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Abstract

Intraocular pressure (IOP), commonly known as eye pressure,
is a critical physiological parameter related to health. Contact
lens-based IOP sensing has garnered significant attention in
research. Existing research has been focusing on developing
the sensor itself, so the techniques used to read sensing data
only support a reading range of several centimeters, becom-
ing the main obstacle for real-world deployment. This paper
presents Cyclops, the first battery-free IOP sensing system
integrated into a contact lens, which overcomes the proximity
constraints of traditional reading methods. Cyclops features
a three-layer antenna comprising two metallic layers and a
nanomaterial-based sensing layer in between. This innovative
antenna serves a dual purpose, functioning as both a pressure
sensor and a communication antenna simultaneously. The
antenna is connected to an RFID chip, which utilizes a low-
power self-tuning circuit to achieve high-precision pressure
sensing, akin to a 9-bit ADC. Extensive experimental results
demonstrate that Cyclops supports communication at meter-
level distances, and its IOP measurement accuracy surpasses
that of commercial portable IOP measurement devices.

1 Introduction

Intraocular pressure (IOP) is a critical human vital sign of hu-
man health, and thus monitoring IOP is crucial for assessing
and managing various diseases, especially glaucoma, the sec-
ond leading cause of irreversible blindness worldwide [1-4].
Elevated IOP causes permanent damage to the optic nerve in-
side eyes, ultimately resulting in glaucoma and gradual vision
loss. Glaucoma has no cure yet but if we detect Glaucoma in
its early stage, we could prevent it from causing permanent
vision by lowering the IOP via medicine or surgery. We em-
phasize that early-stage Glaucoma has no obvious symptoms,
making accurate IOP measurement the only feasible solution
for timely diagnosis of early-stage Glaucoma.

*Work conducted during academic visiting at the University at Buffalo.
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Figure 1. Reading data from contact lens via mutual cou-
pling only supports centimeter level reading range (a), while
backscatter based communication extends it to meter level(b).
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Furthermore, continuous and long-term tracking of IOP is
necessary for accurate disease diagnosis and effective disease
management, since IOP naturally fluctuates in response to
various physiological and psychological factors [5, 6], such
as sleeping or dramatic emotional fluctuations. Accumulating
long-term monitoring data helps eliminate the influence of
unrelated factors, enabling accurate diagnosis. Additionally,
timely tracking of IOP variations allows for precise and timely
interventions, such as initiating medication immediately upon
detecting elevated IOP to control the progress of Glaucoma.

Due to the significant impact of IOP on human health, ac-
curate measurement has attracted a large amount of attention,
particularly in biomedical engineering. Contact lens-based
wearable techniques have emerged as the leading solution
because of their lightweight nature, potential for mobility, and
high accuracy resulting from direct contact with the eye balls.
Two types of pressure sensors that fit in the contact lens have
been the main focus of prior works: the piezoresistive sen-
sors [4,7-15], and the inductively coupled structure based
sensors [16-24]. These sensors incorporate a ring structure
made of conductive material that conforms to the shape of
the contact lens, as depicted in Figure 1. In piezoresistive sen-
sors, the ring structure’s resistance is carefully designed to be
pressure sensitive, while in coupled structure based sensors,
the reactance is pressure sensitive. As a result, pressure can
be inferred by measuring the impedance of both sensor types.

Optimizing the sensor to make it more sensitive, biosafe,
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transparent, and easy to manufacture has been the main focus,
so in most current solutions, the contact lens only contains
pressure sensors. To read the sensing data from the sensors
embedded inside the contact lens, a reading coil connected to a
vector network analyzer (VNA) is positioned atop the sensors
to measure the impedance, just as shown in Figure 1(a). How-
ever, this method only supports a very limited data reading
range of a few centimeters. Our survey of 20 related works
reveals that the maximum reading range reaches only five
centimeters. Putting a bulky reader in close proximity to eye
balls poses a significant hindrance to practicality and emerges
as the primary obstacle for real-world deployment.

This paper presents, Cyclops, a battery-free contact lens
based IOP sensing system that supports long-range data read-
ing, eliminating the requirement for a bulky data reader to be
in close proximity to the user. We achieve long-range commu-
nication by integrating a backscatter communication system
with the pressure sensor, all within the small contact lens. A
backscatter communication system requires a sizable metallic
antenna. The current pressure sensor features a conductive
ring structure. Embedding both the antenna and the ring struc-
ture in the contact lens with limited size and a thickness below
200 pm results in mutual coupling and thus interference, im-
pacting both communication and sensing performance.

Instead of directly integrating a backscatter antenna and
an existing pressure sensor together, we introduce a novel
approach: a dual-purpose antenna that serves as a pressure
sensor and a communication antenna concurrently. Our de-
sign involves a three-layer sandwich-like antenna structure
comprising two metallic antenna layers and a central sensing
layer. The sensing capability arises from the nanomaterial uti-
lized in the middle layer, which exhibits significant variations
in intrinsic properties such as conductivity and permittivity
in response to pressure changes. Simultaneously, the sens-
ing layer, integrated into the antenna assembly, influences
the overall impedance of the complete three-layer structure,
rendering the entire system sensitive to applied pressure and
effectively functioning as a pressure sensor. Additionally,
through meticulous optimization of the two metallic layers’
structure, we can align the antenna’s impedance with that of
the backscatter chip, enabling long-range communication.

To design a sensing layer that works robustly on a battery-
free, purely energy-harvesting powered system, we have the
following design goals:

* Ultra-Low Power Consumption. Our sensing layer’s power
consumption must be maintained at an absolute minimum
to align harmoniously with the overall power profile of the
integrated system.

* Superior Sensitivity. The ability of the sensing layer to detect
subtle changes in IOP is utmost significance, necessitating
an exceptionally high sensitivity level.

 Thickness, Curvature and Transparency. The sensing layer’s
dimensions, including thickness and curvature, must seam-
lessly match the contact lens. The sensing layer should be

transparent to minimize interference to human view.
* Biocompatibility and Biosafety. The sensor must exhibit a
rigorous level of biocompatibility.

To meet the design goals, we leverage a nanocomposite to
fabricate our sensing layer. The nanocomposite consists of
hollow carbon spheres (HCS) nanoparticles blended in the
polydimethylsiloxane (PDMS)—the most widely used mate-
rial for fabricating contact lens. Specifically, we fabricate a
flexible HCS-PDMS sensing film with a thickness of tens of
micrometers. This nanocomposite’s flexibility enables it to
conform to the curvature of the contact lens. Moreover, all the
materials utilized, including HCS and PDMS, have already
demonstrated their biocompatibility.

The two metallic antenna layers create an electric field
across the HCS-PDMS sensing film, inducing the quantum
tunneling effect between the HCS nanoparticles, resulting
in a tunneling current. Pressure affects the film’s thickness,
changing the nanometer-level spacing between HCS, which,
in turn, influences the strength of the tunneling current. The
variations in tunneling current effectively change the con-
ductivity of the sensing film, which consequently affects the
permittivity of the nanomaterial [25]. We further enhance our
HCS-PDMS sensing film’s sensitivity to pressure through
three optimizations: replacing normal UHCS with Urchin-
like HCS (UHCS) for enhanced tunneling current, fine-tuning
UHCS density to strike a balance between sensitivity and
transparency, and adding microstructures to the surface of
UHCS-PDMS sensing film to further boost the sensitivity.

