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Abstract

Wearable health device that allows the continuous monitoring of physiological signals
could be a powerful tool for early diagnosis, monitoring chronic diseases and therapeutics.
Thus, wearable health devices have gained a lot of attention from the scientific community

and from companies related to this area.

Over the last few years, wearable sensors for biomonitoring have been developed.
However, most of them do not have enough stretchability to follow the curvature and
movement of the body. Tough hydrogels are an attractive material since they are mostly
composed of water, are permeable to different molecules and exhibit good stretchability.
Their biophysical similarity with biological tissues makes them an interesting material to
use as skin interface. The combination of these tough hydrogel with PDMS can increase

their mechanical robustness and the range of possible applications.

In this dissertation, the fabrication process of hydrogel-PDMS hybrid is combined
with the fabrication process of stretchable multilayer systems. Based on this successful
combination, two different possible application of biomonitoring patches with hydrogel-

PDMS electrodes were demonstrated: GSR and EMG sensors.

Through an impedance analysis, we demonstrated that hydrogel-PDMS electrodes
have low electrode-skin impedance, leading to a good quality of the biological signal.

This was proven by the good signal obtained with the EMG sensors.

Moreover, GSR patch was used to measure skin resistance changes during exercise

and sonorous stimuli. The changes were clear on the physical exercise test, however, on
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the stress test, some of the stimuli did not cause notable changes in the skin resistance.
The more evident emotion was fear induced by a horror movie, which caused a visible

decrease in skin resistance.

In summary, this dissertation should be a useful guideline for hydrogel-PDMS elec-

tronics fabrications, mainly for future application on wearable health devices.

Keywords: Wearable heath devices; Tough hydrogels; PDMS; Hydrogel-PDMS elec-

trodes; Biomonitoring; Stretchable electronics.
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Resumo

Os dispositivos de sadde vestiveis, que permitem fazer uma monitoriza¢do continua
dos sinais fisiologicos, podem ser uma ferramenta poderosa para realizar diagndsticos
precoces, monitorizar doengas cronicas e executar regimes terapéuticos. Por estas razdes,
os dispositivos de satide vestiveis tém atraido uma vasta atencao da comunidade cientifica

e de um grande ndmero de empresas relacionadas com esta area.

Ao longo dos ultimos anos, t€ém-se desenvolvido sensores vestiveis para biomonitorizacao.
Contudo, uma grande parte destes dispositivos nao possui deformabilidade suficiente para
se adaptar a curvatura e a0 movimento do corpo. Neste contexto, os hidrogéis robustos
sd0 um material atrativo uma vez que sd3o maioritariamente compostos por dgua, pos-
suem permeabilidade para diferentes moléculas e apresentam boa deformabilidade. A
sua semelhanga biofisiologica com os tecidos bioldgicos faz deles um material interes-
sante para utilizacdo em interface com a pele. A combinacdo destes hidrogéis robustos

com PDMS pode aumentar a sua robustez mecanica e o leque de possiveis aplicagdes.

Nesta dissertacdo, o processo de fabricacdo do hibrido hidrogel-PDMS é combinado
com o processo de fabricacdo de sistemas de multicamadas deformdveis. Baseadas no
sucesso desta combinacdo, foram demonstradas duas possiveis aplicagdes diferentes para
os adesivos de biomonitorizacdo com elétrodos hidrogel-PDMS: sensores de GSR e sen-

sores de EMG.

Através de uma andlise de impedancia, demonstramos que os elétrodos hidrogel-PDMS
possuem baixa impedancia elétrodo-pele, o que permite obter um sinal bioldgico de boa

qualidade. Isto foi provado pelo bom sinal obtido com os sensores de EMG. Além disto,

Xiii



o adesivo de medicao da GSR foi utilizado para medir alteragdes na resisténcia da pele,
durante a realizacao de exercicio fisico e exposi¢ao a estimulos sonoros. O teste de ex-
ercicio fisico produziu altera¢des evidentes mas alguns dos estimulos utilizados no teste
de stresse ndo provocaram alteracdes percetiveis na resisténcia da pele. A emogao mais
evidente foi o medo induzido pela visualizagdo de um excerto de um filme de terror, que

causou uma visivel diminuic¢ao na resisténcia da pele.

Em suma, pretende-se que esta dissertacao seja um guia util para a fabricacdo de dis-
positivos eletronicos hibridos de hidrogel-PDMS, sobretudo para futuras aplicacdes em

dispositivos de satide vestiveis.

Palavras-chave: Dispositivos de saide vestiveis; Hidrogéis Robustos; PDMS; Elétrodos

de Hidrogel-PDMS; Biomonitoriza¢ao; Eletronica deformavel.
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Chapter 1

Introduction

The increase in demand for biomonitoring is the main motivation for the development
of wearable devices market, that is predicted to reach over $150 billion by 2027 [1]. The
trend of home healthcare, developments in wireless data transmission, alerting mecha-
nisms and real-time control, along with the need for comfortable and non-invasive al-
ternatives for monitoring are some of the growth opportunities for the wearable medical

devices market.

Relative Market Size by Wearable Sensor Type in 2020 |DTeChEX

Other

Inertial Measurement
Unit Sensors

Chemical sensors

Biopotential sensors

Optical Sensors

Stretch and pressure
sensors

Figure 1.1: Forecast of the market distribution of wearable sensor types in 2020 [2].

Wearable health devices allow different types of interventions in the field of medical
and personal care, through monitoring of chemical and physical body properties using

sensors. In addition, remote healthcare monitoring minimizes the healthcare expenses in



Chapter 1. Introduction

hospitals or nursing homes. Sensors are a diverse component in wearable devices. In the
plot from figure 1.1, it is possible to observe the distribution of wearable sensor types
in 2020 [2]. It is estimated that by 2025 there will be 3 billion of wearable sensors and
over 30% of them will be new types of sensors [2]. However, most of today’s wearable
health devices are rigid, since they are made of large and stiff components making it
uncomfortable to wear. Therefore, developments in the field of stretchable electronics are

the best way known to achieve a skin-like biomonitoring patch.

A stretchable biomonitoring patch that follows the shape of the human body can be
used to record real-time information, continuous monitoring of the human health and mo-
tion activities. There are a diversity of physiological signals that can be measured such as
the electrical activities of the brain through an electroencephalogram (EEG) [3, 4], heart
with an electrocardiogram (ECG) [4, 5] and muscles with an electromyogram (EMG)
[4,6,7]. Moreover, blood pressure, blood oxygenation [8], heart rate [8], body temper-
ature [9] and skin conductance through galvanic skin response (GSR) [10-12] can also
be quantified. Each of these signals has important clinical informations about body func-
tion. Monitoring these physiological signals can be helpful for diagnosis, treatments,
monitoring chronic diseases, rehabilitation and for human-machine interfaced devices
(HMIs) [13,14]. Therefore, interest in employing stretchable electronics in biomonitoring

has increased.

Figure 1.2: A multichannel EMG sensor that attaches to the skin and can cover a large area
(adapted from [7]).




Monitoring muscle activity can be an important tool for self-rehabilitation, diagnosis
of neuromuscular diseases and observe muscular movements for medical treatments [7].
EMG signal can be used as input for games or to control prosthesis [13]. An armband
composed of EMG sensors was recently commercialized [15], it reads the electrical ac-
tivity of muscles to control multimedia devices, robots, or to play music hands-free. Due
to this variety of applications, there is a great interesting in developing a stretchable and

comfortable systems for signal acquisition.

Recently, a reusable multichannel EMG was demonstrated with gold and titanium elec-
trodes that allows detecting of different muscles on its contact area [7]. Moreover, mon-
itoring of some physiological signals such as hydration state, electrical activity (ECG,
EMG, EEG) and blood oxygenation were achieved with a combination of optical, electri-
cal and radio-frequency sensors [16]. Bi-layers of gold (Au) and chromium (Cr) serpen-
tine electrodes were bond to PMDS and polyimide substrates. A combinations of silicone
materials with elastic fabrics such as nylon was study in order to achieved a rugged plat-
form for the system (figure 1.3). However, both of these electrodes are not very stretchable

and given the fabrication process are not suitable for scalable production.

A Wireless thermal conductivity sensor Optical blood
oximetry monitor
A) imetry it

Electrophysiological sensor

Figure 1.3: A rugged stretchable electronic systems for monitoring of different physiological sig-
nals. (A) Illustration of the several layers which includes the active electronics, elastomer coating
and a stretchable fabric. (B) The applications of the device on the skin and (C) the detachment.
(adapted from [16]).
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Besides the previously described physiological signals, sweat is a body fluid that can
be used for health monitorization. This complex mixture incorporates different elec-
trolytes such as chloride, sodium and potassium along with molecules like lactate and
glucose [17]. The composition of sweat can change according to human health con-
ditions. Therefore, sweat can be used for biomonitoring of dehydration, and diseases
like cystic fibrosis and childhood pancreatic disease [17]. Examples of achievements on
sensors for sweat analysis includes a soft epidermal microfluidic device that is able to
capture, storage and sensing of markers on sweat [18], or a thin microfluidic networks for

time sequential capture of sweat samples [17].

