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Abstract

Stretchable Kirigami devices for

biological applications

Recording  technologies for biological signals from the brain
[Electroencephalogram (EEQG), electrocorticogram (ECoG), local field potentials (LFPs),
single unit activity (SUA)], heart [Electrocardiogram (ECG)] and muscle
[Electromyography (EMG)] are expected to be used for the treatment of psychiatric and
neurological disorders. These technologies can also be used for restoring lost functions,
such as brain machine interfaces (BMI) and human—machine interfaces (HMI).

Needle-like penetrating electrodes and film-based surface electrodes are
commonly used as electrode devices in in vivo experiments. An intimate integration
between electrical devices and soft biological tissues can be achieved in case the device’s
mechanical characteristics (e.g. Young’s modulus) are similar to those of the biological
tissues in addition to the biocompatibility of the materials used in electrical devices. To
this purpose, many flexible and stretchable devices have been developed. Flexible devices
usually consist of polymeric materials such as polyimide, parylene, and SU-8. However,
the Young’s modulus of these materials, which ranges between 2.8 GPa and 5.6 GPa, is
about six orders of magnitude higher than those of the biological tissues (e.g. ~1.5 kPa
for the brain and 540 kPa for a resting muscle). In addition, the Young’s moduli of the
elastomer materials used in stretchable devices [e.g. ~730 kPa for polydimethylsiloxane
(PDMS), ~70 kPa for Ecoflex, and ~350 kPa for poly (styrene-butadiene-styrene) (SBS)]
are also large compared to those of the biological tissues. Therefore, there is a possibility
that these mismatches may induce tissue damage and malfunction (e.g. ischemia,
inflammation). Moreover, the mismatch of Young’s modulus of about five orders of
magnitude between soft elastomer materials and rigid device components (e.g. transistors
and interconnections), may be the cause of failure of the device components due to the
large strain applied to the stretchable device.

In this study, a low invasive neuronal interface for biological applications using
the Kirigami structure is proposed. The aim is to achieve an intimate integration between

electrical devices and soft biological tissues. A remarkable feature of the Kirigami



structure is its high stretchability, which includes a high strain ratio and low effective
modulus. Moreover, the characteristics of the Kirigami structure can be controlled by the
device design (e.g. slit length and gap of the Kirigami structure) in contrast to the
characteristics of conventional stretchable devices, which are decided by the intrinsic
characteristics of the materials used.

The stretchability and recording capability of the Kirigami device has been
confirmed by the first experiment of the Kirigami bioprobe device. A displacement model
of the Kirigami structure was derived to estimate the deformation of the Kirigami
structure, which depends on the applied force (stress). In addition, the simulation of the
stress distribution in a Kirigami structure has been conducted. The displacement model
and the stress distribution results provide an effective and robust method of designing a
Kirigami device. A Kirigami device was designed for the ECoG and ECG signal
recording from the mouse brain and heart, and fabricated using a microfabrication process,
which includes a parylene substrate and embedded platinum layer for electrodes and
interconnections. Using the fabricated Kirigami bioprobe device, the electrical and
mechanical characterizations were conducted. In the electrical characterization, the
impedance of electrodes with interconnections, which was measured in saline solution,
exhibited a value of ~300 kQ. This low value was suitable for the biological signal
measurements. Also, the impedance value showed stability under the device’s large
stretching (~500%) using the Kirigami device, which has a calculated maximum strain of
860%. In the mechanical characterization, it was confirmed that the effective modulus of
the Kirigami devices (3.6-23 kPa) is comparable to the Young’s modulus of soft
biological tissues. The Kirigami devices also exhibited a maximum strain of 470-840%
before the film breaking. In addition, the durability of the Kirigami device was also
confirmed during a 4,000-cycle strain test in the durability test. The recording capability
of the fabricated Kirigami device was confirmed in the ECoG signal recording under the
device stretch. Moreover, its recording capability with respect to biological tissues, which
shows exhibit deformation, was also confirmed in the ECG signal recording. The above
experiments indicated the ability of the Kirigami device to achieve the intimate
integration with biological tissues. However, the Kirigami device proposed in the first
experiment caused displacement on the biological tissues, which shows their large
deformation.

A donut-shaped Kirigami device was proposed to improve the device’s stability
on biological tissues which shows the large deformation, such as the heart and muscles.
The stability of the fabricated donut-shaped Kirigami device on the deformable tissue

surface was confirmed during the displacement test using deformable balloon instead of
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real biological tissues. The displacement test results exhibit five—to—eight times less
displacement in comparison with the displacement caused by the sheet-type Kirigami
device proposed in the first experiment. The packaging process using the biocompatible
and soluble material of PEG was also proposed to resolve the manipulational difficulty
of the highly stretchable Kirigami device. The recording capability and the stability of
the fabricated donut-shaped Kirigami device were also confirmed by the biological signal
recordings from large deformable tissues, such as the mouse heart and hind limb.

Another challenge faced by the Kirigami device was the integration of its rigid
components in the stretchable Kirigami structures to achieve a multifunctional device. An
optoelectrical Kirigami device was proposed in the third experiment for the treatment of
heart disease. The proposed device includes arrays of light emitting diodes (LED) bonded
on the fabricated Kirigami film for optical stimulation and electrodes for ECG signal
recording from a mouse’s heart in which light-sensitive proteins expressed. No significant
resistance changes of the interconnections embedded in the Kirigami structure were
observed during the device stretching in its characterization. Moreover, there was no
resistance change during the durability test, which included a 300—400 cycle strain test.
It was also confirmed that the latch structures had enough fixation force to enable the
device’s fixation on the heart tissue. The LED functionality test revealed a yield of 100%.
The above results successfully demonstrated a highly stretchable device suitable for
cardiac tissue defibrillation using optogenetic stimulation.

In this thesis, a displacement model for the Kirigami structure was derived and
the stress distribution on the Kirigami device was simulated. Thus, an effective and robust
design of an electrical device using the Kirigami structure can be achieved. The
remarkable stretchability, electrical and mechanical characteristics, and the stability of
the Kirigami device were also confirmed. These characteristics were experimentally
demonstrated by the impedance and force measurements during the Kirigami stretching,
durability test, displacement of the deformable balloon, and biological signal recordings
from the mouse brain, heat, and muscle. The Kirigami device exhibited a low effective
modulus comparable to the Young’s modulus of soft biological tissues. Such low Young’s
modulus was not achieved when stretchable devices based on elastomer materials were
used. In addition, an integration of the Kirigami device with the rigid electrical
components was also demonstrated in the applications for the heart disease treatment.
These results indicate the capability of the Kirigami device as appropriate platform of low
invasive neuronal interfaces. It is believed that the features of the Kirigami device can be
extended to applications involving the integration of electrical components with

biological tissues. Moreover, the high stretchability, stability, and unique transformation
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of the Kirigami structure will expand possibilities for stretchable electronics including

sensors and actuators.
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Chapter 1: General introduction

1.1 Introduction

Recording  technologies for biological signals from the brain
[Electroencephalogram (EEQG), electrocorticogram (ECoG), local field potentials (LFPs),
single unit activity (SUA)], heart [Electrocardiogram (ECG)] and muscle
[Electromyography (EMG)] are expected to be used for the treatment of psychiatric and
neurological disorders. These technologies can also be used for restoring lost function[1],
[2] Brain machine interface (BMI), brain computer interface (BCI) and human—machine
interface (HMI) provide appropriate means to restore the lost functions of severely
disabled people who are amputated or paralyzed by neurological neuromuscular disorders,
such as amyotrophic lateral sclerosis, brain stem stroke, or spinal cord injury [3]-[9]. BCI
and BMI connect the living brain to a computer or to artificial actuators, such as the
prosthesis and robot arm, and enable humans to control them directly by electrical signals
from brain (Figs. 1.1.1a, b). Another approach to compensate for the lost of functions is
the HMI based on the EMG signals (Fig. 1.1.1c) [8], [10]-[12]. In the HMI, a hand
prosthesis is controlled by the EMG signals extracted from the residual upper extremity
muscle of the amputee. In addition, signal recording and electrical stimulation of the brain
can be used for diagnosis and treatment of brain diseases, such as epilepsy, depression
and Parkinson's disease [13]-[17]. They are also applicable to the rehabilitation of
paralyzed patients [18], [19] (Fig. 1.1.1d). ECG signals allow the detection of heart
arrhythmia, which is the major cause of sudden death. Electrical, ultrasound and optical
stimulation methods offer defibrillation [20]-[24] (Fig. 1.1.1e).

Biological signals can be recorded using non-invasive and invasive technologies.
Non-invasive technologies include functional magnetic resonance imaging (fMRI),
positron emission tomography (PET), EEG, near-infrared spectroscopy, and magneto-
encephalography (MEG). On the other hand, ECoG, LFP and spikes as well as optical
images of cells/neurons can be detected using invasive technologies (Fig. 1.1.2).
Applications, such as BMI, BCI, and HMI require the high spatial and temporal resolution

of the recorded biological signals using multi-functions. The brain consists of the



fundamental computational unit of cortical minicolumn (~50 um) which is vertical
column through the cortical layers of the brain. Minicolumns comprise perhaps 80—120
neurons and these neurons have similar features [25], [26]. On the other hand, a motor
unit innervate dozen to hundreds of muscle fibers depending on the size of muscle. The

territory of the motor unit is 5—10 mm in large human muscle (e.g. tibialis anterior muscle

Movement

Figure 1.1.1 Applications using biological signals. (a) Brain computer interface based
on neuronal signals [6]. (b) Brain machine interface based on neuronal signals [7]. (c)
Human-machine interface based on EMG [8]. (d) Rehabilitation using EEG signal
[19]. (e) Implanted cardioverter [20].
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Figure 1.1.2 Spatial and temporal resolution of several recording technologies [2].

consists of 200-300 muscle fibers [27], [28]). However, the separation of these signals
from the minicolumn or motor unit is difficult using the signals recorded via surface
electrodes [e.g. EEG, surface EMG (sEMG)]. Invasive in vivo electrodes offer more
accurate and highly resolved spatiotemporal signals compared with those placed outside
the tissues [e.g. EEG, sEMG]. The major in vivo electrode devices are presented in the

next section.

1.2  Electrodes for in vivo biological signal recording

The nervous system consists of billions of neurons. Each neuron constantly
generates and transmits electro-physiological signals. Therefore, it is required to record
spatiotemporally resolved activities of neurons to understand the functions of the brain.
Needle- and film-types recording sites are commonly used [29]-[31] as electrode devices
for in vivo experiments.

Penetrating needle electrodes allow the detection of two different voltage signals
of different frequency bands coming from the extra-cellular space. The signals in the low
frequency band are LFPs (typically <100 Hz), which present the summed and
synchronous electrical activity of multiple neurons. The signals in the high frequency
band are action potentials (>250 Hz) of individual neurons and are also known as “spikes”.
These different types of signals can be separated by applying analogue or digital filtering.
A primitive silicon (Si) microneedle electrode array (10 % 10) [29] is presented in
Figure 1.2.1a. This type of electrode array has the recording sites only at the tip of each
silicon shank. It is called Utah-type microelectrode array. The Michigan-type



microelectrode array, which has the recording sites along the length of each silicon shank
[30] is shown in Figure 1.2.1b. The latest high-density Michigan-type microelectrode
array is shown Figure 1.2.1c. This array has 960 recording electrodes with multiplexing
circuits with 10 mm long and 70 pm wide electrode shanks [32]. As mentioned above,
needle electrodes allow the recording of multi-type neuronal signals at high spatial
resolution. However, the invasiveness of the needle electrode, which is caused by the
device placement into the brain tissue and the mechanical mismatch between the device
stiffness and that of the soft tissues, induces the chronic immune response [33]. The
response involves the formation of insulating glial scar around the neuronal interface and
deteriorate the recording performance. Long-term stability of the neuronal recording is
required to enable chronic applications such as BMI and HMI in addition to the
spatiotemporal resolution of the recorded signals. The biocompatibility of the neuronal
interface includes the chemical compatibility and the mechanical compatibility [34].
Neuronal interface usually consists of the biocompatible materials such as the silicon and
noble metals [e.g. gold (Au), platinum (Pt), and iridium] [35], [36]. In addition, surface
modification is also use to reduce the immune response [37], [38]. In terms of the
mechanical properties of the neuronal interface, biocompatibility achieved by the smaller
feature of the implant device and the lower Young’s modulus of the materials used in the
device. The mechanical wear at the interface between the neuronal implant and tissue is
occurred during the constant bodily motion and tissue deformation. The small Young’s
modulus of the implant device reduce the immune response [36], [39], [40].

As approaches to reduce the invasiveness of the needle electrode in terms of its
mechanical characteristics, fine and flexible needles and mesh electrodes are proposed
[41]-[45]. A very fine Si microneedle (~5 um) fabricated using the vapor—liquid—solid
(VLS) growth process [41] is shown in Figure 1.2.1d. The high aspect ratio and very fine
cone shape of the Si needle enhance its flexibility. Thus, the invasiveness of this probe is
reduced [46]. The ultra-flexible nano-electronic thread (NET) electrode [42] is shown in
Figure 1.2.1e. This NET electrode exhibits stable signal detection during a long-term
implantation without glial scars, which is the maker of the occurred injury to the nervous
system. A mesh electronic neural probe with a bending stiffness comparable to the soft
brain tissue is shown in Figure 1.2.1f. Its mesh structure with >90% 3D macro-porosity
enables inter-penetration of the neurite [47]. The recording capability of multiplexed
LFPs and action potentials of a mesh probe is stable for up to ~1 year without a chronic
immune response, as demonstrated in [47].

Another way to reduce the chronic immune response caused by the device

implantation is the use of film surface electrodes. The common film electrode is able to



detect the ECoG signals, which are recorded from the surface of the cerebral cortex and
present the activity of multiple neurons, as well as LFPs recorded using the needle
penetrating electrodes. Although the quality of the signals recorded from the brain surface
is inferior to that of the signals recorded in the brain tissue using a penetrating electrode,
the invasiveness of electrode placed on the brain surface is reduced compared to that of
penetrating electrodes, which cause damage to the brain and recording instability. A ultra-
thin film electrode device [31] is shown in Figure 1.2.1g. In this report, a ultra-thin film
(2.5 um) and a mesh film supported by bioresorbable substrates of silk fibroin apply
minimal stresses on the tissue and enable highly conformal coverage for complex
curvilinear surfaces. Because of these ultra-thin film device features, the electrodes
embedded in the film device exhibit good contact to the biological tissues and the
recorded signals have a high amplitude ratio. A film electrode device with a dense
electrode array of 360 channels for sampling large areas of the brain with high special
resolution [48] is shown in Figure 1.2.1h. Each electrode needs to be wired individually
to form the large electrode array. In this report, the ultra-thin and flexible silicon nano-
membrane transistors are transferred and integrated in the electrode array. The electrodes
are connected with fewer wires using a multiplexer. Figure 1.2.1i shows the organic
material-based, ultra-conformable, biocompatible scalable neural interface array [49].
Although the relatively large electrodes (300 um x 300 um) [48] impede the recordings
of the single-unit action potentials (spikes) from individual neurons in the general film
surface electrodes, this device enables the recordings of the LFPs and spikes from the
brain surface using small electrodes (10 pm x 10 um) without penetrating the brain tissue.
A small electrode can be achieved using a conductive polymer of poly(3,4-
ethylenedioxythiophene) doped with poly(styrenesulfonate) (PEDOT:PSS) as the
interface material. PEDOT:PSS has the high conductivity due to its mixed electronic and
ionic conductivity, and high ionic mobility. The high conductivity of the PEDOT:PSS
achieve a small impedance magnitude of the small electrode. The film surface electrodes
with the low invasiveness and high spatiotemporal resolution can be used for applications
regarding the understanding of physiologic and pathologic network activity, control of
BMI, diagnosis, and therapy for brain disorders.

Although the flexible devices have lower Young’s modulus than the stiff
implants consist of silicon and metal, flexible devices still may induce tissue response.
Because of the stiffness and Young’s modulus of flexible devices and materials used in
the devices are not comparable to the stiffness and Young’s modulus of the biological
tissues. Flexible devices usually consist of polymeric materials, such as polyimide,
parylene, and SU-8. The Young’s modulus of these materials is in the range 2.8-5.6 GPa



[50]-[52], which is about six orders of magnitude higher than that of the biological tissues
(e.g. ~1.5kPa for the brain and 5-40 kPa for a resting muscle) [53], [54]. These

mismatches have the possibility of inducing tissue damage and malfunction (e.g. ischemia,
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Figure 1.2.1 Electrodes for biological signal recording. (a) Utah array [29]. (b)
Michigan probe [30]. (c) Neuropixels [32]. (d) Very fine Si microwire electrode [41].
(e) Ultraflexible nanoelectronic thread (NET) electrode [42]. (f) Mesh electronic
neural probe [43], [45]. (g) Ultra-thin film electrode device [31]. (h) High-density
electrode array film with multiplexer [48]. (i) Organic material-based, ultra-

conformable, biocompatible, and scalable neural interface array [49].



inflammation). The mechanical properties of the neuronal interface should be close to the
biological tissues as much as possible [55], [56]. In addition, the huge mismatch of the
Young’s modulus causes the malfunctions of organs especially for the target tissues or
organs have the deformation, such as intracranial pressure, beating, and muscle
deformation [57]. Moreover, the device delamination and the displacement of the
electrode from the recording point may also cause problems. Device failure may be also
induced by device strain of the order of ~1% because of the delamination of the metal
layer from the device substrate [58]. Therefore, to record the signals from such
deformable tissues, stretchability of the device is also required [59], [60]. According to
the literature, the device used on the skin surface requires 100% of the device’s strain
[61]. In some diseases, the brain expands by ~300% and a high strain is also needed to

achieve long term signal recordings in such applications [62], [63].

1.3  Stretchable devices

High stretchability and deformability are promising properties for expanding the
applications of flexible film electronics not only to neuronal recording, but also to sensors,
actuators, and energy harvesters [64]-[66]. In biological applications, stretchability
provides intimate device integration with the biological tissues and device durability.
Stretchable devices usually consist of stretchable materials such as polydimethylsiloxane
(PDMS), polyurethane (PU), and Ecoflex. These stretchable materials have a Young’s
modulus of in the range 70-730 kPa, which is about four or five orders of magnitude
smaller than that of the polymeric materials. Flexible electrode devices usually consist of
flexible polymeric materials and thin film rigid metal materials for the electrode and
interconnections. On the other hand, stretchability is required for both the device substrate

and the electrode in stretchable devices.

1.3.1 Stretchable electrode materials

Design approaches based on structural stretchable layout and stretchable electrode
materials are used to achieve stretchable electrodes. Structural stretchable layouts include
the wavy structure, random networks, two-dimensional serpentine interconnections,
three-dimensional coiled structures, and nanomeshes [67]. The bi-axially stretchable
silicon nanomembrane using the single crystalline silicon with the wavy structure bonded
on elastomeric supports [68] is shown in Figure 1.3.1a. The fabrication process of the
silicon wavy structure includes the bonding of silicon nanomembrane onto the pre-strain
elastomer substrate, followed by the release of the substrate pre-strain. The wavy structure

is spontaneously formed during the release of the substrate pre-strain. In this study, the



bi-axially stretchability can be achieved by the two-dimensional pre-strain of the
elastomer substrate. This wavy structure can be also achieved by the use of silver
nanowires (AgNWs) materials bonded onto the pre-strain silicone substrate [69]. The
wavy structure, which is based on a stretchable conductor using AgNWs, exhibits a strain
of over 460% without significant resistance increase. The maximum strain within the
constant resistance depends on the pre-strain of the device substrate.

The networks of the AgNWs are shown in Figure 1.3.1b. The stretchable
electrodes utilizing the networks of metal nanowires are fabricated by embedding
randomly distributed metal nanowires under the cured elastic substrates [70]. The details
of the fabrication steps are shown in Figure 1.3.1b. Initially, the solution containing
AgNWs is casted on the Si wafer. ~1 pm of the film of the AgNWs is deposited on the Si
wafer after the solution has been dried. Next, liquid PDMS is coated over the AGNWs
film and the AgNWs are embedded in the PDMS. Finally, the stretchable conductor is
released from the Si substrate after curing the PDMS. This stretchable conductor exhibits
stable electrical characteristic in the strain range 0—50%.

The two-dimensional serpentine interconnects of gold nanowires bonded onto the
elastomer [71] are shown in Figure 1.3.1c. The thin metal film is patterned to the
serpentine configuration with the specific amplitude—wavelength ratio before embedding
to the PDMS. This shape effectively enhances the stretchability of the metal film. The
stretchability of the serpentine interconnections depends on the amplitude—wavelength
ratio. A large amplitude—wavelength ratio causes high stretchability. Serpentine
interconnections with an amplitude—wavelength ratio equal to 0.5 exhibit a strain of
14.2% without interconnections fracturing. In contrast, straight Au nanowires embedded
in the PDMS substrate exhibit a fracture when the strain is 2.4%. The maximum
serpentine interconnections strain is further improved to 27.2% with an amplitude—
wavelength ratio of 1.

Three-dimensional coiled structures consisted of silicon nanowires (SINWs) on a
PDMS substrate [72] are shown in Figure 1.3.1d. Compared to the 2D serpentine
interconnections the 3D coiled structure can dramatically improve stretchability because
the 3D coiled structure contributes to the prevention of stress concentration in the
conductive layer, while the structure is stretched. The coiled structure is fabricated by a
controlled buckling process on the elastomeric substrate. SINWs are transferred onto the
ultraviolet/ozone (UVO)-treated PDMS substrate with pre-strain in this buckling process.
SiNWs are buckled and formed into the coiled structure when the pre-strain of the PDMS
substrate is released. The buckling mode of the SINWs including the in-plane wavy mode

and the three-dimensional coiled mode depend on the UVO-treatment time. The coiled



nanowire exhibits high stretchability up to the failure strain of the PDMS (104%). The
single coiled NW exhibits a nearly constant electrical response in a large strain range.

A stretchable Au nanomesh electrode with a PDMS substrate [73] is shown in
Figure 1.3.1e. The Au nanomesh is fabricated by the grain-boundary lithography, which
involves a bi-layer lift-off metallization process. The grain-boundary lithography use of
the bi-layer consists of an indium (III) oxide (In2O3) mask layer and a SiOx sacrificial
layer for undercut formation. Initially, the SiOx layer and the In layer with grains are
deposited on the Si wafer. The InoO3 mask for the undercut of the SiOy serves as the
formation of the gap between each In grain using nitric acid (HNO3) etching and thermal
oxidation of the In layer. After the undercut of the SiOx layer, the Au layer is deposited
and structured as an Au nanomesh by the lift-off of the the InoO3 and SiOx bi-layer. The
Au nanomesh exhibits a stretchability of 160% and the moderate conductivity changes
with a one-time strain or after a 1000-cycle strain. However, the stretching mechanism of
the nanomesh structure is similar to that of the networks of metal nanowires; in general,
the stretchability of the nanomesh is higher than that of metal nanowires. The high
stretchability of the nanomesh is caused by the instability and out-of-plane deflection of
the stretched nanomesh, while the substrate stabilizes the rupture of Au wires and forms
the distributed slits. The stretchability of the nanomesh can be controlled by the mesh size
and the wire width.

