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Abstract—The human eye contains multiple biomarkers related to 
various diseases, making electronic contact lens an ideal non-invasive 
platform for their diagnosis and treatment. Recent advances in 
technology have enabled the monitoring and diagnosis of glaucoma 
from Intraocular Pressure (IOP) detection, diabetes from glucose 
concentration detections, and other biosensors for pH and temperature 
sensing. Different sensor designs have led to distinct power transfer 
techniques, among which inductively coupled power transfer is 
considered most favourable for electronic contact lenses power 
delivery applications. Therefore, loop antenna, spiral shape antenna, 
and antenna with nanomaterials such as graphene and hybrid silver 
nanofibers have been explored under Industrial, Scientific, and Medical 
(ISM) frequency bands for both Wireless Power Transfer (WPT) and data 
communication. Notably, spiral antennas are also considered as the 
component of IOP sensing using capacitive sensors to detect the 
changes in frequency caused by pressure. This article reviews the state-
of-the-art technologies in electronic contact lens sensors and their 
power delivery techniques.  Herein, diverse sensing methods, materials, 
and power transfer techniques and the promising future trends and 
challenges in electronic contact lenses have been presented.  

 

Index Terms—Electronic contact lens, wireless power transfer, sensors, energy harvesting, wearable electronics. 
 

 

I. Introduction 

LECTRONIC wearable devices have been widely recognized 

as the next hot topic in the field of the smart terminal 

industry [1], particularly since the innovation space of 

smartphones is narrowing and their market growth approaches 

saturation [2-4]. Most wearable devices possess particular data 

processing functions, which are connected with mobile phones 

and portable accessories. Widespread studied cases include 

those supported by the wrist [5-12], shoes [12, 13], skin [14-16], 

e-textiles [17-20], glasses [21-23] and other types of non-

mainstream products [24, 25]. To ensure maximum wearer 

comfort, wearable devices need to be both lightweight and 

small [26]. Technologically developed and commercialized 

wearable sensors aim to monitor human health through vital 

signs associated with healthcare, sports, or medical applications 

[27-29], where the majority of subsistent wearable devices 

focus mainly on the assessment of physical parameters (e.g. 

motion, respiration rate) or electrophysiology (e.g. 

Electrocardiogram, Electromyography). Unlike conventional 

wearable devices, electronic contact lenses can make use of 

both physical and chemical sensors for a variety of applications. 

For example, physical sensors can detect glaucoma via pressure 

sensing [30-32], whereas chemical sensors can detect Diabetes 

by sensing changes in glucose concentration. Additionally, 

continuous measurements are of vital importance that in the 

cases of diabetes and glaucoma, the effects of continuous 

monitoring have been observed and modelled, indicating that 

improved management of these conditions significantly reduces 

the need for hospital treatment. Continuous blood sugar 

monitoring reduces the risk of diabetic ketoacidosis by a factor 

of four [33]; continuous pressure monitoring decreases the 

financial burden of glaucoma by 20% [34]. In the future, 

electronic contact lenses can also integrate sensing and drug 

delivery. Fig. 1 summarises the historical development of 

electronic contact lens design, as well as future perspectives. 
The search for an alternative to blood samples for non-

invasive disease diagnosis has been explored for decades in 

which cerebrospinal fluid, urine, saliva, and tears are 

considered suitable substitutes where they have unique 

advantages in diagnosing specific diseases [35-38]. The analyte 

concentrations in tears and biomedical component 

characteristics for human eyes are confined within normal 

ranges [39-47] in healthy individuals. When the analyte 

concentration is beyond the specific range (Table I), this leads 

to related diseases [48-52]. Therefore, multiple biomarkers in 

tear fluids may be used for disease screening.  
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In general, the tear fluid film is mainly composed of three 

layers: Mucin, Aqueous, and Lipid [53, 54], which play the role 

of lubrication and cleaning. It is interesting to note that the 

components of tears are similar to blood since plasma 

penetrates the blood-tear barrier [55]. Thus, the advantage of an 

electronic contact lens is that it is a non-invasive approach to 

disease diagnosing through integrated biosensors. Although 

most aspects of the two body fluids are different, plasma 

leakage can be detected in tears instead of blood. As a result, an 

electronic contact lens presents a platform for disease diagnoses 

and treatments through direct contact with the eyeball and tears 

fluids, where the analyte concentrations in tear fluids are similar 

to those in blood for chemical sensing [40, 56, 57].  In addition 

to its direct contact with body fluid, this miniaturized integrated 

electronic contact lens needs to be transparent to maintain 

natural vision. Furthermore, the contact lens should be 

encapsulated with biocompatible materials, where the union 

between micron-scale integration techniques and materials 

becomes a significant challenge [58]. 

 Advanced contact lens sensors vary from pH, temperature, 

pressure, and chemical sensing applications, where their 

powering methods also change simultaneously. The application 

varies from first implantable sensing [59] to future 

simultaneous wireless sensing and drug deliveries. Contact lens 

sensors fabricated with photonic crystals, liquid crystals and 

phenylboronic acid react directly with pressure, temperature, 

and glucose molecules, which means they do not require an 

external power transfer unit [60-64]. Nevertheless, glaucoma or 

glucose detection using electrical and electrochemical sensors 

require power generation by either wired or wireless power 

transfer [65-70]. 

We, therefore, provide a systematic review that demonstrates 

how WPT has been successfully used in facilitating power 

transfer to electronic contact lenses. Using standardized steps 

of conducting a systematic review, an initial set of 73 articles 

were identified, with almost a quarter of these appearing within 

the past 2-years. Among them, 13 papers addressed unpowered 

sensors, which studied contact lenses under various biomedical 

scenarios such as photonic and liquid crystals used for pressure 

and temperature sensing. Electrical and electrochemical sensors 

are covered in 29 publications, which mainly report the sensing 

principles, power consumptions, applied materials, and unique 

power transferring technologies. The final 31 key publications 

compare different WPT technologies used in electronic contact 

lenses and include the latest advances of contact lens antenna 

combined with nanomaterials. This review presents an 

overview of the latest trends, as well as recommendations for 

future directions. We also provide a summary of emerging 

technologies, where advances in nanomaterials will be critically 

crucial for electronic contact lenses development. 
 

