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Abstract

Wireless communication through linkage with a smartphone and other portable devices in the
sensor area is essential from the viewpoint of increasing the efficiency of utilization through storing
data of the sensing value. On this account, the wireless technology is of increasing in demand due to
advantages they have for various applications using this data. However, there is still considerable
ambiguity for the low portability due to the large volume in the implementation area of the system for
wireless communication in the pressure sensor, the high-power consumption and the necessity of
separate battery. Herein, we solve this problem through miniaturization of the device through the
structure of built-in battery, low power driving technology using a pressure-active switch, and
implementation of wireless communication platform through the integration of Bluetooth module and
devices. Furthermore, the wireless transmission of the pressure-sensing results is demonstrated in this
paper. In addition, we implemented and demonstrated a human-interactive display that enables users to
visualize instantly through brightness change of organic light-emitting diodes (OLED) according to
pressure. We show the system of displaying the pressure value measured in real time on the screen of
the mobile devices which is expected to advance in the fields of soft electronics and biomedical science.
In order to improve the portability of the pressure sensor and improve the applicability, the process was
performed on a new substrate through hybridization of the rigid part and the soft part so as to allow
conformal contact to curved objects as well as rigid glass-based substrates. Through the process in the
rigid part, the protection of the main components is ensured and flexibility and stretchability are ensured
by the deformation of the soft part. Because it is applicable to various biocomponents such as organ
organs, insects or surface of plants, the pressure sensor using this structure has wide expandability in

biomedical field.
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1. Introduction

1.1. Research background and motivation

As the development of Internet of things (IoT) [1,2] and human-machine interactive devices has
expanded its role, it is required to have a high level of portability and a function in interoperating with
a smartphone so that it can be used conveniently in daily life. By linking such a portable device with a
smartphone, the result of the export from the device can be converted into data that can be displayed
directly on the screen of either the computer or the smartphone. In the area of sensors, the increase in
usability due to the conversion of these measurement results is directly related to the expansion of the
application field [2-4]. Therefore, wireless communication has become an essential element in every

field of electronics.

Internet of Things (loT) <

Global loT Market Size and Forecast, 2015 - 2024 (US$ Billion)

Home automation Healthcare

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
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Science Advances 2019, 5 eaav3294

* By connecting different objects to the Internet, users can remotely control everything.
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Nature Materials 2d13, 15,7899—904

Adv. Mater. 2016, 28, 6656—-6664

Devices that respond to electrical changes in response to human motion.

Figure 2.1 Growth of IoT market and Human-machine interface devices




Conventional devices are having crucial disadvantages in spatial problem that is not portable.
These devices such as a pressure mapping sensor and a robot hand have so many wires that cannot move
easily. But by connecting these devices by wireless communication system, devices can accumulate and

utilize various data that can be obtained from sensing.

Conventional devices N

¢ Possible to accumulate and Pressure mapping sensor
utilize various data that can be
obtained from a device

Robot hand (pressure)

Artificial Intelligence Laboratory,
University of Zurich )

|-Scan System (Tekscan)
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Figure 3.2 Applying wireless communication system to the conventional devices

Conventional medical devices have so many wires, so people have to stay in the hospital during
their medical treatment. But by integrating with wireless system, these sensors can operate in people’s
normal daily life. Thus, the key point is applicability of sensors are expanded due to wireless
communication, high portability improves user convenience, and it is possible to receive various

information values from various places.
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Figure 1.3 Medical devices with wires / recently reported wireless sensors

Conventional pressure sensors have various mechanical and electrical pressure sensing methods
such as piezoelectric [5], piezoresistive [6], and capacitive sensing mechanisms [7,8]. Among the
conventional sensors, field-effect transistor (FET) type pressure sensors are most widely used in
electronic devices, which makes it easy to use them with other additional parts and can be achieved the
least crosstalk from the use of the active-matrix structure. In addition, various studies using the

structural characteristics of the FET type are underway [9].
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Figure 1.4 Conventional pressure sensor with various application and biomarker for health

information

Among them, researches of measuring the pressure over a wide range by changing the thickness
according to the external contact by replacing the dielectric layer with air have recently been announced
[10,11]. However, despite these advantages, it requires bulky equipment for operating the entire system
such as external power sources, measuring device for reading the electrical signal and therefore it has
low portability. Also, even if the electrical signal of the sensor is transmitted, it is hard to apply it to

other electric devices except for additional wire.



