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ABSTRACT: Recently, smart contact lenses with electronic circuits have been proposed for various sensor and display
applications where the use of ﬂexible and biologically stable electrode materials is essential. Graphene is an atomically thin
carbon material with a two-dimensional hexagonal lattice that shows outstanding electrical and mechanical properties as
well as excellent biocompatibility. In addition, graphene is capable of protecting eyes from electromagnectic (EM) waves
that may cause eye diseases such as cataracts. Here, we report a graphene-based highly conducting contact lens platform
that reduces the exposure to EM waves and dehydration. The sheet resistance of the graphene on the contact lens is as low
as 593 Ω/sq (±9.3%), which persists in an wet environment. The EM wave shielding function of the graphene-coated
contact lens was tested on egg whites exposed to strong EM waves inside a microwave oven. The results show that the EM
energy is absorbed by graphene and dissipated in the form of thermal radiation so that the damage on the egg whites can be
minimized. We also demonstrated the enhanced dehydration protection eﬀect of the graphene-coated lens by monitoring
the change in water evaporation rate from the vial capped with the contact lens. Thus, we believe that the graphene-coated
contact lens would provide a healthcare and bionic platform for wearable technologies in the future.
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and lightweight for EMI-shielding materials than typical metalbased materials, while the use of conventional EMI-shielding
materials based on metallic or magnetic materials has been
limited by their heavy weight and corrosion problems.8−14
Recent advances in chemical vapor deposition (CVD) growth of

raphene, a two-dimensional hexagonal lattice structure
of the carbon atom, has been widely studied in various
ﬁelds because of its remarkable electrical, mechanical,
and chemical properties since its ﬁrst discovery by the
mechanical exfoliation of graphite crystals.1−5 Among its unique
properties, outstanding electromagnetic wave absorption property and gas-impermeability have provided the potential to use
graphene for electromagnetic interference (EMI) shielding and/
or diﬀusion barriers.6,7 It has been reported that since graphene
consists of only carbon atoms it is much more eﬀective, stable,
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Figure 1. Schematic working principle of a graphene-coated contact lens and its fabrication process. (a) Electromagnetic (EM) wave passes
through contact lens and absorbed by an eyeball, possibly causing heat damage inside. (b) EM energy is absorbed by graphene and dissipated as
heat before reaching the interior of the eye. (c, d) Dehydration of a contact lens can be reduced due to the gas-impermeability of graphene (e)
Fabrication process of the graphene-coated contact lens.

devices are connected to the Internet of Things (IoT)
technologies, the exposure of our eyes to environmental EM
waves will be steadily increasing. Thus, the EMI shielding
function of the smart contact lenses is of great importance. In
addition, it is known that wearing contact lenses for a long period
of time possibly causes dry eye syndrome, which needs to be
protected by keeping eye moisture as much as possible using a
diﬀusion barrier. We believe that the CVD graphene is a suitable
material for the EMI shielding and dehydration protection of
contact lenses because it has outstanding electrical properties as
well as gas-impermeability along with high optical transmittance,
mechanical ﬂexibility, and environmental stability.

large-area high-quality graphene is expected to enable the
practical applications of graphene in our daily lives.15−19,24,25
Recently, with advances in electronics, micro/nanofabrication,
and information technology, wearable devices emerged and been
studied for the past few years. Contact lens type wearable devices
also have been developed for various purposes including the
diagnosis of glaucoma or diabetes by measuring intraocular
pressure or glucose composition of tears, whereas RF
technologies using electromagnetic (EM) waves can be
employed for power supply or signal.20−23 However, in this
case, there is a possibility of low-temperature burn or
dehydration because the exposure to EM waves is very
continuous and close to eyes, even though electromagnetic
wave interference (EMI) level generated from the device is
considered relatively weak. Likewise, as a variety of wireless
B
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Figure 2. Optical and electrical properties of graphene ﬁlms. (a) Optical and SEM images of graphene samples transferred on a SiO2 substrate. (b)
Raman spectrum of graphene showing monolayer thickness and low defect density. (c) Transmittance of a bare contact lens and a graphenecoated contact lens. Scale bar: 1 cm. (d−f) Evaluation of electrical properties of graphene samples, including four-point sheet resistance
masurement and I−V characteristics.

