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Abstract 
We have performed sequential studies on new types of soft rubber for their 
application as artificial skin in robots and haptic sensors. Based on a pro-
posed electrolytic polymerization method and novel adhesion technique for 
rubber and a metal that utilizes a metal complex hydrate, we have developed 
an MCF rubber sensor. This sensor uses a magnetic compound fluid (MCF), 
natural rubber (NR-latex) or chloroprene rubber latex (CR-latex), and re-
quires the application of a magnetic field. The potential application of the 
developed sensor in various engineering scenarios and our daily lives is sig-
nificant. In this regard, we investigated the effects of γ-irradiation, infrared 
radiation, microwaves, and a thermal source on the MCF rubber sensor. We 
established that the MCF rubber is effective enough to be used for power 
generation of broadband electro-magnetic waves from γ-rays to microwaves, 
including the range of the solar spectrum, which is the typical characteristic 
obtained in the present investigation. The remarkable attribute is that the 
MCF rubber sensor dose is not degraded by γ-irradiation. We also demon-
strated the effectiveness of the MCF rubber sensor in energy harvesting. 
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1. Introduction 

Rubber sensors are indispensable in a variety of engineering applications and af-
fect many aspects of our lives. The elasticity and flexibility of rubber has resulted 
in the development of numerous outstanding applications. With the objective of 
further advancement, we have developed and studied the mechanical, electrical 
and photovoltaic characteristics of soft rubber with hybrid properties of piezore-
sistivity [1] [2], piezoelectricity [3] and photovoltaics [4]. The soft rubber that is 
used is usually diene rubber; natural rubber (NR), isoprene rubber (IR), chloro-
prene rubber (CR), butadiene rubber (BR), nitrile rubber (NBR) or sty-
rene-butadiene rubber (SBR). Given that rubbers have C=C bonds and contain 
water in them so that they can be electrolyzed, they can be solidified using our 
proposed novel vulcanization approach via electrolytic polymerization [1] [5] [6] 
[7]. For further progress, we have used our proposed magnetically responsive 
fluid, magnetic compound fluid (MCF) which has nm-ordered magnetite 
(Fe3O4) particles and μm-ordered metal particles such as Ni, Fe, etc. [8]. The 
MCF can be easily obtained by compounding a magnetic fluid (MF) and a metal 
powder. Based on the application of a magnetic field under the electrolytic po-
lymerization to the soft rubber latex compounded with the MCF (MCF rubber 
latex), these Fe3O4 and metal particles aggregate such that many magnetic clus-
ters [9] are created to be aligned along the applied magnetic field lines like 
needles in the MCF rubber [1]. Therefore, the MCF rubber exhibits electrical 
and mechanical anisotropy and is also haptic for sensing. The principle of elec-
trolytic polymerization in diene rubber was established on the basis of the ordi-
nary concept a conductive polymer of a plastic type of high polymer solution. 
However, there have not been any studies whereby the same electrolytic polyme-
rization concept can be applied to rubber. In the case of utilizing NR or CR in 
the MCF, the MCF rubber becomes highly elastic and flexible due to oleic acid 
coated on the Fe3O4 in MF. Based on the aforementioned typical aspects of ani-
sotropy and flexibility, when the MCF rubber is utilized as a sensor, the 
high-sensitivity and elastic response to any force and heat is feasible enough to 
consider being developed as an artificial skin. For example, one that is applicable 
as a substitute for human or robot skin, such as our proposed hybrid skin 
(H-skin) in our previous studies [10] [11] [12]. 

The MCF rubber has hybrid properties because its molecules and particles are 
ionized enough to assume the roles of donor and acceptor of n- and p-type 
compound semiconductors, as seen in the photovoltaic field, such as in the case 
of an organic solar cell. Thus, the MCF rubber has the characteristics that the 
material of a compound semiconductor is used as particle or powder so that the 
semiconducting property creates the state of particles dispersion. The detailed 
principle and the photovoltaic property have been shown in our previous studies 
[4] [10] [11] [12]. It also can have possibility of reaction to electromagnetic 
waves including radiation and microwaves, but this has not been demonstrated 
via experimental investigations as yet. With respect to radiation, the MCF rub-
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ber has many applications in the engineering field of robot sensing in a nuclear 
reactor building when removing irradiated debris. As for the microwaves, it is 
also expected that power generation is possible with application in the field of 
energy harvesting.  

The purpose of the series of investigation is to develop an MCF rubber as a 
practical sensor for various applications in engineering and our daily lives, in 
addition to robotics. In this report, we clarify that the MCF rubber is effective 
enough to have applicability in power generation with broadband electromag-
netic waves, from γ-rays to microwaves including the solar spectrum. In addi-
tion, the stability of the sensing is also important. In the consecutive report, we 
mainly deal with the improvement of the sensor’s stability of the MCF rubber, in 
terms of resolving the problem by compounding diene and non-diene rubbers. 

