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Multifunctional High-Power Sources for Smart  
Contact Lenses
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Powering an electrical contact lens is a significant challenge for wearable 
applications such as augmented reality displays and iontophoretic drug 
delivery to the eye. Here a hybrid power generation device is developed 
comprising a wireless power transfer system and a bioabsorbable metal–air 
primary battery, which provides a multifunctional direct current (DC) and/or 
alternating current (AC) output. The DC power is generated by Zn loop anode 
and a bilirubin oxidase (BOD) biocathode in an artificial tear. The Zn-based 
loop anode is also used as the antenna of a wireless power transfer system 
that results in high power transfer efficiency of 17.6% at 13.56 MHz. The 
wireless-powered AC voltage is boosted from 1.5 to 1.5 V + 0.5 Vpp by a DC 
offset, enabling red light-emitting diode (LED) emission. Furthermore, the 
hybrid AC and DC offset voltages are boosted to 2.3 V + 0.5 Vpp by a capaci-
tive booster circuit that provides blue LED emission. No hydrogen evolution 
or pH change is observed in the tear electrolyte. The present hybrid power 
source can potentially power wearable electronics in body fluids.
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(BFCs) harvesting the power from tear 
biofuels such as glucose and lactate, and 
iii) wireless power transfer (WPT) sys-
tems placed between the transmitter and 
receiver on the lens. In medical appli-
cations, most devices are supplied with 
bioadsorbing materials such as Mg, Zn, 
Fe, enzymes, and biomicrofibers, which 
are replenished daily. These materials are 
favored for their biocompatibility and low 
cost.[10] In the mid-1960s, Mg– and Zn–
air batteries were developed for implant-
able medical applications.[11] Although 
some mobile devices are still powered by 
classical batteries, bioadsorbing materials 
are increasingly used to power current 
wearable applications such as electronic 
contact lens[12] and skin electronics.[13] 
The primary batteries are transient power 
sources, but are eco-friendly, disposable, 
and biocompatible. The ideal cell voltages 

(specific energy densities) of Mg–air and Zn–air batteries are 
3.1 V (6.8 kW h kg−1) and 1.6 V (1.3 kW h kg−1), respectively.[14]

Like natural products, BFCs can convert the biochemical 
energy in tear fluids into electricity via enzyme biocatalysts. 
The biochemical components in tear fluids are glucose (present 
at 0.1 × 10−3 to 0.6 × 10−3 m), lactate (1 × 10−3 to 5 × 10−3 m), and 
urea (3 × 10−3 to 6 × 10−3 m).[15,16] By utilizing these biochem-
ical components under mild conditions (neutral pH, normal 
pressure, and body temperature), enzymatic BFCs provide an 
extremely–safe and sustainable power source. The theoretical 
maximum power outputs of glucose and lactate (5.79 and 
48.24 µW respectively) are calculated by P  =  nFVCQ, where 
n = 2 is the electron number, F is Fraday’s constant, V is the 
cell voltage (1.0 V), C is the biofuel concentration (0.6 × 10−3 m 
for glucose, 5 × 10−3 m for lactate), Q is the tear production rate 
(3 µL min−1).[17] Current BFCs can generate power densities of 
the order µW cm−2 from tear components such as glucose,[18] 
lactate,[17] and ascorbic acid.[18]

In contrast to the above power sources, WPT systems wire-
lessly transfer both power and information to a lens device. 
WPT systems are applied in readout integrated biosensors that 
monitor intraocular pressure[19] and biochemical changes in 
human-diagnostics.[20] Although requiring an external power 
source for their transmitters, WPT system can modulate the 
input power to the lens devices by changing the power transfer 
from the transmitter. However, in all previous attempts to inte-
grate WPT systems on contact lenses, the transmitter required 
a high input power to transfer the sufficient voltage (>1.7 V) for 
operating the LED lighting in wearable display applications.[21] 

1. Introduction

Electronic contact lenses have attracted much attention 
as health monitoring biosensors, wearable displays,[1] and 
electrically stimulated eye accommodation devices.[2] Recent 
examples of their use are glucose sensing,[3–5] lactate sensing,[6] 
intraocular pressure measuring,[7] light-emitting diode (LED) 
displays,[8] and corneal electroretinogram recordings.[9] As 
electrical lenses make continuous contact with the eyeball 
surface, their power source and all components must be flex-
ible and safe. Constructing power sources on contact lenses 
is especially challenging, because the power device must be 
mounted on the restricted area of the lens without obstructing 
the vision. Moreover, whereas electrical hard contact lenses are 
designed for long-term use (≈30 d), electrical soft lenses are 
flexibly suitable for short-term (<1 d), mid-term (<14 d), and 
long-term use.

