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ABSTRACT

In the era of trillion sensors, a tremendous number of sensors will be consumed to collect
information for big data analysis. Once they are installed in harsh environment or implanted in a
human/animal body, we cannot easily retrieve the sensors; the sensors for these applications are
left unattended but expected to decay after use. In this paper, A disposable temperature sensor that
disappears by contact with water is reported. The gel electrolyte based on an ionic liquid and a
water-soluble polymer, so called ionic gel, exhibits the Young’s modulus of 96 kPa, which is

compatible with human muscle, skin, and organs, as wearable devices or soft robotics. A study on



electrical characteristics of the sensor with various temperature reveals that the ionic conductivity
and capacitance increased by 12 times and 4.8 times, respectively, when the temperature varies
from 30°C to 80°C. The temperature sensor exhibits a short response time of 1.4 s, allowing real-
time monitoring of temperature change. Furthermore, sensors in an array format can obtain the
spatial distribution of temperature. The developed sensor was found to fully dissolves in water in
16 hours. The water-dissolvability enable practical applications including healthcare, artificial

intelligence, and environmental sensing.

1. Introduction

In the era of trillion sensors, a tremendous number of sensors will be consumed to collect
information for big data analysis, including tactile'->, temperature®'°, and biomimetic sensors!!-3.
Once they are installed in harsh environment or implanted in a human/animal body, we cannot
easily retrieve the sensors; the sensors for the above applications are required to be left unattended
but disappear after use. One of the advantages of such a sensor is reduction of waste and cost. The
self-disappearance is essential as well in terms of the elimination of the sensor retrieval from
human body to reduce the physical damage by the surgery. The biodegradable devices have been
proposed by using organic and inorganic hybrid devices to obtain high functionality!'*!®; for
instance, G. A. Salvatore et al. reported a temperature sensor based on biodegradable materials'*.
Such a sensor should disappear immediately after prescribed time for data acquisition'*!5. Water
is abundant in human body and environment, and can works as a trigger to decompose materials.
One of the potential applications is agriculture. Environmental monitoring enables us to control
growth of vegetables and predict the time to harvest. Biodegradable temperature sensor embedded

into the soil could eliminate the sensor retrieval because of self-dissolution. S. W. Hwang et al.



utilized silicon, silicon dioxide, and magnesium to develop a biodegradable and bioresorbable
implantable sensing system'®, which gradually decomposed after contact with water. A chemical
sensor and biosensor are crucial to detect chemical substances in a human body. Temperature
sensor 1is also essential to calibrate the response of the sensors because the chemical sensors and
biosensors shows temperature dependency!. Nevertheless, the conventional biodegradable
temperature sensors show the small change of the resistance in respect to temperature owing to the
small temperature coefficient for resistivity. Furthermore, a lack of the mechanical flexibility
prevents the temperature sensors from applications to flexible and stretchable electronics.

Recently, researchers employed ions as a carrier for flexible devices, so-called ionic skin (i-
skin)®. Typical i-skin consists of a hydrogel, and exhibits large mechanical deformation under
physical stimulus. Furthermore, most hydrogels are biocompatible in human body, thereby
enabling us to develop an implantable device for health monitoring. The conventional i-skin
adopted hydrogel, and was subject to the evaporation of moisture. The loss of solvent changes the
ionic conductance, which make it difficult to use the device in dry conditions.

Ionic liquids (ILs) have been, recently, adapted to enhance the electrical characteristics of
organic devices?'~?. The IL consists of two types of molecules with positive and negative charges,
and it shows unique characteristics. The IL, for instance, is a non-volatile liquid at room
temperature and pressure due to the large molecular weights of the cations and anions which hinder
the crystallization of the IL. The IL forms quite a thin layer on the electrode, upon application of
voltage, which exhibits an extremely large electrical capacitance of several uF/cm?. The IL shows
high ionic conductivity as well, and these values remain high even when the IL is suspended in an
ionic gel (IG) that uses polymer networks including poly(vinyl alcohol) (PVA)*?7, poly(ethylene

oxide) (PEO)*%, and poly(ethylene glycol) (PEG)*. As temperature increases, the viscosity of the



ionic liquid reduces®'-*, which increases ionic conductivity by increasing ion mobility. The
dissociation of the ions is activated in high temperature; the ionic conductivity and the capacitance
of the IL are enhanced with temperature due to the increase of the charge carrier’**. Certain ILs
possess biodegradability and non-toxicity, which enables us to develop IL-based eco-friendly
devices for disposable use.

