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RESUME

L'¢lectronique portable et flexible est une nouvelle technologie qui attire 1'attention de nombreux
chercheurs en raison de ses applications potentielles dans plusieurs domaines, tels que les capteurs,

le stockage d'énergie, les récupérateurs d'énergie et les écrans.

Le principal défi des dispositifs électroniques étirables est de conserver leurs performances
¢lectriques et mécaniques sous de fortes contraintes cycliques. La combinaison d’un polymeére
¢lastomere et d’un polymere conducteur ainsi que la conception de la structure des dispositifs
comptent parmi les stratégies pour fabriquer des structures extensibles et durables. Les dispositifs

structurés en kirigami répondent potentiellement a ces critéres en raison de leur géométrie unique.

Le kirigami est une ancienne technique de découpage de papier nécessitant des coupes du substrat.
Cette méthode a été utilisée pour développer des structures hiérarchiques fonctionnelles pour un
large éventail d'applications, tels les capteurs, les échafaudages pour l'ingénierie tissulaire, la

conversion d'énergie et les stockages d'énergie.

En ce qui concerne le présent mémoire, le composite polymeére constitu¢ du conducteur poly(3,4-
éthylene-dioxythiophéne):  poly(styréne  sulfonate)  (PEDOT:PSS) et  I’élastomére
polydimethylsiloxane (PDMS), ainsi que le découpage en kirigami ont été utilisés pour obtenir des
dispositifs étirables et fiables. Le découpage au laser a été employé pour fabriquer des échantillons

structurés en kirigami.

PEDOT:PSS a ¢ét¢ mélangé avec du PDMS (i.e., polymére élastomere) en tant que charge
conductrice afin de fabriquer un composite conducteur extensible PEDOT:PSS/PDMS. Dans ce
composite, du glycérol et du polyéthyléne glycol ont été ajoutés au mélange pour améliorer

respectivement la conductivité et 1'extensibilité.

Les propriétés mécaniques (i.e., résistance a la traction et viscoélasticité), électriques et

¢lectromécaniques du composite polymere PEDOT:PSS/PDMS ont été étudiées.

De plus, les propriétés du composite polymere PEDOT:PSS/PDMS structuré en kirigami ont été
comparées aux propriétés du PDMS structuré en kirigami et revétu de PEDOT:PSS, du PDMS non-
structuré¢ en kirigami et revétu de PEDOT:PSS et du composite polymére non-structuré en

kirigami.
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Par ailleurs, pour étudier l'effet du revétement de PEDOT:PSS sur les propriétés mécaniques, des
¢échantillons de PDMS non-structuré et structuré en kirigami, ainsi que revétus de PEDOT:PSS ont
été comparés a des échantillons de PDMS non-structuré et structuré en kirigami, mais sans

revétement.

En outre, I'application du composite polymere a structure en kirigami en tant que capteur de
contrainte a été testée pour la détection de mouvements au niveau du poignet. Le capteur a été
soumis a I’étirement et a la relaxation cyclique, et la sensibilité et 'hystérésis de résistance
¢lectrique ont été étudiées et comparées a I'échantillon de PDMS structuré en kirigami et revétu de

PEDOT:PSS.
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ABSTRACT

Wearable and flexible electronics are new technologies that attract many researchers’ attention
because of their potential applications in numerous fields such as sensors, energy storage, energy

harvesters and displays.

The main challenge of stretchable electronic devices is to maintain their electrical and mechanical
performance under high cyclic strain. Mixing an elastomeric polymer with a conductive filler and
structural design are among the strategies for fabricating stretchable and durable systems. Kirigami

pattern is a kind of structural design that potentially meets these criteria due to its unique geometry.

Kirigami is an ancient papercraft technique created by cuts of a substrate. This method has been
used to develop functional hierarchical structures for a wide range of applications such as sensors,

tissue engineering, energy conversion and energy storages.

In this thesis, conductive poly (3,4-ethylene-dioxythiophene): poly(styrene sulfonate)
(PEDOT:PSS)/ polydimethylsiloxane (PDMS) polymer composite and kirigami patterning were
used to make stretchable and reliable conductors. A laser cutting technique was used to fabricate

kirigami structured specimens.

PEDOT:PSS as conductive filler was mixed with PDMS (i.e., elastomeric polymer) to make
stretchable conductive PEDOT:PSS/PDMS composite. In this composite, glycerol and
polyethylene glycol were added to the mixture to improve conductivity and stretchability,

respectively.

The mechanical properties (i.e., tensile strength and viscoelastic properties), electrical and
electromechanical properties of PEDOT:PSS/ PDMS polymer composite were investigated. In
addition, the properties of kirigami structured PEDOT:PSS/PDMS polymer composite were
compared to the properties of kirigami structured PEDOT:PSS coated PDMS, non-kirigami
structured PEDOT:PSS coated PDMS substrate and non-kirigami structured polymer composite.

To study the effect of PEDOT:PSS coating on the mechanical properties, non-kirigami and
kirigami structured PEDOT:PSS coated PDMS were compared to non-kirigami and kirigami

structured PDMS specimens.
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Furthermore, the application of kirigami structured PEDOT:PSS polymer composite as strain
sensor was examined for body movement detection by attaching it to a human wrist. When the
sensor was subjected to loading and unloading, the sensitivity and hysteresis of electrical resistance

were investigated and compared to the kirigami structured PEDOT:PSS coated PDMS specimen.
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CHAPTER 1 INTRODUCTION

1.1 Conductive polymers

Polymers are promising materials for flexible systems because of their intrinsic low mechanical
rigidity. In addition, the conductivity and deformability of conjugated polymers make them suitable
for developing bendable electronics. Alternating single and double bonds are the basis for obtaining
electronic conduction properties in conjugated polymers. Different molecules with this
characteristic, such as polyacetylene, polyaniline, polypyrrole, polythiophene, poly(phenyl
vinylene) and poly(3,4-ethylene-dioxythiophene) have been studied [1]. Recently, two-
dimensional (2D) conductive polymer sheets as well as nonplanar surfaces have been proposed for

improving the stability of electronic devices under repeating deformation [2].

Poly (3,4-ethylene-dioxythiophene) (PEDOT): poly(styrene sulfonate) (PSS) has been used by
many researchers because of its high conductivity, film-forming, solubility, visible light
transmissivity, and stability. PEDOT monomer is a thiophene monomer to which an ethylene
dioxide group is attached to carbons 3 and 4 of the aromatic ring. PEDOT shows higher
conductivity and thermal stability than other types of conductive polymers. However, the
insolubility of PEDOT in most solvents restricts its application. The insolubility problem can be

improved by doping PEDOT with water-soluble PSS, which gives PEDOT: PSS [3].

n

SO; SO,H SOH SOH so; SOH

Figure 1.1 Chemical structure of PEDOT:PSS that thiophene monomer attached to ethylene
dioxide groups of PSS [3].



1.2 Flexible and stretchable electronic devices

Electronic devices with stretchability and bendability can tolerate mechanical deformation and
strain while maintaining electronic functionality [4]. This new class of electronic devices is based
on a flexible and stretchable substrate. These devices have attracted considerations, especially in
biomimetic technologies, because of their mechanical compatibility with the human body [5].
Integrating micro/nanostructure conductive materials with the elastomeric substrate provides new
features for obtaining conductivity and stretchability [6]. The main challenge of developing
stretchable and flexible electronics is to achieve excellent mechanical deformability and electronic
functionality instantaneously. Therefore, the constituent materials in a stretchable system should

conserve their mechanical and electrical capability under high strain levels [4].

Wavy design is a method to increase the stretchability of devices. Wavy shapes can be applied for
semiconductor nanowires, nanoribbons, and nanomembranes to avoid the fracturing of materials.
This method is based on the nonlinear buckling effect, that a thin and rigid layer in a wavy
configuration formed on an elastomeric substrate. When the film comprising a thin stiff film and
the soft substrate is exposed to mechanical stress, the film removes the surface stress by mechanical
buckling. Therefore, the stretchability can be improved by tailoring strain using pre-strain as well

as changing the wavelengths and amplitudes of buckles [7], [8].

In another method, stretchable interconnects have been made by blending conductive rigid
materials with rubber-like elastomers. This method has been extensively considered because
conductive constituents can be integrated into a stretchable substrate by a simple process. Different
conductive materials, including metals [9], carbon nanotubes (CNT)s [10], conducting polymers
[6] and graphene films have been used for making stretchable interconnects. In addition, various
strategies such as vacuum evaporation [11], [12], photolithography [13], and printing [14] have
been performed for creating stretchable interconnects on an elastomeric substrate. This process
limits to a two-dimensional (2D) structure and has low aspect ratio characteristics, which can be

compensated by the substrate [15].



Omnidirectional stretchability in stretchable electronics is a challenge in both methods. Therefore,
multidirectional writing of conductive organic and inorganic materials has been performed on

elastic substrates in 2D and three-dimensional (3D) designs [16].

1.3 Three-dimensional micro/nanofabrication

Three-dimensional (3D) microfabrication/nanofabrication gives a new dimension to materials with
better mechanical, optical, thermal, electrical, acoustic, and magnetic properties than two-
dimensional (2D) structures. However, in the past decades, the difficulties and challenges
accompanying the 3D fabrication of optical crystals and metamaterials have restricted the research
in optical devices. Although 2D materials smooth these issues, the need for developed devices has

increased the demand for 3D functionality extension [17].

