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We revealed the antifatigue mechanism of tough and self-healing polyampholyte hydrogels, which not
only give important hints to understand fatigue-resistant behavior of biotissues with complex
hierarchical structures, but also provide design strategy for tough and fatigue-resistant hydrogels.

Load-bearing biological tissues, such as muscles, are highly fatigue
resistant, but how the exquisite hierarchical structures of biological tissues contribute to their
excellent fatigue resistance is not well understood. In this project, we studied antifatigue
properties of soft materials with hierarchical structures using polyampholyte hydrogels (PA gels) as

a simple model system. PA gels are tough and self-healing, similar to biotissues. By combining
fatigue measurement and time-resolved synchrotron radiation small-angle X-ray scattering we
discovered that, upon fatigue cycling, the bicontinuous phase networks in PA gels form a transient
oriented structure to induce a pronounced crack blunting and crack deceleration effect. We further
revealed that the phase contrast between soft and hard phase is vital important for suppressing the
fast crack growth. These findings provide design strategy for tough and fatigue-resistant materials.

polymer physics

hydrogels tough and self-healing multiscale structure fatigue resistance



Hydrogels are materials consisting of crosslinked polymer network and abundance of water, which
bear similar soft and wet nature as biological tissues, and thus are considered as the best candidate for
the artificial soft tissues to substitute damaged real ones. However, conventional hydrogels tend to be
brittle and weak, like tofu or jellies, in stark contrast to the tough and strong biological tissues. In the
recent decade, there isan exploration in the devel opment of tough and strong hydrogels, some of them
even possess self-healing ability. The high toughness endows those gels many potential applications,
such as load-bearing biomaterials, soft robots and soft machines. Most of those applications not only
require hydrogels to possess high toughness, but require them to sustain cyclic loading. For example,
an artificial knee joint needs to experience 1 million cycles per year. Therefore, studying the fatigue
behavior and revealing the underlying mechanism of hydrogelsisvital important and urgently needed.

The purpose of thisresearch is two-fold:

(1) to develop an effective methodology for studying fatigue behavior of hydrogels by combing
multiscal e structure measurements;

(2) to study the fatigue behavior of polyampholyte gels and to elucidate the underlying mechanism
with this method.

In this research, we combined the small-angle X-ray scattering (SAXS), optical technique, and
mechanical measurement to study the fatigue behavior of atype of tough and self-healing hydrogels.
SAXS was used to track the phase structure change of the gel, optical technique was used to track the
crack growth, and mechanical measurement was used to quantify the energy release rate.

We chosen atype of tough and self-healing hydrogels composed of polyampholytes asamodel system.
The effect of phase separation structure and the contrast of the soft and hard phases on the fatigue
behavior was revealed. In addition, we a so studied the structure formation mechanism of this gel and
collaborated with Prof. Chung-Yuen Hui of Cornell university to construct the theory to describe the
time-dependent behavior of this system. What is more, we used this gel to realize the memorizing-
forgetting behavior, in analogy to human brain. This research generated 11 academic papers, including
3 in Proceedings of the National Academy of Sciences of the United States of America, 1 in Science
Advance, and 3 in Macromolecules. A brief summary of the research resultsis listed below.

(1) Mechanism of hierarchical structuresin delaying fatigue fracture.

Muscles, composed of exquisite hierarchical structures, exhibit high fatigue resistance and can resist
crack propagation even after injury. The mechanism of the hierarchical structures on suppressing crack
advance under reciprocating movement is poorly understood. Tough and self-healing hydrogels are
good candidates as simplified model systems for studying the mechanical behaviors of 1oad-bearing
biotissues. We found that that polyampholyte hydrogels, having a hierarchical structure, demonstrate
high fatigue resistance through a synergistic effect between different scales. Such an antifatigue
mechanism based on hierarchical structure not only gives important hints to understand fatigue-
resistant behavior of biotissues with complex hierarchical structures, but also provides design strategy
for tough and fatigue-resistant hydrogels, by forming multiscale network structures using noncoval ent
bonds as building blocks.

(2) Effect of mesoscale phase contrast on fatigue-delaying behavior

We investigated the fatigue resistance of polyampholyte hydrogels with a hierarchical structure due to
phase separation and find that the detail s of the structure, control the mechanisms of crack propagation.



When gels exhibit a strong phase contrast and a low cross-linking level, the stress singularity around
the crack tip is gradually eliminated with increasing fatigue cycles and this suppresses crack growth,
beneficial for high fatigue resistance. On the contrary, the stress concentration persists in weakly
phase-separated gels, resulting in low fatigue resistance. A material parameter, Avan, iS identified,
correlated to the onset of non-affine deformation of the mesophase structure in a hydrogel without
crack, which governs the slow-to-fast transition in fatigue crack growth. The detailed role played by
the mesoscale structure on fatigue resistance provides design principles for developing self-healing,
tough, and fatigue-resistant soft materials.

(3) Phase separation behavior in polyampholyte hydrogels

We systematically studied the phase network formation of polyampholyte gels aiming to answer the
following three questions. (1) how the phase separation occurs? (2) what determines the phase
structure? and (3) is this structure in thermodynamic equilibrium or not? Our results show that the
phase separation occurs during dialysis of counterions from the gelsand it is driven by the Coulombic
and hydrophobic interactions. The phase size dp and the number of aggregated chainsin a unit cell of
the phase structure n scale with the molecular weight of the partial chain between permanent effective
cross-linking Mg as do ~ Mer and n ~ Mes?, respectively. A chemical cross-linker and topological
entanglement suppress phase separation, while hydrophobic interaction favors phase separation. An
intrinsic correlation between the polymer density difference (Ap) between two phases and do is
observed (Ap ~ do?) asaresult of the competition between the driving force to induce phase separation
and the resistance to suppress the phase separation. The phase-separated structure is metastable, which
islocally trapped by strong intermolecular interactions.

(4) Constitutive modeling of bond breaking and healing kinetics of polyampholyte gel

We devel oped athree-dimensional finite strain nonlinear viscoelastic model is developed to study the
mechanical behavior of a physically cross-linked polyampholyte gel. We divided the physical cross-
links broadly into weak and strong bonds, depending on their survival and reformation characteristics.
Our constitutive model connects the strain dependent bond breaking and reforming kinetics in the
microscopic regime to the deformation of the gel at the continuum level. We compared the predictions
of our model with uniaxial tension, tensile-relaxation, cyclic, and small strain torsional relaxation tests.
The material parametersin our model are obtained using least squares optimization. Our theory agrees
well with the experimental behavior of the gel.

(5) Using polyampholyte hydrogels to construct dynamic memorizing-forgetting device

The memory of our brain, stored in soft matter, is dynamic, and it forgets spontaneoudly to filter
unimportant information. By contrast, the existing manmade memory, made from hard materials, is
static, and it does not forget without external stimuli. We proposed a principle for devel oping dynamic
memory from soft hydrogels with temperature-sensitive dynamic bonds. The memorizing—forgetting
behavior is achieved based on fast water uptake and slow water release upon thermal stimulus, as well
as thermal -history-dependent transparency change of these gels. The forgetting timeis proportional to
the thermal learning time, in analogy to the behavior of brain. The memory is stable against
temperature fluctuation and large stretching; moreover, the for- getting processis programmable. This
principle may inspire future research on dynamic memory based on the nonequilibrium process of soft
matter.
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