Novel carbon-based nanomaterials such as carbon nanotubes (CNT), graphene,
and their composites as well as materials made using special processing techniques serve
as stretchable electrode materials [74]—-[77]. The features of the carbon-based electrode
materials include their superior mechanical characteristics and relatively lower practical
electrical conductivity compared to the traditional thin film metal. In addition, these
nanomaterials can be dissolved on solvents due to their small size and fabricated using
lower-cost solution processes, such as printing technologies. For comparison, the
conventional electrode is made by a metal film, which requires high temperature, vacuum
deposition, and chemical etching processing. Stretchable wavy ribbons of CNTs
embedded in the elastomer films [74] are shown in Figure 1.3.1f. The CNT ribbons are
directly drawn from the spinnable vertically grown multiwalled CNT forests and attached
to the Teflon substrate and coated by the thin layer of the sputtered Au/palladium for
reduction of the resistance. The CNTs are uniformly aligned along the drawing direction.
The CNTs ribbon attached to the Teflon substrate is transferred onto the PDMS film with
pre-strain. After the brief contact, the Teflon substrate is peeled off from the PDMS film
and only the CNTs ribbon remains on the PDMS because of the difference of the
adhesiveness between PDMS and Teflon. The CNT ribbon exhibits out-of-plane buckling
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Figure 1.3.1 Stretchable electrode materials (a) Bi-axially stretchable silicon
nanomembrane with a wavy structure [68]. (b) Percolating AgNWs networks [70]. (¢)
Two-dimensional serpentine interconnects of gold nanowires bonded onto the
elastomer [71]. (d) Three-dimensional coiled structures consisted of SINWs on a
PDMS substrate [72]. (¢) Au nanomesh electrode with PDMS substrate [73]. (f) Wavy
ribbons of CNTs embedded in the elastomer films [74]. (g) Composite material of

silver nanoparticles and elastomeric fibres [78].

after the release of the pre-strain of the PDMS film. The wavy CNT exhibits a

stretchability of 100% with a resistance increase of only about ~4%.

10



The conductivity of the stretchable electrode can be improved by special
processing techniques, which include chemical modifications and distinct additions. This
approach is applicable to low-aspect-ratio materials such as metal nanoparticles, metal
nanosheets, or conductive polymers, which are different from novel nanomaterials with
a high aspect ratio, such as AgNWs or CNTs. Low-aspect-ratio materials have a relatively
high resistance compared to AgNWs or CNTs because of the high contact resistance and
charge-carrier scattering, and their resistance is not stable under strain. The combination
of these low-aspect-ratio materials and special processing techniques improve the
electrical characteristics under strain. Stretchable electrode materials using special
processing techniques of silver nanoparticles composite materials and elastomeric fibers
[78] are shown in Figure 1.3.1g. The composite material is fabricated by the dip coating
and reduction process using an electrospun poly (styrene-butadiene-styrene) (SBS)
rubber fiber and a silver precursor solution [silver trifluoroacetate in ethanol]. Initially,
the rubber fiber is dipped into the silver precursor solution and the solution is absorbed
by the fiber. After the absorbed solution has dried, the silver precursor is reduced by a
solution of hydrazine hydrate and silver nanoparticles are generated inside the surfaces
of the fibers. The composite material exhibits a stretchability similar to that of the
elastomer fiber of the SBS. The conductivity of the composite material depends on the
fiber thickness, while the material stretches. The higher thickness exhibits more stability
with the material strain. The composite material with a fiber thickness of 150 um exhibits
a conductivity of 5400 S cm™!' without strain. The conductivity reduces to 610 S cm™!
under a 140% strain. Under large strain, the silver shell generated on the surface of the
fiber breaks into small pieces. However, the silver nanoparticles percolated inside the
fiber preserve their conductivity. Stretchable devices for biological applications, which

consists of these stretchable conductors are described in the next section.

1.3.2 Stretchable devices for biological applications

Stretchable electrode materials are applicable to signal recording devices for
biological tissues including brain, muscle, heart, and spinal cord [21], [56], [60], [79],
[80]. A stretchable ECoG electrode device using a wavy Au nanobelt structure [60] is
shown in Figure 1.3.2a. The wavy structure of the suspended Au-electrode is fabricated
by transformed gold nanobelts deposited on the thin PDMS film onto the out-of-plane
tripod PDMS structure with pre-strain. After releasing pre-strain, the Au nanobelts form
the suspended wavy structure on the tripod PDMS film. In this structure, the Au nanobelt
is not directly attached to the tripod PDMS film. Therefore, the stress concentration in

the conductive metal, which is caused by the mismatch of the mechanical characteristics
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between the rigid metal and the soft elastomer materials, can be avoided. The fabricated
Au nanobelt exhibits a high stretchability of 130%. A 10,000-cycle strain can be applied
without significant change in the conductivity. In this report, the recording capability of
the fabricated Au nanobelt electrode was demonstrated during an in vivo recording from
the surface of a rat’s cerebral cortex to monitor intracranial EEG or ECoG. An integrated
stretchable microelectrode array (iSMEA) device for the interface of neural and muscular
surface [79] based on the PDMS is shown in Figure 1.3.2b. The high-density packaging
process of the stretchable device using the rigid circuit is difficult compared to the
conventional unstretchable film devices. In this report, the iSMEA was fabricated and
directly integrated within a printed circuit board (PCB) during the device fabrication
process. This fabrication process was achieved by embedding the PCB in the uncured
PDMS film followed by metallization to configure the electrode and obtain the
connection between electrodes and contact pads of the PCB. The recording capability of
the device was demonstrated using dissociated neuronal culture grew on the MEA surface
and cat’s muscle. A multifunctional 3D elastic membrane-shaped device for cardiac
measurements and stimulations across the entire epicardium [21] is shown in
Figure 1.3.2c. The conventional 2D sheet cannot cover the whole area of the target tissue
and the remain of the reliable contact between the electrode or other devices and the tissue
surface without using sutures or adhesives. The 3D elastic membrane, which has a shape
that matches the epicardium of the heart, achieves the conformal integration of the
electronic and optoelectronic components to the surface of the heart by completely
enveloping the heart. The 3D multifunctional device was fabricated using a 3D printing
model as a substrate for mounting of electronic and optoelectronic components which are
separately prefabricated on planar substrates. The 3D heart model with the
multifunctional components is coated by the elastomer and the overall format of the
device is defined. The stretchable interconnections, which connect the device components,
are implemented using serpentine mesh. The recording capability and other functions are
confirmed using the rabbit heart in an ex vivo experiment. Stretchable and implantable
devices for the measurements and stimulations for the spinal cord and sciatic nerve [56],
[80] are shown in Figures 1.3.2d and e. The device shown in Figure 1.3.2d is the wireless
optical stimulation system. A LED used for optical stimulation is integrated in the
elastomeric substrate using stretchable serpentine Ti/Au electrical interconnects. The
device shown in Figure 1.3.2¢ is the electronic dura mater, which has electrodes and a
fluid channel for the drug delivery system. The stretchable interconnections and
electrodes consist of micro-cracked gold film and platinum-silicone composite,

respectively. These soft and thin devices reduce the device invasiveness and their
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capability of chronic applications is confirmed by histological tests.

These stretchable electrode materials (Fig. 1.3.1) and devices (Fig. 1.3.2) usually
employ elastomer materials (PDMS, Ecoflex, and SBS) as the substrate or supporting
layer. These stretchable conductive materials and the devices employing these materials
have a great potential for applications related to deformable 3D-shaped soft biological
tissues and organs. However, the Young’s modulus of such elastomer materials (~730 kPa
for PDMS [81], ~70 kPa for Ecoflex [82], and ~350 kPa for SBS [83]) are large compared

to the Young’s modulus of biological tissues. These tissues have relatively small Young’s
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Figure 1.3.2 Biological applications using stretchable devices. (a) ECoG electrode
device using a suspended wavy Au nanobelt [60]. (b) Stretchable MEA device based
on the PDMS for the neural and muscular surface interface [79]. (c) Multifunctional
3D elastic membranes for cardiac measurements and stimulations [21]. (d) Wireless
optical stimulation system for the spinal cord and sciatic nerve [80]. (e) Electronic

dura mater for long-term multimodal neural interfaces [56].
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moduli (e.g. ~1.5 kPa for the brain and 5-40 kPa for a resting muscle) [53], [54]. In
addition, a large deformation of these elastomer-based electronics induces mechanical
failure to the device components (e.g. transistors and interconnections) because of the
large mechanical mismatch between the elastomer and these device components [ 13—15].
Also, the strains of conventional devices are limited by the intrinsic elasticity of the
device substrate and the interconnections [e.g. silver flakes and serpentine interconnects
exhibit stretchabilities of 215% [65] and 300% [66], respectively]. Finally, the volume
and surface of the heart exhibit large and rapid changes. Assuming an ontogenetic process
and pathological hypertrophy/atrophy, the deformation of brain tissue exceeds 300% [62],
[63].

1.4 Objective of the present study and organization of the thesis

In this study, a platform for low invasive neuronal interfaces for numerous
biological applications such as the BMI, HMI, and treatment of psychiatric and
neurological disorders is proposed. In addition to proper electrical characteristics (low
electrical impedance, electrode density, and others), low invasiveness and ability to
follow the tissue deformation are required to achieve robust biological signal recordings.
To achieve an intimate integration of the device with the soft biological tissues, high
flexibility and stretchability of the device is required, which contribute to the reduction
of the physical stress induced to the biological tissues and prevent the foreign-body-
response. The Young’s modulus of the neuronal interface should be similar to that of
biological tissues, which is in the kPa range. Current flexible needle penetrating
electrodes and film surface electrodes have a Young’s modulus, which is about six orders
of magnitude higher than that of biological tissues. Moreover, a stretchable electrode
using stretchable materials as the device substrate also has a relatively high Young’s
modulus compared to that of biological tissues. Stretchable devices based on stretchable
materials are limited by the intrinsic characteristics of the materials.

One possible way to obtain a low Young’s modulus for a stretchable device is the
use of stretchable structures [57]. Stretchable structures have the potential to improve the
stretchability of flexible and stretchable materials. Stretchability based on stretchable
structures enable an unprecedented high stretchability including a high strain ratio of over
1,000% and a low Young’s modulus, which is comparable to that of the soft biological
tissues. In this study, the highly stretchable neuronal, cardiac, and muscular interfaces are
achieved using stretchable ‘Kirigami’ structures. The Kirigami structures consists of slit
patterns embedded in the 2D film and it is compatible with the conventional

microfabrication process (e.g. the photolithography technique). Therefore, the utilization
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of the Kirigami structures has the ability to achieve the high density of a microelectrode
array on a highly stretchable substrate using relatively simple process steps. The Kirigami
structures provide a platform to enable an intimate integration of the electronic devices
with soft biological tissues for numerous biological applications.

This thesis summarizes the theory of the mechanical characteristics of the
Kirigami structures, the effective design and fabrication process of stretchable Kirigami-
based biological interfaces, and their mechanical and electrical characterization. A
demonstration to confirm the Kirigami’s capability in in vivo experiments is also
presented. The thesis consists of six chapters, and is organized as follows.

Chapter 1 introduce the major neural interfacing technologies and applications
using recorded biological signals and the stimulation of biological tissues via neural
interfaces. Soft neural interfaces for an intimate device integration with the biological
tissues along with stretchable electrode materials required to implement soft electronic
devices are also presented. Moreover, objective of this study to overcome issues of current
neuronal interfaces is described.

In Chapter 2, the Kirigami structure which is the key component of this study is
described. Recently presented stretchable and 3D deformable Kirigami structures along
with their applications (including sensors, actuators, and others) are introduced, in the
first part. A mechanical model for the estimation of the displacement of the Kirigami
structure along with simulation results of the maximum stress occurred in the Kirigami
structure are also presented. These results can be used for the effective design of Kirigami
devices with the specific mechanical characteristics and robustness.

The first experiment of stretchable bioprobe device using the Kirigami structure
is presented in Chapter 3. The ability of the Kirigami structure for biological applications
is confirmed in this experiment. Four types of the Kirigami bioprobe devices are designed.
Each type has different stretchability and number of electrodes. A bi-axially stretchable
Kirigami bioprobe device is also presented. These Kirigami devices are fabricated using
a microfabrication process. The electrical and mechanical characteristics of the fabricated
Kirigami devices are also presented. The electrical characterization includes impedance
measurements of the Kirigami device with and without device strain. The mechanical
characterization includes the measurement of the stress—strain curve of the Kirigami
device. The measured results are compared with calculated and simulated data. In
addition, the endurance test and the stretchability tests of the Kirigami film sandwiched
and embedded in another layer assuming an environment of the implantation to the
biological tissues are conducted. Biological in vivo signal recordings using the fabricated

devices in mouse brain cortex and heart are demonstrated. The recording capability of the
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fabricated Kirigami device is confirmed by the ECoG signal recording under the device
stretch (the electrode interval is adjusted to the distance between the two areas of the
cortex for the simultaneous signal recording from multiple brain areas). In addition, the
recording capability from biological tissues exhibiting a large deformation is also
confirmed by the ECG signal recording.

The donut-shaped Kirigami device is presented in Chapter 4. The Kirigami
bioprobe device presented in the first experiment could not follow the deformation of the
biological tissues such as heart and muscle. This donut-shaped Kirigami device improve
the device stability on biological tissues exhibiting a large deformation. The stability of
the fabricated donut-shaped Kirigami device on the deformable tissue surface is
confirmed by the displacement test using a deformable balloon instead of a biological
tissue. The ECG and EMG signal recordings from a mouse’s heart and hind limb are
conducted to confirm the recording capability of the Kirigami device from large
deformable tissues.

In Chapter 5, an optoelectrical Kirigami device for the treatment of heart disease
is presented as another biological application of the Kirigami device. The proposed device
includes arrays of LEDs for the optical stimulation and electrodes for the ECG signal
recording. Regarding the characterization of the optoelectrical Kirigami device, the
change in the resistance of the device interconnection with the thin and thick metal layer
during the Kirigami stretching was investigated. The durability of the interconnection
with the cycle strain and the fixation force of the latch structures used in the device
fixation to the heart tissue were also investigated.

In Chapter 6, the research results are summarized and a discussion of the future

prospects of the Kirigami devices is presented.
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Chapter 2: Kirigami structure

2.1 Introduction

In the Japanese culture, ‘Origami’ (ori means ‘folding’ and gami means ‘paper’)
[84] and ‘Kirigami’ (kiri means ‘cutting’) are artistic transformations from a 2D flat
sheet/film into numerous 2D and 3D structures through folding, cutting, and gluing
techniques. Kirigami designs have been used in material science and engineering to
obtain the stretchability and functional 3D structures using not only stretchable materials
but also flexible materials. The major deformable structures using the Kirigami patterning
are shown in Figure 2.1.1. A stretchable Kirigami film using flexible materials including
graphene [85] and nanocomposites [86], is shown in Figures 2.1.1a and b, respectively.
These references describe a flexible film, which obtains its tunable mechanical properties
(including stretchability), because of the Kirigami patterning embedded in the film. The
remarkable feature of the Kirigami structure is that rigid and unstretchable materials can
be rendered stretchable compared to other elastomer-based stretchable materials (e.g. a
370% strain for nanocomposites [86]). In addition, unpredictable local failure caused by
a large strain in conventional stretchable materials used in stretchable electric devices can
be prevented by using the Kirigami structure. This is a way to realize stretchable
electronics by utilizing rigid and unstretchable materials, including insulators, metals, and
semiconducting materials. Other types of the Kirigami structure using the fractal cut [87]
are shown in Figure 2.1.1c. The fractal cut embedded in the film achieves a high
stretchability (>800%) and a wide range of desirable programmed shapes and mechanical
properties. The hierarchical cut motif and cut level in the film cause the un-uniform
deformation of the film and allow it to expand into a unique structure. Kirigami-based 3D
mesostructures made of bi-layers of Si nanomembranes and epoxy films [88] are shown
in Figure 2.1.1d. In this report, a thin film with the Kirigami slit is transferred and partially
bonded onto a pre-strained silicone elastomer material. When the pre-strain is released
and the silicone returns to its original shape, the non-bonded area of the Kirigami film
exhibits out-of-plane motions via compressive buckling caused by the compressive force

of the silicone film. Using this approach, an exceptionally large number of 3D structures

17



can be obtained.

Using the unique characteristics of the Kirigami structure, which include
stretchability, out-of-plane deformation, and others, many applications were proposed.
The major applications using the Kirigami structure are shown in Figure 2.1.2. A strain
sensor using the Kirigami structure [89] is presented in Figure 2.1.2a. This sensor has
serpentine gold traces embedded in thin-film parylene-C with the Kirigami structure. The
strain transduction is achieved using the change in DC resistance, which increases linearly

with the strain. A solar cell with an optical tracking system, which uses the out-of-plane-
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Figure 2.1.1 Proposed major structures using the Kirigami approach. (a) Kirigami film
using graphene [85] and (b) nanocomposite [86]. (c) Hierarchical fractal cut [87]. (d)

Kirigami-based 3D made of bi-layers of Si nanomembranes and epoxy films [88].
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Figure 2.1.2 Applications using the Kirigami structure. (a) Strain sensor embedded in
the Kirigami structure [89]. (b) Solar tracking system using the 3D deformation of the
Kirigami structure [90]. (c) Enhancement of the adhesiveness of the stretchable sheet

using a Kirigami structure [91]. (d) Soft actuator crawl [92].

deformation of the Kirigami structure to maximize electrical power generation [90] is
shown in Figure 2.1.2b. The Kirigami cut is embedded in thin-film gallium arsenide solar
cells. When the Kirigami film is stretched, each beam with the solar cell is tilted and the
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angle of the solar cell can be controlled exactly as the strain of the Kirigami structure.
Using this tilt of the solar cell with the Kirigami structure, a low-cost system for solar
tracking can be implemented. A stretchable electrical device using an elastomer material
with the Kirigami structure [91] is shown Figure 2.1.2c. Here, the Kirigami structure is
used to enhance the device adhesion on the deformable surface of the human body without
changing the thickness, rigidity, and adhesiveness of the film. The adhesion enhancement
achieved by the Kirigami structure is due to the three factors of the shear-lag effect, which
reduces the energy release rate compared with the continuous film without slit, partial
debonding around the Kirigami slit, and inhomogeneous deformation of the substrate. A
soft actuator crawl harnessing the out-of-plane deformation of the Kirigami structure to
enhance its crawling capability [92] is given in Figure 2.1.2d. In this study, the
mechanical instability of the Kirigami surface induces the transformation from a flat sheet
to a 3D-textured surface similar to the snake’s skin. The 3D shape of the device surface
can be decided by the slit design of the Kirigami structure. The frictional properties of
the device surface are also changed by that 3D shape. Using the stretchability and the 3D
transformation properties of the Kirigami structure, the capability of the crawler
locomotion is simply enhanced without using a complex system, which includes several
independently activated actuators. Kirigami structures with good stretchability and
deformability are able to replace conventional approaches, which often require complex
and costly systems. Many kinds of applications, such as strain sensor and actuators using
simple and cost-effective systems, can be implemented using Kirigami structure.

The stretching mechanism of the Kirigami structure, which is similar to the way
the origami paper is stretched by cutting a slit pattern with a box cutter (Fig. 2.1.3), is
based on the out-of-plane bending deformation of the membranes around each slit.
Namely, the bending properties of each membrane dominate the stretchability of the
whole Kirigami film system. Compared to in-plane bending deformation of membranes

in a similar stretchable structure [93], the out-of-plane bending mechanism realizes a
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Figure 2.1.3 Deformation of the Kirigami structure patterned in the Origami paper.

(a) Before deformation and (b) after deformation.
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larger strain for the same strain—force and the effective Young’s modulus is smaller than
that of the film, which exhibits the in-plane deformation. The mechanical characteristics
(effective Young’s modulus and maximum strain) can be controlled by the device design
(e.g. slit length and slit gap) and the stretchability of the Kirigami structure can exceed
that of stretchable materials (e.g. PDMS, SBS, PU, and Ecoflex). Moreover, the Kirigami
concept is applicable not only to stretchable materials but also to other non-stretchable
(flexible) materials. This property extends the abilities of numerous flexible materials,
such as Si nanomembrane, graphene, and nanocomposites.

In this study, stretchable and flexible electronic devices based on the Kirigami
structures are presented. These devices can be used as biological interfaces including
bioprobe and optical stimulators for applications, such as BMI, HMI, and treatment of
heart disease. In addition, the ability to use Kirigami structures as the platform for
stretchable electronics is validated and the insights into their design are obtained by
utilizing the Kirigami structures. A device based on the Kirigami structure has a great
potential, which is particularly exploited in biological applications. Because of its high
stretchability, the Kirigami structure is able to achieve an intimate integration of the
electronic devices with the soft and deformable biological tissues. Such Kirigami films
can be realized by a sophisticated 2D microfabrication process (e.g. the photolithography
technique). A stretchable bioprobes device, which uses a Kirigami structure, consists of a
multiple layered system composed of non-stretchable materials, such as insulating
polymeric materials of parylene-C or polyimide (PI) (both have the same Young’s
modulus of 2.8 GPa and yield strain of ~3%) for the device substrate. Noble metals, such
as Pt or Au (Young’s modulus of 168 GPa for Pt and 79 GPa for Au, respectively) with a
titanium (T1) adhesion layer (Young’s modulus of 116 GPa) can be used for the electrode
layer embedded in the polymer substrate. In the next section, displacement models for
single and multi-layered Kirigami structures are extracted using the beam theory for an

effective device design utilizing the Kirigami structure.

2.2 Displacement model for the Kirigami structure

To design Kirigami devices with specific mechanical properties, the equation of
the relationship between the deformation and induced force was derived. Herein, two
types of Kirigami models are considered: a) the single layer model, which consists of the
single material (e.g. the Kirigami film without electrical components, such as
interconnections) and b) the multi-layer model, which consists of more than two materials
(e.g. the Kirigami electrode device, which consists of the substrate and thin metal layer

interconnections or other components).
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2.2.1 Displacement model for the single layered Kirigami structure

A cantilever beam model can be used to define the stretching properties of a
Kirigami structure [86]. For simplicity, herein one unit cell consisting of a slit and beams
around the slit (purple colored section in Figs. 2.2.1a, b) is used. The one unit cell can be
considered as the combination of eight beams (Figs. 2.2.1c—¢) and the displacement of

the cantilever beam, dpeam 1, 1s defined as:

1pPI3
dbeam_l = §E (21)

where P is the load, [ is the length of the beam, E is the Young’s modulus of the material,

I is the second moment of the area of the beam. The variable I for a rectangle is given as:

_wt? 29
where w is the beam width, t is the thickness of the beam. By substituting equation (2.2)
in equation (2.1) the displacement of the single beam, dypeam 1, (Fig. 2.2.1€) is given as:

4p[3
dbeam_l = m (23)

The model shown in Figure 2.2.1d can be considered as a serial connection of the

two beams. In this case, the displacement is provided as follows:

8PI3
dbeam_z = m (24)

As well as the serial connection of two beams, a unit cell can be considered as the
serial and parallel connection of the 4 X 2 of cantilever beams. In this case, the

displacement is given as follows:

8PI3

cell = Ewt3 (25)

The whole Kirigami film consists of an array of the one cell unit. The total
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displacement of the device is provided as:

N, 8P[3
dtotal = N.. Ewt3
T

(2.6)

where N, and N, are row and column numbers of the cell units, respectively. In the
Kirigami structure, the beam length, [, is decided by the slit design of the slit length, Lg;q,
and the slit gap, Lg,p, and is given as follows:

| = Lstie ~ Loap n Loar 2.7)

Using the parameters of the slit design (slit length Lg);c and slit gap Lgj,p), the total
displacement of the whole Kirigami film in the direction perpendicular to the film plane

without considering the rotation of each beam (d;q4 in Fig. 2.2.1f), can be expressed as:

3
d _ Nc P(leit - Lgap)
total — ﬁr SEwWt3

(2.8)

This formula suggests that the stretching property of the film is proportional to the
column-/row-numbers ratio, N./N,, while the bending property of each beam contributes
to the film’s stretchability. The bending property of each beam is defined by the material
properties (e.g. Young’s modulus) and the geometry (e.g. length, width, and thickness) of
the beams. A more accurate expression for the displacement of the film, diytar actuals

considering the rotation of each beam, is given by the Pythagorean theorem (Fig. 2.2.1f)

dtotal,actual = ’LZ + dtzotal —L (29)

where L is the whole length of the Kirigami film prior to stretching. Herein, the actual

as:

displacement of the film, diota1actual, 1S used for the film stretching tests and the

definition of its stretching properties.
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Figure 2.2.1 Derivation of the displacement model for the single layered Kirigami
film. (a, b) Schematic diagrams of the stretchable Kirigami film (a: before stretch, b:
after stretch) including one unit cell (purple colored), which is used in the modeling.
(c) Displacement model for a unit cell of the Kirigami structure. The unit cell consists
of the combination of eight cantilever beams. (d) Displacement model for the serial
connection of two beams. (e) Displacement model for a single beam. (f) Accurate total

displacement of the whole Kirigami film considering the rotation of each beam.

