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development of personal healthcare monitoring systems. The human eye, as the only
sensory organ in the human visual system,
carries abundant vital, physical, chemical,
and biological information relevant to
human health. Thus, it becomes an important study object, which propels the fast
development of soft electronic systems
for eye study.
Smart contact lenses, as ﬂexible and
wearable medical devices, have shown signiﬁcant potential for supporting the diagnosis and clinical treatment of eye
diseases.[2–5] They have sensing components to monitor eye characteristics, such
as intraocular pressure (IOP) and ocular
ﬂuid composition. In addition, they can
provide valuable biological information
for the diagnosis and treatment of diseases, such as glaucoma,
keratitis, and diabetes.[6–9] Wichterle designed the ﬁrst hydrogel
contact lens, which dramatically shifted the ﬁeld away from producing lenses made from hard materials. Wichterle’s soft hydrogel processing method that involved the process of lathing
hydrogels and direct spin casting enabled high volume production of hydrogel-based contact lenses.[10] Further advances in
hydrogel biocompatibility, bioactivity, and biomimicry have

Smart contact lenses have emerged as novel wearable devices. Due to their
multifunctional biosensing capabilities and highly integrated performance, they
provide a great platform for the diagnosis of eye diseases and the delivery of
drugs. Herein, a brief history of the development of contact lenses is given. Then,
the state-of-the-art design and fabrication of smart contact lenses for biomedical
applications, including contact lens materials, fabrication technologies, and
integration, are presented. Furthermore, biosensors implemented in contact
lenses to measure lactic acid, glucose, intraocular pressure, and other key
metabolites in tears are highlighted. Applications of smart contact lenses in drug
delivery are also described. These unique features make smart contact lenses
promising diagnostic and treatment devices. Challenges and future opportunities
for further applications of smart contact lenses in biomedicine are also discussed.

1. Introduction
Flexible and wearable medical devices with highly integrated circuits (ICs) have begun replacing traditional devices to achieve
noninvasive and simple physiological measurements.[1] Recent
technological advances in ﬂexible and stretchable materials,
microelectronics, and computer science have enabled combinations of soft electronics with wearable devices amenable for the
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caused progress in the development of soft contact lenses. In
addition, great advances have been made by microelectromechanical systems (MEMS). These advances have been achieved
in device miniaturization for microsensors, microcircuits, and
other devices in the microscale, which makes it possible to fabricate contact lenses with integrated biosensing functions.
Moreover, ﬂexible electronics are being rapidly integrated with
microscale technology that can assist the development of various
medical wearable devices. Consequently, contact lenses can be
used as an effective wearable device for advancing medical
and health-monitoring applications.[11–16]
Smart contact lenses are the collection of many technologies
including biomaterials, microﬂuidics, biosensors, power supply,
data transmission, and display circuits, all of which will be
described in the following sections. This Review focuses on
the current state-of-the-art smart contact lenses by summarizing
examples of signiﬁcant work and creative fabrication techniques
(Scheme 1). Finally, we discuss several interesting future

directions geared toward the fabrication and implementation
of highly functional smart contact lenses in health-monitoring
and drug-delivery applications.

2. Materials for Contact Lenses
Various materials can be used to make modern contact lenses,
including poly (methyl methacrylate) (PMMA), poly (ethylene
terephthalate) (PET), poly (2-hydroxyethyl methacrylate)
(PHEMA), polydimethylsiloxane (PDMS), silicone, and 2-methacryloyloxyethyl phosphorylcholine (MPC). Smart contact lenses
produced with PHEMA hydrogels or silicone are popular for biomedical applications. For instance, Ulu et al. fabricated an antibacterial contact lens composed of PHEMA hydrogel loaded with
boric acid, an antibacterial agent, for the treatment of eye infections.[17] Ashtiani et al. made a PHEMA-based hydrogel as a