The micro/nanostructures have extensive applications in electronics/optoelectronics, micro-
electro-mechanical systems, medical devices, and cell scaffolds [2]. The top-down (subtractive
manufacturing) and bottom-up (additive manufacturing) methodologies have been employed for
materials micro/nanofabrication [19]. The top-down strategies are performed in several sequences
by masking and removing selective materials [20]. Different types of lithography such as optical
lithography, E-beam lithography, soft lithography, nanoimprint lithography, block copolymer
lithography, scanning probe lithography, and thermally activated selective topography
equilibration are categorized as top-down methods [21]. On the other hand, the bottom-up approach
uses physical and chemical phenomena to fabricate nanostructure from simple atoms or molecules
[22]. For example, the 3D printing [23], atomic layer deposition [24], sol-gel nanofabrication [25],
molecular self-assembly [26], vapor-phase deposition [27], the 2D to 3D transformation by internal
forces or external stimuli [28], and mechanical deformation (e. g. curving, folding, rolling, and

buckling) [28] are classified as bottom-up methods [21].

1.4 Kirigami pattern

Metamaterials have attracted attention due to their exotic and tunable properties resulting from
their unique structural design. Rodger M. Walser defined metamaterials in 1999, which are

macroscopic materials with three-dimensional structure and repeating cellular architecture [7]. The



chemical constituents of bulk materials represent their properties. However, the physical properties

of metamaterials are dependent on their hierarchical structure [8].

Origami/kirigami structures are metamaterials that suggest structural and properties
reconfiguration due to their shape-morphing capabilities [31]. Origami structures have been
developed by folding 2D sheets and providing only one degree of axial freedom. Kirigami is a
method to make 3D geometries with cuts, and the kirigami structures show additional degrees of
freedom. Kirigami is an old Japanese technique in which Kiri means cutting and gami means paper
[9]. Kirigami techniques have been used for making functional hierarchical structures in different
engineering applications. Kirigami structure contains hinges that can change their geometry by
applying force without breaking. Kirigami-inspired metamaterials show unique properties such as
negative Poisson’s ratio (auxetic metamaterials) [32], multistability [33], coded thermal expansion
[34], high stretchability, and compressibility [35]. Materials with kirigami geometry provide high
stretchability from rigid materials such as ceramics, metals, and polymers. As a result, mechanical,
optical, and electrical properties of materials can be tunable by the kirigami structure [32]. Kirigami
structures can be performed on papers, fabrics, polymers, metal sheets, and composites. Laser
writing [36], lithography/etching [37], compressive buckling [38], and 3D printing [39] are the
main methods used for kirigami pattern creation. The kirigami structures have emerged in a wide
range of applications such as space industry, biomedical systems, sensors, optical technologies,

energy harvesting, and energy storage.

1.5 Problematics

A highly stretchable electrode is a crucial constituent of flexible and wearable devices. Usually, a
conducting electrode is made by coating a conducting layer onto an elastomeric substrate such as
polydimethylsiloxane (PDMS). When cyclic stretching or other severe circumstances are applied
to electrodes, debonding and delamination occur at small strain due to the significant difference
between mechanical and surface properties of the metal or carbon conductor and an elastomeric
surface [40]. Therefore, poly(3,4-ethylenedioxythiophene): polystyrene- sulfonate (PEDOT: PSS)

is a conductive polymer used as a conductive layer.



The main challenge in stretchable electronics is maintaining electrical and mechanical performance
(i.e., durability) under high mechanical and cyclic strain. In addition, accommodating
multidirectional strain is critical in wearable and stretchable electronics. Most studies have used
unidirectional kirigami structures to fabricate extensible conductors [41]-[43]. When uniaxial
stretching is applied to the simple structure of PEDOT:PSS coated PDMS, cracks and wrinkles are
formed due to strain. These structural damages have a detrimental effect on device durability.
Engineering the geometry of the device, such as the kirigami pattern, can improve the stretchability

of the device.

On the other hand, the mechanical difference between PDMS (elastic) and PEDOT:PSS (brittle)
results in the elasticity mismatch at the interface between them. Thus, polymer composite is a
possible way to restrict cracks and wrinkles by strain. Therefore, in this project, kirigami structured
PEDOT: PSS/PDMS polymer composite has been suggested to enhance stretchability as well as
durability.

1.6 Objectives of thesis

The main objective of this project is to develop stretchable and durable electrodes using kirigami
patterns and polymer composites. Applying kirigami structure to composite materials meets

structural requirements for wearable devices.
The following specific objectives have been considered to meet the main objectives:

1- Fabricating kirigami pattern PDMS by laser cut and coating with PEDOT: PSS by spin-
coater for making electrode

2- Fabricating PEDOT:PSS polymer composite and then creating kirigami pattern by laser
cut

3- Investigating mechanical properties of kirigami structured films and non-kirigami films

4- Investigating the effect of PEDOT:PSS coating on mechanical properties of PDMS

5- Determining electrode stretchability using electromechanical tester machine in different

strains such as 30%, 75%, 100%, and 200%.



6- Determining the electromechanical stability of samples after 1000 and 5000 cyclic

loading/unloading.

1.7 Organization of thesis

The rest of this thesis is organized as follows: This thesis begins with a literature review. Chapter
2 explains different methods for improving stretchability. This chapter also reviews various
applications of the kirigami approaches for electronic devices such as sensors, energy harvesters,
and energy storage devices. Chapter 3 discusses the experimental part of the thesis, including
manufacturing and characterizing kirigami-structured electrodes. Chapter 4 discusses the obtained
results and presents a kirigami structured polymer composite application as a strain sensor for
human body movement detection. Finally, Chapter 5 concludes this thesis by reviewing its main

contributions and potential future work.



CHAPTER 2 LITERATURE REVIEW

2.1 Stretchable Electrodes

Developing of skin-inspired electronics causes intensive requirements of stretchable electrodes.
Electrodes are the main component in electronic devices, so the stretchability of electrodes is
crucial in flexible and stretchable electronic devices. The main characteristic of stretchable
electrodes is the maintenance of their electrical properties under mechanical deformation.
Therefore, this kind of electrode should have the capability to bend and deform without the

occurrence of damage. Figure 2.1 shows different strategies used in various studies.

Stretchable
Electrodes

Intrinsic
Stretchablity

Figure 2.1 Various methods have been used to fabricate stretchable electrodes [44]

2.1.1 Embedding conductive fillers in elastomers

Different nanomaterials such as CNT, graphene sheet, metal nanowires (NWs), conductive
polymers, and nanocomposites have been investigated for stretchable electrodes. Graphene with

low sheet resistance (100-1000 Q sq™!), high transparency of 90%, and durability for a few cycles



at 6% strain attracted attention for flexible electronics [45]. The stretchability of graphene increased

by nanobridge creation through graphene structure.

Ultrathin metal films like silver (Ag), copper (Cu), and gold (Au) showed conductivity with low
resistance [45]. The thickness of metal film has an impact on resistance. The thickness should be
more than the percolation threshold. However, the resistance of thick film increases under high
strain [45]. Under high tensile stress, NWs separate and move against each other, causing high
contact resistance. Therefore, NWs cannot return to their initial state when the stress is released.
The research in [46] showed that the stretchability of Ag NWs increased 130% by interconnecting
Ag NWs with graphene oxide. Combining conductive fillers such as metal nanostructures, CNT,
or graphene with elastic polymer is a way to fabricate stretchable electrodes. Various methods such
as electrospinning [47], ink-jet printing [48], and spin/blade coating [49] have been used to create
a thin layer of conductive material on stretchable substrates like polydimethylsiloxane (PDMS) and
polyurethane (PU). For example, Shin et al. [50] constructed a stretchable transistor using Au
nanosheet as an electrode and electrospun poly(3-hexylthiophene), P3HT, nanofibers as an active

channel. This device showed electrical durability > 1500 stretching cycles.

Ionic conductors are a new class of conducting materials that shows transparency and stretchability.
The resistance of ionic conductors is more than metal electrodes without stress. However, their

resistance is less than metal electrodes under mechanical deformation [45].

Liquid metals such as mercury and gallium are another class for conducting metal electrodes that
offer unlimited deformability. Therefore, this type of conducting materials has been suggested for
flexible and stretchable electronic devices. In addition, this material showed low resistance (2.95
Q sq’!) under strain > 100%. On the other hand, liquid metals have important disadvantages such
as low chemical stability, unstable contacts between liquid metals and other metal connectors, and

difficulty in controlling the movement of liquid metals.

In addition, blending a conductive filler into a soft elastic material has been offered for producing
rubber-like electrodes. The conductive filler within polymer media produces a network for
electrical interconnectivity [51]. This interconnect electrical conductivity is determined by the

percolation theory [52]. The percolation theory expresses the minimum amount of conducting filler



needed for changing an insulating polymer to a conducting polymer. This amount is called the
percolation threshold [52]. Therefore, electrical current moves through the conductive fillers
network (Figure 2-1). For example, Lee et al. [53] embedded Ag NWs into elastic (ECOFLEX)
substrate. This combination maintained its electrical performance at strain > 460%. Reducing

electrical conductivity with strain is the main problem of this method [44].
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Figure 2.2 Schematic of percolation threshold: arrangement of conductive filler in a polymer

matrix (a) disconnected, (b) partially connected, and (c) fully connected [54].

Another example of blending conductive filler with elastomeric material is the work done by
Sekitani et al. [55]. A highly stretchable conductive film was fabricated by blending Single-walled
carbon nanotube (SWCNT)/ionic liquid mixture into a fluorinated copolymer. This composite film
showed 57 S cm! at the unstretched position and maintained its conductivity at 38% strain.
However, conductivity changed to 6 S cm™ when 134% strain was applied. The SWCNT polymer
composite film showed good reliability under different stretching cycles. For example,
conductivity mainly remained constant after 4000 cycles, 500 cycles for 25% and 50% stretching,
respectively (Figure 2-2a) [55].

