
Asymmetric bend tests : Load-displacement comparison
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Three-point bend Four-point bend

Material Parameters
E ⌫ Sc { ✏ccrit  ⇤ ` ⇣

38 0.2 3.1 0.7 2.5x 10�4 2.1 3 40
GPa - MPa - - kJ/m 3 mm kPa-s
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L-shaped panel test
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(Winkler, 2001)

Dimensions in mm

Thickness : 100



L-shaped panel test

Material Parameters
E 18 GPa
⌫ 0.18 -
Sc 2.5 MPa
{ 0.7 -
✏ccrit 4.9 x 10�4 -
 ⇤ 3.2 kJ/m 3

` 4 mm
⇣ 40 kPa-s
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L-shaped panel test

Experimentally observed crack 
pattern Phase-field crack (our model)
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L-shaped panel test

Phase field crack path overlaid against the 
experimentally observed crack pattern
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Concluding remarks

Ç q2 ?�p2 7Q`KmH�i2/ � M2r ;`�/B2Mi@/�K�;2 i?2Q`v 7Q` KQ/2HBM; [m�bB@
#`BiiH2 7`�+im`2 Q7 +QM+`2i2X

Ç Pm` i?2Q`v ;Q2b #2vQM/ i?2 2tBbiBM; T?�b2@}2H/ i?2Q`B2b 7Q` #`BiiH2 7`�+im`2
BM i?�i i?2 i?2Q`v,

Ĝ �HHQrb 7Q` bQK2 �KQmMi Q7 +`�x2@ivT2 BM2H�biB+Biv T`BQ` iQ /�K�;2
BMBiB�iBQM- �M/ i?�i

Ĝ Bi Qp2`+QK2b i?2 M22/ iQ /2+QKTQb2 i?2 2M2`;v BMiQ TQbBiBp2 �M/
M2;�iBp2 +QMi`B#miBQMbX

Ç h?2 i?2Q`v ?�b #22M BKTH2K2Mi2/ MmK2`B+�HHv BM �"�Zla �b � mb2` 2H2@
K2Mi bm#`QmiBM2 Ul1GVX

Ç h?2 i?2Q`v ?�b `2�bQM�#Hv ;QQ/ T`2/B+iBp2 +�T�#BHBiB2bX

Ç Jm+? KQ`2 M22/b iQ #2 /QM2X
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Fracture of elastomers
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• Ideal fracture by chain-scission of elastomeric materials with strong 

covalent crosslinks — in the spirit of Lake and Thomas (1967) 

• Neglect  any viscoelasticity or Mullin-type effects.

Lake-Thomas 1967

chains. Along each polymer chain, the monomer units 
strongly bind through chemical bonds similar to those 
in solids, but between polymer chains, the monomer 
units associate only weakly through physical interac-
tions similar to those in liquids. Thus, at the molecular 
scale, an elastomer or a hydrogel is a solid–liquid 
hybrid. The fracture energy of a stretchable polymer 
network can be described by the Lake–Thomas model149 
(FIG. 5b). The interaction between the polymer chains 
is weak, and when stretching the network, just before 
the polymer chain breaks at the front of the crack, each 
monomer unit along the polymer chain has a strength 
near that of a chemical bond. Breaking of the chain at a 
single bond then triggers the stored energy in the entire 
chain to be dissipated. Thus, the fracture energy of a 
polymer network corresponds to the covalent energy  
of a layer of polymer chains per unit area (~10–
100 J m−2) and depends on the length of the chains in 
the network.

The fracture energy of a polymer network can be 
increased if the polymer chains across the plane of the 
crack are strong enough to elicit hysteresis in the bulk 
of the network150 (FIG. 5c), which stems from sacrificial 
bonds. The hysteresis dissipates energy and contributes 
to the fracture energy. A high fracture energy is achieved 
by sacrificial bonds that break when the hydrogel is 
stretched to an intermediate level117. If the sacrificial 
bonds break under low stretching, a negligible amount 
of energy is dissipated through hysteresis, and thus, 
the fracture energy is low. If the sacrificial bonds break 
under high stretching, the polymer network ruptures 
without breaking the sacrificial bonds in a large vol-
ume of the material, and thus, the fracture energy is low 
as well. The synergy between crack bridging and bulk 
hysteresis is inherent to tough materials, such as ductile 
metals, tough ceramics, ceramic matrix composites and 
rubber- filled plastics151–154. A variety of physical sacri-
ficial bonds have been explored for the fabrication of 
tough hydrogels and elastomers117,140–147,155.

Adhesion, water retention and fatigue
The major challenges to overcome for materials to be 
applied in hydrogel ionotronics are achieving strong 
adhesion between hydrogels and hydrophobic elastomers, 
water retention and fatigue resistance under cyclic loads.