Scheme 1. An illustration showing a summary of materials, electrical components, and technologies for fabrication of smart contact lenses
in different applications. Digital image of a contact lens sensor prototype. Reproduced with permission.[83] Copyright 2014, Google X.
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therapeutic contact lens for the delivery of small-molecule
drugs.[18] In their study, chitosan was used to modify the hydrogel. Their therapeutic contact lens also showed antibacterial activity and sustained release of ascorbic acid. Contact lenses made of
these mentioned materials have distinct characteristics and functions that are described later.
2.1. Polymethyl Methacrylate
Contact lenses were originally made of glass, which had signiﬁcant disadvantages in terms of nonpermeability and processing.
The emergence of PMMA in contact lens fabrication resolved
processing problems; however, it did not offer an ideal solution.[19] PMMA is a polymer synthesized from methyl methacrylate monomers. PMMA is an ideal material for hard contact
lenses due to several advantages, including excellent optical clarity, ease of fabrication, light weight, and low cost. In addition,
PMMA is a glassy thermoplastic material with outstanding durability and facility of sterilization. However, PMMA lenses created
a barrier to oxygen transport. Therefore, the development of contact lens materials with higher oxygen permeability compared
with rigid gas permeable (RGP) materials was needed.[20]
Currently, smart contact lenses use PMMA as substrates and covers, due to its durability and ease of manufacturing.[19,21,22]
2.2. Polyethylene Terephthalate
PET is a homopolymer, which is a type of plastic commonly used
for plastic bottles. As PET has good chemical and heat resistance,
and a low glass transition temperature (85  C), it is easy to thermoform into various ﬁlms with complex structures.[12,23] Due to
their transparency, PET ﬁlms are used as substrates or covers in
smart contact lenses.[24] However, PET ﬁlms lack gas permeability and are much stiffer than typical hydrogel materials. As a
result, discomfort from long-term wear and corneal swelling
can occur.[25] To improve the biocompatibility, gas permeability,
and hydrophilicity of PET, PET-PDMS can be used to fabricate
smart contact lenses.[21,26]
2.3. Poly (2-hydroxyethyl methacrylate)
PHEMA is synthesized by solution polymerization of 2-hydroxyethyl methacrylate with sodium pyrosulﬁte, which is an ammonium persulfate catalyst. PHEMA was introduced as a synthetic
and biocompatible hydrogel for contact lens applications.[27]
PHEMA is a high-performance material in biomedical applications, such as soft contact lenses and artiﬁcial corneas, because
of its excellent biocompatibility, transparency, oxygen permeability, and sufﬁcient mechanical strength.[17] PHEMA can swell in
aqueous solutions to form a hydrogel, which was utilized in the
ﬁrst generation of soft contact lenses.[28] PHEMA contact lens
material contains 38% water, and they maintain good wettability
and comfortability. Many types of PHEMA-based hydrogels can
be copolymerized with other monomers to form different contact
lens materials with unique characteristics. For instance, PHEMA
can be copolymerized with methacrylate and glyceryl methacrylate to obtain hydrophilic hydrogels with high oxygen
permeability.
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2.4. Polydimethylsiloxane
PDMS is a type of polymer organosilicon compound, which is
elastic, transparent, biocompatible, and air permeable.[29]
Biocompatibility is an important feature of PDMS, which has
enabled its use in scenarios that require intimate contact with
biological tissues.[30] PDMS is the most widely used silicon-based
polymer.[31] Current smart contact lenses are commonly produced using PDMS as the substrate or the cover material.[26,32]
For example, Hossein et al. designed a smart contact lens using
PDMS for continuous monitoring of IOP. PDMS as contact lens
material not only conformally puts the sensor over the curved
cornea, but also maintains the user’s normal vision.[33]
2.5. Silicone
Silicone hydrogels are organic macromolecules that contain
structural elements of silicone rubber. In 1999, silicone hydrogel
soft lenses were developed, and a lot of work was then done on
their surface hydrophilization.[34] As oxygen transport in conventional hydrogels is limited to water channels, oxygen permeability can only be improved by increasing the water content.[35]
However, silicone hydrogels have both water and siloxane channels, which greatly enhance the oxygen permeability of contact
lenses.[32] Based on the important characteristics of oxygen permeability, transparency, biocompatibility, and oxidative and thermal stability, silicone hydrogels have been widely used in
ophthalmic and other biomedical applications.[36]
2.6. 2-Methacryloyloxyethyl Phosphorylcholine
MPC is an organic substance with a phosphorylcholine group
that is biologically inert. As a result, MPC is resistant to protein
adsorption, cell adhesion, and blood coagulation, making MPC
highly popular in a variety of biomedical applications.[37] MPC
polymer has been used in many biomedical devices as well as
in clinical treatments, such as soft contact lenses,[28,38] implantable blood pumps,[39] artiﬁcial hip joints,[40] and diagnostic systems.[41] Shimizu et al. synthesized a silicone hydrogel using
MPC and bis(trimethylsilyloxy)methylsilylpropyl glycerol methacrylate. The silicone hydrogel demonstrated good elasticity, high
optical transparency, high oxygen permeability, and low protein
adsorption capacity compared with traditional soft contact lens
materials.[42] Mitsubayashi et al. fabricated a contact lens biosensor for monitoring eye ﬂuid glucose in which biocompatible
MPC polymer and PDMS were used as the contact lens
material.[43]
Table 1 shows the common contact lens materials together
with their molecular formulae and chemical structures. In addition to the materials mentioned earlier, there are also silicone
rubber contact lenses and RGP contact lenses, which are rarely
used. Most of the contact lens materials in the market today are
hydrogels.[32] With an increase in the number of global contact
lens users, research on contact lens materials is being developed
rapidly, particularly toward improving their comfort, breathability, biocompatibility, and processability. In general, contact lens
materials should be transparent, mechanically soft for wearing
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Table 1. Molecular formula, chemical structures, and properties of commonly used contact lens materials.
Material

Molecular formula

PMMA

Chemical structure

Advantages/Disadvantages

Reference(s)

(C5H8O2)n

Outstanding optical properties, low oxygen permeability, high rigidity and toughness

[104]

PET

(C10H8O4)n

Low glass transition temperature, low rigidity, low surface energy, hydrophobic,
excellent chemical resistance, and thermal resistance

[105]

PHEMA

(C6H10O3)n

Tunable mechanical properties, relatively high water content, and good chemical and
thermal stability

[106]

PDMS

(C2H6OSi)n

Flexibility and high oxygen permeability

[107]

MPC

C11H22NO6P

Low protein adsorption, good surface wettability, high oxygen permeability, and
mechanical weakness

[42,108]

comfort, hydrophilic for processability, and be permeable to oxygen and some metabolites for ocular biocompatibility.[19]

3. Electrical Components
Optimal design criteria for smart contact lenses should enable
facile measurement and display of eye characteristics in real time
without disturbing the patient’s daily activity. Therefore, this type
of device should be ﬂexible, miniature, and able to integrate with
many functional modules, including wireless communicators,
sensors, powers, displays, and other microcomponents. These
electrical components are described below.
3.1. Wireless Communicator
A wireless system in wearable electronics is the best way for
transmitting signals instead of traditional wired data transmission approaches. Chiou et al. developed a wireless smart contact
lens system composed of a wireless communicator to overcome
the inconvenience of cable transmission (Figure 1a).[44] A wireless communicator uses radiofrequency identiﬁcation (RFID)
technology to transmit the information collected from contact
lenses to a receiver, which is responsible for converting the data
format and uploading the data to a medical instrument for calculation and analysis. RFID is an automatic identiﬁcation technology that uses radiofrequency to identify any speciﬁc target and
reads important information from the chip without touching the
receiver.[45] RFID consists of two parts: RFID reader and RFID
tag. When the tag enters an effective area of the reader, the reader
transmits radio waves of a speciﬁc frequency. Then, if the tag is
within the range of the waves, it sends data back to the reader.
After receiving and interpreting the data, the reader sends it to a
computer program for data processing and display. Hsu et al.
proposed an RFID-based on-lens sensor system for long-term
IOP monitoring. As shown in Figure 1b, the RFID reader and
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the Tx antenna details were embedded in the glass for data collection from smart contact lenses. Also, the Rx antenna was
responsible for receiving the instruction signals from the Tx
antenna, whereas the sensor chip was responsible for corresponding with the RFID reader.[44] In other studies, the antenna,
embedded between two layers, generated electromagnetic waves
through which the RFID reader could identify the speciﬁc target.
As shown in Figure 1c,d,[11,46] the most smart contact lenses use
a built-in antenna for data transmission, which does not affect
the user’s ﬁeld of view. A microloop antenna is the most ideal
choice for smart contact lenses. It enables wireless communication in speciﬁc electromagnetic waves and has the capability to
convert power signals into electrical energy, which allows charging smart contact lenses while working as a communicator.[2,13]
3.2. Power Supply
Smart contact lenses for monitoring biomarkers in real time
need a long-term and stable power supply. However, the
energy-storage capacity of contact lenses is limited by their small
size. Therefore, it is required to power biosensors wirelessly
through external sources (e.g., inductive power, radio frequency
[RF] power, or optical power). RFID is an identiﬁcation technology that uses radio waves for identifying people or objects.[47] The
introduction of passive RFIDs made power harvesting from radio
waves. Power harvesting is a technique for repairing energy from
external environment. This technique allows replacing small batteries in low-power electrical devices. The key parts of an RF
power-harvesting system are antenna and rectiﬁer circuit.[48]
As shown in Figure 1e,f,[4,12] RF power was utilized in both
examples to provide energy for biosensors and displays. ICs were
slightly different for each case, but both included three key parts:
RF power harvesting, a power management circuit, and a
storage capacitor. The role of a rectiﬁer in RF power harvesting
is to convert RF power to direct current (DC), which in turn
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Figure 1. Various electrical components of contact lenses for different applications. A) A contact lens sensor with a wireless powered circuit.[44]
B) Proposed smart contact lens system architecture. Reproduced with permission.[44] Copyright 2017, MDPI. C) Contact lens sensor composed of
a ﬁeld-effect sensor and antenna for wireless detection of glucose. Reproduced with permission.[19] Copyright 2017, Springer. D) The wireless chip
and the sensor, which are mounted onto an electronic ring and then embedded into the contact lens. Reproduced with permission.[83] Copyright
2014, Google X. E) Integrated RF-powered contact lens. Reproduced with permission.[12] Copyright 2010, IEEE. F) Conceptual diagram of an active
contact lens system with RF power transfer. Reproduced with permission.[4] Copyright 2012, IEEE. Solid-State Circuits. G) Self-powered contact lens,
composed of (a) a biocathode, (b) an anode, (c) a glucose biosensor, (d) an interface chip, (e) a simple display, and (f ) an antenna (as a communicator
for data transmission), based on chemical reactions with ascorbic acid in human lacrimal ﬂuids. Reproduced with permission.[3] Copyright 2013, ACS.
Adv. Intell. Syst. 2021, 3, 2000263
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charges the storage capacitor. The goal of the power management
circuit is to maximize the efﬁciency and performance of the
equipment that requires power through the optimization of
input and output signals. Through the cooperation of these three
parts, the IC module can effectively provide a stable power supply
for other electronic components. Chemical substances generated
by the body itself, such as glucose and ascorbic acid, can react
with a conductive anode or cathode in contact lenses to produce
an electric current. Using this method, scientists successfully
developed a biochemical battery that can power smart contact
lenses.[3] Furthermore, the chemical energy of ascorbic acid in
the human lacrimal ﬂuid can be converted into electrical energy.
This system can continuously power smart contact lenses and
does not affect the concentration of tear glucose. Figure 1g shows
the chemical reaction and the components of such contact
lenses.[3]