We should deal with the MCF rubber as a sensor style which has electrodes 
because we do not use the type with just a single rubber sheet, except as a sensor 
style fabricated with electrodes. Moreover, we have proposed a novel adhesion 
technique to resolve the problem of adhesion between a rubber and metal elec-
trodes without existing electrical and thermal insulation [13]. The current com-
mercial conductive adhesive creates electrical and thermal insulation between 
the rubber and metal. The proposed novel adhesion technique is such that the 
MCF rubber with a metal complex hydrate is electrolytically polymerized under 
the application of a magnetic field, such that the metal electrodes can be adhered 
to the rubber. During this study, we use our proposed adhesion technique in the 
fabrication of the MCF rubber. 

Regarding electro-magnetic radiation, in the case of utilizing the MCF rubber 
for sensing in a nuclear reactor building, information on sensing in hot water, 
and the resistance to the radiation and the water, etc. in it is required. With re-
spect to sensing of γ-rays in the case of a robot with an installed sensor operating 
in a nuclear reactor building, there have been many published results [14] [15] 
[16]. The sensors are divided into non-contact and contact types. Many types of 
the former have been devised for example, by utilizing ultrasonic wave [17], etc. 
[18]. The latter is a haptic sensor. However, a sensor made of rubber has not 
been proposed until recent because rubber tends to degrade. The former also has 
a fatal problem the resistance to radiation of electronic parts. However, scintilla-
tion detectors have reactive materials for radiation so that they utilized as a radi-
ation sensor [19]. However, a scintillation detector made of rubber has not been 
proposed as yet. If the sensor or scintillator is made of rubber, and in addition, if 
the rubber is sensitive to a force and temperature under irradiated ambience, 
these sensors will form a new class of useful sensors in engineering fields: for 
example, a robot installed with rubber as an artificial outer skin is ideal in terms 
of working in a nuclear reactor building. However, the degradation of the rubber 
is a serious problem in that the rubber becomes hard. This has been reported in 
investigations on silicone rubber [20] and NR [21] as well as the results of the 
mechanical properties of various kinds of rubber irradiated by γ-rays [22] [23] 
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[24] [25]. Therefore, in the present report, we investigate the effect of γ-rays on 
the mechanical properties of an MCF rubber sensor under compression and ten-
sion.  

Until recently metal oxides have been used in sensing of γ-rays because of 
their semiconducting properties and low-cost [26]-[33]. In the present report, 
we used TiO2 or ZnO, which is involved in the MCF rubber sensor. In addition, 
there has also been investigations metal complex with γ-irradiation [34] [35] 
[36]. The MCF rubber sensor is made with metal complex in the proposed adhe-
sion technique [13]. Therefore, we can also investigate the effect of the metal 
complex on the MCF rubber sensor for γ-irradiation, simultaneously. In the 
present report, we investigate the change of the induced voltage of the MCF 
rubber sensor with piezo-voltage during irradiation with γ-rays using 60Co. We 
also investigate the effect of γ-rays on the cyclic voltammogram of the MCF 
rubber sensor because it is important to investigate the relation between the 
current and rest potential under the γ-irradiation [37] [38] [39] [40] [41]. 

Next, energy harvesting is significant enough to resolve energy problems us-
ing a new technique except for renewable energy. We can utilize any energy 
source disposed and hidden in our daily lives. Then, as we can realize that the 
energy harvesting mainly eventuates in four sources: solar, thermal, oscillating, 
electro-magnetic wave generations. In the present report, we adopt the experi-
mental subject as a practical usage style of energy harvesting. For example, we 
can use a heating plate, microwave oven and infrared heater, which are familiar 
in our daily lives. To obtain power generation, it is important to use the sensing 
of the MCF rubber sensor. To investigate the possibility of energy harvesting to 
clarify the sensibility for the aforementioned four sources. The first source (so-
lar) was dealt with as photovoltaics of the MCF rubber sensor in the range of 
visible and ultraviolet light in our previous studies [4] [10] [11] [12]. Therefore, 
in the present report, we investigate the effect of infrared light on the MCF rub-
ber sensor using an infrared heater, which has connection with the second 
source (thermal). The second source is also important subject, although few stu-
dies have been conducted utilizing a flexible material such as rubber [42]. 
Therefore, in the present report, we also investigated the effect of the thermal 
energy on the MCF rubber sensor using a heating plate. The third source (oscil-
lating) can almost be guessed by the results of piezoelectricity of MCF rubber in 
our previous studies [3] because the third source is relevant to piezoelectricity. 
In general, we should investigate the effect of vibration on the frequency charac-
teristics of the piezoelectricity precisely. However, we will describe the results in 
another report because of limiting space of the present report. Regarding the 
fourth source (electro-magnetic wave), there have been a few current investiga-
tions on a flexible material such as rubber [43] [44] [45] [46]. In contrast, in the 
previous our study we clarified the effect of microwave on a MCF rubber sheet 
made of silicone oil rubber solidified under drying ambience [47]. However, the 
MCF rubber involving diene type rubber has not been conducted on. In the 
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present report, we investigate the effect of the microwave on the MCF diene 
rubber sensor by using a microwave oven. From these investigations, we clarify 
the effective possibility of the MCF rubber sensor in the energy harvesting. 

2. γ-Irradiation 
2.1. Irradiation Effect 

Firstly, we investigate the irradiation effect of an MCF rubber sensor using the 
irradiation facility in the Laboratory for Advanced Nuclear Energy, Tokyo Insti-
tute of Technology in Japan as shown in Figure 1. The γ-rays was irradiated 
from a 60Co source. The absorbed dose rate used was changed by varying the 
distance between the source to the specimen, 90 Gy/h and 230 Gy/h/.  

