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Glaucoma: Silent Thief of Sight
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Glaucoma: Silent Thief of Sight

3,000,000 in USA ple have glaucoma



Detecting Glaucoma by Measuring Eye Pressure
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Detecting Glaucoma by Measuring Eye Pressure

Danger Zone
> 21 mmHg

Vitreous body

Safe Zone
10-21 mmHg  [E Q
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Continuous eye pressure tracking is necessary for

detecting early-stage Glaucoma
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Contact-Lens Based Eye Pressure Sensing

Stretched, thickness reduced Vitreous body

/\ m oot

Contact Lens

: \(/wldup\/

Pressure Sensor Pressure Sensor

Pressure

Retina
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Contact-Lens Based Eye Pressure Sensing:
Impedance based Sensors

" Example

Metallic Structure Metallic Structure }l (

ky%&

Impedance of the metallic structure
varies with the applied pressure

4

Measure the impedance variations
to infer the eye pressure



Contact-Lens Based Eye Pressure Sensing:
Measuring the Impedance

Reading Coil _
Wireless:

) ) Mutual Couplin
Communication range Q Ping

mme-level
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Wire
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Vector Network Analyzer (VNA) Vector Network Analyzer (VNA)
COST: Thousands of dollar 10



Contact-Lens Based Eye Pressure Sensing:
Measuring the Impedance

Reader Coll

Pressure

Reading Coil

Wireless:
Mutual Coupling

Vector Network Analyzer (VNA)

Kouhani, M. Hossein M., et al. "Wireless, passive strain sensor in a doughnut-shaped contact lens for continuous non-invasive self-monitoring of intraocular pressure." Lab on a Chip 20.2 (2020): 332-342.
Yang, Cheng, et al. "Intelligent wireless theranostic contact lens for electrical sensing and regulation of intraocular pressure." Nature Communications 13.1 (2022): 2556. 11
Zhang, Jinyuan, et al. "Smart soft contact lenses for continuous 24-hour monitoring of intraocular pressure in glaucoma care." Nature Communications 13.1 (2022): 5518.



Contact-Lens Based Eye Pressure Sensing:
Measuring the Impedance

Reader Coll

-

Pressure

Reading Coil .
Wireless:

©Nﬂual Coupling

=

Can we design a low-cost and battery-free contact lens based
eye pressure sensing system
that supports long- range communlcatlon?
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Cyclops: A Low-cost, Battery-free and Long-range
(meter level) Eye Pressure Sensing System

Energy Harvesting Powered

Incident wave
SOV OUNAVAVAVAVAVAVAYA

Backscatter wave

Backscatter Communication
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A Low-cost, Battery-free and Long-range
Eve Pressure Sensing System: Goals

1) Low-power but sensitive pressure sensor with thickness at
um level that works on energy-harvesting powered devices

Goals:

14



A Low-cost, Battery-free and Long-range
Eve Pressure Sensing System: Goals

1) Low-power but sensitive pressure sensor with thickness at

Goals:
um level that works on energy-harvesting powered devices

2) Supporting long-range communication with contact-lens
Size antenna

Contact Lens
14mm
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A Low-cost, Battery-free and Long-range
Eye Pressure Sensing System: Challenge

Goals:

Challenge:

1) Low-power but sensitive pressure sensor with thickness at
um level that works on energy-harvesting powered devices

2) Supporting long-range communication with contact-lens
Size antenna

Interference between the communication antenna and the
pressure sensors
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Interference between Communication
Antenna and Pressure Sensors

Metallic Pressure Metallic Communication
Sensor Antenna

Sensitive to pressure 9%
Mutual coupling:

Long-range communication $Q

Designed to maximize the Designed to maximize the
sensitivity to pressure changes communication efficiency and range

The communication antenna and the pressure sensor
are closely placed to each other due to the limited
thickness of the contact lens (generally 60um to 100um) .



