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Abstract: It is expected that the physical paradigm of solar cells will be possible to 

fabricate optical biosensors that mimic the human eye, including flexibility and 

stretchability. The purpose of this article is to demonstrate the morphological fabrication 

of an optical biosensor made of rubber by utilizing the physical paradigm of solar cells 

involving electric and chemical processes. However, a critical problem of current solar 

cells is their use of pieces of solid transparent conductive glass as electrodes, as especially 

shown in organic thin-film type solar cells involving dye-synthesized and perovskite-type 

solar cells. Therefore, we must solve this problem in order to be able to develop flexible 

and stretchable solar cells for optical biosensors. The key point of the solution is to avoid 

using rigid conductive glass and to coat a flexible and stretchable material such as rubber 

with TiO2. In the present study, we proposed a novel fabrication technique for a flexible 

and stretchable rubber coated with TiO2 by electrolytic polymerization utilizing our 

developed magnetic responsive intelligent fluid, hybrid fluid (HF), in order to produce the 

optical biosensor. The photovoltaic results experimentally demonstrated the photovoltage 

response to illumination with around 3–60 mV enhancement. In addition, we elucidated 

the photovoltaic mechanism by using electrochemical measurement involving the cyclic 

voltammetry (CV) profile and electrochemical impedance spectroscopy (EIS), introducing 

the equivalent electric circuit's intrinsic structure. The results demonstrated that the rubber 

type behaves dominantly in the area outside the electrical double layer (EDL) under 

illumination, and then the response time of photovoltage to illumination is slow with non-

linear CV profiles. On the other hand, the optical biosensor type behaves dominantly in 

the EDL under illumination, and then the response time is fast with linear CV profiles, 

which denotes that the optical biosensor type is optimal for photodiodes. Furthermore, 

these results can demonstrate the chemical-photovoltaic reaction of the HF rubber 

involving TiO2. The investigation might present the viability of the fabrication of 

ophthalmological systems that mimic the human eye. 

Keywords: optical biosensor; rubber; stretchability; TiO2; electrolytic polymerization; hybrid 
fluid (HF); electrochemical impedance spectroscopy; cyclic voltammetry; chemical-
photovoltaic reaction 

1. Introduction 

It is important to expand the investigation into bioinspired robotics, whose 
purpose is to function in the same way as certain human biological features [1]. Such 
robotics must have multifunctional, autonomous, and power-efficient principles to 
allow them to perform as if they were natural living systems. Outcomes can be 
demonstrated by biological materials designed to function in the way that the five 
senses and nerves do in humans [2]. For example, cybernetic prosthetics, in which 
flexible organic sensory micro mechanisms mimic the auditory, optical, and nerve 
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responses of human organs, are expected to be highly efficient and to have widespread 
applications in rehabilitation [3]. They can also assist the able-bodied and improve 
healthcare through medical robotics. Bioinspired materials and electronics must be as 
soft and flexible as human tissue in order to be biocompatible in vivo [4]. Mechanical 
biocompatibility is achieved by using a structured artifact that morphologically 
mimics the motion and displacement of the human organs and tissues, while chemical 
biocompatibility is achieved by utilizing soft materials such as hydrogels, conductive 
materials such as carbon nanotubes (CNTs), and polymers such as polyimide (PI) or 
polydimethylsiloxane (PDMS). The flexibility and stretchability of these materials are 
significant in fabricating biocompatible systems because they provide haptic feedback 
in response to stimulation, and their reactions provide pertinent information in 
response to varied changes in the ambience [5]. Sensors react to their surroundings 
and are categorized according to whether they respond mechanically, electrically, 
optically, or chemically [6]. Sensors that meet the prerequisites of flexibility and 
stretchability to simulate tactile, gustatory, olfactory, auditory, and optical sensations 
are morphologically fabricated as artificial devices and systems: tactile sensation has 
been achieved with electronic skin (e-skin) [7,8]; gustatory and olfactory systems have 
been developed to respond to the taste [9] and aromas of various beverages and foods 
[10]; auditory sensations [11] and sensations related to equilibrium, especially 
inclination [12], have been incorporated into artificial biosensors for prosthetics, 
robotics, and other human aids. In addition, our innovative sequential studies on 
tactile, gustatory, olfactory, and auditory sensations confirm that artificial fabricates 
mimicking human sensory receptors are reactive to haptic, thermal, gustatory, 
olfactory, auditory, and inclination stimuli [13]. Flexibility and stretchability can be 
achieved by utilizing rubber in the artifacts, and conductivity and the solidification of 
artifacts such that stimuli are acquired as electric signals can be realized by our 
proposed cutting-edge technology of electrolytic polymerization. However, vision was 
not addressed by using the technique until recently. Therefore, in the present study, we 
examine artificial vision utilizing rubber and the developed electrolytic 
polymerization technology. 

The physical and chemical paradigms, such as material and morphological 
fabrication of solar cells, are effective in achieving optical sensing. And then, we focus 
here on the current investigations into the development of solar cells related to the 
ophthalmologic sensory systems. Many different materials for the development of 
ophthalmologic feasibility have been proposed, including two-dimensional 
optoelectronic materials with photodetector arrays that generate photocurrent [14–17], 
organic and inorganic hybrid materials with perovskite such as solar cells [18–20], 
materials with CNTs [21], and organic materials conjugated with donor-acceptor 
heterojunction [22,23]. Regarding morphological fabrication, the cardinal issue is how 
to transmit the electric current, that is, how to generate voltage in the materials. 
Therefore, it has also been proposed to synthesize photovoltaic materials including 
donor and acceptor for electrons [24], transparent indium tin oxide (ITO) glass [25], 
the agent of p-poly(3,4-ethylenedioxythiophene)-pol(styrene sulfonate) 
(PEDOT:PSS), zinc oxide (ZnO) [26] and titanium dioxide (TiO2) materials, etc., in 
the optical biosensor. These optical biosensors are semiconductors like photodetectors 
[27] with the result that the principles that apply to solar cells might be applicable. In 
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general, the predominantly used solar cells are silicon-type or compound-type, 
structured by a solid material. In contrast, organic solar cells, which are expected to 
increase efficiency, are categorized as dry- or wet-type: the former are perovskite solar 
cells (PSCs), as the ordinary performance characterizes the enhancing efficiency and 
the stability [28–30], and the latter are dye-synthesized solar cells (DSSCs), as the 
ordinary performance characterizes the tractability and the development [31–33]. 
However, the perovskite material in PSCs and the ITO transparent glass in DSSCs are 
solid, and these solar cells therefore do not meet the prerequisites of flexibility and 
stretchability for bioinspired sensors. And then, proposals have been made for flexible 
solar cells fabricated as thin film [34] or structured with a fiber configuration through 
which light can be transmitted [35,36]. Photonic materials involving elastomeric cores, 
dyes [37], or photonic crystals [38] have been utilized in fiber configurations. As in 
other cases whose fabrication is different from DSSC, the solar cell combined with 
semiconducting quantum dots made of ZnO has been proposed [39]. However, these 
materials yield solar cells that are flexible but not stretchable. In addition, in DSSCs, 
a photocatalyst is needed for the photovoltaic effect. This is achieved by coating the 
transparent ITO glass with a thin layer of TiO2 by deposition under heating conditions. 
The deposition technique is necessary because TiO2 particles are sintered to be 
conjugated by baking them on the glass so that photoexcitation occurs on the TiO2. In 
contrast, electrons are not emitted from TiO2 if the TiO2 particles are aligned or 
agglomerated without sintering. Therefore, a novel technique is required to create a 
sintered body of TiO2 on a flexible and stretchable surface such as rubber. 

