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1. Introduction 

- Wearable Electronic Devices
- Multifunctional Nanomaterials



4

❖  Futuristic wearable electronic systems and devices

I. Introduction



5I. Introduction

❖ Stretchable electronic devices

Stretchable display

Stretchable sensor

Stretchable battery

Stretchable touch panel

Nature Commun. 4, 1-8, 2013 Nature Nanotechnol. 6, 296-301, 2011

J. Mater. Chem. C 7, 9481-9486, 2019

Science 353 682-687, 2016



6I. Introduction

❖ Wearable electronic medical devices market
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❖  Multifunctional materials for smart healthcare devices

I. Introduction

Light-responsive materials Light-delivering materials

[Nature Reviews Materials 2020, IF = 83.5, Citation 350]



2. Smart Electrochemical Contact Lenses 

- Smart Electrochemical Contact Lens
- Smart Photonic Contact Lens
- Smart Piezoelectric Contact Lens



92. Smart Electrochemical Contact Lens

Contact lens

Sensor

Chip & antenna
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❖  Eye as an interface between the human body and an electronic device

2. Smart Electrochemical Contact Lens

BCC Research, Genetic Engineering & Biotechnology News, Acu Eye Zone
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❖  Smart electrochemical contact lens for monitoring and control of diabetes

2. Smart Electrochemical Contact Lens

Hahn et al. Science Advances, 6, eaba3252 (2020)
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❖  Strong correlation between glucose concentration in tear & blood

2. Smart Electrochemical Contact Lens

Ocular Surface 5, 280 (2007)

Feeding

[Source: Ocular Surface 5, 280, 2007]

Feeding

Feeding

Mouse

Rabbits

Type Samples Mouse Rabbit Human

Normal
Blood (mg/dL) 120~250 140~200 100~140

Tear (mg/dL) 0~20 0~36 0~20

Diabetes
Blood (mg/dL) 150~500 150~400 126~200

Tear (mg/dL) 15~60 15~60 40~100
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❖  3-Electrodes glucose biosensor system

2. Smart Electrochemical Contact Lens

Hahn et al. Science Advances, 6, eaba3252 (2020)
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❖  Gold coated drug reservoirs developed by Robert Langer at MIT

2. Smart Electrochemical Contact Lens

Modern Biopharmaceuticals, Wiley
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❖  Fabrication of flexible drug delivery systems (f-DDS)

2. Smart Electrochemical Contact Lens

(i) (iv)(ii) (iii)

Glass substrate SiO2 / a-Si:H

Ti / Au / Ti

SU-8 reservoir Drug loading

(v)

 Excimer laser

PET substrate

(vi) (vii)

Au opening & SU-8 patterningFlexible DDS

 2.5 mm

 

 
10 mm
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❖  Theranostic application of smart contact lens

2. Smart Electrochemical Contact Lens

(i)

Receiver & DDS

(ii)

(iii)

Chip

Biosensor 

(vi)

 

 

Fabrication

Function 
Generator

Transmitter coil

Power Amp

Contact lens 

    

Smart Contact Lens

w/ Genistein

w/o Genistein

 Cornea RetinaSclera

 

In vivo genistein detection

(m
g/

dl
)

40
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 i)

20

 
 ii)

 Insulin

Anesthesia
10Glucometer

0
Smart lens

(m
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)

Hahn et al. Science Advances, 6, eaba3252 (2020)
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❖  Smart contact lens for therapeutic applications on diabetic retinopathy

2. Smart Electrochemical Contact Lens

Retinal vessel

RPE

CV

RPE

CV

RPE

 

RPE 

 

 

 

    
 

    

 

PBS eye-drop

L

L

L

EC

EC

EC

RBC
RBC

RBCL

LEC

RBCRBC

 

Vessel permeation

Retina histology

TUNEL assay

Genistein eye-drop Genistein injection Avastin injection Smart contact lens

(L: lumen of vessel, EC: endothelial cell, RPE: retinal pigment epithelium, CV:  choroidal vessel)

Hahn et al. Science Advances, 6, eaba3252 (2020)
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❖  Immunohistochemical analysis for the therapeutic effect

2. Smart Electrochemical Contact Lens

Collagen IV 

PBS eye-drop

PECAM-1

DAPI

Merge

Genistein eye-drop Genistein injection Avastin injection Smart contact lens

 