To have better stretchability, CNT with different configurations has been developed. The highly
aligned CNT ribbon embedded in the PDMS substrate could maintain its conductivity under 100%
strain (Figure 2-2b) [56]. The CNT ribbon aligned along its axial direction could maintain its
contact under stretching. Moreover, the CNT ribbon was transparent and lightweight. The
stretchability of CNT improved by changing its configuration to yarn [57], [58]. Van der Waals
interactions hold aligned CNT arrays together, so mechanical strength improved [58]. Shang et al.
[59] made spring-like CNT rope to enhance tensile strength to 285%. The resistance changes were

about 2% after 1000 stretching/releasing cycles at 20% (Figure 2-2c¢) [59]. Figure 2e shows a thin,
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transparent SWCNT film applicable to optoelectronics, solar cells, and transistors [60]. Lipomi et
al. [61] made a skin-like pressure sensor using transparent (> 88%) and conductive (2200 S cm™)
CNT films. This film could sustain its conductivity at 150% strain. Although CNTs have many
advantages, improving their conductivity is important. Their electrical conductivity can be
improved by chemical doping or functional group modification [62], [63]. For example, Nitric acid

treatment could enhance the conductivity of CNT by 2.5 times [62].
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Figure 2.3 (a) making 1D single walled-nanotube (SWCNT) based stretchable conductors, (b)
Aligned CNT forest (left), stretching of CNT ribbons (middle) and optical image of folded CNT
ribbons applied on PDMS, (c) SEM images of 3D CNT ropes and stress-strain under 20% strain
after 1, 10, 100 and 1000 cycles of stretching, (d) a transparent thin film made from SWCNT and

PET substrate, and (e) the effect of acid treatment on SWCNT based conducting film [64].

Different strategies are considered for making stretchable conductive materials (Figure 2-3). High
quality films can be fabricated by direct chemical vapor deposition (CVD) and array drawing
approaches. These methods are more expensive than the wet process. However, it is difficult to
reach high quality film in the wet process. Solution-based methods such as mixing, drop-casting,
and spin-coating are low-temperature processes. These methods have the ability for large-scale
production and can be used in different substrates [64]. So, solution-based methods are favored in
industrial applications because these methods reduce the problem of choosing the type of materials

and substrate size compared to the conventional process for semiconductor manufacturing.
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Figure 2.4 (a) methods for fabrication of stretchable conductors [64].

The type of fillers and elastomers and fabrication process impact the electrical and mechanical

properties of the conductors [64].

Conducting polymers are lightweight and flexible, so they are desirable for electronic devices
applications. In addition, they have unique properties such as thermal stability, high transparency
in the visible region, and high conductivity leading to many studies on PEDOT: PSS for organic
electronic applications [65]. For example, Wang et al. [66] fabricated a PEDOT: PSS composite
film, which showed high conductivity (3600 S cm) after 1000 cycles under 100% strain. The
conductivity was 100 S cm! at 600% strain. Furthermore, incorporating plasticizers such as
fluorosurfactants not only increased conductivity but also enhanced stretchability [67]. PEDOT:
PSS is a conductive and transparent polymer that has been used in various organic electronics such
as polymer light-emitting diode [68], organic solar cells [69], transistors [70], and supercapacitors

[71] (Figure 2-5).
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Figure 2.5 Different applications of PEDOT: PSS [72]
2.1.2 Structural design

Typically, inherent stiff conductive materials such as metals have no stretchability. However,
applying sufficient structural geometries makes them stretchable. The mechanical buckling method
is a way to provide a wavy structure on an elastic substrate [73]. Different types of structural
designs such as wavy [74], serpentine [75], and spring-like [76] have been suggested for converting
brittle inorganic conductive materials to stretchable ones by applying strain (Figure 2.6a) [8].
Spring-like or ribbon shape of CNT film increased tensile strength by over 100% [40], [56].
Usually, the electrodes with nanomesh structure are more stretchable than the percolation network
in the strain state. Figure 2.6b shows that an engineered geometry on paper can convert the paper
from rigid to elastic. Maintaining conductivity at high stretching can be adjusted by in-plane
motions like changing amplitudes and wavelengths of the waves [8]. The serpentine model of
metals made them ideal for stretchable electrodes. However, fabricating a nanoscale network of
serpentine from metal is technically difficult. The grain-boundary lithography was used to fabricate
2D Au with serpentine geometry on PDMS. The Au nanomesh on PDMS had 160% stretchability,
while resistance increased from 21 to 65 Q sq!. In addition to serpentine structure, an in-plane
sinusoidal wavy structure caused high mechanical deformability. For example, the buckled Au
network was stable at 100% strain for 100000 cycles [77]. Maintaining conductivity at the high

strain in nanomesh structure can be accommodated by in-plane and out-of-plane movements [77].
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|

Figure 2.6 (a) wavy (upper) and spring-like (lower) structures, (b) making paper stretchable by
kirigami cut, (c¢) improving stretchability using a network straight (left) and serpentine (right)
grafts [45].

2.1.2.1 Structural design by buckling phenomenon

The buckling phenomenon has been used to fabricate wavy structures on elastomeric surfaces.
Inherent rigid materials convert to stretchable ones by buckling [4]. A rigid conductive material is
attached to a pre-strained elastic surface to make it wrinkled when it is released (Figure 2-7) [64].
The wavy patterns can be grown unidirectionally, multidirectional, or hierarchically. Figure 2-7
shows a schematic of materials and fabrication methods used for mechanical buckling formation,

as well as their applications [78].
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Figure 2.7 The schematic of materials and fabrication methods used for mechanical buckling
formation, as well as their applications [78]

Several mechanisms such as stretching/releasing, mechanical compression, solvent and heat
deformation, and substrate molding have been used for buckling formation (Figure 2.8) [78]. The
most common method is the stretch/release method. In this method, a conductive layer is deposited
to a pre-strained substrate. When the stretch releases, out-of-plane or in-plane buckle forms due to
mechanical mismatching of two layers. In this method, a pre-strain ratio can control the wavy
structure [44]. In the compression method, when the strain is released in the pre-strain substrate,

compressive stress is generated, which causes buckle formation [78].

Solvent-induced buckles come from an osmotic force by swelling ratio differences between several
components. For example, a soaked paper in the water shows a wrinkled pattern after drying. It is
possible to make a uniform pattern on a sponge-like substrate from this method [78]. In the thermal
method, a conductive layer is deposited on a high-tempered substrate, and wrinkles form during

the cooling process due to compressive force [78].

Using a pre-patterned substrate is another method to fabricate wavy structures by buckling
formation. The pre-patterned substrate is prepared via different methods such as lithography,

chemical etching, 3D printing, and bio-inspired templating [78].
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Figure 2.8 Summary of methods for buckling fabrication [78]

The buckling mechanism can be applied on two classes of conductive materials, including: 1) 2D
continuous thin films obtained from chemical vapor deposition, spin-coating conductive polymer,
and assembly of 0D nanoparticles II) 1D nanowires (NWs) such as Ag NWs, Cu NWs, metal oxide

nanowire and conductive polymer nanofibers [78].

In the buckling method, cracks and delamination happen due to weak interfacial adhesion between
the conductive layer and the substrate. The type and thickness of conductive materials as well as
the adhesive between support and conductive layers affect the interfacial adhesion [78]. Good
adhesion of conductive materials and substrate is achieved by methods like plasma and surfactant

treatment [44].

2.1.2.2 2D in-plane design

The 2D in-plane design is constructed by repeatable microstructures that every single element gives
stretchability to the whole structure. Different patterns such as 2D polygonous, serpentine,

hierarchical triangular, diamond, hexagon, and horseshoe are categorized into this group.



16

The type and thickness of conductive materials, line width, lattice geometry, and aspect ratio affect
the mechanical performance of the whole structure. Island-bridge and mesh network designs, which
have more stretchability than single serpentine design, are developed to improve mechanical
performance. In this structure, rigid materials are used as islands, and metal interconnects with in-
plane or out-of-plane geometry are used as bridges. The disadvantage of the interconnects with
out-of-plane geometry is the difficulty of fabricating them with rapid and simple ways such as roll-
to-roll and printing. In-plane structures like zigzag, horseshoe, and spiral have been suggested to
make interconnects for island-bridge structures. The spiral geometry proposed better stretchability

than serpentine under 325% strain without rupture [79], [80].

(a) r=20um ., _ 40um 1=310um (b)

1, =40um

(©

Figure 2.9 In-plane geometries: (a) a serpentine and spiral geometries [79], (b) island-bridge

structure [81], (c) horseshoe geometry [82]

Another geometry in the 2D in-plane group is the metal nanomesh network (Figure 2.10). Metal
nanomesh network suggests a more deformable structure than metal nanowires. The conductivity
of the nanomesh network reduces significantly under strain lower than 100%. Nanomesh network

can accommodate strain in two different manners [83]:

I) When a small strain is applied to the structure, the in-plane movement happens by which

the length increases, and the width becomes narrow
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1) At high strain, the nanomesh network shows out-of-plane deformation [83]

Figure 2.10 A laser cut sheet of paper represents an enlarged image of high stretchable Au

nanomesh electrode [77]

Another class of these engineered geometries is fractal topologies which are fabricated using lines
and loops. Figure 2.11 shows an example of a fractal-based structure. Among all fractal designs,
horseshoe fractal has better stretchability. The optimum stretchability of the horseshoe fractal can
be obtained by changing the arc angle to 235 degrees. Therefore, the high-order fractal horseshoe

has a lower elastic modulus than the usual horseshoe pattern [64].

von Koch curve Peano curve Hilbert curve Moore curve Vicsek fractal Greek cross

s SR / S \"/ A b ~ >
A (@) / ) O ( ) (
- 220000 = ~) g )
P8I0I0) ) () +
0.0 - e

55% strain 75% strain 40% strain 35% strain 35% strain 35% strain

Figure 2.11 Six different patterns of fractal-inspired structure [84]

2.1.2.3 3D out-of-plane design

The helical structure is the most common 3D out-of-plane design. This configuration has better

mechanical performance than 2D designs. However, the interfacial connection between conductive
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materials and support substrate is an important issue. The helical structured electronic device had
stretchability up to 600% and could maintain its electrical performance under 1000
stretching/releasing cycles at 100% strain [85]-[87]. Figure 2.12a shows the photograph and SEM

images of helical geometry.