3.3. Display
To display relevant information on smart lenses, it is necessary to
use ﬂexible and biologically stable electrode materials. In this
regard, Lee et al. showed a simple microscale light-emitting
diode (LED) device (Figure 2A) fabricated on a contact lens with
graphene, which is a type of 2D carbon nanomaterial with excellent optical, electrical, and mechanical properties. Moreover, graphene has excellent electromagnetic wave absorption and air
permeability, which is promising as electromagnetic interference
shielding. The micro-LED device made of graphene was successfully tested at 9 V, yielding good electrical continuity and
robustness.[49] In their design, graphene was used to create a
highly conductive contact lens to avoid electromagnetic wave
damage to the human eye. To conﬁrm the electromagnetic wave
shielding effects, they tested their lens in an egg model to demonstrate wave absorbance and reduced thermal radiation.[50]
Park et al. designed another type of wireless display, which
consisted of three electronic components (rectiﬁer, antenna,
and LED pixel), as shown in Figure 2B.[13] These parts were fabricated on an 800 nm-thick Cu sacriﬁcial layer deposited on a Si
wafer. As a result, the contact lens wirelessly received inductively
coupled alternating current (AC) from a transmission coil
(50 MHz) within a 5 mm distance. To turn on the LED pixel,
the transmitted AC signal was rectiﬁed to DC by a half-wave rectiﬁcation circuit. Using a hostguest liquid crystal conﬁguration,
a spherically curved liquid crystal display was fabricated. In the
latter approach, two substrates (top and bottom) encapsulated a
liquid crystal layer with integrated powering and driving components. These substrates were made of PET with chosen thicknesses of 50 μm and 75 μm to avoid spherical deformation for
convex and concave layers (Figure 2C(a)). Also, the researchers
made another design to realize the integration of display components in the contact lens, which required the substrate to have
more available space to mount electronics for power supply.
The asymmetric display design was therefore introduced, as
shown in Figure 2C(b). Using this device, more space near
the eye was created from device miniaturization[14] The experimental results of the liquid crystal display layer are shown in
Figure 2C(c).
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3.4. Connector and Rectiﬁer
Microwires are required to connect electrical elements within
smart contact lenses. These wires are typically made of conductive silver or carbon nanotube inks, which are suitable for printing 2D or 3D ﬂexible electronics.[51] They are frequently used due
to their low cost compared with gold and platinum. In particular,
silver ink has excellent electrical and thermal properties that
make it extremely versatile for a broad range of applications.[52]
During the past few years, many conductive silver inks have been
developed to be used as silver art inks with glowing LEDs, 3Dprinted and small antennas, and conductors for ﬂexible paper
display (Figure 2D).[52] Similarly, carbon nanotubes with great
mechanical and electrical properties have widely been used in
printing techniques for many electronic components, including
emitters, radiofrequency inductors, and transducers.[53]
A wireless display circuit in smart contact lenses typically consists of an antenna, a rectiﬁer, and LED pixels. The rectiﬁer converts AC signals from the antenna into DC to power the LED
pixels connected in parallel to the rectiﬁer. Figure 2E(a) shows
a rectiﬁer consisting of Si nanomembrane diodes connected
in series with capacitors, which is embedded in the strengthened
area of the contact lens and is located outside the pupil to avoid
disturbing the wearer’s vision. Figure 2E(b),(c) shows the characteristics of the Si diode and the SiO2 capacitor, respectively.[13]
Smart contact lenses exploiting wireless communicators, powers,
displays, and other components enable comfortable and noninvasive physiological detections, which are superior to conventional approaches that rely on rigid circuit boards, cables,
needle electrodes, and terminal connections.

