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1) Epidermal Electronics

2) Biodegradable Electronics



The Dominant Future for Electronics: 
Smaller, Faster, Cheaper

Industrial Personal

Past Present Future

Smaller, Faster
Cheaper



Past Present Future

Bio-Integrated

An Alternative Future for Electronics: 
Stretchy, Curvy, Bio-Integrated

Industrial Personal

PNAS 106, 10875 (2009). Science 327, 1603 (2010). 



New Concept: ‘Epidermal’ Electronics

1) Ultra-thin (~5 m), ultra-light (~1 mg/cm2)
2) Ultra-low modulus (~5 kPa), stretchable (30%)
3) Air/water permeable; waterproof

‘electronic temporary tattoo’





Stretchable Silicon

10 m

Science 311, 208 (2006); PNAS 104, 15607 (2007).

Si wafer

Si nanoribbons

(1): Thin -- Flexible (2): Wavy -- Stretchable

50 m

slice buckle



3 mm

Epidermal Electronics on Skin, and Free-Standing

Skin Mounted, Deformed

Free Standing

Science 333, 838 (2011).





Fractals are a class of 
geometries defined by 

self-similarity

Fractal Layouts – Natural and Engineered Systems

Nature Comm. DOI: 10.1038 (2014).



Clinical Standard Measurements Through The Skin

Electrocardiography Hydration

Tonometry (pressure)
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Science 333, 838 (2011).

Measuring EKG, Forearm EMG via EES (w/ Coleman)



Epidermal Electronics for the Auricle -- EEG

PNAS 112, 3920 (2015). 



Persistent EEG for BMI

PNAS 112, 3920 (2015). 



Precision Skin Temperature via Epidermal Electr.
rest mental stimulus

rest phys stimulus rest

Nat. Mater. 12, 938 (2013).



Delivery of Heat -- Meas of Thermal Conductivity

Nat. Mater. 12, 
938 (2013).



Thermal Actuators/Sensors for Blood Flow Measurement

Science Advances, 1:e1500701 (2015).



Occlusion and Reperfusion

Occlusion

Science Advances, 1:e1500701 (2015).



Characterization of Dermatographic Urticaria



Clinical Studies With Loreal
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Measurement of Arterial Blood Pressure Waves

Nat. Comm. DOI: 10.1038/ncomms5496 (2014).
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Nature Materials 14, 728 (2015).

Epidermal PZT Actuators/Sensors for Modulus Measurement



Clinical Study Involving 32 Volunteers



Standard Clinical Tools – Hard, Cold, Rigid



Current Future

Neonatal Intensive Care



Wireless, Electronic Data Tattoo

Small 11, 906 (2015).



Multiphysics Modeling: Mechanics and EM

Small 11, 906 (2015).



Wireless, Electronic Data Tattoo

Small 11, 906 (2015).



NFC System Architecture
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Long Range (~1 m) Operation, On-Board Data Analytics

unpublished



Arrays of Chip Scale Batteries
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Mounting, Deformation on Skin

Bending, Twisting, Pinching, Stretching radius = 3 cm
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Compact Integration by Folding
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Stretchable NFC Temperature Sensor w/ Battery
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Temperature Data-Logging + Wireless Readout

AMS NFC

TI NFC
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Commercial Activities – MC10, Reebok, L’Oreal

Biostamp (MC10)

UVSense (L’Oreal/MC10)

CheckLight (Reebok/MC10)





Epidermal Microfluidics, and Sweat Analytics

In revision, Science Translational Medicine



Epidermal Microfluidics, and Sweat Analytics

In revision, Science Translational Medicine





Epidermal
Sweat Analytics



Bio-Integrated Electronics
Brain Heart

Nature Neurosci. 14, 1599 (2011). Nature Comm. 10.1038/ncomms4329 (2014)



Past Current

Industrial Personal

An Alternative Future for Electronics: 
Bio / Eco Resorbable, Transient

Bio / Eco Resorbable

Future

Science 337, 1640 (2012).



1) Zero/Reduced E-Waste Consumer Electronics

2) Implantable Therapeutics / Diagnostics

3) Environmental Monitors / Sensors

4) …

Potential Applications

Science 337, 1640 (2012).





Silicon is Water Soluble !

Science 337, 1640 (2012).

Si + 4 H2O  Si(OH)4 + 2 H2



Transient Electronics – Test Platform
Si, SiO2, Mg, MgO and silk

Science 337, 1640 (2012).





Current Future

Wired operation → Restricted movement

Non-degradable → Secondary surgery Bioresorbable → Eliminate extraction

Fully sutured → Safe, minimal risk

http://violetsjourney.blogspot.com/2012/02/icp-monitoring.html

Wireless operation → Free movement

External interface → Infection / hemorrhage

Intracranial Monitors for TBI



Bioresorbable Intracranial Pressure Sensors for TBI

Nature (2016)
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Performance in Water and aCSF

In-vitro Operation in DI

In-vitro Operation, With PLGA Encapsulation in aCSF @ 37 C

Nature (2016)



Nature (2016)



In-vivo Wireless Monitoring – Pressure and Temperature

Nature (2016)

Schematic



The Future of Electronics is 
Stretchy and Bioresorbable

Epidermal
Electronics

Transient
Electronics
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