Power-generation devices for electrical contact lenses are 
classified into three types: i) metal–air primary batteries using 
biodegradable metallic electrodes, ii) enzymatic biofuel cells 
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In addition, iontophoretic contact lenses for ocular drug 
delivery[22] and clinical treatments[23] must control the flow of 
the target molecules or ionic stimulation of the body tissues. 
For this purpose, they require the multifunctional outputs of 
alternating current (AC) and/or direct current (DC) on the eye.

Here we demonstrate a multifunctional AC and/or DC power 
supply on soft, moist contact lenses. The proposed system com-
bines a WPT AC system with a metallic-air DC battery (Figure 1, 
Movie S1, Supporting Information). We designed a WPT reso-
nated circuit receiver comprising a metallic loop antenna 
inductor (L) connected in parallel with a miniaturized ceramic 
capacitor (C). The LC resonator on the lens receives AC power 
from the transmitter at a resonant frequency of 13.56 MHz. 
The metallic loop coils composed of Zn, Mg, or AZ31 play dual 
roles of wireless antennas and electrochemical anodes. When 
the AC voltage is powered off, a DC offset VDC1 is generated 
by connecting the metallic anodes to Pt cathode or bilirubin 
oxidase (BOD) biocathodes. With the AC voltage applied to 
the circuits, the output voltage Vout1 is boosted to VAC + VDC1 
(the sum of AC amplitude and DC offset). Furthermore, the 
output voltage Vout2 is boosted to VAC+ VDC1 + VDC2, where VDC2 
is the capacitive voltage across the rectifier circuit. We confirm 
no hydrogen evolution and consequent pH change in the tear 
electrolyte at the two metallic output electrodes. The boosted 
power source was mounted outside the eye pupil (which has 
a diameter of 2–4 mm in bright light[24]), to prevent interfer-
ence with the wearer’s field of vision. Our novel combination 

of the AC amplitude and DC offset provides a new functionality 
(namely, a power boost) to tear electrolytes in wearable lens 
devices.

2. Results and Discussion

2.1. Metal–Air Primary Battery

In a metal–air primary battery, the anodes Mg and Zn are oxi-
dized to Mg2+ and Zn2+, respectively, while at the opposite elec-
trode, the oxygen from the air is reduced to water. The redox 
reactions in the aqueous electrolyte are as follows[14,25,26]

Anode: Mg Mg 22 e→ ++ −

 (1)

 → ++ −Zn Zn 22 e  (2)

Cathode: O 2H O 4 4OH at Pt2 2 e+ + →− −
 (3)

 O 4H 4 2H O at BOD2 2e+ + →+ −
 (4)

Although the ideal cell voltage (3.1 V) and specific energy 
density (6.8 kW h kg−1) are higher in Mg–air than in Zn–air 
(1.6 V and 1.3 kW h kg−1), Mg–air primary batteries are not 
commonly used because of corrosion and hydrogen evolution 
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Figure 1. Hybrid power sources composed of a wireless power transfer system and a Zn–air battery. The Zn loop coils were used as both the wireless 
antennae and the electrochemical anode for the battery. The metallic anodes were connected to a bilirubin oxidase (BOD) biocathode, generating a DC 
offset (VDC1) in the tear electrolyte. The Zn loop antenna (inductance L) in parallel with the capacitor C received an alternating current (AC) power on 
the lens receiver; the corresponding voltage is VAC. The lens receiver was integrated with a half-wave rectifier circuit to generate the capacitive voltage 
VDC2. The output was evaluated at both ports: Port 1 (Vout1) between the LC resonator and the BOD cathode, and Port 2 (Vout2) through the rectifier 
circuit. Without the AC supply, both output voltages Vout1 and Vout2 equaled VDC1. When an AC voltage at 13.56 MHz was applied to the transmitter, the 
output voltage Vout1 increased to VAC + VDC1, while Vout2 increased further to VAC + VDC1 + VDC2. These enhanced voltages illuminated the red and blue 
LEDs on the lens, respectively.
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reactions.[14] These troublesome reactions can be reduced by 
alloying Mg with aluminum and zinc (AZ31: 96 wt% Mg, 3wt% 
Al, and 1 wt% Zn).[27]