4. Technologies for Fabrication and Analyzing
Smart Contact Lenses
4.1. Microﬂuidics
Microﬂuidics technology is the science and technology of systems with integrated channels on the microscale (from tens to
hundreds of micrometers), through which small quantities of
ﬂuids (usually from 109 to 1018 L) can ﬂow in designed conﬁgurations that are controlled and manipulated systematically.[54]
At present, microﬂuidics has been widely applied in organ-on-achip systems, manipulation of multiphase ﬂows, chemical synthesis, and bioanalysis,[55] which render microﬂuidics particularly desirable for contact lens applications.
The principles governing microﬂuidics in contact lenses rely
on microscopic forces, such as ﬂuid surface tension, capillary
forces, energy dissipation, and ﬂuid resistance.[56] During ocular
ﬂuid collection, when the eyelids blink, the person’s tears will
cover the surface of the contact lens, which then go into microchannels due to the capillary force. Capillary phenomena occur
when liquid ﬂows through a narrow passage. [56] Also, Reynolds
number (Re) is an important parameter in microchannels that
measures the amount of resistance to the ﬂuid ﬂow. Re ¼
ρvd/μ is proportional to the ﬂow velocity (v) of the ﬂuid, the density (ρ) of the ﬂuid, and the characteristic length (d) and inversely
proportional to the viscosity coefﬁcient of the ﬂuid (μ). Generally,
the Re of microﬂuidic channels in smart contact lenses is very
© 2021 The Authors. Advanced Intelligent Systems published by Wiley-VCH GmbH
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Figure 2. Smart contact lenses with different display designs, connectors, and rectiﬁers. A) On/off images of LED graphene contact lens operating at 9 V.
Reproduced with permission.[49] Copyright 2017, ACS. B) Schematic of the wireless display circuit and photos (right, on-state; left, off-state) of operating
wireless display with contact lens shape on the artiﬁcial eye. Reproduced with permission.[13] Copyright 2018, AAAS. C) (a) Symmetric display design, (b) a
contact lens with an asymmetric design, and (c) the asymmetric display at the voltages off and on (left and right, respectively); Reproduced with permission.[14] Copyright 2017, Elsevier. D) Images of silver ink applications: (a) a conductive electronic art drawn by silver ink, (b) a ﬂexible paper display
with LED, and (c) a 3D antenna with electronic silver ink. Reproduced with permission.[52] Copyright 2015, Royal Society of Chemistry. E) (a) Microscopic
image of a rectiﬁer that consists of Si nanomembrane diodes connected in series with capacitors and characteristic of (b) the Si diode and (c) the SiO2
capacitor. Reproduced with permission.[13] Copyright 2018, AAAS.

small between dozens and hundreds of micrometers, resulting
in laminar ﬂow in smart contact lenses.[57] The laminar ﬂow of
the ocular ﬂuid in microchannels through microsensors allows
speciﬁcation of pH, concentration of various ions, and other
biomarkers.[56]
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Based on the mentioned principles, the characteristics of
microﬂuidic systems should be modiﬁed in the design of smart
contact lenses. For example, the size/shape and ﬂow velocity in
microchannels can affect the ocular ﬂuid collection. The ﬂow
velocity of the ocular ﬂuid plays a signiﬁcant role in optimizing
© 2021 The Authors. Advanced Intelligent Systems published by Wiley-VCH GmbH
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smart contact lens characteristics as it affects the ﬂuid absorption
efﬁciency on microsensors and may change the detection accuracy of microsensors. To analyze the microﬂuidic ﬂow velocity in
smart contact lenses, Wu et al. measured the ﬂow velocity
through the direct integration of a ﬂow velocity sensor into
microchannels using the MEMS technology. They deposited a
boron-doped polysilicon ﬁlm on a microchannel wall, which
was used as a heating element and a velocity sensor.[58] This
approach can be used for smart contact lenses to manipulate
the ﬂuid in the microchannels in a precise manner.
Swelling is another consideration in designing smart contact
lenses. The deviation of droplet trajectories to ﬂow in contact lens
microchannels largely depends on the degree of microchannel
swelling.[59] The swelling capacity of microchannels changes with
factors, such as temperature, pH, ionic strength, and surface
property of the lens material.[60] As the weight variation in microchannels is too small to be measured by the gravimetric method,
traditional methods may not be accurate to obtain the swelling
capacity of microchannels in smart contact lenses. To overcome
this problem, Dangla et al. used a charge coupled device (CCD)
camera mounted on a microscope to record microﬂuidic
images.[59] They determined the apparent displacement of microchannels by comparing the images before and after with a digital
image correlation (DIC) algorithm and then, measured the
microchannels’ swelling capacity. This method can be suitable
to measure the swelling of smart contact lenses.