Problem statement
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Figure 1.5 Problem statement for current issues with solution

Herein, we developed a system that can minimize the volume, weight, and driving voltage of
devices by integrating a built-in type battery produced by a direct printing method on the backside of
the sensor substrate [12,13], a pressure sensitive switch that enables low power drive by eliminating the
standby power consumption [14], and a wireless communication module which enables remote

interoperation with the external source [4,7,15].



The device transmits the data of pressure to either a smartphone or other receiving devices when
the user presses the pixel consisting of the pressure sensor, and by connecting the Bluetooth module
together, wireless communication with the smartphone records and stores information about the
pressure, thereby enhancing the utilization of the data of the sensor. In this regard, we did
demonstrations of converting pressure-sensing feedback into electrical signals with the device
constructed of Bluetooth module [16], pressure sensor, and battery. Converted electrical signals were
transmitted to the Bluetooth module and displayed on the screen of the smartphone immediately.

In the sensor array, OLEDs responsive to pressure are formed so that the user can visually receive
the pressure information [15], and the OLED intensity visualized is dependent on both the size of the
device and the amount of pressure. Through the construction of a system capable of these wireless
communications, we expect the expansion of the field of the sensor by enabling free conversion of the
results of the sensor to digital data. Accordingly, results have been very promising so far to advance in
the field of soft electronics and biomedical science through the technologies that enable wireless
communication system between electronic sensors and mobile devices, therefore miniaturization and

low driving power of devices.



1.2. Research objectives and contents

The main objects for the research is to develop the wireless communication system with
integration of the pressure sensor, switch for the low-power driving device, OLED for visualization
of sensed pressure [13,17,18]. With the successful demonstration of the real device of integrated
system, smartphone application for wireless communication system also be included. It is also aimed
to confirm the possibility of device by various attempts such as shape change of substrate and
material change in order to establish the foundation for applying it to other useful places after device

operation. Following figure shows the schematic diagram for the research presented in this paper.

n I Introduction
o I Research Projects

ll-1. Integrated wireless pressure sensor with Low-Power
driving

II-2. Stretchable and flexible pressure sensor with hybrid
substrate

B I Conclusion

Figure 1.6. Research contents



2. Pressure sensor with Low-Power driving

2.1. Research background

In previous research, various attempts to make pressure sensors that have outstanding performance
have been studied. In specially, field-effect transistor type pressure sensors have been studied widely,
due to their active-matrix structure. However, they need to be integrated with additional pressure-

sensing components such as conductive and pressure-sensitive elastomers [4].

Previous research -

PSR/ground electrode

Al,O, gate
insulator
Source-drain
electrodes

OLED

x

Passivation
ayer

Flexible TFT
backplane

—
Nature Materials 2013, 12, 899-904 Nature Materials 2010, 9, 821-826

» field-effect transistor type pressure sensor have been studied widely, due to their active-matrix
structure.

* However, they need to be integrated with additional pressure-sensing components such as conductive
and pressure-sensitive elastomers.

J

Figure 2.1. Previous attempt for making outstanding performance of pressure sensor



Therefore, to solve these disadvantages, the pressure sensor’s dielectric layer is replaced to air, by
fabricating the side wall with PDMS and SUS8 photoresist, so that the gate electrode is located in upper
the channel, in free-standing form [10].

Because of the elastic property of PDMS, when pressure is applied to sensor, variation in the
thickness of the dielectric layer due to pressure changes the gating effect on the channel. It leads the
change of capacitance, and therefore the threshold voltage is changed. This pressure sensitive transistor

can be used as a pressure sensor without any other additional sensing component
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Figure 2.2. Theoretical background for air-dielectric field effect transistor




For making such device, OLED and switch is added next to the sensor so that a switch to provide
electrical disconnection when no pressure is applied. This make pressure sensor to be more energy-
efficiently.