2.2.2 Displacement model for the multi-layered Kirigami structure
Formula (2.9) can be applied to single material-based Kirigami films. Here, the

model for multiple layered systems of Kirigami films is further enhanced. Considering

the second moment of the area of the beam, I,, the displacement of the multiple layered

Kirigami film can be expressed as:

3
_ &P(leit - Lgap)
N.  96EI

(2.10)

where N, and N, are the row and column numbers of the cell units, respectively. E is the
Young’s modulus of the material. Lgj;; and Lg,y, are the slit length and the gap between
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the slits, respectively.

A Kirigami device containing two different materials can be modeled. The cross-
section of each beam of the Kirigami device is shown in Figure 2.2.2, where the cross-
section is divided into five parts to calculate the second moment of the area, I, [(1)—(5),
Fig. 2.2.2¢]. The second moment of area, 7, is calculated by summing the individual

second moment of each part as follows:

IZ = IZl + 122 + IZ3 + IZ4- + IZS (2.11)

The second moments of the area for each part are expressed using the parallel axis
theorem. Assuming that each beam consists of a single material (herein, material 1 with
a Young’s modulus E;), the width of the other material (material 2 with a Young’s
modulus E,) is expressed using the ratio of these Young’s moduli (E,/E;). The second

moments of area for each part, 1,4, I,,, I3, I, and I,5, can be expressed as:

bihi,
La = =5+ efabih (2.12)
L, = bzlh j’z +e?,byhy (2.13)
Iz = b3";§h§ + e2bs 45hs (2.14)
L, = b3"i';h2 + e2bs 45hy (2.15)
Is = g—ib&;;hg +e? g—ibmhs (2.16)

where by, b,, and b3 4 5 are the widths of each part, respectively, and h, ,, h3, hy, and hs
are the thicknesses of each part, respectively (Fig. 2.2.2b). E; and E, are the Young’s
moduli of material 1 and material 2, respectively (Fig. 2.2.2a). ey ,, e3, e4, and es are the
vertical distances between the centroid of each part and the centroid of the entire cross-
section of the beam (Fig. 2.2.2¢). These distances can be expressed using the distance
between the centroid of the entire cross-section of the beam and the bottom of the cross-

section, e, as follows:

31,2 =e—— (2.17)
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e3=e—-

hy
34:h3+h5 +7_e

es = hs +75—e

(2.18)

(2.19)

(2.20)

The distance, e, which is defined by the coordinates of the centroid of the entire

cross-section of the beam, is calculated from the ratio of the first moment of area and the

area of the cross-section as follows:

f(A) yldA

e:}_/: )

5
f y1dA = z Ayyi
4 —

=1

T, 1 ., 1 2
=5 bihi, + 5 b,hi, + 5 b3 45h3

h\  E he
+ b345h4 <h3 + h5 +_) +_b345h5 <h3 +_)
* 2) " E 2

5
E,
A= ZAi = b1h1,2 + b2h1,2 + b3,4,5h3 + b3,4,5h4 + E_b3,4,5h5
i=1 1
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Figure 2.2.2 Cross-section of each beam of the multi-layered system in the Kirigami
structure. (a) Schematic diagram of the multi-layered Kirigami structure composed of
two materials with Young’s moduli E; and E,, respectively. (b) Dimensions of the
multi-layered Kirigami structure. (c) Centroids of the entire cross-section of the beam

and each divided part.

The modeling of the proposed Kirigami device with a parylene substrate and
multiple Pt and Ti metal layers involves further investigation of the aforementioned
Kirigami structure, which is based on two different materials (Fig. 2.2.3). The cross-
section of the proposed Kirigami device is shown in Figure 2.2.3. Due to the film
deposition process, the device’s surface has a step over the metal portion (Pt/Ti). Similarly
to the aforementioned multi-layered Kirigami model, the cross-section of the beam is
divided into six parts [(1)—(6), Fig. 2.2.3]. The second moments of area of each area are

expressed as:

IZ = IZl + 122 + IZ3 + IZ4- + IZS + 126 (2.24)

bp., — by )RS3
121=122=( -2 3“) P2+ e2(bp, — bp)hpa (2.25)
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_ thhP3’a

Ly =—]+ eZbpchp, (2.26)
bp h3
I, = P; zpa + e2bp.hp, (2.27)
Er thh%' Eri
L = Ep; " Ly efE—P;bpthTi (2.28)
. Epy thhga 2 Epy

L = ——bpih 2.29
Z6 EPa 12 + eS EPa Pt/tPt ( )

where bp, and bp; are the widths of the parylene beam and the Pt (or Ti)-layer,
respectively. hp,, hpy, and h; are the thicknesses of parylene, Pt, and Ti, respectively.
Ep,, Ep;, and Eg; are the Young’s moduli of parylene, Pt, and Ti, respectively. e, e,, €3,
e4, and eg are the vertical distances between the centroid of each part and the centroid of
the entire cross-section of the beam. These distances can be expressed using the distances
between the centroid of the entire cross-section of the beam and the bottom of the cross-

section, e, as follows:

e, = e — hp, (2.30)

h
e, = e — —2 (2.31)

2

3
33 = Ehpa + hTi + hPt —e (232)
1

e, = (hpa + EhTi) _e (2.33)

1
35 = hpa + hTi + Ehpt —e (234)

Similarly to the two material-based model, the distance, e, can be calculated from
the ratio of the first moment of area and the area of the cross-section as follows:

f(A) yldA

y (2.35)

e:}_/:
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6
f y1dA = z Ayyi
4 =

=1

= 2(bPa - th)hl%a + thhPa(ZhPa + hTi + hPt)

E hors E h
+ 2T by (hpa + i) + 2P hp, (hpa + hy + ﬂ) (2.36)
Ep, 2 Ep, 2
6
_ _ Er Epy
A= A; = 2(bpy — bpt)hp, + 2bpthp,y + = bpihri + ——bpchpe  (2.37)
EPa EPa

i=1

The displacement of the Kirigami structure is exhibited by the aforementioned
models. However, the displacement close to the maximum strain of the Kirigami structure

is gradually saturated. Figures 2.2.4a—f show photographs and schematic diagrams of the

y
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Figure 2.2.3 Cross-section of each beam of the multi-layered Kirigami device
proposed in this study. (a) Schematic diagram of the multi- layered Kirigami structure
composed of the parylene substrate and multiple Pt and Ti metal layers. (b)
Dimensions of the multi-layered Kirigami device. (c¢) Centroids of the entire cross-
section of the beam and each divided part.
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Kirigami structure without strain (Figs. 2.2.4a, d) and with maximum strain (Top view:
Figs. 2.2.4b, e, Side view: Figs. 2.2.4c, f). The unit cell model stretched to the maximum
strain is shown in Figure 2.2.4g. Strain is defined as the ratio of the difference between
the length before and after stretch by the initial length. The maximum strain of the

Kirigami structure depends on the Kirigami design (Fig. 2.2.4) and is given as:

2 2
\/(leit - Lgap) + (Z(W + Wslit)) - Z(W + Wslit)
Maximum strain =
Z(W + Wslit)

(2.38)

where Lg;; is the slit length, Lg,p, is the slit gap, w is the beam width, and wy; is the slit
width. This maximum strain model only considers the bending deformation of the

Kirigami structure and excludes the strain of device materials.
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Figure 2.2.4 Maximum strain calculation of the Kirigami structure. (a) Photographs
of the top view of the Kirigami structure without strain, (b) with maximum strain, and
(c) side view with maximum strain. (d) Schematic diagram of the one cell unit without
strain, (e, f) top and side view of the maximum stretched Kirigami structure, (g) side

view of the one cell unit with the maximum strain.
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2.3 Simulation of the displacement and stress distribution

in the Kirigami structure

To achieve an effective design of the Kirigami device, the displacement and stress
distribution in the Kirigami structure were simulated using the finite element method
(FEM). The simulations were implemented using the commercial software ANSYS
(version 15.0, ANSYS, Canonsburg, PA, USA).

2.3.1 Simulation of the displacement of the Kirigami structure

The strain—force characteristics of the Kirigami parylene film were further
analyzed by FEM. Here, the model to be simulated consists of a single layer of parylene-C,
which has a Young’s modulus and a Poisson’s ratio of 2.8 GPa and 0.4, respectively. The
simulation model of the unit cell, which consists of four parylene beams around a slit, is
shown in Figure 2.3.1. The slit length, Lgj;¢, slit width, and the gap between the slits, Lgyp,,
are 1,600 um, 10 um, and 400 um, respectively, while the beam width, w, is 100 pm.
During beam stretching, a downward force was applied to one side between the beams,
while the other side was fixed. The simulation z-axis (Fig. 2.3.1¢c) displacement results
and the strain considering beam rotation are presented in Figure 2.3.2. The displacement
is saturated as the applied force increases, because the strain reaches the limit of the strain
determined by the design of the Kirigami structure. The saturated maximum strain is
almost the same as the strain calculated by equation (2.38). The strain—force properties of
the whole Kirigami film system were obtained using a combination of the unit cell

properties.

2.3.2 Simulation of the stress distribution in the Kirigami structure

To avoid the stress concentration at the edge of each Kirigami slit, the stress
distribution in a parylene beam using FEM was investigated. A simulated one-cell unit
consisting of a slit and its surrounding beams is shown in Figure 2.3.3a. The dimensions
of the simulation model are almost the same as those used for the one-cell model
displacement simulation. Two types of slit edges were calculated: a corner-shaped edge
(Fig. 2.3.3b) and a circular-shaped edge (Fig. 2.3.3¢c). The curvature of the corner-shaped
edge has a radius of 1 um. For the circular-shaped edge, the diameter was set to 20 um.

The stress distribution at each slit edge was calculated by applying a force between
the beams (Fig. 2.3.3d). Simulation results for the corner-shaped and circular-shaped edge
designs, when applying a force of 100 uN, are shown in Figures 2.3.3e and f, respectively.

The corner-shaped edge exhibited a maximum stress of approximately two times larger
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Figure 2.3.1 Simulation of the strain—force characteristics using the one-cell model of
the Kirigami structure. (a) One-cell model composed of a slit and four beams. (b)
Fixing and force applied to the calculated model. (c) Deformation of the one-cell

model with respect to each force. Color bar shows the displacement in the z-axis.
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Figure 2.3.2 Simulation results of the displacement and strain of the one-cell model.

(a) Displacement depending on the applied force. (b) Strain considering the beam
rotation.

than that of the circular-shaped edge. The calculated maximum stress—applied force
curves for both edge designs are shown in Figure 2.3.3g. The maximum stress of the
corner-shaped edge reached a parylene yield strength of 55 MPa at ~100 uN, while the
circular-shaped edge stress reached the yield strength at a two times higher force
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(~200 uN). These results indicate that the circular-shaped edge slit design reduces the
maximum stress in a film, which results in the beam deformation extending (elastic

region) before reaching its yield strength.
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Figure 2.3.3 Calculated maximum stress—applied force curves for both edge designs
(circular and corner edges). (a) Simulated one-cell unit consisting of a slit and its
surrounding beams. (b, ¢) Simulated types of slit edges: a corner-shaped edge with a
curvature radius of 1 um (b) and a circular-shaped edge with a diameter of 20 um (c).
(d) Stress distribution at each slit edge calculated by applying a force of 100 uN
between the beams. (e, f) Simulation results for the corner-shaped edge design (e) and
for the circular-shaped edge design (f). (g) Simulated maximum stress—applied force

curves for both edge designs (circular and corner edge).
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2.4 Kirigami film

To confirm the stretchability of the Kirigami patterned film, the stretchable
Kirigami film realized using a microfabrication process of parylene-C was demonstrated.
The designed Kirigami parylene film, which is 40 mm long, 20 mm wide, and 10 pm
thick, consists of an array of 5 x 361 slits (N, = 5, N, = 180) (Fig. 2.4.1a). Here, the
designed slit length, Lg;¢, and the gap between the slits, Lg,p,, are 3,400 pm and 600 um,
respectively, while the beam width, w, is ~100 pum. A diamond-shaped-mesh-like
parylene film with the same dimensions (40-mm long, 20-mm wide, and 10-pm thick)
was fabricated using the same parylene film process for comparison purposes. The
designed diamond-mesh parylene film is shown in Figure 2.4.1b. Here, a hole design
geometry which is 2,300 um in height and 1,050 um in width was used. Consequently,
the length and width of each beam around the hole were ~1,300 um and ~130 um,
respectively. These beam sizes were similar to those used in the Kirigami film (1,400 pm
long and ~100 um wide, Fig. 2.4.1a). With this mesh design, an array of 8 x 63 diamond
meshes could be designed in the same film geometry (40 x 20 mm?). Compared to a
Kirigami film with a 5 x 361 slit array in the same film geometry (40 x 20 mm?), the

number of meshes was limited because the diamond holes occupied a larger area in the
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Figure 2.4.1 Stretchable Kirigami and diamond-mesh film designs. (a) Kirigami

parylene film and (b) diamond-mesh parylene film.
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film than the slit design in the Kirigami film with the same geometry. Each diamond mesh
consisted of circular-shaped edges (20 um in diameter) in a similar way as the slit design
of the Kirigami film (Fig. 2.4.1a) to achieve stress reduction in the film (inset in
Fig. 2.4.1a).

The fabrication process of each stretchable parylene film was based on some
simple steps (Fig. 2.4.2). A 10-um-thick parylene-C film was deposited on a Si substrate
(model PDS2010, LABCOTER). To form the slit patterns, the parylene-C film was etched
by oxygen (O2) plasma with a slit mask of Ti (~80-nm thick), which was patterned by a
tetrafluoromethane (CF4) plasma with a photoresist prior to parylene etching. After
removing the Ti mask (CF4 plasma), the parylene film was released from the Si substrate
with ethanol (Fig. 2.4.3).

The fabricated parylene film exhibited great stretching properties as demonstrated
in the quantitative analysis (Fig. 2.4.4). Here, each side of the fabricated film was fixed
by the clips and expanded (Fig. 2.4.4a). The initial 40-mm-long parylene film could be
stretched by 1,100% to a length of 480 mm before the film breaks. The strain of 1,100%
1s smaller than that of the calculated maximum strain of 1,300%. This is because a number
of Kirigami structures placed at each side of the Kirigami film is fixed and cannot be
stretched.

Parylene Mask(Ti)

4 5 6
Figure 2.4.2 Fabrication process of the Kirigami-based stretchable parylene film. (1)

Deposition of the 10 pm parylene film on the Si wafer. (2) Deposition of the Ti hard
mask. (3) Patterning of the Ti hard mask by CF4 plasma. (4) Patterning of the parylene
layer by Oz plasma using a Ti hard mask. (5) Ti hard mask removal by CF4 plasma.
(6) Release of the Kirigami patterned parylene film from the Si wafer.
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Figure 2.4.3 Photograph of the fabricated Kirigami parylene film (40-mm long, 20-
mm wide, and 10-pm thick) consisting of a 5 x 361 slit array (N, = 5, N, = 180).

SRS R R BB RRS
0 5 10 15 20
Parylene sheet

Figure 2.4.4 Kirigami parylene film. (a) Quantitative analysis of the stretchability of

the Kirigami film. The initial length of the Kirigami film was 40 mm (0%), which was
stretched to 480 mm (1,100%) prior to the film breaking. (b) Maximum stretched
Kirigami parylene film.

The stretchability of the fabricated diamond-mesh film was quantitatively
analyzed (Fig. 2.4.5). The initial length of the mesh film was 30 mm (0%), which was
stretched to 55 mm (83%) prior to the film breaking (Fig. 2.4.5). Since there are fewer
meshes (or fewer bendable beams) in the same film geometry (40-mm long, 20-mm wide,
and 10-um thick), the stretchability of the meshed parylene film was limited to ~83%
before the film breaks (Fig. 2.4.5). This indicated that the proposed slit array design
(Fig. 2.4.4) is suitable to obtain films with high stretchability. As a preliminary test, a
Kirigami film with a one-row design was mounted on a beating mouse heart, whose

volume and surface area rapidly change (Fig. 2.4.6).
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Figure 2.4.5 Diamond-mesh parylene film. (a) Quantitative analysis of the
stretchability of the fabricated diamond-mesh film. The initial length of the mesh film
was 30 mm (0%), which was stretched to 55 mm (83%) prior to the film breaking. (b)
Maximum stretched diamond-mesh parylene film.
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Figure 2.4.6 One-row Kirigami design was mounted on a beating mouse heart. (a)

Stretchable film
a /I'-lead

Tail

Mouse's heart

Schematic diagram and (b, c) photographs of the fabricated parylene film placed on a
beating mouse heart. The film with one-row design (N, = 1) follows the heart pulsation
during diastole (b) and systole (c).
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2.5 Conclusions

In this chapter, the major Kirigami structures and devices proposed, which use a
Kirigami structure, were described. Kirigami structures offer stretchability and other
multiple functions using flexible or stretchable material (e.g. graphene, nanocomposite,
Si nanomembrane, parylene, and PDMS) sheets through 2D and 3D transformations. The
Kirigami structures can be applied to the strain sensor, actuator for the solar tracking
system, and crawl robot. They also enhance the adhesiveness of the elastic substrate and
can be used in many applications utilizing their unique properties of high stretchability,
inhomogeneous, and out-of-plane deformations. For the effective design of the devices
using the Kirigami structure, displacement models of the Kirigami structure depending
on the applied force were derived. The derived displacement models include single
layered and multiple layered Kirigami structures. In addition, the simulation model for
calculating the maximum strain of the Kirigami structures was also derived. The
displacement and the maximum strain of the Kirigami structures depend on the design of
the Kirigami slits and the Young’s modulus of the materials used in the Kirigami film.
Therefore, the mechanical characteristics of the Kirigami structures can be estimated and
controlled using these displacement and maximum strain models. For further analysis of
the displacement and the stress distributions in the Kirigami structures, the Kirigami
stretch was simulated by the FEM. Maximum stress occurred at the slit edge of the
Kirigami structure. This stress can be reduced using a circular-shaped edge compared to
the corner-shaped edge. The stretchability of the Kirigami film was demonstrated using
parylene microfabrication technologies. The fabricated Kirigami film exhibits high
stretchability (1,100%) before film breaking. In the next chapter, the design and
fabrication process of the Kirigami bioprobe devices based on the derived models along

with simulations and demonstrations of the parylene Kirigami film will be presented.
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Chapter 3: Kirigami bioprobe device

3.1 Introduction

The deformation model and the stress distribution of the Kirigami structure were
derived and simulated in Chapter 2 for the effective design of the stretchable device using
the Kirigami structure. In addition, it is confirmed that the Kirigami patterned film
exhibited the high stretchability. In this chapter, stretchable bioprobe device using the
Kirigami structure is demonstrated to confirm the ability of the Kirigami structure as the
stretchable substrate for neuronal interfaces. Electronic devices used in in vivo
experiments require low invasiveness, which includes matching of the mechanical
characteristics to the biological tissues and biocompatibility of the device materials as
well as proper electrical characteristics for each particular case. The design and
fabrication process of the stretchable Kirigami bioprobe device which is intended for
signal recordings from the mouse brain and heart, are described in the first part of this
chapter. Electrical, mechanical and other characterizations which are required to achieve
the low-invasive neuronal interface, of the fabricated Kirigami devices are confirmed, in
the second part. In the third part, biological signal recordings using the fabricated
Kirigami device are demonstrated to confirm the recording capability of the fabricated

Kirigami device.

3.2 Design and fabrication of the Kirigami device

Based on the displacement model, simulations and demonstration of the Kirigami
parylene film described in Chapter 2, the stretchable Kirigami bioprobe device was
designed for the ECoG and ECG signal recordings from the mouse brain and heart. The
designed Kirigami bioprobe device was fabricated using a microfabrication process,
which includes a parylene substrate and embedded platinum layer for electrodes and

interconnections.
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3.2.1 Design of the Kirigami device

A stretchable Kirigami bioprobe device with a Kirigami patterned area of
~10 x 10 mm? was designed. This device consists of 5 x 91 slits of 10 um width (cell
array number of N. = 5, N. = 45) with a slit length, Lg;;, of 1,600 um, a gap between
the slits, Lgap, 0f 400 um, and a beam width, w, of 100 pm (Fig. 3.2.1). In Figure 3.2.1a,
the pink and gray layers represent the device substrate of the parylene and the
electrodes/interconnections of Pt/Ti, respectively. The materials used in this device
exhibit biocompatibility and the parylene exhibits high flexibility. This stretchable
Kirigami device employs 2 % 5 channels of a microelectrodes array with an electrode gap
of 8,000 um in the vertical direction and 1,980 pm in the horizontal direction. Each
recording site of the 50-pm-diameter Pt electrode is connected to the contact pad with a
zigzag interconnection (20-um wide) (Fig. 3.2.1d). Each side of the Kirigami device has
a guide structure for easy handling. The calculated maximum strain of this Kirigami
device (5 x 45 cell units patterned on a ~10 x 10 mm? area) was ~455%. Another type of
the Kirigami device, which consisted of 3 x 91 slits (N, = 3, N. = 45) with a different

beam design (Lg;; = 2,700 pm, Ly,, = 600 pm, same w = 100 pm), was also designed

gap
(Fig. 3.2.2a). This stretchable Kirigami device employs a 2 x 3 channel microelectrodes
array (diameter of 50 um) with an electrode gap of 6,600 um in the vertical direction and
3,300 pm in the horizontal direction. The calculated maximum strain of this Kirigami
device (3 x 45 call units patterned on an area of ~10 x 10 mm?) was ~860%. Dense
Kirigami electrode devices, which have three interconnections (each of a width of 10 pm)
embedded in each beam with a width of 100 pm, were also designed (Figs. 3.2.2b, c).
The number of electrodes in the high dense Kirigami electrode devices is three times
larger than that of the Kirigami devices with a single interconnection (width of 20 pm) in
each beam (width of 100 um) for the same Kirigami structures. The designs of Kirigami

bioprobe devices are summarized in Table 3.1.
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a Guide b

Figure 3.2.1 Design of the stretchable Kirigami bioprobe device (5 x 91 slits). (a)
Entire image of the design of the Kirigami bioprobe device with a 2 x 5 channel
electrode array (layer colored pink: device substrate of parylene and gray: electrodes
and interconnections of Pt/Ti). An easy-to-handle guide for the Kirigami device was
placed at each side (top and bottom side in the image). (b) Design of electrodes and
interconnections of the Kirigami bioprobe device. (c) Enlarged view of the Kirigami
slit patterned in a parylene substrate. (d) Enlarged view of the electrode and

interconnections. (e) Enlarged view of the microelectrode with a 50 um diameter.
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Figure 3.2.2 Alternative design of the stretchable Kirigami bioprobe device (left:
entire design, right: interconnection design). (a) A 3 x91 slit, 2 x 6 channel
microelectrodes array. (b, c¢) high dense Kirigami electrode device with a 3 x 91 slit,
2 x9 channel microelectrodes array (b) and a 5x91 slit, 2 x 15 channel

microelectrodes array (c).
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Table 3.1 Designs of the stretchable Kirigami bioprobe device

Number of Electrode
Slit Slit | Beam Film cell array | Number of gap Maximum .
. . . . Figure
length | gap [ width | thickness column electrode | wvertical, strain No
[um] | [um] [ [pm] [wm] X channels | horizontal [%] '
row [um]
1,600( 400 100 10 5x45 10 8,000 455 Fig. 3.2.1
1,980
6,600
2,700 600 100 10 3 x45 6 ’ 860| Fig.3.2.2
: : 3,300 82528
1,600( 400 100 10 5x45 30 8’2(6)8 455| Fig.3.2.2¢
2,700 600 100 10 3 x45 18 ?’?88 860| Fig.3.2.2b

3.2.2 Device fabrication

The fabrication process of the proposed Kirigami-based bioprobe device is shown
in Figure 3.2.3. This device consists of an array of microscale planar electrodes for multi-
site recording of biological signals. The device fabrication was the same as the parylene
film process (Fig. 2.4.2), except that the electrodes were embedded in the film [94], [95].
The device bottom layer was formed by the deposition of a 5-um-thick parylene-C film
on a Si substrate [Fig. 3.2.3(1)]. To form the electrode layer, Pt with an adhesion layer of
Ti (40-nm thick for Pt and 60-nm thick for Ti) was sputtered over the bottom parylene
layer and subsequently patterned by plasma etchings [argon (Ar) for Pt and CF4 for Ti]
/bottom parylene layers to form the device’s top layer [Fig. 3.2.3(iv)]. Kirigami slits and
electrode sites were structured by patterning both the top and the bottom parylene layers
using O plasma with a Ti mask [Figs. 3.2.3(v—vii)]. After removing the Ti mask by CF4
plasma, the parylene device was released from the Si substrate using ethanol
[Figs. 3.2.3(viii—ix)].

