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Abstract

Graphene E-Tattoos: Design, Fabrication, Characterization, and

Applications as Wearable Sensors

Hongwoo Jang, Ph.D.

The University of Texas at Austin, 2022

Supervisor: Nanshu Lu

The remarkable mechanical robustness and unique electrical/optical properties
make atomically thin graphene a promising candidate for future flexible, stretchable, and
bio-integrated electronics. Our invention of sub-micron-thin graphene e-tattoos (GET),
designed as filamentary serpentine ribbons of a graphene-polymer bilayer, has
demonstrated superior skin-conformability, imperceptibility, and low contact impedance
for monitoring various physiological signals, such as ECG, EMG, EEG, skin hydration,
and temperature. However, there are unanswered questions on the failure mechanisms of
GET and unsolved challenges to make GET applicable in ambulatory sensing. This
dissertation attempts to address those critical issues. First, to reveal the failure mechanism
of GET and its electrical contacts, I conducted uniaxial tensile tests with in situ
microstructure and Raman investigations. I discovered four deformation/fracture stages of
GET: pre-cracking elastic deformation, limited micro-cracking in graphene, extensive
micro-cracking in graphene, and macro-cracking in the supporting polymer layer. Various
conductive overlayers need to directly laminate on graphene to make electrical contacts. I
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placed gold/polyethylene terephthalate (Au/PET) as well as GET over GET. I found that
the Au/PET - GET interface is very vulnerable due to the large stiffness mismatch between
them but the GET - GET interface behaves very similar to intact GET electromechanically.
Second, to reliably connect GET to rigid back-end-circuits with orders of magnitude
mismatch in mechanical stiffness, I proposed the idea of heterogeneous serpentine ribbons
(HSPR), which refer to serpentine GET partially overlapping with a serpentine gold-
polyimide (Au/PI) ribbon. When the Au/PI step edge is located at the arm of the GET
serpentine, 50 folds of strain reduction in GET using HSPR vs. heterogeneous straight
ribbons (HSTR) have been confirmed. This simple method offers a generic remedy for the
long-standing interconnect challenges between ultrathin sensors and rigid electronics.
Finally, based on the electromechanical understanding of GET and the novel design of
HSPR, I successfully created an unobstructive and robust GET sensor that is capable of

continuous and ambulatory monitoring of electrodermal activity (EDA) on the palm.
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Figure 5.1: A wireless palm electrodermal activity (EDA) sensor based GET
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electrode built into the wristband through a conductive rubber. (b-d)
Photographs showing GET EDA sensor on the palm when the hand is
undeformed and deformed in macroscale, mesoscale, and microscale,
highlighting two main features of GET — transparency and skin-
conformability. (e) A representative EDA signal with both low-
frequency tonic component and high-frequency phasic component
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Chapter 1: Introduction!.>3

Next-generation wearable electronics are expected to be high-performance,
multifunctional, and imperceptible to wear. Although wearable platforms such as
epidermal electronics have been built using conventional electronic materials, such as
metals and semiconductors, the fabrication process, thickness, performance, and cost
require further improvement. The superior electrical, mechanical, and photonic properties
of 2D materials and their composites have afforded many recent advancements towards
transparent, micron-meter-thin, intrinsically soft, and stretchable wearables. This chapter
provides a survey for emerging 2D-materials-based wearable electronics with a special
focus on their design, fabrication, characterization, and applications. First, an overview of
2D-materials-based wearable electronics is presented in comparison to non-2D-materials-
based wearables. Next, different types of manufacturing methods of 2D-materials-based
wearables are briefly discussed. Then, I cover some of the mechanical and electrical
characterization methods of the wearables and diverse applications as wearables with the
emphasis on the strain and electrophysiological sensors among others. As numerous 2D-
materials-based strain sensors have been reported in the literature, I offer a thorough
comparison by listing their fabrication methods, device thickness, stretchability, and gauge
factors in one table. For electrophysiological sensors, I underscore the concept of
imperceptible electronics because wearable devices made by 2D materials can be both
mechanically and optically imperceptible. Finally, I conclude this chapter by providing a

scope of research that includes the structure of the overall discussions.
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1.1 OVERVIEW OF 2D-MATERIALS-BASED WEARABLES

Recent wearable electronics have demonstrated a growing promise in various
biotechnology applications that could mimic the properties and functions of human skin,
and beyond [ 1-3]. Also, small form factors and mobility of the wearable electronics enable
more facile human-machine interface (HMI) [4—8] and comfortable monitoring of human
health [9—11] for all range of people including patients and athletes. Furthermore, wearable
electronics have been trying to reach comparable performance to the bulky medical-grade
instruments, and potentially replace them in near future. However, conventional wearables
are possessing the following limitations: 1. Bulkiness (obstructive to wear, not flexible or
stretchable, non-conformal to the skin, and not possible to cover a large area), 2. Modality
(e.g., Holter is just for ECG, and smartwatches just have a fixed sensing capability), 3.
Long-term wearability (constant high quality of signals, skin breathability, data storage,
and power consumption), and 4. Cost (materials, manufacture). In other words, we have
challenges for improving current wearables in many perspectives, and there has been
significant progress to solve those challenges by enhancing materials, engineering
mechanics, integrating multi-functionalities, and developing manufacturing methods
[10,12-21].

In particular, advancements of sensing materials and structural designs have
significantly improved the performance of human health/motion monitoring sensors
[2,10,22-25], soft robotics [26-28], etc. [17,29] To achieve such a performance on soft
human skin without obstructiveness, the stretchability and the thinness of the device are
important factors among others. For example, the wearable devices, such as electronic-
skins (E-skin) and strain sensors, need to be stretchable to accommodate various amounts

of strains depending on the location of the body, up to 30 - 40% of strain [30,31]. Also,
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wearable devices, especially those made for measuring biometrics on human skin including
electrophysiological (electrocardiogram (ECG), electromyogram (EMG), and
electrooculography (EOG)) and biochemical sensors, need to make a conformal contact to
the skin to accurately capture the signals and reduce motion artifacts [32]. Moreover,
wearable sensors call for mechanical imperceptibility so that continuous long-term
monitoring would be achieved without discomfort.

Figure 1.1 illustrates a schematic of the stretchability and the thinness of several
wearable electronics based on both 2D materials and non-2D materials. However, it should
be noted that the definition of the stretchability varies slightly since each paper conducted
tensile testing differently (i.e., whether conductive material is clamped together with the
substrate or not) and defined the allowable maximum signal change under deformation
distinctively according to their application or criteria. Conventional materials, such as
metals and semiconductors, can achieve high stretchability up to ~50% when they are
thinned down to less than sub-micron-meter and patterned to a nanomesh [33] or a
serpentine [34].

Furthermore, the serpentine-shaped gold on a PET substrate [35] and the wrinkled
gold film [36] can be stretchable over 100%. However, their sensitivity is poor, and the
fabrication process is either expensive or time-consuming. Hydrogels [37—42] are the most
stretchable material. Cai et al. introduced the SWCNT/hydrogel-based strain sensor, which
can measure up to 1000% of strain [38]. However, hydrogel-based sensors are thick (~ few
mm) in general and contain dehydration issues. Liquid materials, such as liquid metal and
liquid ions [43—49], have a superior stretchability over 800% [46] and durability with
negligible hysteresis over a few hundreds of cyclic strains. However, similar to the
hydrogels, their thickness is typically in mm, which prevents the device from being affixed

to the skin conformably. Furthermore, semiconductive (e.g., P3HT) and conductive
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organic materials (e.g., PEDOT:PSS), are known to be transparent and stretchable but have
a low intrinsic stretchability. Therefore, elastomers [50—52] and enhancers (e.g., STEC [53]
or AgNWs [54]) are often being mixed with the organic materials to improve the
stretchability. Consequently, it makes wearable electronics based on those composites
become thicker and opaque. However, interestingly, Ershad et al. introduced an Ag +
PEDOT:PSS ink which can be drawn directly on the skin and has submicron-thickness and
stretchability up to 30% of strain [55]. Both the thinness and high stretchability can be also
achieved by the materials with percolation networks, such as CNTs-based and AgNWs-
based elastomers [56—60,6,61-64]. However, in most cases, the sensitivity of those sensors
(i.e., gauge factor (GF)) is low.

To identify the material with superior performance, stretchability, and ultrathiness,
an extensive effort has been made towards the wearable devices based on 2D materials and
their derivatives, such as chemical vapor deposited (CVD) graphene [4,32,65-70,70-78],
graphene nanoplatelets (GNP) [79-85], reduced graphene oxide (rGO) [86—97], graphene
woven fabrics (GWFs) [98-103], molybdenum disulfide (MoSz) [104—106], MXenes
[5,107-109,109-113], hybrid materials (2D materials + other nanomaterials) [7,114-124],
etc. [125—138] due to their superior and unique properties including but not limited to
ultrathinness, imperceptibility, low contact impedance, piezoelectricity, ballistic charge
transportation, multi-functionality, and large surface-to-volume ratio [139-142].
Graphene, transition metal dichalcogenide (TMD), and MXenes are the 2D materials
highly utilized as a key material in wearable electronics and particularly graphene has been
applied the most due to the enabled large-scale production [74,143—145] and the easily-
tunable electrical and mechanical properties [141,146]. Furthermore, outstanding
electrical, mechanical, and photonic properties demonstrate a great potential of 2D

materials to serve as versatile materials to attain superior device performance for diverse
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applications [21,147]. Figure 1.2 describes some of the key mechanisms and their
corresponding applications of the 2D materials for wearable electronics. 2D-materials-
based noninvasive soft electronics successfully demonstrate on-skin applications,
including 1) strain sensors, 2) pressure sensors, 3) electrophysiological sensors, 4)
biochemical sensors, 5) optoelectronic/photonic sensors, and 6) energy storages and energy

harvesters.
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Figure 1.1: An Ashby plot of the stretchability and the thickness of soft wearable
electronics based on 2D materials and non-2D materials [6,32—
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Figure 1.2: Various types of mechanisms and corresponding applications of 2D
materials for wearable electronics [13,117,154-156].

1.2 DESIGN

The softness of wearable electronics is one of the most important requirements for
long-term and unobstructive monitoring of biosignals on the skin. Regardless of the
material’s intrinsic softness or stiffness, the materials can be patterned into stretchable
structural designs. Patterning intrinsically stiff materials into specific geometries or

shaping them into specific structures may significantly reduce their effective stiftness. The
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earliest approach was to fabricate periodically buckled ribbons or membranes by
harnessing mechanical instability [157,158]. Later, deterministically formed 3D pop-up
structures enabled 3D integration between soft electronics and tissue scaffolds [159]. With
encapsulation, these structures can achieve biocompatibility regardless of material
composition. However, a big limitation of out-of-plane buckled structures is that they may
cause mechanical irritation in long-term applications if the device is not structurally well
designed. As a result, buckled, pop-up or kirigami designs are not widely used in bio-
conformable electronics. Instead, serpentine, fractal, and mesh designs are preferred
structures due to their negligible out-of-plane deformation and low bending stiffness.
Serpentine design, i.e., 2D meandering ribbon design, for stretchable electronics
was first proposed in 2004 [160]. In 2005, Li et al. pointed out that the elongation of a
serpentine ribbon can be accommodated by in-plane rigid body rotation as well as minor
out-of-plane buckling (Figure 1.3a) [161]. The introduction of serpentine ribbons opened
up a new paradigm for stretchable electronics. A plethora of mechanics models have been
built to predict the stretchability and effective stiffness of serpentine ribbons based on their
geometric parameters (e.g., width-to-radius ratio, length-to-radius ratio, and crest angle)
[162]. At first, serpentine ribbons were just used as interconnects linking rigid functional
“islands”. Examples include stretchable batteries [163], integumentary cardiac monitoring
devices, and hydration sensor arrays (Figure 1.3b) [164]. A major limitation of the
serpentine-plus-island design is that the rigid islands still locally limit the conformability
and the stretchability [165]. Here, conformability means the effective contact area of a
membrane to a wavy surface of the skin, which can vary from 0 (nonconformed) to 1 (fully
conformed). One remedy is to also pattern the functional materials into a filamentary
serpentine network to eliminate the islands, a strategy used in epidermal electronics (Figure

1.3c) [166], stretchable piezoelectric sensors [167], epicardial electrodes [168], graphene
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e-tattoos [169], and even glass-based stretchable photonics (Figure 1.3d) [170]. However,
serpentine designs suffer from limitations such as small areal coverage and difficulties
associated with miniature devices or a large number of channels.

Fractal [171,172] and hierarchical designs [164,173] involve more advanced
serpentine patterns that offer higher stretchability and areal coverage than simple
serpentines. Figure 1.3e shows a hierarchical serpentine, consisting of one large, primary
serpentine constructed from many smaller, secondary serpentines [163]. Its stretchability
can reach 350% due to the multi-stage unraveling of the primary and secondary
serpentines, as shown in the figure. Moreover, compared to basic serpentines, fractal
serpentines can significantly increase areal coverage, which is useful for minimizing the
contact impedance between metallic electrodes and bio-tissues, as shown in Figure 1.3f
[174]. However, fractal and hierarchical serpentines often have compromised reversibility
after large deformation, hence are more suitable for applications involving one-time
stretching (e.g., fitting on a curved surface and staying in that shape). Correspondingly, it
is also challenging to handle fractal structures during the transfer printing process.

Mesh design involves patterning a sheet of a functional material or device into a
meshed network, often with serpentine-shaped building blocks (Figure 1.3g) [175]. The
effective stiffness of the mesh structure can be orders of magnitude lower than that of the
planar sheet. For example, a filamentary serpentine mesh of polyimide offers decent
stretchability (up to 57%) and a low modulus (< 5 MPa) at small strains [175]. The mesh
design has been used in both skin-conformable and skin-mimicking electronics (Figure
1.3g), as well as epicardial sensors with organic electrochemical transistors (OECTs) [176].
Generally speaking, electrodes with mesh designs are not as stretchable and compliant as
fractal electrodes but have more reversible deformation and lower resistance. For example,

Li et al. demonstrated that a so-called “watchchain” structure provided 27% lower
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resistance than an equivalent serpentine due to the redundancy in conductive pathways
[177]. The mesh design can also be specifically engineered to match the nonlinear stress-
strain behavior of human skin (Figure 1.3g) [175].

Kirigami design is an emerging structure used in bio-conformable electronics. By
adding periodic cuts in a sheet, as shown in Figure 1.3h, the kirigami design can be
stretched up to 140% with minor mechanical force [178]. Kirigami has been increasingly
utilized in stretchable electronics because it can provide the largest areal coverage among
all the stretchable designs [179]. The kirigami design has been used as integumentary
electrodes on the heart or on the muscle [178,180]. A kirigami piezoelectric harvester has
also been developed for energy harvesting on human body [181]. However, kirigami has
not been widely applied in implanted electronics due to the risk of fracture at the tips of
the cuts and the risk of damaging the tissue from any sharp corners.

In addition to patterned thin films, nanotubes or nanofibers with superior
bendability in any direction can act as biosensors individually [182] or as a nanomesh
[183]. Coaxial, twisted, or interlaced microfibers with diameters ranging from 10 pm to
100 um can be assembled or woven into stretchable meshes [182]. For example, Zhong et
al. twisted CNT fibers and polytetrafluoroethylene (PTFE) fibers together to assemble a
fiber-based generator and wove it into a lab coat to power a wireless temperature
monitoring wristband (Figure 1.31) [184]. Lee et al. developed an ultrasensitive capacitive
pressure sensor by interlacing two PDMS-coated conductive fibers [185]. However, the
difficulty to fabricate the unique fiber structure is a tradeoff for its excellent mechanical

properties [186].
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Figure 1.3: Examples of soft structures. [In Press,
https://doi.org/10.1016/j.matt.2022.02.006] (a) A paper-cut serpentine
ribbon and the ribbon buckled out-of-plane upon stretching [161]. (b) A
stretchable hydration sensor array on skin with serpentine-plus-island design
[164]. (c) A multifunctional epidermal electronic platform with both
filamentary serpentine and serpentine-plus-island design [166]. (d)
Micrographs of a glass-based stretchable photonic resonator in undeformed
state (upper panels) and at 36% nominal tensile strain (lower panels) [170].
(e) Multi-stage unraveling of a hierarchical serpentine with fractal design
under uniaxial stretching [163]. (f) Fractal electrodes and temperature
sensors for epicardial electrotherapy [174]. (g) A serpentine mesh
conformed to a fingertip [175]. (h) Geometric parameters of a kirigami
design (left) and stretchable kirigami electrodes laminated on a mouse brain
for visual stimulation (right) [178]. (i) A fiber-based generator woven into a
lab coat to power a wireless temperature monitoring wristband [184].
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1.3 FABRICATION

Diverse manufacturing methods of wearable electronics have been developed
considerably due to the high demand for time- and cost-efficient and high-throughput
manufacturing. In general, the manufacturing methods can be categorized but not limited
to 1. Conventional IC fabrication methods (photolithography process) [105,151], 2.
Subtractive methods (blade cutting and laser cutting) [32,187], 3. Additive methods (inkjet
printing, 3D printing, electrospinning, R2R printing, and spraying) [65,188—190], and 4.
Laser scribing/ablation [14,191,192]. The photolithography process has been widely used
as a standardized method for large-scale manufacturing. However, this method requires
high-cost facilities and intensive labor. Therefore, many other manufacturing methods
including subtractive and additive have been developed widely.

Figure 1.4 shows some of the representative examples of manufacturing methods
for 2D-materials-based wearable electronics, especially the ones which have on-skin
applications. Figure 1.4a illustrates a fabrication method of the graphene electronic tattoo
(GET) using a blade cutting, an example of subtractive methods [32]. In this work, Kabiri
Ameri et al. used the so-called “wet transfer, dry patterning” fabrication process for GET,
which is more cost and time effective than the conventional photolithography process. To
fabricate a serpentine-shaped GET device, an inexpensive programmable mechanical
cutter (Silhouette Cameo) was used [32]. Furthermore, to achieve higher resolution and
time efficiency, laser cutting (such as using UV laser) can be utilized instead of a
mechanical cutter, which I used for my research projects listed in Chapters 4 and 5.

