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ABSTRACT

We present our investigation in compact smart contact lenses integrating optimized 1 GHz loop
antennas with possible autonomous micro-energy sources based on tear-salinity gradients or blinking-induced
mechanical harvesting. Building on our previous system-level integration studies and antenna investigations,
this work focus on antennas, low-power sensing, and transparent, biocompatible micro battery structures. The
approach ensures electromagnetic efficiency, optical clarity, and compatibility with soft-lens manufacturing.
These Smart Compact Lenses provide a realistic way toward self-powered photonic microsystems enabling
embedded biosensing, eye-condition monitoring, and future augmented-reality functionalities.
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1. INTRODUCTION

Since their invention by Adolf Gaston Eugen Fick in 1888 [1], contact lenses have primarily been used
for vision correction, offering advantages over glasses such as unobstructed peripheral vision, reduced glare
and distortion, greater freedom during activities, and no change to appearance. Despite these benefits, they
present limitations including infection risks from poor hygiene, dryness or irritation, strict maintenance
routines, and adaptation difficulties for some users. Recent advances have led to the development of smart
contact lenses (SCLs), which integrate functions such as augmented reality displays and real-time biosensing
[2-6]. Studies have demonstrated innovations including scleral lenses with integrated near-infrared lasers that
improve eye-tracking reliability and wireless infrared laser pointers enabling beam collimation or image
projection for visual assistance. Research also highlights their potential for non-invasive medical monitoring,
such as measuring glucose levels or intraocular pressure to aid diseases like Glaucoma, as well as applications
in drug delivery and colour-blindness treatment. However, powering microscale electronics within lenses
remains a major challenge; proposed solutions include harvesting mechanical energy from blinking or using
tear chemistry for electrochemical energy generation, such as enzymatic glucose-based bio-rechargeable
batteries or electrochromic systems that monitor glucose through colour changes without external electronics
[7-9]. Contact lens design still depends on the type of vision correction required, spherical lenses for myopia
or hyperopia, toric lenses for astigmatism, and multifocal lenses for presbyopia, and current research focuses
on overcoming technical constraints and identifying suitable energy sources to enable the next generation of
autonomous smart contact lenses.

2. SMART CONTACT LENSES: FUNCTIONAL PRINCIPLES

SCLs integrate sensors, communication interfaces, and power circuits into a soft, transparent corneal
substrate and support several emerging applications. They enable non-invasive health monitoring by tracking
indicators such as glucose levels or intraocular pressure without needles or surgery, using embedded sensors
and optical technologies to make medical monitoring safer and more comfortable. SCLs can also enhance
vision through augmented perception, providing overlays such as night vision or real-time text translation
through AR systems. For visually impaired users, they may improve access to information and assist daily
tasks by adjusting lens convergence to support the ciliary muscle responsible for accommodation [10-11].
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Advances in manufacturing, including 3D-printed lenses made from biocompatible materials such as
PDMS and microfabrication techniques like two-photon polymerization, enable precise and mechanically
robust designs with complex microstructures for adaptive optics and responsive visual systems. Their design
requires balancing miniaturization, transparency, oxygen permeability, and comfort while integrating
components such as antennas, ASICs, and sensors for communication with smart devices and functions like
progressive lens orientation. Flexible polymers and nanoscale films are essential to this integration, allowing
lenses to detect ocular biomarkers, store energy, transmit data, and potentially deliver drugs, although limited
tear exchange in soft lenses remains a challenge that can affect debris removal and measurement accuracy.

((c

Sensors ‘ . — Antenna ‘
900 MHz - 1.1 GHz

ASIC
Smart contact lens
Silicon hydrogel lens J Smartwatch

(a) (b) (c)

Figure 1. (a) This Figure illustrates the general principle of rnakmg a contact lens, which includes an antenna, an application-specific
integrated circuit (ASIC), and sensors to communicate with a smartwatch, a mobile phone, or a computer. Technologically, the addition
of components in a lens allows, if necessary, to position a progressive contact lens by correctly orienting it. These technologies are
feasible. (b) This Photography [12] illustrates the scale and delicacy of a standard contact lens, highlighting the complexity of
embedding electronic systems within such a confined space. (c) Illustration of the communication between a smart contact lens and a
smartwatch and/or a smartphone. Indicated frequency bandwidth corresponds to what is discussed in [6,13].
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3. AUTONOMOUS POWERING VIA EYE-INTRINSIC OR OTHER SOURCES