Normal solar cells, such as organic thin-film type solar cells involving dye-
synthesized and perovskite-type solar cells, have a solid transparent glass coated with 
TiO2. In order to coat TiO2 on transparent glass or thin film, the powder of TiO2 must 
be melted by heating. In contrast, the rubber is optimal for producing the flexible and 
stretchable solar cell. However, the rubber is also melted or burned out by using the 
same technique of coating TiO2 on the rubber. Therefore, a novel technique is needed 
to be proposed. We proposed a different technique from the normal coating of TiO2 on 
the solid material by utilizing chemical reactions and electrolytic polymerization. 

In the present study, we utilized a rubber for the feasibility of the photovoltaically 
effective surface and proposed a novel technique that creates a sintered body of TiO2 
on the rubber without deposition or baking for the development of a flexible and 
stretchable optical biosensor that is applicable to organic ophthalmologic systems such 
as the retina of the human eye. For the reason that referring to the physical paradigm 
of solar cells involving electric and chemical processes can aid the novel technique, 
we elucidated the electric and chemical systems of our proposed optical biosensor. 

The novelty of the present study is that we propose a technique that is different 
from the normal coating of TiO2 on a solid material and that is applicable to coating 
TiO2 on rubber by utilizing chemical reactions and electrolytic polymerization. The 
current study's objectives and limitations are to establish a novel technique. Therefore, 
the critical findings of the present study are the feasibility of the production of flexible 
and stretchable material coated with TiO2 by utilizing rubber, which is substituted for 
a solid transparent glass. In addition, by using electrochemical measurements 
involving CV and EIS, we elucidated how the flexible and stretchable material 
produced with rubber instead of the solid material is characterized by illumination. 
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The production of solar cells made with flexible and stretchable material has crucial 
meaning for engineering development involving wearable solar cells, such as clothes, 
installing an isolated power unit by solar cells, etc. 

2. Optical biosensor 

2.1. Materials 

In order to produce an optical biosensor with flexibility and stretchability related 
to the state-of-the-art solar cell, we used our proposed cutting-edge magnetically 
responsive colloidal fluid, hybrid fluid (HF), which was developed from our proposed 
magnetic compound fluid (MCF) to be compounded in rubber to enhance conductive 
sensibility. MCF can be produced easily by compounding a magnetic fluid (MF). MF 
includes 10 nm magnetite particles (Fe3O4) coated by a surfactant of oleic acid and 1 
μm-order metal particles such as Ni or Fe. The developed HF consists of Fe3O4 
particles, surfactant (sodium hexadecyl sulfate aqueous solution (C16H33NaO4S) is 
commonly used instead of oleic acid), water, kerosene, silicone oil (Q), and polyvinyl 
alcohol (PVA). PVA induces emulsion polymerization among water, kerosene and Q. 
By compounding water, kerosene, Q and PVA, HF can easily be compounded with any 
fluid and any type of rubber, including diene and non-diene rubbers. Furthermore, HF 
rubber (which is a compound of HF and a rubber) makes it possible to create artificial 
bio-inspired sensors mimicking human sensory cutaneous receptors such as free nerve 
endings, Merkel’s disks, Krause end bulbs, Meissner corpuscles, Ruffini endings, and 
Pacinian corpuscles [40]. On the other hand, MCF rubber (which is a compound of 
MCF and a rubber) makes it possible to create solar cells such as DSSCs [41]. Thus, 
HF rubber has high potential in the production of optical biosensors.  

In order for TiO2 as a photocatalyst to be conjugated on the HF rubber, we apply 
electrolytic polymerization to electrolytes involving a metal complex with Ti as a 
hydrate [42]. Our previous studies have demonstrated that HF rubber can be 
vulcanized without sulfur by electrolytic polymerization [13,40]. HF rubber 
compounded with titanium potassium oxalate dihydrate (K2TiO(C2O4)2·2H2O) 
solution (which can be dissolved in hydroxylamine (NH2OH)) is electrolytically 
polymerized. By using electrolytically polymerized HF rubber involving a metal 
complex with sodium tungstate dihydrate (Na2WO4·2H2O) as a hydrate, we can not 
only make the rubber permeable and able to infiltrate liquids but also adhere a metal 
to the rubber, as demonstrated in our previous studies [13,40]; very thin electric wires 
can be adhered to the rubber to extract an electric signal from the rubber sensor.  