The pop-up structure is another out-of-plane design that improves the stretchability of wavy or
wrinkled structures 5-10 times. The pop-up structure is comprised of two parts, island and bridge.
The bridge parts have wavy or wrinkled structures, which connect to the substrate (island) at nodes.
When mechanical strain is applied to the pop-up structure, the wrinkled structures open, and the

interconnects become straight [86]. Figure 2.12b shows the pop-up structures.
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Figure 2.12 3D out-of-plane designs: (a), (b) helical structures [85], [88]; (c) and (d) pop-up
structures [89], [90]

Other out-of-plane configurations were inspired by nature. For example, elastomeric petals were
inspired by rose petals. The elastomeric petals were obtained from a PDMS surface, and then a thin
layer of Cu film was electrodeposited [91]. This kind of structure had unidirectional stretchability
to 90%, and it was durable for 1000 stretching/releasing cycles under 40% strain [91]. In addition,
Mogul-patterned structure arranged in hexagonal closed packed structure shows multidirectional

stretchability [92].
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2.1.2.4 Origami

The ancient papercraft techniques such as origami and kirigami are ways to create 3D structures.
The idea of engineering geometry in paper art was first offered by Miura [93]. Figure 2.13 shows

the simple origami paper crane and Chinese dragon as static origami.

@ ()

Figure 2.13 Static origami (a) paper crane and (b) Chinese dragon [93]

Rigid origami is a kind of origami that can be deformed at creases. However, the facets between
the creases are not subjected to deformation. Miura-ori pattern, waterbomb base, Yoshimura
pattern, and diagonal pattern are all common shapes of rigid origami patterns [94]. “Water bomb”
or “magic ball” can be deformed spherically or cylindrically when the applied force is axially or

radially, respectively [93].

Figure 2.14 Different configurations of the magic ball when it exposed to axially or radially force

[93]
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In origami pattern, the creases indicate the created lines when the paper is bent. The creases are
divided into mountain and valley creases according to their direction. The intersection points of the
creases are called vertices. The areas between creases are facets of origami (Figure 2.15a) [94].
Another well-known pattern of origami is Miura-ori pattern which has one-degree-of freedom. By
applying force through the Muira-ori pattern, the diagonal line can be transferred to an unfolded

state (Figure 2.15b) [95].

Mountain N
crease ~ = -

(a)

Figure 2.15 (a) basic definitions of origami, (b) Miura-ori pattern in folding and stretching states

[94], [95]

Different origami forms can be created from the folding method obtained by six Huzita Axioms
and one Hatori Axiom [96]. In addition to electronic devices, origami pattern has been explored
for biomedical applications such as cardiac catheterization [97], drug delivery [98], microgrippers

[99], and microfluidic devices [100].

Although it is possible to design different patterns by folding in origami geometries, the planar
facets still limit the deformability of origami structures. Also, their deformability is limited because

they can just transfer from fold state to planar state [95].
2.1.2.5 Kirigami

Kirigami patterns have been suggested to improve sheets’ deformability [101]. Kirigami is a pattern

created by cuts or the combination of cuts and folds. The pattern for kirigami cuts can be originated



21

from the tiling of old architectures [102], [103]. A simple kirigami pattern contains straight lines
at constant distances. In [104], when a strain was applied on a simple kirigami structure, the edges
of the pattern showed out-of-plane deformation (Figure 2.16a). Three kinds of deformation occur
in correspond to an applied stress: 1) under small stretching, the in-plane deformation happens, 2)
by increasing the strain, out-of-plane deformation is created at the edges, 3) at the end, the gap
between cuts becomes narrow until structure breaks [104]. Another 2D structured kirigami pattern
design is kirigami with quad tessellation formed by flat cutting (Figure 2.16b) [105]. The cuts in
the edges provide in-plane rotational of hinges in open form. Tang et al. [35] investigated the effect
of cuts geometry on stretchability (Figure 2.16¢). They concluded that stretchability increased from

41% for square units to 124% for a rectangle shape.
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Figure 2.16 Different patterns of 2D kirigami: (a) with straight cuts [104], (b) a quad kirigami
tessellation in closed and open forms [105] and (c) kirigami structures with square and rectangle

cuts [35]

Figure 2.17 shows 3D kirigami patterns. The thickness of hinges and sheets has an impact on
kirigami responses when it is exposed to uniaxial tension (Figure 2.17 a and b) [105], [106]. In
specific conditions, the hinges respond out-of-plane buckle, and therefore, 3D geometry forms. In
addition, it is possible to reproduce a particular 3D kirigami pattern by controlling the geometric
parameters (Figure 2.17¢) [107]. Figure 2.17d shows that a 2D kirigami structure can be converted
to a 3D kirigami structure by applying a compressive force [108]. In this method, a part of the 2D
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kirigami structure is attached to a pre-strain elastomeric substrate. When the substrate is released,
the compressive force is applied to the structure. This causes out-of-plane buckling by which the

structure transfers to a 3D kirigami structure [108].
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Figure 2.17 3D kirigami structures: (a), (b) 3D kirigami creation from out-of-plane buckling

[105], [106], (c) controlling parameters of geometry to make 3D kirigami structure [107], and (d)

compression buckled for designing 3D kirigami structure [108]

Kirigami pattern is an alternative method for making auxetic metamaterials. Auxetic materials

show a negative Poisson’s ratio. Poisson’s ratio “v” is the ratio of transverse strain “g’ to

[IP4)

longitudinal strain “g” when a material is stretched [103]. Most materials such as metals, polymers,
and ceramics shrink when stretched longitudinally (positive Poisson’s ratio). Figure 2.18 shows
bistable auxetic mechanical metamaterials [103]. Bistable metamaterials have stability when the

stretching force is released and keep their expanded geometry [109].
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Figure 2.18 Bistable auxetic kirigami structures [103]

2.2 Application of kirigami structure in electronic devices

The capability of kirigami structures in adjusting geometry makes them suitable for stretchable and
wearable electronics in different ranges of applications such as sensors [110], nanogenerators

[126], biomimetic robotics [76], and energy storage devices [112].

In addition to stretchability, the robustness of materials properties during stretching is essential
[113]. In different studies, the stability of kirigami structured materials was investigated [114]—
[116]. For example, Guan et al. [43] fabricated stretchable kirigami-inspired conducting polymer
based on poly(3-butylthiophene-2,5-diyl) (P3BT) nanowires and poly[(9,9-dioctylfluorenyl-2,7-
diyl)-co-(4,4'-(N-(4-sec-butyl phenyl)diphenylamine)] (TFB) matrix. This kirigami structured

composite showed electrical and mechanical durability after 1000 cyclic stretching at 2000% strain.

2.2.1 Sensors

Metamaterials contain repetitive and homogeneous parts. High quality and small form factors make

them suitable for sensing applications [110]. Diao et al. [117] developed a kirigami-based humidity
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dosimeter using PEDOT nanofibers. The sensitivity of this device was higher than the commercial

PEDOT: PSS.

Kirigami structure is also used for durable and stretchable photodetector. For example, the
performance of honeycomb-inspired kirigami photodetector made by PDMS/zinc oxide (ZnO)
NWs was stable for more than 125% stretching and showed a fast recovery time of 100 ms [118].
In another study, Kim et al. [119] used the kirigami concept to design a UV photodetector based
on ZnO nanorod decorated Au/polyvinylpyrrolidone nanofibers. The photodetector had stability

for 50 stretching/releasing cycles at 80% strain.

In addition, kirigami structured devices have been extensively studied as strain sensors [120]—
[122]. For example, Zheng et al. [123] fabricated a strain sensor by kirigami structured MoS; on
PDMS. The stretchability of the strain sensor increased from 0.75% for the non-kirigami one to

15% for the kirigami structure.

2.2.2 Energy conversion and energy storage devices

Providing energy is important for wearable electronic devices. Several strategies have been
suggested to make wearable electronics, but the main issue is the mechanical compatibility of
electronic devices and soft power sources. Therefore, stretchable energy conversion and energy

storage devices have attracted researchers’ attention in these fields.

There are many studies in kirigami structured energy conversion and storage devices such as
kirigami structured nanogenerators [111], supercapacitors [117], and lithium-ion batteries (LIBs)

[124].

Kirigami patterns have been used for a wide range of nanogenerators. Sun et al. [125] applied
kirigami cuts on a thin poly(vinylidene fluoride) (PVDF) film to make a stretchable piezoelectric
nanogenerator. The kirigami pattern decreased the piezoelectric performance of the kirigami-
structured nanogenerator [125], [126]. Zhou et al. [39] reduced the effect of kirigami cuts on
piezoelectric nanogenerators using T-joints cuts and improved stretchability by 300%. In addition,

the kirigami structure was used for triboelectric nanogenerators by Wu et al. [127].

In addition to energy harvesting, kirigami patterns are a promising candidate to fabricate

deformable energy storage devices. For example, a kirigami structured supercapacitor based on
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MnO> NW composite showed 500% stretchability without reducing the electrochemical

performance [128].

