0 M M
£ | i
< I 1 1
200 | | 1 1
| 1 1
- T T T T T T T 1
0 30 60 90 120 150 180 210 240
i / 200 Y Y
. g i iii
ingle = o] AN ORI GWE NN NN
g ECG ‘R’ peak
channel EEG g
0 1 2 3 4 5 1 2 3 4 5
Time (s)

Frequency (Hz)

o N & o ®

0 30 60 90 120 150 180 210 240 Amp. (a.u.)

Time (s)

Figure 5.5. EEG signal acquisition using silk epidermal bioelectronics: (a) schematic
representation illustrating the placement of silk epidermal bioelectronics electrodes on
fpl and al for EEG acquisition. (b) Time-domain EEG signals were captured during
both the open and closed-eye states of the participant. Insets emphasize frequency
variations observed during the alternating eye movements. (c) Integration depiction of
Silk epidermal bioelectronics with the flexible signal acquisition board for EEG signal
collection. (d) Frequency-domain representation of EEG signals highlighting the
emergence of alpha-wave frequencies during closed-eye states. (e) Power spectrogram

showcasing the spectral analysis of the EEG recordings.

To further evaluate the performance of the proposed Silk epidermal bioelectronics and
electronic circuitry in EEG signal recording, participants were tasked with maintaining
relaxed open-eye states for 60 seconds, followed by closing their eyes and engaging in
focused mental arithmetic exercises with intense concentration (e.g., such as calculating
the product of 12 to 135). Results reveal the emergence of beta frequencies (15 - 18 Hz)

during focused closed-eye states (Figure 5.6).
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Figure 5.6. Fast Fourier transform spectroscopy of EEG signals recorded using silk
epidermal bioelectronics, aimed at investigating beta-band frequencies during deep
meditation phases. The participant was instructed to keep their eyes open and gaze
forward for 60 seconds, followed by closing their eyes and performing basic
mathematics for another 60 seconds. The results indicate that this sequence induced the
generation of alpha bands due to eye closure, and beta bands due to the mental activity

involved in performing mathematical tasks.
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CHAPTER VI

CONCLUSION

This study introduces a tailored solution for epidermal bioelectronics by unifying all the
essential features that skin-interfaced “skin-electronics” must possess, and do so by
reformulating of the green synthesis of an ancient material—protein-based natural silk
derived from bombyx mori cocoons. Departing from the conventional silk synthesis
approaches, this refined formulation harmonizes the formerly disjointed features yet
essential for epidermal electrodes, such as self-adhesiveness, breathability,
biodegradability, and elasticity. Therefore, our “soft” electronics merge the best of both
“wet” and “dry” electrodes, fostering a conformal skin/electrode interface akin to the
wet electrodes while retaining the long-term and irritation-free usage feature of dry
electrodes. This achievement is attributed solely to the merger of high self-adhesiveness
(300 N/m on glass) and good elasticity (Young’s Modulus of 5.1 kPa and > 600%
stretchability) as well as near excellent breathability (1262.6 g.hourt.m2) of our soft
silk electronics which facilitates high fidelity in biosignal recording comparable to the

“gold standard” wet Ag/AgCl electrodes.

Indeed, by simultaneously benchmarking our soft electrodes with wet commercial
medical-grade electrodes in lead-1 electrocardiography (ECG) recording, an almost
excellent Pearson’s correlation ratio of 99.4% was achieved, showcasing the feasibility
of medical-grade P-QRS-T complex analysis using our soft electrodes. Similarly,
signal-to-noise ratio (SNR) values of 9.09 dB (Silk epidermal bioelectronics) compared
to 10.08 dB (Ag/AgCl) were observed, verifying the capability for high accuracy
biopotential measurements by the developed soft electronics. On the other hand, unlike
the gold standard electrodes, our inkjet-printed 200 um resolution fine patterned

solution exhibits high transparency (> 95%) as well as an irritation- and pain-free
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operation, devoid of even mild discomfort during removal, rendering them nearly
imperceptible during wear, which align seamlessly with the “wear and forget” concept
of next generation of in situ continuous personalized health monitoring devices.
Moreover, we demonstrate robust self-adhered electrode/skin attachment, resisting
detachment even under running water or after immersion in a water bath. On the other
hand, we also showcase the ease of detachment without causing any discomfort, and our
thermal imaging analysis of the skin after five hours of continuous use demonstrates the

sustained comfort and absence of irritation throughout wear.

Furthermore, our research demonstrates the extensive capability of our soft electronics
in detecting various human electrophysiological signals using identical electrodes and
hardware, with the only variation being the placement of the electrodes.This
encompasses the recording not only of neural activities in the hundreds of micro-volt
range  (electroencephalography, @ EEG) and milli-volt  ocular  activities
(electrooculography, EOG), but also, notably, it can capture cardiac activities in the tens
of micro-volt range from EEG signals. This ability to detect such minute signals
underscores the superior performance of our electrodes and hardware, further
demonstrating their potential for diverse applications in both research and clinical
settings.Furthermore, our single-lead EEG recording analysis extends beyond acquiring
alpha waves. It also encompasses the recording of beta EEG waves, which is associated
with deep meditation or mental arithmetic calculations rarely reported in the context of
single-channel EEG.

Therefore, this study presents an all-in-one solution, poised to propel the next
generation of epidermal bioelectronics applications, transcending healthcare, wellness,
and fitness domains, and maybe introduce novel electrophysiological sensory inputs for
emerging augmented and virtual reality platforms whose electrode placement

configuration always includes the forehead.
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