Also, connecting OLED for visually expressing current change in pressure sensor is made for

immediate feedback for human touching motion [12].

cross-section view upper view

Switch Sensor OLED Sichannel OLED

R TS = a
1 4

M_!

Scale bar: 500 um

* A switch to provide electrical disconnection when no pressure is applied

*  OLEDs for visually expressing current change in pressure sensor

Figure 2.3. Integrated system for wireless transmission of sensed pressure with pressure sensor
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2.2. Experiments

2.2.1. Experimental methods

[ Preparation of the FET with air-dielectric and Si channel layer |

For fabrication of the Si channel layer, a patterned FET channel with a single-crystalline Si layer
(width: 120 nm; length: 600 nm; thickness: 340 nm) was formed on a silicon-on-insulator (SOI) wafer
(buried oxide 400 nm, Soitec) by photolithography and reactive ion etching. Cr/Au electrodes
(thicknesses: 5 nm/100 nm) were deposited thermally and patterned to serve as the source and drain
electrodes of the FET. Subsequently, a negative photoresist (SU-8, MicroChem) was patterned using
photolithography to form a spacer so that an air gap (depth: 10.5 pm) could be used as the dielectric
layer of FET. In order to change the thickness of the air gap in response to pressure,
polydimethylsiloxane (PDMS) was coated on the indium tin oxide (ITO) layer on a polyethylene
terephthalate (PET) film to form a gate electrode layer. We fabricated a layer of PDMS (thickness: 30
pum) on the ITO-PET film using spin coating, and we cured it slowly at a low temperature to keep the
elastic modulus of the PDMS as low as possible. The ITO gate electrode was patterned by wet etching
so that the selective gate electrode remained partially above the FET channel, and then a laser was used

to cut the PDMS off of the channel portion to minimize the charge-accumulation effect due to the PDMS.

[ Fabrication of top-side emissive green OLEDs |

For the integration of small-molecule OLED, we used sophisticated magnetic mask for patterning.
As the first step, Al electrodes (thicknesses: 100 nm) were deposited into a vacuum chamber (HS-1100,
Digital Optics & Vacuum) for continuous thermal evaporation of various organic and inorganic layers.
Top-side emissive OLEDs had following structure: Al(100 nm)/MoO3(10 nm)/TCTA(40 nm)/TCTA:
Ir(ppy)s (8 wt%, 20 nm)/B3PyMPM (60 nm)/ LiF (1 nm)/Al (1 nm)/Ag (35 nm), where TCTA is tris (4-
carbazoyl-9-ylphenyl)amine and Ir(ppy)s is Tris(2-phenylpyridinato-C2,N)iridium(IIl) which has low

efficiency roll-off without complex process of co-doping(exiplex) system.
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| Fabrication of built-in battery |

The unit cell, which has a voltage of 2.7 V, consists of the printed LisTisO1, (LTO) anode, the
LiCoO, (LCO) cathode, and a solid-state electrolyte. The thermally-stable electrolyte was made of 1 M
LiPF6 in ethylene carbonate (EC, boiling point = 261 °C)/propylene carbonate (PC, 242 °C) = 1/1 (v/v);
an UV-cured, ethoxylated trimethylolpropane triacrylate (ETPTA) polymer matrix; and alumina (Al,O3)
nanoparticles that act as a rheology-tuning agent. The cross-sectional scanning electron microscopy
(SEM) image of the unit cell (right side of Fig. 3a) shows the seamless unitization of the printed LTO
anode, the solid-state electrolyte, and the LCO cathode. Fig. 3b shows the ion/electron transport

behavior in the unit cell and the structure and components of the printed electrodes and the solid-state

electrolyte.
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Figure 2.4. Experimental method of FET based pressure sensor with air-dielectric
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2.2.2. Results and discussion

[Integrated system of pressure sensing]

Pressure sensor

Pressure sensor array

Bluetooth module

Au electrode

B : LiaTisO [l : Electrolyte [l : LiCoO:

Figure 2.5. Schematic of the integrated system, consisting of the pressure sensor, built-in battery, and

wireless Bluetooth module.