Following the HF rubber production procedure (Figure 1a) and using the 
ingredients shown in Table 1 with electrolytic polymerization of the HF rubber latex 
(Figure 2a), we obtained a solidified HF rubber coated by TiO2 (Figures 2b–2e). In 
the present study, we used chloroprene rubber (CR) to produce an optical biosensor. 
When we use natural rubber (NR), as in the case of MCF, the rubber mixed with 
K2TiO(C2O4)2·2H2O solution solidifies before electrolytic polymerization due to its 
chemical reaction. We applied an electric field with a constant 10 V and 2.7 A between 
stainless steel plates with a 1-mm gap for 5 min under the application of a constant 
188 mT magnetic field created by neodymium permanent magnets between the 
electrodes. The chemical process of the produced TiO2 is described below. As 
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demonstrated in the MCF rubber, because vulcanized rubber grows from the anode 
side, the surface of the HF rubber on the anode side is flat, while on the cathode side, 
it has a concave-convex surface that reflects the chip of the rod-like magnetic clusters 
structured by the Ni and Fe3O4 particles. These particles assemble magnetic clusters 
by applying a magnetic field to enhance the conductivity of HF rubber, whose behavior 
is the same as that of MCF rubber. Figure 3 shows scanning electron microscope 
(SEM) images of the produced HF rubber. The surfaces of both the anode and cathode 
sides were confirmed to have the expected configuration for Ni and Fe3O4 particles 
with TiO2, which appears as white dots in the figure. Furthermore, the configuration 
shows the high intensity of Ni and Fe and the low intensity of Ti, as measured by SEM 
elemental analysis. TiO2 particles seem to be produced by the K2TiO(C2O4)2·2H2O 
solution; their production can be confirmed by X-ray photoelectron spectroscopy 
(XPS) showing a-rays from aluminum, as shown in Figure 4. Here, the C1s core level 
value of 285 eV was used to calibrate the energy scale, and the Ti2p spectrum was 
normalized. The peak at 465 eV is attributed to the 2p1/2 orbital of Ti, and that at 459.3 
eV to the 2p3/2 orbital of Ti. XPS (Thermo Fisher Scientific K. K., Japan) has 50–400 
μm spot size by X-ray sources of Al K α-ray operated at maximum 72 W, the energy 
range of 200–4000 eV, and 60 mm × 60 mm size of the analyzed area. SEM involving 
EDX (Hitachi High-Tech AW Cryo Inc., Japan) has 30-Pa pressure maintained in the 
analyzing chamber, 203-mm maximum size of the analyzed area, and 15-kV 
application voltage. These peaks are more prominent in the case of the anode surface 
than in that of the cathode surface. The presence of TiO2 is confirmed on both surfaces. 
In general, TiO2 is created by electrolytic polymerization on the anode side, however, 
HF rubber involving Na2WO4·2H2O is highly porous, which allows TiO2 to be 
produced on the cathode side as well. Therefore, TiO2 can also be coated on the surface 
of the rubber at the cathode side so that the creation of TiO2 is occurred through the 
pores in the rubber. By analyzing the surfaces of the rubber at the anode and cathode 
sides with energy dispersive X-ray spectroscopy (EDX) as shown in Figure 5, W and 
K are produced on the surface of the rubber at the anode side more than on that at the 
cathode side. The results denote that K2TiO(C2O4)2·2H2O and Na2WO4·2H2O 
solutions are reacted predominantly on the surface of the rubber at the anode side more 
than on that at the cathode side. Here the EDX results were obtained in any areas as 
shown in Figure 3. Therefore, seen from the equations of the chemical-photovoltaic 
reactions as shown in the following section, at the anode side TiO2 is created through 
Ti(OH)2, that is created by OH– and TiO(C2O4)2− into which K2TiO(C2O4)2 is broken 
down. Consequently, the photovoltaic effect by TiO2 on the surface of the rubber at 
the anode side is more than that on the surface of the rubber at the cathode side. Here, 
the size of our obtained TiO2 by the present production technique is proved the level 
of several μm diameter by inducing with the SEM results. In case identifying 
accurately the distribution of the size of TiO2, we must use a particle size distribution 
analyzer. However, when we must rake the grains of TiO2 from the surface of the 
produced HF rubber, the original formation of the particles cannot be remained. 
Because at the time of raking the TiO2 particles they are broken. They are adhered 
mutually among them, and between the grains and the rubber by the present electric-
chemical reaction. In addition, because our objective of the present study is the 
feasibility of the production of TiO2 by the novel technique and the suitability for the 
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optical sensor, the distribution must be investigated with contriving without breaking 
the grains in another work. 

 
Figure 1. Procedure for the production of HF rubber and optical sensor (a) HF rubber; (b) optical biosensor. 

Table 1. Ingredients of HF rubber latex for optical biosensor. 

Constituent Weight [g] 

K2TiO(C2O4)2·2H2O solution 
(K2TiO(C2O4)2·2H2O (90 wt%, Fujifilm Wako Chemical Co., Ltd., Osaka, 
Japan): 1 g;  
NH2OH (50 wt%, Fujifilm Wako Chemical Co.): 10 g) 

0.5 

Na2WO4·2H2O solution  
(Na2WO4·2H2O (99.7 wt%, Fujifilm Wako Chemical Co.): 1 g; water: 10 g) 

0.5 

C16H33NaO4S solution 
(C16H33NaO4S (2.5 wt%, Fujifilm Wako Chemical Co.): 1 g; water: 10 g) 

0.5 

Ni 
(No. 123, Yamaishi Co., Ltd., Noda, Japan; 
µm-order and pimple-like shapes on the surface) 

3 

Fe3O4 

(Fujifilm Wako Chemical Co.) 
1 

Water 10 

Silicon oil 
(KF96 with 1-cSt viscosity, undiluted solution, which would solidify Q;  
Shin-Etsu Chemical Co., Ltd., Tokyo, Japan) 

1 

PVA (98 wt%) 1 

Kerosene (undiluted solution) 1 

CR latex  
(671A, undiluted solution; Showa Denko Co., Ltd., Tokyo, Japan) 

10 
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Figure 2. Images of HF rubber latex and electrolytically polymerized HF rubber: (a) HF rubber latex; (b)–(e) surfaces 
of the electrolytically polymerized HF rubber; (b) and (c) for anode side; (d) and (e) for cathode side. Images (c) and 
(e) show the surfaces of the HF rubber in (b) and (d), respectively, magnified by microscope.  

 
Figure 3. Scanning electron microscope (SEM) images of electrolytically polymerized HF rubber: (a) and (b) surfaces 
of the HF rubber (anode side); (c) and (d) surfaces of the HF rubber (cathode side); (b) and (d) magnified images of 
HF rubber surfaces shown in (a) and (c), respectively; (a) 500× magnification, (b) 4000×, (c) 50×, (d) 4000×. 
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Figure 4. Images of electrolytically polymerized HF rubber by XPS: (a) surface of the HF rubber (anode side); (b) 
surface of the HF rubber (cathode side); (c) surface of the optical biosensor. 

 
Figure 5. Energy dispersive X-ray spectroscopy (EDX) images of electrolytically polymerized HF rubber: (a) surface 
of the HF rubber (anode side); (b) surface of the HF rubber (cathode side). 
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2.2. Optical biosensor 

Our using electric wire (Figure 6a) is comprised of seven extremely thin silver-
gilt electric wires approximately 0.1 mm in diameter, and an outer plastic cover 
approximately 0.8 mm in diameter. To produce an optical biosensor as shown in 
Figure 1b, HF rubber with TiO2 is solidified by the electrolytic polymerization and 
adhered to thin electric wires (for an anode electrode), as shown in Figure 6b. The 
opposing electric wires (for a cathode electrode) are wound around the solidified HF 
rubber (Figure 6c). By eliminating light on the solidified HF rubber, the electrons 
generated from TiO2 flow between the anode and cathode electric wires. This is the 
consummated optical biosensor. Detailed SEM images of the surface of the HF rubber 
are shown in Figures 6f and 6g. The configuration of Ni and Fe3O4 particles involving 
TiO2 appears in white. XPS confirms that TiO2 has been produced from 
K2TiO(C2O4)2·2H2O solution (Figure 4c). It is interesting that the peaks at 465 eV by 
Ti2p1/2 and at 459.3 eV by Ti2p3/2 are clearer in case of the optical biosensor (Figure 
4c) than in the case of the HF rubber (Figures 4a and 4b). 