In this paper, we report on a biodegradable temperature sensor to monitor the temperature in the
range between 30°C and 80°C by using IL, tris(2-hydroxy-ethyl) methylammonium ethylsulfate

(IMTEOA]*[MeOSO3] ), and PVA. The IL and PVA materials exhibit biodegradability and

environmentally safety?¢3°, and so does the proposed IG.

The conductivity and capacitance of the IG increased by 12 and 4.8 times, respectively, with the
temperature increase from 30°C to 80°C. We confirmed the optical transparency of the IG in the
visible wavelength range; these properties are promising for the integration with light emitting
devices. The developed IG shows a Young's modulus of 96 kPa, which is as compliant as human
body including blood vessel, skin, and muscle*** for biomechanical compatibility when used as
an implanted device. The temperature sensor was found to disappear 16 hours after soaking into

deionized water (DIW) due to the water-dissolvable nature of PVA.

2. Results and Discussion

2.1 Device fabrication.

Figure 1a illustrates a schematic design of the arrays of the temperature sensors which consist of
the metal-IG-metal configuration as shown in Figure 1b. The temperature sensor was developed
by using a shadow mask and transfer printing as shown in Figure 1c. A PVA film was formed on

a glass substrate (Matsunami, S9213) by using a bar coater. The thickness of the PVA film was of



60 pum as described in Supporting Information (see Figure S1). The electrodes of the cupper foil
were patterned by using a laser processing machine (LPKF Laser & Electronics KK, ProtoLaser
U3), and transferred on to the PVA sheet as lower electrodes. The IG precursor was casted into a
polyimide shadow mask for patterning, and dried to form the gel. The transfer of the upper
electrodes on the IG yielded temperature sensor arrays. The device was annealed at 100 °C for 1
hour in the glovebox filled with nitrogen to remove the residual moisture in the device. Figure 1d
shows photograph of the temperature sensor arrays. The magnified view of the unit cell shown in
Figure 1le indicates that the upper and the lower electrodes were aligned well. The mechanical
flexibility of the materials exhibited an ability to bend in a small radius of curvature as shown in

Figure 1f.
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Figure 1. Schematic illustrations and photographs of the temperature sensor. (a) Illustration of an
array of the temperature sensor which is composed of a PVA and an ionic gel. The sensor dissolves
by a contact with water. (b) Design of the temperature sensor using copper foil. (c) Schematic
illustration for the fabrication process of the sensor. The ionic gel precursor was coated on the
electrode using the stencil mask followed by the transfer of the lower electrodes on the PVA sheet.
The transfer of the upper electrodes forms the metal-ionic gel-metal configuration. (d) Photograph
of the 3 x 3 sensor array and (e) magnified view of the unit cell (scale bar, 10 mm). (f) The sensor

exhibits flexibility (scale bar, 10 mm).



2.2 Mechanical and optical characteristics.

The compatibility to the human skin is required for the wearable devices to monitor the vital signs
without discomfort. The IG exhibited flexibility as shown in Figures 2a and b. To investigate the
mechanical property, we carried out a tensile stress test of the IG and PVA. Figure 2¢ shows the
photograph of the experimental bed with a tensile tester (ZwickRoell, Z0.5). The layout for the
samples is described in Supporting Information (see Figure S2). The PV A shows the tensile curves
of polymeric substances as shown in Figure 2d; the stress increased linearly in the elastic region,
followed by the nonlinear region after the strain exceeded the elastic limit. The IG exhibited lower
stress than that of the PVA in the same strain range. The IG fracture strain was of 169%, which
value was larger than that of the PVA with the fracture strain of 140%. The Young’s moduli of the
PVA and IG obtained by the least square method in the linear region of the stress-strain curves
were of 1.4 MPa and 97 kPa, respectively. The IG becomes softer than the PVA because it was
composed of the liquid of more than 50% weight, thereby allowing the liquid to move through the
polymer matrix to deform as the stress is provided. Those Young’s moduli are equivalent to those
of human body, for example, skin (420 kPa ~ 850 kPa)*, the a blood vessel (430 kPa ~ 870 kPa)**,
and muscle (medial gastrocnemius muscle:15 kPa ~ 30 kPa, lateral gastrocnemius muscle:15
kPa~30 kPa , Achilles tendon: 250 kPa ~ 500 kPa)* . Previous works using metal or inorganic
semiconductor achieved flexible electronic devices by reducing the thickness to as small as a few

tens of nm!10:46:47

. Such devices need vacuum processes and photolithography steps, which fail to
achieve large-scale and low-cost fabrication. On the other hand, gels are intrinsically soft, and

hence they do not have to be in a thin thickness for mechanical flexibility; this feature allows large-

scale and low-cost fabrication of flexible devices, e.g. screen printing.



