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Abstract
Smart contact lenses are innovative optical devices designed to integrate advanced technology with traditional contact lenses. These lenses are 
equipped with microelectronics, sensors, and sometimes even small displays, which allow them to monitor various aspects of the wearer's health, 
particularly eye health and visual parameters. For instance, smart lenses can measure intraocular pressure to help detect conditions like glaucoma, or 
monitor glucose levels in diabetic patients by analysing tear fluid, which could be a non-invasive alternative to blood testing. These lenses typically 
operate wirelessly, transmitting data to external devices like smartphones or computers for analysis. Some models include augmented reality (AR) 
capabilities, enhancing the wearer’s vision by projecting information or images directly into their line of sight. For example, a smart lens could 
display text or maps directly onto the user's eye, offering real-time information without the need to glance at a phone or other screen. The potential 
applications of smart contact lenses are vast. They could provide continuous health monitoring for people with chronic conditions, assist in managing 
low vision by magnifying images, and improve safety by offering heads-up displays for activities such as driving or gaming. Research is still on going, 
but the integration of smart contact lenses with other digital health technologies could revolutionize how we approach eye care and overall health 
management. Despite the promising future, challenges remain, particularly in terms of comfort, durability, power supply, and privacy concerns. But 
as technology advances, smart contact lenses could soon become an essential part of both healthcare and daily life. Smart contact lenses represent a 
ground breaking advancement in wearable technology, seamlessly integrating vision correction with sophisticated digital and biomedical functions. 
These innovative lenses are equipped with miniature electronics, biosensors, and wireless communication systems, allowing for real-time monitoring 
of health indicators such as glucose levels, intraocular pressure, and tear fluid composition. Some models are even being developed with augmented 
reality (AR) capabilities, enabling digital information like navigation cues or notifications to be displayed directly in the user's line of sight. The 
design of these lenses relies on flexible, biocompatible materials that ensure comfort, safety, and long-term usability. Advances in nanotechnology are 
further enhancing the sensitivity and efficiency of their embedded sensors. In healthcare, smart contact lenses offer promising applications for early 
diagnosis, continuous disease monitoring, and targeted drug delivery. Beyond medical use, they have the potential to transform communication and 
digital interaction by providing a discreet, hands-free interface with the digital world. While challenges such as power management, data security, 
and long-term wear ability remain, on going research is steadily paving the way for smart contact lenses to become practical tools with far-reaching 
impacts in both medicine and consumer technology.
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Introduction
Today, a broad spectrum of diagnostic tools is available to evaluate 

numerous analyses relevant to clinical decision-making. However, the 
majority of these technologies are non-wearable and still rely heavily 
on traditional methods such as blood draws and bench top assays. 
This limitation raises an important question: how can wearable sensor 
technology evolve to monitor more specific and dynamic physiological 
processes? Emerging innovations in this field aim to address such 
challenges by enabling real-time, continuous monitoring of complex 