The fabricated Kirigami bioprobe device is shown in Figure 3.2.4. The fabricated
device on the Si wafer and the release of the device from the Si wafer are shown in
Figures 3.2.4a and b, respectively. Figure 3.2.4c shows microscopic images of the
Kirigami device, which employs the device Pt electrode and zigzag interconnection
patterned in the beam. For in vivo recording applications, the fabricated film device was
packaged with a polyimide-based flexible printed circuit (FPC) (Fig. 3.2.4d). A fabricated
device [a 3 x 91 slit design (N, = 3, N. = 45)] stretched to 650% by tweezers is shown
in Figure 3.2.4e.
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ParyleneC

(vii) (viii) (ix)
Figure 3.2.3 Fabrication process of Kirigami-based highly stretchable and flexible
bioprobe devices: (i) deposition of the bottom layer of parylene-C on a Si substrate,
(i1) sputtering of a Pt-electrode layer with a Ti adhesion layer over the parylene layer,
(ii1) electrodes and interconnections formed by plasma etching (Ar for Pt and CF4 for
Ti), (iv) deposition of the device’s top layer of parylene-C over the Pt-electrode layer
and the bottom parylene layer, (v) sputtering of a hard mask of Ti over the top parylene
layer and (vi) patterning by CF4 plasma, (vii) patterning of the top and bottom parylene
layers by a O» plasma using the Ti hard mask, (viii) removal of the Ti mask using CF4

plasma, and (ix) release of the parylene device from the Si substrate using ethanol.
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_Kirigami film

10 mm

Figure 3.2.4 Fabricated Kirigami bioprobe device. (a) Photograph showing batch-
processed devices on a Si substrate. (b) Photograph of the fabricated device after its
removal from the Si substrate. (¢) Photograph showing the 50-um-diameter planar Pt-
electrode site in a device connected with a zigzag Pt-interconnection. (d) Photograph
of a device packaged with a polyimide-based FPC for subsequent in vivo applications.
(e) Photograph showing a fabricated device [a 3 x 91 slit design (N, = 3, N, = 45)]
stretched to 650% by tweezers.

3.2.3 Bi-axially stretchable Kirigami bioprobe device

The aforementioned Kirigami bioprobe device (Fig. 3.2.1) exhibits stretchability
in one direction only. However, some biological tissues or organs (e.g. brain or heart)
exhibit bi-axial deformation. To enhance the applicability of the Kirigami film, the design
of a Kirigami film with bi-axial stretchability was also proposed. The bi-axial Kirigami
film was realized by patterning each beam with a zigzag design (Fig. 3.2.5). The designed
bi-axial Kirigami film [a 5 % 31 slit design (N. = 5, N, = 15)], is shown in Figures 3.2.5a
and b. The fabrication process used was the same as for the parylene film-based bioprobe
device process (Fig. 3.2.3). To bi-axial stretchability of the fabricated bi-axial Kirigami
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film was demonstrated by placing the Kirigami film on a rubber balloon. The film was
stuck to the balloon surface using water drop (Fig. 3.2.5¢). The bi-axial stretchability of
the film was observed by increasing the volume of the balloon. Figure 3.2.5d shows the
Kirigami film as the balloon volume increases, thereby demonstrating the bi-axial
stretchability of the film. A photograph showing a Pt-microelectrode site in a bi-axial
Kirigami film device (before stretching) is shown in Figure 3.2.5e. The Pt-electrode is

connected with a zigzag Pt-interconnection using a zigzag parylene beam.

Figure 3.2.5 Bi-axial Kirigami film. (a, b) Schematic diagrams of a bi-axial Kirigami
film (a: before and b: after stretching). (c) Photograph of a fabricated film placed on a
rubber balloon. (d) Bi-axial stretchability of the film observed by increasing the
volume of the balloon. () Photograph showing a Pt-microelectrode site in a bi-axial
Kirigami film device (before stretching). The Pt-electrode is connected with a zigzag

Pt-interconnection using a zigzag parylene beam.
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3.3 Electrical and mechanical characterization of Kirigami device
Electrical, mechanical and other characterizations of the fabricated Kirigami
devices reveal the practicability of these devices as neuronal interfaces from various
perspectives. The electrical characteristics of the electrodes embedded in the fabricated
Kirigami devices are confirmed by impedance measurements during the device stretching.
As for the mechanical characterizations, the stress—strain curves are obtained by
measuring the force of stretch for the fabricated Kirigami devices. In addition, the device
durability during repetitive device strain and its stretchability in the out-of-plane-
deformation process of the fabricated Kirigami devices, which are confined by another

layer assuming the device implantation under the skin, are confirmed.

3.3.1 Impedance characteristics of a Kirigami device

The electrolyte/metal interfacial electrical impedance of the Pt electrode was
measured in a phosphate-buffered saline (PBS) solution. Without stretching the film
device, which was designed with 5 x 91 slits, the magnitude of the Pt-electrode
impedance was 311 £ 32 kQ [mean + standard deviation (SD)] at 1 kHz (Fig. 3.3.1). This
impedance is low enough to measure the ECoG signals [96]. The strain-dependent
impedance characteristics of the Pt electrodes taken from a Kirigami film device designed
with 3 x 91 slits are shown in Figure 3.3.2. The impedance is independent of the film
stretching, when the film is stretched between 0% and 500%. In this stretching regime,
the electrical properties of the Pt electrodes do not change because each beam
(parylene/Pt/parylene layer system) bends and significant stress concentration does not
occur. As the film stretches between 600% and 700%, the electrode impedance drops
slightly. This is probably due to the stress induced peeling of the parylene bi-layer and
the Pt layer exposed to the PBS solution (e.g. concentrated stress at the beam edge).
However, at 800% of film stretching, the electrode impedance increases significantly
(>10° Q) prior to the film tearing off. This is because a partial breaking of the Kirigami
structure around the slit edge occurred at a strain close to the maximum strain of the

Kirigami device (860%) and the device interconnections were partially broken.
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Figure 3.3.1 Impedance of the fabricated Kirigami device without device stretch.
Impedance characteristics of the fabricated device measured in PBS without device
stretching (0%). Averages and standard deviations for both impedance magnitude and

phase characteristics were taken from eight samples; the error bars indicate SD.
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Figure 3.3.2 Impedance of the fabricated Kirigami device during the device stretch.
Strain-dependent impedances of the fabricated device at 1 kHz in PBS. Here, the
measured device is a film designed with 3 x 91 slits (N, = 3, N, = 45), which is
stretched from 0% to 800%. Averages and SD for both impedance magnitude and

phase characteristics were taken from 11 samples; the error bars indicate SD.
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3.3.2 Stress—strain curve of the Kirigami device

The experimentally measured stress (force)—strain curve for a Kirigami device
designed with 5 x 91 slits (green triangles in Fig. 3.3.3a) is included in Figure 3.3.3. The
stress—strain curve of the Kirigami device is divided to three deformation regions. In the
initial region, where the strain is in the range 0%—20% [Fig. 3.3.3a(i) red dashed square],
the beam bending around each slit exhibits the in-plane bending deformation
[Fig. 3.3.3b(1)]. In this region, each beam bends to the thicker direction. Therefore, the
beam thickness is considered as the designed beam width (w) of 100 um, which is
10 times thicker than that of the designed beam thickness of 10 um. As a result, the stress
in the initial region increases rapidly. In the second region, where the strain is in the range
20%-250% [Fig. 3.3.3a(ii) blue dashed square], the deformation exhibit its out-of-plane
deformation [Fig. 3.3.3b(ii)]. In this region, beam bending occurs in the thinner direction
of each beam and the stress is gradually increased as the strain increases. The model
derived in Chapter 2 takes into account the out-of-plane deformation of this region. In the
third region, where the strain range is above 250% [Fig. 3.3.3a(iii) green dashed square],
the film strain becomes saturated due to the limitation of structural deformations
[Figs. 3.3.3b(iii), 2.2.4] and the stress is rapidly increased.

The experimentally obtained slope (20%—-250% strain) was compared with the
values calculated by formula (2.9) (red line in Fig. 3.3.3a) and the fit by the FEM (blue
squares in Fig. 3.3.3a). The simulated stress—strain characteristic was derived by the
combination of the simulation results for the one-cell unit (Fig.2.3.1). Since the
fabricated device has a parylene thickness of 11 um (the design value was 10 pm), the
same film thickness for both analytical and FEM results was used. Saturation was
confirmed by both experimental and FEM data. The maximum strain of the device
reaches ~470%. The measurement of the 5 x 91—slit device confirmed that a 9-mN strain—
force (0.08 MPa in stress) to the film realizes a high-film stretchability of ~250%. In this
regime (20%—-250% strain), the film’s strain is proportional to the stress (force) (green
triangles in Fig. 3.3.3a). The difference in the slope between analytical and experimental
values in this second region (20%—-250%) is 12.2%, except for the difference in the initial
region (0%—20%) (green triangles in Fig. 3.3.3a). One possible reason for this slope
difference between experimental and calculated or simulated results is due to the effect
of the device fixation in the measurement. Here, each film side is fixed with a ridged
chuck for the film substrate, which limits stretching in some beams (~two column cell
units) because of the limitation of the deformation in the perpendicular direction to the
stretching direction of the Kirigami structure. This edge effect is not considered in the

equations or the FEM. In addition, these calculations do not include the effect of the metal
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layer (40-nm thick for Pt, 60-nm thick for Ti). For an accurate analysis of the fabricated
Kirigami device, the displacement of the multiple layered Kirigami system was calculated,
in which each beam consists of the parylene substrate and the embedded Pt/Ti-metal
interconnection, using equations (2.24-2.37). By considering the metal layer, the slope
difference with and without the metal layer is 0.7%. Since the thickness of the metal layer
(Pt/Ti: ~100 nm) in the fabricated device is 110 times smaller than that of the parylene
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Figure 3.3.3 Mechanical characteristics of the fabricated Kirigami device. (a) Stress—
strain curve of the fabricated Kirigami device with 5 x 91 slits (N, = 5, N. = 45,
green triangles) calculated using formulas (2.9) (red line) and FEM simulation (blue
squares). Inset graph shows the initial region of the stress—strain curve. (b) Stretched

Kirigami structure in each stretch region.
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Figure 3.3.4 Experimentally measured strain—strain characteristics of the fabricated

Kirigami device. The measured device is a designed film with 5 x 91 slits (N, = 5,
N. = 45, green triangles) and 3 x 91 slits (N, = 3, N. = 45, orange circles). The
graph also includes calculated values (red line) and FEM simulation values [blue
squares correspond to the case with the slit (Kirigami) and blue crosses correspond to
the case without the slit (sheet)] and stress—strain characteristic of PDMS [81] (purple
line).

device (11 um), no significant slope differences are observed in this regime. Further
considerations of the in-plane mode and the limitation of the stretch at the edge of the
Kirigami structure in the calculations offer more accurate data fittings. Both the equations
and the FEM values are based on the out-of-plane bending mode and do not consider the
in-plane deformation and side effect of the stretch limitation. The other fabricated
Kirigami film with 3 x 91 slits exhibits an increased maximum strain of ~840% at 58 mN
(0.53 MPa) (orange circles, Fig. 3.3.4).

A parameter was considered for the evaluation of the effective Young’s modulus.

This parameter, which was taken from the stress—strain curve of the Kirigami device with
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5 x 91 slits and 3 x 91 slits (in the second regions: 20%—-250% for 5 x 91 slits and 20%—
450% for 3 x 91 slits), has a value of 23 kPa and 3.6 kPa, respectively. The effective
Young’s modulus of the Kirigami device with 5 x 91 slits (23 kPa) is ~30 times lower
than that of the conventional elastomer-based stretchable devices with PDMS (730 kPa
for PDMS [81]) (purple line in Fig. 3.3.4). The calculated stress—strain curve for a
parylene film (Young’s modulus of 2.8 GPa) without slits is also included in Figure 3.3.4

for comparison purposes (blue crosses, Fig. 3.3.4).

3.3.3 Durability test of the Kirigami structure

Cycling load tests of the Kirigami film were also conducted. For the evaluation of
the Kirigami device, one-row Kirigami devices were fabricated (Fig. 3.3.5). The one-row
Kirigami devices consists of 1 x 72 slits of 10 um width (cell array number of N. = 1,
N. = 36). There are two types of the one-row Kirigami devices, which have different
device widths, i.e., 2 mm and 3 mm, respectively. The first is the one-row Kirigami device

with a slit length, Lg;, of 1,600 um, a gap between the slits, L of' 400 um, and a beam

gap>
width, w, of 100 pm in the area of ~2 x 8 mm? (Fig. 3.3.5a). This one-row Kirigami
device exhibits a calculated maximum strain of ~450%. The other design has the Kirigami
gap> 0f 400 pum, and
a beam width, w, of 100 pum in the area of ~3 x 8 mm? (Fig. 3.3.5b). This device exhibits

a calculated maximum strain of ~900%. In Figure 3.3.5, layers colored pink and gray

pattern with a slit length, Lg;,, of 2,600 pm, a gap between the slits, L

represent the device’s parylene substrate and the electrodes/interconnections of Pt/Ti,
respectively. These stretchable Kirigami devices employ a 1 % 6 channel microelectrodes
array. As discussed in Chapter 2, each slit edge has a circular-shaped edge to avoid stress
concentration at each slit edge. The designs of one-row Kirigami devices are summarized
in Table 3.2.
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Figure 3.3.5 Design of the one-row Kirigami devices composed of 1 x 72 slits

(N. = 1, N. = 36) for the evaluation of the Kirigami structure. (a) One-row Kirigami

devices with Lg; = 1,600 pum, Lg,, = 400 pm, w = 100 pm and maximum strain of

~450% and (b) Lgj = 2,600 um, Lg,, = 400 pum, w = 100 pm and maximum strain
of ~900%.

Table 3.2 Designs of the one-row Kirigami devices for the evaluation

Number of
Slit Slit | Beam Film cell array | Number of | Electrode | Maximum Fioure
length | gap | width | thickness | column electrode gap strain ﬁg
[um] | [um] | [um] | [um] x channels | [pm] [%] ‘
row
1,600| 400 100 10 1 x36 6 1,100 450| Fig.3.3.5a
2,600( 400( 100 10 1x36 6 1,100 900 Fig.3.3.5b
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Using this one-row Kirigami device (width of 2 mm), the durability test of the
Kirigami structure was conducted. A 1,000 cycle load was applied to the Kirigami device,
while each strain was 125%, 188%, 250%, and 313% (total load cycles =4,000)
(Fig. 3.3.7). The repetitive stretch of the Kirigami device was accurately controlled using
a linear actuator (SKR2602A, THK Co., Ltd.), which was driven by a stepper motor
(PKP244D23A2, Oriental Motor Co., Ltd.)) and a motor driver (L6470,
STMicroelectronics Inc.) (Fig. 3.3.6). At the strain range 125%—188%, small cracks were
observed at some edges of the slits in the Kirigami film; however, the Kirigami film was
not fractured and plastic deformation was not observed. At a 250% strain, plastic
deformation slightly occurred and the film did not completely return to its original shape
after the stretch was released. For a further strain of 313%, the plastic deformation in the
film was increased, as observed in the microscopic image (“313%” in Fig. 3.3.7).
Although some film cracks were observed at the edge of the slit, these cracks were not
extended during the cycling load test and the Kirigami film was not fractured (not

separated).
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Figure 3.3.6 Linear actuator controlled by a stepper motor and a motor driver for
repetitive stretching of the Kirigami device.
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Figure 3.3.7 Durability test of the Kirigami structure. A 1,000-cycle load was applied

to the Kirigami device, while each strain was 125%, 188%, 250%, and 313% (total
load cycles = 4,000).
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3.3.4 Stretchability of the Kirigami structure in another layer

In practical applications, such as long-term recording accompanied by the device
implantation into the biological tissues, additional layers (e.g. skin and fat) will be placed
over the device during the Kirigami device implantation on the tissue surface. In this case,
the out-of-plane deformation of the Kirigami device is confined by these additional layers
and the stretchability of the Kirigami device might be affected. Hence, an additional
experiment to confirm the stretchability of the Kirigami structure was conducted, while
the out-of-plane deformation was confined by another layer assuming that the Kirigami
device is implanted to the biological tissues. Two types of experiments using Ecoflex
(Ecoflex™ 00-20, Smooth-On, Young’s modulus = 56 kPa) instead of using a biological
tissue (e.g. skin and muscle) were conducted. In the first one, the Kirigami film (effective
calculated modulus: 1.2—4.6 kPa) was sandwiched between two layers of ~1 mm-thick
Ecoflex with water (Fig. 3.3.8). In the second one, the Kirigami film was embedded in
~2 mm-thick Ecoflex film (Fig. 3.3.10).

In the first experiment, the Kirigami film which was sandwiched between two
~1 mm-thick Ecoflex layers with water, exhibited a stretchability, which ranged from 0%
to 179% (Fig. 3.3.9). However, the Kirigami film in the Ecoflex exhibited a non-uniform
stretchability between the left and right parts of the film. This was probably due to fact
that a part of the Kirigami film had a strain prior to its sandwiching between the Ecoflex
layers (strain = 0%). The left part of the Kirigami film, which had the strain, probably

caused a higher contact stress at the interface between the Kirigami film and the Ecoflex

Ecoflex R = of| o x

\ ;| SN

\ ; A | "Eiriga\mia'r_n ..

Kirigami film

Water
¢ ~1 mm
¢ ~1Tmm
Kirigami film Side view

Side view

Figure 3.3.8 Schematic diagram and photographs of the stretchability test of the

Kirigami film sandwiched between two layers of ~1 mm-thick Ecoflex with water.
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Figure 3.3.9 Stretchability of the Kirigami film sandwiched between two layers of
Ecoflex. The strain range of the Ecoflex is 0%—179%.

surface compared to that at the right-hand side. These differences in the Kirigami’s
uniformity and contact stress induced the non-uniform stretchability of the Kirigami film
in Ecoflex. As seen in the picture of a 179%-strain, the left part of the Kirigami (red
dashed square in the picture) exhibits a larger strain compared to that in the right part
(blue dashed square).

In the second experiment, the Kirigami film, which had the pre-strain in the
device’s right part, embedded in Ecoflex (total thickness =2 mm) also exhibited its
stretchability (Figs. 3.3.10, 3.3.11). The Ecoflex stretchability ranged from 0% to 130%.
The variability of the distance between each beam was needed to enable the Kirigami
structure stretchability; hence, the Kirigami film had some strain prior to the Ecoflex
embedding (Fig. 3.3.11, 0%). In the strain range 0%—78% of the Ecoflex, the Kirigami
film showed no fractures and returned to its original structure, when the stretch was
released. However, in the strain of 130% of the Ecoflex, the Kirigami film showed a

partial fracture, which remained after the strain was released.
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Ecoflex

Kirigami film

Side view Side view
Figure 3.3.10 Schematic diagrams and photographs of the stretchability of the
Kirigami film embedded in a ~2 mm-thick Ecoflex film. The Kirigami film had a pre-

strain in the device’s right part prior to its embedding in the Ecoflex.

Strain
(Ecoflex)

T

 Stretched(~80%) 1

Figure 3.3.11 Stretchability of the Kirigami film embedded in the Ecoflex film. The
strain range of the Ecoflex is 0%—130%.
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3.4 Biological signal recording using a Kirigami bioprobe device

The recording capability of the fabricated Kirigami device was confirmed in the
ECoG and ECG signal recordings from a mouse’s brain and heart. In the ECoG recording,
the interval of the Pt electrodes embedded in the Kirigami device is adjusted to the
distance of two areas of the brain cortex. This is achieved by stretching the Kirigami
device to record signals from multiple areas simultaneously. In the ECG recording, the
recording capability of the Kirigami device from deformable tissues was confirmed. All
experimental procedures regarding mice and animal care were approved by the Toyohashi

University of Technology animal experiments committees.

3.4.1 Invivo ECoG signal recording

A challenge for highly stretchable, deformable, and flexible bioprobe film devices
is the recording of neuronal signals from the brain tissue, which is a soft tissue and has a
spherical shape and pulsatile motion in in vivo recordings. Recent advances in
microfabrication technologies have resulted in the realization of flexible microscale
planar ECoG electrode array devices. Their advantage of conformal wrapping onto a
brain tissue has been demonstrated [31], [97], [98]. An additional requirement for such
devices is that the electrode array must have design variability, such as application-
dependent tunable intervals between the electrodes during measurements. Other
requirements include conformal wrapping of an in vivo brain, which shows an
increase/decrease in its tissue volume due to the pulsation of the brain.

A fabricated 5 x91 slit Kirigami-based bioprobe device is shown in
Figures 3.4.1a and b. This device, which consists of 10 channel planar Pt electrodes
[50-um diameter, 311 £32 kQ (mean + SD) impedance at 1 kHz], demonstrates the
advantage of tunable intervals between the electrodes over the cortical surface of a mouse
in vivo brain. Here, the mouse’s strain, sex, and weight used are C57BL, male, and 17.0 g,
respectively. After anesthesia by intraperitoneal injection using urethane (50 pl of 30%
solution per 10 g body weight), the head of the mouse was fixed with stereotaxic
apparatus (SR-50; Narishige, Tokyo, Japan). Some of the cranium and dura mater (0—
5 mm posterior and 1-4 mm lateral to bregma) over the parietal and occipital lobes of the
right hemisphere were removed. Then, Ch. 9 and Ch. 8 electrodes were placed on the
visual cortex (primary visual cortex, V1, 4 mm posterior and 2.5 mm lateral from bregma)
and barrel cortex (primary somatosensory cortex barrel field, S1B, 1 mm posterior and
3 mm lateral from bregma), respectively. To implement simultaneous neuronal recordings
from the V1 and S1B of the mouse brain, the positions of the electrodes were aligned

with these cortical areas, while the gap between the electrodes increased due to film
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stretching (Figs. 3.4.1a, c). After positioning the first electrode of Ch. 9 over the V1, the
second electrode of Ch. 8 was positioned over the SIB (3 mm away from the V1) by
stretching the film and changing the electrode gap from 2 mm (initial gap, 0% strain) to
~3 mm (50% strain at 3.3 mN). Although the film’s strain caused 3D deformation to each
beam, which results in a gap between the Pt electrode and the tissue surfaces, this gap
could be filled with a conductive solution of saline and each electrode site detects tissue
signals via the saline (Fig. 3.4.5). Stimulus-related activity of V1 and S1B was recorded
by applying visual and somatosensory stimulations to the mouse’s eye and whiskers. The
visual stimulation to activate V1 was applied to the mouse’s left eye by a white LED
(500 ms in duration, 6 s in intervals between trials) (Fig. 3.4.2a). S1B was activated by

mechanically stimulating the principal whiskers by an electromagnetic vibrator (2 ms in

vi§ual . ~—
stimulation stimulator Stretched parylene sheet
/

whisker
stimulation

from a mouse in vivo brain. (a) Schematic diagrams of the animal experiments and the
positions of the Pt electrodes. To achieve ECoG recordings from the visual (V1) and
barrel (S1B) cortices of the mouse brain, the gap between the Pt electrodes (Chs. 9 and
8) is changed from 2 mm (initial gap, 0% strain) to ~3 mm (50% strain) by stretching
the film. (b) Photograph showing the fabricated Kirigami-based microscale planar
electrode (Pt) array device [5 x 91 slits design (N, = 5, N, = 45)] placed over the
cortical surface of a mouse in vivo brain, while the electrode positions are adjusted by
stretching the film. (¢) Photograph of the Pt electrodes (Chs. 8 and 9) after position

adjustments, representing the schematic diagram shown in (a).
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duration, 6 s in intervals between trials) (Fig. 3.4.2b). The LED and vibrator were driven
by a processing system (RZ2, Tucker-Davis Technologies, Alachua, USA). The timing
pulse signals of these stimulations were synchronized to acquire the ECoG signals. As a
signal reference electrode, a stainless-steel screw was drilled into the skull over the
cerebellum.