Our dual-purpose three-layer antenna is connected to an
RFID chip for backscatter communication. Matching the
impedance of the antenna with that of the chip is crucial
to maximize communication efficiency. It is, however, chal-
lenging to match the chip’s impedance with our three-layer
antenna whose impedance varies with the applied pressure. To
tackle this problem, we propose to make the chip’s impedance
variable as well, allowing for dynamic real-time matching.
We leverage the commercial Magnus S3 RFID chip that has a
self-tuning circuit to adjust the chip impedance by modifying
a 9-bit register. However, the self-tuning circuit has a limited
range of impedance tunability. To ensure consistent matching,
we have optimized the structure of the two metallic antenna
layers to align the antenna’s impedance tunability with the
range of impedance variations induced by pressure, ensuring
long-range communication.

To achieve high-resolution IOP sensing, precise measure-
ment of the impedance variations in the three-layer antenna is
essential. Traditionally, various methods have been employed
to measure antenna impedance variations by analyzing the
backscattered signal, such as tracking phase variations to in-
fer impedance changes [26,27]. It’s worth noting that these
methods are susceptible to channel dynamics and become in-
effective when the human that wears the contact lens moves.

To mitigate the impact of human motion, we choose a dif-
ferent path: directly sampling and digitizing the impedance
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of the antenna within the RFID chip. However, this requires a
high-resolution analog-to-digital converter (ADC). To tackle
this problem, instead of directly measuring the antenna’s
impedance, we opt to measure the impedance of the chip
itself, which can be obtained from the 9-bit register of the
self-tuning circuit. Consequently, this 9-bit register effectively
serves as a 9-bit ADC, enabling high-resolution sampling and
digitization. After data digitization, the reader then directly
queries the Cyclops lens to fetch the digitized impedance.

We have developed cost-effective methods to fabricate the
UHCS nanoparticles, the UHCS-PDMS nanocomposite sens-
ing film, the three-layer antenna, and the Cyclops-lens. A sub-
stantial number of Cyclops lenses have been manufactured,
and their IOP measurement performance has been tested in
various environments. Extensive experimental results demon-
strate that Cyclops achieves a communication distance of 1
meter, significantly surpassing the centimeter-level range of
existing solutions. The IOP accuracy, when tested on artifi-
cial eyes and real pig eyes, achieves a median accuracy of
0.51 mmHg and 0.5 mmHg, respectively, surpassing that of
commercial portable IOP measurement devices. We have also
investigated the impact of tears and eyelids. Results show
that Cyclops works robustly, achieving median accuracy of
0.55 mmHg, 0.54 mmHg, and 0.6 mmHg, with tears, eyelids,
and both of them, respectively.

2 Related Work

IOP Tonometry. Clinical IOP measurement relies on var-
ious techniques, including Goldmann applanation tonome-
try [28], Dynamic contour tonometry [29], Tonopen tonom-
etry [30], and Pneumatonometer [31]. However, these tech-
nologies lack the capability of continuous sensing and require
trained medical personnel for operation. Implantable IOP
biosensors [32-35] inside the anterior chamber, are the most
accurate but also probably the most invasive techniques for
IOP measurement.

Contact-lens Based IOP Sensor. Contact-lens based tech-
niques are the dominant solution for the wearable IOP sensing
design. Diverse types of pressure sensors that fit in the contact
lens have been proposed. Piezoresistive sensors [4,7-15,36]
are one type of sensor whose resistance changes in response
to the applied pressure. The main focus of research in this di-
rection has been designing diverse conductive material whose
resistance is sensitive to applied pressure, Some examples of
the material are Ag nanowires (AgNWs) [37], gold hollow
nanowires(AuHNW) [8], self-assembly graphene [36] and
Graphene-AgNWs [18]. Inductively coupled sensors [16-24],
are sensors whose reactance changes with the applied pres-
sure, so finding the structure whose capacitance or inductance
is sensitive to pressure has been the main focus of research in
this direction. The dominant data reading technique for both
piezoresistive sensors and inductively coupled sensors are
the mutual coupling based method as shown in Figure 1(a),

which only supports a reading range of several centimeters.
Microfluidic sensor [38—43] is a special type of sensing tech-
nique that integrates microfluidic channels inside the contact
lens. The pressure affects the distribution of liquid inside
those microfluidic. However, observing the distribution of
liquid requires a high-end camera placed in proximity of the
contact lens and many other complicated, bulky, and costly
optic infrastructures.

Contact-lens Based Sensing Systems. Besides measuring
eye pressure, contact lens based devices are also used for
blood glucose monitoring [44—46], integrated pixel display
functions [47-51], eye movement sensing [52] and drug de-
livery [53—56]. The well-known contact lens system Google
contact lens [44] utilize sensors to measure blood glucose
levels through tears. Two commercial contact lens systems
MolJo [47] and InWith [48] support displaying information
on the contact lens. All three contact lens system require
on-lens batteries. A recent work [53] design a contact lens
capable of detecting glucose levels in tears, and drugs can
be released from the self-regulated pulsatile drug delivery
system through remote communication. Work [52] makes a
solid step towards battery-free contact lens-based computing
by embedding an RFID chip inside the contact lens. Another
work [49] develops a contact lens equipped with the capability
to continuously monitor glucose levels in tears. This contact
lens allows for tracking of diabetic conditions through and
LED pixel display. Although these studies develop the new
functionalities on contact lens, most works typically rely on
on-lens batteries for power. Cyclops is a battery-free system
that utilizes a commercial ThingMagic RFID reader to access
the measurement data.

3 Nanomaterial-based Pressure Sensor

Our design of a pressure sensor with low power consumption
and high sensitivity is rooted in the quantum tunneling ef-
fect occurring between nanoparticles. We expound upon this
concept and present our design in the forthcoming sections.

3.1 Primer of Nanoparticles

In this section, we introduce the background of nanoparticles
and the quantum tunneling effect between nanoparticles.

Nanoparticles: Hallow Carbon Sphere. We use hollow car-
bon sphere (HCS) in our system, which are spherical assem-
blies composed of carbon atoms, uniformly dispersed across
the surface to encase an empty interior, as illustrated in Fig-
ure 2(a). These structures boast diameters in the range of
hundreds of nanometers, with sphere thicknesses measured
around 10 nm. This unique architecture imparts exceptional
attributes to HCS, including robust electrical conductivity,
chemical stability, thermal resilience, and mechanical dura-
bility. Furthermore, HCS exhibits great biocompatibility and
biosafety [57], making it suitable for bio-related applications.
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Figure 2. The model of the hollow carbon spheres is shown in (a).The Figure 3. Two metallic antenna layers with different
model of the tunneling junction is shown in (b). The quantum tunneling structures are used to power the pressure sensor as
effect between hollow carbon spheres is depicted in (c¢). Applied imposition illustrated in (a). The complete five-layer contact

of pressure on the construct is illustrated in (d).

Quantum Tunneling Effect. We leverage a quantum tunnel
Jjunction to illustrate the phenomenon of quantum tunneling.
A typical tunnel junction consists of two electrically conduct-
ing layers separated by a thin insulating layer, as depicted
in Figure 2(b). Ordinarily, electrons within each conductive
layer are unable to traverse the insulating layer and access
the adjacent conductive layer. However, the introduction of
an external electric field helps electrons overcome this bar-
rier, thereby giving rise to a quantum tunneling current. As
per quantum theory, the magnitude of this tunneling current
hinges on two primary factors: the thickness of the insulating
layer and the intensity of the applied electric field.
Quantum Tunneling Effect between HCS. Resembling the
tunnel junction, when we embed two electrically conductive
HCS inside any insulating material and apply an external elec-
tric field, we will observe quantum tunneling current between
two HCS particles, just as shown in Figure 2(c). The magni-
tude of the tunneling current depends on the distance between
HCS particles and the intensity of the applied electric field.

