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Converging Technologies will Give Human
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* Immortality 7K 4
* Happiness PR5R
* Divinity %

* Genetics

* Organ regeneration
 Synthetic biology

* Nano-medicine

* JloT

* Robotics
 Electronics
 Nano-materials
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Humans must merge with machines or
become 1rrelevant in Al age -- Elon Musk
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Short-Term: Medical Implants
TS

Cochlear implant --------- . prmme Eye implant
Deep Brain ,» Cochlear Implants
Neurostimulators g / Shoulder implant - ooenenes Heart Implant
o S e - - - - - - - Pump for blood or
Ex"mi‘:‘:‘; e other liquids in the body
-l CardiacDefibrillators/ 0 e Artifictal lung/alr pump
) Pacemakers External trigger -~ . (I D O - Attificial bladder
Gastric mechanisms .
Stimulators
-\ ... System to close/
_ open bladder
. External control system
SO St 209000 A ~ nerve motion detector
Insulin Pumps s )
External trigger < .~ == ====v=snns Nerve simulator
Foot Drop mechanisms - ’
Implants

External force -«

actuators - LR Dropped foot implant

Annual Medical Implants Market 1s expected to exceed $116 billion by 2022.
CBRIT RS S T N R N E L3 TT 7 k) 5




Short-Term: Wearable Devices 1] ZF & [y 52
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Wearable Technology Market worth $51.60 Billion by 2022
CAJ 27 BAN AR S R O 5001232 Jo k) :



Grand Challenges in Materials, Mechanics & Manufacturing
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Major Components of Human Body are Soft Materials
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Rigidity of Human Body Parts (kPa)

e Soft: 1kPa~10MPa;

« Wet: 70~90% water .

* Living: growth, sensing,
responding, self-healing

* Robust: under millions of
cycles of loads.

20000 - 25000

Cartilage
1000- 1500

Hydrogel Neural Probe with Anikeeva
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Merging Human Body and Machines
IRy

Soft living machines
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Soft, Wet, Living Hard, Dry, Non-living
TR, 5K, & U2 BE, Ik, oA




Soft Living Machines
RETE LA

Robust soft materials (tough, strong, anti-fatigue)
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Robust interfaces (with metals, silicon, elastomers et al)
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Personalized manufacture (3D/4D Printing)
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Design of soft materials with high toughness?
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Fracture
toughness:

~100 Jm™ >1000Jm2

* -

Fracture toughness: Mechanical
<+ energy required to propagate a
crack by a unit area. ( Unit Jm2)




Cartilage
Fracture toughness ~1,000 Jm

A REY

Conventional hydrogel
Fracture toughness ~1 Jm2
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Fracture toughness
Fracture toughness  Zhao, Soft Matter, 10, 672 (2014) - gyrface energy +

= Surface energy Zhao, PNAS, 114, 8138 (2017) Dissipation in a zone
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Tough Soft Materials: Build dissipation into stretchy network.
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Stretchy network

Dissipation

Reversible crosslink:
Alginate+Ca?*

Long-chain network:
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* “90% water

* Fracture energy 9000 Jm~2
* Stretchability 21 times

Sun et al, Nature, 489, 133 (2012)
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>1000Jm-2

in collaboration with Prof. Suo, Vlassak and Mooney

Patent at Harvard and MIT
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Hydrogel film with 90% water and 1mm thickness
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Impact of a ball of 64 g at 6m/s



Robust Soft Materlals -- A Wide Range of Rigidity
iﬁ@ﬂ/ﬁ A1) N ER AL

175 kPa; 10~100 kPa; 1~10 MPa
1 000 Jm -2 1~10 k.lm-2 10~50 k.lm-2

Muscle Fibre
Epimysium

Perimysium

Patent at MIT ZEMITHIEF|




Soft Living Machines
RETE LA

Robust interfaces (with metals, silicon, elastomers et al)
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Robust Interfaces
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90% water; “kPa Diverse engineering solids; MPa~GPa



Tough Soft Materials: Build dissipation into stretchy network.
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Tough Interface: Anchor stretchy network on solid surface.
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W Long -chain Polymer Network