These Pt electrodes activated the ECoG signals, which ranged from alpha to high-
gamma oscillations (8-100 Hz), to be detected (Fig. 3.4.2). During physical whisker
stimulation, the Ch. 8 electrode, which was positioned over the S1B, detected the
neuronal activities with amplitude of 154 pV,, and a peak time of 54.2 ms from the
whisker stimulation (Fig. 3.4.2d). These waveforms are similar to the ECoG signals
recorded by conventional ECoG electrodes [97], which suggests that these signals evoked
neuronal responses by the stimuli [p=1.07 x 107!%, n=100 trials, by paired rtest
between prestimulus (—200 ms to 0 ms) and poststimulus (0 ms to 200 ms) periods].
While visually stimulating the mouse using a light source, the other electrode (Ch. 9) was
placed over the V1 detected neuronal activities with an amplitude of 667 uVp, and a peak
time of 80.6 ms from the visual stimulation (Fig. 3.4.2g), which suggests that these
signals significantly evoked neuronal responses by the stimuli [p=2.04 x 1078,
n = 100 trials, by paired #-test between prestimulus (—200 ms to 0 ms) and poststimulus
(0 ms to 200 ms) periods]. Waveforms recorded by the Ch. 9 electrode during whisker
stimulation (Fig. 3.4.2c) [p=4.54 x 10%, n=100 trials, by paired #test between
prestimulus (—200 ms to 0 ms) and poststimulus (0 ms to 200 ms) periods] were thought
not to be caused by the device crosstalk associated with the parasitic impedance of the
device interconnections (250 times larger impedance than the Ch. 9 electrode impedance).
In addition, the waveform of Ch. 9 is not similar to the Ch. 8 clectrode waveform. The
Ch. 9 waveform is probably due to the volume conduction or local spread of the activity
around S1B [99].

The time-frequency domain plots for both ECoG signals are also included in
Figure 3.4.2. For each stimulation condition, the visual and somatosensory responses
were analyzed by averaging the filtered signals (5—100 Hz, first-ordered Butterworth
filter) for all 100 trials. The time-frequency domain spectrograms were calculated by the
short-time Fourier transform method in a trial-to-trial manner with a sliding time window
(Hann window function, width of 500 ms and 1 ms step). The plots were averaged over
all trials and then the mean spectrum power during the prestimulus period (-0.1 to 0 sec
from stimulus onset) was subtracted to normalize the logarithm of the power. The time-
frequency domain plots taken from S1B (Ch. 8) showed that physical stimulation to the
mouse whiskers increases the ECoG power in the 8—60 Hz frequency band (Fig. 3.4.2f).
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Figure 3.4.2 ECoG signals recorded via the Kirigami device using a mouse in vivo
brain. (a, b) Visual and whisker stimulation waves. (c—j) Detected ECoG responses
using the Pt electrodes via Ch. 8 placed over the S1B (c-f) and Ch. 9 placed over the
V1 (g—j) during visual and whisker stimuli. Each panel includes the waveforms and
time-frequency domain plots of the recorded ECoG signals. These neuronal responses
were detected by Ch. 8 electrode during whisker stimuli and Ch. 9 electrode during
visual stimuli, respectively [paired #-test, n = 100 trials, p = 1.07 x 107!® for Ch. 8 (d)
and 2.04 x 1077 for Ch. 9 (g)]. Averages and standard deviations of waveforms were
taken from 100 trials.

In contrast, visual stimulation had a negligible impact on the ECoG power (Fig. 3.4.2¢).
The other time-frequency domain plots of the ECoG signals from V1 (Ch. 9) showed that
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the ECoG power in the 8-100 Hz band from V1 (Ch. 9) responds to visual stimulation
(Fig. 3.4.21), but not to whisker stimulation (Fig. 3.4.2j). These results indicate that the
ECoG signals with tunable Pt electrodes using the Kirigami design show reasonable

stimulus selectivity for each cortical region.

3.4.2 In vivo ECG signal recording

Another challenge for flexible bioprobe film devices is their application to organs,
which exhibit large and rapid changes in their volume and surface area (e.g. a beating
heart). Epicardial ECG signal recordings from a mouse beating heart were demonstrated
to confirm the recording capability of the Kirigami device from large deformable tissues.
Due to the deformable property of the heart, the strain—force required to stretch the film
device should be minimized to follow the natural deformations during heart beating.

A fabricated 5 x 91 slits film device, which consists of an array of 10 planar Pt
electrodes (50-pm diameter, ~300-kQ2 impedance at 1 kHz) wrapped around a beating
mouse heart, is shown in Figure 3.4.3. During a heartbeat, the film device stretches to
follow large and rapid (~ 2.5 cycle/sec) changes in the volume and surface area of the
heart. During animal preparation, a mouse (strain: C57BL, sex: male, weight: 22.5 g) was
deeply anesthetized by an intraperitoneal injection of urethane (50 pl of 30% solution per
10 g body weight). After a thoracotomy, the heart was wrapped with the film device. The
device and recording amplifier were connected using a flexible cable, so that the whole

\.

Stretchable parylene sheet Pt-mic troc Mouse heart
Pt-microelectrode ﬂe :

Figure 3.4.3 Schematic diagram and photograph of the ECG signal recordings from a

mouse in vivo heart. (a, b) Schematic and photograph of the fabricated device
[5 x 91 slits design (N,. = 5, N, = 45)] wrapped around a beating mouse in vivo heart.
Sets of Pt electrodes of Chs. 1-5 and Chs. 6—10 were placed over the ventricle side

and atrium side of the heart, respectively.
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film could move freely. After dropping saline (~20 pl) to keep the surface of the heart and
the electrode film wet, the signals were recorded. The reference potential was set to
stainless forceps, which clamped the ribs and intercostal muscles to keep the thorax open.

An array of Pt electrodes, Chs. 1-5, was placed over the ventricle side of the heart,
while the other array of Chs. 610 was placed over the atrium side (Fig. 3.4.3b, Chs. 1, 2,
9, and 10 are not visible in the photograph). The signals detected via the Ch. 7 electrode
are shown in Figures 3.4.4a—d; atrial beats are observed without ventricular beats. The
recorded signals for the whole recording period of 0—1,200 s and the early period of 0—

50 s, are presented in Figures 3.4.4a and b, respectively. Neither shows a significant

BT
R

Figure 3.4.4 Recorded ECG signals from a mouse in vivo heart. (a) Epicardial ECG
signals detected via the Ch. 7 electrode, which was placed on the atrium side of the
heart. (b) Recorded ECG signals for the early period of 0-50 sec. (c¢) Signal waveforms
in the early period of 0-2 sec and the later period of 1,000—1,002 sec during the
recording for 1,200 sec. (d) Superimposition of waveforms recorded for the whole
period of 1,200 sec (number of waveforms: 2988). Red dashed square is consistent
with the period used for the ANOVA test.
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change in the amplitude of the ECGs during the recording (~4 mVp, in amplitude). The
signal waveforms in the early recording period of 02 s and the later period of 1,000
1,002 s are shown in Figure 3.4.4c. The superposition of these recorded waveforms across
a low threshold voltage of —1.5 mV is shown in Figure 3.4.4d; these waveforms are well
superimposed. For further analysis of the waveforms, one—way analysis of the variance
(ANOVA) test was performed in the period from —0.02 s—0.10 s (red dashed line area in
Fig. 3.4.4d) to confirm the stability of the ECG recording. The ANOVA shows that the
effect of the time difference during the ECG recording is vanishingly small compared to
the amplitude of the waveforms indicating that the Kirigami bioprobe device stably
recorded the ECG signals from the beating heart (F2929, 8751910 = 208930.68, p < 0.0001).
The influence of the contraction and the expansion heart motions on the recording
stability of the ECG signals was quantitatively analyzed. The signals were verified by a
simultaneously recorded video during a regularly beating period without irregular
motions of the heart and neighbor muscles (e.g. temporal convulsions due to respiratory
failure).

During signal acquisition and processing, the ECoG and ECG signals recorded
via the Kirigami devices were differentially amplified using a head amplifier (ZC64,
Tucker-Davis Technologies, 1 x 10'* input impedance) with filters (0.35 Hz for the low-
cutoff frequency and 7.5kHz for the high-cutoff frequency). Following signal
amplification, the signals were routed to a pre-amplifier/digitizer (PZ2, Tucker-Davis
Technologies) and a digital signal processing module (RZ2, Tucker-Davis Technologies).
The digitized data were stored on the hard disk of a Windows PC with a sampling
frequency of 25 kHz. All off-line data processing were analyzed by signal processing and
Statistical MATLAB toolboxes (Mathworks, USA).

As the device stretches, a gap between the electrode and the tissue surface is
induced due to the 3D deformation of each beam. The gap width simply follows the film
strain and can be calculated using formula (2.8) (Fig. 3.4.5b, red line). In the animal
experiments, the gap is filled with a conductive saline solution (resistivity ~62.5 Q-cm).
The conductance of the saline portion between the electrode site and the tissue surface
can be calculated by assuming the minimum pathway between them (Fig. 3.4.5). The
change in the resistance of the saline portion associated with the device strain is also
included in Figure 3.4.5. For a 50% strain, which is the same as that used in the ECoG
recording (Fig. 3.4.1a), the calculated saline resistance is 40 kQ. This resistance is
~8-times lower than the electrolyte—Pt interfacial impedance of 311 kQ at 1 kHz. As
confirmed in both ECoG and ECG recordings, the signals are detected by the Pt electrode
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via a conductive saline solution without significant attenuation of the signal’s amplitude

associated with the gap.

3.5 Conclusions

The design, fabrication process, characterization and recording capability of the
Kirigami bioprobe device were described in this chapter. The design and fabrication
process of the Kirigami bioprobe device was described in the first part. Two types of
Kirigami structures having different numbers of cell arrays (N, = 5, N. = 45 or N, = 3,
N. = 45) in the same device area (~10 x 10 mm?) and two types of interconnections
(single interconnection or three interconnections embedded in each beam) for each
Kirigami structure were designed and fabricated. Considering the Kirigami slits patterned
in the same area, a smaller number of the array cells in the row direction (N,), or longer
slit length, offers higher maximum strain. However, the low number of the array cells
limits the number of array electrodes because of the small beam number used as the path
for interconnections. Therefore, the number of Kirigami array cells considering the
required stretchability and resolution of the recorded signals for different biological
tissues or applications should be decided. The designed Kirigami bioprobe devices were

obtained by microfabrication technologies using biocompatible materials (parylene for
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Figure 3.4.5 3D deformation of the Kirigami structure. (a) Schematic diagram of the
gap between the microelectrode and the brain tissue surface associated with the film’s
strain. (b) Calculated gap of the electrode—brain tissue surface associated with the
film’s strain. The electrical property of the gap is also included in the graph. This is
calculated by assuming the minimum pathway between the electrode and the tissue

surfaces.
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the device substrate and Pt/Ti for the electrode and interconnections). The Kirigami
devices were successfully fabricated and exhibit high stretchability. In addition, a
Kirigami device with bi-axial stretchability was also designed and fabricated for
biological tissues, which exhibit bi-axial deformation. In the second part, the electrical
and mechanical characteristics of the fabricated Kirigami devices were described. The Pt
electrode embedded in the Kirigami device exhibited an impedance magnitude of
~311 £ 32 kQ without device strain. This impedance is low enough for the recording of
biological signals, such as ECoG signals. The device impedance was not significantly
changed in the strain range 0%—-500% of the Kirigami device, which has a maximum
calculated strain of 860%. In the strain range of over 500%, the impedance was slightly
reduced (strain range 600%—700%) and then significantly increased (strain of 800%).
These impedance changes were probably caused by the device strain reaching the
maximum strain limit, which characterizes the Kirigami design. The mechanical
characteristics exhibited by the Kirigami devices with 5 x 91 slits and 3 x 91 slits have
an effective Young’s modulus of 23 kPa and 3.6 kPa in the strain range of 20%—-250%
and 20%—-450%, respectively. This effective Young’s moduli are ~30-200 times smaller
than those of the conventional elastomer material of PDMS and are in the same order to
those of the biological tissues (e.g. ~1.5 kPa for the brain and 540 kPa for a resting
muscle). In the durability test using the one-row Kirigami device, the Kirigami device
exhibited high durability under a 1,000-cycle ~200% strain. In the stretchability test
assuming that the device was implanted into the biological tissues, the Kirigami device
maintained its stretchability in another layer of Ecoflex instead of using a biological tissue
(e.g. skin and muscle). These results confirmed that the fabricated Kirigami electrode
devices can be used for biological signal recordings coming from deformable biological
tissues or organs. In the third part, a demonstration of the biological signal recordings
from a mouse’s brain tissue and heart was presented. This demonstration confirmed the
advantages of the device with respect to tunable electrode gaps on the tissue surface with
the device stretching and the capability of following the shape of spherical and largely
deformable biological samples, such as heart tissues. It was demonstrated that the
proposed Kirigami-based microelectrode device can simultaneously record in vivo ECoG
signals from the visual and barrel cortices of a mouse by stretching the film and tuning
the electrode gap. Moreover, in vivo epicardial ECG signals can be recorded by wrapping
the Kirigami device around a beating mouse’s heart, which exhibits large and rapid
changes in the volume and surface area. In these animal experiments, where the film
stretches <50%, the required forces to strain these films are <3.3 mN. Consequently, the

Kirigami design significantly reduces the film’s strain—force compared to conventional
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stretchable electronics using elastomer substrates. Such a reduction is an important
characteristic for stretchable film electronics, particularly for devices attached to soft
samples, such as heart or brain tissues, to minimize the device-induced stress to soft
biological tissues. In the next chapter, another type of a Kirigami device, which offer a
solution to issues faced by the Kirigami device and other stretchable devices, when these

devices are applied to large deformable tissues, such as heart and muscles, is described.
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Chapter 4: Donut-shaped Kirigami
device

4.1 Introduction

In the characterizations of the Kirigami structure described in Chapter 3, it was
confirmed that low effective modulus comparable to that of biological tissues could be
achieved using Kirigami bioprobe devices (~23 kPa and ~3.6 kPa). These devices exhibit
high stretchability under high strain and low effective modulus. They also achieve
recording capabilities of signals coming from biological tissues, e.g., from a mouse’s
brain and heart. The lower effective modulus [compared to conventional elastomer-based
stretchable devices (e.g. PDMS)] of these devices enables the minimization of the device-
induced physical stress to biological tissues caused by the device placement [55], [81],
[100]. However, the Kirigami devices are not able to solve other problems encountered
by stretchable devices, such as microelectrode displacement over the wet surface of
deformable biological tissues (e.g. heart and muscle).

Usually, signals from deformable tissues, such as heart and muscle, are recorded
from the skin surface [ECG and surface EMG (sEMG)]. However, some applications
require more accurate signal acquisition. For example, accurate and robust EMG signal
recording is necessary in EMG signal-based human—machine interfaces [10]-[12], which
allow for prosthesis control in amputated patients. The quality of the SEMG signals
recorded via such electrodes is affected by the skin surface conditions, such as
conductivity and sweating. Sweating attenuates and filters the EMG signals [101].
Moreover, additional layers (e.g. subcutaneous fat and skin) between the signal source
and the electrode cause a difficulty related to the separation of the signals [102]. Therefore,
placing the electrode below the skin surface and recording the EMG signals directly from
the muscle surface are proposed by some methods to achieve stable EMG signal
recordings [102], [103].

Wet electrodes made of conductive gel, hydrogel, or sponge saturated with an

electrolyte solution and dry electrodes made of noble metals (e.g. gold, platinum, or
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silver), carbon electrodes, and sintered silver or silver chloride are generally used as
electrodes to record the sEMG signals [104]. Elastomer and hydrogel with high
stretchability and small Young’s modulus properties are candidate materials of SEMG
signal recording devices [65], [105]. However, as described in Chapter 1, the use of
elastomer as the device substrate for EMG signal recordings is problematic because this
materials has a higher Young’s modulus [e.g. 730 kPa for polydimethylsiloxane (PDMS)]
than that of muscle and other tissues (e.g. ~1.5 kPa for the brain and 5—40 kPa for a resting
muscle) [53], [54]. Meanwhile, hydrogel cannot maintain robust and conformal contact
with the tissues because of dimensional changes in biofluids [106]. Another issue of
devices in biofluids is that conventional stretchable devices cannot follow the
deformation of the wet tissues (e.g. beating heart) because of the wet tissue surface, which
results in device (microelectrode) displacement. The displacement of such electrodes on
the muscle surfaces should be minimized in the device application to myoelectric pattern
recognition-based prosthesis control [107].

The aforementioned conventional sheet-type stretchable Kirigami bioprobe
device [108] placed on the wet tissue of a muscle is shown in Figure 4.1.1a. During
muscle contraction, the sheet-type Kirigami device may slip over the tissue because of
the “no device fixation mechanism” to the target tissue. Also, the device cannot be
stretched or follow the tissue deformation.

To overcome the issue of device displacement, a Kirigami bioprobe able to
surround the tissue is proposed. The proposed device is able to stretch and follow the
tissue deformation (Fig. 4.1.1b). Kirigami structure is not only applicable to a square or
rectangular shaped film but also various other shaped films. Combinations of the
Kirigami structure and various shapes of the patterned film offer the various deformations
and characteristics. A Kirigami design patterned in a donut-shaped film was implemented
in this experiment. This device employs a radially arranged linear array of slits
(Fig. 4.1.2). A photolithography-based 2D microfabrication parylene process [94], [95],
[109] was used to fabricate the 2D donut Kirigami film; this 2D film can be transformed
into a 3D cylindrical shape. The donut-shaped Kirigami device implements the fixation
mechanism to the target tissue and the transformed 3D device geometry is suitable for
use in numerous spherically or columnar-shaped deformable biological tissues (e.g. heart,
brain, upper limb, lower limb, and abdomen). Additionally, an array of microelectrodes
is fully integrated within the 3D Kirigami device because of the 2D microfabrication

process.
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Figure 4.1.1 Displacement issue of the conventional Kirigami bioprobe device. (a, b)
Comparison of the device displacement over the tissue (muscle) between the
conventional sheet-type device (a, left: relaxation, right: contraction) and the proposed

Kirigami device (b).
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Figure 4.1.2 The proposed donut-shaped Kirigami device. (a) Before device
transformation and (b) after device transformation from a 2D donut-shape into a 3D

cylindrical shape.

4.2  Mechanical properties of the donut-shaped Kirigami structure

Before the design and fabrication of the device, the stress—strain characteristics of
the donut-shaped Kirigami device were obtained using the FEM. The simulations were
implemented by the commercial software ANSYS. Similarly to the simulation of the
Kirigami structure (Fig. 2.3.1), a one-cell model of the donut-shaped Kirigami film was

also used (Fig. 4.2.1). This model consists of one slit and four beams around the slit with
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the parylene single layer (Fig.4.2.1a). In the donut-shaped device design, the
combination of the one-cell model using a number of one-cell arrays in each direction
along the circle shape and perpendicular to the circle shape can be obtained. An elastomer
Young’s modulus parameter was used, which was calculated from the device’s stress—
strain curve (Fig. 4.2.1b). The calculated effective Young’s modulus of the donut-shaped
Kirigami device was 76 kPa, which is of a similar magnitude to the Young’s modulus of
resting muscle tissues (5—40 kPa) [54]. The results indicated that the Kirigami design
causes lower device-induced stress on tissues than that caused by the stretchable devices
(730 kPa for PDMS-device). It is confirmed that the epicardial mesh device which has
the same order of elastic modulus (50 kPa) as the kirigami device did not show any
appreciable effect to the heart while the device wrapping the heart [57]. However, the
effective modulus of the Kirigami device was still larger than that of the muscle and other
tissues (e.g. ~1.5 kPa for the brain) [53]. The effective modulus of the Kirigami device
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Figure 4.2.1 Mechanical characteristics of the donut-shaped Kirigami film. (a) One-
cell simulation model (Fig.4.1.2a, before transformation). (b) Stress—strain curve of

the one-cell model.

72



can be further decreased by changing the dimensions of each beam (or slit) [108] and the
material used to fabricate the device. Candidate soft materials for the Kirigami structure
include PDMS [110] and Ecoflex [91].

4.3 Design and fabrication of the donut-shaped Kirigami device

Based on the simulation results of mechanical characteristics of the donut-shaped
Kirigami structure, the donut-shaped Kirigami bioprobe device was designed for
biological signal recordings from the deformable biological tissues such as the heart and
muscle. Three types of the donut-shaped Kirigami bioprobe device were designed for
ECG and EMG signal recording from a mouse’s heart and muscle. These include two
types of the single-donut shaped Kirigami device for device characterizations and ECG
signal recording and a double-donut Kirigami device for the EMG signal recording
(Fig. 4.3.1).