Adhesion. An integrated circuit functions by integrating 
dissimilar components. Hydrogel ionotronics integrate 
hydrogels with other materials, most notably metals and 
elastomers. Hydrogels function as conductors, and elas-
tomers function as dielectrics and seals, retarding dehy-
dration of the hydrogels if the device is in contact with 
air or the exchange of solutes if the device is immersed 
in aqueous solution. Therefore, an elastomer must 
have low solubility and diffusivity of water and solutes. 
Moreover, many hydrogel ionotronic devices require 
that both hydrogels and elastomers are stretchable and 
transparent. To design an ionotronic device based on 
hydrogels and elastomers, strong adhesion between 
hydrophilic and hydrophobic polymer networks 
needs to be achieved without sacrificing stretchability 
and transparency.

Hydrogels and elastomers often have an adhesion  
energy (typically <1 J m−2) lower than the fracture 
energy of tough elastomers and hydrogels (typically 
>1,000 J m−2)156. However, it is possible to design hydro-
gels and elastomers with an adhesion energy as high 
as the bulk fracture energy51–53,157,158. Dissimilar mate-
rials adhere through physical interactions, chemical 
bonds or combinations thereof159. An adhesive (for 
example, epoxy or cyanoacrylate) and an adherend  
(for example, an elastomer, plastic, metal or ceramic) 
can achieve appreciable adhesion energy without chem-
ical bonds if the physical interactions are sufficiently 
strong and dense. Every atom or monomer unit at the 
interface between the adhesive and adherend carries a 
specific load to establish adhesion (FIG. 6a). However, 
this non- covalent adhesion is particularly weak between 
hydrogels and elastomers. The water molecules in the 
hydrogel are densely packed, but they do not carry load 
because they behave similar to how they behave in 
liquid water (FIG. 6b). Moreover, the weak bonds between 
the loosely packed polymer chains in the hydro-
gel and elastomer do not activate the Lake–Thomas  
mechanism or elicit sufficient hysteresis in the bulk of 
the material.

The Lake–Thomas mechanism for adhesion can be 
activated between a hydrogel and an elastomer through 
the formation of strong inter- network bonds (FIG. 6c), 
which need to be as sparse as the crosslinks within the 
individual networks to maintain stretchability and trans-
parency. Inter- network bonds denser than the crosslinks 
inside the hydrogel can increase the adhesion but 
decrease the stretchability along the plane of the inter-
face. Moreover, an adhesion energy higher than the frac-
ture energy of the hydrogel is in general useless because 
rupture can simply occur inside the hydrogel near the 
interface. The adhesion energy can be further increased 
by the presence of sacrificial bonds in the bulk of the 
hydrogel and the elastomer (FIG. 6d), and if the inter- 
network bonds are strong enough to elicit hysteresis  
in the bulk of the material157 (FIG. 6e). These conditions 
allow for the adhesion energy between a hydrogel and 
an elastomer to be comparable to the fracture energy of 
the hydrogel.

The third network that is formed at the interface 
between the hydrogel and the elastomer establishes 
three types of topology: topological entanglement 

a b cb
Atom

c

Fig. 5 | Fracture energy. a | The fracture energy of a brittle solid corresponds to the 
covalent energy of a layer of atoms per unit area. b | The fracture energy of a polymer 
network corresponds to the covalent energy of a layer of polymer chains per unit area.  
c | The facture energy of a polymer network can be increased if the polymer chains 
crossing the plane of a crack are strong enough to elicit hysteresis in the bulk of the 
network. Panel c is adapted from REF.117, Macmillan Publishers Limited.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Griffith, 1921

Crystalline materials
Break a layer of atoms
Toughness ~1 J/m^2

Elastomeric materials
Snap a layer of  chains
Toughness ~10-1000 J/m^2

(From Yang & Suo, 2018)
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• For an isotropic material at a temperature # the free-energy function is a
symmetric function of the principal stretches �i (i = 1, 2, 3):

 R =  ̂(�1,�2,�3,#), J = �1�2�3 = 1.

• Effective stretch,
�̄

def
=

1p
3

q
�21 + �22 + �23,

and consider a special free-energy,

 ̂R(�̄;#).

• Since  R = "R � # ⌘R,

 R(�̄,#) = "R(�̄,#)� # ⌘R(�̄,#).

• For elastomeric materials the internal energy is classically assumed to be
independent of stretch and a function of the temperature only,

"R = "̂R(#) ,

and that the entropy is a separable function of temperature and the effec-
tive stretch

⌘R = f(#) + g(�̄).
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Arruda-Boyce free energy function  
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• A widely used free energy function is

 R = �✓⌘R = G0 �
2
L

✓
�̄

�L

◆
� + ln

✓
�

sinh�

◆�
, �

def
= L�1

✓
�̄

�L

◆
,

whereL�1 is the function inverse of the Langevin functionL(z) def
= coth z�

z�1.

• Two material parameters:

– Rubbery modulus,
G0 = NkB#,

N — number of chains per unit reference volume.
– Network locking stretch,

�L =
p
n

n — number of links (Kuhn-segments) in each polymer chain.

• Generalized shear modulus: G = G0

✓
�L
3�̄

◆
L�1

✓
�̄

�L

◆
.

• Since L�1(z) ! 1 as z ! 1, the modulus G ! 1 as �̄! �L.

This response is pathological.
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