The specimen set on a table is MCF rubber sensor which was made using our 
proposed adhesion technique [13] as shown in Figure A1 in Appendix. The 
electrical wires from the MCF rubber sensor were placed to the outside of the ir-
radiation chamber, and the induced voltage and electric current were measured. 
The sensor consisted of MCF rubber liquid with hydrate as 1 g carbonyl Ni 
powder with particles on the order of microns with bumps on the surface (No. 
123, Yamaishi Co., Ltd., Noda, Japan), 0.75 g MF with 40 wt% Fe3O4 (W-40, 
Ichinen-Chemicals Co., Ltd., Shibaura, Japan), 3 g NR-latex (Ulacol, Rejitex Co., 
Ltd., Atsugi, Japan), 3 g CR-latex (671A, Showa Denko Co. Ltd., Tokyo, Japan), 
0.5 g TiO2 (Anatase type, Fujifilm Wako Pure Chemical Co., Ltd., Osaka, Japan), 
and 0.5 g hydrates Na2WO4·2H2O (Fujifilm Wako Pure Chemical Co., Ltd., 
Osaka, Japan), and MCF rubber without hydrate as 3 g Ni powder, 0.75 g MF 
(W-40), 3 g NR-latex, 3 g CR-latex (671A), and 0.5 g TiO2. The same weight as 
CR-latex (671A) was used in the case of CR-latex (400), and the same weight as 
TiO2 in the case of ZnO. TiO2 and ZnO are the dopants in the MCF rubber. The 
sensor has an area of approximately 19 mm × 22 mm and a thickness of ap-
proximately 2 mm, despite individual difference.  

The induced voltage by irradiation is shown in Figure 2. The figures show the 
long-time changing from continuous irradiation. At the initial period of the ir-
radiation process as shown by “A” in Figure 2(b) and Figure 2(d), the induced 
voltage has a radically increasing peak, and then decreases. After the period “A”, 
 

 
Figure 1. Schematic diagram depicting layout 
for γ-irradiation and geometric relationship. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 2. Change of induced voltage with time for γ-irradiation: (a) and 
(b) using CR-latex(400) and TiO2; (c) and (d) using CR-latex(671A) and 
TiO2; (b) and (d) is detail of (a) and (c) respectively. 

https://doi.org/10.4236/wjm.2019.99014


K. Shimada et al. 
 

 

DOI: 10.4236/wjm.2019.99014 211 World Journal of Mechanics 
 

as shown by “B” in Figure 2(b) and Figure 2(d), it changes with fine regular os-
cillations during the long period. At the longer elapsed time, it changes in a dis-
orderly manner by first increasing and then decreasing as shown by “C” in Fig-
ure 2(a) and Figure 2(c). Regarding the period over “A” and “B”, FFT analysis 
was performed on the changing voltage and the results are shown in Figure 3 
and Table 1. The dominant fundamental has multiples of the frequency of 200 
mHz. The fine regular oscillation at “B” is based on the typical frequency. These 
phenomena are independent of the kinds of CR-latex, dopants, and irradiation 
intensity. The results will be discussed later. 

From those results, we can attempt to predict the physical model of irradia-
tion in the MCF rubber sensor as shown in Figure 4. With respect to the phe-
nomenon represented by “A” in Figure 2(b) and Figure 2(d) and VP-P at “B” in 
Table 1, when subject to irradiation by γ-rays, the electrons in the innermost 
inner-shell can jump to the conduction band as indicated by the green-colored 
arrow “b” in Figure 4(a). This is in contrast to ordinary electrons jumping from 
the outermost outer-shell due to irradiation by visible and ultraviolet light, heat, 
etc. as designated by the blue-colored arrow “a” in Figure 4(a). As a result of the 
depletion region in the inner-shell, the electrons in adjacent inner-shells fall into 
the depletion region. The fall into the inner shell sequentially occurs causing an 
avalanche of outer shell electrons as designated by the red-colored arrow “c” in 
Figure 4(a). The same phenomenon has been elucidated and the electrons jump 
from the inner shell in the case of TiO2 due to irradiation by X-rays [39]. The 
electrons in the inner-shell can be possibly induced to jump because the fre-
quency of γ-rays is higher than that of X-rays. However, many studies have been 
conducted on the radiation effect of metal oxide as well as TiO2 due to γ-ray ir-
radiation [26]-[33]. In addition, a study has also been conducted on the effect of 
γ-radiation on Fe [29]. The MCF rubber sensor used included Fe as seen from 
Fe3O4. Moreover, several studies have been conducted on γ-irradiation of metal 
complex [34] [35] [36]. Therefore, Na2WO4·2H2O used in the MCF rubber sen-
sor for the adhesion of electrodes to the rubber has a radiation effect. As pre-
viously described, the MCF rubber sensor likely has a γ-irradiation effect. 