II. CONTACT LENS SENSORS 

A. Unpowered Sensors 

Unpowered sensors have recently attracted attention in 

wearable electronic devices for their inherent advantages of 

flexibility and comfortability, especially when interfacing with 

wearable layers in contact with the skin without any electrical 

components [71-74]. Unpowered biosensors on electronic 

contact lenses are widely used for pressure, strain, glucose, pH, 

and temperature sensing. In such cases, smartphones and 

optical microscopes are generally used for data processing, 

those unpowered sensors rely on external devices to transfer 

 
Fig. 1.  Electronic Contact Lenses design history: (a) Implantable IOP sensing during 2000s [59], (b) First piezo-resistive IOP sensing was explored  
in 2004 for wearable glaucoma detection [97], (c) Wired glucose sensing for diabetes diagnose in 2010s [66], (d) Loop glucose design for wireless 
preparation in 2011 [70], (e) Capacitive IOP sensing utilizing frequency shifts due to impedance change by applied pressure [131], (f) Combination 
of nanomaterials, glucose and IOP sensing in 2019 [145], (g) Disease diagnosing and drug delivery integrated in the future. 

 

 

 

 

TABLE I 
ANALYTE CONCENTRATIONS AND COMPONENT RANGES IN TEARS 

Analyte/ 

Compone

nt 

Normal Range Related Disease Ref 

𝐾+ 20 − 42 𝑚𝑀 Hyperkalaemia [39, 40] 

𝐶𝑎+ 0.4 − 1.1 𝑚𝑀 
Lacrimal cystic 

fibrosis 
[39, 40, 49] 

𝑁𝑎+ 120 − 165 𝑚𝑀 
Lacrimal cystic 

fibrosis 
[40,41,49] 

𝐶𝑙− 118 − 135 𝑚𝑀 Dry eye disease [39, 40, 41] 

pH 6.4-7.7 Dry eye disease [43, 83] 

𝐻𝐶𝑂3
− 20 − 42 𝑚𝑀 Dry eye disease [39, 40, 41] 

𝑍𝑛+ 23.2 − 52.5 ng/ml Keratitis [44, 50] 

𝐶𝑢+ 4.60–9.75 ng/ml Hepatopathies [44, 52] 

Lactoferrin 1.01 − 3.43 mg/ml Keratoconjunctivitis [45, 51] 

Lactate 2 − 5 𝑚𝑀 Lactic acidosis [39, 40] 

Glucose 0.1 − 0.6 𝑚𝑀 Diabetes [40] 

Protein 5 − 11 𝑚𝑀 Inflammation  [46, 55] 

IOP 10 − 20 𝑚𝑚𝐻𝑔 Glaucoma [47] 
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information either through light, colour, or microfluidic 

detections. 

Typically, microfluidic strain sensing depends on the 

resistivity change caused by mechanical deformations. 

However, Agaoglu et al. presented microfluidic dilatometric 

sensing for an electronic contact lens (Fig. 2(a)) based on the 

total volume change detection [60]. That strain sensor was 

composed of a liquid reservoir, an air reservoir, and a liquid-air 

interface on the sensing channel for strain detection. A five-ring 

structure was fabricated with Norland Adhesive (NOA) 65 [61] 
oil to increase the sensitivity up to 15.5 mm liquid channel 

change per 1% applied horizontal strain under 40 mmHg 

pressure range. Additionally, the microfluidic NOA65 sensor 

also presented the potential of temperature sensing since it had 

similar physical principles as commercialized thermometers. 

However, for those transparent NOA materials and 

Polydimethylsiloxane (PDMS) encapsulation, it is hard to 

detect and read the exact liquid movement position. In 

contrast, An et al. designed a microfluidic IOP sensor with 

dyed red liquid (Fig. 2(b)) to make a more precise illustration 

of the pressure output [62]. That microfluidic sensor contained 

a dyed liquid-filled sensing chamber, liquid flow sensing 

channels, and a buffer chamber to avoid liquid leakage. When 

different intraocular pressures were applied on the contact lens 

surface, dyed liquid flows from the sensing chamber to the 

sensing channels and the displacement can be read relative to 

the pressure value. With that sensor design, the sensitivity can 

reach 0.2832 mm/mmHg under a pressure range of 0 mmHg to 

40 mmHg. However, the accurate pressure value has to be 

processed using an external optical microscope, which limits 

the sensing conditions and significantly reduces real-time 

practicability. 

Other than microfluidic IOP sensing, photonic crystal-based 

sensors present a quantifiable platform of measurement due to 

its accurate RGB values. As shown in Fig. 2(c), where the IOP 

sensor was fabricated with a photonic crystal on top of a circular 

micro hydraulic amplifier system, the applied pressure was 

enlarged by the micro hydraulic system [63]. According to 

Bragg’s equation [75-77], 
𝑚𝜆 = 2𝑑𝑛𝑒𝑓𝑓𝑠𝑖𝑛𝜃 (1) 

where 𝑚 is the order of diffraction,  𝑑 is the spacing between 

the planes in the lattice, 𝑛𝑒𝑓𝑓 is the mean refractive index of the 

system, and 𝜃 is the glancing angle between the incident light 

and diffraction crystal planes. The lattice distance change in the 

photonic crystal results in a wavelength shift, which can then 

be captured by an optical microscope or mobile phone camera, 

where the sensitivity can reach 0.23 nm per mmHg with a 

testing range up to 110 mmHg.  

The same Bragg reflection theory can also be applied to 

temperature sensing. A contact lens with temperature sensors 

on four active temperature positions [78] was fabricated by 

Moreddu et al., where the sensors were made of thermochromic 

liquid crystal (TLC) due to its rapid and accurate temperature 

sensing (Fig. 2(d)) on wearable devices [79-81]. Four 

temperature mapping positions were used, which were Central, 

Peripheral, Limbal, and Paracentral. These positions were 

etched with TLC sensors and the wavelength of each TLC 

sensor shifts when the heating is applied. The experimental 

temperature range was 29°C to 40°C, at increments of 0.5°C. 