Design the Sensing Layer using Nanomaterial

‘A — Communication Antenna

Sensing Layer using Nanomaterial

Two separate layers work together without causing
mutual coupling

g

Decouple the design of the communication antenna and the
sensing layer
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A Low-cost, Battery-free and Long-range
Eve Pressure Sensing System: Goals

Goals:

Challenge:

1) Low-power but sensitive pressure sensor with thickness at
um level that works on energy-harvesting powered devices

2) Supporting long-range communication with contact-lens
Size antenna

Interference between the communication antenna and the
pressure sensors
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Low-power and sensitive pressure sensor with
thickness at yum level that works on energy
harvesting powered devices

Our solution:
Quantum Tunnelling Effect of the
Nanomaterial (Hallow Carbon Sphere)



Carbon Sphere

Nanomaterial:
Hollow Carbon Sphere (HCS)

Hollow Carbon Sphere

Thickness: /0s nm

Conductor
Empty core
Stability
Bio Safety
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Nanomaterial:
Hollow Carbon Sphere (HCS)

Hollow Carbon Sphere

Carbon Sphere Thickness: 10s nm

Good conductor with high @

Conductor

electrical conductivity
Empty core

.re High chemical, thermal
Stability and mechanical &
Bio Safety Good bio compatibility A

and bio safety
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Mixing HCS with PDMS

Polydimethylsiloxane (PDMS

Nanometer

» The most commonly used
materials for contact lenses

» Insulator with good electrical
insulation properties
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Mixing HCS with PDMS

Polydimethylsiloxane (PDMS)

/

» The most commonly used
materials for contact lenses

» Insulator with good electrical

insulation properties
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PDMS mixed with HCS

l . l . | | ElectricField E

Electrons Conductor
< Insulat Tunnel
nsuiator Junction

Conductor




PDMS mixed with HCS

l . l . | | ElectricField E

PDMS
Electrons Strength of Tunnelling Current
Conductor » Strength of electric field
N » Distance between conductors
Tunnelling Tunnel
Current , Insulator Junction
Conductor
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Electrons

Tunnelling
Current

PDMS mixed with HCS

| Electric Field E

Strength of Tunnelling Current
» Strength of electric field
» Distance between conductors
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PDMS mixed with HCS

| | | Electric Field E

A /

Tunnelling
Current

Tunnellin
g ¢12
Current
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Electric Field E

e

Pressure
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PDMS mixed with HCS

| | | Electric Field E

v l#

Tunnelling
Current

Strength of tunnelling current
increases f when the pressure
applied to PDMS increasesf
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Electric Field E
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Pressure



PDMS mixed with HCS

| | Electric Field E

‘ ' '

Strength of tunnelling current
increases fwhen the pressure
applied to PDMS increasesf

——

measure the applied pressure!

|

{

Electric Field E

S

l Pressure



Enable Quantum Tunnelling Effect
Missing Part: the External Electric Field

Electric Field E

Tunnel
Junction

Question: how to apply the electric field
on our energy-harvesting powered device?
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Applying the Electric Field: Electrode

Our system is battery free

Electrode

(Op]
<
0" 4=

Electrode
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Applying the Electric Field: Two Antenna Layers

Our system is battery free

Electrode Antenna layer 1

800 my |9

(Op]
<
0" 4=

Electrode

Antenna layer 2 33



Applying the Electric Field: Two Antenna Layers

Our system is battery free

Electrode 2 Antenna layer 1
The electric field generated by is weak for generating

obvious Quantum Tunnelling Effect

41 Electrode

Antenna layer 2 34



Solution 1: Replace HCS with Urchin-like
Hollow Carbon Sphere (UHCS)

Hollow Carbon Urchin-like Hollow
Sphere (HCS) Carbon Sphere (UHCS)
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UHCS Generates a Stronger Internal Electric Field

Urchin-like Hollow Electric Field Electric Field
Carbon Sphere (UHCS) Distribution of HCS Distribution of UHCS
+ +
T+ + ++
T .2 + +
1 + 4 + + T ++ ++
Strong Electric v
Field between = l
e 3 Two UHCS
® =

bbb



Solution 2: Decrease the Distance between
wo UHCS

| Electric Field E Strength of Tunnelling Current
» Strength of electric field
» Distance between conductors