As one of the examples of additive methods, inkjet printing method is easily
accessible for prototyping and commercialization of cheap electronic devices. This
technique allows small volumes of ink, typically about in picolitres, to be deposited with

an expeditious and precise process of patterning [193]. Figure 1.4b describes a schematic
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of the inkjet printing of wearable e-textile using reduced graphene oxide (rGO) inks, which
can monitor heart rate [188]. For inkjet printing using metal-based inks has a choice
limitation for the substrates due to the high-temperature sintering process in general.
However, Karim ef al. introduced graphene-based inks which resolved this issue and even
could be inkjet-printed on a textile. Since all the fabrication process is operated at low
temperature (< 100°C), heat-sensitive fabrics will not be damaged [188]. For the
fabrication of e-textiles, inkjet printing can offer reduced material waste and water
utilization by depositing the materials only at the desired locations in the fabric [194].
Furthermore, the additive printing technology also allows a large-scale fabrication of 2D-
materials-based wearables via roll-to-roll (R2R) printing technology. For example,
Chandrashekar et al. developed an R2R “green” method, which implies metal etching free,
no polymer residue, eco-friendly and economic, to manufacture a wearable triboelectric
nanogenerator using CVD graphene [189]. This method can potentially lead to the
industry-level manufacturing of graphene-based wearable devices.

Another attractive manufacturing method of graphene-based wearables is by using
laser scribing/ablation. Laser induced graphene (LIG) is porous graphene directly
converted from polymers such as polyimide (PI) via infrared CO> laser, visible laser, and
ultraviolet laser [ 195—197]. It enables a facile fabrication of graphene-based wearables with
eco-friendliness, tunable compositions, and controllable morphologies [14]. Figure 1.4c
shows some of the representative schematics of fabrication methods for the LIG. Figure
1.4c-(i) demonstrates a low-cost and portable laser system using 450 nm laser to produce
a LIG and the LIG-based wearable device was used as an artificial throat that can both emit
and detect sound on a single device [191]. Additionally, Figure 1.4c-(i1) depicts a UV laser
direct writing of porous graphene on PI fabrics to manufacture a wearable strain sensor

[198]. The performance of the strain sensor was affected by the formation of LIG controlled
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by the laser fluence, and as-fabricated LIG has a low sheet resistance of 20 Q/sq and a

maximum gauge factor (GF) of 27 [198].
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1.4 CHARACTERIZATIONS

Depending on the sensor applications, characterizations of the wearable sensor
should be performed to unveil its mechanical, electrical, optical, and chemical properties.
Among them, mechanical characteristics such as stretchability are the inevitably required
property since the sensors will be placed on the soft skin. Therefore, I focus to discuss
characterizations of mechanical and electrical (or electromechanical) properties by taking
examples of strain sensors.

Basic sensing mechanism of the strain sensor is as follows. While a conductive
material is geometrically deformed, the changes of electrical resistance are measured and
the gauge factor (GF), the normalized changes of the resistance over strain, is calculated to
indicate the sensitivity. However, the strain gauges based on conventional materials, such
as metals and semiconductors, have very low stretchability and their sensitivities are very
poor (GF ~ 2) [101,199,200]. Recently, low dimensional materials including 1D materials
and 2D materials have been introduced, but it has been still challenging to attain both high
sensitivity and large stretchability. To obtain a high sensitivity (i.e., to obtain a large change
of the electrical resistance over strain), the conductive material must be disfigured
significantly at small strain, which leads to lower stretchability. In other words, there exists
a compensation between sensitivity and stretchability.

To work as a strain sensor, 2D materials are supported by a polymeric substrate or
mixed with a polymer due to their ultra-thinness. Therefore, the thickness of the device is
mostly determined by the thickness of the polymer. Typical polymers used for wearable
strain sensors are elastic and biocompatible, such as Polyimides (PI), Polydimethylsiloxane
(PDMS), and Ecoflex™. The majority of the stretchable and wearable strain sensors
possess the sensing mechanism of either resistive type or capacitive type [25]. Although

capacitive-type sensing provides high stretchability, linearity, and low hysteresis, in
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general, capacitive-type strain sensors have the theoretical sensitivity limit (i.e., GF < 1)
[25]. Also, the output signals from strain and pressure should be decoupled for the
capacitive-type sensors. Hence, most of the strain sensors are employing the resistive-type
sensing mechanism. Mostly, the gauge factor is not constant over the measurable strain
range and the highest gauge factor is reported. Typical CVD-graphene-based strain sensors
have gauge factors less than 100 [67,68,121,133]. However, different form factors of CVD
graphene such as graphene woven fabrics [103] and graphene foam [133] can provide much
higher gauge factor and stretchability to the strain sensor. Furthermore, the graphene with
an eccentric geometry, graphene fibers and yarns, and graphene inks grant the better
performance of the device compared to the non-patterned graphene. For example, the
mesh-type strain sensors based on graphene nanoplatelets [85] and CVD graphene [103]
show an extremely high gauge factor of > 10* and > 10°, respectively. Moreover, a strain
sensor based on a graphene/silver nanoparticle synergic conductive network and sandwich
structure demonstrates the stretchability of the sensor over 1000% of strain [124]. In terms
of higher stretchability with linearity and reversibility, the strain sensors based on hybrid
structures are superior to the one with 2D materials only, although the gauge factor is

comparably low [121].

1.5 APPLICATIONS

Over decades, many applications of wearable sensors have been developed
including but not limited to strain sensors, pressure sensors, electrophysiological sensors,
biochemical sensors, optoelectronic and photonic sensors, and energy storage and energy
harvesting modules. In this section, I focus on strain sensors and electrophysiological
sensors based on 2D materials since my research is mainly about defining stretchability

and performance as an electrophysiological sensor.
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1.5.1 Strain Sensors

Strain sensors are one of the most accessible applications of wearable electronics.
In Figure 1.5, we introduce some of the representative strain sensors based on different
material types and their corresponding mechanisms and performances. Figure 1.5a shows
the all-graphene-based strain sensor [68]. Single-layer graphene (SLG) grown by CVD was
used as an active material, and graphene flakes (up to 3 layers) were used as an electrode.
To obtain higher stretchability and gauge factor, SLG was directly patterned on a copper
sheet. The sensing mechanism is based on the change of resistance by the geometrical
variations of the SLG pattern, and it is bidirectionally stretchable up to 20% [68]. Since
SLG has been utilized in the strain sensor, it can achieve high transmittance and the sensing
capability of the infinitesimal strain.

Unlike the simple layer structure of the active material, the 3D-shaped graphene
layer named the fragmentized graphene foam (FGF) was introduced as a strain sensor
(Figure 1.5b) [133]. The graphene foam was fabricated by CVD, and the graphene foam
was fragmentized by a vortex mixer and rearranged on a PDMS. The graphene foam has
200 — 300 pm sized fragments, and they construct a percolation network [133]. Then, the
change of contact resistance was measured when the strain sensor was stretched. Since it
utilized the mechanism of a percolation network, the gauge factor was not high (GF = 15
—29) [133]. However, it provided high stretchability over 70% and durability of 10,000

cycles at 50% of strain [133].
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Figure 1.5: 2D-materials-based strain sensors. (a) Strain sensor based on single-layer
graphene and the demonstration on the finger [68]. (b) Highly stretchable
and sensitive strain sensor using fragmentized graphene foam and the
demonstration on the wrist [133]. (¢) High-performance strain sensor with
fish-scale-like graphene-sensing layers on the wrist [90]. (d) A wearable
strain sensor for precise home-based pulse wave monitoring on the wrist
[103]. (e) Carbon/graphene composite nanofiber yarns for highly sensitive
strain sensors and the demonstration on the forearm [123]. (f) MoS»-based
strain sensor on the thumb and the output signals and gauge factor over
strain [105].

Liu et al. demonstrated another type of strain sensor possessing a unique structure
of the reduced graphene oxide (rGO) with a “fish-scale-like structure” (Figure 1.5¢) [90].

To create this structure, they employed a very simple, low-cost, energy-saving, and
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scalable method. There were two layers of rGO film where the first rGO film on the elastic
tape was stretched to 50% and another rGO film was transferred and stretched to 100%,
then finally released the film so that the slices of rGO could be overlapped each other [90].
The rGO slices created a percolation network up to 60% of strain, and the change of contact
resistance was measured [90]. After 60% of strain, the rGO slices were disconnected and
cracks were produced, which induce a non-linear trend of the signal measurement [90].
The stretchability of the sensor was 82% and the gauge factor was varying from 16.2 to
150 [90].

Figure 1.5d introduces graphene woven fabrics (GWFs) based strain sensor where
CVD graphene was deposited on a copper mesh [103]. The GWFs were supported by 100
um-thick PDMS substrate and the resistance change due to the crisscross morphology and
crack propagations was measured. Because of this sensing mechanism, extremely high
gauge factor was obtained (i.e., GF = 500 (0-2% strain), 10° (2-6% strain), and 10° (>8%
strain)) [103]. Also, the sensitivity and the linearity of the sensor depend on Young’s
modulus of PDMS. Stiffer PDMS provides lower sensitivity but higher linearity due to
more buckle-delamination [103]. The optimized strain sensor allowed precise pulse
monitoring and the three signature locations of the pulse (Cun, Guan, Chi) were measured
and distinguished properly (Figure 1.5d).

The fibers and yarns are other types of 2D materials-based composites which grant
a scalable fabrication typically using electrospinning. To synthesize them, 2D materials are
added to a polymer matrix. Yan et al. demonstrated the strain sensor consisting of
carbon/graphene composite nanofibers yarns (CNYs) (Figure 1.5¢) [123]. To obtain higher
conductivity, stretchability, and stability, carbon/graphene composite was added to
thermoplastic polyurethane (TPU) matrix to fabricate nanofiber yarns. The resistance of

the strain sensor was changed due to the cracks on the surface of CNYs. The gauge factor
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was very high ranging from 277 to >1700, and it depends on the number of the nanofibers
[123].

Although most of the 2D-materials-based strain sensors use graphene as an active
material, a semiconducting atom-thick crystal, molybdenum disulfide (MoS:), has been
fabricated as a transparent, sensitive, and wearable strain sensor (Figure 1.5f) [105]. The
MoS; was grown with the CVD method and a patterned graphene electrode was used to
receive the resistance change from MoS;. The overall sensor is ultrathin (only 75nm), so it
conforms and adheres to the skin completely without any aid of adhesives. Because of the
piezoresistivity of MoS», a reversible resistance change was measured up to -1.98% of
strain [105]. At higher strain up to -5.98%, an irreversible non-linear change of the
resistance was measured due to the crack generations [105]. Under the tension and
compression of the sensor, the gauge factor was consistent to be -56.5 and -72.5,

respectively [105].

1.5.2 Electrophysiological Sensors

Compared with conventional wearable electrodes, 2D materials have unique
mechanical (robustness, ultrathin, ultralight), electrical (the thinnest conductive material),
electrochemical (stable and biocompatible), and optical (transparent) advantages [32].
Hence, although its research and development history are relatively short, numerous
promising 2D-materials-based flexible electronic devices have been reported for
electrophysiological applications [201]. Various types of 2D-material-based electrodes
have been demonstrated with different materials including rGO coated textile [91,188],
platinum-based two-dimensional dichalcogenide (Pt-TMDs) [187], graphene electronic
tattoo (GET) to allow such electrodes can fully conform to a natural skin morphology

without artificial adhesives and acquire an improved signal to noise ratio (SNR) [4,32].
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Designs of electrophysiology sensing electrodes based on 2D materials have mainly
involved the printing of a conductive solution on flexible/stretchable substrates. This
allows for conformal coating of a conductive 2D-material layer on polymer substrates
[4,187,202], paper [203], or textiles [91,188] by printing conductive solutions or metal
deposition methods. Figures 1.6a and 1.6b show an example of graphene-based textile
electrodes for ECG monitoring. Yapici et al. proposed a simple and scalable fabrication
method whereby conductive textiles are formed by dipping nylon fabric into an rGO
solution followed by a thermal treatment as shown in Figure 1.6a [91]. Karim ef al. also
reported graphene-based conductive patterns by inkjet-printing onto a pre-treated textile
surface. The surface pre-treatment improved the sheet resistance of conductive patterns by
three orders from 1.09 x 10°Qsq!to 2.14 x 10° Qsq! (Figure 1.6b) [188]. When
comparing the ECG signals recorded using the graphene-based textile electrodes to
conventional Ag/AgCl electrodes, a slight variation in baseline can be observed Graphene-
clad textile electrodes for electrocardiogram monitoring [91], which could be induced by
motion-related artifacts due to a lessened degree of conformability between the electrodes
and skin.

Ameri et al. demonstrated graphene electronic tattoo (GET) sensors which are
designed as serpentines and fabricated by “wet transfer, dry patterning.” The main
advantages of GET are its mechanical properties and functionality. As sub-micrometer-
thick transparent stretchable electrodes (463 + 30 nm thickness, around 85% transparency,
and more than 40% stretchability) GET can fully conform to the skin and follow arbitrary
skin deformation without experiencing any mechanical failures, while measuring
multimodal electrophysiological biometrics including EEG, ECG, EMG [32], and EOG [4]

as shown in Figure 1.6c.
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Later, a large-scaled, low-temperature growth (400°C) platinum diselenide (PtSe2)
and platinum ditelluride (PtTe2) layered materials feature four times lower impedance and
almost 100 times lower sheet resistance compared to monolayer graphene tattoos [187].
Figure 1.6d shows its diverse applications including ECG, EMG, EEG, EOG, and
temperature measurements. Mechanical patterning process followed by transferring to a
conventional medical tape (Tegaderm) allows for tattoo-like form factor and monitoring
human physiological vital signs on the skin, which is comparable signal quality to a

conventional Ag/AgCl gel electrodes as shown in Figure 1.6d [187].
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Figure 1.6: 2D materials in electrophysiology sensing applications. (a) Flexible nylon

textile with rGO. (i) rGO coated sample for ECG testing, (ii) ECG signal
obtained from graphene-clad textile electrode [91]. (b) Inkjet-printed
graphene-based conductive patterns on textiles. (i) SEM images and a textile
sample picture of the inkjet-printed rGO ink onto cotton fabrics, (ii)
Experimental methods for measuring heart rate using graphene textile, (iii)
[lustration of the measured ECG signal using graphene textile [188]. (c)
Graphene electronic tattoo (GET) sensors for skin impedance, EEG, ECG,
and EMG sensing. (i) GET on a relaxed skin, (ii)) Measured EEG data from
the GET mounted on the forehead, (iii) ECG on the chest, and (iv) EMG on
the forearm [32], (v) GET EOG sensor worn around human eyes, (vi)
Measured EOG signal recorded by GET EOG sensor [4]. (d) Pt-TMD
tattoos based on platinum diselenide (PtSe2) and platinum ditelluride
(PtTe2) layered materials for multiple vital sign measurements. (i) Pictures
for ECG and EEG measurement with PtSe2 and PtTe2 electrodes [204].
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1.6 SCOPE OF RESEARCH

2D materials are indeed an attractive choice for wearable electronics due to their
exceptional mechanical, electrical, chemical, and optical properties. More specifically, the
remarkable mechanical robustness and excellent electrical/thermal properties make
graphene a promising candidate for future flexible, stretchable, and bio-integrated
electronics. Yet, there exist more in-depth understandings of the failure mechanisms and
the challenges to solve to make those graphene-based sensors to be more practical (i.e., a
fully-integrated unobstructive and ambulatory wearable sensor). In Chapter 2, I first briefly
introduce our previous innovation of sub-micron-thin graphene e-tattoos (GET), designed
as filamentary serpentines and fabricated by a cost- and time-effective “wet transfer, dry
patterning” method, and what has been achieved and validated by the GET as a wearable
sensor. Next, I provide fundamental insight into the failure of ultrathin polymer-supported
graphene (i.e., GET) and its electrical contacts, which is critical for designing future
graphene-based soft electronics (Chapter 3). Furthermore, since various conductive
overlayers need to directly laminate on graphene to make electrical contacts, I also
investigate the mechanical reliability of CVD graphene when it’s interfaced with the
overlayers (Chapter 3). In Chapter 4, to improve the venerable interface between GET and
rigid back-end-circuits with orders of magnitude mismatch in mechanical stiffness, I
introduce the idea of heterogeneous serpentine ribbons (HSPR), which refer to serpentine
GET overlapping with a serpentine gold ribbon. Numerical and experimental analyses are
used to validate the concept of HSPR. This method offers a remedy for the long-standing
interconnect challenges between ultrathin sensors and rigid electronics. Based on the
electromechanical characterizations of GET and the novel interface design of HSPR, I
manufacture an unobstructive and ambulatory wearable sensor that can continuously

monitor electrodermal activity (EDA) on the palm, where a challenging location to place
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electrodes due to the frequent motions of hand but psycho-physiologically the most ideal
site to monitor EDA (Chapter 5). Finally, conclusions and outlook are provided in Chapter

6.
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Chapter 2: The Invention of Graphene Electronic Tattoos (GET)?

In this Chapter, the overview of graphene electronic tattoos (GET) is briefly
provided, which will be the foundation of my follow-up electromechanical analysis and
sensing applications discussed in the rest of the Chapters. The major contents of this
Chapter are reprinted with the permission from S.K. Ameri, R. Ho, H. Jang, L. Tao, Y.
Wang, L. Wang, D. Schnyer, D. Akinwande, and N. Lu, Graphene Electronic Tattoo
Sensors, ACS Nano, 11, 8, 7634-7641,2017. Copyright 2017 American Chemical Society.

2.1 OBJECTIVE AND OVERVIEW

There exists a high demand for long-term wearable sensors with high-fidelity
monitoring of biosignals, which have the potential to be applicable outside of hospital and
lab settings to allow for comfortable ambulatory use, including mobile health care, fitness
tracking, human—machine interactions (HMI), and so on [205,206]. However, conventional
medical-grade devices are too bulky, uncomfortable to wear, expensive, and lack of the
multi-functionalities. For example, traditional technologies for electrophysiological
measurements use thick, flat electrodes, which are taped to the surface of the skin and have
terminal connections to stationary data acquisition facilities.