Besides, the light scattering phenomenon is also applicable for 

glucose testing, where the contact lens was made of 

Phenylboronic acid (PBA)-based Hydroxyethyl methacrylate 

(HEMA) shown as Fig. 2(e) [82]. An image capturing 

smartphone was placed facing away from a red-light source 

through the proposed contact lens. Thickness is detected owing 

to the lens swelling due to the absorption of glucose into PBA 

material. This sensor noted a volume enlargement due to a 

growing glucose concentration, which provides a potential 

platform for non-enzyme glucose sensing. New silicone 

hydrogel (SiHG) contact lenses were proposed for pH sensing 

and detecting individual ionic species in tears (Fig. 2(f)). 

Tightly bound ion-sensitive fluorophores on SiHG lenses result 

in a wavelength-ratiometric shift, making it possible for pH 

value testing and lifetime-based chloride sensing [83]. In a low 

pH environment, SiHG sensors performed a bright blue 

emission, while a weaker yellow emission was detected in 

higher pH media. Meanwhile, in NaCl concentration changing 

from 0 mM to 100 mM, the SiHG pH sensor illustrated a 

fluorescence decrease with the increase of chloride 

concentration.  

 
Fig. 2.  Unpowered contact lens sensors: (a) microfluidic strain sensor. 
Reproduced with permission [60]. Copyright 2018, Royal Society of 
Chemistry. (b) microfluidic strain sensor with dyed red liquid. 
Reproduced with permission [62]. Copyright 2019, Elsevier. (c) photonic 
crystal pressure sensor. Reproduced with permission [63]. Copyright 
2020, Royal Society of Chemistry. (d) TLC temperature sensor. 
Reproduced with permission [78]. Copyright 2019, Royal Society of 
Chemistry. (e) PBA-based HEMA glucose sensor. Reproduced with 
permission [82], Copyright 2018, Multidisciplinary Digital Publishing 
Institute (MDPI). (f) SiHG pH sensor. Reproduced with permission [83]. 
Copyright 2018, Elsevier. 
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Although unpowered sensors using either biomedical, 

chemical, or optical principles achieve the wireless sensing for 

smart contact lenses, their accuracy cannot be guaranteed. 

Besides, these sensors are highly sensitive to their external 

environment, which means that extra care is needed for 

calibration. Consequently, in the next section, we will provide 

a review of the different powered sensors. 

B. Powered Sensors 

1) Electrical Sensors 

Intraocular pressure sensing for glaucoma monitoring has 

been developed during the past two decades, where capacitive 

and piezo-resistive sensors have been extensively applied in 

electronic contact lenses for their characterization of pressure 

related to their electrical parameters to present a non-invasive 

approach. 

a) Capacitive Sensing 

Capacitive sensing is widely used for pressure detection and 

has been used in applications that include touchscreens, 

fingerprint sensors, and medical stethoscopes [84-87]. Here, 

when the permittivity values and overlapping area are constant, 

the applied pressure changes only the distance between the 

plates of the capacitive sensor, where non-capacitive 

parameters are converted into electrical signals. The distance 

between the upper and lower plate varies with the applied 

pressure, and the plate area may change with specific design as 

denoted using equation (2) [88], 

𝐶 =
𝜀𝑟𝜀0𝐴

𝑑
, (2) 

where, 𝜀𝑟  is the relative permittivity of the sandwiched 

substrate, which does not change in a contact lens sensor design. 

Similarly, 𝜀0 is the permittivity of free space (8.854 × 10−14 
F/cm), 𝐴  is the overlap area of the two plates, 𝑑  is the gap 

distance between two plates.  

This characterization method is particularly beneficial for 

IOP sensing in eye glaucoma detections [88-91] and researchers 

have used capacitive sensing in various electronic contact lens 

applications. According to Ali et al. a capacitive IOP sensor 

was fabricated with Poly-silicon/Air/Gold layers, on four 

corners of a 550 μm × 550 μm four slotted diaphragms [92], 

where the capacitance was linearized to the applied pressure. 

Moreover, Chiou et al. demonstrated a ring-shaped parallel 

plate capacitive sensor filled with poly-HEMA material, so that 

the application of pressure leads to a variation in the gap 

distance and plate area [93-95]. Their sensor was fabricated 

with Ti/Au plate material and encapsulated with Parylene-C, 

which detected pressure under a range of 16 mmHg to 30 

mmHg with a sensitivity of 1.2239 pF/mmHg and consumed 

100 µW power. 

Apart from using readout circuitry, such as capacitance-to-

digital converter (CDC) chips, inductively coupled coils 

contribute to intuitive and more straightforward design for 

output measurement. The resonant frequency changes as the 

capacitance variation through a connected inductive component, 

as explained via expression (3) [96], 

𝑓 =
1

2𝜋√𝐿𝐶
, (3) 

where 𝑓 is the resonant frequency, 𝐿 is the total inductance of 

the sensing device, and 𝐶 is the sensor capacitance. When the 

inductive and capacitive components are integrated into the 

electronic contact lenses, the frequency changes with the 

implied intraocular pressure. Chen et al. showed a linear 

relationship with a frequency response of 8 kHz/mmHg from 

5mmHg to 45mmHg applied pressure [96]. 

b) Piezo-resistive sensing 

Piezo-resistive electronic contact lens sensors transform the 

imposed force into electrical resistive signals, where the 

resistivity of the piezo-resistive material changes under the 

action of a force. Thus, the output electrical signal changes upon 

the application of a force.  