RESULTS AND DISCUSSION
A schematic working principle of the EMI shielding graphene
contact lenses is shown in Figure 1a−d. Without graphene, the
EM wave passes through the contact lens and is directly absorbed
by the eyeballs, possibly causing thermal damage potentially
related to cataracts. If graphene is used, the EM wave is partially
absorbed by the graphene layer on the contact lens, which
reduces the EM energy delivered to the inner eyeballs (Figure
1a,b). When contact lenses are worn, tears play a role as lubricant,
but the dehydration of the eyes may cause xerophthalmia (Figure
1c). The dehydration process can be prolonged by the graphene
coating (Figure 1d).
Reliable graphene coating on the contact lens with a thin and
soft hemispherical feature is a key for the experiment. For the
conformal and durable coating of graphene on the lens, we used a
template with the same radius curvature of a contact lens. Overall
fabrication processes are shown in Figure 1e. We synthesized the
continuous monolayer graphene on a high purity Cu foil
(99.99%) using a typical chemical vapor deposition method with
ﬂowing 150 sccm methane and 15 sccm hydrogen gases at 1000
°C in an 8-in. quartz tube followed by coating with PMMA.16
After the Cu foil was etched away with 0.1 M ammonium
persulfate ((NH2)4S2O8) aqueous solution and the graphene
rinsed in DI water, the PMMA/graphene was transferred on
contact lens naturally attached on the template by surface tension
of the lens, steadily maintaining its feature during the transfer
process. After baking for 30 min at 80 °C on a hot plate, the
PMMA was removed by acetone. Here, the contact lens was
protected from acetone by the graphene layer on top. Finally, the
graphene coating on the contact lens was completed by isolating
the lens from the template using a sharp tip.
The graphene lens was crinkled up immediately after the
process because it was exposed to air during the process, leading
to dehydration of lens. However, the lens recovered its original
feature by being dipped in saline solution for a while. A slight fall

oﬀ of transmittance, assumed 2.3% at 550 nm, was found in
graphene lens compared with normal lens, but it was hard to
recognize that diﬀerence (Figure 2c), suggesting that graphene
lens could give us clear vision during use.16 The electrical
property of graphene lens has been investigated using a fourprobe point measurement. A PET sample coated with graphene
(graphene PET) was also measured for the reference (Figure
2d). For the electrode, silver paste was formed on samples at
intervals of 5 mm. To evaluate variation, ﬁve individual graphene
lenses and nine points in a graphene/PET sample were
measured. Figure 2e shows an I−V plot of the graphene lens
with a resistance range of 199−240 Ω, similar to the value with
graphene PET. The sheet resistance of the graphene on the
contact lens was calculated to be as low as 593 Ω/sq (±9.3%), as
shown in Figure 2f.
To conﬁrm the actual EMI-shielding eﬀect of the graphenecoated contact lens, we irradiated a strong EM wave (120 W for
50 s) onto egg whites inside a microwave oven that has similar
wavelength ranges with 4G LTE and Bluetooth (2.45 GHz) as
shown in Figure 3. The results show that the thermal
denaturalization, i.e., color change of the graphene-protected
egg is considerably less than the case without graphene that
protects EM waves.10
When the graphene is exposed to EM waves, the electrons in
orbital motion induce oscillating magnetic moments in response
to the external magnetic ﬁeld, which eﬃciently absorbs the EM
energy and dissipates it as thermal energy. Therefore, the EM
absorption eﬃciency can be evaluated by monitoring the heat
generation from the graphene-coated contact lens. An IR camera
was used to obtain thermal infrared images after application of
EM radiation (120 W) on the samples inside a microwave oven
for 20 s (Figure 3c). The results show that the temperature of the
graphene-coated contact lens was rapidly increased above ∼45
°C, while the normal lens remained almost unchanged.
C
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Figure 3. EMI shielding eﬀect of the graphene-coated contact lens tested in a microwave oven. (a) Sample prapration for the microwave oven test.
Egg whites on a Si wafer are covered with the contact lenses with and without graphene coating, respectively. (b) A microwave oven test showing
the excellent EMI shielding eﬀect of the graphene-coated contact lens. The egg white protected by graphene shows less thermal denaturalization.
(c) IR camera images showing the elevated temperature of the graphene-coated lens inside a microwave oven, indicating the EM energy is
eﬃciently absorbed and dissipated as heat. See the Supporting Information for movies.