The transparent materials are intriguing to develop a flexible application which requires
visibility of the supporting substrate such as a touch panel on a display?’, optogenetics*®, and
actuator*’. One of the applications of the actuator is a haptic device combined with a display to
provide an image with texture. The haptic device emulates the texture by the vibration, and should
be transparent to be installed on the surface of the display to transmit it without loss. The PVA can
be employed as a light polarizer®®. The polarizer is composed of the PVA film and an iodide
compound. The transparency of the PVA is essential for the transmission of the light without
optical attenuation. Furthermore, extensibility of PVA is also essential because the optical
polarization behavior is developed by mechanically stretching the polymer and iodide compound
coating. The high transparency of the PVA to visible and IR light enables us to develop transparent
soft electronics using the transparent ionic liquid. The developed IG exhibited the transparency
such that the red, green, and blue pixels were clearly visible through the IG sheet as shown in
Figure 2(e). To quantitatively investigate the transparency, Figure 2(f) shows the optical
transmittance of the IG using a UV/Vis spectrophotometer (JASCO Germany, V-630) in the range
of wavelength from IR to UV. The transmittance of the 100 pm thick IG and PVA films remained
as high as 90% in the broad spectrum from IR to visible light. The IG transparency is comparable
with that of a I-mm thick glass plate as depicted with black dash line in Figure 2(f), which enables

us to integrated the ionic devices of the IGs with the display or LED devices.
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Figure 2. Mechanical and optical characteristics of the ionic gel. (a) Schematic image and
(b)photographs of the ionic gel (scale bar, 10 mm). (c¢) Experimental bed for the tensile stress test
(scale bar, 10 mm). (d) Tensile curves of the PVA and ionic gel. (e) lonic gel is transparent to red,

blue, and green colors. (f) Transmittance of the ionic gel in the various wavelength of the light.

2.3 Temperature sensor characteristics.

The temperature sensor was developed based on the electrical characteristics of the ionic liquid
due to the temperature-dependent dissociation of the ions***! as schematically shown in Figure
3a. The electrical characteristics were investigated by measuring the impedance Z, phase angle 6,
and capacitance C of the IG in the temperature range between 30°C and 80°C with the experimental
bed as shown in Figure 3b. Figure 3¢ shows the change of absolute values of the impedance |Z]
and phase angle. The |Z] reduced as temperature increased due to the dissociation of the ions. The
increase of the charge carrier resulted in the enhancement of the ionic conductivity and decrease

of the |Z] over one order of magnitude at the frequency of 100 kHz. Figure 3d shows the change



of the C at various temperatures. The increase of C at 1 Hz is explained by the decoupled charges
at the interface between the IG and electrode as well. The coupled ions hinder the accumulation of
the ions at the interface to decrease the charges associated with electrical double layer capacitance.
At an elevated temperature, the decoupled ions accumulated at the interface to form the electrical
double layer, and thereby increasing capacitance of the IG. These electrical shifts are obvious in
the phase shift as shown in Figure 3c. In the low frequency regime, the IG shows a reduction in
phase by several tens of degrees, being associated with enhancement of the electrical double layer
capacitance. The increase of the ionic conductivity allows for the capacitive response against the

electrical signals of the high frequency, which results in the drop of the phase in the high frequency

range.
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Figure 3. Fundamental temperature response of the sensor. (a) Mechanism of the temperature
sensing with ionic liquid. (b) Experimental setup for the measurement with a sensor unit cell. (c)
Bode diagram and (d) the capacitance of the sensor with the temperatures between 30°C and 80°C.