(A) 5
\‘ \
®

\\__J,

(B)

Figure 1.4: Sweat analysis systems. (A) Microfluidic systems for sweat capture and colorimet-
ric sensing [18]. (B) Epidermal microfluidic device for sweat chrono-sampling with dyed water
attached to the skin [17].

When exposed to stressful situations the sweat secretion from exocrine glands increase
due to sympathetic nervous system response. Consequently, as sweat is an electrolyte and
good conductor, this increased secretion would result in an increase of the skin conduc-
tance [11]. These variations on the conductance of the skin are known as galvanic skin re-
sponse (GSR) or electro-dermal activity (EDA) and reflect the activity of the sympathetic
nervous system in stress or emotional situations [11]. Therefore, continuous non-invasive
monitoring of GSR enables the observation of sympathetic nervous systems activity and
can give important information that limited time monitoring does not allow. Besides, it
is important to do measurements in a home environment since hospitals or laboratories

can have psycho-physiological conditions on the person [11]. A wearable sensor was

4



demonstrated for GSR measurements from the back of an user [12]. The electrodes were
embedded on a thin flexible printed circuit board covered by a silicon layer. As sensing
electrodes, a conductive foam was used plated with a conductive material (Ni/Cu) that
provides electrical conductivity to measure the skin conductance response to and auditory

stimuli. However, there is lack of stretchable devices for GSR measurements.

Sweat analysis can be used to monitoring several health indices through identifying
changes in its composition. After collection, the sweat may be analysed with biomarkers,
chemical reactions, conductivity measurements, etc. Regardless of the type of posterior
or continuous analysis performed, a biomonitoring patch capable of sweat analysis is, in
fact, a Lab-On-A chip with materials that allow sweat collection. One of these materials

that received an increasing attention during this previous years are hydrogels.

Hydrogels are mostly composed of water. They largely match properties of the human
organ such as stretchability and adhere very easily to the skin. They can even be turned
conductive with electrolyte solutions. All these properties make them a very attractive
material for bio-monitoring patches, not only for sweat analysis but also for detection of
electrical events of the body, e.g., EMG/ECG/EEG/GSR. Nevertheless, their mechani-
cal properties are usually weak. This is a motivation for a hot topic of research: tough
hydrogels. Such problem is solved, hydrogels become immediately the most attractive

electrode for bio-monitoring.




Chapter 1. Introduction

1.1 Motivation and Goals

Materials and fabrication methods of stretchable electronics have experienced rapid
advances during the last decade. It is in fact possible to fabricate multilayer stretchable
circuits that can be mounted over the skin. Most of the previous works in this area used
PDMS as the main substrate. PDMS is a stretchable, biocompatible, transparent and
relatively low-cost material. Despite its advantages, it is not permeable to body liquids

and contain no water on its constitution.

On the other hand, hydrogels exhibits some unique features such as high water ca-
pacity, permeability to various chemical and biological molecules including body fluids,
biocompatibility and biodegradability [19]. Yet, their low robustness is a disadvantage.
Due to the biophysical similarity between hydrogels and soft biological tissues, they show
a great potential for biomedical applications, such as a skin interface for sensors. Hybrid
combinations of hydrogels and PDMS have a higher potential since they complement each
other enabling new applications. Until recently, most of existing hydrogel-elastomers
hybrids had weak interfacial bonding, low robustness and difficulties in patterning mi-
crostructures [19]. In a recent publication in Nature, Yuk et al (2016) [19] reported a new

method where these limitations are overcomed.

The main objective of this work is to obtain the know-how of the fabrication process
of hydrogel-PDMS conjunctions based on the work of Yuk er al [19] and combine it
with known fabrication process of PDMS-based stretchable electronics for developing
biomonitoring patches. If successful, state of the art materials and fabrication methods
used in stretchable electronics will be combine with the state of the art of conductive
hydrogels as measuring electrodes. As a case study, we demonstrate an EMG sensor in
which an hydrogel-PDMS hybrid is used as electrodes. Moreover, preliminary steps were

done on a GSR sensor as another case study.




Chapter 2

State of the art

In the following chapter, recent state of the art on stretchable electronics is addressed.
It includes PDMS electronics, hydrogels based stretchable electronics as well as hybrid

combination of these two materials.

2.1 PDMS electronics

Soft materials exhibit a great potential on stretchable electronics applications including

electronic skins, wearable devices and deformable electronics.
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Chapter 2. State of the art

Even though the search for stretchable materials continues to be thorough, there are
already some materials, as PDMS, that exhibit high stretchability closer to the human
skin. Rubbery materials, including PDMS have similar material properties to the skin, as

can be seen in the plot from figure 2.1.

The use of soft elastomers as a carrier medium for electronic conductors give to stretch-
able electronics the ability to blend, twist and stretch. Stretchable conductors are impor-
tant to achieve electronics with high stretchability while maintaining conductivity. Cur-
rently, most of stretchable conductors used include carbon grease [21], graphene [22], mi-
crocracked gold films [7], serpentine-shaped metallic wires [4], carbon nanotubes (CNTs)
[23, 24], silver nanowires (AgNWs) [25, 26], copper nanowires (CuNWs) [27], liquid
metal [28] and conductive polymers [6,29]. These conductive materials can be present in

the form of thin film, fibres and combined with elastomers to form a composite.

In order to complete the desirable properties, such as large mechanical deformability,
reliability, good adhesion, low cost and high yield, most of stretchable components use

PDMS as a support matrix for embed stretchable conductors.

Recently, a stretchable skin-worn sensor named by iSkin was developed combining
layers of PDMS and carbon doped PDMS (cPDMS). The iSkin is worn directly on the
skin, it is a customizable thin, soft, flexible and stretchable (can be stretched up to 30%)
[14]. Compared to others stretchable conductors, cPDMS may be more appealing due to
its low cost and easy manufacturing. However, sometimes there are changes in the con-
ductance and it may require a high concentration of carbon black particles [29]. Moreover,

it is opaque which is important in some applications.

There is various example of combinations of stretchable conductors with PDMS, hav-
ing all different mechanical and electrical properties. A non-transparent capacitive strain
sensor based on AgNW-PDMS with 50% stretchability and a high conductivity (sheet re-
sistance of 0.24 ()/sq) was reported. The silver nanowires were embedded in an uncured
PDMS layer forming a stretchable layer [25]. Others AgNW-PDMS composites were de-

veloped over the past few years. Park ef al [30] designed a AgN'W percolation micro-grids
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in a PDMS substrate. The final device had a low sheet resistance of 26.1 {)/sq, high optical
transmittance (85.8%) and a tensile strain of 30%. Moreover, a conductive AGNW-PDMS
composite was made by spray-deposition of AgNW on a polydopamine-modified PDMS
surface. A polydopamine layer was used as a way to enhance the bond with AgNW
and PDMS by creating a highly hydrophilic surface on PDMS. These composite showed
80% of transmittance and low sheet resistance ( 35 €2/sq). However, a lower stretchability
than the previous ones (20%) was observed [26]. Besides silver nanowires, it is proven
that carbon nanotubes (CNTs) also have good conductivity. Aligned CNT ribbons were
embedded in PDMS to form a stretchable conductor that can sustain conductivity under

repetitive strain cycles [23].

Figure 2.2: iSkin consist on a pattern layer of cPDMS on a PDMS layer [14].

A wearable and stretchable carbon nanotube strain sensor was reported for human-
motion detection [24]. Thin films of single-walled carbon nanotubes (SWCNT) for strain
sensor were aligned perpendicular to the strain axis on top of a PDMS substrate. In order
to demonstrated the applications of these SWCNT films, a wearable device was made by
combining the SWCNT films with electrodes (Ti/Au/T1) and assembling them on clothes
and bandage with PDMS glue. The bandage and SWCNT film device was fixed on the
chest, throat in order to monitored respiration and speech respectively. Moreover, the

SWCNT film device was used to detect and distinguish movements on the knee.

Although some of PDMS composites exhibit high stretchability and conductivity, the
fabrication method of some thin polymer coating requires relatively expensive photolithog-
raphy and metal evaporation in vacuum. Others nanomaterials fabrication process need
high temperature, reducing atmosphere and it is a time-consuming process, which makes

them not suitable for large scale applications. Even so, some processes are difficult to
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control, leading to nanomaterials with different shapes and sizes which may influence

their properties.

Figure 2.3: Stretchable AgNW-PDMS composite in a (a) parallel and (b) crossed patterned. (c,
d, e) A led was lighted up with two AgNW-PDMS conductors. It sustained 50% strain and could
be folded and the led would continue to work [25].