The left side of Figure 2.5 is an integrated schematic of a transistor-based pressure sensor, a
printed-battery, and a module that enables wireless communication with a smartphone using Bluetooth.
The pressure sensor and the battery were formed on the front and back sides of the Si substrate and
were packaged together. The Bluetooth communication module and sensor are connected with a
dedicated strap, which minimizes entire volume of integrated devices and provides the simple
integration structure [19].

As shown on the right side of Figure 2.5, the pressure sensor is constructed from three components.
Switches that control the flowing current level into the pressure sensor, a transistor-type pressure sensor,
and an OLED that visualizes the change in current as the pressure increases are connected in series. For
this fabrication, a patterned FET channel with single-crystalline Si layer (width: 120 nm, length: 600
nm, thickness: 340 nm) was formed on silicon-on-insulator (SOI) wafer (buried oxide 400 nm, Soitec)
by photolithography and reactive ion etching. Cr / Au (thickness: 5 nm / 100 nm) electrodes are
thermally deposited and patterned as roles of source and drain electrodes of FET. Subsequently, a
negative photoresist (SU-8, MicroChem) was patterned using photolithography to form a spacer to use
an air gap (depth: 10.5 um) as the dielectric layer of FET.

13



Since it is necessary to partially expose the switch and the channel region for the sensor and OLED
at the same time, we considered this simultaneously and patterned together by photolithography. In
order to change the thickness of the air gap in response to pressure, Polydimethylsiloxane (PDMS) was
coated on the Indium tin oxide (ITO) layer on a Polyethylene terephthalate (PET) film to form a gate
electrode layer. We fabricated a layer of PDMS (thickness: 30 um) on the ITO-PET film using spin
coating and cured slowly at low temperature to keep the PDMS elastic modulus as low as possible. The
ITO gate electrode was patterned by wet etching so that the selective gate electrode partially remained
above the FET channel, and PDMS was then cut off the channel portion using laser cutting to minimize

the charge accumulation effect due to PDMS.

V=10V
10—4 || V,p=36V

10°k fﬁ‘{

20 20 0 20 40
V,)

Figure 2.6. Transfer characteristics of the single pressure sensor with Vp =10 V.

The transfer characteristics of the FET sensor are shown in Figure 2.6. SU-8 was patterned on the
cured PDMS in the form of an island (width: 650 nm, length: 850 nm) by photolithography to produce
a switch operating system activated as the pressure is being applied. Afterward, Cr / Cu/ Au (3 nm /
500 nm / 50 nm) was thermally deposited on the SU-8 island through a shadow-masking technique to

fabricate a conductive switch.

14



Sichannel OLED

Figure 2.7. Optical microscope image of each component of the pressure sensor array and a zoom-in
image of a pixel of pressure sensor showing the pressure-sensitive switch, isolated Si channel, and

OLED. Scale bar, 300 um.

Figure 2.7 is an optical microscope image of each component of the pressure sensor. The electrodes
of the switch are intentionally open-circuited, so that when the conductive switch contacts both ends of
open electrodes due to pressure, current flows toward the OLED arrays so that the pressure information
can be converted to a visualized light source. The switch configuration is defined by the SU-8 spacer
which forms an air gap to prevent electrical contact of both sides of electrodes when pressure is not

applied.
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Figure 2.8. Photographs of the built-in battery which is directly manufactured on the back of the

pressure sensor.

Figure 2.8 exhibits photographs of the built-in battery which is directly manufactured on the
backside of the pressure sensor. The battery is small enough not to leave the pressure sensor substrate
area (area of sensor substrate: 16 cm?, area of battery: 14.86 cm?) and its thickness is also thin (thickness:
1.2 mm). In addition, the weight is so small (weight of battery: 120 g) that the bulkiness can be almost
negligible, and therefore, the power source for driving the device is extremely excellent in portability.
It is important to reduce the amount of power consumed by the battery during operation of the device

to enable long-term wireless communication while minimizing the size of the communication module.

16
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Figure 2.9. Electrical current change due to applied pressure (60 kPa).