Stretchable LIBs are another choice as power suppliers for wearable electronic devices. For
example, Bao et al. [129] designed a kirigami structured LIB, which was stretchable under 100%
strain, and the resistance was stabilized under 30% strain during 500 stretching/releasing. In
another study, Song et al. [130] manipulated both folds and cuts (i.e., origami and kirigami) to
improve the stretchability of LIB.

In conclusion, kirigami patterns can improve stretchability and deformability due to their specific
geometry. Therefore, kirigami structured devices are favorable for wearable electronics, especially

health monitoring and biomedical applications.
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CHAPTER 3 MATERIALS AND METHODS

This chapter explains the materials and methods used for this project.

3.1 Materials

Polydimethylsiloxane (PDMS, Sylgard 184 silicone elastomer kit) was purchased from Dow
Corning. PEDOT:PSS (Clevios PH1000) was purchased from Heraeus Electronic Materials GmbH
(Leverkusen, Germany). PEDOT:PSS screen printing paste (Clevios™S V3 STAB) was purchased
from Heraeus (Germany). P-t-octylophenol (Triton™ X-100, laboratory grade), and polyethylene
glycol 400 were purchased from Sigma Aldrich. Glycerol (99.5 + % purity) was purchased from
Caledon Laboratories Ltd (Georgetown, ON). Table 3-1 shows the chemical structure of the

abovementioned materials.



Table 3-1 Chemical structure of used materials
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Material Chemical structure References
H C H:.C\ :CHIA :CH:;
HiCall - ; ~_sCH
PDMS DA\ O/s\/ [131]
HyC CH
PEDOT:PSS (Clevios PH1000) and m
PSS 4 |
screen printing paste (Clevios™$S N b o s [132]
V3 STAB) | 4 R %%
PEDOT———*{¢ 2 Q/zjj"-
QqQ D Ou()
CHs CHjz
| I
Triton™ X-100 H_;('—('—(‘Hg-('O(()('H:('H;)XOH [133]
| I
CH; CH;
OH
Glycerol H O\)\/ OH [132]
0) H
Polyethylene glycol H'{( \/+O/ [132]
n

3.2 preparation of non-kirigami films

The non-kirigami samples were rectangular with dimensions of 45 mm x 15 mm and 1 mm

thickness.

3.2.1 Fabricating PEDOT: PSS/PDMS polymer composite films

Polydimethylsiloxane (PDMS) was prepared in a pre-cleaned glass Petri dish by mixing Sylgard-

184 (Dow Corning) pre-polymer and a curing agent at a w/w ratio of 10:1 and degassed using a

Centrifuge mixer at 2000 rpm for 5 minutes. Next, to prepare PEDOT:PSS/PDMS composite
polymer film, 0.35 g PEG-400 (as plasticizer), 0.5 g Triton X-100 (for better miscibility) [133],
0.5 g glycerol (for increasing electrical conductivity) [132] and 5 g PEDOT:PSS (Clevios PH1000)
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were mixed with PDMS mold at 2000 rpm for 30 min using the same Centrifuge mixer. Then, the
mixture was poured into a precleaned glass Petri dish and cured gradually at 60 °C for 6 h to avoid

bubble formation in the resultant films (Figure 3.1).

BTy R —
| pEDOT PSS /

10:1 g PDMS:croslinker 30 min, 2000 rpm
0.5 g glycerol

0.5 g Triton X 100

0.35 g PEG 400

Figure 3.1 Fabrication of PEDOT:PSS/PDMS polymer composite film

3.2.2 Fabrication of PEDOT:PSS coated PDMS

The Polydimethylsiloxane (PDMS) substrate was prepared by mixing the monomer
dimethysiloxane and its crosslinker in the ratio of 10:1 (weight by weight). The resultant mixture
was degassed using a Centrifuge mixer at 2000 rpm for 3 minutes to remove any air bubbles. Then
the mixture was poured into a circular-shaped glass container with 10 cm diameter, which was
thoroughly cleaned with acetone, isopropanol (IPA), distilled water and was dried using an air gun.
A solution of 5 mM of cetyltrimethylammonium bromide (CTAB) in deionized water was applied
to the glass mold to easily remove the PDMS substrate. Next, the mixture was carefully poured
into the precleaned mold. The average thickness of the PDMS substrate was 1 mm for kirigami
structure cuts. For the curing process, the mixture was covered with a cap to keep it away from
contaminants. It was cured by keeping it on a hot plate at 100 °C for 1 hour. PDMS substrate was
then removed using a surgical blade. Prior to PEDOT:PSS deposition onto PDMS, the substrate
underwent UV/Ozon treatment for 20 minutes to make its surface hydrophilic. Subsequently,
PDMS samples were coated once with PEDOT:PSS solution and ink using a glass slide and then
cured at 100 °C for 1 hour (Figure 3.2).
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UV/Ozon radiation
HREY —
15 min
PDMS on glass 100°C for1h

Figure 3.2 Fabrication of kirigami structured PEDOT:PSS coated PDMS film

3.3 Preparation of Kirigami structured specimens

The kirigami pattern [103], [109] was plotted by AutoCAD software [134]. The kirigami specimens
were prepared by creating patterns on non-kirigami films using a 100 W laser cutter with a speed
of 10 mm/s and 25% power. The kirigami structured samples had hexagonal geometry with 70 mm
x 50 mm % 1 mm dimensions. It is worth mentioning that for preparing the kirigami structured
PEDOT:PSS coated PDMS specimen, the PDMS film was laser cut before coating with
PEDOT:PSS ink.

3.4 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is a kind of microscopy technique for observing the
morphology of materials by surface scanning of materials using an electron beam. When the
electron beam is incident on a surface, different signals are produced. The produced signals contain
secondary, back-scattered, transmitted, and absorbed electrons. The secondary electrons have
information about surface topography, which the detector can detect. This technique of observing
microstructures and morphologies is ubiquitous in many fields of study, whether materials science,

electronics, or biology [135]. Different elements of SEM are shown in Figure 3.3.
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Figure 3.3 Different parts of SEM [135]

3.5 Optical microscopy

The optical microscope is the oldest and simplest microscope that uses visible light and a set of

lenses to magnify images of samples. Recent optical microscopes capture digital images by

charged-coupled devices (CCDs). Figure 3.4 shows different parts of an optical microscope [136].

Phase contrast microscope configuration

Image

...... plane ’! Digital
| - Camera
— Diffracted | system
Direct light )
(SUrrouUNd) e Tran_smltted
light
biological

microscope

light =" -
Objective | P
Specimen —__-5 J

Phase
plate

Condenser {
- . —r @

Condenser
annulus

Figure 3.4 Different parts of an optical microscope [139]

The surface morphology of PEDOT:PSS deposited on the PDMS substrate was evaluated using an

optical microscope (Zeiss Axiocam 105) and a scanning electron microscopy (SEM) (Hitachi

TM3030).
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3.6 Mechanical Properties

A multi-axial mechanical tester (Mach-1 model v500csst, Biomomentum, Canada) was used to
characterize the mechanical properties of kirigami structured specimens and non-kirigami films.

The applied force was measured using a standard load cell of 70 N.

3.6.1 Tensile strength

Uniaxial tension was applied to specimens at a speed of 0.1 mm/s to investigate the tensile strength
of samples. The test was repeated three times to calculate the average values and standard

deviations of Young’s modulus and elongation at break from force-displacement curves.

3.6.1.1 Young’s modulus and elongation at break

Young’s modulus is the ratio between uniaxial stress to strain. It is also defined as elastic modulus
or tensile modulus and describes relative stiffness [137], [138]. Young’s modulus (E) can be

obtained from force-displacement curves from Eq. (3-1):

SlopeX film thickness

E =

(-1

film area
where the slope is obtained from the elastic region of the force curve.

Elongation at break exhibits the strength of material to break. It is defined as fracture strain and is

obtained from change in the length of material at break point to initial length as Eq. (3-2) [72]:

Elongation = € = % x 100 (3-2)

3.6.2 Viscoelastic behavior

When stress is applied to materials, the viscoelastic behavior causes elastic strain and time-
dependent or viscous strain [140]. The elastic behavior is derived from the change of chain length

and angle. Viscous behavior causes plastic deformation in materials when a uniaxial strain is
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applied. Plastic deformation is related to molecular orientation and crystalline phase movement

[141].

In this project, the viscoelastic behavior of samples was studied by analyzing the measurements

obtained from cyclic and dynamic mechanical tests.

3.6.3 Behavior in cyclic test

To study recovery behavior, samples are exposed to loading-unloading. Figure 3.5 shows the
recovery curve of a material [142]. When the applied stress is removed, the ability of materials to
come back to their initial position is called elastic recovery. Elastic strain is recoverable, but the

viscous elastic is reverse [141].

_______

Plastic Elastic

Figure 3.5 The stress-strain and recovery curves of a material [141]

The elastic recovery or strain recovery can be obtained from Equation (3-3).

Elastic strain

Elastic recovery = (3-3)

Total strain
Moreover, work recovery is another factor for studying tensile deformation. When strain is applied
to a material, the total work done is either stored in chemical bonds or lost in the form of heat. The
stored work in chemical bonds appears as elastic strain and is recoverable. The work lost appears

as plastic deformation and is not recoverable. The work recovery is obtained as Equation (3-4):

Work returned during recovery

Work recovery = (3-4)

total work done during stretching
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In this work, the cyclic tests were carried out by applying different pre-strains (25%, 35%, 45%
and 55%) at a constant axial strain rate of 1 mm/s and room temperature. In addition, the cyclic
loading/unloading tests were conducted at 25% strain for 500 cycles. 500 is a large enough number

to have a stabilized response. At 25% strain, the kirigami structured specimens opened entirely.