Dissipative Polymer Network

K Covalent Crosslinks

'7“{ Reversible Crosslinks

Q Chemically Anchored Long-chain
Polymer Network on Solids

i vy
Solid Substrate

Yuk et al, Nature Materials, 15, 190 (2016)
Yuk et al, Nature Communications 7, 12028 (2016)

Tough Hydrogel

Dissipation

Sold Substrate

Patent at MIT
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Hydrogels with 90% water adhered on

Si, SiO2, glass, ceramics, Ti, Al, Fe, Elastomers et al

Chemically Anchored Tough Gel

Physically Attached Tough Gel

Chemically Anchored Common Gel ]

Physically Attached Common Gel *

410 610
Detachment and Finger Instability Displacement (mm)

Yuk et al, Nature Materials, 15, 190 (2016) 9
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Hydrogel-Engineering Material Hybrids
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Interfacial Toughness (J/m?)
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Nature Materials, 15, 190 (2016):

- Nature Communications 7, 12028 (2016)

Tissue Adhesives
(HISTOACRYL blue &Tisseel)
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Si, SiO2, glass,

ceramics, Ti, Al, Fe,

PDMS, |
polyurethane,

~ Ecoflex, latex,

acrylic et al
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Tunable Adhesion from 1 to 1000 Jm-2
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Functional group coverage (%)
Zhang et al, AMS, 33, 543 (2017)
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Soft Living Machines
RETE LA

Personalized manufacture (3D/4D Printing)
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Multi-material 3D Bio-printer

Multi-material inks

"

Microscale
Printing of Diverse Materials
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3D Precision
Motion Gantry

Patent at MIT ZEMITEF

Micro-extrusion
based

Resolution up to
S5um.

Printing multiple
materials in one
structure
Particularly suitable
for soft materials
with cells.




DeS|gn of Inks for 3D Printing
ENER/K

——No Clay No Ca’
—— No Clay with Ca™
——2.5% Clay with Ca”
5% Clay with Ca*’
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] Flow at
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shear rate (1/s)

Hong et al Advance Materials,
Ink: Shear-thinned polymer solution 27,4035 (2015)
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Patent at MIT



——Nozzle

Design of Printing Process
and Pattern B ._Dmkmatenalg

Bwi3DFT BN R AL S -
P=P(V* H*)

Yuk et al, Advanced Materials, In Press
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«~— Diameter > D

Substrate ~ 3D printed fibers and structures

Failure instability
41
3tk
L Straight thinning
2
\ Eqgi-dimensional

\ Straight thickening

_ \ Coiling instability
2mm

T2 3 4 5 6 7 8 9 10 plainaxfaster  Patent at MIT MITER] 2om




Step 1: Shape Step 2: Robustness
3D Printing UV Crosslinking

Reversible Networks Covalent Network

UV-induced
polymerization of stretchy network

[
i 558
~ Hydrogel (macro) monomer
e Hydrogel crosslinker
+ Photo-initiator

Ink 2: Blank « Oxygen scavenger
. -« Physically-crosslinked

Ink 3: AHL chemical "\ hydrogel network

20 mm Hong et al Advance Materials, 27, 4035 (2015)

27

K 1: AHLR/GFP cell




Robust
Microstructures
by 3D Printing

——

H on g et d I Ad vance v : O, X Zhao and. c§ \/:/or'l;ers d;éio;r; page.'4o35 a'newt;|;>compat|ble hyd
i & ’ S that is extremely’tough and stretchable and.can be 3D printed in
Materials, 27, 4035 (2015)




Integrating Electronics with hydrogels (70~90% water)
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Functional
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Conductive
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Lin, et al, Advanced Materials, 28, 4497—-4505(2016)




Printed Hydrogel Circuit Boards 3T 1 7K %5 EE %

Yuk et al, Nature Communications, 7, 12028 (2016)

30



o

A n t i - d e hyd ra t i Oan Dehydration prevention ) o.; [rTTTTTTTTTEEEEERTTTTTTT
y _ge Hydroge > Thin elastomer § oa