While many of these stretchable conductors can be used as interconnects in stretch-
able printed circuit boards (PCBs) and biomonitoring patches, they are not the best option
as measuring electrodes. An ideal electrode for biomonitoring patches should match me-
chanical properties of the skin. Containing water, sticking to the skin and being permeable
to biologic fluids and chemical molecules, such as chemical elements present in sweat,
are some of the factors that can be seen in conductive hydrogels only, and none of the

above cited materials can afford such properties.
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2.2 Hydrogel

Since hydrogels are transparent, biocompatible soft materials that conform to tissues
and can be stretched, they show a great potential for stretchable electronic devices. Addi-
tionally, they have high water content and can incorporate electrolytes which make them
ionic conductive. Besides stretchable electronics, there are other fields where hydrogels
can be applied to such as tissue engineering, cell culture systems, drug delivery systems,
microfluidics, optics and soft robotics [31,32]. However, their low mechanical strength
can restrict their application [19]. Strategies to exceed this limitation have already been
presented, such as tough hydrogels and also by combinations of hydrogels with mechani-

cal robust materials [19, 33].

Due to their attractive applications in such different areas but mainly in electronics, cell
culture systems and microfluidics, research on hydrogels received a boost in the recent
years. Two main areas of research in hydrogels are relevant to this dissertation. First,
researches on tough hydrogels and other solutions, in order to overcome the problems on
the low mechanical strength. Second, researches on conductive hydrogels which allow

ionic conductivity and signal transmission, such as ionic cable [34].

Hydrogel based stretchable devices have been recently studied, where it can be used as
support matrix to embed rigid components [35] or as an ionic conductor [36]. Conductive

hydrogels have been used in sensors and electrical signal transmission [33,34,37].

Figure 2.4: A transparent and stretchable hydrogel electronic device where LED lights connected
by stretchable titanium wires were embedded on the matrix [35].
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Multiple tough hydrogel-solid hybrids were reported with interfacial toughness over
1000 Jm 2, where, through surface modification, they are bond chemically [33]. These in-
cluded solid materials such as ceramics, glass, silicon, titanium and aluminium. The tough
bonding was achieved by chemically anchoring the tough hydrogels to the non-porous
surfaces through silanation of the surface, i.e, the surfaces are modify with a functional
silane. The use of tough hydrogels allows an increase of interfacial toughness values from
below 100 J m~2 up to 1500 J m2. Even when the hydrogel is at swollen state, the de-
taching behaviour from the surfaces is similar to the same hydrogel as prepare. In order
to demonstrate the variety of applications that these tough hydrogel-solid hybrids allow a
tough hydrogel superglues, hydrogel coatings for mechanical protection, hydrogel joints
for robotic structures and even hydrogel-metal conductor were then developed [33]. Al-
though the tough hydrogels exhibit high stretchability, most of these solid substrate used
are not fully stretchable. Even so, this chemical anchoring shows the possibility of ex-
tremely tough bonding between hydrogels and solid surfaces and new applications for

example for robust electronic devices.

The possibility of integrating ionic conductors on electronics and soft machines similar
to the function of human body that transmits signals with ions have been proven in recent
studies. For instance, Keplinger et al [36] described devices with ionic conductors that
are highly stretchable, fully transparent and capable of operation at high frequencies and
voltages. Their basic design consisted on placing a dielectric elastomer (VHB™) between
two membranes of polyacrylamide (PAAm) hydrogel containing NaCl salts, connected
on each side with copper electrodes. This design was used to fabricate a large-strain
actuator capable of fast voltage-induced deformation and a transparent loudspeaker that
produces sound across the entire audible range [36]. A stretchable interconnect made by
conductive hydrogel with the same principle, called ionic cable, was also demonstrated
[34]. The ionic cable was used to transmit music signals by connecting it to a commercial
electrical cable in both ends. Even when stretched to eight times its original length it still
worked. It was also used as a interconnect to turn on light-emitting diode for more than 24

hours. Even with common hydrogels the ionic cable and the large-strain actuator showed
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a high stretchability, however replacing it with tough hydrogels could even enhance these

properties.

Although conductive hydrogels exhibit higher resistivity than others electronic con-
ductors, when high stretchability and transmittance are desire, they have shown lower

sheet resistance that some electronics conductors (figure2.5) [36].
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Figure 2.5: Performance of some stretchable conductors. (A) Stretch against normalized resis-
tance of hydrogel, ITO, AgNWs, SWMTs and graphene. (B) Transmittance (at 550 nm) against
sheet resistance of hydrogel, ITO, AgNWs, SWMTs and graphene (adapted from [36]).

Until recently, indium tin oxide (ITO) has been used on touch panels, however, it
does not fill the requirements of biocompatibility or stretchability. On the other hand,
hydrogels can be essential for the next generation of touch panels since they fulfil these
demands. With this in mind, Kim et al [38] demonstrated a soft and stretchable ionic
touch panel based on a polyacrylamide hydrogel containing lithium chloride salts. An
epidermal touch panel was made with this hydrogel on top of a VHB™ film used as an
insulator and for better adhesion. The working principle of this touch panel was based on
the change of current when a human finger touches on the ionic conductor. The epider-
mal touch panel was used to write words, play piano and some games [38]. Apart from
display applications, the transparency of these materials is important to enable signals’

transmission without optical interference [37].

Even more, conductive hydrogels combine with VHB™ have been used to integrate
strain and pressure sensors [37]. Based on a capacitive sensing, they showed an array
of pressure sensors made with conductive hydrogels that could detect the locations and

pressure of touch.
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(A)

(B)

Figure 2.6: Examples of applications with conductive hydrogels: (A) epidermal touch panel
[38], (B) transparent loudspeaker [36] and (C) strain sensor [37].

More applications have emerged in the last few year and based on the capacity of hy-
drogels, conductive or not, it will continue to appear new advantages combining different

materials.

2.3 Hydrogel-PDMS hybrids

One very recent direction of research is hydrogel-elastomer hybrids. In most of the
above referred examples of applications, it is possible to observe that a VHB™ tape
elastomer is used to incorporate hydrogels. This adhesive layer protects the hydrogel
from physical damage, reduces the water evaporation and improves the overall mechanical
robustness of the conjunction. Nevertheless, these are not permanent conjunctions thus

resulting in a weak interfacial bonding.

A hydrogel-elastomer hybrid is very attractive, not only because the elastomer allows
protection of the hydrogel and mechanical robustness, but also because of the different
range of application where elastomers can be applied to. For instance, most of the pre-

vious advances on stretchable electronics, microfluidics and lab-on-a-chip were based on
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elastomers, in particular PDMS was used as the substrate. Moreover, methods for inte-

gration of stretchable electronics on PDMS are rapidly advancing and promising.

Therefore, the overall goal of this dissertation is defined to explore and study how
to combine advances in hydrogels and elastomer based electronics, in order to reach a
novel generation of biomonitoring patches that can monitor several health indices and
physiological conditions of the body. These patches that can analyse body chemical and
physical events, and at the same time, keep the promise of being ultra-thin, light-weight,

skin-like stretchable devices that are ergonomic and can stay on the skin for several days.

As previously described, both PDMS and hydrogels have singular properties that com-
plement each other and make them suitable for the field of stretchable electronics for

biomonitoring patches.

However, combinations of this two materials are not that common since the few de-
veloped exhibit low mechanical strength, weak interfacial bonding and patterning mi-

B™ gince

crostructures are not easy [19]. Most of the hydrogel-elastomer hybrids use VH
it is an adhesive tape but it also has the same limitations as hydrogel-PDMS combinations.
One of the reasons for this weak interface is that elastomers are permeable to oxygen,
while oxygen inhibits the free-radical polymerization that forms the hydrogel network
and can also difficult the covalent crosslinked between PDMS surface and the hydrogel.

Additionally, the bonding of hydrogels to PDMS can be diminished by the recovery of

hydrophobicity of functionalized PDMS surface

One breakthrough in this field was recently demonstrated in an article published in
Nature [19], where researchers were able to make robust interfaces (interfacial toughness
over 1000 J m~?) between hydrogels and several elastomers, including PDMS. They de-
veloped a new methodology that integrates new improvements for the field of soft materi-
als and provides a stretchable hybrid with high interfacial toughness. The method consists
in using tough hydrogels in which a stretchy polymer network is formed that can dissipate
energy under deformation and these tough hydrogels allow pre-shaped the hydrogel with

its physical crosslinking. This way it is possible to pre-shaped both of elastomers and
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hydrogels before the bond, conserving their microstructures. Moreover, through a ben-
zophenone modification of cured elastomer surface, it is possible to chemical anchoring

the hydrogel to the elastomer and reduce the oxygen effect.

(A) (B)
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polymer network on solids

Figure 2.7: Bonding of tough hydrogels to the solid substrate. (A) Tough hydrogels are a
combination of long-chain and mechanically dissipative polymer networks, which are chemically
anchoring to the substrate surfaces. (B) The bond between tough hydrogel and the substrate have a
high interfacial toughness that allows large deformation and mechanical dissipation in the hydrogel
during detachment (adapted from [33]).