With respect to the phenomenon represented by “B” in Figure 2(b) and Fig-
ure 2(d), the following causes can be inferred. Based on the electron’s transition 
from the innermost inner shell, an increasing voltage is generated. Therefore, 
molecules and particles are ionized anionic as indicated by “b” in Figure 4(b). 
On the contrary, in the outermost outer shell, the electron in the conduction 
band enters a hole occurred by sequential avalanche electrons. In addition, the 
electrons from the increasing anionic molecules and particles move away as 
shown in “c” in Figure 4(b). As a result, these electron motions induce a de-
creasing voltage. Finally, there is a balance between these two increasing and de-
creasing voltages and the induced voltage typical oscillates with a frequency 
multiple of 200 mHz as shown in Figure 3 and Table 1. Furthermore, the phys-
ical model to explain this interesting phenomenon should be further investi-
gated. 
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Table 1. Results of Figure 2 and Figure 3 via FFT analysis; VP-P is mean value during “B”. 

 Dominant Frequency [mHz] Spectrum [dB] Vp-p at B [mV] 

Figure 2(a) & 
Figure 2(b) 

1.9531 4.912 

0.143 
199.22 −36.418 

400.39 −35.943 

599.61 −35.782 

Figure 2(c) & 
Figure 2(d) 

0.00 −13.957 

0.030 
199.22 −52.224 

400.39 −52.297 

599.61 −53.467 

 

 

Figure 3. FFT frequency spectrum for Figure 2(a). 
 

 
(a) 

 
(b) 

Figure 4. Physical model of γ-irradiation effect on MCF rubber sensor: (a) as 
for initial period by γ-irradiation as shown by “A” in Figure 2(b) and Figure 
2(d); (b) for subsequent period after initial period by γ-irradiation as shown 
by “B” in Figure 2(b) and Figure 2(d). 
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Figure 5 shows the induced voltage due to intermittent irradiation and off. In 
Figure 5(a) and Figure 5(b), the constituent of the MCF rubber sensor was the 
same as the one in Figure 2. In Figure 5(c) and Figure 5(d), the sensor included 
water and consisted of MCF rubber liquid with hydrate as 1 g Ni, 0.75 g MF 
(W-40), 6 g NR-latex, 3 g CR-latex (671A), 0.5 g TiO2, 0.5 g Na2WO4·2H2O, and 
3 g water, and MCF rubber without hydrate as 3 g Ni, 0.75 g MF (W-40), 6 g 
NR-latex, 3 g CR-latex (671A), 0.5 g TiO2, and 3 g water. The enhancement of 
the induced voltage via irradiation is due to the inversion of the electrodes of the 
MCF rubber sensor, and the results indicate that the voltage due to the motion 
of the electrons is maintained as described in Figure 4. The γ-irradiation effect 
can be repeated many times. However, VP-P for Figure 5(b) is 0.077 mV, and 
VP-P for Figure 5(d) is 0.256 mV, compared to VP-P in Figure 2(b) and Figure 
2(d). The effect of γ-rays on the wettability of TiO2 has been highlighted in other 
studies [37] [38] [40]; γ-irradiation effect is increased in the presence of water. 
Therefore, for VP-P of the oscillation at “B” such as in Figure 2(b) and Figure 
2(d), it increases because of the water. 

We carefully consider the incremental enhancement of the induced voltage 
with the progression of time. This is dependent on the stability of the internal 
physical phenomenon of the MCF rubber sensor. The details will be left to a 
consecutive report. Therefore, the slowly increasing induced voltage is irrelevant 
to the aforementioned qualitative results. 
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(c) 

 
(d) 

Figure 5. Change of induced voltage by γ-irradiation: (a) and (b) 
without including water at 230 Gy/h; (c) and (d) with including water 
at 90 Gy/h; (b) and (d) are detail of (a) and (c), respectively. 

 
Next, we investigated the cyclic voltammogram as shown in Figure 6. The 

MCF rubber sensor consisted of the same mass of each constituent as that of 
Figure 2. However, for the other dopants in the production of sensor, the same 
weight as TiO2 or ZnO was used. KI + I2 was solution compounded with 3.3 g I2 
in a solution of 40 g potassium iodide KI, and 60 g water. We used a potentiostat 
(HA-151B, Hokuto Denko Co. Ltd., Tokyo, Japan) at 50 mHz scan rates in the 
potential domain from −1.5 to 1.5 V. As shown in Figure 6(d), in the case of ir-
radiation, Imax becomes small on the order of ZnO, TiO2 and LiNbO3, when the 
electric current is compared for various kinds of dopant. Therefore, to compare 
the cyclic curves, for irradiation to the one for non-irradiation, the voltage and 
electric current are nondimensionalized V* and I* by Vmax and Imax, respectively: 
Vmax = 1.494 V and Imax = 0.878 mA for Figure 6(a) [48], Vmax = 1.492 V and Imax = 
1.786 mA for Figure 6(b) [48], Vmax = 1.491 V and Imax = 0.021 mA for Figure 
6(c). 

From these cyclic curves, we can obtain the short circuit current and the open 
circuit voltage as shown in Table 2. TiO2 is a photocatalyst and so it is typically 
used in solar cells and has the role of electron transport. ZnO and LiNbO3 are 
effective materials for inducing the piezoelectric effect and are used in pie-
zo-elements. Aluminum nitride, AlN has high thermoconductivity and electrical 
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insulation so that it is also used in piezo-elements. As seen from the results of 
Figure 6 and Table 2, in the case where a dopant is used in a piezo-element, the 
electric current in the cyclic voltammogram has a lower tendency. KI + I2 is a 
typical dopant of an acceptor. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 6. Cyclic voltammogram of MCF rubber sensor by γ-irradiation: (a) 
TiO2 [48]; (b) ZnO [48]; (c) LiNbO3; (d) under γ-irradiation. 
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Table 2. Short circuit current and open circuit voltage of MCF rubber sensor with and 
without γ-irradiation. 