In our experiments, the metallic loop electrodes were used 
as both the anode of the primary battery and the antenna for 
WPT. The 12 mm diameter metallic loops of the Zn, Mg, and 
AZ31 electrodes were fashioned from 0.1 mm diameter wire, 
so their total masses were 2.11, 0.51, and 0.52 mg, respectively. 
Even when totally adsorbed into the body, these electrodes 
are biosafe because their masses are below the recommended 
daily intakes of Zn (15 mg) and Mg (350 mg).[28] To generate 
power, we fabricated two types of cathodic electrodes using a 
platinum and a BOD enzyme. As shown in Figure 2a–c, the 
performance of the Mg–Pt and AZ31–Pt batteries were 331 µW  
at 0.27 V and 324 µW at 0.18 V, respectively, exceeding that 
of the Zn–Pt battery (29 µW at 0.17 V). The hydrogen evolu-
tion was lower at the Zn electrode than at the Mg and AZ31 
electrodes. The practical open–circuit potentials of Zn–Pt, 

Mg–Pt, and AZ31–Pt were 1.0, 1.5, and 1.5 V, respectively. 
These potentials were reduced from the ideal cell voltages 
by a parasitic electrode reaction occurring mainly between 
the metal–water interface.[29] However, the BOD biocathodes 
improved the cell performance to 184 µW at 0.43 V in Zn–BOD, 
490 µW at 0.5 V in Mg–BOD, and 382 µW at 0.75 V for AZ31–
BOD (see Figure 2d–f). Importantly, the open–circuit voltage 
(OCV) was significantly enhanced to 1.5, 1.92, and 1.97 V in 
Zn–BOD, Mg–BOD, and AZ31–BOD, respectively, because the 
oxygen reduction at the BOD electrode started from a positive 
potential of 0.55 V (vs 0.15 V at the Pt electrode; see Figure S1, 
Supporting Information).

Figure 2g shows the lifetimes of Zn–BOD, Mg–BOD, and 
AZ31–BOD batteries. A constant current of 100 µA, generated by 
connecting each battery to a 2–12 kΩ resistor, was maintained in 
the Mg–BOD battery for 3.5 h. Thereafter, the current gradually 
reduced to zero at 4 h. Although the masses of the Mg and AZ31 
electrodes were almost identical (≈0.5 g), the lifetime of the 
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Figure 2. Characterization of the metal–air batteries. a–f) Battery performances of the Zn, Mg, and AZ31 loop anodes coupled to a Pt cathode (top) 
or to bilirubin oxidase (BOD) biocathode (bottom) in the artificial tear solution (n = 3). g) Lifetime measurements of the batteries (Zn-BOD, Mg-BOD, 
AZ31-BOD, and EC bonded Zn-BOD on the lens) at an initial (0 h) current of 100 µA, obtained by connecting each battery to a 2–12 kΩ resistor.  
h–j) Images of the Zn–air battery on the lens at h) 0 h, i) 9 h, and j) 18 h, immersed in solution at 100 µA.
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AZ31–BOD battery was extended to 5 h. This difference is attrib-
uted to the faster dissociation rate from Mg atoms to Mg2+ ions in 
the Mg–BOD battery than in the AZ31–BOD battery. To confirm 
this difference, the lifetimes of the Mg–BOD and AZ31–BOD 
at the OCV were measured without a faradaic reaction (Figure S2,  
Supporting Information), obtaining 9 and 12 h, respectively. In 
the Zn–BOD battery, the lifetime was extended to around 16 h 
because of the lower dissociation rate and larger mass in the Zn 
anode than in the Mg and AZ31 loop anodes. To bond the battery 
onto the soft contact lens, we used the electrochemical (EC) 
bonding of pyrrole monomer glue (see Figure S3, Supporting 
Information). The lifetime does not change after the EC bonding 
of the Zn-BOD battery onto soft contact lenses (Figure 2g). 
During dissociation, the original loop anode (Figure 2h) reduced 
the wire diameter (Figure 2i). Before completely dissolving in 
the water, the thinning wire of the Zn loop anode became fragile 
and eventually broke, leading to the Polypyrrole layer exposed 
(Figure 2j). These results indicate that the Zn–BOD battery is a 
suitable power source within the restricted area of a soft contact 
lens, providing a constant DC power over 15 h.