4.2. Photolithography
In smart contact lenses, many microelectronic components and
microchannels are fabricated indirectly or directly with photolithography technology. Photolithography is a process that uses
light to transfer shapes from a photomask to the surface of a silicon wafer. As shown in Figure 3a,[61] the operation ﬂow is
described as follows: a silicon wafer is coated with a uniform thin
ﬁlm of photoresists by spin coating. To increase the adhesion of
the photoresists, hexamethyldisilane is often placed on the wafer.
After prebaking the coated wafer, to drive off the excess solvent in
the photoresists, it is placed underneath a photomask that resembles the microchannel geometry in an optical projection system.
The coated wafer, by illuminating ultraviolet (UV) light, leads to a
chemical change in the exposed portion of photoresists. Then, a
developer is used to etch away exposed or unexposed portions of
the photoresists depending on their chemical compositions.[61,62]
To seal microchannels, photolithography is ﬁrst used to pattern a
microstructure on a silicon wafer as the master mold. PDMS is
then poured into the master mold and cured by heating to produce PDMS microchannels. Finally, a ﬂat slab of PDMS is used
to bind the PDMS mold surface after oxidizing it in a plasma
discharge, leading to a spontaneous and irreversible seal.
Figure 3b shows a method called “oxidized PDMS surface contact seal” to seal microchannels.[63] There are two main aspects of
using photolithography for smart contact lenses. One aspect is to
replicate any desired microstructure inside contact lens material
and the other aspect is to fabricate microelectronics, such as ﬂexible wires, microelectrodes, and other microsensor parts in contact lenses.
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4.3. Injection Molding
Injection molding is a manufacturing process for making components by injecting molten materials into a mold. Figure 3c
shows the parts of the injection molding process.[64] Smart contact lenses can be massively produced by an injection molding
process, which results in cost reduction. Siegel et al. proposed
an injection molding approach for microdevice production.[65,66]
To fabricate contact lenses using injection molding, a mold
should be designed for injection of contact lens material.
After injecting, the contact lens material is crosslinked and ﬁxed
by changing the external conditions, such as temperature and UV
light. Due to the throughput and reproducibility of this approach,
it can greatly reduce the production cost.
4.4. Soft Lithography
Soft lithography can generate microstructures on nonplanar surfaces, which enables the fabrication of 3D microstructures in a
layer-by-layer way. In addition, a wide range of materials can be
used to make microstructures in soft lithography. In this regard,
Agaoglu et al. reported the fabrication of sensors as thin as
150 μm for IOP monitoring in a wearable contact lens sensor
using soft lithography.[67] Soft lithography has been used for
microcontact printing (μCP), replica molding (REM), and microtransfer molding (μTM) methods to make master molds in contact lens fabrication.[68]
μCP is a method to make a pattern using self-assembled
monolayers (SAMs) on a PDMS surface. Figure 3d shows three
different methods for conducting μCP and their principles to
make patterns.[68] In the μCP process, the PDMS stamp is wet
with ink and placed in contact with a gold surface on the silicon
substrate such that the ink is transferred from the stamp to the
gold surface to form a SAM pattern. Microwires in smart contact
lenses have to be ﬁrmly attached to the material surface to mitigate large mechanical deformation of the lens. μCP is highly suitable for this task. For example, Garcia-Cruz et al. used a silicon
mold to produce micropatterned PDMS stamps to print microwires on polyimide and other material surfaces.[69] Wolfe et al.
also used μCP to fabricate copper microwires for the electroless
deposition.[51]
Another method is REM that can be used to make compact
disks,[70] diffraction gratings,[71] holograms,[72] and microtools[73]
in large quantities. Figure 3e shows a brief overview of the process based on the PDMS mold, which is prepared by casting
against a rigid master. The fabrication procedure is affected
by wetting, kinetic factors, and van der Waals interaction.[68]
REM is often used to fabricate microchannels in smart contact
lenses.[26,74] For example, Yan et al. fabricated a replica mold with
microchannels using silicon as the substrate.[74] In another
study, Surdo et al. fabricated microlenses with control of their
geometry and size, independent of their material or substrate,
by a combination of REM and laser-induced transfer methods.[75]
The μTM is a method that can produce microstructures.
Figure 3f shows the schematic of the μTM process. Brieﬂy, a liquid prepolymer is ﬁrst placed into a PDMS mold. The mold is
then placed on a substrate to let the prepolymer contact the substrate surface, followed by curing the prepolymer by heating or
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Figure 3. Various microtechnologies to fabricate contact lenses. A) Photolithography technology: (a) a mask photolithographic process and (b) a projection system. Reproduced with permission.[61] Copyright 2019, Wiley-VCH. B) A scheme for manufacturing closed microchannels in oxidized PDMS.
Reproduced with permission.[63] Copyright 1998, ACS. C) Schematic diagram of injection molding. Reproduced with permission.[64] Copyright 2017,
Taylor & Francis Group. D) Schematic diagram of μCP: (a) printing patterns on the plane, (b) printing a rolling stamp on a large area plane, (c) printing
on a nonplanar surface with a planar impression. Reproduced with permission.[68] Copyright 1998, AIP Publishing. E) Schematic diagram of the
procedures for REM. Reproduced with permission.[68] Copyright 1998, AIP Publishing. F) Schematic diagram of the μTM. Reproduced with permission.[68]
Copyright 1998, AIP Publishing. G) Laser-ablated microwell structure. Reproduced with permission.[77] Copyright 2007, Springer.
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with UV light. The mold is then peeled off carefully to leave the
patterned microstructure on the substrate surface.[68] This
method is widely applied to make ﬂexible substrates in microﬂuidics and MEMS systems.[76]
4.5. Laser Ablation
Laser ablation is a technique commonly used in making microﬂuidic devices. This method applies a high-intensity laser beam
to certain positions on materials such that the beam energy can
eliminate the material at the contact point. A microstructure can
be obtained by moving the laser source or shinning the laser projection on the substrate through a mask according to the substrate material type, laser intensity, and wavelength. Figure 3g
shows the fabrication of a microwell structure using laser ablation.[77] The heat energy generated by the laser sometimes
changes the chemical properties of the material surface, which
is difﬁcult to control and affects the performance of the devices.
One way to overcome this problem is to use femtoseconds[78] or
CO2 laser.[79]

5. Smart Contact Lens Sensors and Their
Applications
Human tears contain many chemicals including proteins, lipids,
electrolytes, urea, ascorbic acid, L-lactic acid, cholesterol, and
other key metabolites.[80] Also, the chemical composition of tears
is very similar to blood. Measuring concentrations of these substances in real-time provides valuable physiological information
on improving the treatment and prevention of some diseases.
5.1. Measurement of Glucose Concentration
Glucose concentration is an important parameter in the diagnosis of diabetes mellitus. However, a common way for a singletime-point blood glucose measurement is through the use of
a painful ﬁnger puncturing to sample the blood.[81] Numerous
studies and data have shown that the concentration of glucose
in tears is positively correlated with blood glucose concentration.[81] Smart contact lenses with an embedded glucose sensor
can monitor the concentration of glucose in tears.[13] One principle of biosensing tear glucose concentration is based on the
combination of glucose oxidase (GOD) and catalase (CAT) by
immobilizing GOD in graphene channels using pyrene joints
via ππ stacking. When glucose passes through the graphene
channel of the sensor, it detects the concentration of glucose
in tears. Then, it outputs the detected information to the display
device (such as an LED display) through rectiﬁcation and ampliﬁcation. After detecting glucose concentration in tears and when
it was above the threshold, the pixel is turned off. Figure 4a
shows the operating mechanism of the sensor to detect glucose
concentration in tears. [13] It is also important for clinicians to
achieve continuous measurements in tear glucose monitoring.[82] Researchers used white rabbits as test subjects to study
the effects of glucose consumption on dynamic changes in glucose levels, and they measured both blood and tear glucose concentrations. The experimental results showed that the glucose
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level in tears begins to increase 10 min after the glucose level
increases in the blood, and the biosensor had a rapid response
to tear glucose and appropriate calibration range (0.03–
5.0 mM).[43] To monitor glucose concentration in eye ﬂuid,
Google designed a smart contact lens (Figure 4b),[83] which
was then correlated with blood glucose concentration in diabetic
patients. In addition, Google has heavily invested in the research
and development of smart contact lenses for the detection and
treatment of other eye diseases.[46] In another work, Yao et al.
fabricated contact lenses with glucose sensors to detect glucose
concentration (Figure 4c).[82] Advantages of this device include
periodic monitoring, high accuracy, and comfort during longterm wear. A different type of glucose-sensing contact lens with
electrical elements was designed by Park et al. for health monitoring of diabetic patients. Figure 4d (a) and (b) shows the image
of the contact lens embedded with LED pixels and a schematic of
the contact lens’s sections, respectively.[13]
5.2. Measurement of IOP
Studies have shown that large IOP ﬂuctuations are one of the
causes of glaucoma.[84] However, frequent IOP measurement
by Goldmann applanation tonometer, a conventional clinical
measurement tool, is complicated.[85] Therefore, contact lens
sensors have been represented as a promising method to monitor IOP by measuring corneal curvature. Leonardi et al. designed
a wireless smart contact lens to sense IOP, which consisted of an
antenna, passive gages, a microprocessor, and other electrical
elements (Figure 5a).[9] This device enabled long-term minimally
invasive IOP monitoring with diagnostic and therapeutic relevance for glaucoma treatment.[9] There are four basic types of
contact lens sensors for IOP monitoring: capacitance sensor, piezoresistive sensor, strain gauge sensor, and microinductor sensor.[46] Figure 5b shows the conceptual deformations of
capacitance-based IOP sensors on the contact lens under different IOP conditions.[86] In the initial state, the corneal curvature
and the IOP are r and p, respectively. The corneal curvature (r)
changes together with the IOP (p). As a result, the capacitance of
the IOP sensor on the contact lens also changes, which is measured as the change in the gap between the top and bottom plates
of the sensors. Another study reported continuous sensing of
IOP with a resonance circuit lens comprising a thin-ﬁlm capacitor with a sensing coil to monitor corneal curvature deformation
(Figure 5c).[2] As another example, Greene et al. equipped strain
sensors in a hydrogel contact lens, which allowed continuous
measurement of IOP.[87] This sensor can measure changes in
IOP by sensing the deformation of the meridional angle of juncture between the cornea and sclera.[87] Figure 5d shows another
IOP contact lens sensor.[11] In this sensor, the corneal radius of
curvature and the corneal capacitance increase when high IOP
occurs. As a result, the readout equipment for wireless IOP sensing can detect the change in resonance frequency.[11]
5.3. Measurement of Lactic Acid Concentration
Lactate is an important biomarker for clinical diagnosis and
health monitoring. It can be used to identify hypoxia or elevated
salt concentrations due to physiological or pathological
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Figure 4. Operation and different designs of contact lenses to monitor glucose concentration. A) Operation process of the contact lens sensor for
detecting glucose level in tear. Reproduced with permission.[13] Copyright 2018, AAAS. B) (a) Google’s three-layer contact lens with an integrated sensor
and (b) view of the contact lens sensor. Reproduced with permission.[83] Copyright 2014, Google X. C) A glucose contact lens sensor with a wired power
supply. Reproduced with permission.[82] Copyright 2011, Elsevier. D) (a) Image of a smart contact lens with an LED pixel displaying the glucose level and
(b) schematic of all integrated sections in the contact lens. Reproduced with permission.[13] Copyright 2018, AAAS.