3.6.4 Dynamic tests

The dynamic test was performed by applying axially sinusoidal strain on non-kirigami and kirigami

structured samples at a frequency equal to 0.5 Hz, speed rate of 1mm/s and room temperature.

In viscoelastic materials, strain can be written as Eq. (3-5) [142]:

e =ey+ e, sinwt (3-5)

13 29

where “e¢” is the strain at =0, “e,” is strain amplitude equal to 10 mm, and “w” is the angular

frequency in rad/s.

Stress is calculated from Eq. (3-6) [142]:

S =S5,+S,,sin(wt + §) (3-6)

where “S” is stress at =0, Sm is stress amplitude and “6” is angular phase difference or loss angle
between stress and strain [142]. The value of “6™ is also expressed as a delay between the applied

strain and stress.

3.6.5 Electromechanical test

Electromechanical responses were recorded when the samples were subjected to different strains
until they broke entirely, as well as 5000 loading/unloading cycles at 25% strain.
Electromechanical properties were measured using a customized uniaxial translational manipulator

coupled with electrical equipment (Agilent B2902A) in a constant voltage mode.
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CHAPTER 4 RESULTS AND DISCUSSION

4.1 Kirigami pattern

Kirigami-based metamaterials have monolithic periodic structures with tunable properties such as
stiffness, auxeticity, and bistability [143]. The auxetic structure shows a negative Poisson’s ratio.
The auxetic structures offer stretch perpendicular to stress due to their microstructure [144], [145].
Bistability means the structure can maintain its deployed state when the load is removed. When the
auxetic structure opens, the rotation of units leads to snap-through instabilities. This phenomenon
makes the structure auxetic and bistable [103]. In this work, we used a triangular bistable auxetic

structure by perforating parallel cut motifs already reported in the literature [103] (Figure 1a (I)).
In this structure, the length of the rotating unit was half of the building block (a/ 1= 1/ 2, L=
20 mm). Also, the size of the ligament between cuts and the edge lengths was t=1 mm (Figures

la(Il) and (III)). Photographs of the kirigami structured PEDOT:PSS coated PDMS and polymer

composite in closed and open forms are shown in Figures 4.1(b, ¢) and (d, e), respectively.

@ @ (b) (©)

(1

Figure 4.1 (a) I: Schematic of kirigami structure in closed form, /I the dimensions of the rotating unit
and /1I: the schematic of one building block in open form; photographs of kirigami structured
PEDOT:PSS coated PDMS specimen (b) in closed and (c¢) open forms; photographs polymer composite

specimen in (d) closed and (e) open forms.
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4.2 Mechanical properties

4.2.1 Tensile strength

Uniaxial tension was applied to specimens to investigate their tensile strength. The mechanical
behavior of non-kirigami films was also studied for comparison (Figure 4.2a). Under monotonic
stretching, non-kirigami specimens show a nonlinear stress-strain relationship. As Figure 4.2a
shows, the non-kirigami PDMS film has a higher tensile strength than non-kirigami PEDOT:PSS
coated PDMS and polymer composite films. In addition, the serrated region in non-kirigami
PEDOT:PSS coated PDMS film was because of the cracks formed on the surface of PEDOT:PSS
coating by applying stress. The results in Figure 4.2b show that the force-displacement curves
comprise two parts, i.e., a smooth region (part I) followed by a serrated region (part II). Beyond
the smooth area, the serrated region occurred when individual hinges of the kirigami specimen
started to break. The Young’s modulus (0.21 + 0.025 MPa) decreased in the non-kirigami polymer
composite film in comparison to non-kirigami PEDOT:PSS coated PDMS film (2 + 0.12 MPa) and
non-kirigami PDMS film (~ 0.75 + 0.035 MPa) (Figure 4.2c). The Young’s modulus and
elongation at break of kirigami structured specimens followed the same trend as the non-kirigami
films. The Young’s modulus of kirigami structured specimens decreased compared to non-kirigami
ones (Figure 4.2¢). On the contrary, the elongation at break increased in kirigami structured
specimens. Furthermore, the elongation at break of non-kirigami and kirigami structured
PEDOT:PSS/PDMS composite film was more than non-kirigami PDMS and PEDOT:PSS coated
PDMS films. PEG in the polymer composite acted as a plasticizer [132] and increased elongation
at break to ~ 108% (Figure 4.2d). In addition, PDMS doping with Triton X-100 increased adhesion
and in consequence, improved stability (elongation at break) [133]. Therefore, it can be concluded
that coating PDMS with PEDOT:PSS decreased tensile strength as well as stretchability. The
Young’s modulus and elongation at break of kirigami structured specimens followed the same
trend as the non-kirigami films. For the kirigami structured polymer composite, the elongation at
break was 15% more than the elongation at break for the kirigami structured PDMS specimen; it
was also 41% more than the elongation at break of the kirigami structured PEDOT:PSS coated
PDMS specimen (Figure 4.2d).
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Figure 4.2 (a) force-displacement curves of non-kirigami films; (b) force-displacement curves of
kirigami structured specimens; (c) Young’s modulus and (d) elongation at break of non-kirigami

and kirigami structured specimens

4.2.2 The behavior of specimens in cyclic tests

Figure 4.3 shows one cyclic loading/unloading of samples at different strains (25%, 35%, 45% and
55%). The plastic deformation (i.e., residual strain) was zero for one loading/unloading cycle for
the abovementioned strains. In addition, we noticed Mullin softening effect because of structural
damages [146] when cyclic uniaxial tension was applied at various stretching levels. This effect
means when elastomeric materials are subjected to tension, the stress required for reloading is less

than the initial stress at the first loading [147].
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Figure 4.3 Loading/unloading curves under 25%, 35%, 45% and 55% strain for simple (a) non-
kirigami) PDMS films, (b) non-kirigami PEDOT:PSS coated PDMS films, (c¢) non-kirigami
polymer composite films, (d) kirigami structured PDMS specimens, (e) kirigami structured

PEDOT:PSS coated PDMS specimens, and (f) kirigami structured polymer composite specimens

In this project, energy loss was calculated when the samples were subjected to a loading/unloading
cycle up to a maximum applied strain of 25% at a 0.1 mm/s strain ratio. As shown in Figure 4.4,
the energy loss manifested as a hysteresis loop when the kirigami structured specimens were cycled
between 0 to 25% strain. Although the hysteresis loop can be related to molecular network
reorientation [148], the kirigami structured specimens did not experience significant plastic
deformation when subjected to loading/unloading up to 25%. The area inside the hysteresis loop
represents the energy loss. Therefore, the larger the area inside the curve is, the higher the energy
loss will be. By calculating the area of each loop by MATLAB software [149], [150], we noticed
energy dissipation in the kirigami structured PEDOT:PSS coated PDMS specimen was less (~ 0.46
J) than the energy dissipation of the non-kirigami ones (~15 J). A similar result was obtained for
the polymer composite samples. The energy loss for the non-kirigami polymer composite was ~

0.73 J, while for the kirigami structured polymer composite, it was ~ 0.3 J (Figure 2S).

30



38

(a) 4 /| ——PDMS (b) 15 ——
—— PEDOT:PSS coated PDMS —— Kirigami structured PEDOT:PSS coated PDMS
—— PDMS/PEDOT:PSS polymer composite Kirigami structured polymer composite

Kirigami structured PDMS

Force (N)

0.5

T T T T 0.0 N T T
0.0 25 5.0 7.5 10.0 0 5 10

Displacement (mm) Displacement (mm)

Figure 4.4 Loading and unloading curves of (a) simple (non-kirigami) and (b) kirigami structured

PDMS, PEDOT:PSS coated PDMS, and polymer composite at 25% strain

To study the viscoelastic behavior of samples under cyclic deformation, each sample was exposed
to 500 loading/unloading cycles at 25% strain, strain ratio of 1 mm/s (3 h), and room temperature.
The materials showed stress softening and hysteresis loops due to their viscoelastic properties and
microstructural damages that occurred during loading [151]. In comparison to initial stress, the
stress in the second cycle dropped and remained approximately constant for the rest of the cycles

(Figure 4.5).

The viscoelastic effect in samples appeared as plastic deformation (i.e., residual strain). After 500
loading/unloading cycles, the residual strain was less than 1% for the kirigami structured polymer
composite, 2.5% for the kirigami structured PEDOT:PSS coated PDMS, and 2% for the kirigami
structured PDMS. On the other hand, the residual strain for the non-kirigami PEDOT:PSS coated
PDMS, polymer composite and PDMS films were ~ 5%, 2.25% and 3.5%, respectively. As a result,

the kirigami structured samples showed more elastic behavior than non-kirigami samples.
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Figure 4.5 50 cycles of loading/unloading under 25% strain at a strain ratio of 1 mm/s and room
temperature for (a), (b), (c) non-kirigami and (e), (f), (g) kirigami structured PDMS, PEDOT:PSS

coated PDMS and polymer composite, respectively

Moreover, the energy dissipation decreased by increasing the number of cycles [152]. As figures
4.6a and 4.6b show, the energy dissipation stabilized after a certain number of loading/unloading
cycles. For example, the energy dissipation in the kirigami structured polymer composite was
constant after the third cycle, but in kirigami structured PDMS and kirigami structured
PEDOT:PSS coated PDMS, it was constant after 100" cycles and 250" cycles, respectively. A
similar result was demonstrated for non-kirigami structured samples. However, in the non-kirigami
structured PEDOT:PSS coated PDMS, the energy dissipation decreased dramatically in the 150™
cycle and was uniform until the 250™ cycle. These results show that by increasing the number of
loading/unloading cycles, the energy stored in polymer chains became constant. Also, the
intermolecular interactions between the polymer chains decreased. This might result in
configuration changes. Therefore, the behavior of samples was close to elastic behavior at the last

cycles.
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Figure 4.6 Energy dissipation for 500 loading/unloading cycles for (a) non-kirigami and (b)

kirigami structured samples

4.2.3 Properties of specimens under dynamic mechanical test

Dynamic mechanical properties are usually expressed as complex dynamic modulus (E¥*)
containing storage modulus (£’) and loss modulus (E”). The storage modulus represents the
material’s stiffness, while the loss modulus is attributed to the loss of energy within the material
through plastic deformation, morphology changes, and molecular motion. Complex modulus,

storage modulus (£’), and loss modulus are obtained from Eq. (4-1), Eq. (4-2), and Eq. (4-3),

respectively [142].
ém

(13 2

where “f,,” is force amplitude, “4” is sample area, “L” is the length of the sample and “AL” is

displacement.
! Sm

E' = - cosé 4-2)
" Sm .