The interface of these robust hydrogel-elastomer hybrids was proven to maintain in-
tact under uniaxial strain test, the hybrid breaks before any damage occur to the bonding.
In comparison with a hybrid without benzophenone treatment, due to the weak interface,
the tough hydrogel detaches from the elastomer under small deformation. Even when
combined a common hydrogel on top of a treated elastomer, the hybrid can sustain high
deformation until the debonding occurs and it propagates within the hydrogel leaving a
residue layer on the elastomer surface. This behaviour empathizes the role of benzophe-
none treatment in order to achieve a robust interface between the hydrogel and elastomer.
In addition, the use of tough hydrogel allows high stretchability and the dissipation of
energy under deformation [19].

| |

—
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|

Figure 2.8: Conductive hydrogel circuit pattern on a elastomer. When connected to a AC power
source it could light up a LED, even under deformation [19].

16



2.3. HYDROGEL-PDMS HYBRIDS

In order to demonstrate some applications, a microfluidic chip based on hydrogel-elastomer
hybrids with micro-channels patterned on interfaces were developed. Moreover, a con-
ductive hydrogel circuit pattern on an elastomer was used to light up a LED and even when

repeatedly stretch the electrical resistance remained almost the same (figure 2.8) [19].

This advanced triggered new researchers, for instance, more recently devices based
on these hydrogel-PDMS hybrid were developed for hosting programmed cells and to be

used as living wearable devices to detect chemicals on the skin [39].

(A)

(B)

Applying sensing patch on skin Sensing and GFP expression

Figure 2.9: Hydrogel-PDMS living patch.(A) On the wavy cell channels is placed engineered
bacteria that can detect signaling molecules. (B) Example of the sensing mechanism with Rham
solution. After detecting, the channels became fluorescent [39].

This progress on the fabrication of robust hydrogels-PDMS hybrids enables a great
range of applications such as in microfluidic systems, tissue engineering and stretchable
electronics. Integrating robust hydrogel-PDMS hybrid in the field of stretchable electron-
ics for biomonitoring allows the development of tough patches with high stretchability

and good interface with the human body.
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Chapter 3

Materials and methods

In this chapter, the materials and fabrication methods are presented. Stretchable mate-
rials as PDMS and hydrogels are characterized, followed by EGaln and FPCBs descrip-

tion. The fabrications methods and performed tests are also described in this section.

3.1 Materials

3.1.1 Hydrogels and tough hydrogels

Hydrogels

Hydrogels consist on a crosslinked hydrophilic polymeric network that can imbibe and
hold large quantities of water without structural alterations. This ability is a result of the
presence of hydrophilic groups such as amino, carboxyl and hydroxyl which form the net-
work [31]. Hydrogels can be classified based on their chemical composition, properties,
preparation, origin, responses to the environment and by their crosslinking type [31,40].
The monomers that constitute the network can be bond through chemical crosslinks which
are a permanent junction or physical crosslinks as entanglements, crystallites or ionic in-

teractions, leading to two different types of hydrogels respectively [31].
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Tough Hydrogels

Tough hydrogels are a recently reported class of hydrogel that present high stretch-
ability since they consist of a covalently crosslinked polymer network and physically
crosslinked dissipative polymer network [33]. Considering that most of the hydrogels are

not highly stretchable this new development can exceed some of their limitations.
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Figure 3.1: Polymer networks of three types of hydrogels: (A) Alginate hydrogel, physi-
cally crosslinked through G blocks and Ca?*. (B) Polyacrylamide hydrogel, that is covalently
crosslinked with a crosslinking agent (MBAA). (B) Polyacrylamide-alginate hybrid, forming a
tough hydrogel (adapted from [41]).

The presences of physical crosslinks allow the pre-shaping of the hydrogel to a de-
sired microstructure [19]. This reversible crosslinking enables the dissipation of mechan-
ical energy under deformation through chain scission [33]. Furthermore, the chemical
crosslinking is responsible for the toughness and acts like a memory of the initial state.
Besides, the long-chain network enables the chemical anchoring to solid surfaces [41].
Therefore, the combination of the physical and chemical crosslinking allows us to obtain

a stretchy polymer network that can dissipate easily mechanical energy.

In order to achieve the highest stretchability, in this work PAAm-alginate tough hy-
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drogels are prepared. For the chemical crosslinking network acrylamide (AAm; TCI)
is used as the monomer, N, N’-methylenebisacrylamide (MBAA; Riedel-de Hien) as
the crosslinking agent and 2-Hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone (Ir-
gacure 2959; Sigma-Aldrich) as the photoinitiator. For the ionic crosslink, sodium algi-

nate (PanReac AppliChem) and calcium sulfate dihydrate (Fluka) are used.

3.1.2 PDMS

Polydimethylsiloxane (PDMS Sylgard® 184 from Dow Corning Corporation) is a
silicone based elastomer widely used for the fabrication of Micro Electro Mechanical
Systems (MEMS). It is a highly transparent polymer that can be used as a dielectric, since
as its pure state is not conductive. PDMS is commercially available in two parts: silicone
base elastomer and a curing agent. It is usually obtained by mixing both parts in a 10:1

weight ratio.
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Figure 3.2: Chemical structure of PDMS.

Besides its low cost and easy manufacturing, PDMS exhibits others attractive prop-
erties as it is chemically inert, stable in different environment, mechanically robust and
permeable to gases, including oxygen [19,42]. There is a great versatility in applications,
for example, PDMS has been applied on microfluidic devices for biomedical applica-
tions, microfluidic devices (microreactor, microchips for capillary gel electrophoresis and
hydrophobic vent valves [43]. Moreover, PDMS is non-toxic and biocompatible which
make it possible to use them as biomaterials in catheters, implants insulation for pacemak-
ers and ear and nose implants [42]. However, its strong hydrophobicity can sometimes

limit its use.
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3.1.2.1 Surface Modification of PDMS

Since PDMS surface is highly hydrophobic, a surface modification is needed so it can
adhere to hydrogels that contain high water content. Moreover, as previously described
PDMS is highly permeable to oxygen that inhibits the free-radical polymerization that
occurs on hydrogels, when combining hydrogels with PDMS. In order to eliminate this
oxygen effect and achieve a robust bond on the hydrogel-PDMS hybrid, a surface modi-

fication on PDMS is essential.

The most commonly used surface modification technique is surface activation with
oxygen plasma. This technique relies on the production of reactive species that attack
the backbone of PDMS and creates silanol functional groups on its surfaces [44]. How-
ever, the modification is not permanent since minutes later PDMS surfaces recover its

hydrophobicity and it can induce undesirable surface cracks [26].

A powerful modification is graft photopolymerization, a chemical modification that
allows local grafting monomers to PDMS surface using UV radiation [45]. Benzophe-
none (BP) can be used as a photoinitiator since in the presence of ultraviolet (UV) light it
produced a triplet state that can abstract hydrogen atoms from methyl groups on PDMS
surface, which produce radicals. This enables grafting of monomers on the PDMS sur-
face with changing its bulk properties [45]. Besides, the benzophenone acts as an oxygen
scavenger thus removing the oxygen effect. The graft polymerization process is divided
into two steps: first, apply benzophenone solution on the target surface and BP diffusion
into the polymer matrix happens; second, place functional monomer solution on the sur-
face and graft photopolymerization will start with UV light exposure. This modification is
advantageous since benzophenone is soluble in various organic solvents. Also, a chemical

and mechanical robustness is achieved [45].

Therefore, in this work, a benzophenone solution (in ethanol) is used to modify the
PDMS surface in order to allow chemically anchoring of the hydrogel onto the surface of

PDMS and to eliminate the oxygen effect.
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3.1.3 Liquid Metal - EGaln

There exist some metals that are liquid near room temperature, which make them in-
teresting to soft electronics and microfluidic systems. Due to its liquid state, when under
deformations liquid metal can adapt in the microchannels maintain conductivity. The
most known liquid metal is mercury. However, as mercury is toxic it should be avoided.
A substitute to mercury is gallium-based alloys since it has a low bulk viscosity, low tox-
icity, high electrical and thermal conductivity [28,46]. The more popular gallium alloys
are Galinstan (alloy with Gallium, Indium and Tin) and EGaln (74.5 wt.% of Gallium and
25.5 wt.% of Indium). Within these two, EGaln is most commonly used gallium-based

alloy since it has the highest electrical conductivity [28].
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Figure 3.3: Liquid metal alloys enable the fabrications of stretchable circuits.(A) Stretchable
circuits with liquid metal [46]. (B) EGaln forms an oxide layer in the presence of oxygen that sta-
bilises the metal into none-equilibrium shapes. When exposed to acid, the oxide layer is removed
and the metal beads up [28]

In the presence of oxygen, gallium forms a thin oxide layer on its surface which me-
chanically stabilizes it in stable, non-equilibrium shapes. Thus, the oxide layer allows
patterning by many conventional techniques, for example, screen/stencil printing, injec-
tion, contact printing and spray painting [28]. This oxide skin also improves the metal
adhesion to surfaces [46]. Liquid metal has been used to create stretchable systems in dif-
ferent shapes, such as wires, interconnects, antennas and electrode [46]. Moreover, EGaln
was combined with conductive hydrogels to produce soft devices as memristors [47] and

diodes [48]. Both of these devices are composed of two EGaln electrodes and two hy-
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drogels with polyelectrolytes (polyacrylic acid, PAA and polyethyleneimine, PEI). Here

a good interaction between each hydrogel and EGaln was observed.