To enable unobstructive, ambulatory, high-fidelity, and long-term monitoring of
biosignals, we invented a graphene electronic tattoo (GET), a chemical vapor deposited
(CVD) graphene supported by a polymeric substrate, which has total sub-micron thinness
(463 = 30 nm), high optical transparency (~85%), and a stretchability (~40%). The GET
can be easily transferred on human skin through a temporary tattoo paper and can fully

conform to the micro-texture of skin via just van der Waals (vdW) forces. The open-mesh

4S K. Ameri, R. Ho, H. Jang, L. Tao, Y. Wang, L. Wang, D. Schnyer, D. Akinwande, and N. Lu, Graphene
Electronic Tattoo Sensors, ACS Nano, 11, 8, 7634-7641, 2017.
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structure of the GET makes it breathable and its stiffness negligible. As a dry electrode,
skin-to-GET interface impedance is comparable to medically used silver/silver-chloride
(Ag/AgCl) gel electrodes. Furthermore, GET has been successfully demonstrated to
measure electrocardiogram (ECG), electromyogram (EMG), -electroencephalogram

(EEQG), skin temperature, and skin hydration.
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2.2 MECHANICAL AND OPTICAL CHARACTERIZATIONS
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Figure 2.1: Mechanical and optical characterization of the GET [32]. (a) Picture of the

as-fabricated GET with a white background, labeled with different sensors
including graphene-based electrophysiological sensors (GEPS), a resistance
temperature detector (GRTD), and a skin hydration sensor (GSHS). (b) The
thickness of PMMA was measured by a profilometer to be 463 + 30 nm. (c)
Optical transparency of bare PMMA and Gr/PMMA. (d) Normalized
resistance of the GET versus applied tensile strain. The linear GET ribbon
ruptures at 20%, whereas the serpentine-shaped GET can be stretched up to
50%. (e) Less than 6% change in GRTD resistance after 1300 cycles of 15%
stretching. (f) GET mounted on skin. (g, h) GET on skin compressed and
stretched by 25%, respectively. (i) Change in GEPS and GRTD resistance
after all kinds of skin-tolerable deformations. (j to 1) Magnified photographs
of a GET on relaxed, compressed, and stretched skin, which demonstrate its
full conformability even under skin deformation.
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A picture of an as-fabricated Gr/PMMA-based GET is shown in Figure 2.1a, in
which different types of physiological sensors are labeled: graphene-based
electrophysiological sensor (GEPS), resistance temperature detector (GRTD), and skin
hydration sensor (GSHS). The GSHS shares one electrode with the GEPS. The total
thickness of the GET was measured to be 463 + 30 nm using a profilometer (Dektak 6 M
Stylus) (Figure 2.1b). The optical transmittance of Gr/PMMA was measured by a Cary
5000 UV—vis—NIR spectrometer at five random spots over an area of 2 cm x 3 cm. The
average transmittance of PMMA and Gr/PMMA in Figure 2.1c indicates that within the
wavelength range of 400 to 800 nm the transmittance of bare PMMA is 96.5% to 98%, and
the transmittance of GET is 84% to 88% due to additional light absorption by graphene.

The mechanical performance of the GET has been analytically modeled and
experimentally measured. Neglecting the sub-nanometer-thin graphene layer, the bending
stiffness of the GET is essentially that of the supporting PMMA substrate. With a reported
Young’s modulus of 3.3 GPa, the 463-nm-thick PMMA has a bending stiffness of 2.7 x
107" N- m, which is an order smaller than the bending stiffness of Au- based ultrathin
epidermal electrodes (e.g., 3.49 x 107! N-m for 100-nm-thick Au on 700-nm-thick
polyimide) [207]. Besides superior flexibility, polymer-supported CVD graphene was
reported to have fracture strains around 10%. By performing uniaxial tensile tests on
Gr/PMMA with in situ electrical resistance measurement (Figure 2.1d), it is found that the
linear Gr/PMMA ribbon ruptures at strains around 20%, while the serpentine-shaped
Gr/PMMA ribbon remains electrically conductive up to a strain of 50%, which is well
beyond the stretchability of human skin (~30%) [208]. The mechanical stiffness of a
freestanding GET serpentine ribbon (463 nm thick, 0.9 mm wide, and 2.7 mm in radius) is
calculated to be 1.48 N/m according to our previous analytical models, which is less than

half of that of the human epidermis (3.9 N/m) [151,209]. The performance of the GET
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under a cyclic tensile strain of 15% is demonstrated in Figure 2.le. The increase in
resistance is within 6% after 1300 cycles (Figure 2.1¢e).

Figures 2.1f to h offer pictures and a video of the GET on relaxed human skin and
skin subjected to various kinds of deformations. Electrical resistance of the GEPS and
GRTD was measured before and after arbitrary skin deformation in Figure 2.1i, and no
significant change could be identified. According to an analytical model we built
previously, the GET has to be thinner than 510 nm to achieve full conformability with
human skin [210]. With our GET thickness being just 463 nm, optical micrographs of it on
skin (Figures 2.1j—1) confirm the ultra-intimate coupling between the GET and skin, even

under severe skin deformation.
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2.3 ELECTRICAL PERFORMANCE OF GET ON SKIN
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Figure 2.2: Electrical performance of the GET on skin [32]. (a) Without any skin
preparation, GET—skin contact impedance is almost on par with that
between commercial gel electrodes and skin. (b) EEG sensing on the
forehead with both the GET and gel electrodes (left). When the eyes were
closed, an o rhythm of 10 Hz is visible in both spectrograms. (¢c) ECG
measured synchronously by the GET and gel electrodes. Characteristic ECG
peaks can be measured by both electrodes. (d) EMG sensing on the forearm
with the GET and gel electrodes when the subject squeezed the hand
exerciser three times.

Electrode—skin conformability directly dictates the contact impedance. Classical
electrical circuit concepts suggest that the electrode—skin interface impedance is inversely
proportional to the contact surface area [206]. Since conformal contact increases the
effective contact area, it is therefore expected that interface impedance decreases. The
GET-skin interface impedance was measured and compared with commercial Ag/AgCl
gel— skin interface impedance, the latter of which is considered the gold standard for
medical applications. The measurement was performed by laminating a GET on a human

forearm without any skin preparation. The GSHS was connected to an LCR meter (Hioki
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3532-50) using a customized flexible connector. A pair of Ag/AgCl gel electrodes were
placed next to the GSHS with the same interelectrode distance, and the electrodes were
connected to the LCR meter by alligator clips, as displayed in Figure 2.2a. The impedance
was measured from 42 Hz to 2 kHz. The result shows that the GET—skin interface
impedance is comparable with the gel electrode—skin impedance, although the GSHS
surface area (~0.245 cm?) is more than 10 times smaller than that of the gel electrode (~2.6
cm?).

Low contact impedance is essential for a high SNR in electrophysiological
measurements [211]. EEG, ECG, and EMG signals were measured using the GET (Figures
2.2b—d). The EEG signal was measured by laminating the GET on the forehead next to a
commercial gel electrode, as shown in Figure 2.2b. Reference and ground electrodes were
placed on the mastoid bone behind the right ear and on the forearm, respectively. No skin
preparation was performed before mounting all the electrodes on the skin. The signal was
amplified and recorded using a BrainVision recorder. During EEG measurement, the
subject was asked to keep his eyes open for 1 min and then close his eyes for another
minute. An alpha rhythm of frequency between 8 and 13 Hz is expected to appear in the
EEG when the subject closes his eyes and relaxes. Fast Fourier transforms (FFT) were
performed in MATLAB on EEG signals measured by the GET during eye opening and eye
closure. The alpha rhythm with a peak at 10 Hz is clearly visible in the eye-closed EEG. It
is evident in Figure 2.2b that the spectrograms of EEGs measured by the GET and gel
electrodes are almost identical, and the blinks and alpha rhythms are clearly visible in both
measurements.

The GET can also be laminated on the human chest to measure an ECG. Figure
2.2c shows the measurement setup and the ECG signal recorded by an AvatarEEG through

both a GEPS and commercial gel electrodes, with a 60 Hz digital notch filter applied.
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Characteristic ECG peaks (P, Q, R, S, T, and U) were clearly visible in both sets of data,
but the GEPS measurement showed slightly higher signal magnitude. The SNR of the ECG
measured by the GEPS was found to be 15.22 dB, which is higher than the SNR of the gel
electrodes (11 dB). This can be attributed to the higher surface charge density and surface
electric displacement field of graphene compared with Ag/AgCl gel, which results in the
more efficient capturing of electrical potential [212].

Application of a GET for EMG measurement was demonstrated by laminating a
GET on the human forearm. The electrical activity of the forearm flexor muscle was
measured using both the GEPS and commercial gel electrodes when the subject was
squeezing a handgrip (Figure 2.2d). An AvatarEEG was used to record the signal, and a 60
Hz digital notch filter was applied to both sets of recorded EMGs. The difference between
the signals measured by the GET and gel electrodes in Figure 2.2d is attributed to the offset

of electrode placement.

2.4 IMPACT BY MOTION ARTIFACTS

Another disadvantage of conventional dry electrodes lies in their high susceptibility
to motion. However, because of the ultimate skin conformability of the GET, it is expected
that the dry GET will have motion artifacts comparable with those of gel electrodes. To
validate this hypothesis, commercial gel electrodes is placed next to a GEPS on the chest
and artificial motions are induced in the skin by poking the chest with a glass rod at equal
distances from both pairs of electrodes during ECG measurement, as shown in Figures 2.3a
and b. The raw ECG signals recorded using the GET and gel electrodes, displayed in Figure

2.2¢, indeed show comparable motion artifacts.
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Figure 2.3: Comparison of motion artifacts in GET and gel electrodes [32]. (a, b) The
motion was induced by poking the chest using a glass rod. (¢) ECG
synchronously recorded by a GET and gel electrodes shows comparable
susceptibility to motion.

2.5 SUMMARY

The invention of a sub-micrometer-thick transparent GET is introduced in this
Chapter. The GET can function as a stretchable and noninvasive electronic tattoo for
multimodal biometric sensing. Although no adhesive is applied, the GET can fully conform
to the microscale morphology of skin and follow arbitrary skin deformation without any
fracture or delamination for an extended period of time. The GET was used to measure
multiple biosignals including electrode-skin contact impedance, EEG, ECG, and EMG. As

dry electrodes, the GET—skin interface impedance is almost as low as that of Ag/AgCl gel
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electrodes, which can be attributed to its ultimate conformability. As a result, the GET has
achieved comparable SNR with gel electrodes and demonstrated similar susceptibility to

motion.
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Chapter 3: Stretchability of Linear GET and of Its Electrical Contactss

In this Chapter, I report intrinsic electromechanical properties of linear graphene
electronic tattoo (GET) through in sifu microstructure and Raman investigations. This
Chapter offers fundamental insight into the failure mechanism of linear GET and its
electrical contacts, which is crucial for designing future graphene-based ultrathin

wearables.

3.1 OBJECTIVE AND OVERVIEW

Emerging flexible and stretchable electronics technologies are expected to disrupt
many conventional devices such as displays [213], robotics [28,214], wearables [3,22],
implantable [2], and energy generators [215], attributing to their thinness, softness,
ruggedness and lightweight. Particularly important in this field is to develop materials and
structures that can maintain electronic functionality under large, cyclic deformations.
Besides structurally designing conventional semiconducting and metallic materials into
stretchable shapes [216], intrinsically deformable functional nanomaterials emerge as
popular alternatives [2,217]. Nanomaterials used in soft electronics include carbon
nanotubes (CNTs) [218,219], metal nanowires (NWs) [220,221], two-dimensional (2D)
materials [222,223], and many more. Among them, graphene is the thinnest material (0.34
nm) that is also highly conductive both electrically and thermally, optically transparent,
mechanically robust, biocompatible, and potentially low cost [144,224,225]. As a result,
graphene has been widely applied as the electrode material in soft electronics, optics,
sensors, and energy devices [226,227] as well as the thermal dissipator for power devices

[228,229].

SH. Jang, Z. Dai, K-H. Ha, S.K. Ameri, and N. Lu, Stretchability of PMMA-Supported CVD Graphene and
of Its Electrical Contacts, 2D Materials, 7, 014003, 2020.
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While each of these applications exploits a different fundamental property of
graphene, they all depend on its mechanical integrity for structural reliability and device
performances. The mechanical behaviors of suspended graphene have been well studied
[224,230,231]. Through nanoindentation, the pioneering work by Lee et al. found the
pristine monocrystalline graphene to be the strongest material ever measured [224].
Specifically, the Young’s modulus of pristine graphene is found to be ~1TPa, with a
strength that can approach 130 GPa, and a surprising fracture strain up to 25% [224].
Defective graphene is more commonly used for electronics since graphene made with
scalable fabrication techniques inevitably contains defects such as grain boundary,
vacancies, and so on [232]. Interestingly, defects such as vacancies and oxygen-containing
groups can even make graphene more damage-tolerant at least in the nanoindentation tests
[233,234].

Herein, a monolayer CVD graphene was fabricated on 300-nm-thick PMMA
substrate, which has been successfully applied as GETs [4,169]. Due to the ultrathin nature
of the specimen, the Gr/PMMA ribbon was placed on a soft 3M Tegaderm tape for easier
handling. I clamped and stretched four straight Gr/PMMA ribbons uniaxially with in situ
electrical resistance measurement. Using R/Ro = 20 as the criterion to extract stretchability,
the Gr/PMMA stretchability was measured to be 14.5% =+ 1.1%, 45% higher than
previously reported stretchability of Gr/PET specimens [235]. For microstructure
characterization, in situ Raman spectroscopy and a high-power optical microscope were
used. Four different stages of deformation and fracture can be clearly identified by
combining the electrical resistance measurements and microstructure analysis. To
investigate the stretchability of electrical contacts with graphene, gold/polyethylene
terephthalate (Au/PET) or Gr/PMMA was laminated over Gr/PMMA and conducted

electromechanical measurements and microstructure examination similar to the Gr/PMMA
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ribbons. Very distinct behaviors were found for those two different types of electrical
contacts. Cyclic tests were carried out on Gr/PMMA under small and large strain levels

and the effects of PMMA thickness and Tegaderm adhesive were studied.

3.2 STRETCHABILITY OF CVD GRAPHENE ON POLYMER SUBSTRATES — A SURVEY

In practice, graphene is most often supported by a deformable substrate in soft (i.e.,
flexible and stretchable) electronic devices [227,236]. Therefore, the stretchability of
polymer-supported CVD graphene has also been studied. Table 1 summarizes available
results in the literature [68,74,235,237-239]. In this table, I only focus on CVD graphene
sheets although there exist other forms of CVD graphene, such as graphene foam [240],
graphene nanowalls [130], graphene scrolls [241] and graphene woven fabrics [242].
Depending on the type of substrate, the number of graphene layers, the boundary condition,
and the criterion to extract stretchability, the reported stretchability of graphene vary
significantly, from 2% up to 68%. So far, the easiest method for stretchability measurement
involves in situ electrical resistance measurement on graphene while stretching the
substrate. Stretchability can be identified as the strain when the resistance of deformed
graphene normalized by the undeformed graphene (R/Ro) reaches 10 or 20. In this study,
R/Ro =20 was chosen as the stretchability criterion in this study because that was the point
where the resistance of GET reaches ~1 Mohm where we considered it as non-conductive
for wearable electrodes. The biggest discrepancy comes from the different strain
quantification methods for graphene. It is well known that generally, graphene has weak
interaction with the underlying substrate and hence can easily slide against the substrate
when the substrate is deformed [243,244]. As a result, the strain transfer from substrate to
graphene can be very limited and vary significantly from case to case [245,246]. The

interface sliding may lead to higher apparent stretchability for unclamped graphene when
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substrate strain is used to report stretchability [68,74,237]. By contrast, when graphene is
clamped end-to-end [72,235] or local strain in graphene is measured using digital image
correlation (DIC) method [239], the reported stretchability of graphene is limited to 10%.
So far, only polymer substrates with hundred-micron thickness have been used. However,
with the emergence of epidermal electronics such as the graphene electronic tattoos
(GETs), graphene can be supported by much thinner substrates such as submicron-thick
poly(methyl methacrylate) (PMMA) to achieve ultimate conformability and
imperceptibility on human skin. The stretchability and failure mechanism of such
graphene-on-ultrathin-PMMA are still unclear. Moreover, graphene has to make electrical
contacts with other conductors in practice, but the stretchability of such contacts has never

been investigated.

# of layers of Strain quantification Criteria of
Reference Substrate 0., Stretchabili
CVD graphene method stretchability 24
Kim et al., 2009 PDMS 1 Graphene NOT clamped end-to-end Faitue 6%
(No R~¢ curve)
Verma et al., 2010 50 um PET 1 Graphene NOT clamped end-to-end R/R, =10 ~42%
Comparable
mobilities of
Leeetal., 2011 PDMS 3 Graphene clamped end-to-end electrons and 5%
holes
(No R~¢ curve)
) (R-Ry)/Ry=10 4.5%
Won et al., 2014 188 pym PET 1 Graphene strain measured by DIC RIRy=20 10%
Lee et al., 2017 188 pm PET 1 Graphene clamped end-to-end R/Ry=20 10%
1 Specimen mounting and strain oiiad
Liu et al., 2017 0.1 mm SEBS 2 P A RIRy=20 ~58%
definition unclear
3 ~68%
Chun et al., 2017 120 pm PDMS 1 Graphene NOT clamped end-to-end AR/R,~ 8.5 20%
Current work SO0 EMETAon 1 Graphene clamped end-to-end R/Ry,=20 14.5% = 1.1%

47 um Tegaderm

Table 3.1: A survey of the stretchability of CVD graphene on different polymer
substrates under different strain quantification methods [247].
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3.3 STRETCHABILITY AND ELECTROMECHANICAL BEHAVIORS OF GET

Figure 3.1:
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Uniaxial tensile test with in situ electrical resistance measurement [247]. (a)
A schematic of the experimental setup where graphene was covered by
AUu/PET for electrical contact and fully clamped at the two ends. (b)
Representative raw and smoothed curves of measured normalized electrical
resistance of graphene (R/Ry) as a function of the applied strain (eapp). (¢)
Slope of the curve in (b) (d(R/Ro)/deapp) (red) and the gauge factor (GF =
(AR/R)/eapp) (blue) as functions of the applied strain. (d) Illustrations of the
four-stage deformation and fracture of Gr/PMMA.
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To investigate the stretchability and electromechanical behaviors of Gr/PMMA
ribbons, a homemade stretcher was used with a gear motor (TS-32GZ370-5300, Tsiny) to
apply uniaxial tension and a data acquisition (DAQ) system (NI Elvis II) to measure
electrical resistance in situ (Figure 3.1a). The Gr/PMMA ribbon supported by a 3M
Tegaderm tape was clamped end-to-end to ensure that the applied strain was completely
imposed on the ribbon specimen. The metal-based clamps of the stretcher were covered by
double-sided tape (DST) for electrical insulation and mechanical buffer between the rigid
clamps and the Gr/PMMA ribbon. The adhesive on the DST prevented the slippage of the
specimen during tension. Two flexible Au/PET (100-nm-thick Au on 12.7-um-thick PET)
ribbons were clamped together with Gr/PMMA at each end with Au touching graphene
and alligator clips directly clipped on the extended parts of the Au/PET ribbons. The gauge
length was 25 mm and the Gr/PMMA and Tegaderm width was 2 mm and 25 mm,
respectively. The specimen was stretched uniaxially under a strain rate of 5.2 x 10 s,
According to a two-dimensional (2D) finite element analysis (FEA) of an assumed intact
specimen (with Tegaderm) subjected to applied strains up to 20%, the majority of the
Gr/PMMA ribbon undergoes uniform uniaxial strain as large as the applied strain (Figure
Al). It implies that such an experimental setup allows almost all applied strains to be
imposed on the ribbon specimen if the specimen were not cracking.