Figure 4. Enhanced dehydration protection by a graphene coated contact lens. (a) Schematic of the experimental setup to measure the water
evaporation rate througth contact lenses. (b) Weight loss measured with time on a hot plate at 38 °C. (c) Water vapor transmission rate (WVTR)
values of the contact lenses without and with graphene coating, derived from (b). The dehydration protection performance has been enhanced by
∼30%.

expect that further improvement can be made by minimizing the
defects on graphene during transfer and fabrication processes or
by stacking multilayers of graphene.7
Finally, we demonstrated a simple microscale LED device
fabricated on a contact lens with graphene electrodes. Figure 5a
shows the fabrication processes of graphene electrodes by a
conventional photolithography techniques.24,25 The graphene
was patterned on a SiO2 substrate and transferred onto a contact
lens by using PMMA as a supporting layer (Figure 5b,c). The

To demonstrate the dehydration protection of the graphene
lens, we measured the water vaporization rate of water-ﬁlled vials
capped with the contact lenses. The vial samples were placed on a
hot plate at 38 °C, and the mass loss was measured on an
electronic scale (Figure 4).6 After 7 days, the weights of the
normal and graphene-coated lenses were decreased by 0.8268
and 0.5535 g, respectively (Figure 4c). The water vapor
transmission rates (WVTRs) were estimated by considering
the size of the lens, which was reduced by 30% (Figure 4d). We
D
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Figure 5. Demonstration of an LED fabricated on a graphene-coated contact lens with electrode patterns. (a) Schematic view of the fabrication
processes including the pattering of graphene by photolithography and O2 plasma etching. (b, c) Optical and (d) SEM images of the patterned
graphene on a conatact lens. (e) Raman specta of the patterned graphene on target substrates. (f) Assembled LED/graphene contact lens. (g)
On/oﬀ images of LED graphene lens operating voltage at 9 V.

∼593 Ω/sq and the LED operation at 9 V indicate that the
electrical properties of graphene can be maintained even after
transfer and patterning. The EM wave shielding function of the
graphene-coated contact lens was tested on egg whites exposed
to strong EM waves inside a microwave oven. The results show
that the EM energy absorbed by the graphene is released in the
form of thermal radiation so that the damage on the egg whites
can be minimized.26−28 We also demonstrated the enhanced
dehydration protection eﬀect of the graphene-coated lens by
monitoring the change in water evaporation rate from the vial
capped with the contact lens. Thus, we believe that the graphenecoated contact lens would provide a healthcare and bionic
platform for wearable technologies in the future.

negligible I(D)/I(G) ratio in Raman spectra indicates that no
defect has been generated after patterning and transfer (Figure
5e). No meaningful change has been observed for high-level EM
exposure (∼1 m from 100 W source) for more than 200 h. The
prewired micro-LED successfully worked at ∼9 V, implying that
the graphene pattern on the contact lens is electrically
continuous and robust enough to be used as an electrode
(Figure 5g).

