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Design and application of functional soft materials based
on highly-entangled networks

GAO Lu,WU Wenjuan,ZHAO Chuanzhuang’

(School of Materials Science and Chemical Engineering, Ningbo University, Ningbo 315211, Zhejiang, China)

Abstract: Highly entangled networks, as a novel design strategy for soft materials, effectively address the
contradiction among strength, toughness, and fatigue resistance in traditional crosslinked materials by
regulating the topological entanglement structure of molecular chains. This paper systematically reviews
five strategies to construct highly entangled networks: high-concentration monomer polymerization, post-
crosslinking of highly entangled chains, dual-network synergistic high entanglement of dual networks,
macromolecular crosslinking high entanglement, and nanocomposite high entanglement. The molecular
design principles, structural characteristics, and performance advantages of each strategy are analysed. In the
field of functional applications, this review highlights the innovative applications of highly entangled
materials in wear-resistant coatings, durable devices, adhesives, and intelligent actuators, demonstrating the
excellent mechanical properties and unique functional characteristics endowed by highly entangled
networks. Moreover, the challenges and future directions of highly entangled soft materials are discussed,
emphasizing that multi-scale simulation technology, bionic adaptive design, and green manufacturing
processes will be important research directions in this field. This review provides systematic theoretical
guidance and technical reference for the design and application of functional soft materials with highly
entangled networks.

Key words: high entangled networks; mechanical property; molecular design; soft materials; functional
development
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Fig.1 Schematic illustration of crack-stretching mechanism of polymer network!
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(a)conventional single network ; (b)double network; (¢)high entangled network
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Fig.2 Schematic illustration of molecular design strategies for highly entangled soft materials

(a)strategies for polymerization of highly concentrated monomers ; (b)post crosslinking strategies for highly entangled chains;

(¢)dual network+high entanglement strategy ; (d )macromolecular crosslinking+high entanglement strategy ;

(e)nanocomposite+high entanglement strategy
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Fig.3 Continuous-curing after light exposure aided by redox initiation of high entangled hydrogels'**’
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Table 1 Advantages and challenges of high entanglement strategies

Strategy Core mechanism

Advantages

Major challenges

High-monomer-  Suppressed initiation/crosslinking kinetics

concentration enabling extended chain propagation &.

polymerization enhanced topological constraints resistance

Post- crosslinking Decoupled process: pre-organization of
entanglement physical entanglements followed by

covalent fixation

Tunable entanglement density ;
circumvents crosslinking-induced

entanglement suppression; versatile

Mass transport limitations due to ultra-

Single-step synthesis protocol; exceptional

high viscosity ;retarded relaxation

toughness &. fatigue crack propagation

dynamics ; compromised hydrolytic
stability

Multi-step processing complexity ;
sensitivity to shear-thermal history ;

metastability of pre-entangled networks

formulation window

Double network+  Synergistic interplay: rigid percolating
high entanglement  network (load-bearing) +ductile

entangled matrix (energy dissipation)
Macromolecular Hierarchical entanglement domains
crosslinkers—+ induced by mesoscale crosslinkers acting
high entanglement  as topological anchors
Nanocomposite+  Nanoparticle-induced chain alignment &-
high entanglement  confinement-stabilized entanglements+

reinforced interfacial dissipation

Transcends strength-toughness paradox
multi-modal dissipation pathways;

intrinsic strain-hardening behavior

Multiscale dissipation mechanisms
tailorable network topology; facile
dynamic bond incorporation
Enhanced modulus/strength/fatigue
endurance ; efficient interfacial energy

dissipation

Interpenetrating network structural
control ; thermodynamic compatibility
constraints ;dynamic bond kinetic
matching

Nanoscale dispersion heterogeneity ;
synthetic complexity of functional
crosslinkers ; opacity-structure correlation
Nanoparticle agglomeration challenges ;
filler-induced embrittlement ; constrained

polymer dynamics;scalability issues
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