Therefore, we have fabricated the switch to eliminate the leakage currents that transistor-based
devices have when they are not turned on [20]. To prove the pressure sensor operates regardless of the
presence or absence of the switch, a compression test instrument (Mark-10) was used, and the pressure
was measured to be 60 kPa where the initial state of electric field at drain voltage for 5 V (Vp =5 V)
and gate voltage for 10 V (Vg = 10 V). As depicted in Figure 2.9, both the device with switch and the

device without switch generate current (Ip) of 0.37 mA at the applied pressure.

17



| | i |
10° | . 1110m 10° |- '\ 1120 m
o 0 ms »-0-9-0-9.y Oms
i | | -@-9-91 i @
Q9
10° : " 10° |- | :
< Lo < AW
_a - | I _a - 1 1
I I I 1
107 & /S 107 - L
D-O-O-O-O-Q : : 9-0-0-0-0-0
- o - o
10‘9 1 | ' | !I 1 ! 1 | 1 ] 1 109 1 1 1 | :I ] !I | 1 | 1
13.2 133 134 135 136 13.7 138 241 242 243 244 245 246 247
Time (s) Time (s)

Figure 2.10. (a) The response time (~110 ms) and (b) recovery time (~120 ms) of the single

pressure sensor which is measured by in real-time current plot.

In the case of a device without the switch, leakage current (IL) occurs at the level of 10 A, whereas
the device with switch has the noise level of 10! A, respectively. Each of the pressure sensors showed
negligible differences in response time and recovery time (response time ~ 230 ms, recovery time ~ 260
ms plot in Figure 2.10). We also proved that the resistance tunable by the contact-type switch is not

large enough to affect the pressure sensor.
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Figure 2.11. Contact resistance of the switch. The resistance is measured at VD = 5 V and
constant pressure at 6 kPa with pressure application device (mark-10), the measurement was
carried out 100 times under the same conditions. The contact resistance is under 35 ~ 40 Q,

which is negligible to affect the pressure sensor.

To evaluate the quality of each component before integration, Figure 2.11 show the contact

pressure of the switch.
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Figure 2.12. Transfer characteristics (Ip-Vg curve, Vp =2V ~ 18 Vin 2 V step) of the FET through the
OLED
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Figure 2.12 shows the transfer characteristics of the FET through the OLED when the OLED is
connected in series with the pressure sensor except the switch. The OLED was formed to emit a green

light through the structure as shown on the right side of the figure [21,22].

[ Mechanism of pressure sensing and electrical characteristic of each components |
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Figure 2.13. Schematic of the operating mechanisms of the switch and the pressure sensor when

external pressure is applied.

Figure 2.13 shows the operating mechanisms of the switch and the pressure sensor when external
pressure is applied. As shown in the first figure of the scheme (air gap thickness at do), in the absence
of external pressure, the switch is not in contact with electrode a. When a very low pressure, i.e., 0 to
10 kPa, was applied, a conductive path of the switch was created by connecting the individual electrodes
of each side of open-circuit. As higher pressures were applied, the thickness of the air gap changed
depending on the amount of the pressure (air gap thickness at d,) and PDMS condensation rate [23].
Due to the variation of the thickness of the air gap, the theoretical insulator capacitance, Ci, can be
determined by Equation (1)

Ci — KS:A (1)

where x is a relative dielectric constant, &, is the permittivity, and A and t are area and thickness

of the dielectric layer, respectively. Here, x and g, are the same as those of air because the dielectric
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layer is made of the air gap, and its values are 1.00059 (x) and 1.0 (&), so the variation of the thickness

of the air gap only affects the value C; of the pressure sensor [24—26].
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Figure 2.14. Transfer characteristics (/p-Vs curve, Vp =5 V) of the pressure sensor with the exception

of the switch for the variation of applied pressure (0 kPa ~ 700 kPa).

Figure 2.14 shows the transfer characteristics of the pressure sensor with the exception of the
switch. When the pressure is changed from 0 kPa to 700 kPa, the value of C; increases proportionally,
and the value is represented by the shift of the transfer characteristic graph. In this way, it was confirmed
that the influence of the pressure at the same gate voltage (V) appears as the difference in the output
of the drain current (Ip). Thus, with a constant V¢ value, the pressure sensor clearly can represent a wide

range of pressures and present a change in current.
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Figure 2.15. Output current change of the device with the variation of applied pressure in real time (Vp

=5V, Vg=10V). Each step can be separated over a range of minimum pressures to operate the switch.