CONCLUSIONS
In conclusion, we demonstrated the conformal coating of a soft
contact lens with CVD graphene and its application to EMI
shielding and dehydration protection. The sheet resistance of
E

DOI: 10.1021/acsnano.7b00370
ACS Nano XXXX, XXX, XXX−XXX

Article

ACS Nano

EXPERIMENTAL SECTION
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Sample Preparation. Monolayer graphene was synthesized on a
high purity Cu foil (Alfa Aesar, 99.99%) utilizing an 8 in. quartz tube
CVD. The Cu foil was heated to 1000 °C for 1 h under a 15 sccm H2
ﬂow, and then 150 sccm CH4 was inserted to grow graphene over 30 min
at 1000 °C. Then, the furnace was rapidly cooled to room temperature
under a 15 sccm H2 ﬂow. For the support and protection of graphene,
the PMMA solution was applied onto the graphene/Cu foil by a spin
coater. The Cu foil was etched away using 0.1 M ammonium persulfate
((NH2)4S2O8) over 5 h. After being rinsed with DI water, the ﬂoating
graphene layer and the PMMA support ﬁlm were transferred onto the
target substrate (Si wafer, PET, contact lens). the Si wafer with oxidation
of 300 nm and commercial contact lens (INTEROJO, 1 Day Clalen)
were used as substrate. To obtain encapsulation between the contact
lens and vial in the water vapor transmittance rate test, we used 3M
Scotch AD6007 for the adhesive.
Fabrication of Graphene Lens with Micro-LEDs. Single-layer
graphene was transferred on a silicon wafer by PMMA-assisted wet
transfer. The micropatterns of graphene (width = 15 μm, length = 50−
200 μm) was generated by a typical photolithography process using a
photoresist (AZ GXR-601, thickness = 1.5 μm). To transfer the
micropatterned graphene onto a contact lens, the PMMA supporting
layer was coated on the patterned graphene again, and then the silicon
oxide layer was etched with 4 M potassium hydroxide (KOH) solution
at 90 °C. After rinsing with DI water, the ﬂoating graphene layers was
transferred onto a contact lens by the same method as mentioned above.
Finally, the prewired micro-LEDs (0402 SMD LED Green) was
connected on the patterned graphene lens by silver paste.
Characterization. Optical microscopy was performed with a Nikon
ECLIPSE LV100ND, and the Raman spectra were recorded by a Raman
spectrometer (RM 1000-Invia, Renishaw, 514 nm). The sheet resistance
was measured with four-point probe nanovoltmeter (Keithley 6221)
and DASOL FPP-40K. The current−voltage curve was measured by
Agilent B2912A. We used a microwave oven of SAMSUNG Electronics
(frequency = 2.45 GHz, maximum output power = 700 W). An IR
camera (FLIR T650sc) was used to monitor the temperature change of
samples. For the water vapor transmittance rate test, we used a precision
electronic scale (Mettler Toledo MS105DU). The SEM images were
obtained by ﬁeld-emission scanning electron microscopy (FESEM,
AURIGA Carl Zeiss).