2.2. WPT System

In the WPT system, the “input” power-transmitting antenna on 
the eyeglass is coupled to the “output” power-receiving antenna 
on the contact lens by two LC circuits resonated at 13.56 MHz. 

The theoretical model of the WPT on the eye is described in our 
previous paper[30] (Figure 3a). The receiving LR1CR1 resonator is 
composed of a ceramic capacitor (4700 pF) and a single-loop 
coil made of different types of metallic wires (Au, Zn, Mg, or 
AZ31). When we applied an AC voltage to the transmitting 
coil, the current flowing through LT1 generates an oscillating 
magnetic field, which passes through the receiving coil LR1 to 
induce an AC voltage in the receiver circuit. For turning the 
resonant frequencies of both the transmitting and receiving 
resonators to 13.56 MHz, matching capacitors are connected 
in parallel. The resonant frequencies of the transmitter 
and receiver are calculated as π= ⋅ +1/2 1/ 1/T1 T1 T1 T2f L C L CT ,  
and π= ⋅1/2 1/ R1 R1f L CR , respectively, where LT1 and LR1 
represent the coil inductances of the transmitter and receiver, 
respectively. CT1 and CT2 are the transmitter capacitances, 
and CR1 is the capacitance of the receiver. To calibrate our 
WPT system, we connected each antenna to a vector network 
analyzer at a radiation distance of 10 mm. The transmitter 
antennas were resonated at fT of 13.56 MHz (Figure S4a, 
Supporting Information), and the receivers were resonated 
at fR,Au of 13.60 MHz (Au receiver, Figure S4b, Supporting 
Information), fR,Zn of 13.61 MHz (Zn receiver, Figure S4c, 
Supporting Information), and fR,Mg of 13.51 MHz (Mg receiver, 
Figure S4d, Supporting Information), and fR,AZ31 of 13.54 MHz 
(AZ31 receiver, Figure S4e, Supporting Information). Owing to 
the high performance of the transmitting resonator, the WPT 
system resonated at 13.56 MHz and achieved a power transfer 

Adv. Funct. Mater. 2019, 1906225

Figure 3. Characterization of the wireless power transfer systems. a) Schematic equivalent circuits of our WPT system with eye movement. b) Power 
transfer efficiency in our WPT system with different loop antennae (Au, Zn, Mg, and AZ31), plotted as functions of radiation distance (n = 5). 
c) Power transfer efficiencies between the transmitter and receiver during eye rotation for different numbers of turns N in the receiving antenna (n = 5).  
d) Lifetime measurements after immersing circuits with the Zn-, Mg-, and AZ31-based antennas into an artificial tear solution.
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efficiency of 7.8% (−11.1 dB) for Au, 5.6% (−12.6 dB) for Zn, 
4.8% (−13.2 dB) for Mg, 2.2% (−16.5 dB) for AZ31. In this 
evaluation, the transmitter was separated by 10 mm from each 
receivers (Figure 3b and Figure S4, Supporting Information). 
The different power transfer efficiencies are attributed to the 
different conductivities of the metal loop antennas, which 
mainly relate to their resistances RR1. In fact, the RR1 values of 
the Zn, Mg, and AZ31 antennas were 0.07, 0.230, and 0.433 Ω, 
respectively (see Table S1, Supporting Information). The power 
transfer efficiency (PTE) was improved by decreasing the radia-
tion distance (Figure 3b). At 1 mm radiation distance, the PTE 
was highest for the Zn antenna (17.6%), followed by 14.8% and 
7.4% for the Mg with AZ31 antennas, respectively.