Piezo-resistive sensors are used to measure pressure through 

geometry alteration due to deformation in curvature. This 

curvature is a function of the sensor length (𝑙) and cross-section 

area (𝐴 ). Leonardi et al. added a sandwiched strain gauge 

resistive sensor between two polyimide plates, where the gauge 

is fabricated with platinum-titanium [97-99]. This resistive 

sensing concluded a sensitivity of 109 μV/mmHg and 

reproducibility of ±0.2  mmHg with a linear regression 

coefficient 𝑅2 = 0.9935 . The contact lens was powered 

wirelessly through a loop antenna working under 27 MHz. The 

same structure was implemented commercially by Sensimed, 

where the “triggerfish” electronic lens sensor was used for 

measuring relative pressure changes in patients with glaucoma 

over 24 hours [100-103].  

Another piezo-resistive sensing approach was fabricated 

with organic bi-layer (BL) films such as polycarbonate film, 

which were covered by an organic molecular conductor made 

of nanostructured crystals, where the resistive responses are at 

least three times larger than traditional metals. The sensitivity 

can be reduced to 1.5 Ω/mmHg [104, 105], but with limited 

power available from WPT, the contact lens would need low 

power measurement electronics such as Application Specific 

Integrated Circuit (ASIC) in reference [106]. 
2) Electrochemical Sensors 

Biomarkers such as glucose, lactate, and hormones found in 

the blood can be detected from tears non-invasively. 

Electrochemical contact lens sensors are proposed due to their 

high sensitivity, excellent selectivity, and specific anti-

interference ability, which provides a good sensing platform for 

idealized biosensors [66, 107-109].  

The glucose sensor is a direct electron transfer sensor 

between the enzyme and the electrode, where the enzyme is 

attached directly to electrode holes on the polymer so that the 

active centre of the enzyme is close enough to react with the 

electrode, which benefits electron transfer. The main advantage 

of this sensor is that it does not need a receiver such as oxygen 

or any expensive medium, which avoids the interference caused 

by dissolved oxygen or the medium's complexity and limitation. 

Glucose contact lens sensors present both enzymatic and 

electrochemical reactions through glucose oxidase [65]:  

𝐷 − 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 + 𝑂2
oxidase
→      𝐻2𝑂2 + 𝐷 − 𝑔𝑙𝑢𝑐𝑜𝑛𝑜𝑙𝑎𝑐𝑡𝑜𝑛𝑒 , (4) 

𝐻2𝑂2 → 2𝐻
+ + 𝑂2 + 2𝑒

−, (5) 
where hydrogen peroxide is produced through the reaction of 

glucose and oxygen, and electrons are released through 

electrochemical oxidation. Current flows lead by electrons 

migration can be measured, indicating the concentration of 

glucose in tears. In other words, the glucose level can be 

predicted by its linear relationship with current. In the 

electrochemical sensing system, the three-electrode layout 
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containing a working electrode (WE), reference electrode (RE), 

and a counter electrode (CE) is applied [110]. The differential 

voltage applied to WE and RE terminal guarantees electron 

movements, which varies from 400 mV to 700 mV in different 

case studies depending on electrode materials and chip design. 

Chu et al. first proposed a glucose sensor on wearable contact 

lenses [66], where the 200 nm thick working electrode was 

made from Pt and the 300 nm thick reference/counter electrodes 

are fabricated with Ag/AgCl material on a 70 μm PDMS 

membrane (Fig. 3(a)). Glucose oxidase was immobilized with 

PMEH (Methacryloyloxyethyl phosphorylcholine (MPC) 

copolymerization with Ethylhexyl methacrylate (EHMA)) and 

the device was encapsulated with PDMS material. The glucose 

concentration was detected under a range of 0.03-5.0 mM with 

a correlation coefficient of 0.999 by applying a +400 mV 

constant differential voltage. In vitro testing on the rabbit eye 

was performed and the sensor formed an average current of 

0.042 μA for a glucose concentration of 0.11 mM. In addition 

to different electrode materials, a loop glucose sensor applying 

the same three-electrode structure was proposed (Fig. 3(b)), 

which had a sensitivity of 240 μAcm-2mM-1 for a glucose 

concentration range from 0.1 mM to 0.6 mM. The glucose 

electrodes were made from Ti/Pd/Pt metal structure, which was 

wirelessly powered under 1.8 GHz with 3 μW  power 

consumption [67-70].  

Another approach was demonstrated with an enzymatic L-

lactate sensor with the same structure and similar 

electrochemical reactions, where hydrogen peroxide was 

produced, and Pt electrons were generated with the same 

reaction. The same voltage difference was applied and the 

lactate sensor showed a high sensitivity of 53 μAcm-2mM-1 

[107], as Fig. 3(c) illustrates. Keum et al. fabricated a glucose 

sensor (Fig. 3(d)) with chromium (Cr) and Pt as CE and WE 

terminal. Moreover, Ag/AgCl coated RE terminal on 

polyethylene terephthalate (PET) substrate encapsulated with a 

silicone hydrogel material, consuming 82 μW power including 

the sensor, integrated chip, and drug delivery system [108]. 

Their device showed a linear current increase from 0.41 μA to 

3.12 μA with an increasing glucose concentration from 5 

mgdl−1 to 50 mgdl−1, which also illustrated a good anti-

interference of ascorbic acid, lactate, and urea in tears as well 

as stability of 63 days. 

Donora et al. set up a series of experiments using 

spatiotemporal electrochemical sensing (Fig. 3(e)), on a contact 

lens, which was carefully designed with a strict power budget 

and reduced parasitic effects [109]. In the future, this will allow 

for wireless energy harvesting and integration with a flexible 

battery [111, 112]. Ferrocene methanol (FeMeOH) and 

Potassium chloride (KCl) concentration variation were 

measured from four electrode sensors on the contact lens, while 

the tear fluid flows across the cornea. This sensor successfully 

achieved fluid tracing under a high concentration, which lays 

the foundation for chemical measurement on the eye surface. 