biological signals. For instance, future wearable devices could verify 
fetal health by detecting subtle mechanical movements within the womb, 
differentiate between a dangerous seizure and intense physical activity, 
alert athletes or labourers of critical dehydration levels, help individuals 
track the glycaemic response to foods like refined white bread, or even 
support early identification and containment of viral outbreaks before 
widespread symptoms appear in the population (1,2). These applications 
highlight the transformative potential of wearable sensors in advancing 
personalized, preventive, and precision healthcare. The development 
of wearable healthcare monitoring devices has been driven by recent 
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advancements in electronics, materials science, and biology, particularly 
through their integration with the Internet of Things. These devices 
are capable of non-invasively sampling a variety of bodily fluids 
such as blood, interstitial fluid, sweat, urine, saliva, and tears—and 
transmitting the collected data to smartphones or healthcare systems. 
This enables continuous monitoring of patients’ health conditions for 
diagnostic, therapeutic, and preventive purposes. By providing real-
time, personalized health data at the point of care, wearable technologies 
help decentralize healthcare delivery, alleviate pressure on clinical 
infrastructure, and improve patient outcomes. Among these devices, 
smart contact lenses (SCLs) have attracted significant commercial 
and research interest due to their unique healthcare potential. The 
corneal surface offers a convenient and minimally invasive interface 
for monitoring physiological signals, as the eyes are directly linked to 
vital organs including the brain, liver, heart, lungs, and kidneys (3,4). 
Tears, which are continuously produced and easily accessible, have 
emerged as an ideal bio fluid for non-invasive health monitoring. As 
a result, SCLs have been developed to continuously analyse tear 
composition, assess physiological conditions, and wirelessly transmit 
data to external devices such as smartphones, which can further relay 
the information to healthcare providers. These advancements are made 
possible by innovations in biosensors, integrated circuits (ICs), and 
wireless communication technologies. A key advantage of SCLs is their 
ability to perform continuous analyse monitoring. However, due to 
spatial constraints, these lenses cannot incorporate traditional batteries, 
presenting an on going challenge in ensuring sustained power supply for 
long-term use. The approval of the first commercial soft contact lenses 
by the Food and Drug Administration (FDA) in the early 1970s marked 
a pivotal moment in ophthalmic technology. This breakthrough initiated 
decades of innovation aimed at improving lens performance, particularly 
in terms of oxygen permeability and water retention. It wasn’t until 
the late 1990s and early 2000s that silicone hydrogel emerged as the 
material of choice for manufacturers. With oxygen permeability up to 
five times greater than earlier hydrogel materials, silicone hydrogel 
lenses significantly enhanced eye health, hydration, and overall comfort, 
setting a new standard in contact lens design (5, 6). Building on these 
advancements, smart contact lenses (SCLs) have redefined the role of 
conventional lenses by integrating sophisticated digital technologies. 
Worn on the cornea like traditional lenses, SCLs are equipped with 
functionalities that go far beyond vision correction. These may include 
real-time health monitoring, data visualization, and even augmented 
reality (AR) interfaces. To ensure safety and long-term wear ability, 
SCLs are made from biocompatible materials that minimize the risk of 
irritation or damage to ocular tissues. Despite these innovations, many 
current smart lens prototypes face limitations—such as monitoring 
only a single physiological parameter at a time or requiring complex, 
multi-material constructions to support multifunctional capabilities. 
Overcoming these challenges is a key focus of on going research in the 
field. Smart contact lenses (SCLs) are designed to incorporate a range 
of sensors capable of monitoring various physiological parameters (7, 
8). These include intraocular pressure (IOP), glucose concentrations in 
tear fluid, and specific biomarkers linked to certain diseases. Embedded 
within the lenses are miniature microelectronics and processing units 
that collect and analyze sensor data while also enabling wireless 
communication with external devices. To operate these components, 
SCLs require a reliable power source, which may come from 
microbatteries or energy-harvesting technologies that convert ambient 
energy—such as light—into electrical power. In addition to health 
monitoring, SCLs hold the potential to feature integrated displays that 
project digital content directly into the wearer’s field of vision. This 
augmented reality (AR) capability could provide real-time notifications, 
navigation guidance, or contextual information overlays. AR-enabled 

SCLs allow for immersive and interactive experiences, enhancing 
applications in areas such as entertainment, communication, and data 
visualization. Furthermore, by transmitting data to smartphones, tablets, 
or computers, these lenses facilitate real-time communication and 
remote access to health information, allowing for seamless integration 
with broader healthcare or digital ecosystems. Beyond vision correction, 
SCLs offer a new frontier in personalized medicine by enabling users 
to continuously monitor vital signs and health indicators (9, 10). This 
could aid in the early detection of medical conditions and support 
proactive healthcare management. However, despite their promising 
potential, SCL technology remains in its early stages. Key challenges—
including miniaturization of components, efficient power management, 
biocompatibility, user safety, and regulatory approvals—must be 
addressed before widespread clinical and commercial adoption becomes 
viable (11, 12). Nevertheless, ongoing research and innovation continue 
to expand the boundaries of what is possible in wearable medical and 
augmented reality technologies.

Application of Smart Contact Lenses
Smart contact lenses (SCLs) have demonstrated significant potential in 

the continuous monitoring of various ocular parameters, including both 
physical properties such as intraocular pressure (IOP) and ocular surface 
temperature and chemical biomarkers like glucose concentration, protein 
levels, and pH in tear fluid. These physiological indicators are closely 
associated with overall human health and can provide early warning 
signs for numerous conditions. For example, elevated IOP is a key risk 
factor for glaucoma, abnormal ocular temperatures may indicate dry 
eye syndrome, and high glucose levels in tears can serve as an early 
signal of diabetic retinopathy. The non-invasive and continuous health 
tracking enabled by SCLs offers valuable insights into both ocular and 
systemic physiological states (13, 14). This real-time data acquisition 
facilitates the early detection and management of medical conditions, 
reducing the dependency on routine clinical visits and bulky diagnostic 
equipment. As such, SCLs represent a powerful tool in the shift toward 
personalized and preventive healthcare. The integration of smart lenses 
with Internet of Things technologies further enhances their capabilities, 
positioning them at the forefront of next-generation wearable health 
monitoring systems. In this section, we provide an overview of the 
materials suitable for SCL fabrication, the electronic components 
required for their operation, various manufacturing methods, and 
their diverse applications. Particular emphasis is placed on two of the 
most extensively studied applications of SCLs: intraocular pressure 
monitoring and tear glucose sensing(15, 16, 17).