In practical applications, the PTE varies with an eye move-
ment (Figure 3c). During eye rotation, the magnetic coupling 
between the antennas on the eyeglass and the contact lens is 
a function of the coupling coefficient and includes the vertical 
distance, lateral displacement, and tilt-angle displacement.[30] 
When an AC power was supplied to the transmitting antenna 
(LT1), the PTE at the receiving antenna (LR1) (measured by 
a vector network analyzer) was 6.1% at the central position 
(α = 0°), and decreased gradually to 1.2% at α = 35°. This 
performance can be enhanced by increasing the number of 
turns in the receiving antenna. We then connected a double-
turned Zn coil in parallel with a 1500 pF capacitor (Receiver 2,  
Figure S5, Supporting Information), with an optimum oper-
ating frequency of 13.55 MHz, and a triple-turned Zn coil 
in parallel with a 680 pF capacitor (Receiver 3, Figure S5, 
Supporting Information), with an optimum operating fre-
quency of 13.84 MHz. At α = 0°, the double-turned antenna 
(Receiver 2) and the triple-turned antenna (Receiver 3)  
enhanced the PTE to 11.7% and 16.4%, respectively. This 
enhancement can be attributed to the increased inductance 
from 58 nH in the single-turned coil to 168 nH in the triple-
turned coil (Table S2, Supporting Information). Furthermore, 
we measured the lifetime of the WPT systems in an artificial 
tear solution (Figure 3d). The PTEs of the both Mg and AZ31 
antennas were initially around 10%, decreasing gradually to 0% 
after ≈3 h. These lifetimes were shorter than the battery life-
times. As the antenna dissolves in the solution, its diameter 
gradually reduces, thereby diminishing the coupling coefficient 
between the transmitter and receiver. In contrast, the PTE of 
the Zn-based resonator remained at 10% for longer than 1 day. 
The Zn antenna was thought to be protected by the Zn(OH)2 
passivation layer formed on its surface through the reaction 
Zn + 2H2O → Zn(OH)2 + H2,[31] even under an AC voltage 
applied at 13.56 MHz. In summary, the Zn-based resonator 
achieved a higher PTE and longer lifetime than the Mg and 
AZ31 antenna.

2.3. Hybrid Power Sources with a WPT System and Battery

We demonstrate power-boosting by the hybrid power source 
with the AC-based WPT and DC battery, and then apply it to 
the LED display applications. In the experiments, we used two 
types of LEDs: a red LED (with an operation voltage of 1.7 V)  
and a blue LED (with an operation voltage of 2.4 V). The 
receiver on the contact lens was integrated with a half-wave 

rectifier circuit using a Schottky barrier diode and a 47 nF 
smoothing capacitor (Figure 4a). The rectified receiver was 
connected to the BOD cathodes at Ports 1 and 2 and their 
output voltages Vout1 (Port1-BOD) and Vout2 (Port2-BOD) 
were measured by an oscilloscope with and without an AC 
power supply from the transmitter. The current at Port 1 
flowed directly between the LR,ZnCR,Zn resonator circuit and 
the BOD cathode, while that at Port 2 flowed through the 
rectifier circuit. Without the AC power supply, both Vout1 
and Vout2 were measured as 1.5 V, equivalent to the OCV of 
the Zn–BOD battery, and insufficient for lighting any LEDs. 
When a 13.56 MHz AC voltage applied to the transmitter, an 
AC voltage of 2.0 Vpp was detected in the integrated receiver 
lens circuit without the rectifier circuit (Figure S6a, Supporting 
Information). Vout1 and Vout2 were boosted to 1.5 V + 0.5 Vpp 
and 2.3 V + 0.5 Vpp, respectively (Figure 4b). Technically, Vout1 
is the sum of the Zn-BOD battery supply (1.5 V) and the 
received AC voltage (2.0 Vpp). However, after connecting the 
rectifier circuit to the BOD cathode, the original 2.0 Vpp was 
attenuated to 0.5 Vpp. The attenuation was limited to high 
frequencies (>3 MHz), as shown in Figure S7 (Supporting 
Information). At high frequencies (e.g., at 13.56 MHz), the 
output Vpp was reduced by the increased impedance of the 
two electrodes in the aqueous solution.[32] Nevertheless, Vou1 
illuminated the red LED only when boosted by the AC voltage 
supply (Figure 4c). For the same reason, the AC voltage was 
also reduced in Vout2; however, when boosted to 2.3 V + 0.5 Vpp  
by the rectifier circuit, Vout2 was sufficient to light the blue LED 
(Figure 4c). The DC offset in the WPT system enhances the 
power management in wearable devices. To illuminate the blue 
LED by the WPT system alone, the receiver circuit requires 
6.0 Vpp of AC power (Figure S6b, Supporting Information), so 
an AC voltage of 107 Vpp must be applied to the transmitter. 
During LED illumination, the current flow through the cir-
cuit causes joule heating of the lens. The temperature in the 
LED chip rose from 25 to 30 °C during 1 minute of current 
flow. However, when the circuit was removed from the eyeball, 
the (immediately measured) temperature on the pig eye sur-
face was not noticeably increased. Therefore, although short-
term illumination caused joule heating on the LED chip, it 
did not influence the temperature of the ocular surface. When 
the integrated Zn-based circuit was mounted on the eyeball-
mimicking hydrogel (with soft contact lens) including artifi-
cial tear fluid and 80 µM bromothymol blue as a pH indicator 
(Figure 4h, Movie S2, Supporting Information), no hydrogen 
evolution and pH changes were observed, even after 1 minute 
of the AC power supply. In contrast, when the hydrogel solu-
tion was exchanged with a 0.5 M Na2SO4 unbuffered solu-
tion (Figure 4i, Movie S3, Supporting Information), the color 
changed from yellow to blue; moreover, hydrogen bubbles 
were observed at the Mg-based antenna in the artificial tear 
fluid, both with and without the AC power supply.