REFERENCES
(1) Novoselov, K. S.; Geim, A. K.; Morozov, S. V.; Jiang, D.; Zhang, Y.;
Dubonos, S. V.; Grigorieva, I. V.; Firsov, A. A. Electric Field Effect in
Atomically Thin Carbon Films. Science 2004, 306, 666−669.
(2) Geim, A. K.; Novoselov, K. S. The Rise of Graphene. Nat. Mater.
2007, 6, 183−191.
(3) Bolotin, K. I.; Sikes, K. J.; Jiang, Z.; Klima, M.; Fudenberg, G.;
Hone, J.; Kim, P.; Stormer, H. L. Ultrahigh Electron Mobility in
Suspended Graphene. Solid State Commun. 2008, 146, 351−355.
(4) Lee, C.; Wei, X.; Kysar, J. W. Hone Measurement of the Elastic
Properties and Intrinsic Strength of Monolayer Graphene. Science 2008,
321, 385−388.
(5) Bunch, J. S.; Verbridge, S. S.; Alden, J. S.; van der Zande, A. M.;
Parpia, J. M.; Craighead, H. G.; McEuen, P. L. Impermeable Atomic
Membranes from Graphene Sheets. Nano Lett. 2008, 8, 2458−2462.
(6) Nair, R. R.; Wu, H. A.; Jayaram, P. N.; Grigorieva, I. V.; Geim, A. K.
Unimpeded Permeation of Water through Helium-Leak-Tight Graphene-Based Membranes. Science 2012, 335, 442−444.
(7) Choi, K.; Nam, S.; Lee, Y.; Lee, M.; Jang, J.; Kim, S. J.; Jeong, Y. J.;
Kim, H.; Bae, S.; Yoo, J.-B.; Cho, S. M.; Choi, J.-B.; Chung, H. K.; Ahn,
J.-H.; Park, C. E.; Hong, B. H. Reduced Water Vapor Transmission Rate
of Graphene Gas Barrier Films for Flexible Organic Field-Effect
Transistors. ACS Nano 2015, 9, 5818−5824.
(8) Chung, D. D. L. Electromagnetic Interference Shielding
Effectiveness of Carbon Materials. Carbon 2001, 39 (2), 279−285.
(9) Chung, D. D. L. Materials for Electromagnetic Interference
Shielding. J. Mater. Eng. Perform. 2000, 9, 350−354.
(10) Hong, S. K.; Kim, K. Y.; Kim, T. Y.; Kim, J. H.; Park, S. W.; Kim, J.
H.; Cho, B. J. Electromagnetic Interference Shielding Effectiveness of
Monolayer Graphene. Nanotechnology 2012, 23, 455704.
(11) Liang, J.; Wang, Y.; Huang, Y.; Ma, Y.; Liu, Z.; Cai, J.; Zhang, C.;
Gao, H.; Chen, Y. Electromagnetic Interference Shielding of Graphene/
Epoxy Composite. Carbon 2009, 47, 922−925.
(12) Chen, Z.; Xu, C.; Ma, C.; Ren, W.; Cheng, H. M. Lightweight and
Flexible Graphene Foam Composites for High-Performance Electromagnetic Interference Shielding. Adv. Mater. 2013, 25, 1296−1300.
(13) Wang, C.; Han, X.; Xu, P.; Zhang, X.; Du, Y.; Hu, S.; Wang, J.;
Wang, X. The Electromagnetic Property of Chemically Reduced
Graphene Oxide and its Application as Microwave Absorbing Material.
Appl. Phys. Lett. 2011, 98, 072906.
(14) Cao, M.-S.; Wang, X.-X.; Cao, W.-Q.; Yuan, J. Ultrathin
Graphene: Electrical Properties and Highly Efficient Electromagnetic
Interference Shielding. J. Mater. Chem. C 2015, 3, 6589−6599.
(15) Kim, K. S.; Zhao, Y.; Jang, H.; Lee, S. Y.; Kim, J. M.; Kim, K. S.;
Ahn, J. H.; Kim, P.; Choi, J. Y.; Hong, B. H. Large-Scale Pattern Growth
of Graphene Films for Stretchable Transparent Electrodes. Nature 2009,
457, 706−710.
(16) Bae, S.; Kim, H.; Lee, Y.; Xu, X.; Park, J. S.; Zheng, Y.;
Balakrishnan, J.; Lei, T.; Kim, H. R.; Song, Y. I.; Kim, Y. J.; Kim, K. S.;
Ozyilmaz, B.; Ahn, J. H.; Hong, B. H.; Iijima, S. Roll-to-Roll Production
of 30-in. Graphene Films for Transparent Electrodes. Nat. Nanotechnol.
2010, 5, 574−578.
(17) Bae, S.; Kim, S. J.; Shin, D.; Ahn, J.-H.; Hong, B. H. Towards
Industrial Applications of Graphene Electrodes. Phys. Scr. 2012, T146,
014024.
(18) Han, T.-H.; Lee, Y.; Choi, M.-R.; Woo, S.-H.; Bae, S.-H.; Hong, B.
H.; Ahn, J.-H.; Lee, T.-W. Extremely Efficient Flexible Organic LightEmitting Diodes with Modified Graphene Anode. Nat. Photonics 2012,
6, 105−110.