Material of Smart Contact Lenses
Modern contact lenses are fabricated from a variety of materials, in-

cluding silicone, 2-methacryloyloxyethyl phosphorylcholine (MPC), 
poly(methyl methacrylate) (PMMA), poly(ethylene terephthalate) 
(PET), and poly(2-hydroxyethyl methacrylate) (pHEMA). Among 
these, silicone and pHEMA-based hydrogels are the most commonly 
used materials for biomedical applications, particularly in the develop-
ment of smart contact lenses (SCLs) (18, 19). However, designing SCLs 
for intraocular pressure (IOP) monitoring involves several complex 
challenges. The unique anatomical and physiological requirements of 
the human eye demand that the lenses possess high flexibility, optical 
clarity, hydrophilicity, and sufficient oxygen permeability to ensure user 
comfort and long-term ocular health. pHEMA hydrogel, widely used 
in commercial contact lenses, offers beneficial properties such as water 
permeability and excellent biocompatibility with ocular tissues. These 
attributes make it a strong candidate for extended wear and safe integra-
tion into SCLs. However, a significant engineering challenge lies in the 
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integration of electronic components—particularly rigid microchips and 
bulky batteries—into soft hydrogel substrates. This difficulty arises from 
the tendency of hydrogels like pHEMA to swell, which can compro-
mise the structural integrity of embedded electronics (20, 21, 22, 23). To 
address these limitations, several researchers have explored functional 
enhancements of hydrogel materials. For instance, Ulu et al. developed 
an antibacterial contact lens using pHEMA hydrogel embedded with 
boric acid for the treatment of ocular infections. Similarly, Ashtiani et 
al. engineered a therapeutic contact lens by modifying pHEMA hydro-
gel with chitosan to enable sustained release of small-molecule drugs, 
including ascorbic acid, while also demonstrating antimicrobial prop-
erties. These studies highlight the versatility and therapeutic potential 
of hydrogel-based contact lenses in advanced ophthalmic applications. 
Wireless smart contact lenses (SCLs) that employ a flexible inductor–
capacitor–resistor (LCR) sensing system—free from integrated chips 
and batteries—offer significant potential for non-invasive, real-time 
monitoring of physiological parameters. Among their most promising 
applications is the continuous tracking of intraocular pressure (IOP), a 
key indicator for conditions such as glaucoma. To advance the clinical 
adoption of LCR-based SCLs for IOP monitoring, it is essential to use 
biocompatible and comfortable contact lens materials while maintain-
ing high sensor sensitivity and stability (24, 25, 26). A novel strategy 
for fabricating hydrogel-based wireless SCLs involves the conformal 
stacking method, which effectively mitigates the challenges posed by 
hydrogel swelling. This approach allows for the seamless integration 
of pyramid-shaped microstructure dielectric elastomers, enhancing both 
sensor performance and mechanical compatibility with the eye.

Electrical Components
The optimal design for smart contact lenses (SCLs) must allow 

for the straightforward measurement and real-time visualization 
of ocular parameters without disrupting the wearer’s everyday 
activities. This requires the technology to be compact, adaptable, and 
capable of incorporating various micro-components such as wireless 
communicators, sensors, power systems, displays, and other essential 
modules. Among the preferred methods for signal transmission in 
wearable electronics, wireless systems are considered superior to 
traditional wired approaches due to convenience and user comfort. 
To eliminate the complications associated with cables. developed a 
wireless SCL system that incorporates a wireless communicator (27, 
28, 29). However, powering these systems poses a challenge, as the 
small form factor of contact lenses restricts the capacity for on board 
energy storage. Therefore, alternative wireless energy sources like 
inductive power, radio frequency (RF) power, or optical power are 
employed. Technologies such as passive RFID have enabled energy 
harvesting from external sources, eliminating the need for miniature 
batteries in low-power devices. Recent advancements in material 
science have led to the development of stretchable and transparent 
electronics, which are particularly useful in SCLs and wearable sensors. 
This has encouraged extensive research into materials that offer both 
flexibility and optical transparency. For smart lenses to effectively 
relay information, biologically stable and flexible electrode materials 
are crucial. In this context, Lee et al. introduced a micro-scale light-
emitting diode (LED) constructed from Graphene's an advanced 2D 
nanomaterial known for its superior optical, electrical, and mechanical 
characteristics integrated into a contact lens. Graphene's excellent air 
permeability and electromagnetic wave absorption capabilities make it 
a promising material for shielding against electromagnetic interference 
(30, 31, 32). Another wireless display innovation by Park et al. included 
three key components: a rectifier, an antenna, and an LED pixel. These 
were built on a silicon wafer with a copper sacrificial layer and received 

