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Hybrids of soft and rigid components

So far, rigid-bodied robots and soft-bodied robots 

have been actively researched

Michael Wehner, et.al. Nature (2016)



Hybrids of soft and rigid components

However, little research has been done on hybrid robots

Michael Wehner, et.al. Nature (2016)



Hybrids of soft and rigid components

In nature, hybrids of soft and rigid components generate synergy



Tough interfaces between metals and hydrogels

Metal Hydrogel

For hybrid combinations of rigid and soft materials,

achieving tough interfaces is most important



Tough interfaces between metals and hydrogels

Hyunwoo Yuk, et.al. Nature Materials (2016)



Tough interfaces between metals and hydrogels

3-(trimethoxysilyl) propyl methacrylate (TMSPMA)



Tough interfaces between metals and hydrogels

Covalently anchored 

to solid substrate

3-(trimethoxysilyl) propyl methacrylate (TMSPMA)



Tough interfaces between metals and hydrogels

3-(trimethoxysilyl) propyl methacrylate (TMSPMA)

Covalently cross-linked  

to long chain polymer network



Tough interfaces between metals and hydrogels

Qihan Liu, et.al. Nature Communications (2018)



Tough interfaces between metals and hydrogels

Hyunwoo Yuk, et.al. Nature Materials (2016)



Tough interfaces between metals and hydrogels

Hyunwoo Yuk, et.al. Nature Materials (2016)



Tough interfaces between metals and hydrogels

Hyunwoo Yuk, et.al. Nature Materials (2016)



Tough interfaces between metals and hydrogels

Hyunwoo Yuk, et.al. Nature Materials (2016)



Tough interfaces between metals and hydrogels

Jeong-Yun Sun, et.al. Nature (2012)



Tough interfaces between metals and hydrogels

Jeong-Yun Sun, et.al. Nature (2012)



Tough interfaces between metals and hydrogels

Jeong-Yun Sun, et.al. Nature (2012)



Tough interfaces between metals and hydrogels

Jeong-Yun Sun, et.al. Nature (2012)



Tough interfaces between metals and hydrogels

Hyunwoo Yuk, et.al. Nature Materials (2016)



Tough interfaces between metals and hydrogels

Hyunwoo Yuk, et.al. Nature Materials (2016)



Segregation engineering

Segregation engineering



Segregation engineering



Alloy design

𝐹𝐹𝑒𝑒68.76𝐶𝐶𝑟𝑟10.73𝐶𝐶𝑜𝑜7.67𝑁𝑁𝑖𝑖6.71𝐴𝐴𝑙𝑙3.76𝑀𝑀𝑜𝑜1.62𝑊𝑊0.75 98𝑋𝑋2 (𝑎𝑎𝑎𝑎. %)

Low Ni Maraging Steel

𝑋𝑋 = Cu, Ti, Mn

𝜟𝜟𝑯𝑯𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔

(J/mol)

Solvent

Fe Cr Co Ni

So
lu

te

Cu 18932 16041 15989 12325

Ti 22337 16737 17815 11767

Mn 16605 15095 13781 10005

High tendency to go 
to free surface



Alloy design

𝜟𝜟𝑯𝑯𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔

(J/mol)

Solvent

Fe Cr Co Ni

So
lu

te

Cu 18932 16041 15989 12325

Ti 22337 16737 17815 11767

Mn 16605 15095 13781 10005

Fe 0 -1676 -527 -4765

cr 3737 0 2720 -728



Alloy design

Question

1. Is the solute concentration sufficient for observing 
segregation effect?

2. GB segregation -> Free surface segregation?



Alloy design

𝐹𝐹𝐹𝐹 − 𝑀𝑀𝑛𝑛12.2 𝑁𝑁𝑖𝑖1.9𝑀𝑀𝑜𝑜0.6Ti1.2Al0.3,
450 C, 48 h𝐹𝐹𝑒𝑒68.76𝐶𝐶𝑟𝑟10.73𝐶𝐶𝑜𝑜7.67𝑁𝑁𝑖𝑖6.71𝐴𝐴𝑙𝑙3.76𝑀𝑀𝑜𝑜1.62𝑊𝑊0.75 98𝑋𝑋2 (𝑎𝑎𝑎𝑎. %)



Alloy design

Question

1. Is the solute concentration sufficient for observing 
segregation effect?

2. GB segregation -> Free surface segregation?



Alloy design

Both boundary energy comes from 
broken bonds 

Segregation phenomenon occurs to 
lower the boundary energy

High GB segregation tendency
-> High free surface segregation te

ndency (in general)



Alloy design

𝜟𝜟𝑯𝑯𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔

(J/mol)

Solvent

Cu Pd

So
lu

te Cu 0 10747

Pd -12850 0

Before

After



Processing design

Te
m

pe
ra

tu
re

 (o
C

)

Time (t)

Normalization

2 hr

Aging process

Deformation

5 hr

850 ℃

550 ℃



Tough interfaces between metals and hydrogels

Top view Cross section



Tough interfaces between metals and hydrogels

Top view Cross section



Tough interfaces between metals and hydrogels

Top view Cross section



Tough interfaces between metals and hydrogels

Top view Cross section



Tough interfaces between metals and hydrogels

Top view Cross section



Tough interfaces between metals and hydrogels



Tough interfaces between metals and hydrogels



Tough interfaces between metals and hydrogels



Tough interfaces between metals and hydrogels

Strain rate: 1 cm/min

Speed: 8 X



Tough interfaces between metals and hydrogels

Hyunwoo Yuk, et.al. Nature Materials (2016)



Tough interfaces between metals and hydrogels

Top view Cross section



Tough interfaces between metals and hydrogels

Top view Cross section



Tough interfaces between metals and hydrogels

Strain rate: 1 cm/min

Speed: 8 X



Tough interfaces between metals and hydrogels

Top view Cross section



Tough interfaces between metals and hydrogels

Top view Cross section



Tough interfaces between metals and hydrogels

Top view Cross section



Tough interfaces between metals and hydrogels

Top view Cross section



Tough interfaces between metals and hydrogels

Top view Cross section



Tough interfaces between metals and hydrogels



Tough interfaces between metals and hydrogels



Tough interfaces between metals and hydrogels

Speed: 8 X



Tough interfaces between metals and hydrogels



Tough interfaces between metals and hydrogels



Tough interfaces between metals and hydrogels

Hyunwoo Yuk, et.al. Nature Communications (2016)



Tough interfaces between metals and hydrogels

Paul Le Floch, et.al. ACS Applied Materials & Interfaces (2017)



Tough interfaces between metals and hydrogels

Qihan Liu, et.al. Nature Communications (2018)



Tough interfaces between metals and hydrogels

Shaowu Pan, et.al. Advanced Functional Materials (2020)
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