 
Figure 6. Images of HF rubber for optical biosensor: (a) electric wires before production; (b) electrolytically 
polymerized HF rubber adhered to thin electric wires; (c) electrolytically polymerized HF rubber wound around 
opposing electric wires; (d) detail of the chip of electrolytically polymerized HF rubber wound around the opposing 
electric wires; (e) completed optical biosensor; (f) surface of the electrolytically polymerized HF rubber of the optical 
biosensor; (g) magnified surface of the electrolytically polymerized HF rubber shown in (f); (f) 500× magnification, 
(g) 4000×. 

To make the optical biosensor durable for avoiding the aridity by air exposure, it 
must be retained wet by immersion in water, as shown in Figure 6e. The present state-
of-the-art optical biosensor corresponds to the optic systems of the human eye, with 
the fabricated optical biosensor (Figure 6c) corresponding to the retina and the water 
(Figure 6e) to the vitreous body. It is needed to pay attention that the performance of 
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the fabrication of the optical biosensor as shown in Figures 6c and 6e is the same as 
that of the ophthalmologic biosensor. 

2.3. Experimental procedure 

Ultimate goal of our study is to clarify the feasibility of the fabrication of the 
optical biosensor with utilizing the technical paradigm of our proposing production of 
state-of-the art solar cell. Therefore, in the present study, we primarily investigate the 
response of the optical biosensor to the illumination and the physical and chemical 
structure of the intrinsic configuration of the optical biosensor, except for the detail 
investigation of the ordinary photovoltaic property of solar cells such as voltage-
current relation, etc. 

In order to investigate the reaction of the electrolytically polymerized HF rubber 
and the optical biosensor to illumination, the experimental apparatus shown in Figure 
7a was used, with visible light (from 32700 lux to 44600 lux) or ultraviolet (UV) light 
(2400 lux, 375-nm peak wavelength). The voltage was measured by voltage meter 
(PC710; Sanwa Electric Instrument Co., Ltd., Tokyo, Japan). The optical biosensor 
consisted of the circuit shown schematically in Figure 7b. The electrons are created 
from TiO2 by illumination and transferred between the thin electric wires. The thin 
electric wires outside of the HF rubber correspond to the ordinary transparent 
conductive glass plate coated with TiO2 in DSSCs. The present optical biosensor is so 
efficient that the solid transparent conductive glass and TiO2 coating are not used. 

 
Figure 7. Schematic diagram of the present optical biosensor: (a) positioning of the optical biosensor in relation to 
illumination; (b) photovoltaic circuit of the optical biosensor. 

On the other hand, regarding the elucidation of the physical and chemical 
structure of the intrinsic configuration of the optical biosensor, to investigate the 
photo-chemical reactions of the electrolytically polymerized HF rubber and the optical 
biosensor, the intrinsic structure of the materials was analyzed by cyclic voltammetry 
(CV). We measured the relation between the electric current I and voltage V, using a 
potentiostat (HA-151B; Hokuto Denko Co., Ltd., Tokyo, Japan) at a 50-mHz scan rate 
in the potential domain of −0.5 to 0.5 V. In addition, an 
inductance/capacitance/resistance (LCR) meter (IM3536; Hioki Co., Ltd., Ueda, 
Japan) was used to measure the electric properties involving impedance, inductance, 
etc. Additional electric properties were measured by electrochemical impedance 
spectroscopy (EIS). 

The measurement apparatuses of voltage meter, potentiostat and EIS instrument 
have inner 0.1% accuracy. 
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3. Results and discussion 

3.1. Experimental photovoltaics 

Figure 8 shows the reaction of the photovoltage to illumination. Comparing 
Figures 8a and 8b, the voltage in the rubber-type sample shows a gentle smoothing in 
the degree of the rising and falling edges of the voltage curves. Here we have already 
confirmed that the results by the repetition a few times were the same as the ones of 
Figure 8. In contrast, the sensor-type sample shows sharp changes in the degree of the 
rising and falling edges of the current or voltage curves. These patterns are shown 
schematically in Figure A1 in Appendix. The degree of the rising and falling edges of 
the voltage curves denote the response time for irradiation. Namely, the response time 
in Figure 8 means the period from the time when the voltages of HF rubber and HF 
optical biosensor respond by the illumination to the time when they are saturated to 
constant, which are schematically featured in Figure A1. In general, in the case of 
wet-type solar cells such as DSSCs, the voltage curves show a delay to irradiation 
because of the oxidation-reduction reaction. Therefore, the voltage curve of the rubber 
type is similar to that of DSSCs, in that the oxidation-reduction reaction is large. On 
the other hand, the response time is minimal enough for sharp voltage curves to appear 
in the rising and falling edges. This phenomenon can be seen in photodiodes. 
Therefore, the sensor type has a large response to illumination and approximates the 
behavior of photodiodes. The ramifications of this are discussed below. 

 
Figure 8. Reaction of the photovoltage to illumination: (a) electrolytically polymerized HF rubber type: illuminated on 
the anode side, as shown in Figure 2b; illuminated on the cathode side, as shown in Figure 2d; (b) optical biosensor; 
(c) the effect of illumination velocity in the case of the optical biosensor under visible light. 
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As seen from Figure 8a, the photovoltaic response is more sensitive to UV light 
than to visible light. The cause is due to the peculiarity of TiO2 which is responsive to 
UV light, as being familiar in the field of solar cell. In addition, it is also conceivable 
that the double bond of the rubber such as CR and NR is responsive to UV light, as 
being also familiar in the field of rubber. 

The intrinsic microscopic structure of electrolytically polymerized HF rubber, in 
which ionic polarization is dominant, is shown in Panels Ⅲ–Ⅵ in Figure 9. The 
predominant molecules of rubber, water, particles of Fe3O4, etc. are dopant D and acceptor 
A (Figure 9, Panel Ⅲ), and are ionized respectively as D+ and A− (Figure 9, Panel Ⅳ). A− 
is desorbed by holes (red dots in Figure 9). A− and D+ are static, and therefore create built-
in voltage (Figure 9, Panel Ⅴ). On the other hand, holes, electrons, and A− to be absorbed 
with the electrons (yellow dots in Figure 9) are mobile, so they create built-in current 
(Figure 9, Panel Ⅴ). Holes approach the negative area aggregated by A− (to be desorbed 
by the hole), or A− (to be absorbed by the electron) approaches the positive aggregated 
area of D+, and then the electrical double layer (EDL) is created (Figure 9, Panel Ⅵ). The 
chemical relation of D and A with S (which are molecules and particles contributing 
to the transfer of electric charge) brought about by illumination is shown in Equations 
(1) and (2) for the anode and cathode, respectively, which are the same as that in the 
case of DSSCs with MCF rubber [41].  