The development of smart contact lenses (SCLs) is accelerating, driven by bio-compatible electronics
and the demand for autonomous wearables. A major challenge is providing safe, efficient, and sustainable
power. Emerging strategies include harvesting energy from the body or environment. Tear fluid, rich in
electrolytes, can power micro-batteries and biofuel cells. Glucose-coated ultra-thin batteries have shown
extended operation, with NTU Singapore demonstrating a 13-hour lens powered solely by tears. Safer
alternatives to lithium-ion, like Copper Hexacyanoferrate and Prussian Blue hydrogels, achieve 0.132 mAh
capacity while remaining biocompatible. Biomechanical energy from blinking can drive piezoelectric or
triboelectric nanogenerators. Hybrid systems combining flexible solar cells with blink-activated Mg—O-
collectors provide continuous DC power without external accessories, enabling fully autonomous lenses. Other
sources include kinetic energy from head or body movement, which can feed microdevices via elastic energy
capture. Integrating multiple energy methods into a 10 mm lens requires precise design: a miniaturized energy
source, double-loop antenna, low-power ASIC, and multiple sensors must fit compactly while maintaining
biocompatibility, oxygen permeability, and user comfort. 3D printing adds complexity, but careful weight
distribution ensures self-alignment for vision correction. For more information, see references [14-21].

4. TECHNICAL EXPERTISE AND DESIGN CONSTRAINTS
Developing smart lenses that integrate multiple technologies for visual enhancement or information display
is highly complex and requires expertise across optics, materials science, and electronics [6]. Key aspects
include thin-film optical coatings, which control light, improve optical quality, and ensure durability in both
every day and medical applications; biocompatible materials and compliance with Specific Absorption Rate
(SAR) standards [22] to guarantee safe eye contact and efficient wireless signal transfer; signal integrity and
frequency analysis to maintain reliable optical and wireless communications (Bluetooth, Wi-Fi, GNSS) while



preventing interference; and careful evaluation of measurement uncertainty to ensure accurate and consistent
optical and sensor performance despite manufacturing or environmental variations. In addition, awareness of
the patent landscape is essential to protect innovations, avoid infringement, and support funding and
commercialization. The convergence of these domains enables the development of energy-autonomous, safe,
and manufacturable smart lens prototypes, where successful integration must balance optical performance,
electronic functionality, user safety, and signal reliability to achieve a commercially viable product.
Additionally we rely on our experiences in frequency [23] and material for optics uncertainty analysis [24-28].

5. OPERATING FREQUENCY RANGE

This section presents the technical characteristics of a compact stacked double loop antenna designed for
directional electromagnetic transmission and reception. A loop (or magnetic loop) antenna operates by sensing
the magnetic field according to the Lenz—Faraday law, where the induced voltage is proportional to the
magnetic flux, placing it in the category of fluxmeters. The structure consists of two vertically aligned circular
loops acting as magnetic dipoles, which improves directional radiation for focused transmission or sensing.
Each loop has a diameter of 9.5 mm, selected to remain compatible with typical lens dimensions without
obstructing vision [13]. According to small loop antenna theory, this geometry corresponds to a resonant
frequency near 1.01 GHz and an operating range of approximately 900 MHz-1.1 GHz, suitable for modern
communication and detection systems. The radiation pattern is optimized along the vertical axis (broadside to
the loop plane), with maximum emission and reception at 6 = 0° and 6 = 180°, improving signal gain and
targeting precision. This section summarizes the key physical parameters, theoretical considerations, and
practical aspects involved in estimating frequency and wavelength, contributing to the understanding of
antenna performance and design constraints in the GHz range.