inductively coupled alternating current from a nearby transmission coil 
operating at 50 MHz within a 5 mm range. In the realm of glaucoma 
treatment, there is a critical need for wearable devices that can wirelessly 
monitor intraocular pressure (IOP) and administer medication with 
precision. Addressing the associated technical challenges, researchers 
have developed a wireless the agnostic contact lens that integrates real-
time IOP monitoring and on-demand drug delivery. This innovative 
device features a highly compact structure that enables the integration of 
multiple functions on the curved surface of a lens (33, 34, 35). The IOP 
sensor employs a cantilever design within a capacitive sensing circuit to 
deliver high sensitivity, while drug delivery is powered by an efficient 
wireless power transfer system that activates iontophoresis to release 
anti-glaucoma medication directly into the eye. This minimally invasive 
and intelligent device represents a major advancement in glaucoma care.

Smart Contact Lenses for Monitoring and 
Treatment

Diabetes is one of the most widespread chronic diseases affecting 
people worldwide, characterized by long-term metabolic disturbances 
primarily involving glucose regulation. Its development is closely linked 
to genetic predisposition, immune system dysfunction, and various 
physiological factors that impair pancreatic islet cell function and lead 
to insulin resistance. These disruptions result in poor glucose uptake and 
elevated blood sugar levels, a condition known as hyperglycemia (36, 
37, 38). Diabetes is broadly classified into two types: type 1 and type 2. 
Type 1 diabetes is caused by an absolute deficiency in insulin production 
due to pancreatic beta-cell failure. In contrast, type 2 diabetes is primarily 
associated with the body’s inability to effectively use insulin, a result 
of insulin resistance and decreased insulin sensitivity. With its high 
global prevalence and potential to cause serious complications, diabetes 
presents a significant public health challenge. Consequently, it continues 
to be a focal point of extensive research across various scientific and 
medical disciplines. Monitoring blood glucose concentration is essential 
for diagnosing and managing diabetes. Traditionally, this involves 
pricking the finger to obtain a small blood sample an invasive and often 
uncomfortable procedure (39). To overcome this, researchers have 
turned to alternative biological fluids such as tears, saliva, interstitial 
fluid (ISF), and sweat as non-invasive or minimally invasive sources 
for glucose measurement. These fluids contain glucose levels that 
correlate with blood glucose, offering promising avenues for painless 
and continuous monitoring. However, these alternative methods must 
be carefully optimized for accuracy, as the glucose concentrations in 
these fluids are typically lower than those found in blood (40). Ensuring 
reliability in these measurements remains a critical aspect of advancing 
non-invasive glucose sensing technologies.

Conclusion 
The eye is a highly complex organ that harbors a range of 

metabolite indicators such as glucose, peptides, and specialized ions, 
along with critical biological parameters like intraocular pressure, 
corneal temperature, and pH. Over the past three decades, significant 
advancements in contact lens research particularly in material 
biocompatibility, lens design, and healthcare integration have paved 
the way for the development of Smart Contact Lenses (SCLs). These 
lenses have evolved into sophisticated visual prosthetics capable of 
continuously and non-invasively monitoring a variety of physical 
and biochemical changes associated with ocular diseases. The rise of 
wearable technologies that utilize body fluids such as sweat, tears, and 
saliva—along with electrochemical interactions has enabled continuous 
monitoring of physiological conditions and disease states. Among these, 
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tear fluid is especially valuable due to its easy accessibility and non-
invasive collection, making it ideal for evaluating eye disorders, blood 
glucose levels, and even certain cancers. Traditionally used for vision 
correction and cosmetic purposes, contact lenses have now taken on a 
revolutionary role as wearable devices for real-time glucose monitoring 
in individuals with diabetes. Beyond their physical design, their utility 
as portable, point-of-care diagnostic tools is increasingly recognized. 
Their portability, affordability, and ease of use contribute significantly 
to quicker and more cost-effective diagnostics. This review explores the 
wide-ranging applications of SCLs, offering an in-depth discussion of 
their current uses. It also addresses existing challenges and highlights 
future prospects, emphasizing the transformative potential of smart 
contact lenses in healthcare monitoring and disease management.
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