3.2 Nanomaterial-based Pressure Sensing

We introduce the design of our nanomaterial-based pressure
sensor that leverages the quantum tunneling effect.

3.2.1 Sensing Structure and Sensing Mechanism.

Adhering to the tunneling junction structure, we embed HCS
that function as conductors inside the polydimethylsiloxane
(PDMS), which serves as the insulator, as depicted in Fig-
ure 2(c). The HCS particles are dispersed in the PDMS matrix,
forming a multilayer structure. The spacing between individ-
ual particles is on the nanometer scale. This configuration
yields what we term an HCS-PDMS nanocomposite material.
Notably, we select PDMS as it is the most widely employed
material for manufacturing contact lenses, being both an effi-
cient insulator and showcasing remarkable biocompatibility
and biosafety characteristics.

Application of an external electric field to the HCS-PDMS
initiates the emergence of a quantum tunneling current be-

lens antenna structure is shown in (b).

tween adjacent HCSs, akin to the portrayal in Figure 2(c)(d).
An increase in IOP increases the corneal radius of curva-
ture which results in a bi-axial lateral expansion of the HCS-
PDMS construct film within the lens. The entire layer un-
dergoes thinning, leading to a proportional reduction in the
spacing between the HCSs. As elaborated in previous sec-
tions, a decrease in the gap between the conductors amplifies
the potency of the quantum tunneling effect, ultimately giving
rise to an escalated tunneling current. Consequently, pressure
can be measured by assessing the intensity of the resultant
tunneling current.

3.2.2 Powering the Pressure Sensor

The proper functioning of our pressure sensor relies on the
presence of an external electric field. Conventionally, the pre-
dominant method for generating an electric field involves em-
ploying electrodes connected to a power source. This potential
difference between the electrodes establishes the electric field.
However, our contact lens operates without a traditional power
source, being driven solely by energy-harvesting mechanisms.
As aresult, creating such an electric field within a battery-free
device poses a significant challenge.

Three-layer Sandwich-like Antenna Structure. In order to
energize the sensor on our battery-free device, we introduce a
3-layer sandwich-like antenna structure. This configuration
involves two distinct metallic antenna layers, flanking a cen-
tral HCS-PDMS film (i.e., the pressure sensor) as depicted
in Figure 3(a). Notably, the two metallic antenna layers are
designed to have different structures. Consequently, when the
interrogation signal from the reader interacts with the tag,
distinct surface currents are induced on the two antenna lay-
ers, resulting in disparate current distributions. This, in turn,
naturally engenders a potential difference and establishes an
electric field between the two antenna layers. This process suc-
cessfully applies an external electric field to the HCS-PDMS
film, thus powering the sensor.

Complete Five-layer Contact Lens Design. Direct inter-
action between the metallic antennas and human tissue is
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Figure 4. The urchin-like HCS (UHCS) has uniformly dis-
tributed spikes on its surface, creating a much stronger internal
electric field compared to HCS without spikes.

considered biologically unsafe. In response, we encapsulate
both the sensor and the tag antenna with two additional lay-
ers of biosafe PDMS. Following this enhancement, a 5-layer
contact lens configuration is achieved, as depicted in Fig-
ure 3(b). Among those layers, the two pure PDMS layers
and two metallic antenna layers have a thickness of 30 um
and 10 um, respectively. The thickness of the HCS-PMDS
sensing film is 60 um. Consequently, the overall thickness of
the complete contact lens amounts to 140 um.

3.2.3 Maximizing the Sensitivity.

We have made three optimizations to our nanomaterial-based
pressure sensor to maximize its sensitivity.

Urchin-like HCS. To generate a stronger tunneling current
under the same external electric field, we make a structural
modification to the carbon sphere. Specifically, we replace the
normal HCS with urchin-like hollow carbon sphere (UHCS)
whose structure is depicted in Figure 4(a). The surface of the
urchin-like carbon sphere features long, sharp, and uniformly
distributed spikes. When subjected to an external electric field,
a substantial concentration of free electrons accumulates on
these spikes, engendering a markedly intensified internal elec-
tric field in contrast to the smooth-surfaced normal HCS, as
shown in Figure 4(b) and (c). This augmented internal elec-
tric field significantly facilitates electron traversal across the
insulating space between the carbon spheres, resulting in an
amplified tunneling current. Moreover, the presence of spikes
on the carbon sphere serves to diminish the gap between
neighboring carbon spheres, particularly at low filling con-
centrations, thereby further augmenting the tunneling current.

Selected density

””\ Density |

Strength of
tunnelling current

sensitive_:. Slope
Quantum tunneling _—"* interval
disappears in this area L >
' Density of HCS

Figure 5. The relationship between the strength of tunneling
current and the density of UHCS inside of the PDMS.

Optimizing the UHCS Density. The distance between the
carbon spheres, which corresponds to the density or concentra-
tion of carbon spheres within the PDMS, holds notable influ-
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Figure 6. The microstructure of the UHCS-PDMS film is
depicted in (a). The scanning electron microscopy (SEM)
imaged microstructure is illustrated in (b). The schematic of
the pressure sensing is illustrated in (¢). Circuit schematic
diagram of pressure sensing is depicted in (d).

ence over the resultant tunneling current. We have constructed
a model and subsequently conducted simulations to discern
the connection between the intensity of the quantum tunneling
current and the density of UHCS. The simulated outcomes,
graphically presented in Figure 5, yield two key observations.
Firstly, the quantum tunneling phenomenon disappears when
the distance between carbon spheres decreases too much (den-
sity surpassing 2.06 wt.%). Secondly, a density-sensitive inter-
val (ranging from 1.72 wt.% to 2.06 wt.%) emerges, within
which even minor fluctuations in density yield substantial
variations in the generated tunneling current’s strength.

To optimize sensitivity, we configure the density of UHCS
at the start of this density-sensitive interval, just as illustrated
in Figure 5. This strategic selection ensures that minute fluctu-
ations in pressure yield significant deviations in the magnitude
of the resulted tunneling current.

Bio-inspired Microstructures. To further improve the sen-
sitivity, we introduce microstructures of the UHCS-PDMS
sensing film. Specifically, we create a large number of micro-
cones on the surface of the sensing film, each with an average
diameter of 50 um and height of 45 um, just as shown in Fig-
ure 6. The apex of each microcone connects to the antenna
layer, while the base of the cone interfaces with the surface of
the sensing film, as depicted in Figure 6(a). For the purpose
of structural stability, the residual space between the antenna
and the microcones is filled with pure PDMS.

Each microcone serves as a connection point between two
antenna layers, effectively functioning as a resistor. The resis-
tance R, of such a resistor is given as:

1

¢ =g ey
where G represents the conductivity of the material, namely
the UHCS-PDMS nanocomposite and S denotes the area of
the plate, which is the contact area between the cone and
the upper antenna layer. As per our empirical observations
outlined in §6.1, an increase in applied pressure not only
expands the contact area S, but also increases the conductivity
of the material, primarily due to a more pronounced tunneling
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where C,, and R, represents a variable capacitor and resistor.

effect, consequently resulting in decreased resistance R..

The combination of the two metallic antenna layers and
the cone in between also forms a parallel plate capacitor, as
shown in Figure 6(c), whose capacitance C,qy, is:

&S

Co= 1 2
where € represents the permittivity of the UHCS-PDMS
nanocomposite, and d is the distance between two plates,
i.e., two antenna layers. When pressure is applied, the entire
three-layer antenna gets thinner, leading to an expansion in
the contact area S between the cone and the antenna and a re-
duction in the distance d between the two antenna layers. As
per our empirical findings in §6.1, this process also results in
increased permittivity € of the nanocomposite. Consequently,
an increase in pressure leads to a corresponding increase in
capacitance C, of each microcone-antenna capacitor.