A stacked double loop antenna consists of two circular loops aligned vertically, functioning as
magnetic dipoles. This structure is often used for directional emission and reception, behaving like two
magnetic dipoles in phase. These antennas are used for directional radiation and reception. For a loop with a
9.5 mm diameter (D = 0.0095 m), the radius is r = D / 2 = 4.75 mm, leading to a loop circumference of
approximately C = 2zr = 0.0298 m. In small loop antenna theory, resonance typically occurs when the
circumference is about one-tenth of the wavelength. Thus, the estimated resonant wavelength is 0.298 m. For
small loop antennas, the resonant condition typically occurs when the loop circumference is approximately
1/10 of the wavelength (A). We assume that the loop diameter is D = 9.5 mm. The key criterion for a small

loop antenna is: loop circumference C is negligible compared to A With§ < 1—10 (Equation 1). Using those

formula: 2 =~ 10 X C=0.298 m (Equation 2),f=c /X~ 3 x10%/0.298 ~ 1.01 GHz (Equation 3),
and using the speed of light (¢ = 3x108 m/s), the resonant frequency is approximately determined as 1.01 GHz.
Given a centered resonant frequency of ~1.01 GHz, the typical usable bandwidth is approximately 900 MHz
to 1.1 GHz. Since antennas are reciprocal, they operate similarly for both transmission and reception, that’s
why the expected operating frequency range for this antenna is in [900 MHz, 1.1 GHz]. The exact usable
bandwidth may vary depending on the antenna’s Q-factor and matching components. Since antennas are
reciprocal, the operating frequency range is the same for both transmission and reception. Given a centered
resonant frequency of ~1.01 GHz, the typical usable bandwidth is approximately 900 MHz to 1.1 GHz.

So preferred emission/reception directions are along the axis of the loop stack: 8 = 0° and 6 = 180°. This
improves directivity and gain in those directions, making the antenna more effective for targeted
communication or sensing. When two such loops are stacked, the radiation is reinforced along the axis of the
loop stack. Single loop antenna radiates most strongly in the plane perpendicular to its axis. The Q-factor

(quality factor) of a small loop antenna is typically estimated as

Q= % (Equation 4)

Given f0 =1.01 GHz and A f=200 MHz (-3 dB bandwidth), the estimated Q-factor is approximately as Q =

% . It gives Q == 5.05. This is very low, which is favorable for wideband operation and suggests the antenna

is efficient for communication. We can also roughly estimate the theoretical Q-factor of a small loop antenna



using the radiation resistance Rr and loss resistance Rl:

2mfL
Q= R (Equation 5)

However, this requires an estimation of the inductance L of the loop, and knowing or approximating the
resistance R. For a single-turn circular loop of radius r, made from a thin conductor, inductance of the loop is:

8r
L = yor [Ln (;) — 2] (Equation 6)
where r=4.75 mm, wire radius could be a=25 pum, and p0 = 4nx10—7 H/m. Using this, we can say the

inductance is in the nH range, and combined with expected loss resistance of several ohms, a Q-factor of 5 to
10 maximum is typical and reasonable for such compact antennas. It gives L=5.96nH.

6. ELECTRICAL AND THERMAL EFFECTS OF ANTENNAS
The polar plot given in Figure 2 shows the normalized radiation pattern of the loop antenna in the far-field.
It's a typical donut-shaped (toroidal) pattern characteristic of small loop antennas, with maximum radiation
perpendicular to the plane of the loop and nulls along the axis. Classic small loop pattern proportional to sin?(0),
indicating nulls along the axis of the loop and maximums in the plane of the loop. Radiation pattern of the
small loop antenna, showing the classic toroidal shape (donut-like structure) where radiation is strongest in the
plane of the loop and nulls occur along the axis perpendicular to the plane. Parameters are summarized in Table

1. Efficiency and frequency bandwidth are given in Figure 3 accordingly.
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Figure 2. Small double loop antenna of 9.5 mm diameter normalized radiation pattern.

Table 1. Settings for parameters of antennas.

Parameter Designation Value (Range)
Hydrogel contact lens diameter DL 10 mm
Radius of large loop antenna 11 4.75 mm
Radius of smaller loop antenna 2 0.95 mm
Wire thickness 2a 50 pm
Wire radius a 25 pm
Large loop antenna area A1 7.09x10-> m?2
Smaller loop antenna area Az 2.83x10° m?2
Thermal conductivity of Gold K 318 W/mK
Electrical resistivity of Gold 0 2.44x10% Q'm
Electrical conductivity of Gold OAu 4.52x107 S/m
Electrical conductivity of Hydrogel OH 0.3 S/m
Relative permittivity of Hydrogel in 900 — 1100 MHz range GHz En 79

