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Complexity of networks

A world beyond smartphones

Elastronics Implants

region

Dermal devices

Smart clothing

Enhanced wearables

Smartphones
Computers

Time

Chu, Chang, Burnette, Bao, Nature, September 21, 2017



Skin-like electronics (e-Skin):

connecting'c /-éit’-'él world to physical world
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Unobtrusive ‘elastronic’ transistors can behave like skin and stretch without tearing.

Credit: Bao Lab

Bring on the
bodyNET

Stretchable sensors, circuits and
batteries are about to change
our relationships with
electronics and each other




Skin-inspired electronics - skin as an inspiration

Sensing
Signal processing/transmission
Bio-interface

\ Transmission to brain /




Skin-inspired electronic materials
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Sensing Functions:
* Touch

* Temperature

* Humidity

Material Properties

* Flexible
» Stretchable
* Biodegradable

Self healing



Skin-like form factor

<Y

Rigid and brittle Soft and stretchable skin-
electronics like electronics
“as a part of human”

Re-invent electronics with intrinsically stretchable materials



Questions we address

1. How do we design and build an e-skin that mimics
skin functions?

2. How do we design skin-like electronic materials?
- Without compromising electronic properties

3. What unique applications can we apply e-skins to?



- Stretchable semiconductor and transistors

Image credit: Amir Foudeh, Jie Xu, Sihong Wang of Bao Lab






Covalent vs. dynamic crosslinked polymer network

Dynamic polymer network

Elastomer

Fo Intrinsic fracture energy

Total fracture energy F =

1-— a - hm;x Max. dissipation/max. work

Zhang, Zhao et al., Extreme Mech. Lett., 4, 1, 2015.



Dynamic polymer network

Dynamic Covalent Chemistry

C-C

C-N

C-S

B-O

S-S

W. Zhang et al., Chem. Soc. Rev. 42, 6634 (2013)

Non-covalent Chemistry
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Our stretchable polymer semiconductor design ﬁ

Simon Rondeau-Gagné
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CioH21

Increase disorder, more amorphous domains: partial break of conjugation
Add energy dissipation mechanism: H-bonding sites

Oh*, Rondeau-Gagne*, Chiu*, Bao, Nature, 2016.



Break conjugation: increase crack onset strain

C1oH24 et
CioH2 "
7\ N_o
S \ y S
\ ]\ s
© N L S n CyoHzy” CroHz é 9
CioH2 Culty " 20 b
CioH2 . sN\/\E Alkyl segment
P5: 10 mol%
1o Crystallinity (GIXD) 1 o’ 150
. S )
1.0- % é’*‘fﬁ? ............ > <1OO
*;: 0sl \* reference 2 / |
@ = ]
N— k : 0 I,'
O 0.6} .\ _cappea ZTO " 150
=Y lgg " o
e 1 -
0.2} & H 0
®P5, 1 g A1
R 1 . 10
0.0 =50 7100 re 0 5 10 15 20

Strain (%) PDCA (%)

Crack formation strain (%)



Maintain good charge transport

Crystalline domain formed
by - stacking

2.0

-
(&)}
T

=N
o
T

o
&)
T

Mobility, 1 (cm?/Vs)

Amorphous region

5 10 15 20
H-bonding content (%)

PDCA segment
P1: 0 mol%
P2: 5 mol%
P3: 10 mol%
P4: 20 mol%

Alkyl segment
P5: 10 mol%

Ios (A)



H-bonding strength

CioHzy
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More flexible structure

Zheng, Ashizawa, Bao et al. Chem. Mater. 2020



Stretchable polymer semiconductors have comparable mobility
as best organic semiconductors

Single crystal silicon

102
. (A g' Stretchable i
g 10! : Hydrogen Nano- !
= ;...Ee."d.'na eant'.ng...t...;
£ | '
0 Yon, o oo
8 1 0 J. Am. Chem. Soc. , :
> (PNI2T-Si) l\ > 1 at 100% straln )
.c E Nat. Mater. oo pooooossa?
o o 101 (PBTTT) Chem. Mater.
o O (MICI’O crack)
Q =
0 £ 102
Q£ 130/ 100% Q
b Adv. Fucnt. Mater.
5 103 (High M,,, LowTy)
LCII__J Adv. Mater. 2015
1 0-4 (Nanofibril/SEBS) Q
100%
Adv. Electron.
10 5 Mater.2016
B Nanofibril/PDMS)
U4 Small molecul Stretchable (
// 0 mal molecule Q Semiconductor
10 ‘ Polymer @ At maximum strain

1985 1990 1995 2000 2005 2010 2014 2016 2019
Year



Skin Inspired Electronic Materials

Flexible Stretchable Self-healing Biodegradeable
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Stretchable circuit blocks

Strain sensor

Input A [Input B| Output
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Morphing Electronics: MorphE
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Image credit: Jinxing Li, Yuxin Liu of Bao Lab



Rigid implants constrain tissue growth

Diameter increase Volume Expansion
¥ A

P

4

Vagus Nerve Brain

Nerve growth rate (~ 2x10° %/s in rat)
Multiple times increase in size



Electronics for growing tissue: morphing electronics 3 —
MorphE
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Morphing electronics:

Electrode
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Implanted morphing electronics
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Interface with sensory and motor nerve fibers
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Optogenetics
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Genetically-targeted chemical assembly (GTCA)
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GTCA changes neuron firing pattern
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GTCA of conducting polymer assembly on
cells, organ, live organism
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Stretching chemistry to ultimate wearables

Circuit, sensor Display

 Nature 555, 83 (2018). [ Nat. Nanotechnol. 13, 1057 (2018).

Wireless system Energy sto

Offline.

The Apple Watch is just the start.
How wearable tech will change
your life—like it or not

v Comfortable

v High precision
v Robust

Nat. Electron. 2, 361 (2019). Nat. Commun. (2019).
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Stretchable sensors, circuits and batteries are about to change
our relationships with electronics and each other

behave like skin and stretch without tearing. Credit: Bao Lab

Chu, Chang, Burnette, Bao, Nature, September 21, 2017
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