E = e—smé‘ (4-3)

The loss factor (tand) is calculated from the ratio between E'and E”[142].
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As Figure 4.6 shows, all samples showed a delay by applying strain (), which confirmed
viscoelastic behavior. When the strain was applied to the samples, the force increased, and its value
was positive. On the contrary, the negative values in sinusoidal force are represented as stress
relaxation and associated with the released strain. In addition, for the non-kirigami samples, some
of the applied strain was stored in polymer chains; therefore, the force became constant. In contrast,
for the kirigami structured samples, the force decreased until the next period of strain was applied.
This means that the applied force was released completely. From these results, it can be concluded

that the kirigami structured samples had more elastic behavior than the non-kirigami samples.

Table 1 reports the values of “&”, “tand”’, “E™, “E ™, and “E”. As shown in Table 1, the storage
modulus and loss modulus decreased for the kirigami structured samples. Decrease in storage
modulus means decrease in materials’ stiffness. Therefore, materials with less storage modulus
have better stretchability. These results have good agreement with the previously mentioned results
discussed for figures 4.5 and 4.7. In addition, the delay of materials to respond to applied strain ()

decreased in the kirigami structured samples.



Displacement (mm)

Displacement (mm)

Displacement (mm)
é o

T T

T
0 10 20 0 10 20 0 10 20
Time (s) Time (s) Time (s)
3.0
—_ | le— 6
0.2
1.5
o =14 =
< z £
8 8 go1+
& 8 &
0.0 4
0.0
15 X T T T
0 10 20 10 20 0 10 20
Time (s) Time (s) Time (s)
(d) (e) ®
104 104 104
3 B =
=
£ £ £
=
b5 g g
£ £ 04 £ 0+
3 o+ 51
S 8 8
a 4 K
K2 @ a
a 2 )
o
-104 104
-104
¥ T T T T
¢ 10 2 0 10 20 0 10 20
Time (s) Time (s) Time (s)
a 0.5
05 02
> =
© = @
g £ g 0.0
& o004 8 00 R
O
w
0.2
05 . T T T T
0 10 20 0 10 20 0 10 20
Time (s) Time (s) Time (s)

Figure 4.7 Sinusoid curves displacement-time (in blue) and force-time (in red) for non-kirigami
(a) PDMS, (b) PEDOT:PSS coated PDMS and (c) polymer composite films versus sinusoid
curves displacement-time (in blue) and force-time (in red) for kirigami structured (d) PDMS, (e)

PEDOT:PSS coated PDMS, and () polymer composite specimens
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Table 4-1 Values of 6, tand, E*, E’, and E” for the non-kirigami samples and kirigami structured

specimens
. E" (MPa) E” .

Sample E (MPa) (MPa) 3 (°) tand

Non-kirigami PDMS film 0.762 0.759 0.059 4.400 | 0.0769
Non-kirigami PEDOT:PSS coated 2.460

PDMS film 2.500 0.434 | 10.000 | 0.1763

Non-kirigami polymer composite film 0.252 0.251 0.010 2.300 0.04
Kirigami structured PDMS 0.144 0.144 0.005 2.100 | 0.0366
Kirigami structured PEDOT:PSS coated 0293 0.293 0.017 3400 | 0.0594

PDMS

Kirigami structured polymer composite 0.088 0.088 0.002 1.500 | 0.0261

4.3 Electromechanical properties

The electromechanical properties of all samples were studied under varying applied strains (Figure
4.8). It was observed that when the non-kirigami structures were stretched beyond a critical value,
both quasi-periodic cracks and wrinkles were formed (Figure 4.9). In general, cracks form because
of inherent flaws within the materials and grow by channeling. In contrast, wrinkles form because
of the Poisson ratio difference between the film and the strained substrate. As shown in Figure 4.8,
these cracks and wrinkles in the non-kirigami samples were aligned in a direction perpendicular to
each other. Crack density, crack width, wrinkle amplitude, and wrinkle wavelength increased in
the non-kirigami films when the stretch increased (Figure 4.9). Quasi-periodic cracks and wrinkles
disrupted the current pathways; hence, the current decreased with stretching. Upon the release of
the stretched sample, the cracks connected partially and the current partly recovered its initial value.
In the kirigami specimens, the current decreased in the open position. In addition, the current

decreased with increasing strain and was equal to zero when the samples completely broke. In the
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kirigami structured polymer composite specimen, the current could flow until 140% strain. Then,
the specimen completely broke at 145% strain. The non-kirigami polymer composite broke at
125% strain. The generation of cracks and fractures near the hinges caused current reduction.
However, the current reduced more in the non-kirigami polymer composite film than the kirigami
structured specimens. For example, the initial current value of the non-kirigami polymer composite
reduced to 44% in the closed form after 100% strain, but for the kirigami structured polymer

composite specimen, the value decreased to ~ 29 %.
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Figure 4.8 Current versus time at different applied strains for (a) non-kirigami and kirigami
PEDOT:PSS coated PDMS and (b) non-kirigami and kirigami PEDOT:PSS/PDMS composite

samples.
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40%

Figure 4.9 (a) Optical and (b) SEM images when samples were exposed to 0, 20% and 40%

strain.

Figure 4.9 plots the current with respect to time under 1000 stretching/releasing cycles at 25%
strain for the non-kirigami films. The current amplitude decreased by ~ 40% at the beginning of
stretching for the non-kirigami PEDOT:PSS coated PDMS film due to increased crack density,
crack width, wrinkle amplitude, and wrinkle wavelength discussed in the previous section (Figure
4.10a). However, for the non-kirigami polymer composite film, the current decreased 10% under
5000 stretching/releasing cycles (Figure 4.10b).
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Figure 4.10 Current-time graphs of (a) non-kirigami PEDOT:PSS ink coated PDMS fil, and (b)

non-kirigami polymer composite film at 25% strain under 1000 stretching/releasing cycles
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The kirigami structured specimens were subjected to many opening/closing cycles, i.e., 5000 under
a constant voltage of 10 mV (Figure 4.11). The original length of the sample was 4 cm in closed

form and 5 cm (strain = 25%) in open form.

In the kirigami structured PEDOT:PSS coated PDMS samples, the current amplitude
monotonically decreased as the strain progressed (Figure 4.11). To understand the overall behavior
of the plot, the current amplitude values between open and closed forms were compared at first and
5000™ cycles (~ 2.1 h). In the first cycle, the current amplitude changed from 0.23 mA at closed
state to 0.21 mA at open state with the current change (Alis) of about 8.69%. The current amplitude
reduced 30% after 1000 opening/closing cycles in the closed form. By considering the current
amplitude of non-kirigami (discussed previously for Figure 4.10a) and kirigami structured
PEDOT:PSS coated PDMS samples at 1000 opening/closing cycles, we can conclude that the

electromechanical stability improved 10%.

For the kirigami structured PEDOT:PSS coated PDMS sample, the current amplitude was 0.101
mA in the closed-form and 0.0944 mA in the open form (Alsooom = 6.53%) after 5000 cycles.
Therefore, the current amplitude reduced by 56% in closed form and 55% in the open form at the
5000™ cycle. In the kirigami structure, PEDOT:PSS ink was well connected via hinges through
which the charge carriers traveled across the whole perforated periodic structure. These hinges
were aligned in different directions during opening/closing cycles with respect to the direction of
external stretching. When the structure was opened and closed, an individual hinge experienced a
certain strain. The total strain-induced elastic energy was redistributed among all the hinges. As a
result, the correlation of elasticity and electrical transport in the kirigami-inspired structure is not
straightforward. In addition, there was an elasticity mismatching at the interface between
PEDOT:PSS and PDMS. So PEDOT:PSS ink and PDMS experienced different amounts of strain-
induced force when the whole structure was exposed to an external strain. This process led to crack
and wrinkle formation. The morphology of the PEDOT:PSS ink deposited on the kirigami-
structured PDMS was investigated in the closed form (Figure 4S) and open form at three distinct
positions (Figure 4.12). The shape and density of the cracks influenced the current flowing in the
film under strain [ 132]. In the closed form, wrinkled and cracked areas were unclear, and the cracks
were sharp in the edges where joints were connected. Regions 1 and 2 were subjected to more

tension in the open form, so more cracks were observed. Region 3 contained wrinkles implying
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this region was exposed to less stretching. Therefore, long size and high-density cracks partially

interrupted the electrical conducting pathways during the stretching, resulting in current amplitude
reduction [132].
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Figure 4.11 Current-time graphs for (a) complete period of 5000 opening/closing cycles, (b)
initial, (c) 1000, and (d) 5000 opening/closing cycles for kirigami structured PEDOT:PSS ink
coated PDMS specimen



48

Figure 4.12 (a) photograph and SEM images of kirigami structured PEDOT:PSS coated PDMS
specimen after 5000 opening/closing in the open form at the regions of (a) 1, (b) 2, and (¢) 3. The

scale bar is 100 pum.