The electromechanical results of the uniaxial tensile tests are presented in Figure
3.1b, which plots the electrical resistance of the graphene ribbon normalized by its initial
resistance (R/Ro) as a function of the applied strain until the ribbon fully fractures, i.e.,
when the resistance blows up. Raw data is plotted as the black curve. Fluctuations in the
raw data could result from cracking in graphene. The raw data represented by the black
curve was smoothed out to be the red curve using an adjacent-averaging method.

Experimentally measured R/Ry vs. eapp curves of three more specimens are offered in Figure
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A2. They show similar characteristics with the curve in Figure 3.1b but have slightly
different rupture strains. If stretchability was defined using the criterion R/Ro = 20, the
average stretchability of the four Gr/PMMA ribbons tested is 14.5% with a standard
deviation of 1.1%. It is 45% higher than previously reported Gr/PET specimens under the
same criterion [42,43] and the explanation will be offered after examining the
microstructures of the deformed specimens. In Figure 3.1c, the slope of the smoothed R/Ro
vs. eapp curve defined as d(R/Ro)/deapp 1s plotted as the red curve and the widely used gauge
factor GF' = (AR/Ro)/eapp 1s plotted as the blue curve although GF does not mean much for
a nonlinear R/Ro vs. eapp curve. Despite the continuous growth of graphene resistance, the
slope of the resistance curve is nonmonotonic. Focusing on the red curve in Figure 3.1c,
the slope starts from 0 but grows rapidly until an applied strain of 2.5% where the slope
starts to decrease. The slope exhibits a U-shape until an applied strain of 15% where rapid
growth kicks in again. Combining the slope analysis and the microstructure analysis in the
next section, I have characterized the Gr/PMMA deformation and fracture process into four
distinct stages as illustrated in Figure 3.1d. Stage I (0% ~ 0.9%) is the pre-cracking elastic
deformation stage and grain boundaries (blue) and defects (red) in graphene are illustrated.
Stage I (0.9% ~ 2.5%) is the stage when limited number of micro-cracks appear and grow
to a limited length (~ 3 um) in graphene and then halted, which is therefore named the
“stage of limited micro-cracking in graphene.” Stage III (2.5% ~ 8%) is the stage when
many new micro-cracks initiate and grow in graphene, which is therefore called the “stage
of extensive cracking in graphene.” Stage IV (> 8%) is the stage of macro-cracking of
PMMA and hence graphene until a complete electrical failure. In Stage IV, the raw
resistance curve (black curve in Figure 3.1b) exhibits increasing fluctuation possible due
to the macro-cracking of PMMA and hence graphene. The argument for Stages II and III

comes from a previous stretchability study of monolayer CVD graphene on PET [235].
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Through a careful study of how crack length and crack number evolve with strain, it
concluded that micro-cracks in graphene start to form at ~1% and they grow to a critical
size (~3 um) at ~2.5%; beyond 2.5%, existing cracks stop growing but new cracks start to
initiate and grow; beyond 8%, many cracks grow beyond 3 pm. In the next section, I will
present our own semi-in sifu Raman and optical micrographs to further justify our proposed

four-stage deformation and failure of Gr/PMMA, especially at large strains.
3.4 MICROSTRUCTURE ANALYSIS OF GET UNDER DEFORMATION

3.4.1 Raman Mapping under Uniaxial Tension
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Figure 3.2: Raman mapping over 20 um x 20 um graphene at 0%, 2% and 4% of
applied strains [247]. Black arrows indicate the direction of stretching.
Blueshift and redshift indicate tension and compression, respectively.

To understand the measured change of resistance during the stretch, first in situ
microstructure analysis was carried out by Raman mapping. The measurements were
performed by placing the specimen on a customized low-profile stretcher directly under
Raman spectroscopy. Figure 3.2 offers the Raman mapping results within one grain of the
graphene (20 pm x 20 um) at applied strains 0%, 2% and 4%. The 2D peak position of

undeformed graphene was found to be 2713 cm! from Figure A3, and it was used as the

43



2D peak position at 0% of the applied strain. The 2D peak shift was converted to uniaxial
strain using their linear relationship [248] and both are labeled in the color code of Figure
3.2. According to the Raman mapping, redshifts of 2D peak were present on the graphene
from the beginning, which corresponds to an average compressive strain of 0.24%. This
residual compressive strain could be attributed to the transfer or specimen mounting
processes. Under 2% of applied strain, the average strain in graphene became 0.083% in
compression and some region of graphene was stretched up to 1.04% of strain in tension,
implying that overall the graphene layer was stretched but the applied strain was not fully
experienced by the graphene. As graphene was clamped end-to-end, the small strain in
graphene can be attributed to three possible mechanisms: 1) flattening of ripples, 2) the
micro-cracking in graphene, and 3) graphene sliding against PMMA. As the applied strain
further increased, however, average strain in graphene dropped to 0.32% in compression

possibly due to more significant sliding.

3.4.2 High-Power Optical Microscopic Analysis

For optical microscopic analysis, it is first confirmed that graphene near the edges
of the grippers did not crack before the central region and thereafter the central region of
the specimen was always focused for the observation. At large strains, two distinct types
of cracks, the micro-cracks of graphene and the macro-cracks of PMMA, are identified
employing the contrast difference in the optical micrographs under high magnifications
(Figure 3.3, Figures A4-A7). Among many micrographs with repetitive behaviors, Figure

3.3 showcases the representative micrographs of the Gr/PMMA ribbon under different
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Figure 3.3: High-power optical micrographs of the Gr/PMMA under 500x (first and
third rows) and 2000x (second and fourth rows) magnifications at (a) 0%,
(b) 4%, (c) 10% and (d) 16% of applied strains (&ypp) [247]. Tensile strain
was applied along the vertical direction of the micrographs. Yellow dashed
lines highlight the edges of PMMA. Black boxes offer blown-up views of
graphene cracks.

strain levels. Two sets of micrographs of unstretched graphene (0%) are exhibited in Figure
3.3a. The small boxes indicate the regions to be magnified and the corresponding blown-
up views are located right below. Although full of ripples inherited from the grain
boundaries of the growth Cu foil, no cracks can be observed in graphene at 0%. When the
Gr/PMMA ribbon was stretched vertically by 4%, micro-cracks of graphene in the size of
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tens of microns became visible in the black dashed boxes within the magnified views
(Figure 3.3b). At higher applied strains (10% and 16%), macro-cracks of 300-nm-thick
PMMA in the size of sub-millimeters were observable and the yellow dashed lines
highlight the macro-crack and edge of PMMA (Figure 3.3c). At a given applied strain, the
micro-cracks of the graphene are bigger and denser near the crack tips of PMMA. They
further grew with increasing applied strain (Figures 3.3¢ and 3.3d). As electrical current
can still flow through the Gr/PMMA ribbon as long as a conductive path can be found,
electrical resistance was still measurable even with those micro- and macro-cracks. Finally,
the macro-cracks interconnected with each other, forming a complete transverse rupture of
the whole ribbon, which completely cut off the current flow and killed the electrical
resistance.

Combining the microstructure analysis with the electromechanical measurement
results in Chapter 3.3, the deformation and fracture of the Gr/PMMA ribbon is classified
and justified into four distinct stages as illustrated by the schematics in Figure 3.1d. Stage
I is before the applied strain reaches 0.9%, up to which point there is no significant change
in resistance. It is hypothesized that the compressive residual strain in the unstretched
graphene during the wet-etch and transfer process releases in this stage [249] and initial
ripples in the specimen get flattened, and therefore the resistance change is insignificant.
Although the grain boundaries (GBs) of the graphene are represented by blue hexagons for
Stage I schematic in Figure 3.1d, in reality, the GBs should be misoriented and overlapped.
Moreover, structural defects such as the non-homogenous size of the carbon hexagons and
irregular geometrical shapes (polygons) are not reflected in this schematic. Getting into
Stage 11, the resistance elevates rapidly up to 2.5% of applied strain possibly due to the
formation of similar-sized micro-cracks in graphene as illustrated by the red-highlighted

zones in Stage II schematic of Figure 3.1d according to [235]. From 2.5% to 8%, in Stage
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II1, the slope of R/Ro vs. eapp curve decreases as a result of substantial strain relaxation due
to sliding, despite the initiation and growth of new micro-cracks as illustrated in Stage I1I
schematic of Figure 3.1d. Beyond 8% is Stage IV, where the slope of R/Ry vs. eapp curve
starts to increase due to the macro-cracking of PMMA and hence graphene as illustrated
by Figure 3.1d Stage IV schematic. This statement is supported by micrographs in Figures
3.3c,d and A4-A7. The resistance increases abruptly beyond 14.5% and the ribbon breaks
completely around 19% of the applied strain. Based on a consistent fracture criterion, i.e.,
R/Ro = 20, the stretchability of our Gr/PMMA ribbon is 14.5% =+ 1.1%, 45% higher than
that of PET-supported graphene [235]. The enhancement in stretchability can be attributed
to the macro-cracks in PMMA. In fact, strategically designed cuts have been intentionally
fabricated in kirigami nanocomposites and auxetic metamaterials to enhance their
stretchability. This is because the tensile displacement can be accommodated by the
opening of the pre-engineered cuts, which helps release strain in the intact region of the
specimen. Based on the repeatability test over four different specimens (Figure A2), the
strain levels defining the stages vary a bit from specimen to specimen. Such variation can
be attributed to the different microscopic and macroscopic defects in graphene caused by
the CVD growing process, the metal etching process, the wet transfer process, the push-
cut process, the final pasting process and/or the specimen mounting process.

As micro-cracks in graphene initiate at 0.9%, the three R/Ro vs. eapp loading-
unloading curves in Figure A8 are all irreversible. The extensive sliding between Gr and

PMMA at large strains further enlarges the hysteresis in the loading-unloading curves.
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3.5 STRETCHABILITY OF ELECTRICAL CONTACTS WITH GET

In practice, graphene-based devices such as the graphene e-tattoos (GETs) must
connect with readout circuits through electrical contacts. Therefore, the stretchability of
the electrical contacts with our Gr/PMMA ribbon is found in this study. Two Au specimens
were prepared through thermal evaporation and stretched to find out their intrinsic
stretchability before contacting with graphene. The first Au specimen was 100-nm-thick
Au on 10-nm-thick Cr on 300-nm-thick PMMA (Au/Ct/PMMA) which is the same PMMA
as in the Gr/PMMA specimen. The second Au specimen was 100-nm-thick Au on 13-pm-
thick PET (Auw/PET). Both were prepared to have the same in-plane dimensions as the
Gr/PMMA specimens and measured the same way as the Gr/PMMA specimens. Their R/Ro
Vs. eapp curves are plotted together with the Gr/PMMA one in Figure 3.4. It is evident that
the Au/Cr/PMMA specimen fully ruptured at 1% whereas the Au/PET specimen failed at
~23%. This is consistent with the previous finding that the thicker and stiffer substrate
better spreads the strain in the metal thin film hence affords much higher stretchability. As
aresult, the Au/PET ribbon was chosen to make electrical contact with Gr/PMMA because
it is much more robust than the Au/Cr/PMMA and the Gr/PMMA specimen. Of course one
can also use other stretchable electrical connectors based on PEDOT:PSS or polymer

doped with AgNWs, CNTs, and metal nanoparticles [53,250].
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Figure 3.4: Normalized electrical resistance of Gr/PMMA (black), Au/Cr/PMMA
(orange), and Au/PET (magenta) ribbons plotted together against the applied
strain [247]. The three insets display the center region of the Au/Cr/PMMA,
Gr/PMMA and Au/PET specimens at failure.

The stretchability of electrical contacts with Gr/PMMA is presented in Figure 3.5.
The 3D inset in Figure 3.5a left panel illustrates the electrical contact between Gr/PMMA
and Au/PET. An anisotropic conductive film (ACF, 3M 9703) was applied between
graphene and Au for secure bonding. Uniaxial tension with in situ resistance measurement
was carried out for this hybrid specimen and the R/Ro vs. eapp curve is plotted in Figure 3.5a
left panel. The micrograph of the interface at the fracture point (2.6%) is provided in the
right panel of Figure 3.5a. It is evident that the Gr/PMMA ribbon ruptured along the edge
of the Au/PET ribbon due to the significant mismatch in mechanical stiffness — 1.24 N/mm
for Gr/PMMA and 46.9 N/mm for Au/PET. To minimize the stiffness mismatch, I chose
to apply a Gr/PMMA to bridge two disconnected Gr/PMMA ribbons as illustrated by the

inset in Figure 3.5b left panel. The Gr/PMMA ribbon was thin enough to make electrical
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contact with another Gr/PMMA ribbon via just van der Waals forces, so no ACF was
applied in this case. I will refer this specimen as the bridged Gr/PMMA specimen in the
follows. Figure 3.5b plots the raw and smoothed R/Ro vs. eapp curves for this specimen
together with that of a continuous Gr/PMMA specimen for comparison. Despite the large
fluctuation in resistance, the bridged Gr/PMMA specimen exhibits slightly higher
stretchability than the continuous Gr/PMMA specimen. Both the fluctuation in resistance
and the larger stretchability can be attributed to the sliding between lower and upper
graphene. Graphene-graphene sliding is easy to occur and has been widely observed and
investigated [251,252]. Both micro- and macro-cracks were visible in the lower Gr/PMMA
ribbons and more cracks were concentrated near the edge of the interface as evident in the
micrographs offered in the right panel of Figure 3.5b. Once the resistance started to change
under applied strains, it was not reversible due to the crack formations (Figure A9).
However, compared to the loading and unloading curves of the continuous Gr/PMMA
specimen (Figure AS), the loading curves of the bridged Gr/PMMA specimen exhibits
larger flat regions, which should result from the sliding between the graphene layers. The
improved stretchability for Gr/PMMA to Gr/PMMA contact over Gr/PMMA to Au/PET
contact demonstrates that minimizing mechanical stiffness mismatch is the key to

enhancing the stretchability of such contacts.
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Figure 3.5: The stretchability of electrical contacts with Gr/PMMA [247]. (a) Au/PET
and (b) Gr/PMMA overlayer laminated on Gr/PMMA with Au or graphene
facing graphene to make electrical contacts. Au/PET was attached to
Gr/PMMA through ACF adhesive but nothing was applied between two
Gr/PMMA. The left panels plot the normalized end-to-end electrical
resistance vs. applied strain. Right panels are micrographs at the edge of the
contact taken at the fracture point. Red dashed line in the micrograph of (b)
highlights the edge of the top Gr/PMMA.
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3.6 DISCUSSION

This section provides some additional information regarding the stretchability of
Gr/PMMA: the cyclic behavior, the effects of PMMA thickness, and the effect of adhesives

at the interface between Gr/PMMA and the substrate.

3.6.1 Cyclic Behaviors of GET
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Figure 3.6: Normalized resistance of the Gr/PMMA ribbon under applied cyclic strain
of (a) 0-2% at 0.5 Hz and (b) 0-8% at 0.125 Hz [247].

Although the fatigue behavior of graphene composites has been well studied
[253,254], the fatigue behavior of graphene on polymer has been rarely discussed. I,
therefore, carried out cyclic electromechanical tests on Gr/PMMA ribbons from 0% up to
two different strain levels — 2% and 8%. The two strain levels represent two different stages
in the deformation and failure process — 2% is in State II when a limited number of micro-
cracks appear in graphene, but they tend not to grow beyond 3 pm [235]; 8% is the
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beginning of Stage IV when macro-cracks in PMMA emerge. The same strain rate of 1 x
102 s'! was applied in both tests. Figure 3.6 plots the normalized resistance as a function
of cyclic time (bottom axis) and number of cycles (top axis). For 2% of applied strain, the
resistance of graphene exhibited a sharp rise upon first stretch followed by a gradual decay
with growing number of cycles up to 10,000 cycles. The reason for such decay in resistance
remains elusive for us at this moment. It is speculated that it may have something to do
with graphene sliding and buckling during the repetitive loading and unloading process. In
contrast, the resistance of graphene continued to grow in the cyclic test up to 8% of applied
strain and reached complete failure only after the 8" cycle (Figure 3.6b). Multiple macro-
cracks in PMMA were observable at the failure point. This is consistent with the known

fatigue behavior of PMMA [255].

3.6.2 Effect of Polymer Thickness

As a thermoplastic polymer, both ductile and brittle fracture modes exist in PMMA.
When the thickness of PMMA is increased, brittle fracture mode is favored. To illustrate
the effect of PMMA thickness, the stretchability of monolayer graphene and 100-nm-thick
Au supported by a thicker PMMA (1-pum-thick) were also measured, and the results are
presented in Figure 3.7. In Figure 3.7a, it is obvious that compared with the stretchability
of graphene on 300-nm-thick PMMA (14.5%), the stretchability of graphene on 1-pm-
thick PMMA is only 10% and the ribbon was failed by only one straight and brittle crack
(inset of Figure 3.7a). However, the effect of PMMA thickness on 100-nm-thick Au ribbon
is quite the opposite as shown by Figure 3.7b — the specimen with 300-nm-thick PMMA
ruptured at 1% whereas that with 1-pm-thick PMMA ruptured at 1.4%. This is because

both strains are way below the brittle fracture strain of the PMMA. Therefore, according
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to fracture mechanics of thin films, the thicker PMMA provided more substrate constraint

on Au nanomembrane and hence helped enhance its stretchability.
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Figure 3.7: PMMA thickness effect on the stretchability of (a) the Gr/PMMA ribbons
and (b) Au/PMMA ribbons [247]. The inset in (a) shows the brittle fracture
of graphene on 1-pm-thick PMMA at the applied strain of 10%.