conditions. In general, human blood lactic acid level > 2 mmol/L
can be classiﬁed as lactic acidosis, and there are clinical manifestations that it may lead to lactic acid poisoning, such as toxins,
shock, anemia, sepsis, and organ failure.[66] At present, tears
have been used as a potential sampling medium with the ease
of extraction to replace the pain and inconvenience of blood sampling. Real-time monitoring of lactate concentration in vivo using
contact lens sensors has become a promising ﬁeld.[66]
Thomas et al. designed and proposed an amperometric L-lactic acid sensor embedded in a contact lens. This sensor converted
the electrochemistry into analytic current signals through redox
reactions on the surface of electrodes. They used glutaraldehyde
(GTA) to crosslink lactate oxidase (Lox) to the surface of the electrode and selectively recognize L-lactate while coating the substrate with medical-grade and biocompatible PU.[80] As shown
in Figure 6a, an amperometric sensor with a reference electrode
(RE), platinum working electrode (WE), and an auxiliary platinum counter electrode (CE) was designed to allow for a stable
reference voltage between RE and WE. The sensor showed sufﬁcient resolution in the physiological range of lactic acid concentration, a fast response time of 35 s, and an average sensitivity of
53 μA mM1 cm2 in the linear range for L-lactate concentration measurement in tear ﬂuid. Lin et al. designed a reliable tear
lactate (TL) test strip composed of a three-electrode structure, as
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shown in Figure 6b. Similar to the blood glucose test strip, the TL
sensor can also be used for the detection of lactate using contact
lenses. The tear sampling element made of the Schirmer test
paper was integrated into a TL sensor with a protein-engineered
LOX, which became a feasible scheme to detect lactate concentration in tears. It was found that the sensor is insensitive to other
interfering substances, such as uric acid and ascorbic acid, and
its accuracy and robustness were proved.[66]

6. Drug Delivery Using Contact Lenses
At present, most ophthalmic drugs are perfused locally through
eye drops. However, the efﬁcacy of eye drops is compromised by
a lack of patient compliance. In addition, the effectiveness of
such treatments for chronic diseases, such as glaucoma and
dry eye, is limited. An ideal drug-delivery system would comfortably deliver the required drugs to eye tissues without interfering
with the normal physiological activities of patients. By embedding a drug-delivery system in contact lenses and releasing
the drug into the tear ﬁlm, the drug bioavailability can be
increased by 50%.[15] Therapeutic contact lenses can become
an important method in ophthalmic treatment in the future.
Overall, contact lens-based drug delivery has various advantages,
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Figure 5. Different parts and mechanisms of IOP contact lens sensors. A) An IOP contact lens embedded with a sensor-passive gage (for thermal
compensation), a sensor-active gage (to measure changes in the corneal curvature), telemetry microprocessor (for wireless power), and an
antenna (for data transfer). Reproduced with permission.[9] Copyright 2009, John Wiley & Sons. B) Conceptual deformations of the capacitor-based
IOP sensors on contact lens under various IOP conditions. Reproduced with permission.[96] Copyright 2017, IOP Publishing. C) An IOP contact lens
sensor based on resonance circuit: (a) 3D and (b) cross-section views of the IOP contact lens sensor. Reproduced with permission.[2] Copyright 2014,
Elsevier. D) Schematic illustration of the mechanism of IOP sensing in the contact lens sensor. Reproduced with permission.[11] Copyright 2017,
Springer.

including higher efﬁcacy, improved compliance, and fewer side
effects from systemic absorption compared with eye drops. Also,

Adv. Intell. Syst. 2021, 3, 2000263

2000263 (12 of 19)

contact lenses can provide high and sustained drug delivery on
the ocular surface.[88] However, there are some challenges in
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Figure 6. Contact lenses composed of different electrodes to measure L-lactate concentration in tear ﬂuid. A) L-lactic acid sensor on contact lens.
Reproduced with permission.[80] Copyright 2011, Elsevier. B) (a) Schematic diagram of lactic acid sensor fabrication and assembly and (b) enzymatic
diagram of engineered lactate oxidase. Reproduced with permission.[66] Copyright 2018, Elsevier.