In summary, the incorporation of microcone introduces
an array of pressure-sensitive capacitors and resistors con-
nected in parallel, just as shown in Figure 6(d). Consequently,
the overall impedance of the entire sandwich-like structure
becomes responsive to pressure, whose resistance can be rep-
resented as:

1
Ry=cp—1 )
Yi-1 Ry
and capacitance is given as:
K
C,= Z Cck “4)
k=1

assuming there are K microcones added to the film.

Fabrication of microcones. The fabrication of a microcone
structure demands advanced MEMS technology, involving
costly equipment and skilled operators. In response, we pro-
pose a bio-inspired microcone fabrication technique that no-
tably mitigates fabrication complexity and cost. Our approach
stems from the observation that Calathea Zebrine [58] leaves
possess a remarkably uniform microcone surface structure, as
evidenced in Figure 6(b). Leveraging this natural inspiration,
we propose to produce a microcone template utilizing Ca-
lathea Zebrine leaves'. Subsequently, we replicate the surface
pattern from this microcone template onto the sensing film,
effectively generating uniform microcone structures.

I'The detailed microcone template fabrication process using Calathea
Zebrine leaf can be found in Appendix §A.1.

3.2.4 Integrated Sensing System

We connect an RFID chip to our three-layer antenna for
backscatter communication, just as shown in Figure 3(b). The
RFID chip we use is Magnus S3 [59] with a known and fixed
chip impedance Z.;, = Re(3.99 Q) +1Im(91.05 Q)j. The
equivalent circuit diagram of our sensing system is shown in
Figure 7. In such an integrated sensing and communication
system, the three-layer antenna functions as both a pressure
sensor and a communication antenna. The impedance of the
three-layer antenna depends on two categories of factors:

* Antenna-dependent static components. All these compo-
nents are fixed if the structures of those two metallic antenna
layers are known. Specifically, C and C, represent the par-
asitic capacitance associated with the two antenna layers;
Ry and R, denote the parasitic resistance of the respec-
tive antenna layers; L and L correspond to the parasitic
self-inductance of two antenna layers; L, is the mutual-
inductance between two antenna layers.

* Pressure-dependent variable components. The impedance
of the sandwich-like three-layer structure C,, and R, varies
when the applied pressure varies.

Antenna Impedance. Based on the equivalent circuit shown
in Figure 7(b), we derive the overall impedance of the whole
three-layer antenna as:

_ 1 JOLI (Zs+Zp)
Zam——m-i‘Rl‘Fm %)
where Z, and Z,, are:

1 .
Zs = —m + Ry + jOLy, (6)

2 .

O°Ry[,Cr + jOLy

) ’ ™

14+ @2C Ly — joR,Cy
The detailed process of deriving the antenna impedance is
presented in Appedix B. According to Eqn. 5, we know that
any variations in pressure change the value of the pressure-
sensitive resistor R, and capacitor C,, which in turn affects
Zs, ultimately changing the impedance Z,,,; of the entire three-
layer antenna. Therefore, our three-layer antenna effectively
functions as a pressure sensor whose impedance value is
directly associated with the applied pressure.

4 Concurrent Sensing and Communication

In this section, we present our system design that integrates
the dual three-layer and the RFID chip into one battery-free
IOP sensing system that simultaneously achieves high sensing
accuracy and supports long range communication.

4.1 Long-Range Backscatter Tag Design

To support long-range backscatter communication, it is im-
perative to match the impedance of the commercial RFID
chip with the impedance of our three-layer antenna. Since
the impedance of an antenna changes with the operating fre-
quency, our objective is to design an antenna that matches its
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Figure 9. The equivalent circuit of the Cyclops with the self-
tuning circuit, where Cs and R, represents a variable capacitor
and resistor values that vary based on the register value.

impedance Z,,, with the chip impedance Zp;; at its operating
frequency f., i.e., Zenip=Zan (fc) just as shown in Figure 8(a).
It is essential to emphasize that the operating frequency f.
of our system differs from the self-resonant frequency” f,
of the antenna because our chip has close-to-zero resistance
(R¢=3.99 Q) and high reactance (X;=91.05 Q).
Challenge: Antenna Impedance Fluctuations. When the
applied pressure changes, the antenna impedance distribu-
tion across frequencies Zyn(f) changes accordingly, as de-
picted in Figure 8(b). In contrast, the chip impedance Zy;p is
pressure-oblivious and thus remains constant. As a result, the
impedance of the antenna and the chip cannot maintain match-
ing as applied pressures fluctuate, which could significantly
impact the communication efficiency of our system.
Solution: Self-tuning Circuit. We leverage the self-tuning
circuit inside the commercial Magnus S3 RFID chip to dynam-
ically adjust the impedance of the chip to match the variable
antenna impedance, just as shown in Figure 9. The self-tuning
circuit effectively functions as a variable capacitor Cs(r) and
resistor Rq(r), with r representing the value of a 9-bit self-
tuning register. The RFID chip fine-tunes its impedance by
adjusting the self-tuning register’s value, making the chip
impedance also variable, denoted as Zn(r).

Each time the chip powers on, it initiates a search for the
optimal r,, value that achieves impedance matching with the
connected antenna. The key insight the chip leverages is that

2Self-resonant frequency is defined as the frequency where the antenna
resistance is maximized and at the same time reactance is zero.

antenna efficiency is at its peak when impedance is well-
matched. Consequently, the RFID chip attempts to discover
the ideal r,, value that maximizes the RSSI of the received
signal, as detailed in [59]. Once this optimal r,, is identified,
the chip locks its register value to r,, to ensure continuous
impedance matching between the chip and the antenna.

4.2 High-Resolution Pressure Sensing

To obtain precise digital pressure measurements, we need to
accurately measure the impedance of the three-layer antenna
and subsequently digitize the measured impedance using a
high-resolution analog-to-digital converter (ADC). However,
several challenges emerge. First, impedance measurement typ-
ically relies on a vector network analyzer, a sophisticated and
costly equipment unsuitable for integration within a contact
lens. Furthermore, even if the contact lens possessed adequate
space for housing a high-resolution ADC, the energy con-
straints of a battery-free device present significant hurdles in
powering such a component.
Solution: Effective 9-bit ADC via Impedance Matching.
We rely on the real-time impedance matching scheme to
achieve simultaneous antenna impedance measurement and
digitization. The underlying concept hinges on the fact that
the applied pressure, which can be denoted as p, governs the
overall impedance of the three-layer antenna, which can be
denoted as Zan(p). In parallel, the RFID chip adjusts its reg-
ister value r, thus modifying its own impedance Zcpip(r), as
illustrated in Figure 10(a). To maximize the communication
efficiency, the chip searches for r,, that guarantees the state
of the impedance matching between the chip and antenna:
Zant (P) = Zchip(rm)- ®)
Eqn. 8 effectively establishes a mapping between the applied
pressure p and the chip register value r,,. For instance, Fig-
ure 10(b) plots the relationship between the pressure p and
register value ry; we collected from our fabricated contact
lens, based on which, we can derive the applied pressure
p from the chip register value r,, that achieves impedance
matching. Moreover, the 9-bit chip register inherently func-
tions as a 9-bit ADC that digitizes the sensing value, granting
exceptionally high pressure-sensing resolution.