Changes of (e) conductivities and (f) capacitance with increasing and desecreasing temperature.
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Figures 3e and 3f respectively show the ionic conductivity and capacitance response to the
temperature change from 30°C to 80°C. Those of responsivities are defined by (6 — 60)/60= Aa/60
and (C — Co)/Co = AC/Co, where 60 and Cp are the conductivity and capacitance at the frequency
of 100 kHz and 1 Hz, measured at 30°C, respectively. The ratios Aa/6o and AC/Co were found to
increase by 12 and 4.8 times as the temperature elevated from 30°C to 80°C, respectively. The
previous studies reported that those values increased linearly with temperature®*. On the other hand,
the change of the capacitance increased nonlinearly in this work. In an ionic liquid, coulomb forces,
hydrogen bonds and van der Waals forces are present™?>4. While the ionic liquid in the previous
study?* is relatively hydrophobic due to the hydrophilic-hydrophobic properties of ions>>, the

hydrogen bonds in [MTEOA]*[MeOSO3] may enhance the activation energy to dissociate those

bondings by temperature increase, and have resulted in the nonlinear electrical performance.

2.4 Measurement of noise level.

Low noise level of the sensor over time is essential for precise temperature monitoring. For testing,
the developed sensor was held on the hotplate at a constant temperature of 30°C to monitor the
noises of ¢ and C. Figures 4a and 4b display the impedance and capacitance noise for 300 seconds,
defined as (6 — Gave)/Gave (%) and (C — Caye)/Cayve (%), Where Gave and Cayve are respectively the
averages of the conductivity at 100 kHz and capacitance at 1 Hz. The noise of ¢ and C were up to

1.4% and 0.5%, respectively, which are sufficiently small for the measurement of the temperature.

2.5 Response time to temperature change.

We then characterized the response time of the temperature sensor. The conductivity and

the capacitance of the temperature sensor were monitored by placing a glass plate of 60°C on the
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sensor. Figures 4d and 4e show the change of the conductivity and capacitance of the temperature
sensor, respectively. The sensor remained at 25°C before the glass plate transfer; the values of
Aa/eo and AC/Cyp were both negative. When the glass plate was transferred on the sensor, the Aa/a0
and capacitance AC/Cp increased to 0.3 and 0.23 in 1.4 s and 4 s, respectively. Note that the interval
time for the measurement of the ¢ was of 0.05 s with the input signal frequency of 100 kHz. On
the other hand, the capacitance was measured every 2 s, as the frequency used for the capacitance

measurement was as low as 1 Hz; the response time of such measurement is 4 s.
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Figure 4. Ionic gel performance of electrical characteristics over time. Noise level of the (a) ionic
conductivity and (b) capacitance at 100 kHz and 1 Hz, respectively. Upon transfer of the hot glass

plate, the (c) ionic conductivity and (d) capacitance vary within 1.4 s and 4 s, respectively.

2.6 Multipoint temperature sensing.
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The i-skin has benefits to measure vital signs of humans in the large area at a high resolution.
Forming arrays to monitor distribution of the temperature is advantageous for the applications of
the healthcare. The proof-of-concept matrix-type temperature sensor was developed with nine
temperature sensors arranged in a 3 x 3 format with the size of 5 cm x 5 cm as shown in Figure
Sa, where a conductive tape was used to ensure electrical contacts. Although the IG is optical
transparent as shown in Figure 2e and 2f, considerable part of the device is opaque owing to the
metallic copper electrodes. According to the previous research on transparent electrodes, a fully
transparent temperature sensor is possible by using a transparent conductive polymer®’, an
extremely thin metal electrode’®, or a metal electrode with grid structures*. Figure Sb shows the
photograph of the experiment to investigate the sensor response to the placement of an electronic
hand warmer with the temperature of 55°C, where the 6 was monitored. Figures 5c and 5d show
the Aa/oo of the temperature sensor with and without the electronic hand warmer at the temperature
of 30°C, respectively, where the bars represent the As/oo at each pixel. The points with high
conductivity (or high temperature) corresponded well with the position of the electronic hand
warmer. For now, the size of the sensing area was as large as 1 mm?, which could be made smaller

by using the microelectromechanical system (MEMS) technology.

13



Ao/ g,

4

3 -

2 -

T4
1 r 2 ‘\.\'\0{\
3 QO“O
0 1 2 3
Position X Position X

Figure 5. Array of temperature sensor for multipoint sensing. Photographs of sensor matrix (a)
without (scale bar, 20 mm) and (b) with a hand warmer (scale bar, 30 mm). The response of the

Ao/o, (c) before and (d) after the placement of the hand warmer.