Figure 2.15 shows that the pressure of each step can be separated in real time over a range of
minimum pressures to operate the switch. In order to demonstrate that a wide range of pressures can be
measured accurately without additional recovery time, we measured each different pressure
continuously at the Ve = 10V and V, Vp = 5 V. A commercial programmable compression test

instrument was used to apply an accurate, gradually-increasing pressure to the system.
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Figure 2.16. Pressure sensing apparatus. A motorized vertical test stand (Mark-10 ESM303) in
combination with a force gauge (Mark-10 M7-20).

A detailed description of each step of in the application and measurement of pressure is provided
in Figure 2.16 (Supporting Information). Pressures ranging from 20 kPa to 3 MPa were detected at each
step in most of the areas where the pressure sensor could be used. This range of pressures could be
compared to pressure of a gentle touch (the pressure when a person operates a smartphone) to the
pressure of the heel. values provided by the pressure sensors allowed us visualize this exceptionally

wide range of pressures.
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Figure 2.17. Intensity change of the light emitted from OLED connected in series with the

variation of applied pressure.

Figure 2.17 shows the intensity of the light emitted from OLEDs connected in series with the

pressure sensor. The intensity of the light emitted from the OLEDs was dependent on the amount of
external pressure.
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Figure 2.18. Comparison between luminescence responses of the fabricated device (pressure
sensor - OLED) and true stress-strain curve from PDMS film compression test.

To measure the correct OLED brightness at each pressure step, the reactivity of the OLED lighting
visualized by the external pressure was measured by extinguishing the OLED between the steps [21].
The correlation of OLED brightness over the pressure is explained in Figure 2.18. Because the change
in the value of C; is related directly to the change in the thickness of the air dielectric layer when the
pressure is applied, the light change of the OLED is due to the compressibility induced at the PDMS
supporting wall that creates the air dielectric layer. The graph indicates that the change in the thickness
of the PDMS layer is similar to the change in the brightness of the OLED, which reflects the elastic
modulus of PDMS. Thus, the change in the thickness of the PDMS layer relates directly to the brightness

of the OLED. Thus, the measurement principle of the pressure sensor and its results can be demonstrated
clearly.
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Figure 2.19. Comparison of response value for pressure sensor with presence or absence of
switch under the same applied pressure of 60 kPa in real time.

In order to determine the effect of the switch on the repetitive operation of the device, pressure
sensors with and without switches were compared by applying the same pressure [14,27]. Figure 2.19
shows that the response value of each sensor was measured with the pressure of 60 kPa. The pressure
sensor with switch shows that the base current of the noise level is 3x10*2 A, but the switchless pressure
sensor shows a current leakage of about ~ 2x10® A. The results shows that the current response at a
pressure of 60 kPa was 350 (£10) pA irrespective of whether or not there was a switch. Therefore, the
results indicated that the existence of the switch does not affect the sensitivity of the pressure sensor,

resulting in advantages for a wireless communication system.
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Figure 2.20. Comparison of power consumption with presence or absence of switch when the

repetitive pressure sensor operation is performed.

Figure 2.20 shows how the presence of the switch can benefit from the power consumption when
the repetitive pressure sensor operation is performed. It is apparent that the power consumption of ~5
mWh per minute can be prevented by the switch when the same conditions shown in Figure 2.20 exist.
Considering the size of the entire device and the battery [28], it is an effective method for preventing
unnecessary power consumption. Although the method of comparison can be different, when the
leakage current is blocked at each pixel and goes to the entire device, the effect of the switch becomes
larger over time, which is a significant advantage for wireless communication and the miniaturization
of the device.
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Figure 2.21. Cyclic test of the pressure sensor under the pressure of 60 kPa.