3.1.4 Flexible PCB

Flexible printed circuit boards (FPCBs) consist on a thin flexible foil (polyimide,
polyester or Kapton) covered by a thin film of copper that can be fabricated with stan-
dard photolithography and wet-etching methods. Despite its flexibility, FPCBs are not
stretchable. They can be used as an interface material between the stretchable and rigid
components. When in contact with cooper, EGaln has the ability to alloy creating a solid
layer on the copper surface, which is important to maintain conductivity under deforma-

tion [49].
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3.2 Fabrication Methods

3.2.1 Fabrication of hydrogel-PDMS hybrid

The hydrogel-PDMS hybrid fabrication method is based on the process developed by

Yuk et al [19] described in the previous chapter.

The hybrid consists of a 1 mm layer of PAAm-alginate tough hydrogel chemical an-
chored to a 1 mm layer of PDMS (figure 3.4). As already reported, the tough hydrogel
is used to achieve a higher stretchability and to enhance the mechanical properties when
compared to the common hydrogel. A benzophenone solution is used to modify the sur-
face of PDMS, in order to accomplish a high interfacial toughness between these two

materials.

Hydrogel 1 mm

i, POMS 1mm \/

Figure 3.4: The hybrid structure.

The fabrication method can be divided into three main steps: preparation of the PDMS,

preparation of the hydrogel and hydrogel-PDMS assembling.
1. PDMS preparation

The PDMS is prepared by mixing the elastomer base with the curing agent by a 10:1
weight ratio and with a thin film applicator, the PDMS layer is cast on a glass substrate.
In order to avoid bubbles, it is applied vacuum for 10/15 minutes and then the PDMS is

cured at 100 °C for 30 minutes.

Once the PDMS layer is cured and before applying the benzophenone treatment, the

cured PDMS surface is cleaned with deionized water and methanol, and completely dried
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with compressed air. The entire surface is covered with a benzophenone solution (10 wt.%
in ethanol) for 2 min at room temperature. Thereafter, the PDMS is washed three times
with methanol and thoroughly dried with nitrogen gas. The application of this surface

treatment is only done before the assembling with the hydrogel.

| A

Figure 3.5: Surface modification of cured PDMS surface. (I) A benzophenone solution is applied
over all surface. (II) After 2 minutes, the surface is washed with methanol and (III) dried with
nitrogen gas.

2. Hydrogel preparation

The preparation of hydrogel and the assembling with the PDMS are both done very
carefully since the presence of oxygen inhibits the polymerization process and the chem-
ical bonding to the PDMS surface. To avoid this oxygen effect, the processes involving
hydrogel solutions are done with syringes and nitrogen gas.

Table 3.1: Composition of the tough hydrogel with 85 wt.% of water.

Component Concentration
Acylamide (AAm) 12.05 wt. %
N,N-methylenebisacrylamide (MBAA) 0.017 wt.%
Sodium alginate 1.95 wt.%
Calcium Sulfate 20x 1073 M
Irgacure 2959 0.2 wt.%

Given the concentration presented on table 3.1, a pre-gel solution containing AAm,
MBAA and sodium alginate is prepared and degassed. Thereafter, 5.8 ml of this degassed
solution is transferred to a syringe. The degassing process is done by first applying vac-

uum to the solution and then introducing nitrogen gas. The Irgacure 2959 and the calcium
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sulfate are introduced directly into another syringe (table 3.1). A few drops of water
bubbled with nitrogen are added through the tip of the syringe in order to fill the space
between the powders. The two syringes are connected with an adaptor at their tip and the

solutions are quickly mixed inside them in order to avoid entrance of oxygen.

i

Figure 3.6: Hydrogel preparation. (I) After degassed the pre-gel solution, (II) the solution is
pulled to one syringe. (III) In another syringe, calcium sulfate and irgacure 2959 are introduced
and thereafter, (IV) some drops of water bubbled with nitrogen gas are added on the tip of this
syringe. (V) The two syringes are connected and the solutions are mixed.

3. Hydrogel-PDMS assembling

Right after mixing the solution and application of the benzophenone treatment over
the cured layer of PDMS, the hydrogel is poured over a mould made by glass slide with
a rubber frame (figure 3.7), carefully covered by the treated PDMS and finally by a glass
slide. This assembling process is done with a continuous nitrogen flow. This hybrid is
kept for 20 minutes in nitrogen to allow the physical crosslink and then for 1 hour in a
UV chamber in order to enable the chemical crosslink and the chemically anchoring of

the hydrogel to the PDMS surface.
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Figure 3.7: (A) The mould used to developed the hydrogel-PDMS hybrid. With the help of
silicone grease, the rubber frame is sealed on top of a glass slide. The inner rectangular on the
rubber frame has 70x70x1 (length x width x thickness). (B) The assembling of the hydrogel and
treated PDMS on the mold.
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Figure 3.8: Resume schematic of the fabrication process of hydrogel-PDMS hybrid.

After the successful conjunction between PDMS and hydrogel, we would then ex-
plore how this can be used for a bio-monitoring patch. The actual bio-monitoring patch
development is not the goal of this dissertation. Rather, the objective is to explore if it
is possible to combine a stretchable circuit developed over PDMS with hydrogel-PDMS
electrodes. While hydrogel provide an excellent match with the human skin, and PDMS
provides an excellent substrate for stretchable MEMS and microfluidics, their combina-
tion is attractive. As a case-study, we opted to show an EMG circuit for detection of
muscular activities. The reason EMG was chosen, was simply because of the previous

experience of the group in this field as well as available hardware and software for signal
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3.2. FABRICATION METHODS

acquisition and processing.

3.2.2 Fabrication of a soft EMG sensor

A soft EMG was developed in order to demonstrate the applicability of hydrogel-
PDMS hybrid on wearable biomonitoring patch. Two EMG sensors with different shapes
of electrodes were designed: square and round electrodes, in which the fabrication process

was exactly the same.

The basic design is presented in figure 3.9. For the sensing electrodes, the hydrogel-
PDMS hybrid is used, with the hydrogel as skin interface. Thin PDMS layers are fabri-
cated by a thin film applicator to support the electrodes and embed the conductive con-

nections.

Based on the reported good interaction between hydrogel and EGaln [47,48], the liquid
metal is used for the circuit. Also, since EGaln and copper have high affinity, adding to
the fact that FPCBs are flexible and solve the mismatch between stretchable and rigid

parts, these are chosen as a reliable interface.

I Hydrogel PDMS electrode
I EGaln
Polyester

[N Copper ]_FPCB

Figure 3.9: The design used to create the soft and stretchable EMG sensor onto PDMS layers.
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3.2.2.1 Hydrogel-PDMS electrodes

Once the hydrogel-PDMS hybrid is made, the desired shape of the electrodes is cre-
ated through a laser cutting system (CO. laser, Universal Laser Systems®, 10.6 pum
wavelength, 30 W) with vectorial mode 35% power, 5% speed and 1000 Point Per Inch
(PPI). In order to have the hybrid in a flat position for the laser cut, the hybrid is covered

with adhesive tape on top of an acrylic surface.

To induce the required ionic conductivity, the electrodes are submerged in a sodium
chloride solution (concentration of 3 M) for 6 hours, based on the initial method of Yuk
et al [19]. The conductivity is only introduced after the laser cut to avoid burns around

the electrodes.

(GV)

Figure 3.10: Hydrogel-PDMS electrodes. (A) The hydrogel-PDMS hybrid is cut to the required
shape using a laser cutting system. (B) After introducing conductivity, the thickness of the elec-
trodes slightly increases. They have 15 mm of diameter.

3.2.2.2 Stretchable circuit and interface

The fabrication method of the stretchable circuit and interface is based on a new mul-

tilayer method being developed in ISR labs.

The method consists on applying a multilayer interface which uses a buried Vertical
Interconnect Access (VIA) as a connection between two layers of conductive materials.
This technique allows the fabrication of multilayer systems where the liquid metal circuit

can be connected through VIAs to FPCBs or hydrogels in different layers.
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The general procedure consists on the following essential steps: integration of FPCBs,

integration of hydrogel-PDMS hybrid electrodes and VIAs and circuit fabrication.