Reduce the initial distance between UHCS

l

Increase the density of UHCS inside the PDMS
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Solution 3: Bio-inspired Microstructures




Solution 3: Bio-inspired Microstructures

SEM of the fabricated micrones
on the UHCS- PDMS film

Metallic Antenna

\ I
- y

%

UHCS-PDMS
Metallic Antenna

|\

SEM of the leaves surface



Structure of Contact Lens

30um
Pure PDMS -

10um

1o /
Antenna-Layer

PDMS — UHCS  (SEuintin,
with microcone CEEETRTREEEuRsRIes

2nd
Antenna Layer

30um
Pure PDMS ./

Low-power but sensitive pressure
sensor with thickness at um level
that works on energy-harvesting

powered devices
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Equivalent Circuit of the 3-layer Antenna

( | L R
Equivalent circuit ! | Lo | WI{I—/VSX/\,
| |l | I
RFID ch | e 1 C,
chi | | i
P | ! L, L -1
| |
: Rchip : R4 CI} R,
-  —WW——"\WWY A A AAAm
\ )
RFID Chip 3-layer Antenna

c C,and C, Parasitic capacitance of two antenna layers
— ' R, and R, Parasitic resistance of two antenna layers

L{ and L, Self-inductance of two antenna layers
3-layer Antenna
L, Mutual-inductance between two antenna layers
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Equivalent Circuit of the 3-layer Antenna

RFID chip
R " RFID ﬁuE ) 3-layer Antenna
P " C, A variable capacitor R, A varlable resistor
3-layer Antenna _Pressure Impedance of the
q [Cu’ Ru] q whole antenna

42
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Equivalent Circuit of the 3-layer Antenna

———————

Equivalent circuit

g ENE EEE S EEE DS DS S S . .

i RFID chip

-— e - e - -

MNW——"WW AAAA
3-layer Antenna \

RFID Chip
C, A variable capacitor R, A variable resistor

We can measure the pressure by measuring the impedance

variation of the antenna
AR 3



A Low-cost, Battery-free and Long-range
Eve Pressure Sensing System: Goals

1) Low-power but sensitive pressure sensor with thickness at

Goals:
um level that works on energy-harvesting powered devices
2) Supporting long-range communication with contact-lens
Size antenna
Challenge: Interference between the communication antenna and the

pressure sensors
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3-layer Antenna

.( | 1 m u
RFID chip T — AN
!
I CChlp : Cl C
! ! L L 2
| | 1
<R I I

AIREROSEIETON | |
! ]
\

Maximize Communication Range:
Impedance Matching

-— e e e e -

RFID Chip 3-layer Antenna
Known Any minor modification to the

antenna structure would
significantly affect the
impedance
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Impedance Matching during Pressure Measurement

———————

|
RFID chip :
|
: Rchip
e e o I

RFID Chip 3-layer Antenna

)
)
=
=

3-layer Antenna

Chip impedance j——— +———1 Antenna impedance

Impedance unmatched!
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Adjust the Impedance of the RFID chip via
Self-tunning Circuit

et

———————

o

oy
H ———

! |
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RFID Chip 3-layer Antenna



_— . o o o o o Em o Em o

Adjust the Impedance of the RFID chip via
Self-tunning Circuit

——————————————

I
[ |
Cchip I Cl
C; |
I
: L1 LZ Cz —
Rs |
I
Rchip : Rl RZ

——————————————

RFID Chip 3-layer Antenna
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Impedance Matching during Pressure Measurement

om Emm EEm EEm o S oy

( \
. [ :
RFID chip 1 Consp Cog |
|
|
: Rchip ng :
: :_‘.:.f...;:-z.: : \

_________

Q

Q

RFID Chip 3-layer Antenna

3-layer Antenna

Chip impedance j——— +«—— Antenna impedance

Impedance changes
limited!
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Impedance Matching during Pressure Measurement

om Emm EEm o o S o oy

( \
. | )
RFID chip 1 Consp Cog |
|
|
: Rchip ng :
g '._'.:.:....::':-: \ |

_________

Q

Q

RFID Chip 3-layer Antenna

3-layer Antenna

Chip impedance j——— +«—— Antenna impedance

Limited detect range!