 
Short Circuit Current [mA] Open Circuit Voltage [V] 

Dopant Off On Off On 

TiO2 0.063 0.168 0.136 0.400 

ZnO 0.677 0.569 0.789 0.777 

SiC 1.186 0.834 0.676 0.662 

KI + I2 4.810 4.359 0.428 0.366 

LiNbO3 0.007 0.007 0.217 0.085 

AlN 0.427 0.237 0.211 0.129 

 
It has been established that the MCF rubber with KI + I2 has a high electrical 

conductivity [1], given that KI + I2 is easily ionized. In this case, the electric cur-
rent in the cyclic voltammogram is larger. SiC is a promising compound semi-
conductor that has a high dielectric breakdown electric field strength. Therefore, 
the electric current in the cyclic voltammogram is the largest among them.  

As seen from Figure 6(a), the area of the cyclic voltammogram’s curve be-
comes typically larger after γ-irradiation. This indicates the possibility of en-
hancing power generation by γ-rays. In contrast, based on the study of cyclic 
voltammogram of γ-irradiation for TiO2 in plastic substrates [41], the electric 
current decreases. The result observed in Figure 6(a) is due to the electron jump 
presented in Figure 4(a) that occur in metal complex as well as TiO2. 

In the case of LiNbO3 as shown in Figure 6(c), the shape of cyclic voltammo-
gram’s curve is different from that of the other dopants and the electric current 
temporarily decreases with the increase of the voltage. The cause may be as fol-
lows: LiNbO3 exhibits an electro-optic effect in that there is a correlation be-
tween light and the electromagnetic field. However, it has been established that 
the magnetization is due to indwelt inner magnetic cluster involved in the MCF 
liquid, in our previous study [9]. In the absence of a magnetic field, the magnetic 
cluster has a remnant magnetization and the magnetic field lines are closed in 
the cluster. However, the MCF liquid does not have remnant magnetization. The 
MCF rubber is produced with the MCF and many magnetic clusters exist in the 
MCF rubber. Therefore, the synergy between γ-rays, electric and magnetic fields 
is created by LiNbO3. 

However, the shape of the cyclic voltammogram’s curve due to γ-irradiation 
shown in Figure 6(a) is different from the one due to ultraviolet and visible light 
as shown in Figure 7, which was investigated in a previous study [4]. The MCF 
rubber sheet in Figure 7 consisted of 0.2 g TiO2, 0.6 g Ni, 0.45 g MF (W-40), and 
1.8 g NR-latex, and an electric field was held constant at 6 V voltage, and a 2.7 A 
electric current was applied to the stainless steel plates with a 1 mm gap for 10 
min under atmospheric conditions and a magnet field of 312 mT. The MCF 
rubber was a sheet of solar cell rubber and inserted between the electrode metal 
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and conductive transparent glass coated with TiO2. The MCF rubber did not 
formed sensor style like the MCF rubber sensor in the present study. Without 
using a dye and electrolyte, the MCF rubber sheet is photovoltaic. In the figure, 
the result in the absence of light is also shown. The shape of the cyclic voltam-
mogram’s curve shows an enhancement of the electric current around the largest 
plus and minus voltage ranges, which demonstrates the behavior of a photodi-
ode. When the MCF rubber is a single sheet, it has photodiode effect. However, 
by deforming the MCF rubber to a sensor type such as the MCF rubber sensor in 
the present study, the photodiode effect disappears for γ-irradiation. In addition, 
the quantitative order of electric current to voltage in the case of γ-irradiation as 
shown in Figure 6 and Table 2 is larger than for the case of photovoltaic irradi-
ation as shown in Figure 7. Thus, the power generated by γ-rays is greater than 
that generated by light. 

2.2. Mechanical Property 

When working in a nuclear plant building using instrument installed with rub-
ber, etc., degradation of the rubber is serious problem. In general, ordinary rub-
ber becomes hard after γ-irradiation so that the degradation can be ascertain 
according to the mechanical property. The established degradation property of 
rubber is isotropic [22] [23]. However, in the case of the rubber involved with 
metal complexes, the degradation of the rubber occurs via γ-irradiation, so that 
the degradation has been established based on the mechanical properties. The 
results on degradation are also isotropic [34] [35] [36]. Only few attempts have 
been made to date in terms of characterizing the mechanical property of aniso-
tropic rubber such that used in the MCF rubber sensor. Figure 8 shows multiple 
tensile and compressive relations between strain and stress, comparing the re-
sults before and after γ-irradiation with a commercial, compact tensile testing 
machine (SL-6002, IMADA-SS Co. Ltd., Toyohasi, Japan). The MCF rubber 
sensor is elongated along the electrical wires and compressed transversely to the 
flat surface, which is the same as in Figure 6(a).  
 