4.3.1 Design of the donut-shaped Kirigami device

The designed donut-shaped Kirigami devices are shown in Figure 4.3.1. Layers
colored pink and blue show the parylene and metal interconnection of gold (Au)/Ti. Two
single-donut Kirigami devices, which employ 10 channel and 24 channel electrodes,
respectively, have the same substrate as the donut-shaped Kirigami. The inner and outer
diameters of the donut-shape structure are 2 and 6 mm, respectively, and the film
thickness is 10 um (Figs. 4.3.1a, b). The length and width of each slit in the film are
1,600 and 10 um, respectively, whereas the slit gap (beam width) ranges from 100 um
(inner side) to 300 um (outer side). The single-donut Kirigami structure with the
10 channel microelectrodes of 50 um diameter consists of 27 cells and exhibits a
maximum film strain of ~170% (calculated). Au electrodes are embedded along the circle
shape (4-mm diameter) with a ~1.3 mm interval. The other single-donut Kirigami with
the 24 channel microelectrodes (~0.4 mm interval) consists of 26 cells and exhibits a
maximum film strain of ~160% (calculated). Each microelectrode is connected to the
bonding-pad through zigzag interconnections. Each slit edge has a circular shape with a
20 pm diameter to prevent the stress concentration confirmed in the simulation results
mentioned in Chapter 2. A double-donut-shaped device suitable for EMG signal
recording is shown in Figure 4.3.1c. The inner and outer diameters of the inside donut
were 2 mm and 5.6 mm, respectively. The inner and outer diameters of the outside donut
were 5.8 mm and 8 mm, respectively. The inside donut consisted of an array of 27 cells,
whereas the outside donut consisted of an array of 81 cells. The designed maximum

strains inside and outside the donuts were ~185% and ~110%, respectively. Slit lengths
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of the inner and outer donuts were 1,500 pum and 800 um, respectively. The double-donut
Kirigami employs 10 microelectrode channels along the inner and outer donut-shape
(diameter: 3.8 mm and 6.9 mm). The intervals of these electrode arrays were 1,200 and
2,200 um, respectively and the interval between the inner and outer electrodes was

1,600 um. The designs of donut-shaped Kirigami devices are summarized in Table 4.1.
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Figure 4.3.1 Designed donut-shaped Kirigami devices. (a) Single donut-shaped
Kirigami device with 10 microelectrode channels (~1.2 mm interval) composed of
27 cells and (b) single donut-shaped Kirigami device with 24 microelectrode channels
(~0.4 mm interval) composed of 26 cells. (c) Double donut-shaped Kirigami devices
with 10 microelectrode channels in each inner and outer donut (~1.2 mm and ~2.2 mm

interval).
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Table 4.1 Designs of the donut-shaped Kirigami device

Slit Slit Beam Film Number of Number of Maximum Fieure
Device length | gap width [ thickness U electrode Electrode gap [um] strain U
cell array No.
[pm] | [pm] | [pm] [pm] channels [%]
Single donut 1,600 400 100-300 10 27 10 1,240 170| Fig.4.3.1a
Single donut (High density)| 1,600{ 400| 100-300 10 26 24 420 160| Fig.4.3.1b
Insid 1,500] 300( 100-290 27 10 1,170 ide—outsi 185 .
Double donut e 10 Inside-outside Fig. 4.3.1c
Outside 800 300 95-135 81 10{ 2,130 1,550 110

4.3.2 Fabrication of a donut-shaped Kirigami bioprobe device

Donut-shaped Kirigami bioprobe devices using a parylene-based MEMS process
were fabricated (Fig. 4.3.2). Initially, a 5-um-thick parylene-C film was deposited on a
Si substrate as the device’s bottom layer [Figs. 4.3.2(i, i1)]. A Au with a Ti adhesion
layer (total thickness of Au/Ti =~100 nm) was formed over the bottom layer by
sputtering and plasma etchings (argon plasma for Au and CF4 plasma for Ti)

[Fig. 4.3.2(ii1)] to form the device’s electrode layer. Next, the Au/Ti layer was covered
by another parylene layer (5 um) [Fig. 4.3.2(iv)]. Both parylene top and bottom layers
were patterned by O> plasma with a Ti hard mask for the fabrication of the Kirigami
substrate [Figs. 4.3.2(v, vi)]. Using this plasma etching process, both electrode sites and
bonding pads were exposed simultaneously. Finally, after the Ti layer was removed
(CF4 plasma), the parylene film was released from the Si substrate using ethanol

[Figs. 4.3.2(vii, viii)].

Photographs of the fabricated three types of the donut-shaped Kirigami devices
are shown in Figures 4.3.3a—c. The insets in Figures 4.3.3a—c are the microscope images
of the fabricated device, showing 50-um-diameter Au electrodes embedded along the
circle shape. Each microelectrode was connected to the bonding-pad through zigzag
interconnections. The packaged device using the FPC for the electrical characterization
and animal experiments is shown in Figure 4.3.3d. The transformation of the fabricated
single-donut Kirigami device from a 2D donut shape to a 3D cylindrical shape using a jig
is shown in Figure 4.3.3e. It was experimentally confirmed that the stretchability of the
fabricated single-donut Kirigami device exhibited >200% strain for the position of

electrodes (diameter of 4 mm) without device fracture (separation).
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Figure 4.3.2 Fabrication of the donut-shaped Kirigami bioprobe devices. (i—ii)
deposition of the first parylene-C on the silicon substrate as the bottom layer, (iii)
deposition and patterning of the Au-electrode layer with a Ti adhesion layer, (iv)
deposition of the second parylene-C as the top layer, (v) deposition and patterning of
the Ti layer as the hard mask, (vi) patterning of both parylene top and bottom layers
and exposing electrode sites and bonding pads by O plasma with Ti mask, (vii)
removal of the Ti mask and (viii) release of the Kirigami device from the silicon
substrate using ethanol.
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5 mm

[— o
Figure 4.3.3 Fabricated donut-shaped Kirigami device. (a—c) Photographs showing
three types of the fabricated donut-shaped Kirigami bioprobe devices: single-donut
device with 10 microelectrodes channels (a) and 24 microelectrodes channels, (b) and
double-donut shapes with the 10 microelectrodes channels in each donut-shape (c). (d)
Packaged donut-shaped Kirigami device with the FPC. (e) Deformed single donut-

shaped Kirigami device from a 2D donut shape to a 3D cylindrical shape using a jig.
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4.4 Characterization of the donut-shaped Kirigami device

Electrical characterization of embedded microelectrodes and the device
displacement test were conducted to confirm the electrical stability and the stability on
deformable tissues. The electrical characteristics of the electrodes embedded in the
fabricated Kirigami devices are confirmed by impedance measurements during the device
stretching. In the displacement test, the deformable balloon was used instead of the

deformable biological tissue.

4.4.1 Electrical characterization of the donut-shaped Kirigami device

The electrolyte/metal interfacial impedance magnitude of the embedded Au
microelectrode of the single-donut-shaped Kirigami device with the 24 electrode
channels, which exhibits a calculated maximum strain of ~160%, was measured in a
saline solution. The magnitude of the Au microelectrode’s impedance without stretching
the device (stretchability =0%) was ~576 kQ at 1kHz (Fig.4.4.1a). The strain-
dependent impedance characteristics of the Au microelectrodes in the single-donut-
shaped Kirigami device are shown in Figure 4.4.1b. At a strain range of 0%—-100%, no
significant changes in the impedance were observed because the film in this condition is
deformed by the beam’s bending itself and no significant stress was concentrated in the
film. At strain ranges of >100%, the value of the impedance was initially decreased but
then increased due to the film breaking.

Under this condition, strain-induced stress was concentrated at the slit’s edge.
Microscopic and scanning electron microscope (SEM) images around the slit edge of the
single-donut-shaped Kirigami device after the device was stretched to >200% (until
tearing off) are shown in Figure 4.4.2. Simulations results of the stress distribution in the
Kirigami structure (Fig. 2.3.3) indicated that the stress concentration occurred in the slit’s
edge. This stress concentration caused issues regarding the peeling off of the parylene bi-
layer and cracks at the slit edge (Fig. 4.4.2). The parylene peeling off caused the exposure
of the Au interconnections in the saline solution; the value of the device impedance
decreased, since the area exposed to the saline solution was increased. When the cracks
extended and reached the interconnections, the value of the device impedance increased
due to the film breaking and disconnection of the interconnections.
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Figure 4.4.1 Impedance of the fabricated single-donut-shaped Kirigami device
measured in saline solution. (a) Impedance characteristics without device stretching
(0%). Averages and standard deviations of the impedance magnitude and phase
characteristics were taken from 11 samples (error bars indicate SD). A deviation of
around 60 Hz is due to noise of the measurement system. (b) Strain-dependent
impedances measured at 1 kHz in saline solution. Here, the device stretches from 0%
to 226%.
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Figure 4.4.2 Slit edge observations after stretching of the Kirigami device up to 200%.
(a) Photographs and (b) SEM images taken at the slit edge showing the crack and
peeling off of the device’s parylene substrate.

4.4.2 Displacement test of the donut Kirigami device

The device deformability on deformable biological tissues was confirmed by
conducting displacement tests using an expanding balloon instead of the deformable
biological tissues. Two types of displacement tests were performed to confirm the device
displacement. These tests involved the strain of the balloon and repeated balloon
stretching. In both displacement tests, a donut-shaped Kirigami device (single-donut
device with 10 electrode channels shown in Figs 4.3.1a and 4.3.3a) was used. For
comparison, a conventional sheet-type Kirigami device was also used (Fig. 3.3.5a). Both
donut-shaped and sheet-type Kirigami devices had the same slit length of 1,600 um.
These devices were adhered to the balloon using water between the device and the balloon
surfaces.

A schematic diagram of a test investigating the device displacement dependence
on the balloon strain is shown in Figure 4.4.3. The devices had markers on their surfaces
and the device position could be determined as the perpendicular distance between the
marker and the center line of the balloon. The side and cross-sectional views of the
balloon before and after the expansion are shown in Figure 4.4.3. Considering the
curvature of the balloon surface, the device displacement was defined as the length
between the calculated and measured marker positions on the balloon’s surface after the
balloon’s expansion. The calculated marker position with the balloon stretch was derived

using the marker position before the balloon stretch and the strain ratio of the balloon.
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The device displacement, AL, is defined as follows:

D:16, — 6
AL = M (6.1)
2
;2L
0, = sin 1D—0 (6.2)
4 2L,
0; = sin 1D_1 (6.3)

In the above equations, L, and L; are the distances from the balloon’s center
before and after the expansion, Dy and D, are the diameters of the balloon before and
after the expansion, and 6, and 6; are the angles of the balloon’s markers before and after
the expansion, respectively (Fig. 4.4.3).

The device displacement curves derived from three trials of the balloon expansion
using the same donut-shaped Kirigami device (each trial employed five strain cycles of
expansion) is shown in Figure 4.4.4. Each curve represents the averages and SD taken

from the five strain cycles in each trial. The balloon was expanded to the strain of ~50%,
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Figure 4.4.3 Schematic diagrams of the displacement test before and after balloon
expansion. Considering the curvature of the balloon surface, the device displacement
was defined as the length between the calculated and measured marker positions on

the balloon’s surface after the balloon’s expansion.
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Figure 4.4.4 Displacement test of the Kirigami device on a balloon surface depending
on the balloon strain. (a, b) Photographs showing the deformations of the fabricated
donut-shaped (a) and sheet-type device (b), when the balloon expands from 0% to
50%. Scale bars = 5 mm. (c, d) Marker displacement of the donut-shaped device (c)
and sheet-type devices (d) depending on the strain on the balloon surface. Each curve
was derived from three trials of the balloon expansion and represents the averages
(five strain cycles in the trial). Error bars indicate SD. (e) Averaged marker
displacement for the donut-shaped and sheet-type devices obtained from the three
trials in (c) and (d). Error bars indicate SD.

which is five times larger than the reported muscle strain of the human tibialis anterior
muscle (~10% strain at maximum contraction intensity) [111]. The donut-shaped
Kirigami device showed that the device followed the expansion of the balloon with a
displacement of <0.2 mm at the balloon’s expansion of ~50% (Figs. 4.4.4a, c). In contrast,
the sheet-type device could not follow the expansion of the balloon because of its
displacement (Figs. 4.4.4b, d). The displacement of the sheet-type device was >1.5 mm,
when the balloon expanded to ~50%. These displacements are shown in Figure 4.4.4¢ for
comparison purposes (each point is averaged from the three trials in Figures 4.4.4c, d).
The displacement of the donut-shaped device was ~8 times smaller than that of the sheet-

type device.
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Schematic images of the repeated displacement test are shown in Figure 4.4.5.
100 balloon expansion cycles were used for each device. The displacement was defined
as the difference in distance between the initial marker position on the expanded balloon
surface [Marker (Cycle 1), Fig. 4.4.5b] and the marker position in the following cycles
[Marker (Cycle n), Fig. 4.4.5b].

The cycle-dependent displacement in the lateral (x-axis) and perpendicular
(y-axis) directions against the balloon center line (Fig. 4.4.5b: right) is illustrated in
Figures 4.4.6¢ and d. It is observed that the donut-shaped device exhibited an increased
gradual displacement as the cycle number increased (Figs. 4.4.6¢c,d, blue line).
Meanwhile, the displacement of the sheet-type device significantly increased as the trial
number increased (Figs. 4.4.6¢, d, red line). The sheet type device moved downward and
disappeared from the camera view at over 50 cycles (“Cycle 50,” in Fig. 4.4.6b). The total
displacements calculated with the displacements along the x and y axes (Fig. 4.4.5b) are
shown in Figure 4.4.6e. The total displacement of the donut-shaped device was at least
five times smaller than the displacement of the sheet-type device. Although the donut-
shaped device exhibits some displacement on the balloon, in general, the device follows
the balloon’s expansion without significant slipping or peeling off. The experimentally
measured device displacements (Figs. 4.4.4, 4.4.6) were normalized to the diameter of

the balloon, where each device was placed (along the x-axis, as shown in Fig. 4.4.5b).
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Figure 4.4.5 Repeated displacement test of a Kirigami device on the balloon surface
during the balloon 100-cycle stretching. (a) Schematic diagrams of the device on the
surface of a balloon, which expands and shrinks repeatedly. (b) Schematic diagram of
the displacement as the distance between the initial marker position on the expanded
balloon surface [Marker (Cycle 1)] and the marker position in the following cycles
[Marker (Cycle n)].

83



'i.‘: s :: . .
Cycle 10 Cycle 30 Cycle 50

Kirigami fi . Cycle 10 Cycle 30, - Cycle 50

c e
10 10 10
. - Donut | __ ~ Donut ~ Donut
- £ - _ -
E 8 Sheet E8 Sheet | £ ¢ Sheet
e @ £
= % ©
[\ -
g 6 o6 c6
Sheet
% 4 Donut % 4 qE> 4
(&) o (&)
< K ©
% 2 % 2 % 2 /
0 0 0
1 20 40 60 80 100 1 20 40 60 80 100 "1 20 40 60 80 100
Number of cycles Number of cycles Number of cycles

Figure 4.4.6 Displacement test of a Kirigami device on a balloon surface during the
balloon 100-cycle stretching. (a, b) Photographs showing the deformations of the
donut-shaped (a) and sheet-type (b) devices for a 50-cycle repeated balloon expansion.
Scale bars = 5 mm. (c, d) Marker displacements of the x-axis (¢) and y-axis (d) for the
donut-shaped and sheet-type devices depending on the balloon expansion cycles. Each
curve is derived from two trials of the balloon expansion (each trial has 100 cycles of
strain). (e) Total marker displacement derived from the displacements in each direction

[x-axis (a) and y-axis (b)] for the donut-shaped and sheet-type devices.

4.5 Device packaging using PEG scaffold

In animal experiments, the handling of thin-film devices is a problem because the
film geometry (<10 pm in thickness) is not sufficiently self-supporting to be manipulated
[31]. In addition, a Kirigami device is more flexible and stretchable compared to the thin-
film devices without slit patterns. To overcome the difficulty of the handling of Kirigami
devices in animal experiments, the fabricated Kirigami device was embedded in a
cylinder of polyethylene glycol (PEG), which is a biocompatible and soluble material
(melted by heating and dissolved with liquid) (Fig. 4.5.1).

The fabricated device was successfully embedded into the PEG cylinder. During
device embedding, PEG 4,000 and PEG 1,000 with different melting characteristics were
used as the scaffold and sacrificial layers, respectively. Initially, melted PEG 1,000 was
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coated as the sacrificial layer on a low-temperature polypropylene (PP) tube (iced water
in the PP tube) with one side closed [Figs. 4.5.1a(i, ii)]. Next, a Kirigami device was
stretched and transformed into a cylindrical shape and the device was transferred onto the
sacrificial layer (PEG 1,000) [Fig. 4.5.1a(iii)]. This procedure is described in detail later.
Then, PEG 4,000 used as a scaffold layer, was coated over both the device and the
sacrificial layer [Fig. 4.5.1a(iv)]. Finally, the fabricated device with the scaffold
PEG 4,000 layer was released from the PP tube by melting the sacrificial layer with
heating (hot water in the PP tube) [Fig. 4.5.1a(v)]. The PEG cylinder-embedded Kirigami
device is shown in Figure 4.5.1b. The inner diameter of the PEG cylinder is ~8 mm and

its thickness is ~1 mm.

(i) (if) (iif)
PP tube

¢ PEG1,000
{ Kirigami device

4

(iv) (v)

PEG 4,000

PEG-cylinder

Figure 4.5.1 Device package using a cylindrical PEG scaffold structure. (a) Process
steps of the PEG scaffold: (i, ii) coating PEG 1,000 as the sacrificial layer on a low-
temperature PP tube (iced water in the PP tube), (iii) attaching the transformed donut-
shaped Kirigami device to the PEG layer, (iv) coating PEG 4,000 scaffold layer over
both the Kirigami device and the sacrificial layer, and (v) releasing of the Kirigami
device with the PEG scaffold from the PP tube by melting the sacrificial layer (PEG
1,000) with PP tube heating (hot water in the PP tube). (b) Photograph of the Kirigami
device embedded in the PEG scaffold structure.
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Figure 4.5.2 Transfer of the Kirigami device onto the PEG tube. A PP tube (1st tube)
was used. This tube employs slits at both ends, which allow changes in the tube’s
diameters (i, ii). The 1st tube was used for the transformation of the 2D donut-shaped
Kirigami device to the 3D cylindrical shape (iii). The diameter of the Kirigami device
transformed to the 3D cylindrical shape was further increased in comparison to the
diameter of another PP tube’s end with the PEG layer [2nd tube, Fig. 4.5.1(i1)] (iv).
Covering the PEG by the Ist PP tube, the Kirigami device could be transferred onto
the PEG layer of the 2nd tube (v, vi).

The transformed donut-shaped Kirigami device was transferred onto the PEG
using a PP tube (1st tube) with slits at both ends, which helps to adjust the diameter of
the tube. This is shown in Figure 4.5.2(i). This tube (1st tube) enables the transformation
of the 2D donut-shaped Kirigami device to the 3D cylindrical shape [Figs. 4.5.2(ii-iv)].
Another PP tube coated with the PEG layer (2nd tube mentioned in Fig. 4.5.2a) was also
used. The diameter of the 3D Kirigami device surrounding the 1st tube was further
increased in comparison to the diameter of the PEG layer of the 2nd PP tube. The
Kirigami device could be transferred onto the PEG of the 2nd tube [Fig. 4.5.2(vi)] by
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covering the PEG by the 1st PP tube [Fig. 4.5.2(v)].

A dissolving test using a mouse’s in vivo hind limb was conducted to confirm the
dissolving property of the PEG cylinder (Fig. 4.5.3). As a result, the PEG cylinder was
dissolved by dropping saline solution and the Kirigami device was exposed from the PEG
cylinder within ~15 min. After dissolving the PEG cylinder, the conformal wrapping of

the fabricated Kirigami device around the mouse’s hind limb was confirmed.

Mouse's leg

5 min 10 min 15 min
Figure 4.5.3 Dissolving test of the PEG scaffold-embedded Kirigami device on a
mouse’s hind limb. (a) Schematic diagram of the Kirigami device with the PEG
scaffold device attached to the mouse’s hind limb. (b) Photographs illustrating the
dissolving test of the PEG scaffold. PEG is dissolved by dropping saline solution and

the Kirigami device is exposed from the PEG within ~15 min.
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4.6 Biological signal recording using donut-shaped Kirigami
bioprobe devices
The ECG and EMG signal recordings from a mouse heart and hind limb muscle
are demonstrated using the fabricated donut-shaped Kirigami device to confirmed
recording capability of the fabricated device from deformable tissues. In the EMG signal
recording, EMG signals were recorded during the electrical stimulation to the sciatic

nerves to activate the hind limb muscles.

4.6.1 In vivo ECG signal recording

The deformation and signal recording capabilities of the device were confirmed
by demonstrating the epicardial in vivo ECG recording using a mouse’s heart. The
fabricated device was wrapped around the beating heart (Fig. 4.6.1). The Kirigami device
was stretched by ~60% with a strain-stress of ~0.05 MPa. The recorded multi-site
waveforms via 23 microelectrodes are shown in Figure 4.6.2. These ECG signals with
amplitude of ~ 2.5 mV,, were stably recorded, without significant slip of the device over
the beating heart. These ECG signals were recorded via a saline solution, which was used
to fill the gap between the electrode and the tissue surface. Some channels were not able
to record the signals. This was probably due to the fact that the contact pad was not
connected to the FPC during packaging process. Another possible reason was the air gaps

between the electrode and the tissue surface.

Figure 4.6.1 In vivo ECG signal recording from a mouse’s heart. (a, b) Photographs
of the ECG recording setup, which show the fabricated Kirigami bioprobe film
surrounding the beating heart.
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Figure 4.6.2 Multi-channel ECG signal recording via 23 Chs. (Au microelectrodes).

4.6.2 In vivo EMG signal recording

The recording capability and deformability of the donut-shaped Kirigami device
was also confirmed by EMG signal recording form a mouse’s hind limb. The mouse
(strain: C57BL, sex: male, weight: 29.0 g) was deeply anesthetized by intraperitoneal
injections of chlorprothixene (0.1 ml of 5% solution per 10 g body weight) and urethane
(0.05 ml of 10% solution per 10 g body weight). After removing the skin and hamstring
muscles of the right limb to expose the lower limb muscles and sciatic nerves, the
packaged Kirigami device with the PEG scaffold was placed on the lower limb. Then, the
PEG was dissolved by dropping saline solution (~180 ml, room temperature, ~15 min).
After dissolving PEG, the Kirigami device was wrapped around the leg muscles
(Fig. 4.6.3). The electrodes were placed on the muscles, with Ch. 4 and Ch. 9 electrodes
of the array being positioned over the tibialis anterior (TA) and medial gastrocnemius
(MG) muscles, respectively (Fig. 4.6.4). An Ag/AgCl wire was attached to the thigh of

the leg to operate as a signal reference electrode.
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Figure 4.6.3 In vivo EMG signal recording from a mouse’s hind limb. (a—c) Schematic

diagrams and photographs showing the donut-shaped Kirigami device wrapped around
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Figure 4.6.4 Schematic diagram showing the positions of two electrodes during the

EMG signal recording. Ch. 4 and Ch. 9 electrodes, which were placed opposite to each
other on a mouse’s hind limb, stimulated the two branches of the sciatic nerve, namely,

the peroneal and sural nerves.
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The lower limb muscles were activated by electrically stimulating the peroneal
and sural nerves (1 ms duration biphasic voltage square wave, 2 s inter trial interval, 320—
1,020 mVp, amplitudes, inset in Fig. 4.6.5a) with a handmade bipolar electrode (Au
contacts, | mm in distance) by an electronic stimulator and isolator (Nihon Koden SEN-
4301 and SS-203J). Previous studies confirmed that nerve stimulation causes a muscle
response, which passes through afferent fiber, spinal cord, efferent fiber, and
neuromuscular junction [112]. Thus, the latency of the EMG signals can be estimated by
calculating the conductive velocities of the afferent and efferent fibers and the synaptic
delays of the spinal cord and neuromuscular junction. Specific positions of the stimulated
area of the spinal cord and the recorded area (electrode positions) are also responsible for
the latency. The conductive velocity for sural nerve and peroneal nerve is in the range of
40-50 m/s, and the synaptic delays are ~1 ms for the spinal cord and ~0.75 ms for the
neuromuscular junction. The distances between the stimulated area and the spinal cord
and between the spinal cord and the neuromuscular junction were 18 mm and 24 mm,
respectively. Taking into account these values, the latency of the EMG signal response to
the nerve stimulation was calculated to be in the range of 2.6-2.8 ms [113]-{115]. EMG
in this range cannot be clearly distinguished from the end point of the stimulation-induced
artifact. Therefore, to clearly distinguish the EMG from the artifact, waveforms of 3 ms
after the nerve stimulation were used. According to this criterion, the negative peak
amplitude of the EMG signal was calculated from the signal during the time range 3—
10 ms from the start of the stimulation.

The signals recorded via the electrode in Ch. 9 during each intensity session of the
nerve stimulation are presented in Figure 4.6.5a. The threshold voltage, T, was identified
as the stimulation intensity at which the smallest EMG response could be observed
(Fig. 4.6.5a). The negative peak amplitudes of the recorded EMG signals (3—10 ms),
which depend on the stimulus intensity, are shown in Figure 4.6.5b. No increase in the
EMG signal amplitude was observed with stimulation voltages of 320-680 mV (stimulus
intensity of 0.39T—0.83T). However, the EMG signal amplitude increased with a
stimulation voltage of >680 mV. The non-linearities observed between EMG and
stimulus intensity suggest that the recorded signals originated from physiological
response rather than the artifact [116], [117].