The chip stores the 9-bit register value at a specific loca-
tion (from 0xC7 to OxCF for Magnus S3) inside its memory
bank. The reader sends a standard C1G2 command, i.e., the
read command that contains the exact location of the register
inside the memory bank, to fetch the value r,, from the chip,
based on which, the reader derives the pressure according to
the pressure-register mapping in Figure 10(b). Specifically,
we employ polynomial curve fitting to establish an average
trend line, which forms our test curve for calibration.

4.3 Dual-Purpose Antenna Deisgn

Our three-layer antenna serves a dual purpose, functioning
as both a communication antenna and a pressure sensor with
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Figure 10. The impedance matching naturally cre- antenna impedance vari- in significant pressure-induced reactance vari-
ates a mapping between the register value r,, and ation range with chip’s ations but minimal resistance variations at the

the applied pressure p.

a sensing range spanning from 0 mmHg to 40 mmHg. To
concurrently optimize communication and sensing perfor-
mance, the antenna’s impedance variations under various pres-
sures within the sensing range should align with the chip’s
impedance tunability, i.e., the range of impedance achievable
by the chip via modifying the value of the 9-bit register. First,
it is crucial to ensure that all potential antenna impedances fall
within the tunability range of the chip. Any outlier leads to
impedance mismatches, thereby adversely affecting commu-
nication efficiency. Furthermore, to make the most of the 9-bit
ADC’s resolution, the antenna’s impedance variance range
should occupy the chip’s tunability to the greatest extent pos-
sible, as visually represented in Figure 1 1.

The Magnus S3 chip exhibits substantial tunability in re-

actance, ranging from 59 Q to 91 Q, while its resistance
tunability is negligible, spanning from 1 Q to 4 Q. Hence,
our antenna design should prioritize sensitivity to pressure-
induced reactance variations while remaining less responsive
to changes in resistance. Except for the requirement on the
antenna impedance variance, our antenna design must meet
two additional criteria. Firstly, it should be sized, shaped, and
curved to seamlessly integrate with the contact lens. Secondly,
the two metallic antenna layers must exhibit distinct structures
to enable the generation of an electric field between them,
thus powering the sensor, as illustrated in Figure 3(a).
Dual Resonant Frequency Antenna Structure. We lever-
age a dual resonant frequency antenna structure to effectively
align the antenna impedance variations with the chip’s tun-
ability. Just as shown in Figure 12(a), we create two resonant
frequencies f;1 and f;» on both sides of the working frequency
fe through antenna structural design. We could see that, com-
pared to the single resonant frequency antenna in Figure 8(a),
the resistance variations near the operating frequency f, ex-
hibit a flat slope while the reactance variations have a sharp
slope. As shown in Figure 8(b), the applied pressure induces
a shift in the impedance distribution of one antenna across
frequencies. Such a shift in impedance distribution for our
dual-frequency antenna leads to substantial variations in re-
actance while keeping resistance changes to a minimum just
as shown in Figure 12(b) and (c). Such a trend in impedance
variations aligns with the chip’s tunability.

impedance tunability.

operating frequency.
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Figure 13. The workflow of creating a dual-frequency an-
tenna structure and confining the antenna’s impedance varia-
tions within the chip’s tunability.

We follow the steps depicted in Figure 13 to create such a
dual-frequency antenna and confine its impedance variations
within the chip’s tunability. Our three-layer antenna consists
of two conductive layers separated by an intermediate dielec-
tric layer. We initially start with a completely symmetrical
antenna structure, just as shown in Figure 13(a), which ex-
hibits only a single resonant frequency near the operating
frequency (0-3 GHz). After experimenting with various meth-
ods to create a second resonant frequency on such a small
antenna, we surprisingly find out that, the easiest way to break
the symmetry is by rotating the bottom layer as shown in
Figure 13(b). This asymmetry results in a significant shift in
the original self-resonant frequency, moving it from 1.8 GHz
to 0.5 GHz, while concurrently inducing the emergence of
another self-resonant frequency at 5 GHz.

We also observe that increasing the electric length of the
bottom layer significantly lowers the frequency of the second
resonant frequency while keeping the first frequency less af-
fected. Therefore, we gradually increased the length of the
bottom layer antenna and shifted two resonant frequencies to
0.48 GHz and 2 GHz respectively, as shown in Figure 13(c).
Finally, by making fine adjustments to the bottom layer’s di-
mensions, such as the ring width and the gap between adjacent
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Figure 15. Cyclops contact lens fabrication workflow.

rings’, we were able to finely tune the impedance distribution
to ensure that pressure-induced variations remain within the
chip’s tunability as shown in Figure 13(d).

5 Implementation and Fabrication

Synthesis of UHCS. We employ the seeded swelling poly-
merization method [60] to synthesize polystyrene (PS)
nanospheres. We then mix the fabricated PS nanospheres
with aniline and add iron(1ll) nitrate to initiate the polymer-
ization of aniline. This procedure results in the formation of
an urchin-like polyaniline shell atop the PS nanospheres, as
shown in Figure 14(a). After the washing and drying, we sub-
ject the spiky polyaniline to a temperature of 350°C within
an argon atmosphere, effectively eliminating the PS core and
leaving behind the shell structure. The final step involves sub-
jecting the urchin-like polyaniline shell to a temperature of
900°C to initiate the carbonization of the shell, yielding the
UHCS material. A detailed quantitative description of the syn-
thesis process can be found in Appendix §A.2. Figure 14(b)
depicts the scanning electron microscope (SEM) images of
the fabricated UHCS whose mean sphere diameter is 900 nm.
Fabrication of UHCS-PDMS with Microstructure. We dis-
perse the UHCS powder inside the PDMS solution with a
mass fraction of 1.75 wt.%. Subsequently, we employ a spin
coating process to apply the blended solution onto the Ca-
lathea Zebrine template with microstructures. The solution

3The detailed antenna fine-tuning process is in Appendix C.
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Figure 16. IOP measurement and material characteristic mea-
surement platform for controlled experiments.

and template are then heated at 80°C for an hour to produce
the UHCS-PDMS film. A detailed UHCS-PDMS film fabri-
cation process can be found in Appendix §A.3. Figure 14(c)
shows a circular film of the UHCS-PDMS with a radius of
3 cm, showcasing exceptional transparency.

Fabrication of Contact Lens. Figure 15 details the workflow
for crafting our contact lens. We start by shaping a copper
film using laser engraving machine to match the proposed
antenna structure and place it on a pure PDMS film. We then
put the UHCS-PDMS film with microstructures atop the first
antenna layer. Then, we etch the copper film using a laser
engraving machine to create the upper layer antenna, which
is connected directly to the RFID chip. We then place the
upper layer antenna on the UHCS-PDMS film. To ensure bio-
safety, we encase the upper layer antenna in an additional pure
PDMS film. After a preliminary shaping step of subjecting it
at 80°C for 10 minutes, we transfer the structure to a contact
lens mold and thermally cure it at 80°C for one hour.

6 Evaluation

Measurement Setup. We fabricate a plastic prosthetic eye,
which is a curved 3D eye model featuring an inlet connected
to the syringe pump for precise pressure control and an outlet
connected to a testo 510 pressure meter [61] to establish the
accurate ground truth for applied pressure. We program the sy-
ringe pump controller to regulate the inflation speed and thus
the applied pressure, as shown in Figure 16(c). We wirelessly
collected real-time pressure from the pressure meter.

This platform serves as the basis for a variety of measure-
ments. To assess the impedance, conductivity, or permittivity
of materials or antennas, we position the fabricated sensing
film or antenna atop the eyes and connect the material or an-
tenna to an impedance analyzer (HIOKI IM7587 [62]) or a
vector network analyzer (R&S ZNB8 [63]) using wire, just
as shown in Figure 16(a) and (c). For evaluating the perfor-
mance of the developed contact lens, we use a ThingMagic
M6 reader [64] to query the chip, as shown in Figure 16(b).