LTS s R T R

gl | e

Epidermis—{ 3

el i

Hypodermis _.@ :

Yuk et al, Nature
Communications, 7,
12028 (2016)

Patent at MIT,
Liscenced by

cirsinc.com PDMS-Hydrogel Hybrid

Hydrogel




Merging Human Body and Machines: Examples

* Merging Skin and Machines FZ ik
»  Merging Body Cavities and Machines B 5% 1E
» Merging Brain and Machines X
* Merging Stomach and Machines E




IPTG sensor

Merge With Skin: Living Tattoo

Rham sensor ™

N

Fluorescence
output

Sensing -
chemicals . °

Skin

Stretched Compressed

10 mm

Liu et al, Advanced Materials, In Press

In collaboration with Tim Lu
Patent at MIT




MIT Smart Hydrogel Band-Aid

Hydrogel Wound Dressing

Temperature Sensing

Diffusive Reservoir Controlled Drug Delivery

Non-diffusive Channel

Lin, et al, Advanced Materials, 28, 4497 (2016) Patent at MIT 34




Solid Ultrasound Gel [EABRE /KB

Liquid Gel Solid Gel

=

In collaboration with Dr. LZ. Chen from PKU
Patent from MIT 7EiE I CFDAE it




Merge with Body Cavity: Soft Slippery Antifouling Catheter

Robust Hydrogel

Elastomer
Robust Hydrogel

Stimuli
ﬁ

Release
ﬁ

Surface Pair Condition 0.1[s7] 0.5[s™]

Steel on wet latex 0.269 £ 0.049 0363 +0.144
Steel on hydrogel laminate 0.078 + 0.008 0.096 £ 0.014
Steel on hydrogel 0.082 £0.018 0.106 £ 0.016
Latex on wet latex 0.216 £0.017 0.291 £ 0.081
Latex on hydrogel laminate 0.082 £ 0.016 0.114 +£0.020
Hydrogel laminate on hydrogel laminate 0.022 £ 0.004 0.024 + 0.001

Parada et al, Advanced Healthcare Materials, DOI:10.1002/adhm.201700520 (2017)

Patent at MI'!'6



Merge With Brain: Hydrogel Neural Probe
" HOFEprobe\

Hydrogel Probe Body channel\
e Rigidity: 1~100kPa T — —

Toughness: 1000Jm™ Optical —___
wave-guide

p-electrodes

400’_ T T )
Probe implanted ;
mouse 3 200+ ‘ 2
g -
g e —
c f
8 200
o - -
Q.
-400 - . ; , 4
0 0.5 1.0 1.5 2.0
Times (s)

Yuk et al, Unpublished

In collaboration with P. Anikeeva



Merge With Stomach: One Pill Per Week/Month

“One of the biggest i1ssues 1n health care 1s noncompliance, people simply not taking their
drugs”, we need “to develop ultra-long-lasting capsules, which could be taken once a
week or once a month.” Robert Langer MIT

Dayo

Robust-hydrogel based
Langer, Nature Comm. DOI: 10.1038/s41467-017-00144-z

Gastric retentive system

Rigid-polymer based



Muscle: Hydraulic Hydrogel Actuators and Robots

Osmotic Actuation Hydraulic Actuation
V0:00:00:00

icm

Play in Real Time

Play in 4000

Yuk et al, Nature Comm, 8, 14230 (2017) 39




Play in Real Time

* Actuation force: >10N.

* Responsive time: <1s.

* Optically and sonically
camouflaged in water

1" Cycle
10" Cycle~__
100" Cycle e

1000™ Cycle~_

Pressure (kPa)

- nflation
«==s Deflation

6 8 10

00:00:00:0C " “Volume mi)




MIT CAC 1016-067-19

Play in Real Time

ar.”
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Yuk et al, Nature Communications.8. 14230 o [eToXeloXeToX o]0
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Thank you! Questions?

Soft living machines
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Soft, Wet, Living Hard, Dry, Non-living
TR, 5K, & U2 BE, Ik, oA
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