3.6.3 Effect of the Adhesion between GET and Substrate

Because the Gr/PMMA ribbon was placed on the native adhesive of the Tegaderm
tape, there could be a concern of the adhesive effect. As a result, a contrast experiment was
carried out in which case the Gr/PMMA ribbon was transferred to the non-sticky side of
Tegaderm. Figure 3.8a plots the R/Ro vs. expp curves of both cases in one chart, which
indicates that the stretchability is independent of the adhesive. This finding can be
understood as follows. Although the adhesive force is low on the non-sticky side of
Tegaderm, the Gr/PMMA ribbon was still able to well conform to the Tegaderm via van

der Waals forces due to its thinness (300 nm). Therefore, there was negligible sliding under
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deformation until macro-cracks appeared in PMMA, where delamination between the
ribbon and the Tegaderm substrate was clearly observable at the macro-cracks (Figure
3.8b). Because such cracks were sparse, the sliding after such cracking could make very

limited contribution to the stretchability.
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Figure 3.8: Effect of Tegaderm adhesive on Gr/PMMA stretchability [247]. (a)
Comparison of the normalized resistance vs. applied strain for Gr/PMMA
ribbons transferred on the sticky (black) and non-sticky (red) sides of the
Tegaderm. (b) The micrographs at fracture on the non-sticky side. Black
dashed lines indicate the edge of the Gr/PMMA ribbon. Red circles
highlight the delamination of the Gr/PMMA around the macro-cracks.

3.7 SUMMARY

To conclude, 300-nm-thick Gr/PMMA ribbons suitable for the applications of
stretchable and wearable electronics were fabricated and measured its stretchability to be

14.5% + 1.1% according to the criterion of R/Ro = 20. The ribbon did not fully rupture until
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~19% of the applied strain. Four distinct deformation/fracture stages were successfully
identified when combining the electromechanical measurement with the in situ
microstructure analysis. Micro-cracks in graphene started to emerge at very low applied
strains (~0.9%) and form similar-sized cracks until ~2.5% of the applied strain. After 2.5%
of the applied strain, more micro-cracks initiated and propagated. Macro-cracks in PMMA
developed after an applied strain of ~8%. Both sliding between graphene-PMMA and the
macro-cracks in PMMA helped alleviate the tensile stress in graphene, resulting in smaller
resistance rise and higher stretchability. But the resistance curves are irreversible due to
such cracks. The stretchability of different electrical contacts with the Gr/PMMA specimen
was also investigated and concluded that minimizing mechanical stiffness mismatch
between the two contacting parts can effectively enhance the stretchability of these
contacts. It was found that Gr/PMMA can be highly cyclable up to 2% but not 8§%.
Although PMMA thickness has a significant effect on Gr/PMMA stretchability, the
Tegaderm adhesive does not. This study provides a comprehensive understanding of the
stretchability and fracture behaviors of graphene supported by ultrathin polymer substrates
and their electrical contacts. Therefore, it offers useful insights for designing future

graphene-based soft electronic devices.
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Chapter 4: Enhancing the Stretchability of GET Electrical Contacts
Through Heterogenous Serpentine Ribbons (HSPR)¢

In this Chapter, a novel interface design, so-called heterogeneous serpentine
ribbons (HSPR) that forms a mechanically reliable interconnection between GET and a
rigid back-end circuit, is introduced. This concept is validated by numerical and
experimental analysis. This method offers a solution for the long-standing interconnect

challenges between ultrathin electrodes and rigid electronics.

4.1 OBJECTIVE AND OVERVIEW

An outstanding challenge is to reliably interface the sub-micron-thin, stretchable
GET with millimeter-thick, rigid printed circuit board (PCB) for data acquisition and
wireless data transmission. Although GET is stretchable, the sub-micron thinness makes it
rupture easily under even a tiny force [247]. Therefore, conventional electrical connections
for thin-film sensors such as soldering or z-axis conductive tapes are not applicable to GET.
Silver paste and liquid metal have been employed to form a softer electrical contact with
graphene [66,68]. However, their liquid-like form factor defeats the concept of solid-state
electronics and also adds to the thickness and visibility of the device. In fact, reliable and
viable electrical contacts and packaging remain to be an outstanding challenge for other
ultrathin flexible and stretchable devices [256—259]. An effective and easy-to-implement
terminal connection has to be invented to overcome this longstanding barrier.

Here, we propose using heterogeneous serpentine ribbons (HSPR) to reliably
connect serpentine GET on the palm to a rigid EDA watch worn on the wrist. HSPR

represents a GET serpentine that partially overlaps with a sub-micron-thin gold-on-

6H. Jang, K. Sel, E. Kim, S. Kim, X. Yang, S. Kang, K-H. Ha, R. Wang, Y. Rao, R. Jafari, and N. Lu,
Graphene E-Tattoos for Ambulatory Electrodermal Activity Sensing on the Palm Enabled by
Heterogeneous Serpentine Ribbons, Nature Communications, Under Review, 2022.
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polyimide (Au/PI) serpentine which is also laminated on the skin, with graphene facing
down and Au facing up so that they make direct electrical contact through just van der
Waals (vdW) forces. No adhesive is needed for the HSPR because the GET is too thin to
delaminate from the Au even with just vdW adhesion. According to finite element
modeling (FEM), the HSPR offers 50 folds of strain reduction at the interface compared to
heterogeneous straight ribbons (HSTR), i.e., a straight GET ribbon partially laminated on
a straight Au/PI ribbon. Moreover, when the HSPR is clamped end-to-end and stretched,

no electrical failure can be detected until 42% of strain.

4.2 FABRICATION PROCESS
Spin-coat polyamic acid Etch Cu foil in FeCl, Transfer Gr/PI (GET) Laminate Au/PI onto Gr/PI
(PAA) on CVD graphene solution onto a tattoo paper

V. A/
Water

“ L o
-»\ #\ »//,/ﬂ//’/

Laser cut of HSPR Peel off extraneous area Paste HSPR onto skin HSPR on skin

- Copper - Graphene Au PI Tattoo Paper Skin

Figure 4.1: Laminate-cut-paste fabrication of HSPR (Arm). Polyimide (PI) precursor —
polyamic acid (PAA) is spin-coated on a CVD graphene grown on a Cu foil.
The Cu is etched in FeCls solution, and the PI-supported graphene (Gr/PI) is
transferred onto a commercial tattoo paper with graphene facing up. 100-
nm-thin Au deposited on 650-nm-thin PI is partially laminated over the
GET. A UV laser carves the two sheets into HSPR (Arm) which indicates
that the Au/PI terminates at the arm of the serpentine. The patterned HSPR
(Arm) can be pasted onto human skin by wetting the tattoo paper.
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Our group previously developed a “wet transfer, dry patterning” process to
fabricate GET [260]. It involved a conventional wet transfer of large-area CVD graphene
through PMMA coating and copper etching but utilized a “cut-and-paste” process [261] to
pattern the graphene/PMMA bilayer by mechanical or laser cutting to avoid chemical
contaminations on graphene associated with photolithography. To fabricate HSPR, I adopt
the same wet transfer process except that we switch the backing layer from PMMA to PI
given the better stretchability of PI. Because the serpentine ribbons are hard to align after
patterning, it is decided to perform cutting on a heterogeneous sheet of Au/PI-GET where
the Au/PI is strategically overlapped with GET, depending on where I want to locate the
Au/PI step edge.

Figure 4.1 illustrates the overall “laminate-cut-paste” fabrication process of HSPR
starting from forming a 300-nm-thin PI layer over a large-area CVD graphene grown on
copper (Grolltex Inc.). The curve of PI on graphene thickness vs. spin-coating speed is
reported in Figure A10. After curing the PI layer, the copper foil is etched in ferric chloride
(FeCl3) solution and the graphene/PI bilayer (Gr/PI) is rinsed in DI water. The sheet
resistance of monolayer Gr on PI is measured to be 1.2 kOhm/sq. To reduce the resistance,
one more CVD graphene layer is added by simply laminating the Gr/PI on another CVD
graphene on copper with graphene touching each other and then etching away the copper.
The sheet resistance of Gr/PI is reduced 2.9 times to 410 Ohm/sq by forming bilayer
graphene. The bilayer graphene supported by a PI is transferred onto a commercial
temporary tattoo paper (temporary tattoo paper, Silhouette America Inc.) with graphene
facing up.

Next, 750-nm-thin Au/PI bilayer (100-nm Au on 650-nm PI) with a cutaway is
laminated on the same tattoo paper with Au facing the graphene and a partial coverage over

the Gr/PI. To fabricate the 750-nm-thin Au/PI layer, Polyamic acid (PAA) solution is
59



diluted with N, N-Dimethylacetamide (DMA) with a 2:1 volume ratio. The diluted PAA
solution is spin-coated at 1000 rpm for 45 s on a 25-um-thick Copper foil and pre-baked
at 150°C for 5 min and baked at 250°C for 60 min. The copper foil is etched in ferric
chloride (FeCls) solution for 2 hours then transferred on a tattoo paper. To improve
adhesion between Gold and a polyimide film, 5-nm-thin Chromium is deposited first on
the polyimide film and then 100-nm-thin Gold is deposited.

Laser cutting of the HSPR needs to align with the Au/PI cutaway to locate the edge
of the Au/PI at the arm of the G1/PI serpentine. After the extraneous areas are removed, the
HSPR on the tattoo paper can be flipped over to paste to a target substrate, such as
elastomer or skin. The HSPR can be released effortlessly by wetting the backside of the
tattoo paper, leaving a GET over Au/PI HSPR on the skin where the step edge is located at
the arm of the GET serpentine. To locate the step edge at the crest of the GET serpentine,
no cutaway in the Au/PI is needed and the edge of the Au/PI should align with the crest of

the GET serpentine which is defined by the laser patterning.

4.3 MECHANICAL CHARACTERIZATIONS OF HSPR

Edge of Au/PI N
N N Q)
X Edge of o § X ) |
ge of GET ) S . S’ N
HSTR HSPR (Crest) HSPR (Arm)
I GeT 750-nm-Thick Aw/PI Substrate

Figure 4.2: Three different heterogeneous configurations (HSTR, HSPR (Crest), HSPR
(Arm)) are stretched experimentally and numerically. The red arrow and
black arrow highlight the edge of Au/PI and the edge of GET, respectively.
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Mechanical characterization and analysis of HSPR are detailed in this section. Two
benchmarking cases including the straight GET ribbon (not drawn) and the HSTR (Figure
4.2 left panel) are considered as non-engineered uniform ribbon and non-engineered
heterogeneous interface, respectively. Two different HSPR cases - HSPR (Crest) (Figure
4.2 middle panel) and HSPR (Arm) (Figure 4.2 right panel) are investigated. All ribbons
are supported by 100-pm-thick Ecoflex 00-30 substrate which mimics the human skin. I
always use red arrows to indicate the step edges of Au/PI and black arrows to signify the
edges of GET in the heterogeneous ribbons. In this work, a 300-nm-thin GET is interfaced
with a 750-nm-thin Au/PI to form HSTR and HSPR. As an electrical connector for GET,
the 750-nm-thin Au/PI is chosen because it can satisfy the following requirements. First,
the electrical connector should be stretchable more than 45% [262] since it will be placed
across the wrist where large skin deformation can occur. Second, according to our previous
work [247], a smaller mechanical stiffness mismatch between GET and the interfacing
electrical connector yields higher stretchability of the interface. The 750-nm-thin Au/PI is
only 2.5 times thicker and 7.7 times stiffer (stiffness is computed as the summation of the
multiplication of modulus and thickness of each layer) than GET while it can provide
enough stretchability of 65 + 4.9% when it’s patterned into a serpentine shape (Figure
Al1). In contrast, conventionally used 13-um-thick Au/PI sheets are 37.6 times stiffer than
GET, which only achieved a stretchability of 2.6% when forming an HSTR with the GET
[247]. It should be noted that electrical connectors other than Au/PI can also be used as

long as the above requirements are met.

61



4.3.1 Serpentine Geometry Effect

Once the material properties of HSPR are fixed, another factor that can affect the
stretchability of HSPR is the serpentine geometry. To unveil the governing factors, I carry
out a parametric study for the configuration of HSPR (Arm) using FEM. For the FEM
simulation of HSPR, the commercial software ABAQUS (standard 6.13) was employed.
Dynamic implicit step with nonlinear geometry was implemented. The HSPR and the
stretching substrate (100-pm-thick Ecoflex) were modeled using a 3D deformable shell
with S4R elements. Each layer was partitioned accordingly and assumed that there was no
delamination at the interface. For GET, 300-nm-thin PI was assigned as an elastic material
with a modulus of 2.5 GPa and Poisson’s ratio of 0.34. For Au/PI, 100-nm-thin Au was
assigned as an elastic material with a modulus of 79 GPa and Poisson’s ratio of 0.42, and
650-nm-thin PI was assigned with the same PI property shown above. Ecoflex was
modeled as an incompressible Neo-Hookean hyperelastic material with a modulus of 0.1
MPa. The HSPR was stretched end-to-end with 20% of applied strain and no out-of-plane
deformation was allowed. As depicted in Figure 4.3a, our previous work has defined the
unit cell of the serpentine geometry by four parameters: the ribbon width w, the arc radius
r, the arc angle a, and the arm length / [263,264]. After normalization, there are three
dimensionless parameters w/r, I/r, and a. Some examples of serpentine shapes are
displayed in Figure 4.3b-d. Our FEM results are presented in terms of the strain reduction
(i.e., maximum strain in GET over applied strain (&,4x/€qpp)) depending on w/r, I/r, and
a. I find that w/r has the largest impact on the strain reduction — almost three folds when
w/r decreases from 0.8 to 0.2 (Figure 4.3¢). Regarding the effects of //r and «, the largest
strain reduction occurs when //r is between 0 and 0.5, and « between 0° and 20° (Figure
4.3f,g). In fact, the values of //r and a enabling the largest strain reduction also depend

on the level of extension. As skin deformation is generally considered to be around 20%
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[265,266], a HSPR shape is chosen with w/r =0.2, [/r =0.5 and a = 20° for the following

experimental investigation. The ribbon width is fixed to w =1 mm for easy laser patterning.
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Figure 4.3: Parametric study of HSPR (Arm) geometry. (a) Geometric parameters, (b-d)
Schematics of HSPR (Arm) geometry depending on (b) w/r, (c) //r, and (d)
a. Dark grey, red, and yellow indicates GET, GET on Au/PI, and Au/PI,
respectively. Strain reduction of HSPR (Arm) depending on (e) w/r, (f) //r,
and (g) a, accordingly.
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4.3.2 Experimental Stretchability

The widely adopted electrical resistance vs. strain measurements of conductive thin
films was used to determine the stretchability. Figure 4.4a displays the end-to-end electrical
resistance of ribbons supported by Ecoflex substrates normalized by its initial resistance
(R/Ro) as a function of the applied uniaxial tensile strain for different types of ribbons
including an HSTR (black curve), a straight GET (green curve), an HSPR (Crest) (blue
curve) and an HSPR (Arm) (red curve). The two ends of each ribbon are fully clamped to
ensure that they are fully subjected to the applied strain. The R/Ro are measured until the
ribbons fully rupture (i.e., when the resistance blows up). The fracture site and the step
edge of the Au/PI are highlighted in the corresponding micrographs by red-dashed circles
and red arrows, respectively (Figure 4.4a). As expected, fracture occurs at the Au/PI step
edge for the HSTR and the HSTR (Crest). For HSPR (Arm), however, fracture happens at
the crest of the GET instead of the Au/PI step edge, which implies that the crest of the GET
experiences an even larger strain than the GET at the Au/PI step edge. Here, we used more
conservative stretchability criteria (R/Rp = 2) because this amount of change is equivalent
to the amplitude of electrodermal activity (EDA) signals (tens of kohms) when the HSPR
is applied for a wearable EDA sensor. Using R/Ro = 2 to quantify stretchability, the
stretchability of the HSTR is found to be the lowest (4.4 + 1.1%)), followed by the straight
GET (9.8 £ 0.3%), then the HSPR (Crest) (32 +4.7%), and the highest one is HSPR (Arm)
(42 + 2.6%). These stretchability results are summarized in a bar chart in Figure 4.4b. The
standard deviation is calculated based on three tensile tests on three different specimens of
the same configuration. Generally speaking, serpentine ribbons are much more stretchable
than straight ones. It is also anticipated that the HSTR would have lower stretchability than
the straight homogeneous GET due to the stiffness mismatch at the Au/PI step edge in the

HSTR. The stretchability of HSPR (Crest) is lower than that of the HSPR (Arm) is also
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reasonable because generally, serpentine inner crests have larger strain than the arms. But
with the step edge, this conclusion would require a closer look through FEM. What is out
of expectation is that the HSPR (Arm) stretchability is similar to that of a homogenous
serpentine GET (48 + 3.4%) (Figure A12). This is because the HSPR (Arm) has the same
fracture mode as the homogeneous serpentine GET, i.e., at the crest of the GET away from
the Au/PI step edge. It suggests that the anticipated strain concentration at the Au/PI step
edge (which is at the serpentine arm) did not exceed the maximum strain of a homogeneous

serpentine GET at the crest, which will also need to be validated by FEM.
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Figure 4.4: (a) The resistance change over strain for the three different configurations in
comparison to straight GET. Micrographs at fracture are also shown on the
right. Red-dashed circle indicates the location of the fracture. (b)
Stretchability comparison for three configurations and straight GET.