50



Impedance Matching during Pressure Measurement

Relububotulal ¥ \ — SR S
How to concurrently optimize and
performance
-/ A
RFID Chip 3-layer Antenna :
Chip impedance j——— +«—— Antenna impedance

3-layer Antenna

Limited detect range!
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Dual-Resonant Frequency Antenna structure

A Resonant frequency 1 4
T g |
S Resonant frequency 2 =
+— I . -.(E
» 5 / o | Pn
2 ! 2 S
8 : g : 4
upper [ . i P,
) X ) > >
A

4

Reactance

@

bottom . | . . > =

Reactance

/'

fC <+«— \Working frequency fc FrequSezncy



Dual-Resonant Frequency Antenna structure

A Resonant frequency 1 4
T g |
S Resonant frequency 2 %
® / @ P,
D > R
. e
. ; 1P1
A - > — '
A : \ A
@ | - Slope - ; f
O ' S8 F '
Remaining to changes in and

to variations



he Tag Measures the Impedance Variance of
Antenna by Reading the Impedance Adjustment

AQUG*
[Tag KNows Im_pedance] Pressure-induced /i
2 [USImEnt impedance change (NN RFID Reader
TN Impedance
adjustment
Chip Antenna
impedance impedance

Task 1 : Impedance Match 0
Impedance ————=  Pressure-induced

djustment =  imped h
acjustmen TIPERAIEE SRS Task 2 Impedance Meosuremen’ra
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SEM of the UHCS

det  spot wp mag e |

Cyclops Lens

2 tioo
X | 10.00 kV

T2 7.0 10.4mm 120000x OptiPlan |
’
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End to end performance

’\"? —— Reading Rate RSS

B 24 - - - -50

= 1-60 &

Qo

q 12 a

Y 5l 1-70 T .

2 3 ;3

'8 0 -80 '

o 20 40 60 80 100 6 8

8 Distance (cm) IOP measurement error (mmHg)
The communication range The median error is 0.51 mmHg

up to1m
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End to end performance

—— Reading Rate RSS

N
~

RN
N

ing Rate (times/s)
(@))

Measurement accuracy surpasses commercial portable
intraocular pressure devices(+ 1.2~1.5mmHg)!

The communication range
up to1m

The median erroris 0.51 mmHg
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racking the |OP variations

— Measure Ground truth — Measure Ground truth

30 40
(@) (@]
L L
= £ 30
€20 S
o 0207
210 ?
3 o010}
o o
0 - - - 0 - - - -
o) 500 1000 1500 0 50 100 150 200
Time(s) Time(s)
The median error is 0.53 mmHg The median error is 0.54 mmHg

We are able to accurately track the fluctuation of the eye pressure!
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Biological impact on the performance

Absolute Pressure Meter

Cyclops Tag

@

Venous Infusion
Tube

I
0.8
50.6}
0.4
0.2}

0

15 3 45 6
IOP measurement error (mmHg)

The median error is 0.33-0.85
mmHg
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Biological impact on the performance
—Tears — Eyelid
, _Eye —Eyelid+Tears

0.8
LL
Oo.4}
Cyclops Tag 0.2}
| 0]

Cyclops Tag
Wear On Pig Eyes

0 1 2 3 4

| IOP measurement error (mmHQg)

Absolute Pressure Meter Venous Infu5|on
Tube

The median error is 0.5-0.6 mmHg
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Biological impact on the performance

: 1
)‘ Pig Head
\; Syringe Pump N 0.75¢
| !
O 0.5

_4..1.; = A

0.257
0

0O 1 2 3 4 5

Pressure-Vieter juus CYCIOPS EhS
| &y IOP measurement error (mmHg)

Venous

The median error is 0.97 mmHg

Infusion Tube
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