Figure 4.13 shows the current-time graphs of the kirigami structured polymer composite sample.
The current amplitude remained approximately stable even during 5000 opening/closing cycles.
Triton X-100 has a hydrophobic tail and a hydrophilic head [133]. As a result, Triton X-100 was
connected to PDMS by the hydrophobic part and linked to PEDOT:PSS by the hydrophilic head.
Therefore, strong intermolecular interactions were created between PDMS and PEDOT:PSS [133].
The strong intermolecular force between polymer composite elements and the improvement of
mechanical properties by PEG and Triton X-100 made the polymer composite durable. Therefore,
the current did not reduce during 1000 opening/closing cycles, and it decreased ~ 2.7% at the 5000

opening/closing cycle.
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Figure 4.13 Current-time graphs for (a) complete period of 5000 opening/closing cycles, (b)
initial, (c) 1000, and (d) 5000 opening/closing cycles for the kirigami structured polymer
composite sample

4.4 Application

Kirigami structured PEDOT:PSS/PDMS polymer composites can be used as conductors in flexible
and stretchable electronic devices due to their conductivity and reliability. In addition to their
application as conductors for electronic devices, they can be used as strain sensors. A fundamental
parameter in the strain sensors is their sensitivity to strain. The sensitivity was investigated by
monitoring resistance changes during stretching using the gauge factor. The gauge factor is the

ratio of relative change in electrical resistance to the relative change in length (strain) [153].

Figures 4.14a and 4.14b show the resistance changes correspond to stretching. The gauge factor
increased linearly with strain from 0.33 to 1.72 for the kirigami structured polymer composite and
from 0.6 to 1.3 for the kirigami structured PEDOT:PSS coated PDMS when the strain changed
from 25% to 95%.

The resistance changes for stretching and strain release are shown in Figures 12c¢ and 12d. The

corresponding hysteresis is calculated by Eq. (6) [154].

Rs—Ry

Rm

h(%) =

x 100 (4-6)
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where “Ry” and “R,” are resistance at stretching and releasing states, respectively and “R,,” is the
maximum value of resistance at specific strain. The relative resistance changes had negligible

hysteresis (~ 3.5%) for kirigami structured PEDOT:PSS coated PDMS and polymer composite

samples.
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Figure 4.14 AR/Ry versus strain for (a) non-kirigami and (b) kirigami structured samples at
different strains; AR/Ro for opening and closing for (c) kirigami structured PEDOT:PSS coated

PDMS and (d) kirigami structured polymer composite samples

To demonstrate the application of kirigami structured polymer composite for human body
movement detection, we attached the specimen to a human wrist (Figure 4.15a). An electrical
circuit based on the schematic shown in Figure 4.15b was used to record generated signals. As

shown in Figure 4.15c, when the wrist was bent up or down, the kirigami structured sample
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stretched and became in the open state and consequently, the resistance increased. In contrast, the

resistance was constant when the rest was in a neutral position (the kirigami structured sample was

in the closed state).
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Figure 4.15 (a) Photographs of kirigami structured polymer composite attached to a human wrist,
(b) the schematic of electrical circuit used for detecting signals generated by wrist bending, and

(c) resistance variation by wrist bending
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CHAPTER S CONCLUSION AND RECOMMENDATIONS

Wearable electronics are one of the interesting new subjects in the electronics field, especially for
health monitoring applications. Stretchability and durability are the main challenges in wearable

electronics.

Kirigami patterns and mixing elastomeric polymers with conductive fillers are promising
approaches to make electronic devices stretchable. In this project, these two methods were
employed to increase the stretchability of conductors. For this purpose, PEDOT:PSS/PDMS
polymer composite films were cut by a laser cutting technique to make kirigami structures. The
auxetic, bistable and omnidirectional kirigami structure was designed by perforated parallel cuts

on the films.

In this thesis, the tensile strength of non-kirigami and kirigami samples was examined. The results
showed that the kirigami structured polymer composite had higher tensile strength than the
kirigami structured PDMS and PEDOT:PSS coated PDMS. The elongation at break for the
kirigami structured specimens increased compared to the non-kirigami samples. The elongation at
break for non-kirigami samples had the same trend as the kirigami ones. The non-kirigami
PEDOT:PSS coated PDMS had higher Young’s modulus (2 MPa) than non-kirigami PDMS (0.75
MPa) and non-kirigami polymer composite samples (0.21 MPa). Therefore, it can be concluded

PEDOT:PSS coating decreased stretchability.

The plastic deformation was zero for one loading/unloading cycle when different strains (25%,
35%, 45%, and 55%) were applied to the non-kirigami and kirigami structured specimens.
However, they showed a small percentage of plastic deformation under 500 loading/unloading
cycles at 25% strain. The plastic deformation of kirigami structured specimens was less than the
plastic deformation of non-kirigami specimens. The Moulin’s softening effect was observed in

cyclic loading/unloading due to structural damages.

The hysteresis loop caused by loading/unloading samples represents their viscoelastic behavior.
The viscoelastic behavior leads to energy dissipation during loading/unloading. Therefore, more
energy dissipation shows more viscoelastic behavior. The energy dissipation is calculated from the
area inside the hysteresis loop. Results showed that the energy dissipation of kirigami structured

specimens is less than the energy dissipation of non-kirigami samples. These results confirmed that
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the behavior of kirigami structured is closed to spring-like behavior (elastic behavior). In addition,
the kirigami structured polymer composite samples had less energy dissipation (~ 0.3 J) than other

samples.

A dynamic mechanical test was performed by applying a sinusoidal strain with 25% amplitude to
calculate complex modulus, elastic modulus, storage modulus, angular phase difference and loss

factor. These results also confirmed that elasticity increased in the kirigami structured specimens.

The electromechanical responses of non-kirigami and kirigami structured samples were
investigated at different strains. For all samples, the current decreased by increasing strain. Results
showed that the stretchability increased in the kirigami structured samples, and they showed less

current reduction compared to the non-kirigami samples.

The electromechanical responses of non-kirigami and kirigami samples were studied when the
samples were exposed to 25% strain under 1000 and 5000 loading/unloading cycles, respectively.
The electromechanical response of kirigami structured polymer composite and PEDOT:PSS coated
PDMS samples reduced 2.7% and 56%, respectively. The results showed that kirigami patterns
affect the stability of electromechanical responses. The kirigami structured polymer composite
showed current stability and durability under many opening/closing cycles (i.e., 5000 cycles).
However, the current response of the kirigami structured PEDOT:PSS coated PDMS sample was
detrimental for 5000 opening/closing cycles. Cracks and wrinkles generated by the applied strain

led to the change in the current amplitude of all specimens.

The application of kirigami structured polymer composite was evaluated for human motion
detection. It showed our work paves the way to develop future stretchable and deformable strain
sensors based on kirigami-inspired conducting polymers. The sensitivity of kirigami structured
samples was characterized by a gauge factor. In addition, the hysteresis of electrical resistance was
studied. Both kirigami structured specimens showed approximately the same gauge factor (~ 0.5

to 1.5) and hysteresis of electrical resistance (~ 3.5%).
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5.1 Recommendations

In this Thesis, we showed the application of kirigami structured polymer composite as a strain
sensor for human body movement detection. However, further research such as the following can

be done:

- Examining the fatigue resistance of samples: Fatigue resistance is the maximum value of
stress that samples can resist under a certain number of loading/unloading cycles without

failure.

- Inthis thesis, the application of kirigami structures as a sensor for body movement detection

was evaluated. It is suggested to assess the skin compatibility of the sensor too.

- Evaluating sensitivity of kirigami structured polymer composite in other parts of the body

such as the face, fingers, and knee.

Also, for further work, the following suggestions are recommended:

Using other kinds of elastomeric polymers such as polyurethane and conductive filler such

as metal nanowires, CNT, etc.
- Investigating the stretchability and durability of other kirigami structured geometries
- Manipulating both origami and kirigami concepts for improving stretchability and stability

- Using biocompatible and biodegradable polymers such as polylactic acid to make a skin-

compatible sensor for health monitoring
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APPENDIX A SUPPORTING INFORMATION

The linear current-voltage characteristics of the unstrained (in closed form) kirigami structured polymer composite suggest the Ohmic

behavior as displayed in Figure A.1.
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Figure A.1 The current-voltage curve of the kirigami sample in closed form (unstrained).
To calculate the area inside of each curve in Figures 1-4, the trapz [150] method of MATLAB [149] was used. The trapz method uses

the trapezoidal technique to calculate the area under a curve or inside a closed curve. Following shows part of the code in MATLAB that

we wrote to calculate the energy dissipation of samples one loading/unloading cycle at 25% strain:



Al=dlmread(filel);
figure(1);
x1=A1(:,1);
y1=A1(:,2);

al
hal=fill(x1,y1,'r");
xlabel('Displacement
ylabel('Force

alstr

legend(hal,

grid off;

Force (N)
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= trapz(x1,y1);

(mm)");

(N));

sprintf('Area = %6.4f, al);
alstr,'Location','northwest')

4 6
Displacement (mm)

Force (N)

4 2 4 6
it ' N : Displacement (mm)

Figure A.2 Calculation of area between hysteresis loop using MATLAB software
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Figure A.3 (a) real image and (b) SEM images of kirigami structured PEDOT:PSS coated PDMS specimen after 5000 opening/closing

in the closed-form. The scale bar is 100 um.