The stability of HSPR (Arm) is tested through cyclic strains between 0% to 20% at
a frequency of 0.25 Hz. The normalized resistance up to 10,000 cycles are plotted in Figure

4.5. It is noticed that the resistance even decreases slightly with the increasing number of
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cycles, which could be attributed to the ribbon-Ecoflex interface delamination under cyclic

deformation.
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Figure 4.5: Cyclic test of HSPR (Arm) under 20% of applied strain with 0.25 Hz up to
10,000 times.

4.3.3 Strain Reduction Validated by FEM Simulation

To explain the experimentally measured stretchability of HSPR, FEM is used to
simulate 20% tensile strains applied to the Ecoflex substrate and compare the strain
distributions among three different configurations - HSTR, HSPR (Crest), and HSPR
(Arm) - as depicted in Figure 4.6a, where the Ecoflex substrate is omitted. The maximum
strains of the three configurations are plotted in a bar chart in Figure 4.6b along with the
straight GET, which is the same as the applied strain, 20%. It is obvious that the maximum

strain in the HSTR is the highest (35%), which is much higher than the applied strain. This
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is because the straight Au/PI ribbon is 7.7 times stiffer than the GET, indicating that it is
less prone to deformation. As a result, the GET must deform more than the applied strain
to accommodate the end-to-end displacement. In contrast, the maximum strain in HSPR
(Crest) (6.7%) is much less than the applied strain, which occurs at the inner crest of the
GET that also coincides with the Au/PI step edge. The maximum strain in HSPR (Arm) is
only 4.3% (highlighted by a pink arrow), which is smaller than that of the HSPR (Crest)
(6.7%) although both occur at the crest. Surprisingly, the strain at the step edge is only
0.7%, which best manifests the benefit of HSPR — to locate the step edge at a strategic
position of the serpentine such that the strain in GET is insignificant. Compared with the
HSTR, the strain in GET at the Au/PI step edge in HSPR (Arm) is reduced by 50 times,

simply through geometric engineering of the heterogenous ribbons.
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Figure 4.6: (a) FEM results of stretching HSTR, HSPR (Crest), and HSPR (Arm)
without showing the Ecoflex substrate. The edge of Au/PI is zoomed in to
show the strain in GET at the Au/PI step edge, which is expected to suffer
from strain concentration. (b) Comparison of strains at the Au/PI step edge
in the heterostructures vs. the homogenous straight GET, which confirms
the strain reduction effect in HSPR, especially in HSPR (Arm).
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4.3.4 Stretchability Prediction Using FEM Simulation

To quantitatively compare the experimental vs. FEM results, the following brittle
fracture criterion [267] is borrowed,
Smax/eapp = gcr/gcclgp (1)

where &,,,, represents the maximum strain calculated in FEM, ¢ is the applied strain

app
in FEM, ¢, is the critical strain-to-rupture of the straight GET measured experimentally

(9.8% according to Figure 4.4b), and &g, is the experimentally determined stretchability.

Equation (1) essentially offers a means to compare the FEM result (&,,,,) With the

experimentally measured stretchability (egp,), given €., =20% and &, = 9.8% to be
constants. The critical strain-to-rupture of the straight GET is chosen to be &., because in
all the experiments, only GET ruptures, while this behavior is never exhibited by the Au/PI.
For the four configurations, Figure 4.7 plots the left of the equation (obtained by FEM) in
red, and the right of the equation (obtained experimentally) in blue. The inset is a blown-
up view of the black dashed box region. According to previous discussions, HSTR, straight

homogeneous GET, and HSPR haveg,,, . /€ >1,=1, and < 1, respectively. While the

app
FEM and experimental results are in good agreement for the straight GET, the HSPR
(Crest) and the HSPR (Arm), there is a visible deviation in the case of HSTR. This

deviation can be attributed to the limited accuracy in the very small experimentally

measured stretchability of HSTR.
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Figure 4.7: Comparison between the normalized maximum strain in FEM and the
normalized stretchability in an experiment for different configurations.

4.3.5 Stretchability in Transverse Direction

Although it was shown that HSPR especially HSPR (Arm) can significantly
alleviate strain in GET under uniaxial strain, it is expected to be much less effective when
subjected to transverse strain. To provide a quantitative answer, FEM is carried out and the
results are provided in Figure 4.8. When subjected to 20% transverse strain (Figure 4.8a),
the maximum strain (in the transverse direction) in both HSPR (Crest) and HSPR (Arm)
occur at the new shallow crests with respect to the stretching direction, with very similar
values (5.9% vs. 6%) as illustrated in Figure 4.8b,c, respectively. Strains at the Au/PI step
edges indicated by the red arrows are only 3.9% and 5.3%, both smaller than 6%. Although
the maximum strains are much higher than those appeared under longitudinal stretch, they
are still ~8 times smaller than HSTR, which means the HSPR designed for longitudinal

stretch still has some strain reduction effects even under transverse loading.
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Figure 4.8: Transverse stretching of HSPR in FEM. (a) 300-nm-thin GET is connected
to 750-nm-thin Au/PI on a 100-pm-thick Ecoflex. 20% of strain is applied
in the transverse direction. The FEM simulation results with the edge of
contact of Au/PI located at (b) crest and (c) arm of the serpentine are
displayed. The pink arrow indicates the global maximum strain, and the red
arrow indicates the local maximum strain at the edge of the interface.
Ecoflex is not displayed in the simulation results.
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4.3.6 Stretchability Depending on Stiffness Ratios

The effect of HSPR also depends on the stiffness mismatch between GET and
Au/PL. Therefore, FEM is applied to model HSPR (Arm) involving two stiffer electrical
connectors of practical use — 13-pm-thick Au/PI and 18-um-thick Cu, which have a
stiffness ratio of 37.6 and 1596 against the 300-nm-thin GET, respectively. Figure 4.9 plots
the strain distributions in those two cases along with the 750-nm-thin Au/PI (Figure 4.9a)
as a reference, with increasing stiffness mismatch from top to bottom. Interestingly, there
is a shift of maximum strain site from the inner crest of GET serpentine to the Au/PI step
edge when the stiffness mismatch becomes too high (Figure 4.9c). The corresponding
experiments are performed and the results are summarized in Figure 4.10, which plots the
stretchability dependence on the stiffness ratio, where the black markers are experimental
results, and the red markers are FEM predictions based on Equation (1). The sudden drop
of the predicted stretchability for the 18-um-thick Cu can be attributed to the change of
maximum strain site. For this case, there is a larger discrepancy between the experimental
and FEM results. It is suspected that this is due to the buckling or delamination of the stiffer
electrical connectors in the actual experiments, which is not accounted for in our FEM.
Therefore, our current FEM is only applicable to HSPR with relatively small stiffness

mismatches, e.g., up to 100.
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Figure 4.9: The maximum strain on HSPR (Arm) depending on stiffness ratios. The
300-nm-thin GET is connected to (a) 750-nm-thin Au/PI, (b) 13-um-thick
Au/PI, and (c) 18-pm-thick Cu, which has the stiffness ratio of 7.7, 37.6,
and 1596, respectively. Red arrows indicate the edge of Au/PI and pink
arrows indicate the global maximum strain. The HSPRs are supported by
100-um-thick Ecoflex, and it is not displayed in the simulation results.
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Figure 4.10: Stretchability of HSPR (Arm) with different stiffness ratios.

4.4 SUMMARY

This Chapter introduces the first mechanically robust interface between sub-
micron-thin stretchable electrodes and rigid back-end circuits. Using graphene e-tattoos
(GET) as an example, heterogeneous serpentine ribbons (HSPR) is applied to significantly
reduce the strains in CVD graphene. The HSPR between GET and Au/PI could be simply
fabricated using a laminate-cut-paste method. Using finite element modeling (FEM)
simulation, the effect of geometric parameters of HSPR is studied. Depending on the
relative position of the Au/PI step edge within the serpentine, the HSPR (Arm) offers the
most significant strain reduction (50 folds) compared with heterogeneous straight ribbons
(HSTR). Moreover, a framework is provided to design or predict the stretchability of HSPR

based on FEM. This is a generic method, which can be utilized to reliably connect other
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ultrathin electronics (e.g., Au nanomeshes [268], ultrathin AgNWs/PDMS [269], and
PEDOT:PSS-based tattoo electrodes [259]) to rigid back-end-circuit. However, the
following limitations of this research should be reminded. First, the current FEM does not
account for the buckling of HSPR. Second, the prediction of HSPR stretchability does not

work when the stiffness mismatch is beyond 100.
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Chapter 5: GET for Ambulatory Long-Term EDA Sensing’

Based on the novel interface design, so-called heterogeneous serpentine ribbons
(HSPR) introduced in the previous Chapter, an ambulatory wearable sensor based on GET
is manufactured. Along with the aid of a soft interlayer, long-term and unobstructive
monitoring of electrodermal activity (EDA) on the palm is achieved. The overall sensor
design is introduced and validated by numerical and experimental analysis in this Chapter.
Furthermore, throughout the EDA detection algorithm and the corresponding statistical
analysis, high correlation between GET-based EDA sensor and the gold standard is
confirmed. This approach resolves a long-standing challenge of continuous monitoring of

EDA on the palm with comfort and minimized motion artifacts.

5.1 OBJECTIVE AND OVERVIEW

As COVID-19 caused worldwide social isolation, mental stress and stress
management are put in the spotlight. In fact, even before the outbreak of COVID-19, the
American Institute of Stress reported 77% of Americans are under mental stress, impacting
their physical health [270]. Moreover, based on the statistics by the National Alliance on
Mental Illness, 1 in 5 adults in the US have a mental illness [271]. Depression, extreme
evasion, and suicidal tendency are posing increasing threats to our population [272].
Therefore, it is critical to continuously monitor the stress level of high-risk patients so that
stressful events can be immediately identified, and timely interventions can be offered.

For decades, electrodermal activity (EDA), a.k.a. galvanic skin response (GSR),
has been widely used as a quantitative index of mental stress [273-275]. EDA represents

the change of skin conductance caused by autonomic sympathetic arousals as 1) the sweat

"H. Jang, K. Sel, E. Kim, S. Kim, X. Yang, S. Kang, K-H. Ha, R. Wang, Y. Rao, R. Jafari, and N. Lu,
Graphene E-Tattoos for Ambulatory Electrodermal Activity Sensing on the Palm Enabled by
Heterogeneous Serpentine Ribbons, Nature Communications, Under Review, 2022.
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ducts of eccrine sweat glands are filled due to emotion-evoked sweating, then 2) multiple
low-resistance pathways are formed, which increases the skin conductance, and finally 3)
the skin conductance is recovered as the sweat is reabsorbed or dissipated away [276].
Psychophysiologically, the palm is the most recommended site to monitor EDA,
specifically the thenar and hypothenar eminences and the medial and distal phalanges of
the fingers [277]. It is because the palm has the highest density of eccrine sweat glands
which are filled up under psychological stimuli, such as mental stress, primarily [278,279].
Commercial wearable EDA sensors connect silver/silver chloride (Ag/AgCl) gel electrodes
placed on the palm to wristband housing measurement circuits through dangling wires.
However, this setup poses two major problems for long-term EDA monitoring. First, both
gel electrodes and wires are obtrusive to daily activities and cause social stigma. Second,
the electrode-to-skin impedance rises as the gel electrodes dehydrate over time and even
delaminate from the skin, which degrades the EDA signals. To overcome such limitations,
EDA sensors based on dry electrodes have been developed. They tend to measure EDA
from different locations on the body, such as the wrists [280-283], the forearms [284], the
shoulders [280], and even the back [285]. However, when measured off the palm, the EDA
signal can be interrupted by accumulative sweat secreted from the apocrine sweat glands
due to the thermo-regulation of our bodies, an effect that is only negligible at the palmar
and the plantar regions [286]. Even though a dry and wireless EDA sensor has been applied
on the hand in one study [287], its thickness of one centimeter (including FPCB and chips)
makes it no less obstructive than commercial gel electrodes. Therefore, an unobstructive
and less perceptible palm sensor for mobile EDA monitoring is highly desired.

Ultrathin, tattoo-like wearable sensors have demonstrated superior skin-
conformability, imperceptibility, and long-term stability for monitoring various

physiological signals, such as ECG, EMG, EEG, skin hydration, and temperature as well
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as touch and pressure [256,260,268,269,288-292]. Furthermore, low electrode-to-skin
impedance can be achieved due to its high conformability to skin surface textures at the
microscale. In fact, the contact impedance between sub-micron-thin dry electrodes and skin
is comparable or even lower than that between commercial Ag/AgCl gel electrodes and
skin [260,268,292]. Moreover, graphene e-tattoo (GET) with monolayer CVD (chemical
vapor deposited) graphene supported by sub-micron-thin PMMA (poly(methyl
methacrylate)) can be highly transparent and can match skin stretchability when patterned
into serpentine shapes [247]. Therefore, serpentine-shaped GET is an ideal candidate for
palm EDA sensing.

Throughout the novel interface design, heterogeneous serpentine ribbons (HSPR),
the serpentine-shaped GET is connected to a rigid EDA watch. The Au terminals from the
HSPR are enlarged to interface with the rigid electrodes on the EDA watch through a
reusable soft interlayer with soft conductive vias. As the watch tightens on the wrist, the
soft interlayer is pressed between the watch and the Au terminals so that this contact is also
mechanically secured without any adhesive. The mechanical robustness of the soft
interlayer is numerically modeled and experimentally validated. An equivalent circuit
model for the HSPR-skin interface is established to verify that GET-skin interface
impedance is the governing EDA signal compared to Au/PI-skin and Au-graphene
interface impedance. A strong correlation of EDA measured with Ag/AgCl electrode and
GET is confirmed through statistical analysis. Finally, the unobstructive GET has
successfully completed ambulatory EDA monitoring for 15 hours including studying,

exercising, driving, sleeping, and so on.
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5.2 DESIGN AND WORKING PRINCIPLES OF GET-BASED EDA SENSOR
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Figure 5.1: A wireless palm electrodermal activity (EDA) sensor based GET connecting
to a rigid E4 wristband through HSPR and soft interlayer. (a) An overall
device schematic where the detailed structures of the HSPR and the soft
interlayer are illustrated in blown-up views. The HSPR is composed of GET
serpentine ribbon overlapping with Au/PI serpentine ribbon via just van der
Waals forces. The cross-sectional view along the blue dashed arrow
illustrates how the Au layer is connected to the rigid electrode built into the
wristband through a conductive rubber. (b-d) Photographs showing GET
EDA sensor on the palm when the hand is undeformed and deformed in
macroscale, mesoscale, and microscale, highlighting two main features of
GET — transparency and skin-conformability. (e) A representative EDA
signal with both low-frequency tonic component and high-frequency phasic
component illustrated. (f) Example EDA signals.
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Figure 5.1a displays a schematic of the proposed GET-watch interface through
HSPR and a vertically conductive soft interlayer. As a generic illustration, Figure 5.1a
draws a conventional wristwatch that comes with rigid electrodes on the bottom of the
crown enclosing a rigid circuit board. Two GET serpentines are resting on the thenar and
hypothenar eminences of the palm with graphene directly touching the skin. To connect
the GET to the two rigid electrodes, the GET is partially laminated over an Au/PI serpentine
ribbon with graphene touching the Au, forming the HSPR. As the GET and Au/PI have
similar sub-micron thinness, they can laminate on the skin and with each other just through
vdW interactions. An exploded view of the red-dashed-line-boxed HSPR is offered at the
lower right. Note that GET is on top of Au/PI such that there is a step edge under the GET
where the Au/PI ribbon terminates. The amount of strain reduction depends on the specific
location of this step edge, which will be quantified through experiment and FEM later. The
other terminal of the Au/PI located on the wrist is patterned into a square shape with Au
facing up. A silicone-based soft interlayer with two separate conductive rubber zones as
illustrated in the upper right is added as a mechanical buffer layer between the Au
nanomembranes and the rigid electrodes on the wristband, to prevent Au from experiencing
excessive stresses directly from the rigid electrodes. The cross-sectional view along the
blue-dashed arrows is expanded to illustrate the vertical lamination of different materials,
starting from the rigid circuit board on the top down to the skin (thickness is not drawn to
scale).

Figures 5.1b to d are photographs of GET EDA sensor on the palm without and
with deformation in macroscale, mesoscale, and microscale, respectively. The rigid
electrodes from a commercial EDA watch (E4 wristband, Empatica Inc.) are connected to
Au/PI through the soft interlayer. It is evident that the GET and even the HSPR are not

obvious on the palm given the transparency of GET and the narrow (1-mm-wide) Au/PI
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serpentine. The thinness of GET (300 nm) and Au/PI (750 nm) makes them mechanically
imperceptible and unobstructive to the motion of the hand. Furthermore, the microscale
images in Figure 5.1d validate that GET is fully conformable to the microscopic surface
morphology of skin even under deformation. Figure 5.le illustrates that when
psychological or physiological arousal is present, the skin conductance exhibits an abrupt
increase followed by a swift recovery. Such high-frequency signals constituent the phasic
components of the skin conductance, which are called the skin conductance response
(SCR) [274]. The low-frequency change in skin conductance is called the tonic response,
which comes from autonomous arousals and is considered much less meaningful in stress
analysis than SCR [293]. By examining the SCR signals over time, as illustrated in Figure

5.1f, the stress level can be quantitatively determined [278,280].
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5.3 STRAIN ISOLATION BY SOFT INTERLAYER

5.3.1 Experiment
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Figure 5.2: Experimental characterization of the soft interlayer. (a) Photograph of soft
interlayer covering the Au/PI laminated on the human wrist. (b) Stress-strain
curve of the commercial conductive silicone rubber (SNE-553). (¢) Cyclic
test of SNE-553 under 20% of compressive strain with 0.1 Hz to confirm the
stability of resistance. (d) Side-view of Ecoflex and SNE-553 sandwiched
by glass slides before and after a shear displacement of 1 mm.

While the HSPR is very effective in limiting strains in the GET, 100-nm-thin Au

on 650-nm-thin PI is also mechanically fragile. Because 100-nm-thin Au is nanocrystalline,
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it is prone to brittle fracture. In fact, our previous experiment has confirmed that its
stretchability is only 1% when supported by 300-nm-thin PMMA [247]. Moreover, given
the limited adhesion between Au and PI, the Au layer is easy to flake off when it is in direct
contact and scrubbed by any rigid object. To achieve a mechanically reliable interface with
rigid electrodes on the crown of the wristband, it is proposed to insert a soft Ecoflex
interlayer embedded with two black conductive rubber disks of 8-mm diameter, as
displayed in Figure 5.2a, in between the Au and the watch. The conductive rubber disks
(SNE-553, Stockwell Elastomerics Inc.) are made out of silicone doped with Ni
nanoparticles coated with graphite. They are tested to have low modulus (2.3 MPa, Figure
5.2b) and low vertical resistance (< 50 Ohms) under 20% of compressive strain, even up
to 10,000 cycles (Figure 5.2c). The resistance change due to cyclic compression is only
about 10 Ohms, which is insignificant compared to the resistance change due to EDA (tens

of kOhms).