 

Figure 7. Cyclic voltammogram of MCF rubber as solar cell. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 8. Relation between strain and stress at tension and compression of 
MCF rubber sensor: (a) and (b) for tension; (c) and (d) as for compression; 
(a) and (c) before γ-irradiation; (b) and (d) after γ-irradiation. 

https://doi.org/10.4236/wjm.2019.99014


K. Shimada et al. 
 

 

DOI: 10.4236/wjm.2019.99014 219 World Journal of Mechanics 
 

This rubber exhibits the Mullins effect that the stress-strain responses have 
hysteresis curves and stress softening [1] [6], which can be seen in the ordinary 
rubber with fillers such as metal particles. Therefore, the MCF rubber sensor also 
exhibits the Mullins effect in both tension and compression before irradiation 
because of the existence of fillers such as Fe3O4, Ni, TiO2, Na2WO4·2H2O. How-
ever, during tension after irradiation, the MCF rubber sensor becomes soft and 
the Mullins effect disappears. In contrast, during compression after irradiation, 
the MCF rubber sensor becomes hard and the Mullins effect weakens. The ten-
dency to become soft during tension after irradiation and the anisotropy of the 
softness between the tension and compression are typical characteristics. The 
cause of these results can be potentially explained as discussed in the following. 

In general, as indicated in other studies on ordinary rubber without a filler 
that is vulcanized using sulfur such as SBR [22], in blends of polybutadiene rub-
ber and NR [24], and hydrogenated NBR [25], more C-C crosslinks are created 
than C-S crosslinks by γ-irradiation. As such, the rubber hardens. In this case, 
although some of C-C crosslinks are divided into components, the created C-C 
crosslinks are larger than the ones that are divided into components. The me-
chanism implies that the isoprene molecules can cross-link reciprocally via 
γ-irradiation. Considering this mechanism and the fact that the energy of 
γ-irradiation contributes to cross-linking, it is understood that the electromag-
netic energy creates the cross-linking. The principle is the same as the case of 
our proposed electrolytic polymerization of the MCF rubber under the applica-
tion of a magnetic field: due to the introduced electric energy, each isoprene 
molecule can cross-link reciprocally as shown in Equation (A1) in Appendix, 
which is presented in a previous study [1] [7]. An anionic isoprene molecule is 
represented by an equation as an ionized anion as a result of the jumping of 
electrons in “b” in Figure 4(b). As a result, it can be asserted that the jumping 
electrons cause both the hardness associated with the γ-irradiation and the de-
crease of the Mullins effect. However, the hardness in the MCF rubber does not 
necessarily lead to degradation, as is the case in ordinary rubbers. 

To investigate the hardness of the MCF rubber sensor created by γ-irradiation, 
we analyzed the Raman spectra of the MCF rubber sensor shown in Figure 8(a) 
before and after γ-irradiation, as shown in Figure 9. In this case, we can show 
that the fillers of Fe3O4, Ni, TiO2 and the hydrate Na2WO4·2H2O are inorganic 
substances so that they do not influence the Raman spectra at 1663 cm−1 and 
1710 cm−1 (C=C stretching of the carbon double bonds of isoprene) and at 1000 
cm−1 (C-C of joint between each isoprene), as shown in Figure A2 in Appendix. 
Therefore, we can estimate the change of the crosslinks of the rubber. 

The characteristic peaks are at 1663 cm−1 and 1710 cm−1; 2852 cm−1, 2915 cm−1 
and 2960 cm−1 (CH2 stretching vibration of C-CH2CH3 of isoprene); 3036 cm−1 
(C-H stretching vibration of isoprene); in addition to a peak at 1000 cm−1. A 
comparison of the peak at 3036 cm−1 of C-H, which does not contribute to the 
C-C crosslinks created by γ-irradiation, with the peaks at 1663 cm−1 and 1710 
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cm−1 of C=C and 1000 cm−1 of C-C are presented in Table 3. The results indicate 
the typical characteristic that the quantity of C=C and C-C bonds decrease with 
γ-irradiation. This is different from the result that more C-C crosslinks are 
created by γ-irradiation, as observed in ordinary rubber. 

Therefore, to explain the experimental data shown in Figure 8, we must also 
consider another physical model, except for the cross-linking created by 
γ-irradiation, the interaction of anionic molecules and particles. As observed in 
Figure 10(a), the direction of application of the magnetic field during the pro-
duction of the MCF rubber sensor is the same as that during the compression. 
Therefore, the direction of the long axis of the magnetic cluster like a needle [1], 
is the same as that during compression. In the case of compression, the MCF 
rubber sensor cannot be easily compressed because of the repulsive force be-
tween the magnetic clusters. In contrast, during tension, the MCF rubber sensor 
can be easily elongated because of the same repulsive force between the magnetic 
clusters. When subjected to γ-irradiation, particles and molecules are ionized as 
shown in Figure 4(b) and the repulsive force between the magnetic clusters or 
particles and molecules increases. Therefore, during compression, the repulsive 
forces increase from t to t’ as indicated in Figure 10(b) and the MCF rubber 
sensor cannot be easily compressed. In contrast, during tension, the repulsive 
force increases from p to p’ as indicated in Figure 10(b) and the MCF rubber 
sensor can be easily elongated. During both compression and tension, the MCF 
rubber sensor becomes stiff so that stress softening decreases, because of the in-
creasing repulsive force. 