 

III. WIRELESS POWER TRANSFER IN CONTACT LENS 

SENSORS 

An electronic contact lens with an antenna works as a 

receiver in wireless power and data transmission, which 

receives electromagnetic waves radiated from transmitting 

terminals on external devices [113]. The reflection coefficient 

is defined as the ratio of the magnitude of the reflected wave to 

the incident wave. The frequency at which the 𝑆11  value is 

minimum (-12 dB or less) is known as the resonant frequency. 

where a higher resonant frequency indicates a larger data 

capacity. A lower decibel value corresponds to a higher 

reflected power ratio. The bandwidth defines the ranges that the 

antenna can effectively radiate or receive energy (when 𝑆11 <
−10 𝑑𝐵). Thus, a larger bandwidth indicates a higher speed of 

potential data transmission [113]. The radiation resistance 

denotes the equivalent resistance which accounted for radiated 

power. The radiation efficiency is quantified by the ratio of the 

power radiated from the antenna relative to the power delivered 

to the antenna [114]. 

The frequency of existing electronic contact lenses varies 

widely from the Megahertz to the Gigahertz range, and from 

near field coupling to far-field radiation. Although antenna for 

lower frequencies provides less power loss, they usually require 

external impedance matching components that occupy the 

entire space of sensing circuits. Besides, the resonant frequency 
is inversely proportional to antenna size [114], although 

antennas applied in far-field present higher energy harvesting 

efficiency, they cause higher heat generation while transferring 

 
Fig. 3.  Powered sensors: (a) three Ag/AgCl electrodes glucose sensor. 
Reproduced with permission [66]. Copyright 2010, Elsevier. (b) loop 
Ti/Pd/Pt glucose sensor. Reproduced with permission [69]. Copyright 
2010, Elsevier. (c) Pt L-lactate sensor. Reproduced with permission 
[107]. Copyright 2011, Elsevier. (d) Pt/Cr glucose sensor integrated with 
drug delivery system with total 82 μW power consumption. Reproduced 
with permission [108]. Copyright 2020, American Association for the 
Advancement of Science (AAAS). (e) spatiotemporal sensor. 
Reproduced with permission [109]. Copyright 2019, Elsevier. 
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power. In terms of the energy consumption and wireless power 

delivery performance, near-field communication (NFC ~ 13.56 

MHz) is optimized for electronic contact lens; However, in case 

of massive data transmission and higher data rate, mid-field (in 

the low GHz range) based wireless systems with well-

controlled power loss are more suitable to satisfy the data 

transmission. 

A. Loop Antenna 

The challenges for antennas applying on electronic contact 

lenses are the size limitations under the donut-shaped area to 

avoid eyesight impedance while maintaining high power 

transferring ability. Researchers have made progress on various 

antenna shapes [115], where the loop antenna can be densely 

packed into a small area. Since it can be made from single or 

multiple turns of basic circular, rectangular, or triangular 

geometries, which are easy to fabricate [116-118]. Additionally, 

the interconnection between the loop antenna and the sensing 

circuit is relatively simple and clear, where electrical 

components are connected directly to the beginning and the end 

of the single loop. 

According to the circumference size, 𝐿 , relative to the 

wavelength (𝜆) of the received electromagnetic signal, the loop 

antenna can be divided into two categories: electrically large 

loop (𝐿 ≥ 𝜆/10), and small loop (𝐿 < 𝜆/10) [114]. For an 

electronic contact lens, the magnetic loop antenna is suitable as 

the receiving antenna since the size of the designed antenna is 

generally constrained to be less than a tenth of the wavelength 

of the electromagnetic wave. The frequency applied on 

electronic contact lenses for loop antenna varies from 13.56 

MHz High Frequency (HF) band to 5.8 GHz microwave band 

[94, 102, 112, 117, 119-121]. 

Fig. 4(a) shows an electronic contact lens working in the 915 

MHz Industrial, Scientific, and Medical (ISM) band. The lens 

contained a sensor, chip, and antenna integration, where the 

resonant frequency was 920 MHz with 90 MHz bandwidth and 

-13 dB return loss. The power transfer capability can reach 100 

µW from a maximum distance of 1 cm. Such an antenna 

working under the Ultra-high Frequency (UHF) frequency band 

can achieve both energy harvesting and data transmission 

simultaneously [94]. 

Generally, with different loop geometries, the resonant 

frequency also changes. Using an inner semi-circle design as 

shown in Fig. 4(b), both parasitic inductance and capacitance of 

the antenna increased and the frequency was reduced to 433 

MHz, where the transferring distance is limited to 1 cm [119]. 

Lingley et al. proposed a loop antenna on an electronic contact 

lens with a micro-Fresnel lens for a future multi-pixel display 

application, depicted in Fig. 4(c). The in vitro testing frequency 

in that type showed a resonant point at 0.8-2.0 GHz where the 

antenna was fabricated with 0.5 mm loop width and 5 mm 

antenna radius [117]. However, that antenna was only used for 

powering an integrated LED with a higher power of 117 μW 

and a more extended energy harvesting distance of 2 cm. 

Cheng et al. designed a rectenna using a combination of Gold 

(Au) and Titanium (Ti) as the antenna material, as illustrated in 

Fig. 4(d). Their design increased the resonant frequency to 5.8 

GHz, where the data transfer capacity was increased, as well as 

the power delivery performance. The bandwidth for higher 

frequency bands, such as 5.8 GHz, was found to be 2 GHz at -

10 dB, since the working frequency shifted to the Gigahertz 

level. However, the simulated SAR distribution presented 514 

W/Kg under 1 W power transfer, which constrained the power 

delivery to 3.1 mW due to the ANSI/IEEE SAR regulations 

[122]. As the far-field radiation pattern shows in Fig. 4(d), a 

single loop antenna could be highly directional [120]. 

Since a single loop in the constrained contact lens size may 

not generate the desired power for system operation, another 

transformation of loop antenna such as multiple layers of 

circular loop shapes also present variations in resonant 

frequency [121], where the receiving antenna was designed as 

a combination of three layers loop antenna, as shown in Fig. 

4(e). The assembly of multiple layers that can lower the 

resonant frequency to 13.56 MHz, which achieved Near-Field 

Communication (NFC) with NFC-enabled smartphone.  