6.1 Hardware Verification

Verification of the Fabricated Nanocomposite. To validate
the characteristics of the nanocomposite, we place the UHCS-
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film under varying applied pressure.

PDMS film, containing microstructures with a thickness of
60 um, between two conductive copper films. We cut the
dimensions of the film slightly larger than those of the cop-
per layers to prevent short-circuiting between the upper and
lower copper layers. Subsequently, we connect the copper
films to an impedance analyzer and measure the conductiv-
ity and permittivity under varying pressure conditions. The
results are presented in Figure 17, clearly demonstrating that
applied pressure influences the conductivity and permittivity
of the UHCS-PDMS film. Specifically, higher applied pres-
sure corresponds to greater conductivity or permittivity, thus
corroborating the theory outlined in §3.2.3.

Validating the Alignment with Chip’s Tunability. We con-
duct an investigation into the range of pressure-induced
impedance variations in our three-layer antenna. Specifically,
we connect the antenna to a vector network analyzer and ap-
ply varying levels of pressure. For comparison, we replace
the pure PDMS film with UHCS-PDMS film without mi-
crostructures and UHCS-PDMS with microstructures. We
maintain same thickness across all the three films. The mea-
sured impedance, along with the chip’s impedance tunability,
is presented in Figure 18(a) and (b), yielding two notable
observations. First, the impedance of both types of UHCS-
PDMS film falls within the chip’s tunability range, while the
resistance of the pure PDMS falls outside of this range. Sec-
ond, the impedance variation range of the UHCS-PDMS with
microstructures covers a significantly wider span of the chip’s
reactance tunability, indicating higher sensitivity when com-
pared with the pure UHCS-PDMS without microstructures.
Communication Range. In this section, we explore the com-
munication range of our three-layer antenna. We employ our
reader to interrogate the RFID chip embedded in the con-
tact lens and record two key parameters: the received signal
strength (RSS) and the reading rate, which represents the
number of successful pressure queries per second. We con-
duct these measurements at various distances ranging from
20 cm to 1 m and present the findings in Figure 19. It is
evident from the results that as the communication distance
increases, the RSS decreases, eventually reaching -80 dBm
at a distance of 1 m. Similarly, the reading rate maintains
at 22 queries/second within the communication rate and
slightly decreases to 19 queries/second when approaching
the 1-meter communication range. Beyond this boundary,
a stable connection between the reader and the RFID chip
becomes unattainable. To our knowledge, achieving a commu-

tions of different materials.

reader-chip distances.

nication range of 1 m is a significant advancement compared
to existing contact lens-based IOP measurement systems.

6.2 IOP Measurement Performance

We begin with an end-to-end experiment to gain an insight
into how Cyclops works, followed by the verification of IOP
measurement performance from various angles.
End-to-end Performance. We use the experimental setup
illustrated in Figure 16 to control the applied pressure and
also record the ground truth using pressure meter. We use the
reader to query the tag for the register value and derive the
pressure according to the mapping. We repeat the experiments
at various locations, including an office (5m x 7m) with sev-
eral tables, an activity room (10m x 8m) full of furniture, and
a corridor (20m x 8m) with several billboard sets, as shown in
Figure 20. At each location, we vary the chip-reader distance
from 20 cm to 1 m with a step size of 10 cm.

We plot the CDF of the IOP measurement error in Figure 21,
from which we see that the median error is around 0.51 mmHg
and the 70% error is around 0.8 mmHg. We also compared our
system with commercial portable intraocular pressure (IOP)
measurement devices, e.g., the Fa-800 Vet, FUAN [65] and
the iCare IC 200 [66] with a respective measurement accuracy
of £1.5 mmHg and +1.2 mmHg (< 20 mmHg). Furthermore,
we plot the estimation errors across various IOP ranges in Fig-
ure 22. Within the normal human IOP range of 11-20 mmHg,
the median error is approximately 0.5581 mmHg, and the
75 % error is about 0.9123 mmHg. Our system demonstrates
an even higher accuracy compared to commercial portable
IOP measurement devices.

Tracking the IOP Variations. We explore Cyclops’s capa-
bility to continuously monitor human IOP, which exhibits
diurnal fluctuations, typically being lowest in the morning
upon waking up and gradually peaking around noon [67].
In our investigation, we utilize a syringe pump to systemat-
ically manipulate pressure applied to the tag. The pressure
is incrementally increased from 5 mmHg to 28 mmHg and
then continuously reduced back to 5 mmHg. This loading
and unloading procedure is repeated for 24 hours. To provide
a benchmark, we also employ a stepwise pressure variation
pattern. Here, we apply a specific pressure to the contact lens,
maintain it for 30 seconds, and then gradually increase or de-
crease it to reach another specified pressure level. We also test
the stepwise pattern for 24 hours to test Cyclops’s robustness.
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The results depicted in Figure 23(a) and (b) showcase Cy-
clops’s remarkable IOP tracking performance under both con-
tinuous and stepwise patterns, exhibiting only minor devia-
tions from the ground truth. Figure 23(c) illustrates the CDF
of IOP estimation errors during the 24-hour test. The median
IOP tracking errors for the continuous and stepwise patterns
are 0.53 mmHg and 0.54 mmHg, respectively. These find-
ings demonstrate Cyclops’s precision and robustness in IOP
monitoring, particularly during prolonged tracking sessions,
highlighting its potential in clinical applications where accu-
rate and continuous IOP measurement is crucial.

Impact of Environment and Distance. We plot the cumula-
tive distribution function of Cyclops’s IOP measurement error
measured with different reader-chip distances in Figure 24
lower, and the median error of each distance in Figure 24 up-
per. We plot the results obtained from the office, the activity
room, and the corridor in Figure 24(a), (b) and (c).

The median error in IOP measurements varies between [0.3,
0.75] mmHg, [0.35, 1.02] mmHg, and [0.37, 1.1] mmHg for
the office, activity room, and corridor, respectively. Remark-
ably, there is no significant disparity in IOP measurement
performance across these diverse testing environments, de-
spite variations in their multipath profiles. This consistency
arises from the inherent separation of the sensing and com-
munication processes within our system. Sensing is primarily
achieved through impedance matching, while the reader em-
ploys backscatter communication to query the sensing data,
specifically the 9-bit register value. In contrast to techniques
that rely on analyzing the backscattered signal, such as phase
variation calculations, our sensing quality remains largely

distribution function of measurements.

independent of the received signal quality.

Nonetheless, it is worth noting that our sensing perfor-
mance is influenced by signal quality to some extent, for
example, the median error is smaller when the reader-chip
distance is less than 50 centimeters, as shown in Figure 24.
This improvement is attributed to enhance the accuracy of
impedance matching when the received signal strength is sub-
stantially higher. Beyond this range, we do not see a clear
trend between the reader-chip distance and the IOP measure-
ment error, demonstrating the decoupling of sensing perfor-
mance and the communication signal strength.

Impact of NLoS. We introduce various obstructing objects
between the tag and the reader antenna to create NLoS sce-
narios, just as shown in Figure 20(d). The objects include a
paper board, a foam board and a wooden board,. The distance
between the antenna and the contact lens remains at 70 cm.
We plot the IOP error in Figure 25. We see that the median er-
rors are 0.562 mmHg, 0.589 mmHg, 0.505 mmHg, when the
obstructing objects are a wooden board, a paper board, and a
foam, respectively. This experiment further demonstrates that
our sensing performance is decoupled with the signal quality.