ൣ𝑆௬ା𝐴௬
ି൧

௫
   →    𝑆௫＋𝑥𝑦𝐴 . (1) 

[𝐷ା𝑆௬ି]௫     →    𝑆௫＋𝑥𝑦𝐷 . (2) 

 
Figure 9. Physical model of the intrinsic structure and equivalent electric circuit of electrolytically polymerized HF 
rubber. 
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This reaction can occur under the outer-sphere electron transfer reaction (OSETR) 
according to the electron transfer theory of inorganic metal complexes, which states 
that the structural configuration of HF rubber does not allow deformation and only 
electrons are transferred [41]. This transfer occurs in two cases: one in which electrons 
transfer among molecules and particles where there is a small gap between them; and 
another in which electrons’ jump is generated by the tunneling effect where there is a 
large gap between them. 

The intrinsic structures with chemical reactions can be compared to the 
equivalent electric circuits of HF rubber (Figure 9, Panel Ⅰ). Resistance R1 and 
capacitance C1 are very small between the electrode and the HF rubber, so the 
equivalent electric circuit of the HF rubber can be summarized as shown in Panel Ⅱ of 
Figure 9. The integrated impedance of R2, L2, and C2,1 is related to the built-in current 
corresponding to the bulk resistance (or charge transfer resistance) induced by ionic 
and electronic migration, which appear as ionic and electronic conductivity in the field 
of solid electrolytes. The C2,2 capacitor is related to the built-in voltage inducing EDL 
capacitance, which is similar in appearance to solid electrolytes.  

The response time t can be evaluated by the behavior of the electrons and ions 
(together known as the “carrier”) induced from C2,1, R2, L2, and C2,2. In general, t is 
divided into three types, as shown in Equation (3): t1 based on capacitance and 
resistance; t2 based on the speed of carrier diffusion at deeper regions than the 
depletion layer; and t3 based on the speed of carriers in the inner depletion layer.  

2 2 2

1 2 3
t t t t    (3) 

In the case of dominant behavior of the EDL (i.e., C2,2), corresponding to the 
dominance of t1 and t3 (the velocity of carriers is large in the EDL), the response time 
is fast and the voltage under illumination can be represented as Ⅰ in Figure 9. Therefore, 
the sensor type behaves as a dominant EDL under illumination. On the other hand, in 
the case of dominant behavior in an area outside the EDL (i.e., R2, L2, C2,2), 
corresponding to the dominance of t2 (the velocity of carriers is large in the region 
outside the EDL), the response time is slow and the voltage under illumination can be 
represented as Ⅱ in Figure 9. Therefore, the rubber type behaves dominantly in the 
area outside the EDL under illumination. 

Figure 8c shows the effect of the illumination velocity on photovoltage. As the 
illumination velocity increases, the gradient of change of the voltage slows. It means 
that the optical biosensor works faster according to the slow change of the illumination, 
which is typical results for the present optical biosensor. 

3.2. CV profiles 

In the case of the rubber type, as shown in Figure 10a, the CV profiles show a 
non-linear area between voltage V and electric current I, indicating that the oxidation-
reduction reaction is large. The CV profiles correspond to the electrochemical 
behaviors of a pseudo-capacitor (PC). Profiles showing increasing voltage at plus 
current (A in Figure A2 in Appendix) and decreasing voltage at minus current (D in 
Figure A2) indicate oxidation; on the other hand, those showing decreasing voltage at 
plus current (B in Figure A2) and increasing voltage at minus current (C in Figure 
A2) indicate reduction. In the case of the sensor type, the CV profiles are highly similar 
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to that of the EDL-capacitor (EDLC), whose PC profiles are linear between voltage 
and current (Figure A2). It is well known that the CV profile of an EDLC can be 
represented by a Butler-Volmer equation demonstrating the transfer of carriers under 
the assumption of both reactions at the anode and cathode, which create linear CV 
profiles. This is similar to the behavior of photodiodes.  

 
Figure 10. CV profiles: (a) electrolytically polymerized HF rubber type; (b) optical biosensor: no illumination (no 
light); illumination on the anode side of the HF rubber, as shown in Figure 2b (illuminated anode); illumination on the 
cathode side of the HF rubber, as shown in Figure 2d (illuminated cathode).  

Note that the reaction of current to the voltage in the case of the rubber type is 
smaller than that with the sensor type. Therefore, the photovoltaic effect of the sensor 
type is larger than that of the rubber type. 

Taken together with the above results, as shown in Figure 11, the relations among 
the photovoltaics and the CV profiles related to the equivalent electric circuit (depicted 
as Ⅱ corresponding to Panel Ⅱ in Figure 9) and the microscopic intrinsic structure 
(depicted as Ⅴ corresponding to Panel Ⅴ in Figure 9) can be demonstrated. 
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Figure 11. Relations among the photovoltaics, the CV profiles, the equivalent electric circuits, and the intrinsic 
microscopic structures. 

In short, the HF optical biosensor has the electric circuit having dominant C2,2 as 
shown by the Panel Ⅱ in Figure 9 and the dominant role of EDL in the HF material as 
shown by the Panel Ⅴ in Figure 11. And then, the response time to the illumination 
becomes fast. These configurations of the electric circuit and the HF material are 
different from the ones in the rubber type as shown in Figure 11. The fast response is 
significant in the bio-mechanical applications such as artificial optical sensor like a 
retina in human eye ball. Therefore, the present HF optical biosensor is suitable for 
the bio-mechanical applications. 

3.3. Electric properties 

Next, we further investigate the relation between the intrinsic microscopic 
structure and the equivalent electric circuit, as shown in Figures 9 and 11 in detail 
using EIS.  

In the case of electrolytically polymerized HF rubber, as shown in Figure 12, the 
change in electric properties is divided into the A and B areas around the border of 104 
frequency. At low frequencies, the current flows through C2,1, R2, and L2 more than 
through C2,2, while at high frequencies, the current flows through C2,2 more than 
through C2,1, R2, or L2. Because absolute reactance X in area A (the low frequency 
region) is larger than that in area B (the high frequency region), as shown in Figure 
13b, the current flows through C2,1, R2, and L2 more than through C2,2. Therefore, the 
circuit part of C2,1, R2, and L2 is more dominant than that of C2,2. Then, as shown in 
Figure 11, this situation corresponds to a dominant t2, a slow response of photovoltage 
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to illumination, and PC-CV profiles. This tendency does not change significantly with 
or without illumination. 