5.3.2 FEM Simulation

Through FEM, it is validated that the soft interlayer is effective in isolating the
strain induced in the Au by the movement of the wristband. For the FEM simulation of the
soft interlayer, the commercial software ABAQUS (standard 6.13) was used and a general
static step with nonlinear geometry was implemented. Ecoflex, SNE-553, and PI were
modeled as 2D deformable planes and Au was modeled as a 1D beam. Ecoflex was
modeled as a nearly incompressible Neo-Hookean hyperelastic material with a modulus of
0.1 MPa and Poisson’s ratio of 0.475. SNE-553 was modeled as a nearly incompressible
Neo-Hookean hyperelastic material with a modulus of 2.2 MPa and Poisson’s ratio of

0.475. PI was modeled the same as described in the section above. The bottom of PI was
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fixed, and the displacement was applied on the top edge of Ecoflex and SNE-553 to find
the strain distribution on the structure due to the shear lag. First, the soft interlayer is
sandwiched between two rigid glass slides and apply a shear force by hand to estimate an
attainable shear displacement (I mm as shown in Figure 5.2d). We apply this shear
displacement to our 2D cross-sectional FEM as illustrated in Figure 5.3a, in which two red
arrows point to two material discontinuity points. The soft interlayer to Au interface is
assumed to be perfectly bonded. The corresponding FEM result is plotted in Figure 5.3b.
The red-dashed box highlights the strain concentration points which correspond to the two
discontinuity points. The two magnified views clearly indicate the maximum strains in Au
are negligibly small (0.00028% and 0.0049%) compared to the yield strain of Au (~0.2%).
In contrast, the strain induced in Au would reach 1% (fracture strain of Au) under very tiny
displacement (2.5 um) without the soft interlayer (Figure 5.4). In addition to previous
examples where soft interlayers were used to isolate substrate strain from stiff functional
device islands [294,295], this is another embodiment of strain isolation through the shear

lag mechanism.
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Figure 5.3: Strain isolation effect of the soft interlayer. (a) FEM schematic to validate
the strain isolation by the soft interlayer. Red arrows indicate the areas of
interest with potential strain concentration. (b) FEM results showing the
overall strain distribution and zoomed-in strain in Au at the areas of interest.
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Figure 5.4: FEM simulation results showing the maximum strain in Au without the soft
interlayer.
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5.4 ELECTRODE-TO-SKIN INTERFACE CHARACTERIZATIONS

5.4.1 Electrode-to-Skin Impedance Measurements

Before carrying out EDA measurement with GET, it is crucial to develop a
thorough understanding of the electrode-to-skin interface impedance to use GET for EDA
because many components are added between the wristband and the skin to use GET for
EDA monitoring. Figure 5.5a exhibits an HSPR GET sensor and a commercial gel-based
reference sensor attached to the same palm. For a fair comparison, both sensors are
connected to the same type of hardware (E4 wristband) to acquire the EDA signals. It is
obvious in Figure 5.5a that the gel electrodes and the dangling wires are more visible and
obstructive than the GET sensor. Using a HIOKI 3532-50 LCR meter, the electrode-to-
skin impedance is measured from 42 Hz to 1000 Hz, using rectangle GET and circular gel
electrodes of the same size of 1.5 cm?. The results in Figure 5.5b clearly suggest that given
the same apparent size, the GET could achieve lower contact impedance with the skin than
the gel electrodes, which is consistent with our previously published results on GET [260].
This phenomenon is attributed to the perfect conformability of the GET to the
microscopically rough skin surface. Moreover, it should be noted that we didn’t
characterize noise effect for the electrode-to-skin impedance measured by GET. However,
we expect that most of the noises will come from the non-ideality induced by the mismatch
of two electrodes at the electrode-to-skin interface, and it would be negligible due to 1)
identical electrode size, 2) AC current injection, 3) same dermatome for the placement of

both electrodes, and 4) perfect conformability of the electrodes on the skin.
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Figure 5.5: Electrode-skin interface impedance characterization. (a) A photograph of
HSPR and gel electrodes connected to two identical E4 wristbands. (b)
Impedance vs. frequency measured for GET (blue) and gel electrodes (red)
of the same diameter.

5.4.2 Modeling Conformability

Such conformability can be analytically confirmed based on our previous
mechanics models [210,296] and GET parameters [260]. For a typical skin texture which
is assumed to be sinusoidal with wavelength A = 250 pum and semi-amplitude /o= 50 mm,
given a 2D plane strain modulus of the skin (E; = 130 kPa) and a weak electrode-skin
interface adhesion (y = 18 mJ/m?), a membrane with E,, = 2.83 GPa has to be thinner
than 475 nm to fully conform to the skin (Figure 5.6a). In fact, this is why we choose the
GET to be 300 nm thin. In contrast, the 750-nm-thin Au/PI is beyond the critical
conformability thinness and hence can barely conform to the skin. The two micrographs of
GET on the skin and Au/PI on the skin in Figure 5.6b qualitatively confirm this analytical

prediction.
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Figure 5.6: (a) Analytical prediction of conformability of PI on the skin depending on
its thickness. (b) Micrographs of 300-nm-thin GET (top) and 750-nm-thin
Au/PI (bottom) laminated on human skin. It is obvious that only GET can
fully conform to the skin, which is consistent with the analytical prediction.
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5.4.3 Established Equivalent Circuit Model
Zgs) Zsio
<« > <€

Soft
Interlayer

Epidermis

Figure 5.7: Schematic of electrode-skin interface cross-section.

Based on the conformability information, a cross-sectional schematic is built to
illustrate the complete electrode-to-skin interface in Figure 5.7. Note that this drawing only
displays one single electrode-to-skin interface and in real EDA measurement, one more
identical electrode is needed to complete the circuit. In Figure 5.7, the skin is simplified
into an epidermis-dermis bilayer where eccrine sweat glands are embedded in the dermis
layer and connected to the surface of the epidermis through sweat ducts. From right to left,
GET fully conforms to the wavy surface of the epidermis, and Au/PI partially conforms to
the epidermis and hence air gaps exist between Au and skin. The soft interlayer covers the

Au and connects to a rigid electrode on the E4 wristband (not drawn).
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Figure 5.8: The corresponding circuit models to the schematic of electrode-skin
interface cross-section.

Parameters Value Parameters Value
Ry () 30 Ce et (0F) 1400
R, () 5 R, (kQ) 145.6

Ce.awpr (nF) 7.6 C, (nF) 214

Rger kQ) 40 ARy, (kQ) 20 —100*

Re et (k) 87.2 Ry (Q) 326*

Table 5.1:  Values of circuit parameters either from literature (indicated by *) or from
our own measurements.
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According to this schematic, an equivalent circuit is built in Figure 5.8 starting from
the conductive soft interlayer to Au/PI, GET, epidermis, and dermis to help determine
which components play a significant role in the EDA measurement. In this circuit model,
the contact resistance between GET and Au/PI is ignored since the contact resistance
between graphene and Au becomes negligible (< 1 Ohm) when the contact area is in the
mm? scale [297,298]. Furthermore, we ignored the half-cell potential at the interface
between GET and the skin since the potential difference between the two electrodes will
be negligible because both electrodes are placed on the same palm (same dermatome) and
AC is injected. The Au-skin interface is separated by the dielectric PI layer, so it is modeled
as a contact capacitor (Cc, awpr1). In contrast, the graphene is in direct contact with the skin,
so this interface is modeled to have parallel ohmic and capacitive components (Rc, eT||Cc,
GeT). Epidermis and dermis are represented as an RC circuit (Rgp||Ckp) and a resistor (Rp),
respectively. Finally, sweat ducts are modeled as a varying resistor parallel with a constant
capacitor (Rpuct||Cpuct), and the change in the resistance (ARpuct) due to EDA is known to
be 20 — 100 kOhms [299]. To determine the rest of the parameters in this simplified circuit
model, varying frequencies are applied to find one component at a time. The detailed
measurement and calculation methods can be found below, and the results of the
parameters are listed in Table 5.1.

Two electrodes are used to measure skin conductance through the skin and assume
these two electrodes are identical. Also, the impedance through the deep skin or dermis is
negligibly smaller than the electrode-to-skin impedance. Therefore, it can be defined the

total impedance as follows:

| Ziotal | = | ZEs1 + ZBio + ZEs2 | = | Zes1+ Zgs2 | = | 2ZEs1 | (2)
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where Zioal means the total impedance, Zgio denotes impedance of dermis, Zgsi and Zgs>
indicate electrode-to-skin impedance for electrode 1 and electrode 2, respectively. To find
the parameters of the equivalent circuit model as shown in Figure 5.8, first the circuit model
is simplified for epidermis and dermis as an equivalent RC circuit to find the Rgp and Cgp
using two Ag/AgCl gel electrodes. Now the simplified circuit model looks as shown Figure

5.9.

Figure 5.9: The simplified equivalent circuit model between gel electrodes and the skin.

First, to find Rgel, an infinitely high frequency (we used 1MHz) was applied, and
the impedance was measured. Second, to find the Rg,, DC (0Hz) was applied, and initial
impedance was recorded to avoid the impact of the polarization. Finally, a frequency in the
working range of EDA measurement (<100Hz, we used 42Hz) was applied to find Cg, by

using the following equation:

1

| Ziotatl = 2 * Rgey + = (3)
J(é) +(2nfcap)’

where f'is the applied frequency (42 Hz). After Rgp, and Cgp were found, Au/PI electrode
was applied on the same location of skin and now the equivalent circuit becomes as

illustrated in Figure 5.10.
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Figure 5.10: The simplified equivalent circuit model between Au/PI and the skin.

To find Cc, awr1, we applied 42 Hz and measured the total impedance. Then, the

following equation was used to deduce the value of Cc, awpr:

1

2
IZtotall = 2% RAu + Z/J(anCC,AU/PI) + 2 (4)
\[é) +(27TfCEq)2

where f'is the applied frequency (42 Hz). Finally, GET is laminated on the skin to form

HSPR and now the equivalent circuit becomes as shown in Figure 5.11.

Rc,Ger RcGer

Ray Rger Rger Ray
°_W_T Req M—
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I
I I

Figure 5.11: The simplified equivalent circuit model between HSPR and the skin.
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Same as the first step to find the Rgp and Cgp, DC (0 Hz) was first applied to find the Rc,
GeT, and 42 Hz was applied to find the Cc, Ger.

It should be noted that all capacitances are obtained at the frequency of 42 Hz,
which is well within the frequency range of EDA (< 100 Hz). The measured Rgp is
comparable to the known reference value (100 kOhms) and Rp is taken from a reference.[*’]
The GET-skin interface resistance (Rc, get) is found to be 87.2 kOhms. As the contact
capacitance of GET (Cc, ger) is found to be ~180 times higher than that of Au/PI (Cc, awp1),
it is confirmed that the Au/PI-skin contact impedance is much higher than that of the GET-
skin. Thus, it is concluded that the GET is the only sensing electrode of EDA in our

measurement setup.
5.5 EDA MEASUREMENT AND STATISTICAL ANALYSIS

5.5.1 EDA Testing Protocol

Session # ) [©) 3) 4 ®

Duration 30s 200s 30s 400 s 120 s
Mental “Expectation” Unconfrolled - “Controlled” Emotional “Habituation”
State Emotional
Content Instruction Blank image - Scaled affective pictures An affective picture
Detail Explain structure of ~ Subject-induced random ) 10s of exposure and 30s of recovery 10s of exposure and 30s of
the test mental arousals (total 10 pictures) recovery (3 times)

Table 5.2:  An EDA testing video consisting of five different sessions — Expectation,
"Uncontrolled” Emotional, Expectation (identical as session #1),
“Controlled” Emotional, and “Habituation.”

After the sensor design, fabrication, and theoretical verification, GET is ready to be
applied for EDA sensing. The EDA was measured simultaneously with the GET sensor
and the gel sensor for statistical comparison. To collect EDA signals from human subjects,

a 13-minute testing video consisting of 5 different sessions is built and summarized in
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Table 5.2. The video contains two brief introductions about the testing procedure (Sessions
(1) and (3) in Table 5.2) and three main EDA testing sessions: “uncontrolled” emotional,

3

“controlled” emotional, and ‘“habituation”. During the 200-second ‘“‘uncontrolled”
emotional session, the human subjects were presented with a blank screen, so their thoughts
were unaffected, which resulted in random mental arousals. During the 400-second
“controlled” emotional session, the participants were presented with a series of scaled
affective pictures. Those scaled affective pictures are taken from the EmoMadrid database
[300] and the details about each picture used are listed in Table Al. Finally, during the
“habituation” session, a single affective picture was shown three times to study whether
the arousal level decreases as the number of repetitive exposure increases. Human subjects
were watching the testing video in a quiet room alone while wearing both GET and gel
sensors on the same palm. However, it should be remarked that the EDA signals are
complex autonomous emotional regulations, which cannot be controlled by people’s
consciousness. Therefore, the EDA responses from untrained human subjects exhibit some

randomness. In this study, the EDA tests are carried out purely for the purpose of device

validation, instead of physiological assessment or stress level quantification.
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5.5.2 EDA Measurement
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Figure 5.12: (a) Raw data and decomposed data of EDA measured by the GET sensor.
(b) Comparison of EDA measured by GET (blue) vs. gel electrodes (red) on
subject #1. (¢) Comparison of EDA measured by GET on the palm (blue) vs.
dry metal electrodes on the wrist (black).
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Figure 5.12a plots 800 seconds of raw EDA signals measured by GET sensor
(black), and its decomposition into the tonic component (skin conductance level (SCL),
red) and the phasic component (skin conductance response (SCR), blue). Only the SCR is
considered as event-related EDA responses caused by mental or physical stress. To
compare GET-measured EDA signals with gel-measured ones, a total of five EDA tests
were conducted with five different human subjects (subject #1 - #5) and the results are
given in Figure 5.12b and Figure A13, where blue curves are GET-measured EDA and red
curves represent gel-measured EDA. In general, the GET-measured EDA has much less
fluctuation in the tonic component (i.e., SCL), but is almost indistinguishable in the phasic
component (i.e., SCR), compared with the gel-measured EDA. For the “habituation”
session, no correlation between EDA responses and the number of repetitive exposures was
observed. Perhaps, the random arousal from the human subjects dominates the EDA signals
during this session. This indicates that the performance of our EDA GET sensor is
comparable to the gold standard. The rigid electrodes built in the E4 wristband was also
used to measure EDA from the wrist. However, no meaningful phasic components could
be found, as indicated by the black curves in Figure 5.12¢. Therefore, only gel electrodes
placed on the palm connected to the E4 watch can obtain EDA signals comparable to that

measured by our GET sensor.

5.5.3 SCR Detection Algorithm and Statistical Analysis

To statistically compare GET-measured and gel-measured EDA signals, an
algorithm is built to detect and select good SCRs for the correlation analysis. Figure 5.13
provides a flow chart to illustrate our SCR selection process. Firstly, the EDA raw signals
acquired by GET and gel electrodes are synchronized by aligning their overall shapes.

Also, a 6" order Butterworth low-pass filter at 0.2 Hz is applied to mitigate high-frequency
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noise from the synchronized signals. As highlighted in Steps (i) and (ii) of Figure 5.13, the
trough-to-peak (TTP) method is used to detect the onset of candidate SCRs for the
statistical analysis, and a band-pass filter (0.045 — 0.2 Hz) is applied to extract the phasic
component of the raw signals. Candidate SCRs are then sent to the event selection policy
to count the total number of the SCRs and select only good SCRs which meet the threshold
(e.g., 10% of max amplitude and 90% of recovery), as highlighted in Step (iii) of Figure
5.13. A minimum of 0.05 uS SCR threshold amplitude is selected to avoid incorrect
measurements due to motion artifacts and other noise contributions. The output of the
Ledalab marks the time values of all candidate SCR event onsets. This onset timing
information is used in conjunction with the phasic EDA signals to identify SCR events that

will be used in statistical analysis.

t

Trough-to-peak SCRTOHSCt e
RawEDY ’4’ il @) selection

(GO ™ Correlation-driven 0 H > policy

Raw EDA synchronization -»> (1)
GET) |77 Band-pass filter v (ii)
(0.045-0.2 Hz) Statistical

analysis

Figure 5.13: SCR detection algorithm for the correlation analysis.

For the SCR selection, we pick good EDA signals from gel measurement first, then
compare them with the corresponding GET signals so that we don’t bias the analysis by
choosing better GET signals than the gel signals. The details of the event selection policy

are as shown below.
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Input: Synchronized and band-pass filtered EDA readings from the gel and GET

v(t) = [SCRgel(t), SCRget(t)] , and the SCR event locations extracted with TTP,

tSCR_Onset []] .

p—

10.

11.

12.

Output: clean marked SCR events, SCRc{t,j}
forj=1to t do:// segmentation, T = # of detected candidate events with TTP.

Usegmentealt,j]1 = v(t) ~ where  v(t) = tscr onsec/]  and  v(t) <
tscr_onsetJ + 1]

ASCR[j] =maxVsegmentealt:j1 — Vsegmenteall,j]1 // amplitude of each
candidate event.
ASCR o = 95" percentile of ASCR // maximum SCR amplitude detected.
forj=1to 1 do:// process each candidate event.

flaglj] = 0; // initiate the flag array, 0 means a clean event.

if the duration of Vgegmentealt,j] < 2sec, then flaglj] = 1, // too short for
a clean event.

if ASCR[j] < 0.1-ASCR,,,x , then flag[jl =1, // not enough SCR
amplitude.

Vriset, J1 = Vsegmenteall: imax, j1, Where ipq, is the timestamp index for
the maximum of SCR events.