The recorded EMG signals (100 trials) through Ch. 4 and Ch. 9 electrodes, while
stimulating the two branches of the sciatic nerve, namely, the peroneal and sural nerves
(Fig. 4.6.3a), are shown in Figure 4.6.6. These electrodes, which were placed at opposite
sides of the mouse’s leg, were positioned over the TA and MG muscles, respectively. The
peak-to-peak amplitudes of the recorded EMG signals via the Ch. 4 and Ch. 9 electrodes,
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Figure 4.6.5 EMG signals evoked by nerve stimulations. (a) Recorded signals via a
Ch. 9 electrode in the device during nerve stimulations. The amplitude of the
stimulation signal ranges from 320 mV to 1,020 mV (stimulus intensity of 0.39T—
1.24T). (b) Stimulus intensity-dependent EMG signal amplitudes. Averages and SD
for EMG signal amplitudes were taken from EMG signals during 100 trials of

stimulation; the error bars indicate SD.
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Figure 4.6.6 Recorded EMG signals during 100 trials of stimulations of two branches
of the sciatic nerve. (a, b) Recorded EMG signals via the two electrodes (Ch. 4 and
Ch. 9). Red and blue lines show the EMG signals evoked by the stimuli to the peroneal

and sural nerve, respectively.

while stimulating the two branches of the sciatic nerves, are shown in Figure 4.6.7.
Student’s #-test was used to analyze the statistical differences between EMG signals
evoked by either peroneal or sural nerve stimulation. The effect of those stimuli was

statistically significant for the recorded signals via each electrode [Student’s ¢-test;
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df =198, p=1.37x10% (Ch.4), p=1.40x 107" (Ch.9)]. For each stimulation
condition, the recorded EMG signals were analyzed by averaging the filtered signals (20—
3,000 Hz, first-ordered Butterworth filter) for all 100 trials. In addition, the displacement
of the device was <0.1 mm after the 20 nerve stimulation trials as confirmed by the videos

and pictures taken from the animal experiment (Fig. 4.6.8).

EMG amplitude (mV)

Peroneal nerve —Ch4 Ch.9
Sural nerve —Ch4 ch.9

1 20 40 60 80 100 120 140
Number of trials

Figure 4.6.7 Peak-to-peak amplitudes of the recorded EMG signals depending on the
number of stimulation trial. Horizontal dashed lines represent averages for each EMG
signal amplitude. The error bars indicate SD (* : p=1.37x 107, **

p =140 x 107'* | Student’s r-test; df = 198).
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Figure 4.6.8 Electrode displacement after 20 stimulation cycles to the peroneal and

sural nerve (top: full view, bottom: enlarged view).

The EMG signals recorded using the donut-shaped Kirigami device were verified
by also conducting EMG signal recording using a conventional electrode of 1-mm-
diameter Au-pin (Fig. 4.6.9). The Au-electrode was placed on the MG muscle, at the same
position as Ch.9 of the donut-shaped Kirigami device (Fig. 4.6.4). As shown in
Figure 4.6.9, the relationship between the recorded EMG signals via the pin electrode and
the stimulation intensity is non-linear (Fig. 4.6.9b). This is also the case for EMG signals
recorded via the donut-shaped Kirigami device (Fig. 4.6.5b). The waveforms of the

recorded EMG signals for 100 trials, while stimulating the two branches of the sciatic
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Figure 4.6.9 In vivo EMG signal recording from a mouse’s hind limb using a 1-mm-
diameter Au-electrode. The Au-electrode was placed on a mouse’s hind limb, while
stimulating the two branches of the sciatic nerve (peroneal and sural nerves). (a)
Photograph of the EMG signal recording experiment. (b) Stimulus intensity-dependent
EMG signal amplitudes. Averages and SD for EMG signal amplitudes were taken from
EMG signals during 100 trials of stimulation; the error bars indicate SD. (¢) Recorded
EMG signal waveforms during the 100 trials of stimulations to peroneal and sural

nerves. (d) Peak-to-peak amplitudes of the recorded EMG signals.

nerve (peroneal and sural nerves), are shown in Figure 4.6.9¢c. The latency and waveforms
of these EMG signals have similar properties to the signals recorded using the donut-
shaped Kirigami device. The peak-to-peak amplitudes of the recorded EMG signals,
while stimulating the two branches of the sciatic nerve, are shown in Figure 4.6.9d. The
relationship between these EMG amplitudes also exhibits the tendency observed in the
recording, when the donut-shaped Kirigami device was used. According to these results,
the signals recorded using the donut-shaped Kirigami device are considered to be EMG
signals evoked by the nerve stimulation.

The recording capability of the Kirigami device was demonstrated using a
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mouse’s hind limb. The results indicate that the donut-shaped Kirigami device has the
capability to record the EMG signals and distinguish the responses evoked by stimuli for
different nerves. It was also confirmed that not only the donut-shaped Kirigami device
was unaffected by the muscle deformation, but also that it did not affect the muscle
function, such as disturbing the muscle’s deformation and causing an ischemia. The
device’s displacement of < 0.1 mm, which was confirmed in the animal experiment, is in
the same order of magnitude as the diameter of the muscle fibers (e.g. ~50 um in
gastrocnemius muscles [118]). This indicates that the donut-shaped Kirigami device
suffers a very small device displacement on the muscle for the stable recording of the
EMG signals. Considering the EMG signal recording analysis, the EMG signal is defined
in the range 3—10 ms (Fig. 4.6.5a). This range is used for the detection of the response
caused by the nerve stimulation propagating in the direction of the afferent and through
the spinal cord (H-reflex). The response caused by the stimulation propagated in the
direction of the efferent (M-wave) can be observed in ~1 ms and it could not be
distinguished in this analysis due to presence of the artifact. However, the effect of the
artifact associated with the electrical stimulations can be ignored for practical applications.

The Kirigami bioprobe with its 3D cylindrical shape enables the fixation of the
device’s microelectrodes to the target muscles, thereby solving the issue of device
displacement. The difficulty of handling the cylindrical and flexible Kirigami device
during its attachment to the mouse’s hind limb could be overcome using a PEG scaffold
(Fig. 4.5.1). The PEG scaffold is also applicable to different shapes and sizes of organs
and tissues by varying the shape of the PEG before the device attachment [Fig. 4.5.1(iii)].
The diameter and stretchability (effective modulus) of the Kirigami bioprobe can also be
varied by changing the slit design depending on the target tissues and organs. Although
the application of the device is limited to tissues and organs with open ends, as
demonstrated in the case of the mouse’s heart and limb, the device is also applicable to

legs, arms, fingers, abdomen, back, and others.

4.7 Conclusions

In this chapter, donut-shaped Kirigami bioprobe devices for both accurate and
robust biological signal recording from large and rapid deformable tissues including heart
and muscle were proposed. The donut-shape Kirigami structure allows the Kirigami
device to be wrapped around the biological tissues and to follow their deformation
without significant device displacement over the muscle or physical stress to the tissues.
Embedding the Kirigami device in a dissolvable PEG material solved the difficulty of

using the flexible, stretchable, and thin-film Kirigami device in an animal experiment. /n
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vivo signal recording using a mouse’s heart and hind limb confirmed ECG and EMG
signal recording capability without significant electrode displacement and produced a
stable signal recording, which was unaffected by tissue deformation.

The advantages of the proposed device (low effective modulus, high strain, and
easy fixation to deformable tissues) offers stable biological signal recordings from large
deformable tissues in the long-term and chronic applications, although the animal
experiment presented in this chapter demonstrated the device’s acute recording capability
using a mouse’s heart and hind limb. In addition to these advantages, the proposed donut-
shaped Kirigami approach allowed the integration of an array of dense microelectrodes
with the flexible and stretchable device film within the 3D cylindrical shape. The device’s
electrodes enabled to acquire high-spatiotemporal signals from the target tissues. The
proposed device can be used in numerous applications, such as human—machine interface
and muscle activity mapping in free moving, which have not been achieved by other
electrode devices.

In the next chapter, the integration of the stretchable Kirigami device based on the
flexible substrate and rigid components to realize a multifunctional Kirigami device is

described. This is as another challenge for the Kirigami device.
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Chapter 5:
Optoelectrical Kirigami device

5.1 Introduction

In this chapter, heart disease treatment using a Kirigami device is described, which
is another challenge for the Kirigami device. In this application the rigid component of
the LED is integrated in the Kirigami film and it extends the possibility of the Kirigami
device integration with rigid and unstretchable components, such as Si transistor.

Ventricular arrhythmias, such as fibrillation, are one of the major causes of sudden
death. Apart from pharmacological treatments, these diseases often require the
implantation of an electrical stimulator. These stimulators are equipped with recording
electrodes to detect signs of fibrillation in the ECG signal; they apply an electric shock to
the heart via larger paddle electrodes to terminate the fibrillation. Technically, the electric
shocks for defibrillation are by far larger than those required for electrical heart pacing.
They are also believed to induce irreversible damage to the cardiac muscle, thereby
increasing mortality and causing intense pain to the patients, who often recall the
experience as a psychological trauma [119], [120]. To overcome the therapy-related
problems of electrical stimulation, defibrillation based on the optogenetic intervention
using light-sensitive proteins, such as channel-rhodopsin-2, has been proposed in various
studies [121], [122]. Implantable test systems comprising LEDs were proposed in the past.
They are either placed onto the heart muscle or inserted into it [24].

Here, we propose the optoelectrical Kirigami device for an intimate application of
an optoelectrical stimulation and electrophysiological recording on the soft cardiac tissue.
When a flexible implant is wrapped around the whole heart, stiffness/Young’s modulus
mismatch of the flexible device potentially prohibits the free beating of the heart muscle.
The low effective Young’s modulus of the Kirigami structure, which is comparable to the
soft biological tissues, enables device implantation without restriction of the heart beating.
In addition, the stretching mechanism based on the bending of the Kirigami beams

prevents the failure of interconnects and it is well-suited for integration of rigid,
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unstretchable chips, such as LED chips, into the substrate.

In this work, PI was applied as an established material for the realization of the
MEMS-based Kirigami structure. As illustrated in Figure 5.1.1, the device employs
integrated microelectrodes and interconnecting lines as well as LED chips, which are
assembled to electroplated pads using flip-chip bonding. The stretchable optoelectrical
Kirigami device is designed to enable simultaneous ECG measurements and optogenetic
stimulation for a cardiac tissue. Its mechanical structure employs slit patterns of different
lengths, resulting in specific stretching properties that fit well to the shape of the heart.
This structure improves device fixation to the targeted tissue and reduces the distance
between the electrodes and the tissue surface. The ends of the device are fixed to each
other by fastener structures designed as latches that are locked in place once the Kirigami

device is wrapped around the heart.

5.2  Design and fabrication of the stretchable optoelectrical Kirigami

device

Based on the displacement model and simulations described in Chapter 2,
stretchable optoelectrical Kirigami device for the optical stimulation and ECG signal
recording from the mouse heart was designed. The designed optoelectrical Kirigami
device was fabricated using a microfabrication process, which includes a PI substrate,
multi-types of the metal layers for microelectrodes and interconnections of thin platinum
and thick gold, and bonded pLEDs.

Electrode

Figure 5.1.1 Schematic diagram of a mouse’s heart enwrapped in the highly

stretchable optoelectrical Kirigami device, which employs LEDs and microelectrodes.
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5.2.1 Design of the stretchable optoelectrical Kirigami device

A stretchable optoelectrical Kirigami device with a Kirigami patterned area of
~6 x 11 mm? consisting of N, = 3 x N, = 20 cell array was designed (Fig. 5.2.1). The
specific deformation of the heart shape was achieved by including two types of cell

patterns in the device. The cell in the device’s center part has a slit length of 2,200 um, a
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Figure 5.2.1 Design of the stretchable optoelectrical Kirigami device. (a) Full image
of the designed Kirigami device with an 8-LED array and 26 electrode channel array.
The Kirigami structured site is connected to the contact pad with a 23 mm long
interconnection for the animal experiment. (layers colored orange: device contour of
the PI, blue: Pt for electrodes, yellow: Au/Pt interconnections for LEDs, light blue:
LED). (b) Enlarged view of the Kirigami structured site with the LEDs and electrodes.
Guide for easy handling of the Kirigami device is placed in each side (green square).

(c) Kirigami structure with electrodes and interconnections.

100



gap of 800 um between the slits, a beam length of 700 pm, and a beam width of 140 pm
(Fig. 5.2.1¢c). The other cell in the device’s rim part (device top and bottom side in
Figure 5.2.1b) has a slit length of 1,550 um, a gap of 350 um between the slits, a beam
length of 650 um (inner side) and 550 pm (outer side), and a beam width of 140 um
(Fig. 5.2.1c¢). In Figure 5.2.1, layers colored orange, blue, yellow, and light blue exhibit
the device’s contour of the PI, Pt for electrodes, Au/Pt interconnections for LEDs, and
LEDs, respectively. This stretchable Kirigami device employs an 8-channel and 10-
channel microelectrodes array in the rim parts and the center part and an 8 LED array in
the center part. Each recording site, which uses a 50-pm-diameter Pt electrode, is
connected to the contact pad with a zigzag interconnection (10-um wide). LEDs are
connected to the contact pad with interconnections of 50 pm and 30 pm in width. Each
side of the Kirigami device employs a guide structure for easy handling (green square in
Fig. 5.2.1b). The calculated maximum strain of the device’s center part and rim part are
110% and 75%, respectively.

5.2.2 Device fabrication

The fabrication process of the stretchable, optoelectrical Kirigami probe is
illustrated in Figure 5.2.2. First, a 5-um-thick PI layer is spin-coated on a Si carrier wafer
[Figs. 5.2.2(i,11)] followed by a Pt-based metallization patterned by lift-off
[Fig. 5.2.2(ii1)]. The LED interconnections are electroplated with gold (Au, thickness
I um) to reduce the line resistance [Fig. 5.2.2(iv)]. Subsequently, a second PI layer
(5 pm) is deposited and patterned to realize vias and electrode openings followed by
bonding and contact pad formation using again Pt lift-off and Au electroplating process
steps [Figs. 5.2.2(v, vi)]. To define the device contour, a dual-layer PI stack is patterned
by reactive ion etching [RIE, Fig. 5.2.2(vii)] using a thick photoresist as the masking layer.
After peeling off the devices from the Si wafer, LEDs are bonded using a flip-chip bonder
[Fineplacer 96\, Finetech GmbH, Berlin, Germany, Figs. 5.2.2(viii, ix)].

In order to ensure normal operation for the proposed optoelectrical device in a wet
environment, LED contacts require an appropriate encapsulation. As schematically
illustrated in Figure 5.2.3, this encapsulation is achieved by underfilling the LED chips
with a solvent-free, two-component, medical grade epoxy resin (EpoTek 301-2, Epoxy
Technologies Inc., Billerica, MA, USA) followed by a thin fluoropolymer layer (Cytop
809M, Asahi Glass Co. Ltd., Tokyo, Japan) applied by drop casting. Finally, the LED
chips are coated with a thin layer of silicone (Elastosil RT604, Wacker Chemie AG,
Munich, Germany). The encapsulation materials applied are characterized by a high

optical transparency. In addition, the mechanical fixation of the LED chips to the PI
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substrate is also improved.

A fully encapsulated LED chip is shown in the optical micrograph of Figure 5.2.4.
It is obvious that the manual application of the epoxy resin underfill, Cytop, and silicone
leads to a certain spreading of the liquid materials. This will be addressed in a future
assembly and encapsulation tests by applying either photolithographically defined
confinement structures or micro-fabricated molds in order to restrict the encapsulation to
a smaller area around the LED chips. In this way, any potential coverage of the closely
positioned microelectrodes and Kirigami slits is avoided (Fig. 5.2.5).

The photograph of a fabricated polyimide-based Kirigami device, which is

compared with a 1 euro cent coin is shown in Figure 5.2.6. The structure comprises two

Si wafer 1st Polyimide

2nd Polyimide

Figure 5.2.2 Fabrication process of the optoelectrical Kirigami probe: (i, ii) spin-
coating of the 1st PI layer on the Si wafer, (iii) deposition and patterning of Pt by
sputtering and lift-off for the interconnections and microelectrodes, (iv) partial Au
electroplating for LED interconnections, (v) spin-coating of the 2nd PI layer, (vi)
fabrication of contact pads by Au electroplating, (vii) patterning of the PI stack using
RIE, (viii) device release from the Si wafer and, (ix) LED assembly using flip-chip
bonding.
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Figure 5.2.3 Schematic side view of the LED encapsulation using epoxy resin (Cytop

and silicone).

Silicone/Cytop/Epoxy

Figure 5.2.4 Optical micrograph (top view) of a LED chip underfilled with epoxy

resin and encapsulated in Cytop and silicone.

linear arrays of eight electrodes along lines A-A" and C-C” as well as eight LED chips
and 10 electrodes along line B-B’. The Kirigami section is connected on the left hand side
to an array of contact pads, which fit to a 39-pin zero-insertion-force (ZIF) connector with
a contact pitch of 0.25 mm. The interconnecting cable between the Kirigami section and
the ZIF interface is 23 mm long and 1.8 mm wide.

The key components of the optoelectrical Kirigami device are shown in
Figure 5.2.7 in further detail. The numbers in the upper left corner correspond to those
shown in Figure 5.2.6. The photograph in Figure 5.2.7(1) illustrates the central part of the
Kirigami device with an embedded Pt electrode (diameter of 50 um) and LED chips
[TR2227 (CREE, Durham, NC, USA) with dimensions of 270 x 220 x 50 um?] bonded
onto electroplated Au pads using flip-chip bonding. A part of the Kirigami device close

to the interconnecting cable, i.e., along line C-C’, which is identical to the part along line
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A-A" in Figure 5.2.6, is shown in Figure 5.2.7(2). The larger male and female types of
the latch structures [123] are shown in Figures 5.2.7(3) and (4). All types of latches
include a Pt layer support. Furthermore, the male part includes a section with tooth-like

structures thickened by Au electroplating.

Electrode

LED

Cytop [ |
| | |

b Silicone

Cytop

Epoxy resin
Electrode

\

Slit

Figure 5.2.5 Confinement structures to restrict the encapsulation to a smaller area
around the LED chips, thus avoiding any potential coverage of the closely positioned
microelectrodes and Kirigami slits. (a) Design of the confinement structure around the

LED. (b) Schematic diagram of the encapsulation using the confinement structure.
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ZIF interface with
contact pads

Figure 5.2.6 Photograph of a fabricated optoelectrical Kirigami device (left) and ZIF
interface (right) interconnected through a 39-channel cable. Their dimensions are

compared with a 1 euro cent coin.

Figure 5.2.7 Optical micrographs of key components of the fabricated Kirigami
device (1, 2) Bonded LEDs and embedded electrodes in the Kirigami film, (3, 4) male
and female types of the latch structure used for the fixation of the Kirigami device to
the heart (scale bar: 500 pm; numbers correspond to locations indicated in
Figure 5.6.2).
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5.3 Device characterization

To confirm the capability of the components included in the optoelectrical
Kirigami device (thin and thickened device interconnections, latch structures, and bonded
LEDs), characterization of these components was conducted. As the characterizations of
interconnections embedded in Kirigami structures, the resistance of the interconnection
was measured using test structures with different interconnection width, thickness and
Kirigami design. The fixation force of the latch structure was measured in the tensile test.
The bonded LEDs were demonstrated in the functionally test of LEDs.

5.3.1 Resistance of the interconnection embedded in the Kirigami
structure

The structures necessary to conduct resistance measurements of the
interconnections embedded in the Kirigami structure were also designed (Fig. 5.3.1). The
interconnections included three types of line having widths of 10 um, 30 pm, and 50 um,
respectively. These interconnections were also used in the optoelectrical device, in the
two types of Pt metal (Figs. 5.3.1a, c), and in the electroplated Au with a Pt adhesive layer
(Figs. 5.3.1b, d). Kirigami structures also have two types of slit lengths [1,500 pm and
1,800 pm with cell widths of 1,900 um (Figs. 5.3.1a, b) and 2,200 um (Figs. 5.3.1c, d),
respectively]. The beam lengths (550 um and 700 pum) of these test structures also
correspond to the dimensions of the optoelectrical Kirigami device (Fig. 5.2.1). The
designs of the structures for resistance measurement are summarized in Table 5.1.

The change of resistance values of the interconnections embedded in the Kirigami
structure during five cycles of device stretching up to 250% and 350% is shown in
Figure 5.3.2. These values correspond to Kirigami structures with a 1,900 um
(Figs. 5.3.1a, b) and 2,200 um (Figs. 5.3.1c, d) width, respectively (horizontal axis shows
the recorded data number of the resistance sampling). The resistance associated with the
50 um width electroplating interconnection could not be recorded due to the limited range
of the measurement equipment.

The relative resistance changes, AR/R,, during a five-cycle device stretching are
shown in Figure 5.3.3. R, is the initial resistance without strain and AR is the difference
between the changed resistance and the initial resistance. All Kirigami structures and
interconnection types exhibited ~1% resistance decrease with strains of 250% and 350%

for the Kirigami structure with 1,900 pm and 2,200 pm widths, respectively.
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Figure 5.3.1 Test structure for the resistance measurement of the Kirigami structures
during the Kirigami stretching. Each design includes three interconnections, which
have different widths (10 pm, 30 um, and 50 pm, respectively). (a) Kirigami structure
with a slit length of 1,500 um (Kirigami cell width of 1,900 um) composed of Pt
interconnections and, (b) electroplated Au interconnections. (c¢) Kirigami structure
with a slit length of 1,800 um (Kirigami cell width of 2,200 um) composed of Pt
interconnections and (d) electroplated Au interconnections.
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Table 5.1 Designs of the interconnections embedded in Kirigami structure

Number of
. Slit Slit Béam ‘Fllm cell array Au Line width Max1n-1um Figure
Device length | gap | width [ thickness | column electroplating [um] strain No
[um] | [pm] | [pm] | [um] x [%] '
row
Kirigami LineResistance | 551 4501 149 10 1%20 X 10, 30, 50 280| Fig. 5.3.1a
1,900 Pt
Kirigami LineResistance | ) 551 4501 149 10 1 %20 o 10, 30, 50 280| Fig. 5.3.1b
1,900 e-plate
Kirigami LineResistance | ) o5 450! 149 10 1 %20 X 10, 30, 50 380| Fig. 5.3.1c
2,200 Pt
Kirigami LineResist
[NBAMm! LINCRESISTAICe 1 00| 400|140 10 1 x 20 o 10, 30, 50 380| Fig. 5.3.1d

_2,200_e-plate
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2,200 um width stretched to 350%.
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Figure 5.3.3 Relative resistance change during a five-cycle stretching test of Kirigami
devices. (a) Kirigami structure with a 1,900 um width and (b) Kirigami structure with
a 2,200 um width.
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Figure 5.3.4 Averaged relative resistance change during a five-cycle Kirigami device
stretching, as a function of strain applied to the Kirigami structure. (a) Kirigami
structure with a 1,900 um width and (b) Kirigami structure with a 2,200 um width.
Error bars indicate SD.
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The relative resistance changes, AR/R,, during a five-cycle Kirigami device
stretching, as a function of strain applied to the Kirigami structure, is shown in
Figure 5.3.4. The resistance change ratio is averaged using the measured data during five
strain cycles (Fig. 5.3.3) while the error bars show SD.