Finally, we measured the performance of each power source 
with and without the AC power supply. For this purpose, we 
measured the cell voltage while varying the external resistance 
between 330 Ω and 150 kΩ (330, 400, 470, 510, 680, 830 Ω,  
1.0, 1.47, 2.0, 2.68, 3.3, 4.0, 4.7, 5.1, 6.1, 8.1, 10, 20, 30, 
40, 80, 100, 135, and 150 kΩ). The output voltage was meas-
ured by an oscilloscope and the current and power curves 
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were computed from the peak of the AC signal. Without the 
AC power supply, the OCV (VDC1 = 1.5 V) and the maximum 
power (74 µW at 0.7 V) were equivalent to the performance 
of the Zn–air battery. When the AC power was supplied, the 
output voltages Vout1 and Vout2 were boosted to 1.7 V and 

2.5 V, respectively (Figure 4b). When connected to the resis-
tors ranging from 150 to 2 kΩ, these output voltages decreased 
to 1.0 Vout1 and 1.3 Vout2, respectively, and the power increased 
to 120 and 200 µW, respectively. However, when connected 
to lower resistors less than 2 kΩ, the output voltages and the 
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Figure 4. Characterization of the hybrid power sources. a) Equivalent circuit diagram of our WPT system with the Zn–air battery. b) Output voltages 
Vout1 and Vout2 with and without the AC voltage supply. c) Images of powering the LEDs with and without the AC power supply: the red and blue LEDs 
were connected at Port 1 (Vout1) and Port 2 (Vout2), respectively. Thermal (top) and optical (bottom) images of the wirelessly powered LED on a pig eye 
during on/off cycling of the power supply: d) initial Off state at t = 0 s, e) On state at t = 3 s, f) On state at t = 60 s, and g) Initial Off state at t = 63 s. 
Images of the Zn-based circuits immersed in h) artificial tear and i) unbuffered solution with a pH indicator during LED illumination. j) Performances 
of the hybrid power sources (n = 5).
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performances at Vout1 and Vout2 were equal because the per-
formance of the Zn–BOD battery was extremely low. These 
results indicate that the hybrid power sources using the WPT 
system and the DC battery boost both the cell voltages and 
their performances; moreover, they provide multifunctional 
DC- and AC-mode outputs when a controlled AC power is sup-
plied to the transmitter.

3. Conclusion

We applied a series of multifunctional, high-power sources 
to a moist, soft contact lens. When supplied with an AC 
power source at the transmitter, the output voltage VDC1 of 
the WPT system with the metal–air battery was enhanced 
from 1.5 V (without the AC power supply) to 0.5 Vpp + 1.5 V  
at Port 1 and to 0.5 Vpp + 2.3 V Port 2. The hybrid power 
source simultaneously lit two types of LEDs: a red LED light 
at Port 1 and a blue LED light at Port 2; meanwhile, no illu-
mination occurred without the AC supply. During the opera-
tion, no pH changes or bubbles were observed in the artificial 
tear electrolyte. The longer lifetime of the Zn-based circuit than  
of the Mg- and AZ31-based circuits was attributable to the lower 
dissociation rate from the metal atoms to ions at the interface 
between the Zn metal and aqueous solution. The present 
hybrid power source can potentially realize wearable electronics 
in body fluids, and promises versatile sources for many applica-
tions such as displays and iontophoretic drug-delivery systems.