1. Integration of FPCBs

The FPCBs are placed on a half-cured layer of PDMS (200,4m) with the copper facing
down to the PDMS in order to allow the fabrication of the VIA. To facilitate the placement
of the FBCBs and the electrodes, a laser pattern stencil is used as a guide on the other side

of the glass slide.

2. Integration of hydrogel-PDMS hybrid electrodes

Once the first layer is cured, a new layer of PDMS (200um) is added to cover the
FPCBs and when half-cured the hybrid electrodes are introduced. After cured, filaments

of PDMS are poured around the electrodes to improve the adhesion onto the PDMS layers.

3. VIAs and circuit fabrication

In the basic design there are two types of VIAs: the ones used to access the conductive
hydrogel and the others to access the copper on the FPCBs. Both of them are laser printed
(rastering mode, 50% power, 80%speed and 500 PPI) through the PDMS until it reaches
the desire substrate. These VIAs are created from the opposite layer where the hydrogel
electrodes are placed, for these purpose the system has to be flipped over before laser
ablation. The depth of the access is controlled by the number of repeated ablations in the
same position, while maintaining the same parameters for both VIAs. For the hydrogels’

VIAs 14 prints are needed and for the copper only 2 are required.

The VIA is achieved by liquid metal depositing inside the printed vertical access space.
A laser patterned stencil is used to fill the VIAs and fabricated the circuit. Both are sealed

with a thin layer of PDMS resulting on a total thickness of 2700 pm.

Once the last layer of PDMS is cured, the hydrogel electrodes are again submerged
into the sodium chloride solution since during the fabrication process high temperatures

are used and the water from the hydrogel evaporates.
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Figure 3.11: Schematics and respective photos of the fabrication method of the soft EMG. (I)
Place the FPCBs on a half-cured PDMS layer. (II) Cover with another PDMS layer. (III) When
this last layer is half-cured, place the hydrogel-PDMS electrodes. (IV) Pour small filaments of
PDMS around the electrodes. (V) Fabricate the hydrogel and copper VIAs. (VI) Spray-deposit of
liquid metal. (VII) Seal with a layer of PDMS.

3.2.3 Fabrication of GSR sensor

The galvanic skin response represents the variation of the electrical properties of the
skin in response to sweat secretion [11]. As hydrogels are mostly composed of water and
are permeable to biological fluids, such as sweat, they appearer to be an excellent choice

for GSR electrodes.

Therefore, in order to test hydrogel-PDMS electrodes for GSR measurements and with
the same fabrication process used for the soft EMG, a GSR sensor was developed. In this
sensor, the measurements of the galvanic skin response are done between two hydrogel-
PDMS electrodes. This way, in contrast to the EMG sensors, the GSR sensor only has

two electrodes.
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3.3 Experimental tests

3.3.1 Dehydration test

With the aim to study the water loss of the hydrogel-PDMS hybrid, we conducted a de-
hydration test. Two samples with 3x1 (length x width) were prepared from the hydrogel-
PDMS hybrid, through laser cutting and then they were made conductive with the sodium
chloride solution (3 M) for 6 hours. One of the samples was left in ambient air at room
temperature and the other placed over the skin with an adhesive tape. The weight loss of

both the samples was registered during 76 hours.

Aa) ©

B)

Figure 3.12: Dehydration test: (A) sample left in air ambient and (B), (C) sample used over the
skin.

3.3.2 Impedance Analysis

The performance of electrodes used to measure biopotentials depends on the electrode-
skin impedance. An ideal electrode has low electrode-skin impedance resulting in a
high biological signal quality and low noise. Following this logic, a high electrode-skin
impedance leads to low quality of the biological signal since there is a bigger hindrance

to the transmission of the biopotential [50].
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According to the model proposed by Albulbul ef al [50], the equivalent circuit model
of the electrode-skin interface is shown at the figure 3.13(A). As the electrodes used were
identical, the components values on the first electrode are the same as on the second
electrode. Moreover, as the impedance of a healthy human arm exhibits a low value when
compared to the electrode-skin impedance, it can be neglected, resulting on the following

equivalent circuit model.

(A) Body Electrode-SKin Interface 3)
(Arm) Ra

Ehe Rs

. R4

Figure 3.13: (A) Diagram of the electrodes system. (B) Equivalent circuit model of the electrode-
skin impedance [50].

On the equivalent circuit model for the electrode-skin impedance figure 3.13(B), the

component:

e E,; . represents the potential difference that is generates between the skin or elec-

trolyte (gel or sweat) and the electrodes from the ions in that area;

e (C, is the capacitance originated from the moving charges between skin double layer

and the electrode;

e R, is the resistance to the movement of the charges between the electrode and the
skin;

e R; is the sweat or electrolyte gel resistance.

The impedance of the electrode-skin interface depending on the frequency is given by

the following formula:
Ry
s T .
1+ 2 fCyRp

Z.=R 3.1

where f is the frequency (Hz).

34



3.3. EXPERIMENTAL TESTS

With the aim to compare the performance of some of the biopotential electrodes an
impedance analysis was conducted. A diversity of electrodes were tested, some of them
under development on the ISR labs. Besides the hydrogel-PDMS electrodes developed
in this dissertation, silver/silver chloride (Ag/AgCl) and stainless steel electrodes were
tested. Moreover, cPDMS electrodes made with carbon doped PDMS and zPDMS elec-
trodes based on PDMS combination with silver-nickel particles oriented on the z-axis.
Tattoo electrodes composed by silver ink alloyed with liquid metal on a temporary tatto
paper substrate.

@A) @k, " ©
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Figure 3.14: Electrodes used in the impedance measure test: (A) Ag/AgCl electrodes, (B)
Hydrogel-PDMS electrodes, (C) zZPDMS electrodes, (D) Stainless steel electrodes,(E) Tattoo elec-
trodes and (F) cPDMS electrodes.

Experimental set-up

An impedance measurement system was used in which the response of the impedance
to different frequencies when applied a low alternating electrical current was registered.
For this propose, a precision impedance analyser (Agilent 4294A) was used with a 200
1A AC current, value that does not harm the human body. The impedance was measured

from 40 Hz to 5 MHz (with 425 points).

Since the electrode-skin impedance changes from one person to another and from one
part of the body to another [50], all tests were performed on the same subject and on the
same body part. The electrodes were placed on the ventral side of the right forearm and

had approximately the same distance between them.
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A)

Figure 3.15: (A) The precision impedance analyser used. (B) Hydrogel-PDMS electrodes placed
on the subject ventral side of the right forearm.

3.3.3 Soft EMG - signal acquisition

In order to evaluate the ability to detect muscular activity, the sensors made with
hydrogel-PDMS electrodes were tested. The EMG sensor with the round electrodes was
used for the detection of the flexor carpi radialis muscle movement and the EMG with the
square hydrogel-PDMS electrodes for the flexor carpi ulnaris (figure 3.16). All recorded
signals were compared to the signal from the stainless steel electrodes for the same move-
ments and placed on the same muscle. Three movements were performed for each sensor:

fist clenching, wrist flexion and opening the hand.

The acquisition system was developed in ISR labs, including the circuit board and the

software appropriated for EMG recording.

GV

flexor
carpi
radialis

©

flexor

carpi
ulnaris

Figure 3.16: (A) Image of the position of flexor carpi ulnaris and the flexor carpi radialis muscles
on the upper-arm [51]. The soft EMGs developed were used to detect the (B) flexor carpi ulnaris
muscle and the (C) flexor carpi radialis muscles.
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3.3.4 GSR measurement

With the aim to test hydrogel-PDMS electrodes for detection of changes on skin con-
ductance, a GSR system was developed. This system allows the recording of skin resis-
tance at each 130 ms. The measurements were taken by applying a voltage of 1 V (at
1 kHz) between two hydrogel-PDMS electrodes and acquired and processed by a micro-

controller.

Usually, the GSR measurement is done on the hands or feet, since these areas have a
higher concentration of sweat glands [10]. However, placing electrodes on this area can
limit daily movements. In this work, the electrodes were placed on the left upper-arm

with the help of an armband, which does not interfere with the routine.

Figure 3.17: The GSR system was placed on the upper-arm of the subject and fixed with an
armband.

Three different tests were conducted and all these tests were performed on the same

healthy (23 years old male) volunteer.

In order to verify the efficiency of the skin resistance measurements for the hydrogel-
PDMS electrodes, a comparison test was performed between these electrodes and stain-
less steel electrodes. The measurements were done during approximately 50 minutes

under the same conditions. This test consisted on a static test since the subject was doing
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his daily activities.

Since during physical activities the sweat secretion increases, then the skin resistance
is expected to decrease. To tested the developed sensor in detecting this changes, the
subject wore the GSR sensor on his upper-arm while cycling back home (approximately

for 45 minutes).

Moreover, to evaluate if the proposed sensor could detect changes of the skin resistance
caused by stressful situations, the subject was submitted to different sonorous stimuli
while listening to meditation music in a relaxed environment at a seated position, based

on previous works [11]. Even more, two trailers of horror movies were presented.
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Results

In this chapter, the results obtained based on the fabrication methods and the experi-

mental tests described in the previous chapter are presented.