The conventional small loop antenna is mainly used as a 

receiver antenna since the impedance mismatch is a vital 

problem. Due to its linear polarization characteristic, the 

position of the loop antenna during the data transferring process 

requires to be considered. Moreover, for wearable devices such 

as electronic contact lenses, the loop antenna still has relatively 

 
Fig. 4.  Loop antenna on smart contact lens: (a) working under 920 MHz 
Reproduced with permission [94]. Copyright 2017, MDPI. (b) with inner 
semi-circle designed antenna working under 433 MHz. Reproduced 
with permission [119]. Copyright 2019, IEEE. (c) integrated with pixel 
LED working under 0.8-2.0 GHz. Reproduced with permission [117]. 
Copyright 2011, Institute of Physics. (d) working under 5.8 GHz. 
Reproduced with permission [120]. Copyright 2013, IEEE. (e) 3-layers 
loop antenna working under 13.56 MHz. Reproduced with permission 
[121]. Copyright 2015, IEEE. 
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low radiation resistance results in low radiation efficiency [114]. 

Although the radiation resistance can be enlarged by multiturn 

loops and the polarization direction can be changed by tuning 

antenna with different designs and frequencies [114], the loop 

antenna offers fewer designing flexibilities compared to other 

antenna shapes.  

B. Spiral Antenna 

The spiral antenna has been verified as applicable for health 

monitoring since the spiral shape can be altered easily while 

maintaining miniaturized geometry [123]. As compared to the 

linearly polarized loop antenna, the spiral antenna can receive 

signals in any direction due to its circular polarization [114]. 

One variant of the spiral design, the Archimedean antenna, 

commonly has two arms that wind around one another [125, 

126], and so could obstruct the eye pupil if used in an electronic 

contact lens, thus, the one-armed spiral antenna is more feasible 

to fit the limited space. Since the current distribution is rapidly 

attenuated along the arm of the spiral antenna, cutting off the 

antenna arm at the point where the current value approaches 

zero can be used for tuning the resonant frequency, so that the 

length of the antenna arm can be lengthened and shortened to 

meet the requirements of the working frequency segment of the 

antenna [124]. Apart from the circular polarization which 

contributes to both transmitting and receiving antenna, the 

spiral antennas applying on the Gigahertz range possess high 

bandwidth [114]. The broadband of the spiral antenna enables 

high power transfer and faster data transmission, which 

provides a platform for high quality simultaneous wireless 

information and power transferability [127, 128]. 

The working frequency of the single-arm spiral antenna on 

the electronic contact lens varies from 13.56 MHz to 4.3 GHz, 

covering high frequency and microwave frequency bands [129-

132]. In terms of simultaneous energy harvesting and data 

transmission, the spiral shape antenna can be confined in the 

donut gap between the eye pupil and the outer contact lens 

circle, as shown in Fig. 5(a). This antenna operates under the 

2.4 GHz ISM band with 90 MHz bandwidth and -28 dB return 

loss [129]. The simulated SAR was controlled using 0.4 W/Kg 

for 0.1 W of transmitted power. To have natural eyesight, the 

inner radius of the spiral antenna was designed to 4 mm and the 

antenna had three turns with a 0.2 mm antenna wire width. As 

the 3-D polar plot illustrated, the Archimedean spiral antenna 

radiated outward from the contact lens, enabling the power and 

data transmission on each position in front of the device. 

However, for circular polarization under 2.45 GHz antenna, the 

presence of a back-lobe may cause damage to the human body, 

and a load must be positioned at the end of the arm to avoid 

wave reflection, since the current attenuation decrease slowly 

along the spiral arm, which could not guarantee the frequency 

independence of Archimedean spiral antenna [114]. 

Due to the relatively wide pressure surface and uniform 

pressure distribution, the spiral antenna can be used for 

intraocular pressure sensing, since the resonant frequency 

varies due to changes in geometry that are caused by applied 

pressure. As Fig. 5(b) shows, an intraocular sensor with an inner 

implant tube was fabricated by Lin et al. [130]. The capacitive 

sensor was in the centre of the spiral antenna, and the antenna 

was placed outside the cornea for maintaining electromagnetic 

properties during pressure variation. Both inductive and 

capacitive components were made from a combination of Au 

and Ti. Thus, as the applied pressure increased the device 

provided a resonant frequency shift from 379 MHz to 402 MHz. 

A similar sensing device with copper was developed as in Fig. 

5(c). The intraocular sensor was composed of two capacitive 

layers and a spiral antenna acted as a simultaneous power 

transfer and sensing unit, where the spiral antenna was coated 

in hard silicone elastomer as the reference layer [131]. By 

applying pressure on the contact lens, the resonant frequency 

shifted from 119 MHz to 120 MHz, 114 MHz to 115 MHz with 

the pressure decreasing on silicon and porcine eye, respectively. 

Additionally, the maximum reading distance reached 25 mm. 

Using silver nanowires (AgNWs) as the antenna material 

(Fig. 5(d)) significantly enhanced the contact lens transparency 

and the resonant frequency shifted to 4.1 GHz with the spiral 

antenna for powering the integrated glucose sensor. However, 

as Fig. 5(d) illustrates, as an IOP sensor, a flexible silicone 

elastomer (Ecoflex) layer was placed between two inductive 

components where the intraocular-pressure-caused corneal 

radius curvature change can be detected from the working 

frequency [132]. This is similar to  [123] in which two inductive 

coils are separated by a layer of styrene-butadiene-styrene (SBS) 

elastomer, for a wrist-wearable pulse sensor. Generally, the 

resonant frequency of this device varied from 3.4 GHz and 4.3 

GHz when the pressure was reduced from 150 mmHg to zero, 

and it presented a narrower frequency variation on the Bovine 

eye test which was around 4 GHz to 4.1 GHz. The spiral 

 
Fig. 5.  Spiral antenna on smart contact lens: (a) with rectifying circuits 
works under 2.4 GHz. Reproduced with permission [129], Copyright 
2020, WILEY‐VCH. (b) with sensing capacitor under 379 MHz–402 

MHz varying frequency. Reproduced with permission [130]. Copyright 
2012, IEEE. (c) with IOP sensing works under 120 MHz frequency. 
Reproduced with permission [131]. Copyright 2013, Elsevier. (d) made 
of Au/Ti material works under 4.1 GHz. Reproduced with permission 
[132]. Copyright 2017, Springer Nature. Scale bar: 1cm. 
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antenna in that case delivered power and transferred data in the 

GHz level, which processed a high bandwidth and can still be 

applied for IOP sensing due to its even compression 

characteristic.  