 
Figure 12. EIS results of electrolytically polymerized HF rubber: (a) impedance; (b) absolute value of reactance; (c) 
absolute value of capacitance; (d) absolute value of inductance; (e) resistance; (f) phase difference between voltage 
and electric current. 
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Figure 13. EIS results of the optical biosensor type: (a) impedance; (b) absolute value of reactance; (c) absolute value 
of capacitance; (d) absolute value of inductance; (e) resistance; (f) phase difference between voltage and electric 
current. 
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On the other hand, in the case of the optical biosensor type, as shown in Figure 
13, the electric properties change with illumination. As shown in Figures 13c–13e, the 
effects of capacitance Cp and inductance Lp are larger than the effect of resistance Rp, 
whether by illumination or not. It is peculiar that phase q under illumination does not 
change by frequency (Figure 13f). This indicates that the equivalent circuit must be 
parallel. Absolute reactance X (Figure 13b) is shown in Table 2. The results show that, 
without illumination, the circuit part of C2,1, R2, and L2 is more dominant than that of 
C2,2 because the absolute reactance X in the low-frequency region is larger than that in 
the high-frequency region. This tendency is the same as that in the case of the HF 
rubber type: t2 is dominant (Figure 11). However, under illumination, the circuit part 
of C2,2 is more dominant than that of C2,1, R2, or L2 because the absolute reactance X 
in the high-frequency region is larger than that in the low-frequency region. Therefore, 
it can be deduced that the photovoltaic effect is created by illumination dominantly at 
the inner EDL: t1 and t3 are dominant (Figure 11). 

Table 2. Absolute value of reactance at low and high frequencies. 

Illumination Low frequency range [W] (at 4 Hz) High frequency range [W] (at 8 GHz) 

No light 2720 89.4 

Visible light 31.2 84.2 

UV light 0.107 83.3 

3.4. Chemical-photovoltaic mechanism 

From a different perspective, the above relation between the intrinsic microscopic 
structure and the equivalent electric circuit can be verified by chemical reaction. 

We can apply the chemical-photovoltaic reaction of DSSCs made with MCF 
rubber [41] to that of the present state-of-the-art optical biosensor. Here, for ease of 
understanding, we deal with the rubber molecules as polymers in order to focus on the 
monomer. 

First, let us consider the isoprene molecule of the NR of MCF rubber. We define 
one unit of the isoprene molecule as RH presented as R, as shown in Equation (4). 

 
(4) 

Before we supply the electrolytic polymerization, RH is anionized to R–, as shown 
in Equation (5), and the water molecules are ionized as shown in Equation (6). Then 
the generated radical OH− becomes a hydroxyl radical OH●, as shown in Equation (7), 
due to certain influences such as unexpected experimental conditions.  

𝑅𝐻 ↔ (𝑅𝐻)∗ ↔ (𝑅ି𝐻ା)∗ ↔ (𝑅ି𝐻ା) ↔ 𝑅ି + 𝐻ା  . (5) 

𝐻ଶ𝑂 → 𝐻ା + 𝑂𝐻ି  . (6) 

𝑂𝐻ି → 𝑂𝐻・ + 𝑒ି (7) 

where electrolytic polymerization is applied, RR and RPoH denote cross-linking 
created as shown in Equations (8) and (9), where Po is the oleic acid coating around 
the Fe3O4 involved in MCF (Equation (10)) [41]. 

𝑅𝐻 + 𝑅ି → 𝑅𝑅 + 𝐻・ + 𝑒ି. (8)

𝑃ை + 𝐻ା + 𝑅ି + 𝑒ି → 𝑅𝑃ை𝐻 + 𝑒ି. (9)



Optoelectronics Reports 2024, 1(1), 354.  

19 

 (10)

Next, regarding HF using NR, Equations (8) and (9) are also generated, replacing 
Po with P as C16H33NaO4S molecule, as shown in Equation (11). Sequentially, under 
illumination, the reactions are reversely generated as shown in Equations (12) and (13). 
This reaction can occur under OSETR. H+ creates the radical hydrogen H●, as shown 
in Equation (14), H● generates the reaction as Equation (12), and the electron on the 
left side in Equation (14) transfers from the anode, as does that on the left side of 
Equation (12). The electron on the left side of Equation (13) transfers from the anode 
and that on the right transfers into the cathode. R− on the right side of Equations (12) 
and (13) generates the reaction shown in Equation (15), and then the electron on the 
right side of Equation (15) transfers into the cathode.  

 
(11)

𝑅𝑅 + 𝐻
・

+ 𝑒ି → 𝑅𝐻 + 𝑅ି. (12)

𝑅𝑃𝐻 + 𝑒ି → 𝑃 + 𝐻ା + 𝑅ି + 𝑒ି. (13)

𝐻ା + 𝑒ି → 𝐻
・

. (14)

𝑅ି → 𝑅・ + 𝑒ି. (15)

The important key point of the cross-linking of NR is anionic isoprene molecule 
appearing as R–. In the case of HF using CR, we see the same cross-linkings generated 
by electrolytic polymerization showing RcRc and RcPH as those of RR and RPH, 
because of anionization on the unit of the chloroprene molecule as Rc in Equation (16): 
the electron in the Rc is biased owing to the chlorine of Rc so that Rc becomes Rc

–. 
Therefore, the cross-linking of CR is created by electrolytic polymerization. Under 
illumination, the reactions are generated sequentially as shown in Equations (14) and 
(17)–(19). 

 
(16)

𝑅஼𝑅஼ + 𝐻
・

+ 𝑒ି → 𝑅஼𝐻 + 𝑅஼
ି. (17)

𝑅஼𝑃𝐻 + 𝑒ି → 𝑃 + 𝐻ା + 𝑅஼
ି + 𝑒ି. (18)

𝑅஼
ି → 𝑅஼

・ + 𝑒ି. (19)

By the catalyst effect of TiO2, Ni, and Fe3O4 on HF using CR, H+, R– and P- are 
reacted, as shown in Equations (20)–(22). Here, P− can easily be anionized as shown 
in Equation (23), and TiO2 is created from K2TiO(C2O4)2·2H2O solution shown below. 