 
Table 3. Comparison of spectra from Figure 9. 

 At 1663 and 1710 cm−1 of C=C At 1000 cm−1 of C-C 

Before Irradiation 0.806 0.398 

After Irradiation 0.764 0.183 

 

 

Figure 9. Raman spectra for the MCF rubber sensor comparing before and 
after γ-irradiation. 
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(a) 

 
(b) 

Figure 10. Schematic model showing the relationship between strain and stress dur-
ing tension and compression of MCF rubber sensor; (b) shows the details for (a). 

3. Energy Harvesting 

Power generation using infrared rays as well as thermal sources, which is im-
portant in energy harvesting, was evaluated based on the induced voltage using a 
heater with graphite. It is necessary to use familiar instruments from our daily 
lives because energy harvesting is based on the exploitation of any available 
energy sources that are regularly encountered. As shown in Figure 11, the MCF 
rubber sensor was settled on air at a distance of 100 mm from a heater made 
from graphite so that it irradiated far-infrared waves with 900 W irradiation 
(DCTS-A091, Yamazen Co. Ltd., Tokyo, Japan). Simultaneously, the tempera-
ture in the vicinity of the MCF rubber sensor was also measured using an adja-
cent thermocouple. Figure 12 shows the change of the induced voltage of the 
MCF rubber sensor and air temperature with time for the far-infrared radiation. 
The MCF rubber sensor consisted of MCF rubber liquid with hydrate as 1 g Ni, 
0.75 g MF (W-40), 3 g NR-latex, 3 g CR-latex (671A), 0.5 g TiO2, and 0.5 g 
Na2WO4·2H2O, and MCF rubber without hydrate as 3 g Ni, 0.75 g MF (W-40), 3 
g NR-latex, 3 g CR-latex (671A), and 0.5 g TiO2 with identical constituent and 
rubber size as shown in Figure 5(a).  
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Figure 11. Schematic diagram of experiment on irradiation of 
MCF rubber sensor by infrared rays. 

 

 

Figure 12. Change of induced voltage of MCF rubber sensor 
by irradiation with infrared rays. 

 
In addition, for another thermal source as shown in Figure 13, when hot wa-

ter with a temperature of 90˚C and cool water at 5˚C were poured into a vessel 
respectively, the copper plate placed on the vessel as a lid got warm and cool re-
spectively. The change of the temperature of the copper plate with time was 
measured using an attached thermocouple. The MCF rubber sensor approached 
the copper plate very closely without touching it with a final separation of ap-
proximately 0.1 mm. The change in the induced voltage of the MCF rubber sen-
sor under stationary conditions was measured as a function of temperature. This 
experiment recreates the situation whereby a thermal sensor installed on a ro-
bot’s hand or foot approaches a heat source. Figure 14 shows the change of the 
temperature of the copper plate and the induced voltage of the MCF rubber 
sensor with time. The MCF rubber sensor consisted of the MCF rubber liquid 
with hydrate as 1 g Ni, 0.75 g MF (W-40), 3 g NR-latex, 3 g CR-latex (671A), 0.5 
g TiO2, and 0.5 g Na2WO4·2H2O, and MCF rubber without hydrate as 3 g Ni, 
0.75 g MF (W-40), 3 g NR-latex, 3 g CR-latex (671A), and 0.5 g TiO2 in which 
the constituent, as well as the rubber size, was the same as those in Figure 5(a). 
As the temperature was increased and decreased, the induced voltage of the 
MCF rubber sensor also increased and decreased, respectively. The likely cause 
is that the MCF rubber sensor has a structure that consists of an MCF rubber 
between two thin wire electrodes. 
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Figure 13. Schematic diagram of experiment of thermal source to 
MCF rubber sensor. 

 

 

Figure 14. Change of induced voltage of MCF rubber sensor by 
heating and cooling. 

 
Electrons are energized during the heating process and a voltage is induced 

due to the motion of the electrons. On the contrary, the motion of electrons is 
hindered in the case of cooling, and the voltage is consequently reduced. Thus, 
the MCF rubber sensor is established to be sensitive enough to be suitable for 
power generation with a thermal source. 

Power generation by a microwave source is important in energy harvesting. 
This process was evaluated based on the induced voltage that resulted when the 
senor was subjected to a microwave source. As shown in Figure 15, the MCF 
rubber sensor was placed inside a microwave oven operating at a microwave 
frequency of 2.45 GHz. The settlement position was the middle of the bottom of 
the microwave oven such that the microwave intensely irradiated the MCF rub-
ber sensor. Figure 16 shows the change of the induced voltage and electric cur-
rent of the MCF rubber sensor with time during the irradiation process. The 
rubber sensor consisted of MCF rubber liquid with hydrate as 1 g Ni, 0.75 g MF 
(W-40), 3 g NR-latex, 3 g CR-latex (671A), 0.5 g TiO2, and 0.5 g Na2WO4·2H2O, 
and MCF rubber without hydrate as 3 g Ni, 0.75 g MF (W-40), 3 g NR-latex, 3 g 
CR-latex (671A), and 0.5 g TiO2 with identical constituents and rubber size as 
shown in Figure 5(a). In contrast, in our previous study, we established the ef-
fect of microwaves on an MCF rubber sheet made of silicone oil rubber that was  
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Figure 15. Schematic diagram of experiment for irradiation of 
MCF rubber sensor with microwaves. 