2.7 Device dissolution into water.

The change of the electrical behavior was monitored while soaking the sensor into the DIW, which
was warmed to 60°C to accelerate the dissolution. Figures 6a and 6b show the photograph of the
sensor on the glass substrate before and 40 minutes after dipping in DIW. The electrodes peeled
off from the PVA film and IG due to the dissolution of the substrate. The ionic gel and PVA film
were fully dissolved in 16 hours. Note that the copper did not dissolve into DIW because it was as

thick as 10 ym. The previous research reports that thin films of molybdenum (300 nm) dissolves
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into the DIW in 9 days*. We will substitute the electrode with water-soluble metal such as
molybdenum to develop completely water-soluble temperature sensor.

Figure 6¢ shows the change of the impedance and phase angle. The dissolution of the IG resulted
in the loss of ions, and reduction of the ionic conductivity at high frequency of 100 kHz. The
change of the ionic conductivity was also verified by the shift of phase from —11° to —76° at 100
kHz; the electrical performance of the metal-IG-metal configuration changed from conductive
nature to capacitive. The dissolution of the IG also had the influence on capacitance of the IG. The
reduction of the capacitance in the high frequency regime was verified as large as one order of

magnitude due to the loss of the IL.
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Figure 6. Dissolution into deionized water. The photograph of the sensor (a) before and (b) after
dissolution. The electrical characteristics of: (c¢) impedance and phase angle, and (d) capacitance

before and 40 minutes after dissolution of the sensor.
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3. Conclusion

A water dissolvable temperature sensor has been developed by using ionic gel and PVA. A study
on the electrical characteristics in regards to the temperature reveals that temperature shift from
30°C to 80°C has an effect to increase the ionic conductance and capacitance change by 12 and
4.8, respectively. The short response time of 1.4 s enables to monitor the real-time change of
temperature. Moreover, the array of the temperature sensor with the 3 x 3 configuration allows to
monitor the spatial distribution of temperature. The sensor was found to fully dissolve into DIW
in 16 hours. This work shows a disposable sensor based on the ionic liquid of biodegradability and
water-dissolvability, which could be deployed in practical applications including healthcare, and

environmental sensing.

4. Experimental Section

Preparation of ionic gel precursor: We used commercially available ionic liquid (IL),
[MTEOA]" [MeOSOs]™ (Sigma-Aldrich, catalog ID: 91198) and PVA powder (Sigma-Aldrich,
molecular weight 89,000-98,000, 99+% hydrolyzed, catalog 1D:341584) without further
purification. We dissolved the PVA into DIW at 90 °C to liquefy, where weight ratio of the PVA
and DIW is 1:8. The solvent was thoroughly stirred at the 900 rpm for 30 minutes, and IL was
added and homogenized to make the ionic gel precursors at the IL weight ratio of 60 wt% with

respect to the PVA. The solvent contained the PVA, DIW, and IL with the weight ratio of 2:16:3.

Device fabrication: As of temperature sensor, the PVA solvent was casted on a glass substrate,

and coated by using a bar coater to obtain a uniform PVA sheet. The glass was kept in the ambient
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air for 1 day to evaporate the DIW. The 4 um thick copper foil was patterned by using a laser
processing machine (LPKF Laser & Electronics KK, ProtoLaser U3), and transferred on the PVA
sheet as a lower electrode. To pattern the IG, the polyimide sheet cut by a laser processing machine
was used as a shadow mask, followed by spin coating of the polydimethylsiloxane (PDMS) with
the thickness of 5 um as an adhesive layer to the PVA sheet. The IG precursor was poured into the
hole of the polyimide shadow mask. The doctor-blade coating was used to remove the excess
amount of precursor from the holes. After solidification of the precursor, the shadow mask was

removed. The upper electrode was transferred to form the metal-IG-metal configuration.

Device characterization: The electrical measurement was carried out with the electrochemical
impedance analyzer (HIOKI, IM3590) in a glovebox filled with 1-atm nitrogen. The temperature
sensor was placed on the heater to investigate the change of the capacitance and the ionic
conductance at various temperatures from 30°C to 80°C, where temperature was calibrated with a
temperature sensor (SATOTECH, CENTER376). The response time measurements were
conducted by placing a glass plate warmed to 40°C on the temperature sensor. Signals for

multipoint sensing was retrieved by homemade electrical switching system.
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