4𝐻ା + 𝐻ଶ𝑂 → 2𝐻ଶ + 𝑂ଶ + 4𝐻ା. (20)

2𝑅஼
ି + 2𝐻ଶ𝑂 → 2𝑅஼ + 𝐻ଶ + 2𝑂𝐻ି. (21)

2𝑃ି + 2𝐻ଶ𝑂 → 2𝑃 + 𝐻ଶ + 2𝑂𝐻ି. (22)

𝑃 → 𝑃ି + 𝑁𝑎ା. (23)

H+ on the right side of Equation (20) creates H● as shown in Equation (14). OH− 
on the right side of Equations (21) and (22) creates OH● as shown in Equation (7). 
OH● is unstable enough to have a powerful oxidizing effect and therefore reacts with 
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H●, as shown in Equation (24). The created H2O is reacted again, as shown in 
Equations (6) and (20)–(22). 

𝑂𝐻
・

+ 𝐻
・

→ 𝐻ଶ𝑂. (24)

Additionally, upon electrolytic polymerization, C16H33NaO4S reacts with Ni, as 
shown in Equations (25) and (26). 

2𝑃 + 𝑁𝑖 → 𝑁𝑖ଶା + 2 + 𝑁𝑎ା + 𝐻ଶ . (25)

+2𝐻ା + 𝑒ି →  
(26)

Ni2+ on the right side of Equation (25) is generated as shown in Equation (27) 
[42]. 

2𝑁𝑖ଶା + 2𝐻ଶ𝑂 → 2𝑁𝑖 + 𝑂ଶ + 4𝐻ା. (27)

H+ on the right side of Equation (27) creates Equation (14) and then Equation 
(24).  

On the other hand, because Fe3O4 is structured with FeO and Fe2O3, Fe3O4 is 
generated as shown in Equations (28)–(32), where Fe (Ⅱ) is FeO, Fe (Ⅲ) is Fe2O3, and 
O2

●− indicates superoxide radicals [43]. In particular, by the Fenton reaction, hydrogen 
peroxide H2O2 is reacted with Fe (Ⅱ). 

𝐹𝑒൫Ⅱ൯ + 𝐻ଶ𝑂ଶ → 𝐹𝑒൫Ⅲ൯ + 𝑂𝐻・ + 𝑂𝐻ି. (28)

𝐹𝑒൫Ⅲ൯ + 𝐻ଶ𝑂ଶ → 𝐹𝑒ି(𝑂𝑂𝐻)ଶା + 𝐻ା. (29)

𝐹𝑒൫Ⅲ൯ + 𝐻ଶ𝑂 → [𝐹𝑒𝑂𝐻]ଶା + 𝐻ା. (30)

𝐹𝑒൫Ⅱ൯ + 𝑂𝐻
・

→ 𝐹𝑒൫Ⅲ൯ + 𝑂𝐻ି. (31)

𝐹𝑒൫Ⅱ൯ + 𝑂ଶ → 𝐹𝑒൫Ⅲ൯ + 𝑂ଶ

・−
. (32)

Under illumination with UV light, [FeOH]2+ in Equation (30) is generated as 
shown in Equation (33), and followed again by Equations (28)–(32). 

[𝐹𝑒𝑂𝐻]ଶା → 𝐹𝑒൫Ⅱ൯ + 𝑂𝐻・. (33)

OH– on the right side of Equations (28) and (31) creates Equation (24) through 
Equation (7); the electron on the right side of Equation (7) transfers into the anode. H+ 
on the right side of Equations (29) and (30) creates Equations (34) and (14). The 
electron on the left side of Equation (34) transfers into the cathode. 

𝑃 + 𝐻ା + 𝑅஼
ି + 𝑒ି → 𝑅஼𝑃𝐻 + 𝑒ି. (34)

H● generated by Equation (14) creates Equation (24); the electron on the left side 
of Equation (14) transfers from the cathode. 

Next, we focus on TiO2. TiO2 is created from K2TiO(C2O4)2·2H2O solution, as 
shown in Equation (38) through Equations (35)–(37) [44].  

𝐾ଶ𝑇𝑖𝑂(𝐶ଶ𝑂ସ)ଶ → 2𝐾ା + 𝑇𝑖𝑂(𝐶ଶ𝑂ସ)ଶ
ଶି. (35)

𝑁𝐻ଶ𝑂𝐻 + 2𝐻ଶ𝑂 + 2𝑒ି → 𝑁𝐻ସ
ା + 2𝑂𝐻ି. (36)

𝑇𝑖𝑂(𝐶ଶ𝑂ସ)ଶ
ଶି + 2𝑂𝐻ି → 𝑇𝑖(𝑂𝐻)ଶ + 2𝐶ଶ𝑂ସ

ଶି. (37)

𝑇𝑖𝑂(𝑂𝐻)ଶ → 𝑇𝑖𝑂ଶ + 𝐻ଶ𝑂. (38)

The oxalate ion C2O4
2− in Equation (37) is reactive to rubber molecules such as 

NR and CR so that cross-linking between the anionic molecule of the rubber and 
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C2O4
2− is created by electrolytic polymerization. Regarding HF rubber made by CR, 

cross-linking is created as shown in Equation (41) through Equations (39) and (40). 
Here, the electron in CR is biased by the chlorine, as shown in Equaion (39). 

 
(39)

+2𝐻ା+2𝑒ି →  
(40)

2  +  →  

(41)

On the other hand, complex Fe (Ⅲ) (C2O4)3
3− is created as shown in Equation 

(42). 

3𝐶ଶ𝑂ସ
ଶି + 𝐹𝑒൫Ⅲ൯

ଷା
→ [𝐹𝑒൫Ⅲ൯(𝐶ଶ𝑂ସ)ଷ]ଷି . (42)

Under illumination, Fe (Ⅲ) (C2O4)3
3− absorbs the light so that Equations (43) and 

(44) are generated: the oxalate radical C2O4
●− is created. 

[𝐹𝑒൫Ⅲ൯(𝐶ଶ𝑂ସ)ଷ]ଷି + ℎ𝜈 → [𝐹𝑒൫Ⅱ൯(𝐶ଶ𝑂ସ)ଶ]ଶି + 𝐶ଶ𝑂ସ
ଶି + 2𝐶𝑂ଶ . (43)

𝐶ଶ𝑂ସ
ଶି → 𝐶ଶ𝑂ସ

・ି . (44)

C2O4
●− creates O2

●−, as shown in Equation (45). 

𝐶ଶ𝑂ସ
・ି + 𝑂ଶ → 𝑂ଶ

・ି + 2𝐶𝑂ଶ . (45)

H2O2 is also generated from O2
●− by the transfer of the electron on the left side 

of Equation (46) from the anode. Equations (28) and (29) are then generated. 

𝑂ଶ
・ି

+ 𝐻ା + 𝑒ି → 𝐻ଶ𝑂ଶ. (46)

When the light is irradiated, the reactions below are generated by TiO2, which is 
created by Equation (38) [45–50]. First, hole h+ and an electron are created from TiO2, 
as shown in Equation (47) [51]. 