Hahn et al. Science Advances, 6, eaba3252 (2020)
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❖  Smart contact lens for diabetes diagnosis and therapy

2. Smart Electrochemical Contact Lens

Science Advances, 6, eaba3252 (2020)

Highlight in Nature Reviews Materials (2020)

Glucometer
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❖  Google lens for diabetes diagnosis

2. Smart Electrochemical Contact Lens

Enzyme layer: GOx +Ti sol-gel layer + Nafion layer → Low diffusion flux, sensitivity, response time

Contact lens

Sensor

Chip & antenna
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❖  Smart contact lens for highly sensitive and long-term stable diabetes diagnosis

2. Smart Electrochemical Contact Lens

Nanoporous hydrogel

O2O2

O2

O2

O2

Rapid diffusion rate of reaction species
2e-

2e-

2e-H2O2
H2O2

H2O2 H2O2

Glucose
GOx Glucono

-lactone
FAD FADH2

O2

H2O2
Bimetal nanocatalysts immobilized 

in nanoporous hydrogels

Core Tech: Bimetal nanocatalysts and glucose 
oxidase immobilized in nanoporous hydrogels

HA-Au@Pt BiNCs
H2O2+Pt(OH)2↔ Pt(OH)2+2H++2e-+O2

Highly efficient H2O2 decomposition

2e-Positive

charge

end HA-SH

Au@Pt HA-Au@PtAuNP

Electrochemical 
glucose sensor

ASIC Chip

Antenna

Wireless 
communication system

Ap
p



22

❖  Smart contact lens for long-term stable and highly sensitive diabetes diagnosis

2. Smart Electrochemical Contact Lens

Commercial CGM
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[Clark-error grid analysis]
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Hahn et al. Advanced Materials, 34, 2110536 (2022)
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❖  Biological and electrical safety of smart contact lens for diabetes diagnosis

2. Smart Electrochemical Contact Lens

Wireless power 
& communication

0 min (OD) 10 min (OD) 10 min OS

Chip temp : 
37.0

Sensor temp: 
36.8

Unit: ℃ Unit: ℃
Ocular temp: 
36.6

Ocular temp: 
36.4

Chip temp : 
37.7

Sensor temp: 
36.3

Ocular temp: 
37.3

Eyelid temp: 
37.6

Human head model

[Thermal safety]

IEEE Standards
< 1.6 W/Kg

[Electromagnetic wave 
safety]

Hahn et al. Advanced Materials, 34, 2110536 (2022)
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- Smart contact lens in combination with insulin pump for diabetes theranosis

2. Smart Electrochemical Contact Lens

Smart contact lens for diabetes diagnosis and therapySummary



3. Smart Photonic Contact Lens

- Smart Electrochemical Contact Lens
- Smart Photonic Contact Lens
- Smart Piezoelectric Contact Lens



263. Smart Photonic Contact Lens

[Nature Biomedical 
Engineering 2017;1:0008]

Diagnostics and imaging Surgery and therapy

❖  Photomedicine for diagnosis and therapy



273. Smart Photonic Contact Lens

❖  The photobiomodulation mechanism for light therapy in tissue 

Hahn et al. Nat. Rev. Mater. 5, 149 (2020)



283. Smart Photonic Contact Lens

❖ Wearable photonic devices

Photobiomodulation

Display

fNIRs

Pulse oximetry

Purpose: Skin rejuvenation, hair growth, and wound healing

Purpose: To deliver the information for users

Purpose: To measure the brain activity using oxygen consumption 
in brain

Purpose: To measure oxygen concentration in blood using light 
absorption change 

Life cycle

Purpose: To control sleep by changing serotonin secretion using 
blue light  

• fNIR: functional near-infrared spectroscopy



293. Smart Photonic Contact Lens

Smart Photonic Contact Lens

Real-Time Diabetes Diagnosis Diabetic Retinopathy Therapy

  

 

  
    

  Li Battery
IC Chip

Photodetector

μ-LED Material

Photodetector

Drug Delivery SystemElectro-Optical Material

RF Antenna

 

   

NIR Excitation

  
 

λ=980 nm

 

 

  

 