C. Nanomaterials 

Although stretchability in deformation can be an advantage 

in many instances, transparency is also a vital feature for bio-

integrated applications, especially electronic contact lenses, 

where transparency can provide more available space for the 

applied antenna. Carefully choosing the encapsulation material 

is therefore important to achieve transparency [133, 134]. Since 

traditional conductive materials are confined to donut shape due 

to their opacification, nanomaterials that are small-sized under 

100 nm have remarkably low light absorption [135]. When the 

particle size is reduced to the nanometre scale, the acoustic, 

optical, electrical, magnetic, and thermal properties will take on 

new characteristics. 

Among various nanomaterials, graphene, and silver 

nanowires (AgNW) process high electron mobility with low 

resistivity and high conductivity, which has less heat generation 

and consumes less energy while allowing highly conductive 

characteristics. Additionally, graphene and AgNW have 

excellent light transmittance with around 90% photon 

transmissivity. As Fig. 6(a) shows, a coplanar waveguide 

(CPW)-fed graphene monopole antenna was fabricated with 

graphene material on a PET substrate to allow a totally 

transparent device [136]. That monopole antenna demonstrated 

two resonant frequencies at 10 GHz and 19 GHz, where the 𝑆11 

is around -14 dB at 10 GHz. Different numbers of graphene 

layers were applied to test its radiant characteristics. Typically, 

increasing the number of graphene layers from 3 to 8 resulted 

in higher light attenuation and poorer light transmittance. 

However, the conductivity increased with the increased layer 

number. Besides, the radiation efficiency reached 40-55% with 

8-layer graphene material, the resonant frequency of monopole 

antenna with graphene material significantly shifted to C-band 

(5.8 GHz) and X-band (10.7-12.2 GHz) with Ultra-wideband 

(UWB). As the radiation pattern shown in Fig. 6(a), that 

antenna demonstrated omnidirectional radiation whose emitted 

power are equal along with all the directions. 

Although graphene materials can help to achieve higher 

bandwidth, the additional cost prevents such devices from 

reaching the production level. However, mixing AgNW with 

graphene could be an alternative to achieve a reasonable price 

trade-off. Large et al. from the University of Sussex has 

developed an attractive material to replace Indium Tin Oxide 

(ITO), which consists of a mixture of silver nanowires and 

graphene [137]. Since only a fraction of the nanowires is used 

to get the properties of ITO, that hybrid material is relatively 

cheap. Graphene acts as a link to the nanowires, which makes 

nanowires less densely connected. Adding graphene to the 

nanofilament spray network through thin film deposition is 

significantly less expensive than the AgNW generation itself, 

which opens the potential for the material to capture market 

share in transparent conductors. 

The mixture of AgNW and graphene was also used for 

antenna design in electronic contact lenses, as shown in Fig. 

6(b). A spiral shape antenna was fabricated with AgNW and 

graphene material, whose optical transmittance was above 80% 

and haze spectra below 10% from a wavelength sweep of 400-

1,400 nm. This hybrid structure was used for both antenna and 

electrode fabrication due to its negligible transconductance, 

where the interconnection was fabricated from a graphene 

channel enabling glucose-sensing [138-141]. As a result of 

wireless power transfer for glucose oxidase sensors, the 

graphene-AgNW hybrid structure delivered power under 4.1 

GHz with 400 MHz. Moreover, the reflectivity increased with 

higher glucose concentrations, whereas the graphene sheet 

resistance decreased due to higher glucose binding. Graphene-

AgNW hybrids not only reduce the production cost but also the 

energy demand during the fabrication process. 

Another choice of antenna nanomaterial is pure silver 

nanowires or nanofibers, where the optical transmittance 

properties are maintained and the film fabrication process is less 

complicated [142]. As shown in Fig. 6(c), the glucose sensor 

was fabricated from graphene channels due to its high electron 

mobility which contributes to higher sensitivity [143]. However, 

the single loop antenna and interconnection consisted of pure 1-

D ultralong silver nanofibers (AgNFs). The antenna, which has 

 
Fig. 6.  Contact lens antenna generated with: (a) graphene material of 
monopole antenna shape. Reproduced with permission [136], Copyright 
2016, IEEE. (b) graphene-AgNW hybrid of spiral antenna shape. 
Reproduced with permission [132]. Copyright 2017, Springer Nature. 
Scale bars: 1 cm. (c) AgNF of single-loop antenna shape. Reproduced 
with permission [143]. Copyright 2018, AAAS. Scale bars: 1 cm. (d) 
AgNW-AgNF hybrid of special antenna shape. Reproduced with 
permission [145]. Copyright 2019, AAAS. Scale bars: 1 cm. 
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a 12 mm diameter and 0.5 mm wire width, has a reduced 

working frequency of 50 MHz to switch on the attached LED 

pixel with 21.5% power transfer efficiency. Instead of Reactive 

Ion Etching (RIE), silver nanofibers (AgNF) can be electrospun 

on a prepared substrate with rectifier circuit manufacture 

simultaneously through wet etching, which largely simplifies 

the fabrication process. That single loop antenna with AgNF 

material can transfer power from a 5 mm distance and the SAR 

value was controlled below 1.399 W/Kg. 