Figure 2.21 shows the results of a cyclic pressure test that was conducted to prove the reliability
and durability of the pressure sensor. In this test, a pressure of 60 kPa was applied and repeated 1,000
times. During this cyclic test, the average value of the normalized change of I at the pressure of 60 kPa

was calculated as 350.23 pA with a standard deviation of 0.00264 at Vo =5V and Vo =10 V.
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2.2.3. Conclusion

The resulting device that interacts with humans by integrating heterogeneous components together
such as sensors, luminaire, and communication modules presents the possibility of transmitting physical
stimulation (pressure) to other platforms wirelessly. The FET type pressure sensor consisting of the Si
channel uses the air as a dielectric layer to read a wide range of pressure as well as the structural
characteristics of the FET as the role of a switch, and it can reduce the standby power the driving power.
The switch operated by pressure can simply be turned on and off for a very weak stimulation (touch)

without a separate electrical device so that it provides the battery with enhanced its quality.
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3. Integrated wireless system with pressure sensor

3.1. Research background

[ Wireless communication system with pressure sensor |

Through the construction of a system capable of these wireless communications, we expect the
expansion of the field of the sensor by enabling free conversion of the results of the sensor to digital
data [29-34]. Accordingly, results have been very promising so far to advance in the field of soft
electronics and biomedical science through the technologies that enable wireless communication system
between electronic sensors and mobile devices, therefore miniaturization and low driving power of

devices.

Pressure sensor array
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W : Li4TisO12 |l : Electrolyte [ : LiCoO2

Scale bar: 2 cm

* Custom-made Bluetooth module is integrated with the sensor to transmit current information to
the smartphone wirelessly

Figure 3.1. Integrated system with pressure sensor and Bluetooth module.
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3.2. Experiments
3.2.1. Experimental methods

[ Integration of sensor, battery, and communication module ]
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Figure 3.2. Actual photographs of communication module. (a) Structure of connection between
MCU and Bluetooth module. Two boards are connected with board-to-board connector
(elevated pin header). (b) Connection between sensor electrode pad and flat, flexible cable (FFC)
by ACF bonding. (c) Connection between MCU and FFC with strap holder. (d) Connection
between contact pad of Bluetooth module and interconnect of printed built-in battery by

soldering technique.
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A strap-type, flat, flexible cable (FFC) was fixed to the electrode pad pattern from the drain
of the sensor using anisotropic conducting film (ACF) bonding. When ACF bonding, tape type
ACF was fixed between the substrate pad and the strap using native adhesive force of the ACF
itself. Then, heat of 90° was applied by hot plate while 3 MPa of pressure was applied for 1
second. The other side of the strap is connected to the strap holder of micro controller unit (MCU)
board. The MCU board and Bluetooth board are connected with board-to-board connector
(elevated pin header). A thin strap-type interconnect of the printed built-in battery is connected
together with contact pad of Bluetooth module by soldering technique. After the interconnect
and contact pad are connected together, a substrate of sensor is combined with the module by
adhesive resin.
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3.2.2. Results and discussion

Figure 3.3. Actual photographs of integrated module with the part of MCU and Bluetooth.

The integration of the pressure sensor and the battery minimizes the size of the entire device and
maximizes the efficiency of the battery by operating the switch. Therefore, the device has high
portability due to its small size and light weight. It can be used for a long time with high efficiency of
the battery. In order to utilize these features and make it more useful, we have implemented a device
that can continuously communicate with a smartphone while compactly adding a custom-made module
(Bluetooth 4.0; width: 5.2 cm, length: 5.25 cm, thickness: 1.2 cm) that enables wireless communication.

The module modifies the signal from a sensor that sends an electrical signal in response to pressure
to a form of data suitable for Bluetooth communication and transmits the data to the smartphone to

quantify the measured pressure value.
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Figure 3.4. Corresponding electrical circuitry for active-matrix sensor array which allows
selective readout of electrical response and wireless transmission to the smartphone.

As shown in Figure 3.4, there are five analog-to-digital converters (ADC) in the module. Using
five ADCs, the module can simultaneously measure and convert electrical signals from the entire sensor,
avoiding any temporal delays in the process. A strap type flat flexible cable (FFC) with a 2.53 mm pitch
length was fixed to the pressure sensor contact pad by soldering to transmit the electrical signal from

the sensor to the module, and a dedicated connector was attached to the PCB board on the module side.
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Sensor

Figure 3.5. Photographs of integrated device which is composed of pressure sensor, built-in

battery, and Bluetooth module. Scale bar, 2 cm.