6.3 Biological Impact on the Performance

We use pig eyes to assess the biological impact on our sys-
tem’s performance, since the structure of pig eyes closely
resembles that of human eyes, including intraocular pressure
regulation and eye size. We examine Cyclops’s performance
in various bio-environments®, to explore the effects of differ-
ent eye shapes, tear compositions, and the eyelid.

4With the approval of university’s institutional review board (IRB).

USENIX Association

21st USENIX Symposium on Networked Systems Design and Implementation 1669



3 tMedian error %"1 Median error
£ E N E anBEE DE N =
o
0 =3
£056°30 4050 60 70 80 50100 (em) 1 2030 40 50 60 70 80 90100(cm) f Pape’/’i"i"‘» “Wooden

Median error

1 Median error

)

£, mull
£0 1

"1 20 30 40 50 60 70 80 (cm

100 cm 0.75 ; 0.8 80cm
TR L 0.6
I60cm a 05 —Paper board a . 500m
o 0.25 —Foam board 0.
20 cm : Wooden board 0.2 20cm
0 0
6 8 0 1 2 3 4 0 15 3 4.5 6

0 2

6 8
I0OP measurement error (mmHg)  |OP measurement error (nmHg)  IOP measurement error (nmHg)  |OP measurement error (mmHg) IOP measurement error (mmHg)

(a) Office room. (b) Activity room.

(c¢) Corridor.

Figure 25. The IOP mea-Figure 26. The IOP

Figure 24. The measurement error of IOP varies with the distance between surement error in non measurement error on

the reader and the contact lens in three different environments.

-40 1

= 0.8

D 60 '["['*+ w06 Eye

e . 8 —Tears

7)) Q04 A

(7)) —Eyelid

o -80 0.2 —Eyelid + Tears
0

20 40 60 80 0 1 2 3 4

Distance (cm) IOP measurement error (mmHg)

Figure 27. The measured
RSS on pig eyes.

Figure 28. Impact of various
biological tissues.

End-to-end Performance on Pig Eyes. To measure IOP on
pig eyes, we put the contact lens on the eyes as shown in
Figure 20(e). We use two venous infusion tubes to create two
channels in the pig’s eyes, as shown in Figure 20(e). One tube
connects to a syringe pump for pressure control, and another
connects to a pressure meter to obtain ground truth. The
CDF of the estimation error is shown in the Figure 26. Even
though the communication range slightly decreases to 80 cm,
Cyclops still achieves high accuracy on pig eyes. The median
error varies within the range of [0.33, 0.85] mmHg across
distances, which is lower than that of commercial portable
IOP measurement devices. The performance in the biological
environment validates the efficacy of our approach.

Impact of Eyeball Shapes. Different individuals have vary-
ing eyeball shapes. To validate the robustness of our system
across different organisms, we place the contact lens on ten
different pig eyes and measure the RSS of the backscatter
signal. The measurement results are shown in Figure 27. The
communication distance ranges are similar for all 10 pig eyes,
i.e., 80 cm. Despite the shape variations between pig eyes,
the average RSS deviation remains around 3.29 dBm over
distance. These results demonstrate that the performance of
the Cyclops is consistent across pig eyes of different shapes.
The Impact of Tears and Eyelids. In order to make our user
scenario closer to the real biological environment, we also
investigate the impact of tears and eyelids. To evaluate the
effect of the tears, we drip around 0.05 mL of artificial tear
fluid onto the pig eyes and measure the IOP under varying
reader-chip distances. We also add eyelids on pig eyes and
test its impact. We plot the IOP error measured from the con-
tact lens worn on pure pig eyes, pig eyes with tears, pig eyes
with eyelids and pig eyes with both eyelids and tears, in Fig-
ure 28, from which we see that the median error is 0.5 mmHg,
0.55 mmHg, 0.54 mmHg and 0.6 mmHg, respectively. With
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Figure 29. IOP measurement performance on pig head.
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the pig eyelid and tears, we observe that our system achieves
nearly the same performance as pure pig eyes, which meets
the requirements of real-world IOP measurement.

Performance Evaluation on Pig Head. To evaluate the per-
formance of our system more authentically, we attach the con-
tact lens to the eyes of a pig. We attempt to change the IOP of
the pig eyes by inserting a venous infusion tube from the edge
of the eyes into the interior, as depicted in Figure 29(a). We
also employed a pressure meter to monitor the real-time IOP
changes in the pig eye. We display the cumulative distribution
function of IOP measurement error from the contact lens un-
der this scenario. As shown in Figure 29(b), the median error
is 0.97 mmHg which still demonstrates good performance
compared to commodity portable IOP measurement devices.

7 Conclusion

In this work, we introduce Cyclops, a wearable contact lens
that can continuously measure intraocular pressure changes
over a long distance. Through comprehensive introduction
and experimental evaluation, we demonstrate the effectiveness
of the system in measuring IOP changes in real-world settings
and biological environments.
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A Tag fabcication workflow

The manufacturing process of our tag mainly consists of three
steps: synthesis of UHCS, Calathea zebrine mold casting, and
tag production. The specific details are as follows:

A.1 Calathea Zebrine Template.

Step 1: Preparing Leaves. Take the fresh Calathea zebrine
leaves and cut them into suitable rectangular shapes (5 cm x
5 cm) from the center of the whole leaves, removing the leaf
edges to ensure a consistent microstructure on the surface.
Then washed them at least five times with deionized water to
remove surface impurities. Afterward, place the leaves in a
drying oven to remove surface moisture.

Step 2: Casting the Template. Multiple vent holes are man-
ually created on the back of the prepared Calathea zebrine
leaves, and the leaves are fixed with the front side up on a
glass substrate. We prepared a PDMS solution by mixing
PDMS base and curing agent in a ratio of 5:1 and poured
onto the Calathea zebrine leaves. The assembly is placed in a
vacuum chamber at 20 °C until the bubbles disappear. After
the bubbles disappear, the temperature is raised to 80 °C for
curing for two hours.

Step 3: Plasma Oxygen Treatment. After peeling off the
Calathea zebrine leaves, we obtain a template with the sunken
structure. Then we expose the formed template to air plasma
treatment for one minute. This step involves a hydrophobic
treatment process that prevents materials from sticking to
the template. The sunken structure template can be reused
multiple times.

A.2 Synthesis of UHCS.

Step 1: Synthesis the Polystyrene (PS) Nanoparticle. We
use the seeded swelling polymerization method to synthesis
the polystyrene nanoparticle. Specifically, we added 20 g
of styrene, 0.2 g of 2,2-azo-bisisobutyronitrile, and 1.8 g of
polyvinyl pyrrolidone into a mixture of 60.4 g of ethanol and
7.6 g of deionized water. The mixture is then stirred under a
nitrogen atmosphere at 900 rpm for one hour. Then heated to
70 °C for 24 hours. After vacuum filtration and drying, we
obtained the powdered PS nanoparticles.

Step 2: Synthesis the PS Polyaniline Core-shell Spheres.
We take 0.3 g of the PS nanospheres and wash them using

Calathea
zebrine d
\ > > =
- o - A

Pour the PDMS solution  Remove the leaves
onto the substrate )

Cut out a 5cm X 5cm
square from the leaves

Template

Create a template with  perform plasma oxygen treatment

microstructure

Figure 30. The template fabrication workflow.

deionized for five times. Then, we disperse them into 20 mL of
deionized water. Subsequently, we add 0.6519 g of aniline and
stir it at 100 rpm for 5 hours to initiate the polymerization of
aniline. Following this step, we add 84 mL of 0.5 M Fe(NO3 )3
aqueous solution into the reaction and stir it at 300 rpm for
24 hours at room temperature. The 0.5 M Fe(NO3)3 can help
to form the aniline spines on the PS surface.