Since individual AgNW or AgNF have high flexibility and 

stretchability that present poor mechanical stability [144], 

especially under antenna application where intraocular 

mechanical deformations largely alter the antenna architecture 

and electromagnetic properties of the device, the compound of 

ultralong AgNFs and fine AgNWs with special spiral 

construction can be applied to prevent the device from 

mechanical deformations as shown in Fig. 6(d). In terms of that 

spiral generation, the sheet resistance decreased significantly 

with the area fraction of AgNF while the device demonstrated 

a lower optical transmittance. Through the trade-off between 

optical and electrical characteristics, the spiral shape antenna 

was fabricated with an outer diameter of 11.5 mm and 5 mm 

inner diameter, where the transparency of AgNW-AgNF hybrid 

structured gained more available space on electronic contact 

lens for wireless power transfer unit [145]. The 300 µm spiral 

wire consisted of AgNW and the 50 µm inner space between 

spiral lines was filled with AgNF, with which the antenna can 

maintain its spiral characteristics when inevitable strain is 

applied. The antenna worked in the 13.56 MHz NFC frequency 

band with a 180 pF matching capacitance, whose transfer 

distance reached 5 mm with 0.36 mW power to switch on the 

load LED. 

Nanomaterials used in electronic contact lenses are of 

fundamental as well as practical importance. On the theoretical 

side, the exploration of nanohybrid mechanisms broadens our 

horizons of micromechanical systems and biomedically 

wearable devices. At the practical level, nanostructured 

materials provide transparent flexibility and better electrical 

properties, which benefits energy harvesting and data 

transmission antennas on wearable devices. State-of-art 

antennas applied on electronic contact lenses are compared in 

Table II, it is obvious that spiral shape antennas resonant in 

higher frequency bands than single loop antennas. The addition 

of nanomaterials such as graphene and silver nanofibers have 

significant frequency shifts, higher bandwidth, and higher 

power transfer efficiency. 

 

IV. CONCLUSION AND FUTURE PERSPECTIVES 

Electronic contact lenses have been used for disease 

monitoring, where their long-term stability as well as their 

biocompatibility are considered crucial. Notably, the electronic 

contact lens platform is promising for future drug therapies and 

treatments. Some contact lens sensors are inherently powered 

via stimuli from the surrounding environment (such as 

temperature, pH variations, or chemical reactions), while others 

used for intraocular pressure and glucose detections are 

powered via novel antenna designs. Electronic contact lenses 

using various antenna shapes and materials proves the 

possibility of antenna application on different wearable devices. 

Some of the open research questions include: 

A. Heat Control 

The control of heat generation from the electronics and the 

antenna is significant for electronic contact lenses, since all the 

components are placed inside the eye and contact directly with 

tears fluids. Sufficient thermal tests are of vital importance to 

control the lenses within an appropriate temperature range. 

Antenna applied in higher frequencies will present more risks 

TABLE II 
STATE-OF-ART ANTENNA COMPARISON IN CONTACT LENS SENSORS 

Antenna 

Type 

Antenna 

Material 

Substrate  

Type 

Operating 

Frequency 

Power Transferring Performance Efficiency 

(%) 

Test  

Condition 

Year Ref. 

Bandwidth S11(dB) Distance Power 

Dipole Cu - 850MHz 50MHz -23.98 - - 47 in air 2018 [115] 

 
Loop 3-

layers 

- Polymer 13.56MHz - less 

than -10 

2cm - 49 in saline 

solution 

2015 [121] 

 

Monopole Graphene PET 10 GHz & 19 GHz - -14@10 
GHz 

- - 136 in air 2016 [136] 
 

Single-loop AgNF Elastic polymer 

(elastofilcon A) 

50MHz - - 5mm - 21.5 on a live 

rabbit eye 

2018 [143] 

 
Single-loop Zn 

 

Commercialized lens 

(PureVision2 lenses) 

13.56MHz - - 10mm 74μW 17.6 on a porcine 

eye 

2019 [116] 

 
Single-loop Au/Ti HEMA 920MHz 90MHz -13 1cm 110μW - on a porcine 

eye 

2016 [94] 

 

Single-loop Au/Ti Parylene-C 5.8GHz 2GHz -23 - 2.2mW 35.1 on a porcine 
eye 

2013 [120] 
 

Single-loop Au PET 433MHz - -19.73 1cm 0.49μW - in air 2019 [119] 

 

Single-loop Au PET 0.8−2.0GHz - - 2cm 117μW - on a live 

rabbit eye 

2016 [117] 

 

Spiral AgNW Commercialized lens 4.1GHz 400MHz -20 - - - on bovine 
eye 

2017 [132] 
 

Spiral AgNW/AgNF Elastic polymer 

(elastofilcon A) 

13.56MHz - - 5mm 0.36mW - in vivo 2019 [145] 

 
Spiral Cu PDMS 2.4GHz 90MHz -28 - - - in saline 

solution 

2019 [129] 

 

Square-
Loop 

Cu Commercialized lens 4.1GHz - - 10cm - - in air 2018 [38] 
 

 



10 

 

on heat damage to human body. Nevertheless, an experimental 

investigation on SAR is needed for exposure control under high 

power density and high frequency. 

B. Hybrid Nanomaterials 

Future research on antenna size, biocompatible 

encapsulation layers, bandwidth, and radiation efficiencies is 

necessary in terms of surrounding influence on electronic 

contact lenses antennas. Whilst hybrid nanomaterials have 

included graphene or silver nanomaterials to achieve high 

optical transparency and electrical conductivity. Therefore, 

Graphene-AgNW hybrids may be the most viable alternative 

for transparent electronic devices, which is better than other 

competitors in terms of price and performance. 

C. Flexible and Stretchable Sensors 

Flexibility and stretchability are promising research 

directions that have already been applied for other sensitive 

stretchable body areas such as the brain or heart. Stretchable 

structures applied to contact lenses can be used as flexible 

sensors and antennas with stronger electromagnetic 

performance. By optimizing stability, sensitivity and reading 

distance based on various power transfer methods and 

structures, further research combining specific sensors and 

readout circuits could also be conducted to determine the 

effectiveness of electronic contact lenses as non-invasive 

biomedical sensors. 
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