4.1 Tough Hydrogel-PDMS hybrid

The result of the hydrogel-PDMS conjunction is a tough and stretchable hybrid. When
pulled off from the mould the hybrid was easily removed without any damage, supporting

the previous work developed, since it exhibits a tough interfacial bonding.

Because of the difference in Young’s modulus of hydrogel (29 kPa [41]) and PDMS

(between 360 and 870 kPa [52]), it is possible to observe a slight curvature on the hybrid.

Figure 4.1: (A) Hydrogel-PDMS hybrid. (B) This hybrid is tough and can sustain high deforma-
tion.
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4.2 Dehydration test

In this test, the water loss of two hybrid samples was registered: one attached to a
subject arm and the other left in air ambient. As expected, the sample in contact with the
body, lost water much slower than the hybrid sample left in contact with the air. In the
plot from figure 4.2, it is possible to observe the weight ratio loss over the dehydration
time. It can be seen in this plot that the air sample lost drastically water in the first 10
hours, reducing its total weight to almost half. On the contrary, the arm sample lost the

water gradually.

0 10 20 30 40 50 60 70 80
Time (h)

@ Arm sample Air sample

Figure 4.2: Weight ratio loss over dehydration time for both samples.

The water lost on the sample in contact with the body appears to happen through the
borderlines of the hydrogel-PDMS hybrid since this parts are not completely in contact
with the arm (figure 4.3). The area that was directly in contact with the skin does not have
the same aspect as the borderlines, leading to the assumption that the water from this area
diffused to the borders and then evaporated or it is absorbed by the body. This suggested
that if we use a substrate that totally covers the hydrogel-PDMS from the outside layer,
the dehydration process could be even more retarded. Moreover, the dehydration rate

depends on the health and hydration status of the subject.
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Figure 4.3: Photos of the hydrogel-elastomer hybrid sample in contact with the skin during the

dehydration time.

4.3 Impedance analysis

In order to compare the electrode-skin impedance for different electrodes, using an

impedance measurement system the response of the impedance to different frequencies

was obtained for each pair of electrodes. As each pair of electrodes is equal, the impedance

values are divided by two to determine the impedance for a single electrode.

The values of the circuit model components (figure 3.13) were determined by applying

a least squares nonlinear curve fitting method in MATLAB to the Bode plot. In the Bode

plot the impedance in function of the frequency is represented, for the each electrode

(figure 4.4) [50].
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Figure 4.4: Experimental results (blue) and the fitting curve (red) for each electrode-skin
impedance frequency response and the respective mean square error associated to the fitting curve.




Chapter 4. Results

The estimated values of the circuit model components for all tested electrodes are
presented in table 4.1. As previously stated, the component R, represents the resistance
to the movement of the charges between the electrode and the skin. This way a high
R, value reflects in a high electrode-skin impedance, which results in a poor biological
signal quality. Moreover, the C; component represents the charges exchange between the
electrode and skin and the Ry the resistance of the electrolyte or sweat. Therefore, for
health devices, a low R, low R, and high C; values are desired in order to increase the

biological signal quality [50].

Table 4.1: Circuit components values for all electrodes with approximately the same area and
distance between them.

Electrode R, () R, (k) C, (nF)
Ag/AgCl 4543 90.6 34.0
Square hydrogel-PDMS 712.4 91.6 17.9
Stainless Steel 1153.5 257.7 9.9
zPDMS 2783.3 216.1 7.6
cPDMS 9164.9 356.8 19.3
Tattoo 472.3 101.9 22.4

The Ag/AgCl electrodes exhibit the lowest R; and R, values of all electrodes. Like
these electrodes, hydrogel-PDMS electrodes have gel in their constitution which causes a
decrease in the resistance to the ionic current of the body and provides a better attachment
to the skin than other electrodes. This results in low values of R; and R,. This way, the
R, value for the hydrogel-PDMS electrode is similar to the Ag/AgCl electrode. When
comparing to stainless steel, zPDMS and cPDMs, the R, value of the hydrogel-PDMS
electrodes are smaller. However, there is a slight difference between the hydrogel and the
Ag/AgCl electrodes value. This difference can be justified since the measurements with
the hydrogel electrodes were not made on the same day as the other electrodes. Therefore,

the sweat secretion level could have been different, which influence the R, value.

Low values of R, were also obtained for the tattoo electrodes that are lower than the

hydrogel-PDMS. The tattoo electrodes are probably the ones that have a better adhesion
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since the tattoo paper glues to the skin. However, they can only be used one time. Their

R; value is higher than the hydrogel-PDMS and Ag/AgCl electrodes.

The R; and Ry values of zZPDMS and cPDMS electrodes are must higher than the
values of the others electrodes, which may indicate that the circuit model suggested do
not explain the impedance of these electrodes. This is proven by the high error associated

with the fitting curve.

The higher the C; value, the better is the biological signal quality [50]. As for the
other components value, the Ag/AgCl electrodes seems the best, since they present a
higher value of C;. The tattoo electrodes exhibit a higher C,; than the hydrogel-PDMS
electrode but smaller than the Ag/AgCl. Even being smaller, the C; value of hydrogel-
PDMS electrode is not that distance from the tattoo electrode value. The small C; value
for the stainless steel electrode is due to the accumulation of charges on electrode-skin

interface, since these are polarizable electrodes [50]

The Ag/AgCl electrodes are the most commonly used electrode for biopotential mea-
surement. These electrodes exhibit the best combination of values for the circuit model
components which result in a high biological signal quality. However, the Ag/AgCl elec-
trodes are only intended to be use one time and are not stretchable. On the other hand,
a hydrogel-PDMS conjunction originates stretchable and reusable electrodes, which have

shown a low electrode-skin impedance.

The impedance for two different sets of hydrogel-PDMS electrodes was measured:
square and round electrodes. Besides having different shapes, the round hydrogel-PDMS
electrodes were made long before the square electrodes. Therefore, the number of uti-
lizations at the moment of the impedance measurement was a lot superior to the square
electrodes. The Bode plot obtained for each electrode and the respective fitting curve are

presented in 4.5.
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Figure 4.5: Experimental results (blue) and the fitting curve (red) for both hydrogel-PDMS
electrode-skin impedance frequency response.

Through the analyse of the Bode plots, it is possible to observe a small increase on
the impedance from the square to the round hydrogel-PDMS electrodes. As the hydrogel-
PDMS electrodes have different shapes, the circuit components values for each are pre-

sented by square centimetre in table 4.2.

Table 4.2: Circuit components values for the two types of hydrogel-PDMS electrodes per square
centimetre.

Hydrogel electrodes R, (Q/cm?) R, (kQ)/cm?) C,; (nF/cm?)
Square 508.9 65.4 12.8
Round 1192.7 37.1 10.4

Even though the R, value of the round hydrogel-PDMS electrodes is twice the value
of the square, the value of R; is much smaller and the C; is not much different. The big
difference on the R, values could be explained by the existence of different hydrogels’
concentration induce by distinct evaporation rates. Even more, the distance between the
electrodes was almost double in the round electrodes, which could induce changes in
theses values. This suggests that over time and utilizations the circuit component values

could not change much.

4.4 Soft EMG sensor and signal acquisition

The impedance analysis shows that hydrogel-PDMS electrodes exhibit low electrode-

skin impedance and therefore, could be used for biopotential measurement. In order
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to prove this possibility, EMG sensors were developed and signals from two different

muscles were obtained.
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Figure 4.6: (A) Two soft EMG sensors were developed with hydrogel-PDMS electrodes. (B)
Square hydrogel-electrodes were used to fabricate one of the EMG sensors and (C), (D) round
electrodes for the other.

The EMG sensor with round hydrogel-PDMS electrodes (figure 4.6(C), (D)) was
placed on the ventral side of the forearm in order to detect the flexor carpi radialis mus-
cle as previously said. The sensor with square hydrogel-PDMS electrodes (figure 4.6(B))
was attached to the skin in the position of the flexor carpi ulnaris muscle. In order to
validate the acquired signal, signals with stainless steel electrodes were also acquired on
both of these muscles. The same three movements were performed with all sensors: fist

clenching, wrist flexion and opening the hand.