designing a practical and drug-eluting contact lens. Contact
lenses should be able to load it with one or more drugs and
release the drugs at therapeutic levels over the desired duration,
in a way that unwanted systemic effects to the eye itself are not
caused.
A variety of reasons, including recurrent erosions, corneal surgery, corneal dystrophies, and decreased corneal innervations,
can cause corneal injuries along with delayed reepithelialization.
Topical application of different biomolecules, such as the epidermal growth factor, has been introduced for promoting wound
healing. In addition, contact lenses are often used as bandage
lenses to shield the leading edge of the healing epithelium from
damage because of blinking, allowing newly reproduced epithelial cells a greater opportunity to recover the corneal surface.[89]
Therefore, contact lenses can play an important role as drugdelivery devices in accelerating wound healing in patients with
corneal injuries. In this regard, Duru et al. compared two types
of silicon hydrogel bandage contact lenses (a senoﬁlcon A lens in
one eye and a lotraﬁlcon B in another eye) for postoperative epithelial healing time and ocular discomfort score in patients. In
this study, patients wear a senoﬁlcon A lens in one eye and a
lotraﬁlcon B in another eye. They showed that both contact lenses
were not signiﬁcantly different for duration of corneal
reepithelialization.[90]
Therapeutic contact lenses are usually fabricated by immersion or molecular imprinting. Xie et al. reported a therapeutic
contact lens with a molecular imprinted structure, which had signiﬁcant effects on increasing drug loading, optimizing drug
release behavior, and prolonging drug residence time.[16] The
contact lens exploited a colorimetric mechanism to reﬂect the
amount of drug release for the real-time monitoring of drug
release. The method relied on the addition of customized functional groups in the hydrogel matrix, which produces speciﬁc
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interactions between functional groups and target drug molecules to increase drug loading in the contact lens. The functional
groups were the molecularly imprinted site on the hydrogel
matrix, which can effectively reﬂect the binding and dissociation
behavior of target drug molecules. By combining the molecularly
imprinted structure with contact lenses having inverse opal
structures, the drug release proﬁle can be assessed by the visible
color change of lenses. This method is called a self-reported colorimetric assay for drug release.[16]
Fungal keratitis is a serious eye disease, which often leads to
eye infections and blindness. Among treatments used for fungal
keratitis, eye drops have demonstrated a limited efﬁcacy due to
their low bioavailability. Other methods include intraocular
injections, but they may lead to serious side effects and safety
concerns. The development of contact lenses with effective
drug-delivery capabilities is expected to solve this dilemma. In
this regard, Huang et al. designed a drug-delivery contact lens
for the treatment of fungal keratitis based on hydrogels
(Figure 7), which consisted of HTCC (N-(2-hydroxy) propyl-3trimethylammonium chitosan chloride), graphene oxide (GO),
silver nanoparticles, and Voriconazole (Vor). HTCC has good
hydrophilicity and is an excellent hydrogel matrix. Silver nanoparticles and HTCC can enhance the antifungal and antimicrobial abilities of lenses. GO can be used as a drug carrier and
provides anionic groups to form electrostatic crosslinks with cationic groups of HTCC, which can further interact with hydrogels
to form strong bonding. Vor is a kind of synthetic antifungal
drug that is superior to traditional antifungal drugs. Vor can
effectively treat yeast and fungal infection, and it can be loaded
onto the GO. GO enabled a sustained release of the drug in the
contact lens. As another example, Ciolino et al. designed antifungal contact lenses with an embedded econazole-loaded PLGA
ﬁlm inside. This contact lens showed extended antifungal activity

© 2021 The Authors. Advanced Intelligent Systems published by Wiley-VCH GmbH

www.advintellsyst.com

www.advancedsciencenews.com

Figure 7. A drug-delivery contact lens for the treatment of fungal keratitis based on hydrogels. a) Synthesis of HTCC/Ag/GO/Vor and b) schematic
diagram of a contact lens loaded with antifungal agent as a drug-delivery system. Reproduced with permission.[6] Copyright 2016, ACS.

against Candida albicans fungi.[91] The drug-delivering contact
lens could easily adhere to the cornea, had excellent cell compatibility, and showed prominent antimicrobial activity.[6]

7. Market and Regulatory Process for Smart
Contact Lenses
The growing demand for continuous monitoring of health conditions, implantable drug delivery systems, and in situ diagnosis
of diseases has induced increasing commercial attention to

smart contact lenses.[8] Although ﬁerce competition in the development of smart contact lenses has challenged this ﬁeld, several
companies have achieved a position in the smart contact lens
market. The key manufacturers and investors of these medical
devices are mentioned in Table 2. In January 2020,
MojoVision Inc. proposed the Mojo Lens with a built-in display
that is able to provide useful and timely information to users. In
addition, the Mojo Lens can provide real-time contrast, lighting
enhancements, and zoom functionality. Therefore, it can be used
for vision improvement.[92] However, Google and Alcon Vision
LLC smart contact lens for monitoring diabetic symptoms failed

Table 2. Key producers of smart contact lenses with different biomedical applications.
Smart contact lens manufacturers
Sensimed AG
Google with Alcon Vision LLC
Mojo Vision Inc.
Innovega Inc.
Bausch & Lomb

Function

Status (brand name)

Reference(s)

Ocular monitoring and glaucoma treatment

Developed (SENSIMED Triggerﬁsh)

[109]

Glucose measuring

Discontinued

[110]

Data processing; Vision improvement

Developed (Mojo Lens)

[111]

Virtual reality

Developed (eMacula)

[112]
[113]

Drug delivery

Developed (Soﬂens, Sauﬂon 55, Biotrue)

Delivery of ketotifen as antihistamine

Phase 3 clinical trials

[93]

Drug delivery for treating glaucoma and allergies

Clinical studies

[114]

Drug delivery of the antiinﬂammatory bromfenac and antibiotic moxiﬂoxacin

Preclinical phase

[115]

Cooper Vision

Drug delivery

Developed (Biomedics, Easy day, Proclear)

[46]

CIB Vision

Drug delivery

Developed (Focus Monthly, Precision UV)

[113]

Alden Optical

Drug delivery

Developed (Alden HP)

[113]