Step 3: Synthesis the UHCS. During the last step, the PS
polyaniline core-shell spheres are obtained. These spheres
need to be washed at least five times to remove the Fe(NO3)3.
Subsequently, the core-shell spheres are placed in a vacuum
oven at 40 °C for 48 hours to facilitate drying and remove any
remaining moisture. Then, the core-shell spheres are placed
into the tube furnace and heated at 350 °C under an Ar atmo-
sphere for one hour to eliminate the PS cores. In this step,
we need to control the heating speed, gradually heating to
350 °C at arate of 1 °C/min. If the temperature increase too
fast, the gaseous PS cores will suddenly explode from inside
the carbon sphere. The carbon sphere will broken due to the
explosion, just as shown in Figure 32. After remove the PS
core, the temperature is then increased to 900 °C at a rate of
2 °C per minute for carbonization in order to obtain UHCS.

A.3 UHCS-PDMS Film

Take 3 g of PDMS solution and 53.5 mg of UHCS powder,
string in a 20 °C for one hour to mix them thoroughly. Then
pour the mixture onto the Calathea zebrine template and
spin-coated the solution to obtain a UHCS-PDMS film with
a thickness of 60 wm. Next, heat it to 80 °C for one hour to
thermal curing. After peeling off the film from the template,
the UHCS-PDMS film is formed with array of micocones.
We stack the top layer of the antenna and the UHCS-PDMS
film with the bottom layer of the antenna. The chip is con-
nected to the top layer of the antenna using the conductive
silver paste. Then we coated the structure with the PDMS
and heated at 80 °C for 10 min, allowing the PDMS to par-
tially solidify. While in this semi-solidified state, the PDMS

USENIX Association

21st USENIX Symposium on Networked Systems Design and Implementation 1673


https://www.icare-world.com/us/product/icare-ic200-tonometer/
https://www.icare-world.com/us/product/icare-ic200-tonometer/

A N
W |[=ee)

| -
Disperse PS nanospheres into Add 0.6519 g of aniline and stir at
20mL deionized water 100 rpm for 5 hours

a Magnetic /
| stirrer
=1 y
¢
E: I ==, 2\

/ Centrifuge wash at least five
times to remove the Fe(NO3);

Add 84 mL of 0.5 M Fe(NO3)3
aqueous solution and stir at 300 rpm

@

Dried UHCS

Tube furnace

Place in the tube furnace and
heat under Ar atmosphere

Dry the mixture for 48 hours in a
vacuum drying oven at 40°C

Figure 31. The UHCS synthesis workflow.
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Figure 32. The scanning electron microscopy (SEM) image
of the exploded UHCS.

is transferred to a contact lens mold for thermal curing at
80 °C for one hour. Finally, we meticulously detach the cured
antenna from the mold, remove the excess edges, and obtain
the contact lens tag.

B Impedance of the Cyclops lens Antenna

The equivalent circuit of the Cyclops lens antenna is shown in
Figure 34(a). Where R; and R, denote the parasitic resistance
of the upper layer and the bottom layer antenna. L; and L, rep-
resent parasitic capacitance, and C; and C; represent parasitic
inductance of two antenna layers. L,, is the mutual-inductance
between two antenna layers. C,, and R, are variable capacitor
and resistor, changing as the applied pressure varies.

From the equivalent circuit, we can observe that the Cy,
L, and R; are connected in series. L,, and R, are in series
and they are parallel connected with C,,. On the right side of
the equivalent circuit, R, and C, are connected in series and
the L, is connected parallel to them. In order to simplify the
entire circuit, we use Zy, to represent the impedance of the

Electronic
L - . 4
°
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curve the antenna structure
UHCS-
PDMS film / D
/ =h 3 < S

Combine the UHCS powder with the
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T
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&N A
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connect the RFID chip |
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Contact Spin coater|

lens model
\ <+

Produce curved contact lenses
using contact lens molds

Encapsulate the labels using pure PDMS

Figure 33. The Cyclops contact lens fabrication workflow.
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Figure 34. The equivalent circuit of the Cyclops lens antenna.

bottom layer, which can be represented as:

Zy = (- —— +Ry)//joLa

joC,
= )/ /ioLa,

Ry -joCy —1
joC,
where // represents the parallel relationship between the left-
hand and right-hand sides of the formula. To calculate the
total impedance of the bottom layer, we need to calculate the
reciprocal of each individual branch impedance. Then we sum
the reciprocals together. Finally, the total impedance of the
parallel circuit Zy, is determine by taking the reciprocal of the
resulting sum. The derivation process is as follows:
1
1
= j0CsjoLy (R j@C, 1)
(RyjoCy—T)(joLz) (10)
2@’RoL,Cy —jwly
- 202L,Ch 4 joR,Co — 1
0’RoLyCs + oL,
14+ 02CLy —joRCy
As shown in Figure 34(b), we use Z;, represent Ry, Ly and C;
in the equivalent circuit. So the Zj, is connected in series with

©))

Zy =
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Figure 35. The workflow of fine-tuning the antenna
impedance to match the target impedance.

L, R, and C,,. Then we utilize Z, represent the impedance of
the sensing layer, which can be expressed as follows:

Zs= _jc)lCu +Ry +joOLpy,. (11)
We substitute Z; and Z;, into the circuit, resulting in an equiv-
alent circuit as shown in Figure 34(b). Z; and Z;, are con-
nected in series. Both of them are connected parallel with L.
Then the parallel part is connected series with Ry and C;. The
impedance of the tag antenna can be represented as:

1 )
Zant = e +Ry +joLi//(Zs+Zy)
1 1
—- +R;+ S R (12)
jo oL T 747,

JoL| +Zs+7Zy

- joCy

C Fine-Tuning Antenna Impedance

Theoretical Modeling. Considering the limited space of the
human eyes, we first determine the basic ring shape for our an-

tenna. Taking inspiration from inductively coupled loops [68],
we design the antenna as a double rings with a split for con-
necting the RFID chip. Based on the basic antenna structure,
we establish a theoretical model using microstrip transmis-
sion line theory. Then we estimate the antenna geometry by
building an equivalent transmission line model. Calculate
the transmission line resistance, inductance and capacitance
based on the estimated antenna dimensions. Through conju-
gate impedance matching with the chip, we obtain the initial
antenna structure just as shown in Fig.35.

Simulation. In practical implementation, our tag antenna re-
quires curvature to fit the contours of the human eye. However,
assessing the impact of this curving operation on the antenna’s
impedance is a challenge. Therefore, we rely on simulation
software to replicate the effects of 3D curving and refine our
design. We input the initial antenna structure into the sim-
ulation software to obtain a simulated antenna impedance.
Subsequently, we employ the differential evolution algorithm
to guide our parameter search process. After completing the
simulation with a series of structure parameters, we obtain the
simulated antenna impedance. This impedance data is subse-
quently utilized within our optimization algorithms, with the
objective of achieving the target impedance.

Iterative Fabrication and Simulation. The final step in-
volves fabricating the tag antenna based on the refined an-
tenna structure and evaluate its actual impedance. Real-world
manufacturing often introduces engineering errors leading to
impedance deviations from the target value. To effectively
minimize these deviations, we employ an iterative approach.
We first update the simulation objective based on the dif-
ference between simulated and measured impedance values.
This process iterates until we identify the antenna structure
that optimally matches the target impedance, ensuring the
best performance.
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