 

 

Figure 16. Change of induced voltage of MCF rubber sensor 
by irradiation of microwave. 

 
solidified under ambience drying [47]; the power of the MCF rubber was gener-
ated by the incident microwaves. The MCF rubber sensor made with NR- and 
CR-rubbers also generated magnetoelectricity. Thus, the MCF rubber sensor was 
established to be suitable for power generation using a microwave source. 

Based on the results for γ-irradiation, infrared rays as well as thermal and mi-
crowave sources that involved the photovoltaic effect of visible and ultraviolet 
light in previous studies [4] [10] [11] [12], the MCF rubber sensor has the po-
tential to generate power using broad band electromagnetic waves, as shown in 
Figure A3 in the Appendix. With respect to the details of other regions of the 
electromagnetic spectrum, the feasible of using this sensor can be readily in-
ferred. 

4. Conclusions 

For a robot with an installed sensor operating in a nuclear reactor building, the 
typical characteristics of the MCF rubber sensor are that it is sensible for 
γ-irradiation enough to create the radiation power generation and that it is not 
degraded by γ-irradiation. In addition, for sensing of various sources including 
solar, thermal, etc., the MCF rubber sensor is sensitive to broad band electro-
magnetic waves from the small wave length around γ-irradiation to the one 
around microwave oven, and as such can be applied to energy harvesting during 
broad band electromagnetic waves.  
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Regarding γ-irradiation, there is a temporary enhancement of the induced 
voltage during the initial irradiation and a subsequent fine oscillation, which can 
be explained by the physical model of electrons jumping from an inner shell and 
sequential avalanche of adjacent electrons. The MCF rubber sensor with TiO2 
and metal complex hydrate Na2WO4·2H2O has the potential to generate power 
when subjected to γ-irradiation. It has anisotropic mechanical properties and 
Mullins effect decreases when it is irradiated. Specifically, it is easily elongated 
along the direction of the wire electrodes, creating magnetic cluster alignments; 
however, hardening occurs along the transverse direction. The γ-irradiation ef-
fect on the mechanical property can be explained according to the physical 
model of the correlation of anionic molecules and particles. The shape of the 
cyclic voltammogram’s curve is different depending on the kind of dopants 
involved in the MCF rubber sensor. By deforming the MCF rubber to a sensor 
type such as the MCF rubber sensor, the photodiode effect disappears with 
γ-irradiation. Degradation due to γ-irradiation does not necessarily occur in the 
MCF rubber sensor. 

Regarding energy harvesting, the MCF rubber sensor has the potential for 
power generation as established from its sensitivity to various sources encoun-
tered daily. We can utilize any instruments that are familiar in our daily lives 
because energy harvesting involves the exploitation of energy sources that are 
readily available and accessible. The MCF rubber sensor is sensitive to infrared 
irradiation and thermal source. Based on the sensitivity to microwaves and con-
sidering γ-irradiation and photovoltaic effects, the sensor is not only sensitive to 
broad band electromagnetic waves, but also suitable for energy harvesting. 

Based on the present and previous studies, the MCF rubber sensor was estab-
lished to be effective in a wide variety of engineering applications. However, 
there remains the issue of stability of the sensor. This problem will be addressed 
in a consecutive report. 
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Appendix 

All MCF rubber sensors used in this report were made using our proposed adhe-
sion technique detailed in our previous study [13]. Based on the adhesion tech-
nique using a metal complex hydrate in the MCF rubber latex (which is shown 
as “MCF rubber liquid with hydrate” in the figure) and a magnetic field under 
electrolytic polymerization as shown in Figure A1, thin metal electrodes wires 
were adhered between two electrolytically polymerized MCF rubbers without 
hydrate. In all the procedures for electrolytic polymerization, a static 312 mT 
magnetic field was applied using permanent magnets as paired opposites with a 
constant electric field at 6 V and 2.7 A under atmospheric conditions. 

Each isoprene molecule is cross-link to anionic isoprene molecule as shown in 
Equation (A1), and the mechanism has been presented in detail in our previous 
study [1] [7]. 

 (A1) 

Figure A2 shows the Raman spectra of a liquid of mixed NR-latex and 
CR-latex, MCF rubber liquid (MF + Ni + NR-latex), and powder of hydrate 
Na2WO4·2H2O, respectively. The arrows in the figure indicate the Raman shift of 
C-C and the one of the C=C. In the Raman spectra at C-C and C=C, the spec-
trum of any substance cannot be confirmed to be amassed. 

Figure A3 shows the well-known broad-band electromagnetic waves and the 
associated wave length. 

 

 

Figure A1. Production procedure for MCF rubber sensor with thin electric wires [13]. 
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Figure A2. Raman spectroscopy spectra of the rubber liquid, MCF rubber liquid 
and hydrate powder: 3 g NR-latex + 3 g CR-latex; 0.75 g MF + 3 g Ni + 3 g 
NR-latex; hydrate Na2WO4·2H2O. 

 

 

Figure A3. Broad band electromagnetic waves and the associated wave length. 
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