The acquired signal from the round hydrogel and the stainless steel electrodes are
present in the figures 4.7, 4.8 and 4.9. Through the analysis of the signals, it is possible
to verify that the signals obtained with the hydrogel-PDMS electrodes are similar to the
stainless steel electrodes. The flexion of the wrist originates a slightly higher amplitude
on the signal with the proposed sensor than with the stainless steel electrodes. The oth-
ers signals have approximately the same amplitude. Even more, the baseline for both
sensors is nearly the same. However, there are more fluctuations on the hydrogel-PDMS

electrodes baseline.
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Figure 4.7: (A) Movement of opening the hand. (B) Signal with the stainless steel electrodes. (C)
Signal with the round hydrogel-PDMS electrodes.
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Figure 4.8: (A) Movement of fist clenching. (B) Signal with the stainless steel electrodes. (C)
Signal with the hydrogel-PDMS electrodes.
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Figure 4.9: (A) Flexion of the wrist. (B) Signal with the stainless steel electrodes. (C) Signal
with the hydrogel-PDMS electrodes.
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The signal from the flexor carpi ulnaris muscle was also recorded with the square
hydrogel-PDMS electrodes (figure 4.10). Like the signals of the other muscles, the signals
from hydrogel-PDMS electrodes are really close to signal obtained with the stainless steel
electrodes. Thus proving that hydrogel-PDMS conjunctions can be applied for detecting
muscle activity through EMG. Even though when the water evaporated from the hydrogel,
we could detect a small EMG signal and by submerging the electrodes on the sodium

chloride solution with the initial concentration it returned to the normal signal.

Stainless steel electrodes Hydrogel-PDMS electrodes
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Figure 4.10: Signals acquired with the (A), (B) opening of the hand, (C),(D) clenching the wrist
and (C),(D) during wrist flexion.

49



Chapter 4. Results

4.5 GSR sensor and measurements

As previously said, skin resistance changes due to variation in sweat concentration.
As hydrogel-PDMS electrodes present a low electrode-skin impedance and are mostly
composed of water, in this work the possibility of applying them for GSR measurement

was tested.

- >

Figure 4.11: GSR sensor proposed in this work. The sensor consists in a multilayer system with
hydrogel-PDMS electrodes, EGaln and FPCBs as interconnects.

In the figure 4.12, plots from the static test using stainless steel electrodes and hydrogel-
PDMS electrodes are presented. Through the analyse of these plots, it is evident the dif-
ference between both signal behaviour. The stainless steel electrodes take a longer time
to achieve a steady state level than the hydrogel-PDMS electrodes, due to the inherent
high contact stainless steel electrodes-skin resistance. Over time the sweat level located
on the contact region built up leading to a decrease in the measured value. Concerning
to hydrogel-PDMS electrodes, as they present low contact resistance due to the exis-
tence of an electrolyte solution in their composition, they are capable of detecting the real
value of skin impedance right after placing in contact with the skin. The peaks on the
hydrogel-PDMS electrodes signal (figure 4.12 (B)), it is possible to see some peaks due
to movements or external stimuli since the subject was performing his daily routine at the

laboratory.
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Figure 4.12: Skin resistance measures over time during daily activities for (A) Stainless steel
electrodes and (B) the hydrogel-PDMS electrodes.

During physical activity the sweat secretion increases which consequently decrease
the skin impedance. When the subject starts an intense activity, as cycling uphill, there is
a significant decrease in the skin impedance. After the intense effort, the sweat secretion
gradually stabilizes to the normal value, reaching approximately the initial value. The skin
resistance signal during the physical activity test is present in figure 4.13. The signal was
filtered with a low pass filter (with 900 points) was used to diminish the motion artifacts

and other noise.
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Figure 4.13: Skin resistance signal collected during physical exercise (blue) and the filtered signal
(red).

As pointed out on the plot, when the subject starts the intense exercise as cycling
uphill, the skin resistance begins decreasing. After achieving a maximum value of sweat
secretion, the secretion stops and the sweat starts to evaporate, leading to and an increase
in skin resistance. As expected, after arriving home the skin resistance goes back to the

initial value.
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Moreover, we tested the designed GSR sensor for stress detection by applying unex-
pected sonorous stimuli, while the subject was listening to meditation music (figure 4.14).
A low pass filter (with 100 points) was applied to the signal in order to reduce the noise.
From the beginning of the recording until shortly before of the first horror movie started,
the subject was listening to meditation music. While not all changes are notable, we can
see some decreases in the skin resistance. The more evident decline is at the beginning of
the horror movie. As it is possible to verify the skin resistance was still decreasing when
the stimuli were applied. This could be the reason why we were not able to detect all
changes. Additionally, when the subject was tested he already had an idea of what was

going to happen and thus did not have enough stimuli.
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Figure 4.14: (A) Detected changes on skin resistance induced by sonorous stimuli (blue) and the
filtered signal (red). (B) Zoom from area of interested.
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These GSR case study is very preliminary and not conclusive. The tests were done
as an initial step for future analysis which can include studying several subjects during a

long period.

In addition, since the sweat composition can change the conductivity of hydrogel, it is
not certain if a hydrogel electrode is also appropriate for GSR. Nevertheless, as previously
stated the main advantage of hydrogel based electrodes is that they may allow sweat

analysis which can be a subject for future studies.

4.6 Conclusion

In this chapter, two different case studies of biomonitoring systems based on hydrogel-

PDMS electrodes were presented:
e EMG sensors
e GSR sensor

The soft EMG sensors with hydrogel-PDMS electrodes have proven that these elec-
trodes are able of detecting biopotentials, similar to the stainless steel electrodes. On the

other hand, the GSR sensor needs further tests since our results are not conclusive.

The impedance analysis showed that hydrogel-PDMS based electrodes exhibit low
electrode-skin impedance, close to the Ag/AgCl and Tattoo electrodes. However, in con-

trast to theses last electrodes, hydrogel-PDMs hybrids are stretchable and can be reusable.

Furthermore, the dehydration test demonstrated that when in contact with the skin
the water loss from the hydrogel is done gradually. This behaviour supports the use of

hydrogel as a material for skin interface.
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Chapter 5

Conclusions

In this work, a successful combination of PDMS based stretchable electronics with hy-
drogel electrodes was presented. This included obtaining the know-how for development
of hydrogel-PDMS conjunctions, and then combine it with the existing know-how on
stretchable electronics, in order to develop comprehensive biomonitoring patches that are
able to make an excellent skin interface through hydrogels, and at the same time contain

all necessary electrical circuit in the PDMS substrate.

The hydrogel-PDMS hybrid developed over this project shows great potential for
biomonitoring applications. The high water content on the tough hydrogel, the high
stretchability and permeability to different molecules make them attractive to use as skin
interface. As proven by the dehydration test, when in contact with the skin the water loss
is delayed, allowing the use of a sensor with this electrodes for a long time. Even so, if
the water evaporates completely, by submerging the electrodes in an electrolyte solution

it can return back to the initial performance.

Moreover, the impedance analysis confirmed that electrodes with hydrogel-PDMS hy-
brid show low electrode-skin impedance, which leads to a good signal quality. Other elec-
trodes have shown low electrode-skin resistance, such as Ag/AgCl and tattoo electrodes.
However, they do not exhibit stretchability and/or can only be used once. Therefore,

hydrogel-PDMS electrodes can be a better choice since they can measure biopotential,
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present high quality of the biological signal, they are stretchable and can be reusable.

In addition, methods used for interfacing the conductive electrodes with liquid metal
based interconnects on the PDMS were very reliable. The interface between conductive

hydrogel and liquid metal was functional during several hours of testing.

With the aim to demonstrate the applicability of the hydrogel-PDMS electrodes, a
GSR and EMG sensors were developed. In contrast to the metal electrodes, the hydrogel-
PDMS electrodes adhere well to the epidermis and are stretchable. On the proposed GSR
sensor, during physical activity, it was possible to detect the changes in the skin resis-
tance. Preliminary GSR tests with hydrogel electrodes showed a better signal acquisition
compared to dry steel electrodes, but more deep analysis is required to perform emotional

computing with hydrogel based electrodes.

5.1 Future work

The present work is an important contribution for wearable health devices fabrication,
as two different functional sensors with hydrogel-PDMS electrodes were successfully

developed.

Since the impedance of hydrogel-PDMS electrodes with a high number of utilizations
was not far from the impedance obtained for new electrodes, it may be interesting to study

the reproducibility of sensors with these electrodes.

Furthermore, hydrogel-PDMS electrodes are able to detect changes in sweat secretion
and they are permeable to this body fluid, they can be used for sweat analysis. Therefore,
additional studies can be done in order to understand the incorporation of biomarkers
into the hydrogel matrix for sweat analysis. Even more, studies involving the fabrication
of microfluidic devices with this tough hydrogel-PDMS conjunction for collection and

analysis of sweat can be very promising.

Additionally, further tests can be done with the GSR sensor with several subjects and
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different step up. The frequency used in this project could not be the best, therefore, the
impedance response can be acquired for all frequencies. A possible future approach can
be using the GSR sensor with hydrogel-PDMS electrodes for an emotion classifications

algorithm.
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Titulo do estudo: Medida da resisténcia da pele
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Hydrogel-PDMS conjunctions for stretchable electronics. Dissertagdo desenvolvida na
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da pele durante trés situagdes diferentes. A primeira situagdo consiste na medicdo da
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medigdo sera feita durante um periodo de relaxamento, no qual serdo aplicados alguns
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