Vrecoverylts ] = Vsegmentedlimax: €nd, j], where end is the last timestamp
index for the SCR event.

if mMinVyecopery [t,j] > 0.1+ ASCR[j] + vyie[1,j], then flag[jl=1, //
response did not recover more than 90% of the initial level before the next SCR
event.

if flagljl == 0, then SCRc{t,j} =

append (Vyiselt, j1, vrecovery[l: [10p—down, j]) // mark the event as a clean event,
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where trim down the part of the recovery that drops below 10% of the initial SCR

location.

if flagljl == 1, then SCRc{t,j} = {} // exclude the event from further

analysis.
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Figure 5.14: Parameters of an EDA signal used in the statistical analysis to validate the
correlation between GET and gel.

For the correlation analysis, multiple parameters of the SCR are compared,
including amplitude, peak time (#peax), response time (response), rise time (#ise), and recovery
time (frec 50% and trec 10%), as defined in Figure 5.14. When the total number of candidate
SCRs (i.e., the total number of events) are counted, as evident in Figure 5.15, the numbers
of the two measurements are comparable for all five human subjects. Two datasets among
the five (subjects #4 and #5) are discarded due to the insufficient number of SCR satisfying
the event selection policy. The calculated parameter values for the three datasets are listed
in Table A2-4. In general, the results indicate a strong correlation of SCRs between GET-
measured and gel-measured signals as the p-values are all greater than 0.05. For all three

datasets, the maximum number of SCRs (N) are determined during the “controlled”
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emotional session and discover that the N for the “controlled” session is very similar to the
total number of applied stimulations (i.e., the number of affective pictures). Therefore, it is
concluded that our GET-based EDA sensor is thoroughly validated by the gel-based gold

standards for EDA measurements.
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Figure 5.15: A total number of events measured by GET (blue) and gel electrodes (red)
on five different subjects.

5.6 WEARABILITY OF GET-BASED EDA SENSOR

5.6.1 Impact by Motion Artifacts

A well-known disadvantage of dry electrodes is their susceptibility to motion
artifacts. This is mainly because the contact between conventional rigid dry electrodes and
skin is unsecured during motion. However, it has been validated that dry GET electrodes
have comparable levels of motion artifacts to gel-based wet electrodes due to the perfect
conformability on the skin. For EDA sensing on the palm, the GET sensors are subjected
to constant motions due to hand movement. Therefore, it is critical to examine the EDA

signal quality during motion. Figure 5.16 presents the EDA signals simultaneously
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measured by GET and gel electrodes on the palm during various types of motions. In this
study, the GET was covered by a um-thin transparent protection layer (Nexcare liquid
bandage spray, 3M). The amplitude of GET-measured conductance is found to be lower
than that of the gel because the size of the exposed GET serpentine (0.6 cm?) is 2.5 times
smaller than the size of a circular gel electrode (1.5 cm?). At first, three SCRs were
produced without any motion by applying thermal stimulations (i.e., placing the other hand
different from the EDA measurement on a hot plate of 55 °C for 1 second) inspired by
Posada-Quintero et al [301]. Next, different types of movements such as hand clenching,
wrist bending, cellphone grabbing, and poking, were implemented three times each as
indicated by dashed lines in Figure 5.16. Comparing the two SCR signals, it is validated
that despite being dry electrodes, the GET has slightly smaller motion artifacts than the gel
electrodes. This can be attributed to the perfect skin conformability as well as the absence
of dangling wires. Also, the motion artifacts appear to be completely different shapes from
the SCR signals, which means they can be easily identified and removed through either

visual inspections or our event selection algorithms.
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Figure 5.16: Comparison of the motion artifacts in GET- and gel-measured EDA signals
when subjected to hand clenching, wrist bending, cell phone grabbing, and
finger poking.
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5.6.2 Short-Term Wearability

EDA Signals Rubbing EDA Signals +
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Figure 5.17: (a) Rubbing GET by a metal key ring only produces negligible artifacts
compared with the EDA signal. (b) EDA quickly spikes and recovers when
GET undergoes a quick exposure to water.

In addition to motions, our palms could touch various surfaces or liquids. Therefore,
we also tested the performance of GET under representative incidents such as metal
rubbing (Figure 5.17a) or water exposure (Figure 5.17b). In Figure 5.17a, firstly, three SCR
signals were generated by applying thermal stimulation. Then, the GET was rubbed by a

metal key ring three times. Lastly, three SCR signals were produced while the GET was
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rubbed. It is evident that rubbing the GET produces a small dip of the conductance, but it
has a negligible impact on the SCR signal. In addition, we confirm the survivability of the
GET sensor under momentary exposure to water. In Figure 5.17b, three SCR signals were
produced as benchmarks. While a spike in EDA was observed when water was poured on
the GET, the conductance quickly recovered, and SCR signals can be detected again by the

GET without any signal degradation.

5.6.3 Long-Term Wearability

@ 6 @ ®) ©) QIO

(1): Driving Gel Delamination
(2): Dinner
3): TV
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(5): Study
(6): Sleep
(7): Exercise
(8): Study

Au/PI Fracture
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Figure 5.18: Long-term, ambulatory EDA sensing using GET (blue) and gel electrodes
(red) during driving, dinner, watching TV, exercise, study, sleep, exercise,
and study. Gel electrodes were frequently delaminated and had to be
replaced three times. Insets show the photographs of gel electrode
delamination and Au/PI rupture beneath the soft interlayer.

Ultimately, it is demonstrated that GET on the palm connected to an E4 wristband
through HSPR and a soft interlayer can be successfully applied for long-term, ambulatory
EDA sensing. Gel electrodes were used as a reference although it is uncomfortable,
obstructive, and stigmatizing to wear for long-term. One subject reported social stigma

concerns when wearing the gel electrodes during grocery shopping. Figure 5.18 shows
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long-term, ambulatory EDA data taken from human subject #6. Note that the gel electrodes
were replaced multiple times due to constant delamination (highlighted by red arrows). On
the contrary, the GET finished three (see the other two in Figure A14) more than 15-hour
long nonstop ambulatory EDA measurement sessions without needing any replacement.
When EDA stopped recording, mechanical failures were not found in the GET but the
Au/PI beneath the soft interlayer (Figure 5.18). Interestingly, the Au/PI rupture site is
identical to the location of Au with the maximum strain from the shear of the soft interlayer.
The long-term EDA data indicates that EDA is mostly inactive during sleep for subject #6
as depicted in Figure 5.18. However, for subject #3 (Figure Al4a), the so-called EDA
storm [302] was observed by the GET sensor. The gel electrodes on subject #3 failed to
detect the EDA storm due to the partial delamination which happened during sleep. Unlike
Figure 5.18 and Figure Al4a (Supporting Information), Figure A14b shows delamination
of GET which produced noises (highlighted by blue arrows). This occurred when the GET
was covered by a relatively thick overlay (47-um-thick Ecoflex). The thick Ecoflex can
induce GET delamination from the skin. It emphasizes that the substrate-free design of the
GET sensor is crucial to perform reliable long-term EDA monitoring on the palm with

minimized noise.

5.7 SUMMARY

This work introduces the first mechanically robust interface between sub-micron-
thin stretchable electrodes and mm-thick rigid circuit boards. Using graphene e-tattoos
(GET) connecting to a rigid wristband as an example, heterogeneous serpentine ribbons
(HSPR) and soft interlayer are applied to significantly reduce the strains in graphene and
Au nanomembrane. The soft interlayer serves dual purposes of both a vertical via and a

mechanical buffer layer between the Au/PI and a commercially available rigid E4
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wristband for EDA sensing. Combining HSPR and the soft interlayer, a wireless,
unobstructive palm EDA sensor is constructed. Through a simplified circuit model, it is
confirmed that the EDA is only measured through the GET although there are many
intermediate components linking the GET to the E4 electrodes. Through correlation
analysis, it is confirmed that the GET-based EDA sensor has a similar event detection
capability as the gel electrodes. Moreover, GET has slightly smaller motion artifacts than
the wet gel electrodes. Because of the combined mechanical robustness and high signal
quality of the GET EDA sensors, up to 15 hours of continuous ambulatory EDA signals

were successfully obtained.
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Chapter 6: Conclusions and Outlook

Graphene electronic tattoos (GET) has been successfully demonstrated as a next-

generation wearable to monitor biosignals imperceptibly with a comparable performance

to a bulky gel-based gold standard. GET is designed as filamentary serpentines and

fabricated by a cost- and time-effective “wet transfer, dry patterning” method. Several

concluding remarks of this dissertation are shown below.

1.

The failure mechanisms of GET are revealed first and found that there exist
four distinct failure stages due to the micro-cracking of graphene and macro-
cracking of the supporting polymer.

The interface of its electrical contacts is venerable to the mechanical
deformation due to the mechanical stiffness mismatch. This provides the
fundamental insights to design future graphene-based soft electronics.

A novel interface design, so-called heterogeneous serpentine ribbons (HSPR),
is introduced to improve this venerable interface of its electrical contacts.
Throughout FEM analysis, 50 folds of strain reduction in GET using HSPR vs.
a non-engineered interface (i.e., heterogeneous straight ribbons (HSTR)) have
been confirmed. Furthermore, a significantly larger stretchability is obtained
for the case of HSPR according to the experiments. This method offers a generic
solution for the long-standing interconnect challenges between ultrathin sensors
and rigid electronics.

An unobstructive GET-based EDA sensor is manufactured based on the HSPR
and a soft interlayer and demonstrated more than 15 hours of continuous

ambulatory monitoring of EDA.
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However, the following limitations of this research should be reminded. First, the
current FEM does not account for the buckling of HSPR. Second, the prediction of HSPR
stretchability does not work when the stiffness mismatch is beyond 100. Therefore, there
is more room to explore in-depth regarding the establishment of FEM analysis for more
complex conditions. Third, it turns out that the ultrathin Au/PI is more prone to fracture
under the soft interlayer than the GET connected through the HSPR, which needs to be
engineered to further extend the wearability of the whole system in ambulatory settings.

As one of the exciting future research directions, a more in-depth theoretical
analysis of the electro-mechanical behavior of GET would be a very interesting topic. So
far, the electro-mechanical behaviors of GET are understood based on the experiments.
However, more theoretical investigations will help to reveal governing physics of the
fracture mechanism, such as when and how graphene crack is started and why multiple
cracks are generated and propagated instead of a single channel crack.

Moreover, an interconnection design for packaging various soft electronics has
many interesting challenges to be solved further. For example, current HSPR has a
relatively low strain reduction in transverse stretching compared to longitudinal stretching.
To overcome this issue, a similar interfacing method to HSPR but utilizing fractal
serpentine structure instead of just serpentine structure can be implemented and studied
further.

Furthermore, more electro-chemical understanding of the unique GET-to-skin
interface is required so that we can fully understand how this interface can be implemented
in different applications beyond measuring EDA. I strongly believe that my dissertation
work can help to solve the above-mentioned challenges and demonstrate the potential of
the GET-based wearable sensor and ultimately provide insights for the future-generation

wearables.
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Figure A2: Repeatable electromechanical behavior of four Gr/PMMA ribbons on 3M
Tegaderm tapes under tension.
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Figure A3:

Characterization of commercial CVD-grown graphene under Raman
spectroscopy. (a) Three random spots were chosen, and the characteristic
peaks of the graphene (2D peak and G peak) were measured. The inset
figure shows a zoomed-in view of the 2D peaks. (b) Raman mapping was
performed within an area of 80 um x 80 um of the CVD graphene to
construct a contour plot of the ratio of 2D peak intensity over G peak
intensity (2p/Ic).
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Figure A4:

4, Edgeof
/f'¥: PMMA

A micrograph of Gr/PMMA on a 3M Tegaderm tape at 16% of applied
strain. Macro-cracks of PMMA were generated from the edge and graphene
near the PMMA crack tip contained many micro-cracks due to crack tip
strain concentration. In contrast, graphene far from the macro-crack of
PMMA has fewer and smaller micro-cracks.
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Figure AS: Additional micrograph of Gr/PMMA on a 3M Tegaderm tape at 16% of
applied strain.
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Figure A6: Additional micrograph of Gr/PMMA on a 3M Tegaderm tape at 16% of
applied strain.

b
T

Figure A7: A global view of a Gr/PMMA ribbon on a 3M Tegaderm tape at fracture
(18% of applied strain). Many macro-cracks transverse to the stretching
direction is visible.
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Figure A8: Loading and unloading tests on a Gr/PMMA ribbon supported by a 3M
Tegaderm tape at different applied strains. The inset displays the zoomed-in
view for the case when loading up to 3% and unloading.
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Figure A9: Loading and unloading tests on the bridged Gr/PMMA supported by a 3M
Tegaderm tape at different applied strains.
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Figure A10: The thickness of diluted PI depending on spin-coating speed.
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Figure A11: Stretchability of 750-nm-thin Au/PI. Each orange line indicates a different
experimental trial.
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Figure A12: The stretchability of 300-nm-thin serpentine GET. Each black line indicates
a different experimental trial.
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Figure A13: EDA measurement. a-d) EDA data from different human subjects (#2 - #5,

respectively).

120



2) 20 Subject #6
o g0 Studying :Dinner % V. & Sleep — Gel
= [ > —GET
2157 | Driving : § = :
o |B . s » w
> ; i \
: | I 1
S 104 : - ;
g ! . Gel Delamination ]
z s |
g Au/PI fractured \ |
@) |
0 | : . . ) - - = T = T
0 2 4 6 8 10 12 14 16 18
b) Time (hr)
Driving (With Encapsulation Layer)  Subject #3
] ‘R |
—_ Dinner ! | | ——Gel
w30 TV Sleeping . '——GET
= ' o Studying| |
> Gel Delamination - !
o g |
= = |
~N—d %] !
) E 1
..g Gel Rel:alaced
§ ' _Recording
o & Stopped
0 \ 2 4 6 8 10 12 \14 16 18
GET Delamination Time (hr) Repetitive GET Delamination

Figure A14: EDA long-term monitoring data. a) Long-term wearability test on subject
#6. Ag/AgCl gel electrodes were not replaced after delamination. b) Another
long-term wearability tests. This time, GET was encapsulated by a 47-um-
thick overlay (Tegaderm, 3M).
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No. EM Code Mean SD

1 506 0 0.43
2 736 1.75 0.46
3 453 1.15 0.59
4 710 1.86 0.35
5 728 1.8 0.4
6 411 0.83 0.56
7 597 1.65 0.51
8 158 0.02 0.41
9 361 0.94 0.55
10 56 0.01 0.46
11 618 1.84 0.37

Table Al: Index of the affective pictures used from the EmoMadrid database. Mean
values are scaled from 0 (neutral) to 2 (maximum arousal) by EmoMadrid.
Images from No. 1 — 10 are used for session (4) and No. 11 is used for
session (5).
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Mean Mean Mean Error 95% CI of

Session p-value

(Gel) (GET) (ME) ME
Amplitude

0.305 0214 0.092 0.101 0.149 5
[uS]
tpeak!/ Tresponse 0.52 0.547 -0.027 0.024 0.098 5
trise [ms] 1016 916 100 160 0288 5
trec, 50% 644 620 24 101 0.666 5
trec, 10% 1242 1034 208 373 0336 5
Amplitude

0.174 0.154 0.019 0.022 0.108 13
[uS]
tpeak! Tresponse 0.6 0.59 0.01 0.032 0572 13
trise [ms] 859 996 -137 204 0212 13
trec, 50% 370 412 423 389 0.055 13
trec, 10% 710 792 -81.5 91.8 0.108 13
Amplitude

0.321 0.229 0.092 0.066 0.033
[uS]
tpeak/ Tresponse 0.527 0.568 -0.041 0.028 0.028

®) trise [ms] 763 798 -35.7 59.8 0.287

trec, 50% 393 472 -78.6 125 0.265
trec, 10% 884 801 82.8 88.0 0.115

Table A2: EDA correlation score for human subject #1.

123



Mean Mean Mean Error 95% CI of
Session p-value N
(Gel) (GET) (ME) ME
Amplitude
0.697 0.410 0.287 0.115 0.04 3
[S]
tpeak/ Tresponse 0.458 0.568 -0.111 0.13 0.238 3
) trise [ms] 796.7 853.3 -56.7 219.8 0.664 3
trec, 50% 390 656.7 -266.7 455.79 0.370 3
trec, 10% 786.7 803.3 -16.7 313.26 0.926 3
Amplitude
0.572 0.248 0.324 0.169 <0.005 12
[nS]
tpeak/ Tresponse 0.523 0.494 0.030 0.046 0.231 12
@ trise [MS] 697.5 661.7 358 68.4 0.327 12
trec, 50% 445 544.2 -99.2 184.5 0315 12
trec, 10% 779.2 970 -190.8 263.9 0.184 12
Amplitude
0.762 0.227 0.535 0.442 0.254 2
[nS]
tpeak/ Tresponse 0.385 0.438 -0.052 0.238 0.742 2
®) trise [MS] 840 725 115 29.4 0.083 2
trec, 50% 530 480 50 254.8 0.766 2
trec, 10% 1650 855 795 676.2 0.261 2

Table A3:

EDA correlation score for human subject #2.
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Mean Mean Mean Error  95% CI of
Session p-value N
(Gel) (GET) (ME) ME
Amplitude
0.115 0.105 0.01 0.028 0.49 8
[uS]
tpeak/ Tresponse 0.572 0.574 -0.002 0.022 0869 8
2 trise [ms] 652.5 668.75 -16.25 89.28 0732 8
trec, 50% 312.5 312.5 0 34.94 1 8
trec, 10% 630 607.5 22.5 41.21 0.32 8
Amplitude
0.074 0.114 -0.039 0.014 <0.005 10
[S]
tpeak/ Tresponse 0.479 0.465 0.015 0.045 0533 10
@) trise [ms] 1013 1015 -2 178.1 0983 10
trec, 50% 532 840 -308 208.8 0.018 10
trec, 10% 1209 1721 -512 352.8 0.019 10
Amplitude
0.097 0.231 -0.134 0.026 0.01 3
[S]
tpeak/ Tresponse 0.536 0.525 0.011 0.059 0749 3
®) trise [ms] 910 1583.3 -673.3 1056.4 0338 3
trec, 50% 466.7 980 -513.3 351.04 0.103 3
trec, 10% 960 1766.7 -806.7 4923 0.085 3
Table A4: EDA correlation score for human subject #3.
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