A comparison of the resistance change depending on the width of the
interconnections embedded in the Kirigami structures during a 200% Kirigami structure
strain is shown in Figure 5.3.5. Interconnections embedded in the 1,900 pm width
Kirigami structure exhibit a larger resistance change than those embedded in the
2,200 um width structure. The electroplated interconnections exhibit smaller relative
resistance change compared to the interconnections without electroplating (only Pt).
Throughout the measurements, the resistance change of the interconnections with a
30 um width is smaller than that of the interconnections with other widths. Resistance
changes of ~1% are small enough for biological signal recordings because the
interconnections impedance values are much smaller than those of the microelectrode site
(diameter of 50 pm, ~300 kQ [108]).
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Figure 5.3.5 Relative resistance change depending on the width and thickness of the
interconnections and the slit length (cell width) of the Kirigami structure at 200%

strain.
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5.3.2 Durability of the Kirigami structure

The resistance changes during repeated device stretching were also measured
using the test structures shown in Figure 5.3.1. The measured resistance change during
the 100-cycle strain for 100%, 200%, and 250% strain (Kirigami structure with 1,900 um
width, Fig. 5.3.6a) and for 100%, 200%, 300%, and 350% strain (Kirigami structure with
2,200 pm width, Fig. 5.3.6b) are shown in Figure 5.3.6. Significant resistance changes
were not observed during the cycle strain of a total of 300 and 400 cycles for the 1,900 um
and 2,200 um width Kirigami structures.

The relative resistance change during a 100-cycle device stretching with a strain
of 100%, 200%, and 250% for the 1,900-pm-wide Kirigami structure and 100%, 200%,
300%, and 350% for the 2,200-pm-wide Kirigami structure are shown in Figure 5.3.7.
The resistance changes of the interconnections were ~1% and they were not increased or

decreased during the device cycle strain of 300 or 400 cycles.
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100%, 200%, and 250% (300 strain cycles in total). (b) 2,200 um width Kirigami

structure with a 100-cycle strain of 100%, 200%, 300%, and 350% (400 strain cycles
in total).
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width Kirigami structure with a 100-cycle strain of 100%, 200%, and 250% and (b)
2,200 pm width Kirigami structure with a 100-cycle strain of 100%, 200%, 300%, and
350%.



5.3.3 Fixation strength of the latch structure

The fixation force of the latch structure, which was used in the optoelectrical
Kirigami device for the fixation of the device to the heart surface, was measured. The
latch structures consist of two types of latch structures, namely, male and female type.
When performing the fixation, the male type latch is inserted into the slit of the female
latch structure and the teeth structure of the male type latch catches on the slit edge of the
female type latch (Fig. 5.3.8). The male and female types of the latch structures before
and after combining each other are shown in Figures 5.3.8a and b. A photograph of the
combined latch structures is shown in Figure 5.3.8c. The standard type of tooth structure,
which was formed in the male type latch, was reinforced by using the metal layer of the
electroplated Au (~1 pm, yellow layer in Figures 5.3.8a, b). In addition, the body of the
male type latch and the area around the slit of the female type latch were reinforced by
the thin Pt metal layer (~100 nm, blue layer in Figures 5.3.8a, b).

The contribution of the latch design to the fixation force was confirmed by
designing three types of the slit width (60 um, 40 pm, and 20 um) with a slit length of
650 um and 1,100 um (Figs. 5.3.9a— and 5.3.10a—c). In addition, three types of metal
layer designs in the male type latch (metal layer patterned in full body, tooth structure,
and without metal) with a slit width of 60 um (Figs. 5.3.9a, d, e and 5.3.9a, d, e) were
used. The designs of the latch structures summarized in Table 5.2. In Figures 5.3.9 and
5.3.10, the layers colored with orange, blue, and yellow exhibit the PI contour, Pt and

electroplated Au. In the optoelectrical Kirigami device, the latch structure with a slit

a
‘ ‘ —
| EAnP 650 CLAMP 656 ‘
| |
Latch structure (female) Latch structure (male)
b

-

e W
NG. _&l

Figure 5.3.8 Combining male and female types of the latch structures. (a) Schematic

1
P 650 {{
i

diagrams before and (b) after the combination of each latch structure type. (c)

Photograph of the combined latch structures.
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width of 60 pm and a slit length of 650 pum was used in the device rim part (top and
bottom side) (Fig. 5.3.9a). The slit length of 1,100 pm was used in center of the device
(Fig. 5.3.10a). The fixation force of the latch structures was measured using a
combination of a vertical motorized test stand (EMX-1000N, Imada, Aichi, Japan) and a
digital force gauge (ZTS-5N, Imada, Aichi, Japan) with a test speed of 0.5 mm/min. Latch

a Tooth metal (e-plate Au)

60 LrL

CLAMP 650
NO.

CLAMP 650 I & | Slit length: 650 pm
NO. =
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Boby metal (Pt)

S
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i | = i
Aan | AN L N | [e]
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ﬂ 1 ﬂ
c L
@ goree || gewese20 Slit length: 650 pm
8- NG. D NO Slit width: 20 ym
d L]
A\ cLanp 6se D cLaw ass 60 Slit length: 650 ym
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Figure 5.3.9 Latch structures with a slit length of 650 pm. The corresponding male

and female types of the latch structure are connected in the design and these structures
are separated by cutting before combining. (a) Slit width of 60 um, (b) 40 um, and (c)
20 pm. (d) Metal layer only patterned in the tooth of the male latch and (d) male latch

without metal layer.
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Figure 5.3.10 Latch structures with a slit length of 1,100 pm. (a) Slit width of 60 um,
(b) 40 um, and (c) 20 um. (d) Metal layer only patterned in the tooth of the male latch

and (d) male latch without metal layer.

structures were combined manually before the tensile tests.

The applied tensile force to the latch structures, which is depending on the
displacement of the force gauge, is shown in Figure 5.3.11. These structures have slit
widths of 60 pm, 40 um, and 20 pm and the slit lengths of 650 pm (Fig. 5.3.11a) and
1,100 um (Fig. 5.3.11b). The applied tensile force to the latch structures, which have a
metal pattern in the full body, tooth in the male latch structure, and no metal layer with
slit lengths of 650 um (Fig. 5.3.12a) and 1,100 um (Fig. 5.3.12b) is shown in
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Table 5.2 Designs of latch structures

Latch shape Tooth shape [um]
Device Figure
Slit length | Slit width | Body | Tooth | Small tooth Large tooth No.
[nm] [pm] metal | metal | length | width | length | width
Latch 650 60slit 650 60 O O 130 60 210 100 Fig. 5.3.9a
Latch_650_40slit 650 40| O @) 130 60 210| 100 Fig. 5.3.9b
Latch 650 20slit 650 20 O O 130 60 210 100 Fig. 5.3.9¢
Latch_650_tooth_metal 650 60| X ©) 130 60 210| 100 Fig. 5.3.9d
Latch_650 no_metal 650 60| X X 130 60| 210| 100| Fig 5.3.9¢
Latch_1,100_60slit 1,100 60| O O 130 60 210f 100 Fig.5.3.10a
Latch 1,100 40slit 1,100 401 O @] 130 60 210 100| Fig. 5.3.10b
Latch_1,100_20slit 1,100 201 O O 130 60 2101 100 Fig.5.3.10c
Latch 1,100 tooth metal 1,100 60| X O 130 60 2101 100 Fig.5.3.10d
Latch 1,100 _no_metal 1,100 60| X X 130 60 210 100| Fig.5.3.10e

Figure 5.3.12. Three samples were tested for each latch design. Each force—displacement
curve has no less than two peaks, since each male type latch structure has two types of
teeth structure with different tooth sizes and they cause slit catching twice. The other
small peaks were caused by the one side of the tooth structure, which catches the slit. In
Figure 5.3.11a, the fixation force of the latch with a slit width of 40 pm is relatively larger
than that of the latch with a slit width of 60 um (Fig. 5.3.13). The separations of the latch
structure with a slit length and width of 650 um and 40 pm, respectively, is shown in
Figure 5.3.14. These separations were based on two different mechanisms. Separation of
the combined latch occurred, when the male latch structure (including the tooth structure)
was deformed to the shape which could go through the slit of the female latch structure
(Fig. 5.3.14b) or the slit was teared and expanded to a larger size than that of the male
latch structure (Fig. 5.3.14c). When the measured fixation force is relatively large
(>0.4 N), it was confirmed that each latch structure was separated accompanied by the
breaking of the slit of the female latch structure (Fig. 5.3.14c). The relatively narrow slit
width of 40 um requires a large force, which could cause enough deformation to the male
latch structures in order to separate each structure. It also tends to induce the tearing of
the slit of the female latch. However, the latch structure with a slit width of 20 um showed
the same or smaller fixation force compared to that of the latch structure with a slit width
of 60 pm and 40 pm (Fig. 5.3.13). One possible reason is that cracks occurred in the slit
edge, when the male latch structure was combined with the corresponding female
structure, because of the very narrow (20 um) slit width compared to the dimension of

the male latch structure (10 um thickness).
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Figure 5.3.11 Fixation force of the latch structures with different slit width and length
in the female latch structure. There are three types of latch structures with slit widths
of 60 um (blue line), 40 um (red line), and 20 um (green line). Three samples were
used in the force measurement for each design. (a) Slit length of 650 um and (b) slit
length of 1,100 pm.
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Figure 5.3.12 Fixation force of the latch structures with different metal patterns in the
male latch structure. There are three types of latch structures with different metal
patterns including full body (blue line), tooth (red line) and no metal layer (green line).
Three samples were used in the force measurement for each design. (a) Slit length of
650 pm and (b) slit length of 1,100 um.
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On the other hand, the difference of the metal pattern in the male latch structure
did not significantly affect the fixation forces. The 1 um Au layer embedded in the tooth
structure increased bending stiffness by ~36%. This value was estimated by calculation.
The difference of the fixation force could also be related to the expansion (damage) of
the slit of the female latch during the combining process of each type of latch structures.
The metal layer embedded in the tooth structure reinforces the bending stiffness of the
tooth structure. However, the slit damage during the combining of the latch structures was
also increased.

The fixation forces of the latch structures with a slit length of 1,100 um in the
female latch are shown in Figures 5.3.11b and 5.3.12b. The fixation forces were almost
not related to the device design, which includes a slit width and metal layout, compared
to the slit length of 650 pm (Fig. 5.3.12). The latch separations based on the tearing of
the slit of the female latch were not observed in the test, where the latch with a slit length
of 1,100 um was used. The relatively longer slit length to the tooth size contributes to
smooth separations of the male and female latch structures without the tearing of the slit
of the female latch structure. The required force to stretch the optoelectrical Kirigami
device was ~3 mN with a device strain of 73% for mouse heart (diameter of 6 mm).
Therefore, these latch structures have enough fixation force to fix each side of the
Kirigami device.

0.5

.

o] [ T b 1

02t

[ Latch with 650 uym slit length
[ Latch with 1100 pum slit length

Force (N)

0.1}

0.0

Width 60 pm  Width 40 um  Width 20 ym  Width 60 um  Width 60 pm
tooth metal  without metal

Figure 5.3.13 Maximum fixation force of each latch structure. Blue and red squares
show the slit length of 650 um and 1,100 um, respectively, in the female type latch
structure. Error bars indicate SD.
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Figure 5.3.14 Schematic diagrams and photographs of the fixation force measurement
of the latch structure. Left and right photographs show the combined latch structures
just before and after latch separation, respectively. (a) Schematic diagram of the force
measurement. (b) Separation due to tooth bending without slit expansion (breaking)

and (c) separation due to slit expansion.
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5.3.4 LED functionality test

The LED functionality test shown in Figure 5.3.15 demonstrates the successful
operation of all eight flip-chip bonded LED chips. As demonstrated previously in [24],
optical emittances achieved for these LEDs are in the range of several mW/mm? at LED
currents of 10 mA modulated with a 30% duty cycle.

Figure 5.3.15 Functionality test of the eight integrated LED chips on a Kirigami

device.
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5.4 Conclusions

In this chapter, the design and fabrication of a highly stretchable Kirigami-inspired
optoelectrical device intended for opto-physiological experiments in perfused mouse
hearts was described. The structures were realized using polyimide substrates with
embedded metal lines partially thickened by electroplating in order to minimize the
resistance of the lines interfacing the LED chips. Kirigami structures with different slit
lengths were designed in an effort to achieve specific stretching properties appropriate
for the targeted cardiac tissue. The stretchable optoelectrical Kirigami device was
fabricated using micro-electromechanical system processes with LED chips attached to
it using flip-chip bonding and a subsequent encapsulation based on epoxy resin, Cytop
and silicone. The interconnections embedded in the Kirigami structure exhibited stable
characteristics with a resistance change of ~1% under a 250% and 350% strain for each
width. In addition, the interconnections exhibited stability under 300- and 400-cycle
strains. It was confirmed that the other component of the latch structure had enough strong
for fixation to fix each side of the Kirigami device. The LED functionality test revealed
an efficiency of 100%. The results successfully demonstrated a highly stretchable device
destined for the defibrillation of the cardiac tissue using optogenetic stimulation. This
device is expected to reduce the severe side effects caused by the currently used
implantable defibrillation systems, which apply high electrical shocks.
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Chapter 6: General conclusions and
future prospects

6.1 Conclusions

In this thesis, we investigated the stretchable devices to achieve low invasive
neuronal interfaces for biological applications using the Kirigami structures. Biological
applications using the biological signals such as BMI often request the long-term
implantation of the recording device to the biological tissues. To achieve the stable and
robust signal recording from the biological tissues for such biological applications, it is
required that the device which has the proper electrical characteristics, biocompatibility,
and ability to follow tissue deformation. The biocompatibility includes the chemical and
the mechanical compatibility. In addition to the small feature of the electrode device,
mechanical compatibility also includes the low Young’s modulus or low device stiffness
which are should be comparable to the biological tissues. High flexibility and
stretchability are required for an intimate integration of the device with the soft and
deformable biological tissues. These characteristics contribute to the reduction of the
physical stress induced to biological tissues and prevent the foreign-body-response.
Conventional flexible needle penetrating electrodes and film surface electrodes have the
Young’s modulus which is about six orders of magnitude higher than that of biological
tissues. In addition, the Young’s modulus of the stretchable device still higher and its large
deformation induce the mechanical failure of rigid device components embedded in the
stretchable device due to the mechanical mismatch between the stretchable materials and
device components.

The main feature of the Kirigami structure is its high stretchability including high
strain ratio and low effective modulus, and stability under the device stretching. In
Chapter 2, a mechanical model for the Kirigami structure suitable for the estimation of
the structure deformation, which depends on the applied force (stress), was derived to
achieve the effective device design. In addition, simulation results of the stress

distribution in the Kirigami structure contribute to achieve robust design of the Kirigami
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devices.

The stretchability and the recording capability of the Kirigami device were
confirmed in the first experiment of the Kirigami bioprobe device described in Chapter 3.
Using a fabricated Kirigami bioprobe device, the electrical and mechanical
characterizations were conducted. In the electrical characterization, the electrode
impedance, which was measured in the saline solution, exhibited remarkable stability
under large stretching (500%) using the Kirigami device, which has a maximum
calculated strain of 860%. In the mechanical characterization, it was also confirmed that
the effective modulus of the fabricated Kirigami devices (3.6-23 kPa) is comparable to
those of soft biological tissues (e.g. ~1.5 kPa for the brain and 540 kPa for a resting
muscle). Kirigami devices exhibited a maximum strain of 470-840% before the breaking
of the film. The stretchability of the devices, which are based on stretchable materials, is
limited by the intrinsic characteristics of the used materials. On the other hand, the
characteristics of the Kirigami structure can be controlled by the device design (e.g. slit
length and gap of the Kirigami structure) as confirmed by the mechanical
characterizations. Another feature of a Kirigami device is that it consists of slit patterns
embedded in the 2D film and makes it compatible with conventional microfabrication
processes (e.g. photolithography technique). Therefore, the utilization of a Kirigami
structure achieves high density of the microelectrode array in the highly stretchable
substrate using relatively simple process steps. In addition, the durability of the Kirigami
device was also confirmed during a 4000-cycle strain in the endurance test. The recording
capability of the fabricated Kirigami device was also confirmed in the ECoG signal
recording under the device stretch. In addition, the recording capability of the device with
respect to biological tissues, which exhibit large deformation, was confirmed in the ECG
signal recording.

In the second experiment described in Chapter 4, a donut-shaped Kirigami device
was proposed to extent the application range of the Kirigami device. The donut-shaped
Kirigami device improved the device stability on biological tissues with large
deformation, such as the heart and muscles. The stability of the fabricated donut-shaped
Kirigami device on the deformable tissue surface was confirmed in the displacement test
using a deformable balloon instead of a biological tissue. The results of the displacement
test exhibited five to eight times smaller displacement in comparison with the sheet-type
Kirigami device proposed in the first experiment. The high stretchability of the Kirigami
device results in some manipulation difficulty of the device in the animal experiment. A
packaging process using the biocompatible and soluble material of PEG overcame this

difficulty. The recording capability and the stability of the fabricated donut-shaped
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Kirigami device were also confirmed in the biological signal recordings from large
deformable tissues, such as a mouse’s heart and hind limb.

An optoelectrical Kirigami device for the heart disease treatment was proposed in
the third experiment, which was described in Chapter 5. The integration of the rigid
components in the stretchable device to realize a multifunctional device was another
challenge for the stretchable devices. The proposed Kirigami device employs an array of
LEDs bonded on the fabricated Kirigami film for optical stimulation purposes and
electrodes for the ECG signal recording. The characterization of the optoelectrical
Kirigami device indicated no significant resistance changes of the device
interconnections with the thin and thick metal layer during the Kirigami stretching.
Moreover, the resistance change was not increased in the durability test with a strain of
300400 cycles. It was also confirmed that the latch structures exhibited enough fixation
force to enable the device fixation on the heart tissue. The LEDs functionality test
revealed an efficiency of 100%. These results successfully demonstrate a highly
stretchable device destined for the defibrillation of cardiac tissue using optogenetic
stimulation.

Through these results, we confirmed the capability of the Kirigami device as
appropriate platform of low invasive neuronal interfaces, which is includes the proper
electrical characteristics, high stretchability, stability during the device stretching,
controllable device Young’s modulus comparable to the biological tissues, mechanical
robustness, recording capability from the multiple biological tissues, small displacement
on the deformable biological tissues, and integration with the rigid device component. It
is believed that the features of the Kirigami device can be extended to applications
involving the integration of electrical components with biological tissues. Moreover, the
high stretchability, stability, and unique transformation of the Kirigami structure will

expand possibilities for stretchable electronics including sensors and actuators.

6.2 Future prospects

A stretchable Kirigami device is based on the out-of-plane (3D) deformation of
each beam. Therefore, it is necessary to discuss the effect of this device’s roughness on
the smooth surface of a biological tissue. An issue, which is associated with the 3D
deformation, is that the sharp edge of the tilted beam causes tissue stress. Tissue damage
or malfunction was not observed when the Kirigami device was applied to the mouse
brain, heart, and muscle of hind limb (Figs. 3.4.1, 3.4.3, 4.6.1, 4.6.3). However, the long-
term device implantation could cause some tissue damage. Therefore, the influence of the

device implantation to soft biological tissues needs to be confirmed. Also, possible tissue
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damage caused by the device implantation needs to be evaluated. In general, tissue
damage is evaluated using immuno-staining and fluorescence imaging [33], [124]. The
tissue stress associated with the sharp Kirigami’s edge can be decreased using elastomer
materials with a small Young’s modulus (e.g. PDMS [110] and Ecoflex [91]) instead of
using parylene and PI. The Young’s modulus of the elastomer materials is four to five
orders smaller than the Young’s modulus of parylene or PI (2.8 GPa). In addition, as
shown in equation (2.8), the displacement of the Kirigami structure is inversely
proportion to the Young’s modulus. Therefore, a lower Young’s modulus of a material
offers a lower effective modulus for the Kirigami devices. The beam’s tilt caused by the
device out-of-plane deformation results in insufficient contact of each electrode to the
tissue surface. Thus, the quality of the muscle recording is degraded. The electrode
contact can be improved by additional device design around the electrodes. With respect
to the curb of the out-of-plane deformation of the Kirigami structure, some studies
proposed a Kirigami design with an in-plane-deformation [87], [91].

The use of elastomer materials also improves the device durability. No fracture
(separation) during a 4,000-cycle device strain was observed during the durability test of
the Kirigami structure. However, some cracks were observed around the slit edge of the
Kirigami structure. The expansion of the cracks causes breaking of the device
interconnections and plastic deformation of the Kirigami film. Using elastomer materials,
which have a higher stain ratio without the plastic deformation (large elastic region) than
that of the parylene, the device durability was improved.

Minimization of the device package is necessary for device implantation
applications, As demonstrated in in vivo ECoG, ECG and EMG signal recording, the
Kirigami device was electrically connected to the FPC with epoxy manually. The area of
the terminal between the parylene Kirigami and the FPC was 5 x 8 mm?. Implantation of
a device of this size is impossible in mice. A way to minimize the device package is to
use the flip-chip bonding technique. The use of wireless technology in conjunction with
the Kirigami device will further minimize the invasiveness of the device for long-term
applications [125].

The main limitation of the Kirigami device is the difficulty to design the device
interconnections. The interconnections of the Kirigami device should be designed
between each Kirigami slit and this limits the number of interconnections and electrodes.
This issue can be overcome using a multiplexer consisting of transistors [48]. The
multiplexer allows the dense electrodes to use fewer interconnections compared to the
electrode device without a multiplexer. Many flexible and stretchable transistors proposed

in previous studies use Si nanomembrane, SINWSs, indium gallium zinc oxide (IGZ0O),
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CNT, and PEDOT:PSS, which can be applicable to Kirigami devices [48], [126]-[131].
In addition, the use of high conductive materials, such as PEDOT:PSS offer more accurate
signal recording, such as the spike signal form the brain surface [49].

The change of the electrode materials also extends the device’s applications of
stimulating biological tissues [132]. Tissue stimulation can be used to restore the
functions lost by the spinal cord injury [133]. It can also be used to artificial tactile
feedback for the BMI [134] and the treatment of neurological disorders, such as epilepsy
[135].
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Appendix A

Process chart

(Kirigami bioprobe device)

No | Step Condition Time Remarks
1 | Parylene evaporation | Dimer 9.0 g For 5 uym
Furnace 690°C
Chamber gauge 135 °C
Vaporizer 175 °C
Vacuum 25 Pa
2 | O ashing Gas flow: Oz 40 sccm 60 sec Hydrophilization
RF: 150 W
Mode: Plasma
3 | Sputtering Ti: RF 0.15/0 kW, 1.0 Pa 20 min X 2 Cooling 10 min between
Pt: RF 0.15/0 kW, 1.0 Pa 15 min each sputtering
4 | Photolithography Bake before coating 80°C 10 min
OAP
Ist 1000 rpm Ss
2nd 4000 rpm 25s
OFPR 52cp
Ist 1000 rpm 10s
2nd 4000 rpm 45s
Prebake 80 °C 2 min
Exposure LI: 20
Developing NMD-3 I min 50 s
Rinse DIW 2 min
Post bake 80 °C 10 min
5 | Ptetching CCP-RIE 10 min x 2
Gas flow: Ar 20 sccm
Pressure: 4.0 Pa
RF power: S0W
6 | O2 ashing Gas flow: Oz 40 sccm 15 minx2 Resist etching
RF: 150 W
Mode: RIE
Gas flow: CF4 40 sccm 15 min Ti etching
RF: 150 W
Mode: RIE
7 | Parylene evaporation | Same as No. 1
8 | Sputtering Ti: RF 0.15/0 kW, 1.0 Pa 20 min X 3 Cooling 10 min between
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each sputtering

Photolithography

Same as No. 4

O2 ashing

Gas flow: CF4 40 sccm
RF: 150 W
Mode: RIE

Gas flow: Oz 40 sccm
RF: 150 W
Mode: RIE

Gas flow: CF4 40 sccm
RF: 150 W
Mode: RIE

10 min x 2

20 min X 5

10 min

Ti etching

Parylene etching

Ti etching

11

Release

Using ethanol
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