ASSOCIATED CONTENT

S Supporting Information
*

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsnano.7b00370.
Additional experimental details and ﬁgures (PDF)
Movie of EMI shielding test (AVI)
IR movie of microwave heating (AVI)

AUTHOR INFORMATION
Corresponding Authors

* E-mail: youngsoo@graphenesq.com.
* E-mail: byunghee@snu.ac.kr.
ORCID

Byung Hee Hong: 0000-0001-8355-8875
Author Contributions
#

S.L., I.J., and S.K. contributed equally to this work.

Notes

The authors declare no competing ﬁnancial interest.

ACKNOWLEDGMENTS
This research was supported by Nano Material Technology
Development Program through the National Research Foundation of Korea (NRF) funded by the Ministry of Science, ICT and
Future Planning (2016M3A7B4910458, 2012M3A7B4049807)
F

DOI: 10.1021/acsnano.7b00370
ACS Nano XXXX, XXX, XXX−XXX

Article

ACS Nano
(19) Kang, J.; Kim, H.; Kim, K. S.; Lee, S. K.; Bae, S.; Ahn, J. H.; Kim, Y.
J.; Choi, J. B.; Hong, B. H. High-Performance Graphene-Based
Transparent Flexible Heaters. Nano Lett. 2011, 11, 5154−5158.
(20) Leonardi, M.; Pitchon, E. M.; Bertsch, A.; Renaud, P.; Mermoud,
A. Wireless Contact Lens Sensor for Intraocular Pressure Monitoring:
Assessment on Enucleated Pig Eyes. Acta Ophthalmol. 2009, 87, 433−
437.
(21) Yao, H.; Shum, A. J.; Cowan, M.; Lahdesmaki, I.; Parviz, B. A. A
Contact Lens with Embedded Sensor for Monitoring Tear Glucose
Level. Biosens. Bioelectron. 2011, 26, 3290−3296.
(22) Chen, G.-Z.; Chan, I.-S.; Lam, D. C. C. Capacitive Contact Lens
Sensor for Continuous Non-Invasive Intraocular Pressure Monitoring.
Sens. Actuators, A 2013, 203, 112−118.
(23) Farandos, N. M.; Yetisen, A. K.; Monteiro, M. J.; Lowe, C. R.; Yun,
S. H. Contact Lens Sensors in Ocular Diagnostics. Adv. Healthcare
Mater. 2015, 4, 792−810.
(24) Park, J. U.; Nam, S. W.; Lee, M. S.; Lieber, C. M. Synthesis of
Monolithic Graphene−Graphite Integrated Electronics. Nat. Mater.
2011, 11, 120−125.
(25) Lee, M. S.; Lee, K.; Kim, S. Y.; Lee, H.; Park, J.; Choi, K. H.; Kim,
H. K.; Kim, D. G.; Lee, D. Y.; Nam, S. W.; Park, J. U. High-Performance,
Transparent, and Stretchable Electrodes Using Graphene-Metal
Nanowire Hybrid Structures. Nano Lett. 2013, 13, 2814−2821.
(26) Kim, Y.-J.; Kim, Y.; Novoselov, K.; Hong, B. H. Engineering
Electrical Properties of Graphene: Chemical Approaches. 2D Mater.
2015, 2, 042001.
(27) Kang, J.; Kim, D.; Kim, Y.; Choi, J.-B.; Hong, B. H.; Kim, S. W.
High-Performance Near-Field Electromagnetic Wave Attenuation in
Ultra-Thin and Transparent Graphene Films. 2D Mater. 2017, 4,
025003.
(28) Kang, S.; Choi, H.; Lee, S. B.; Park, S. C.; Park, J. B.; Lee, S.; Kim,
Y.; Hong, B. H. Efficient Heat Generation in Large-Area Graphene
Films by Electromagnetic Wave Absorption. 2D Mater. 2017, 4, 025037.

G

DOI: 10.1021/acsnano.7b00370
ACS Nano XXXX, XXX, XXX−XXX