4. Experimental Section
Reagents: Zn, Mg, and AZ31 wires (diameter 0.1 mm) were donated 

by Japan Fine Steel Co. These wires were used as the anodic electrodes 
in the metal–air batteries, and as the antenna coils in the WPT system. 
The cathode reaction was catalyzed by 0.1 mm diameter Pt (99.98%, 
Nilaco Co) and BOD (EC 1.3.3.5, Amano Enzyme Inc.) from the 
fungus Myrothecium verucaria. Unless otherwise specified, all wires 
were 3.8 cm long (the perimeter of a 12 mm diameter circle). Artificial 
tear solution was purchased from Santen (Soft Santear). The contact 
lenses used in this paper were PureVision2 lenses purchased from 
Bausch + Lomb.

BOD-Based Gas-Diffusion Cathode: The BOD biocathode was 
fabricated as described in a previous work.[33] Two types of carbon 
nanotube (CNT) solutions were prepared: a 5 mg mL−1 CNT 
solution treated with hydrophilic acid (A-CNT) containing 1% Triton 
X−100 for BOD enzyme loading and proton flow, and a 5 mg mL−1 
hydrophobic multiwall CNT ethanol solution treated with 1.0 wt% 
polytetrafluoroethylene (PTFE) hydrophobic particles, which produces 
a PTFE–CNT layer for O2 diffusion from the air. For the cathode 
preparation, a PTFE–CNT layer was coated on the fibers (forming 
PTFE–CNT/fibers), followed by a second coating with acid-treated CNTs 
(forming A-CNT/PTFE–CNT/fibers). The A-CNT/PTFE–CNT/fibers were 
then immersed in a 5 mg mL−1 BOD solution with stirring at 4 °C for 
12 h to allow BOD-adsorption (forming BOD/ACNT/PTFE–CNT/
fibers). Finally, an additional PTFE–CNT layer was drop-casted onto the 
BOD/A-CNT/PTFE–CNT/fibers at room temperature.

Transmitter and Receiver Circuits: For the transmitting resonator circuit, 
a five-turn copper wire coil (wire diameter: 0.238 mm, coil diameter: 
35 mm) was connected to two chip capacitors (470 and 100 pF) by 
tinning with a soldering iron. To form the receiving resonator, an Au coil 
(wire diameter: 0.1 mm) was pressed into a circular shape with a loop 
diameter of 12 mm, and then connected to a chip capacitor (4700 pF) 

with Ag paste. This structure was cured at 60 °C for 30 min. Receiving 
resonator circuits containing Zn, Mg, and AZ31 wires (donated from 
Japan Fine Steel Co Ltd) were constructed by the same process. For 
the measurements, each resonator was connected to SMA connectors 
(Orient Microwave BL52-5636-00, province, country). The resonators 
were then connected to a vector network analyzer (Anritsu-MS46122B), 
and their performances were characterized by two-port S-parameter 
measurements.

Electrochemical (EC) Bonding (EC) of the Circuits on the Lens: The 
circuits on the lens were bonded as described in a previous procedure 
for electrochemical polymerization at the interface between the Au 
antenna and the lens.[30] Here, the commercially available contact lens 
(PureVision 2) is immersed in an electrolyte solution containing 0.5 m 
pyrrole and 1 m sodium salicylate.[34] The lens in the electrolyte was 
stored at 4 °C overnight to exchange the lens and electrolyte solutions. 
A Zn loop-coil antenna was mounted on the monomer-containing 
lens and supplied with an electrochemical potential of 1.6 V versus 
Ag/AgCl, primarily to form the passivation layer and polymerize 
the pyrrole at the receiver–lens interface (Figure S3, Supporting 
Information). The polymerized pyrrole was grown at the back side of 
the Zn antenna for binding onto soft contact lens, so the EC bonding 
provides the original Zn surface remaining on the front side. The 
electrolyte solution in the integrated lens was subsequently replaced 
by the artificial tear solution.

LED Lighting on the Eyeball: To demonstrate LED lighting by the 
developed system, the LC resonator was connected to a single LED 
chip and a half-wave rectifier circuit consisting of a Schottky barrier 
diode and 47 nF smoothing capacitor using Ag paste. The electrical 
components (excepting the Zn antenna and BOD fibers) were isolated 
from the ionic solution with instant glue to prevent chemical reaction 
with the Ag paste. In the same manner, the BOD fibers were bonded to 
the LED chip. The transmitter was connected to a multifunctional signal 
generator (NF, WF1974, company, province, country), and AC voltages 
up to 20 Vpp were applied at 13.56 MHz. The receiver was placed on an 
artificial eyeball, at a radiation distance of 10 mm from the transmitter. 
Optical and thermal images were captured with a thermal imaging 
camera (FLIR, C2).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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