𝑇𝑖𝑂ଶ → ℎା+ 𝑒ି. (47)

This electron on the right side of Equation (47) is scavenged by oxygen, and then 
O2

●− is generated, as shown in Equation (48) [52,53]. 

𝑒ି + 𝑂ଶ → 𝑂ଶ
・ି

. (48)

Hole h+ oxidizes chloroprene rubber molecules as shown in Equation (49), and 
reacts with water as shown in Equations (50) and (51). 

ℎା+𝑅஼ → 𝑅஼
ା・. (49)

4ℎା+𝐻ଶ𝑂 →
1

2
𝑂ଶ + 2𝐻ା. (50)

ℎା+𝐻ଶ𝑂 → 𝑂𝐻
・

+ 𝐻ା. (51)
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OH● in Equation (51) oxidizes Rc as shown in Equation (52), and reacts with H● 
as shown in Equation (24). As a result, molecules of the rubber are oxidized, as shown 
in Equations (49) and (52) [54]. 

𝑂𝐻・ + 𝑅஼ → 𝑅஼
′・ + 𝐻ଶ𝑂. (52)

O2
●− on the right side of Equation (48) is protonated, which means that proton H+ 

is ionized, thereby generating hydroperoxyl radicals HO2
●, as shown in Equation (53). 

𝑂ଶ
・ି

+ 𝐻ା ↔ 𝐻𝑂ଶ

・
. (53)

H2O2 is generated as shown in Equation (54) from HO2
● on the right side of 

Equation (53). Next, this H2O2 is reacted, as shown in Equations (28) and (29). 
Consequently, TiO2 is reacted with Fe3O4 and water. 

2𝐻𝑂ଶ

・
→ 𝐻ଶ𝑂ଶ + 𝑂ଶ. (54)

From O2
●− in Equation (48), H2O2 is also generated, as shown in Equation (46). 

3.5. Perspective of the optical biosensor 

Finally, we show the concept as the feasibility of the production of the flexible 
and stretchable ophthalmologic biosensors mimicking the retina of the human eye. By 
utilizing many of our proposed optical biosensors as shown in Figures 6c and 6e, we 
can produce an artificial eyeball (Figure 14). The artifact mimicking the vitreous body 
is a spherical gel wrapped by a membrane with a lens. The gel includes water in order 
to prevent the optical biosensors from drying, as shown in Figure 6e. The light enters 
the gel and is focused on the optical biosensors. The fabrication of this artificial eyeball 
and the experimental results will be discussed in a future article because of longer 
description to write. 

 
Figure 14. Schematic of an ophthalmological system utilizing HF rubber optical 
biosensors. 

4. Conclusions 

The physical paradigm of the fabrication and configuration of the solar cells 
develops the feasibility of the flexible and stretchable optical biosensors that mimic 
the human eye produced by the HF rubber. Therefore, in order to produce the TiO2 
layer involved in flexible and stretchable rubber or a coating on rubber, we propose a 
novel technique for producing photovoltaic material in which the rubber compounding 
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the TiO2 metal complex is electrolytically polymerized. The creation of this solidified 
rubber involving TiO2 is based on sequential chemical reactions, as shown in Equation 
(38).  

In the case of using HF rubber, we obtain the photovoltage response to 
illumination with around 3–60 mV enhancement. And the HF optical biosensor has a 
fast response time to illumination of 0.4 ms, which is due to the electric circuit having 
dominant C2,2 and the dominant role of EDL in the HF rubber. These configurations 
of the electric circuit and the HF material are different from the ones in the rubber type. 
Because the fast response is significant in bio-mechanical applications, the present HF 
optical biosensor is suitable for bio-mechanical applications such as artificial optical 
sensors like a retina in a human eyeball. 

In addition, the experimental and physical paradigm of the electric and chemical 
properties and systems of the solar cells aid the photovoltaic structure of the optical 
biosensors, so that the characteristics, including the intrinsic structure of the optical 
biosensor, are elucidated as follows. 

The electrolytically polymerized HF rubber type behaves dominantly in the area 
outside the EDL under illumination. Its behavior in the area outside the EDL (i.e., R2, 
L2, C2,2) is dominant and the velocity of carriers is large in the region outside the EDL, 
as demonstrated by t2. The response time of photovoltage to illumination is slow. CV 
profiles show a non-linear area between voltage and current because the oxidation-
reduction reaction is large. The CV profiles correspond to the electrochemical 
behaviors of PC. 

On the other hand, the optical biosensor type behaves dominantly in the EDL 
(i.e., C2,2) under illumination. The velocity of carriers is large in the EDL, as 
demonstrated by t1 and t3. The response time is fast. CV profiles are highly similar to 
that of the EDLC, whose PC profiles are linear between voltage and current. It is also 
similar to the behavior of photodiodes. 

In addition, these results on the intrinsic microscopic structure by R, C, and L can 
be verified by the electric properties obtained by EIS measurement. 

In particular, the highlighted consequence is as follows: 
1) The flexible and stretchable optical biosensor without having solid transparent 

glass can be produced with using K2TiO(C2O4)2·2H2O solution by electrolytic 
polymerization. 

2) The photovoltage response to illumination of the optical sensor has around 3–60 
mV enhancement. 
The findings obtained in the present study on the production of TiO2 on rubber 

are useful for the production of other materials coated with or involving TiO2. Other 
semiconductors, such as ZnO and SnO, might be expected to be effective for the 
production of the photovoltaic layer in electrolytically polymerized rubber. And then, 
the photovoltaic effect might result in an enhancement in the illumination of visible 
light. Therefore, the development of a novel fabrication technique for the optical 
biosensor would lead to many advances, as would the fabrication of ophthalmological 
systems mimicking the human eyeball. In addition to optical sensing, if we can 
reproduce the tactile, gustatory, olfactory, auditory, and equilibrium sensations through 
the use of artifacts utilizing MCF or HF rubber, the five senses could be produced in 
a bio-inspired humanoid robot. 
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At last, as shown in Figure 7b, the adhesion technique of the outer thin electric 
wires on the surface of the rubber coating with TiO2 by using any other rubbers is the 
only remaining engineering problem. In the present study, the outer thin electric wires 
are wound around the rubber, as shown in Figure 1b. This is the future work to be 
conducted on the consummated production of the rubber-made solar cell. We are trying 
the study currently, and then the findings will be presented in another article. 
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Appendix 

Schematic profiles of experimental results on the curve of voltage responsive to the illumination are shown in 
Figure A1, and those of CV relations in Figure A2. 

 
Figure A1. Schematic response curve of voltage with lights turned on and off. 

 

Figure A2. Schematic CV profiles of PC and EDLC. 

 

 