Johnson & Johnson
Leo Lens
OcuMedic, Inc.
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as there was weak correlation between glucose in the tear and
blood. As another example, InWith Corporation and Bausch &
Lomb have investigated to create an augmented reality contact
lens. The lens is incorporated with a microchip, which is responsible for sending notiﬁcations and alerts to a smart phone. This
lens can also analyze the chemistry of tears. A new therapeutic
contact lens was developed by Queensland University as a bandage for ocular surface injuries. The bandage contains limbal
mesenchymal stroma cells attached to the inner surface of the
contact lens that can be useful in the treatment of chemical burns
and heat injuries. Johnson & Johnson is also among the companies for developing contact lenses. This company has Phase 3
clinical data on an antihistamine-releasing contact lens. This contact lens can be used for reducing the symptoms of common
allergic conjunctivitis.[93]
To achieve market approval, smart contact lenses must comply
with regulatory requirements. These regulations assure that
medical devices do not have negative health effects.[46] Based
on the U.S. Food and Drug Administration (FDA) and
Medicines & Healthcare products Regulatory Agency (MHRA)
regulations, smart contact lenses must meet the requirements
assigned for medical devices. Accordingly, the regulatory
requirements categorize medical devices in three classes.
Class I stands for the minimum risk and regulation associated
with the product, and Class III is attributed to the highest risky
products, which need the strictest regulations. The classiﬁcation
of a smart contact lens is based on its material and the performance of its sensor. An example of a company that received the
FDA approval for its smart contact lens is Sensimed AG company (for SENSIMED Triggerﬁsh).[94]

8. Challenges and Outlooks
At present, most contact lenses can only detect a single biomarker in the eye, such as glucose, lactic acid, Kþ , or Ca2þ.
A potential advancement could be to develop contact lenses to
detect multiple chemical components in real time, which will
make contact lenses more powerful as biomedical tools. In addition, the implementation of electrical sensors would tremendously extend the performance of contact lenses to detect
physical signals (i.e., temperature and pressure) and record or
modulate electroretinography of the eye or electrical stimulation
of visual neurons.[95]
Smart contact lenses are not only suited for continuous and
minimally invasive disease monitoring, but also play an important role in the process of eye disease treatment. With developments in microscale technologies and biomaterials, contact
lenses now can be designed with the ability to release drugs
in a sustained manner.[15,16] These contact lenses are made of
a mixture of drug and contact lens materials without affecting
the refractive index and transparency of the lenses. Due to the
tunable biological and physicochemical properties of hydrogels,
it is expected that they can greatly improve the function of smart
contact lenses in drug delivery. Also, the development of smart
contact lenses with a drug-delivery system in which drugs may be
reloaded is promising toward the development of reusable contact lenses amenable for extended usage.
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Most existing sensory systems are not able to self-power.
Flexible photovoltaic self-powered technology can replace traditional power supply mode in contact lenses as the natural sunlight is easy to obtain for energy conversion.[96] This can greatly
reduce the connection line of internal devices and the complexity
of electronic devices. These and other traits make photovoltaics a
trend in ﬂexible and stretchable electronics in the future.[97]
Nanogenerators are tiny and can be used as a power supply module for contact lenses, which collect and convert mechanical
energy from the constant blinking motion by the eyelids into
electricity.[98] Using the triboelectric effect, a structurally simple,
low-cost, and environmentally friendly nano-triboelectric generator can be achieved for contact lenses. The latter system has a
broad development prospect to improve the service life of contact
lenses and reduce their cost.[99]
Artiﬁcial intelligence can also be used to improve the therapeutic effect of smart contact lenses. In particular, machine
learning algorithms can be used in smart contact lenses to recognize the human health status with long-term monitoring and
provide personalized treatments for different types of diseases.[100] Collected data from individuals can be uploaded to
a network and saved in cloud databases. These collective data will
grow substantially and have to be analyzed using machine learning algorithms to predict the health state of people in diagnosis
and clinical treatment.
To improve the performance and multifunctionality of smart
contact lenses, it is necessary to add more chips and interconnects to the device. The task becomes more challenging as the
circuit design and fabrications require miniaturization, ﬂexibility, optical transparency, and resistance to repetitive wear. Major
causes of the issues include opaque connection wires, rigidity of
the chips, and size of sensing electrodes. Microinterconnects
inside smart contact lenses are traditionally made of copper, silver, gold, and platinum that are opaque and can block people’s
vision. These materials can be switched to transparent alternatives, such as graphene, carbon nanowires, or indium tin oxide.
The miniaturization of the chips embedded in the system for
data storage, data transmission, and powering of the circuit
has become increasingly important, pushing researchers and
industrial vendors to develop the next generation of chips with
multiplexed functions. Moreover, the sensitivity of the system is
signiﬁcantly reduced as the entire circuit scales down, especially
with the size of the sensing electrodes. One possible solution
for the aforementioned problems is using active sensors,
such as ﬁeld-effect transistors and complementary metaloxidesemiconductor sensors, which show outstanding
sensitivity despite having submicrometer sizes.[101]
An increasing density of active components in a device means
higher power consumption, which becomes another major challenge. Many attempts have been made to increase the power supply capacity of circuits in smart contact lenses, including
inductive, optical, RF power, and supercapacitors.[102]
However, these methods cannot continuously provide power
supply to meet the requirements for real-time health monitoring.
A possible solution is to deploy biofuel cells in smart contact
lenses, which can convert chemical energy into electricity from
the chemicals found in tear ﬂuids. The enzymes required to facilitate biochemical reactions can either be from the native biological ﬂuids or be added from external solutions. The degradation
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problem of the enzymes after a certain time can be solved by
reﬁlling fresh enzyme solutions.
Mechanical stability and biocompatibility of smart contact
lenses represent another factor that affects its ability for chronic
health monitoring, which can be addressed through advanced
materials and technologies. For example, introducing oxygen
channels in PDMS lenses can improve the long-term gas permeability of the device, thereby enhancing its biocompatibility.[103]
The improved biocompatibility will minimize immune response
and enhance healing functions without causing injurious, negative physiological, allergic, or toxic reactions and bring comfort to
the wearers.

9. Conclusion

[2]

Smart contact lenses have shown signiﬁcant capability in biomedicine with features of real-time and noninvasive diagnosis
and drug delivery. In particular, we highlighted the applications
of smart contact lenses in detecting glucose concentration in tear
ﬂuid, identifying glaucoma by measuring the IOP, assessing hypoxia or elevated salt concentration due to physiological or pathological conditions, and treating ophthalmic diseases by drug
delivery. Multifunctional and integrated smart contact lenses
can provide more effective physiological data collection of eye
diseases than traditional ways, which will greatly facilitate the
treatment of human diseases. Smart contact lenses hold great
potential as routine wearable medical devices for accurate analysis of eye response to ophthalmic drugs, as well as for the evaluation of surgical procedures. We believe that smart contact lenses
embody technical and material innovations that lead to the next
generation of precision medicine-based devices.
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