Vacuum permeability Lo 47x107 H/m




Loop antennas can be analyzed as magnetic dipoles at these sizes (loop << wavelength) [13]. The
mutual coupling (inductive) depends on distance and orientation, loop areas, relative position (offset vs.
concentric) and mutual inductance M. The coupling coefficient k is given by

k —

VIiL,

where M is the mutual inductance and L, L, are respectively self-inductances of the large and small loops.
Self-inductances are estimated as for small single-turn circular loops as in equation 6 relatively to r is the loop
radius, a is the wire radius (25 pm) and p0=4znx10—7 H/m. So, for the larger loop, L, = 5.96 nH, and for the
smaller loop, L, = 4.68 nH. The coupling coefficient with equation 7 gives k = 0.2. This is moderate to strong
coupling, but less than if they were concentric. Results for self-inductances are given in Table 2. Mutual
Inductance M can be determined as follow. If the loops were coaxial and centered, we could approximate M

using M = % (Equation 8). But since the small loop is placed at the bottom edge of the large loop,

mutual coupling is reduced due to non-concentricity. Let’s model the reduction using a simplified geometric
factor y, where: Moftset = ¥ ‘Meenerea  (Equation 9). Typically, for close proximity but off-centered configurations, y
~0.3-0.5 depending on distance, we keep the value y~0.4. Assuming 4, = .7 = 2.83.10~®m? and distance

between centers d~r;—r,=3.8 mm, then M=y -4ax107-[(7.09%x10° x 2.83x10 ®)/(21x0.00333).

(Equation 7)
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Figure 3. Efficiency (in dB) and frequency bandwidth (expressed in kHz) of the main loop antenna versus frequency
expressed in MHz is determined according to the 1.01 GHz centered frequency, 9.5 mm diameter, Gold electrical
parameters — see Table 2, and based on the work of. Q-factor is predicted at 5.05 and measured at 4.98.

As illustrated on Figure 4, in reality, we need to extract the microwave signal received by this receiving
loop antenna. The classic method is to use inductive coupling, as in transmitting. Optimal coupling (not too
tight) allows maximum energy to be extracted. Coupling that is "tighter" than optimal dampens the loop by
reducing its gain, selectivity, and quality factor. This is acceptable for shortwave reception because the noise
received by the antenna is significantly louder than thermal noise. Variable capacity is to fit the resonance of
the larger loop antenna around 1.01 GHz. One of the advantages of this configuration is the following. The
output level is not very variable in terms of power between 900 MHz and 1.1 GHz, and the quality factor is
not very high, since it is around 5. This means that in practice we will avoid having to adjust the variable
capacity all the time after adaptation. Such parameters could be specified in further work. Thermal and
Resistive Effects are determined considering materials. Gold is a good conductor, but the antennas are very
small, so skin effect and resistive losses are still important at 1.01 GHz. Information concerning skin depth is



given in Table 3. Skin depth is =V ((2 p)/(u0-®))=0.7um  (Equation 10). So, most current is in outer ~1 pm
of wire. 6 >> 50 um, so skin effect is dominant. Effective resistance R increases due to small cross-sectional
area and skin effect. This system is highly lossy, and mostly near-field reactive coupling dominates. Coupling
coefficient is moderate (~0.59), but effective power transfer is severely limited by losses. Mutual inductance
is still appreciable given proximity and loop areas. Radiation from either loop is minimal due to poor radiation
efficiency. The off-center small loop decreases M, but not drastically - still strong inductive link. The dominant
interaction is near-field magnetic coupling, not far-field radiation. We can summarize the main points. The
electromagnetic coupling between these two loops is moderately strong inductively. Offset positioning at the
bottom weakens but does not nullify the mutual inductance. Power transfer or re-radiation is heavily limited
due to (i) Small loop sizes (<< 1), (ii) High conductor losses (tiny gold wires, high resistivity at GHz with skin
effect), (iii) Very low radiation resistance. This system is suitable for near-field sensing, mutual inductance-
based energy transfer, or implantable communication, but not efficient RF transmission. We assume that a
smartwatch could be at 80 cm from the antenna and try to estimate the power of the received signal. The
double-loop antenna integrated in the smart contact lens operates around 1 GHz and radiates preferentially
along the vertical axis (8 = 0° and 180°), which in principle enables transmission toward a smartwatch
positioned about 80 cm away in the same plane. However, this situation is not ideal, since the radiation null of
a small loop lies in its plane, meaning that if the watch is not aligned with the vertical radiation lobes, coupling
will be very weak. At 80 cm, the separation corresponds to ~2.7 wavelengths (1 ~ 0.3 m), which is in the
radiating (far-field) zone for such a small loop. Given the very low radiation efficiency of the lens antenna ( 7