The FFC is bent sufficiently to connect the sensor substrate and the module, which are composed

of the bilayer, leading the volume of the device to be small (Figure 3.5).

Pixels pressue sensor

Figure 3.6. Photographs of single sensor pixel that emit light in response to applied pressure
and captured images of a smartphone which received pressure information by wireless

communication.
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Figure 3.7. Photographs of sensor array that emit light in response to applied pressure and
captured images of a smartphone which received pressure information by wireless

communication.

Figure 3.6, Figure 3.7 show characteristics of OLED emission due to the pressure imposed on
sensors and corresponding smartphone communication screen. Each was demonstrated using a pen to
apply pressure to one sensor (one pixel) and to a large area of PET ( thickness: 2 mm) simultaneously.

It can be seen that the brightness of the OLED is changed by reflecting the change of the current
transmitted depending on the magnitude of the pressure. In addition, the numerical value of the current
change value depending on the pressure force imposed at the sensors is displayed on the screen of the

smartphone through Bluetooth wireless communication and divided into different colors on the screen.
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Figure 3.8. Displayed pressure force imposed at the sensors on the screen of the smartphone

through Bluetooth wireless communication

As depicted in Figure 3.8, the pressure range is in range of 0 ~ 25 kPa (yellow), 25 ~ 50 kPa (orange)
and 50 ~ 75 kPa (red). When the pressure is applied to a wide area of PET, the switch does not operate
under a pressure of 10 kPa or less. And, the light emitted from the OLED does not occur at a very low
range of the pressure. In addition, it can be seen that the concentration of the pressure is divided by the
point where the pen is pressing with higher pressure.

This shows that the brightness of the OLED coincides with that of the smartphone screen.
Therefore, we implemented visualization in two ways depending on the magnitude of the pressure,

OLED emission and representation on the smartphone screen.
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3.2.3. Conclusion

In the minimum size matter, which is one of the most important factors for integrating the wireless
communication device, the novel built-in type battery was integrated with the sensor. We demonstrated
the entire wireless communication system which is wirelessly communicated with the smartphone in
real time. Therefore, it contributes to interactive display that operates in response to human behavior,
various robotics fields using wireless communication through immediate visualization of pressure. The
resulting device that interacts with humans by integrating heterogeneous components together such as
sensors, luminaire, and communication modules presents the possibility of transmitting physical

stimulation (pressure) to other platforms wirelessly.
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4. Conclusion

The resulting device that interacts with humans by integrating heterogeneous components together
such as sensors, luminaire, and communication modules presents the possibility of transmitting physical
stimulation (pressure) to other platforms wirelessly [11]. The FET type pressure sensor consisting of
the Si channel uses the air as a dielectric layer to read a wide range of pressure as well as the structural
characteristics of the FET as the role of a switch, and it can reduce the standby power the driving power
[6-8].

The switch operated by pressure can simply be turned on and off for a very weak stimulation (touch)
without a separate electrical device so that it provides the battery with enhanced life for the wireless
device. In the minimum size matter, which is one of the most important factors for integrating the
wireless communication device, the novel built-in type battery was integrated with the sensor [14, 17,
23].

We demonstrated the entire wireless communication system which is wirelessly communicated
with the smartphone in real time. We showed the system of displaying the pressure value measured in
real time on the screen of the mobile devices which is expected to advance in the fields of soft
electronics and biomedical science. In order to improve the portability of the pressure sensor and
improve the applicability, the process was performed on a new substrate through hybridization of the
rigid part and the soft part so as to allow conformal contact to curved objects as well as rigid glass-
based substrates. Through the process in the rigid part, the protection of the main components is ensured
and flexibility and stretchability are ensured by the deformation of the soft part. Because it is applicable
to various biocomponents such as organ organs, insects or surface of plants, the pressure sensor using
this structure has wide expandability in biomedical field [36-41].

Therefore, it contributes to interactive display that operates in response to human behavior, various
robotics fields using wireless communication through immediate visualization of pressure. Also, our
development of the human-interactive display is promising in future advance in the fields of soft

electronics and biomedical science with the use of the integration and miniaturization technology.
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