λ=808 nm

λ=570 nm

λ=466 nmYb3+

Er3+

Nd3+

Tm3+

Visible Emission

Upconversion Nanoparticle Waveguide Hydrogel

US Patent 15/522,816, EU Patent 16783461.3, PCT/KR2017/015243, Korean Patent 10-2017-0059225 

Retinitis Pigmentosa Therapy



303. Smart Photonic Contact Lens

 

Smart Photonic Contact Lens

US Patent 15/522,816, EU Patent 16783461.3, PCT/KR2017/015243, Korean Patent 10-2017-0059225 

Real-Time Diabetes Diagnosis Diabetic Retinopathy Therapy Retinitis Pigmentosa Therapy



313. Smart Photonic Contact Lens

Real-Time Diabetes Diagnosis

 

  
  

   
 

Photodetector

μ-LED Material

Photodetector

 
   

US Patent 15/522,816, EU Patent 16783461.3, PCT/KR2017/015243, Korean Patent 10-2017-0059225 

Smart Photonic Contact Lens

Diabetic Retinopathy Therapy Retinitis Pigmentosa Therapy
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NormalDiabetic retinopathy

 
Hemorrhages

 

Abnormal growth 
of blood vessels

P
revention

Smart photonic contact lens for diabetic retinopathy phototherapy

3. Smart Photonic Contact Lens

Summary



4. Smart Piezoelectric Contact Lens

- Smart Electrochemical Contact Lens
- Smart Photonic Contact Lens
- Smart Piezoelectric Contact Lens
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❖  Development and symptoms of glaucoma

4. Smart Piezoelectric Contact Lens

OCT, GDx, HRT

 

 

 

 

  

θ'

“Sensimed has developed a paradigm shift in 
glaucoma to continuously and non-invasively 
monitor individual intraocular pressure.”
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❖  Design of transparent AuHNW IOP sensor and DDS on smart contact lens

4. Smart Piezoelectric Contact Lens
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❖  Design of biocompatible AuHNW IOP sensor on smart contact lens

4. Smart Piezoelectric Contact Lens

Feedback system

Drug release

IOP decrease

IOP increase

Timolol release

IOP sensing

ASIC chip

DDS

Antenna

IOP sensor

Cathode

Anode

Drug
Before trigger After trigger

IOP sensorAuHNW

Flexible DDS

Flexible DDSIOP sensor

Hahn et al. Nature Communication, 13:6801 (2022)
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❖   Biological and electrical safety of smart contact lens for glaucoma IOP theranosis

4. Smart Piezoelectric Contact Lens

Hahn et al. Nature Communication, 13:6801 (2022)
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❖  In vivo monitoring and control of IOP by wireless smart contact lens

4. Smart Piezoelectric Contact Lens

Hahn et al. Nature Communication, 13:6801 (2022)
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❖  In vivo monitoring and control of IOP by wireless smart contact lens

4. Smart Piezoelectric Contact Lens

a

b

c

d

e

Smart contact lens Eye drop

w/ treatment w/o treatment w/ treatment w/o treatment

Normal

GCL
INL

In vivo therapeutic effect by 

theranostic smart contact lens and eye 

drop in glaucoma rabbits induced by 

injecting methylcellulose. a, OM 

images for retinal histology. OM images 

for immunohistochemical analyses for b, 

GFAP, c, CD11b, d, BDNF and e, Brn3a. 

Arrows indicate the expression of each 

marker (scale bar, 100 μm).

Hahn et al. Nature Communication, 13:6801 (2022)
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Smart piezoelectric contact lens for theranostic IOP management in glaucoma

4. Smart Piezoelectric Contact Lens

Summary



415. Summary for Smart Theranostic Contact Lens

Smart Theranostic Contact Lenses for Diabetes and Ocular Diseases

Smart Electrochemical Contact Lens Smart Photonic Contact Lens

Smart Piezoelectric Contact Lens Smart Glasses for Ubiquitous 
Healthcare 

 

  

 



425. Smart Healthcare Contact Lens and Glasses

Wireless
power

Wireless
communication

Data
acquisition

Mobile IT (IoT)

Clinic hub

Big data analysis

AI

Wearable healthcare devices

Telemedicine
Wearable

Smart lens

❖  Wireless smart contact lens and glasses for ubiquitous healthcare in Industry 4.0
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