~0.02-0.71%) [23] and its extremely low radiation resistance (Rr ~ 0.127 m Q), the radiated power is several
tens of dB lower than the input power delivered by the ASIC. For instance, if the ASIC drives 0 dBm (1 mW)
into the antenna, only about 200 nW to 7 pW is actually radiated. The free-space path loss at 1 GHz over 0.8
m is roughly 30 dB, meaning the received signal power at the smartwatch antenna would drop to the range of
—90 dBm to —70 dBm depending on efficiency and orientation. While this level could still be detectable with
a sensitive receiver, it is close to the limit for robust communication. Potential problems include: strong
dependence on antenna orientation (since the smartwatch antenna must be aligned with the vertical radiation
lobes), absorption [24] and detuning by the lossy hydrogel and the eye tissue, and high resistive losses due to
the skin effect in thin gold conductors. These factors suggest that while communication over 80 cm is possible,
in practice the link budget is marginal and would require careful optimization of antenna matching, smartwatch
sensitivity, and possibly near-field inductive coupling for shorter, more reliable communication.

To enhance communication between a smart contact lens and a smartwatch, several optimization
strategies can be implemented, focusing on antenna performance, receiver sensitivity, and coupling methods.
Improving antenna matching and efficiency is essential [29], as adaptive matching networks can compensate
for detuning caused by the surrounding eye tissue, while high-conductivity materials and optimized antenna
geometries reduce resistive losses and improve radiation resistance; approaches such as high-impedance
surfaces have also been shown to enhance impedance matching in wearable antennas. At the receiver side,
improving smartwatch sensitivity [30] involves optimizing antenna design to minimize wrist-related effects
and refining front-end electronics to reduce noise, with compact dual-band wearable textile antennas
demonstrating high gain and efficiency. For short-range links, near-field inductive coupling [31] can provide
more reliable and energy-efficient communication than purely radiative methods, particularly when integrated
couplers combine near-field communication with wireless power transfer. Overall system performance
benefits from a holistic optimization of both the lens and smartwatch components [32], including efficient
antenna designs with appropriate radiation patterns, improved receiver sensitivity, and the integration of near-
field communication technologies, with emerging nanomaterial-based wearable antennas offering promising
opportunities for further improvement.
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Figure 4. This figure illustrates the problem of coupling to the transmitter-receiver antenna with the need to maintain the
field of vision through the lens. Gold loops of the antennas are shown in yellow gold colour. The brown rectangle in the
lower right corner symbolizes the ASIC.

7. CONCLUSION

The development of self-powered smart contact lenses represents a convergence of cutting-edge science
and engineering, bridging optics, microelectronics, energy harvesting, and biomedical design. By integrating
autonomous energy sources such as tear-based biofuel cells, blink-driven nanogenerators, and kinetic
harvesters with advanced microfabricated antennas, these lenses move beyond conventional vision correction
into multifunctional platforms capable of continuous sensing and communication. The research presented
highlights not only the technical feasibility of such systems but also the complexity of balancing
miniaturization, transparency, comfort, and biocompatibility. Equally critical are the safety and regulatory
dimensions, including compliance with SAR standards and long-term biocompatibility of thin-film coatings.
Frequency allocation, signal integrity diagnostics, and uncertainty quantification further underscore the
multidisciplinary expertise required to ensure functional reliability. At the same time, awareness of the patent
landscape and intellectual property protection will be vital in translating prototypes into scalable, commercially
viable products. The promise of smart contact lenses extends well beyond augmented vision, encompassing
real-time health monitoring, drug delivery, and adaptive visual aids for patients with chronic conditions or
impaired sight. With continued progress in microfabrication, hybrid energy systems, and biosensor integration,
smart lenses are poised to become powerful tools at the intersection of healthcare, wearable technology, and
human—machine interaction. Ultimately, this work lays the groundwork for a new generation of autonomous,
biocompatible, and networked ocular devices that could transform personalized medicine and redefine how
humans interact with digital and biological environments.
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