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A B S T R A C T

Particle transport is traditionally described by the Stokes–Einstein relation, where diffusivity is primarily gov
erned by particle size and medium viscosity, resulting in a relatively limited design flexibility for controlling 
transport behavior. Recent studies have shown that modulating the mechanical state of soft materials can 
dynamically regulate particle diffusion, a phenomenon referred to as mechano-diffusion, introducing a new 
design dimension for engineering transport in polymer networks. Such mechano-diffusion processes are partic
ularly important in systems where the regulation of particle transport within soft media directly determines 
system performance, including controlled molecular delivery, selective transport across polymer networks, and 
particle transport in biological and environmental systems. In recent years, increasing attention has been devoted 
to mechanics-coupled particle transport in soft materials, motivating the need for a timely and comprehensive 
review. This review aims to provide a systematic overview of mechano-diffusion by (i) summarizing the 
fundamental mechanisms governing particle transport in polymer networks, (ii) introducing experimental 
platforms and computational tools to elucidate transport dynamics, and (iii) highlighting emerging strategies for 
engineering selective and controllable particle transport for future applications. Overall, this review establishes a 
unified perspective on mechano-diffusion that bridges polymer mechanics and particle transport, providing new 
insights for engineering responsive and selective transport processes in soft materials.

1. Introduction

Particle transport in soft materials constitutes a fundamental process 
underlying a wide range of biological functions [1–5] and technological 
operations [6–10]. In biological systems, polymeric and hydrogel-like 
networks serve as the primary media through which molecules, nano
particles, and macromolecular species migrate within cellular environ
ments, tissues, and organs [11–15]. Beyond biological systems, particle 
transport in soft and hydrated polymer networks underpins a variety of 
engineered processes in which controlled molecular mobility and se
lective transport, such as controlled delivery systems [16–18], selective 
separation across polymer membranes [19–22], and particle transport in 
catalytic, filtration, and environmental technologies [9,23–25]. In these 
contexts, the migration kinetics, transport pathways, and particle–net
work interactions directly determine transport efficiency, particle 
permeability, and network selectivity of the system [9,26–29]. 

Consequently, understanding and controlling particle transport in 
polymer networks represents a fundamental problem in polymer physics 
and materials science, with broad implications for bioengineering, 
nanotechnology, and environmental systems [30–33].

Particle transport is traditionally described within the framework of 
Brownian diffusion, most commonly captured by the Stokes–Einstein 
relation, which relates the diffusivity of particles to their size and the 
viscosity of the surrounding medium [34–36]. Within this classical 
description, the transport behavior of particles is primarily determined 
by their intrinsic parameters, while the transport medium is typically 
treated as a passive environment that does not actively participate in 
regulating particle motion. As a result, the ability to modulate particle 
transport is generally limited to adjusting particle properties or bulk 
fluid characteristics, offering relatively restricted flexibility for engi
neering transport behavior. While this framework provides a robust 
foundation for understanding diffusion in simple liquids and 
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homogeneous solutions, it becomes increasingly inadequate for 
describing particle migration in complex soft materials, where the 
geometric structure and energy state of polymer networks can dynam
ically influence transport processes [37–39].

In contrast to classical diffusion in simple fluids, particle transport in 
soft materials occurs within deformable and structurally heterogeneous 
environments, such as polymer networks, hydrogels, and biological 
matrices [28,40–42]. These media are composed of interconnected 
polymer chains that form porous and mechanically responsive networks, 
whose microstructure and mechanical state can be readily altered by 
external stimuli including mechanical deformation [43,44], osmotic 
swelling [45–48], or acoustic excitation [49]. As a consequence, particle 
transport in such systems is not governed solely by particle size and 
solvent viscosity, but is strongly influenced by the evolving configura
tion of the polymer network itself [41,50]. Recent studies have shown 
that mechanical modulation of polymer networks can dynamically 
regulate particle mobility, energy barriers for particle hopping, and 
effective transport pathways [41,50,51]. This mechanics-coupled 
transport behavior, often referred to as mechano-diffusion, introduces 
an additional design dimension for controlling particle transport by 
tuning the mechanical state of the surrounding network.

This strong coupling between mechanics and transport in soft ma
terials arises from the intrinsic structural characteristics of polymer 
networks. Unlike pure liquids, polymer networks consist of inter
connected chains that form nanoscale meshes and dynamically fluctu
ating pores through which particles migrate [39,52,53]. Mechanical 
deformation or network reconfiguration can alter key structural pa
rameters, including mesh size, pore connectivity, and local energy bar
riers for particle hopping, thereby modifying the transport landscape 
experienced by diffusing particles [51,54–57]. In many hydrogel and 
biological systems, particle diffusion therefore proceeds through 
mechanisms such as hopping [51], obstruction [57], or transient pore 
opening [41], which are highly sensitive to the mechanical state of the 
surrounding network [58]. As a result, mechanical perturbations can 
substantially amplify, suppress, or selectively regulate particle mobility, 
establishing a direct coupling between network mechanics and mass 
transport [58,59].

In recent years, mechanics-coupled particle transport in soft mate
rials has attracted rapidly growing attention across multiple research 
communities. A series of experimental studies have demonstrated that 
external mechanical stimuli can dynamically regulate particle mobility 
in polymer networks [60,61]. Meanwhile, theoretical and computa
tional investigations have provided new insights into the underlying 
transport mechanisms [62–65]. These advances collectively highlight 
mechano-diffusion as an emerging paradigm for regulating particle 
transport in complex soft environments. With the rapid expansion of this 
field, a timely synthesis of recent progress is essential to consolidate 
current understanding and to outline future opportunities for engi
neering controllable and selective transport processes in soft materials.

In this review, we provide a comprehensive overview of mechano- 
diffusion in soft materials and establish a unified perspective on 
mechanics-regulated particle transport in polymer networks. Specif
ically, we first summarize the fundamental physical mechanisms gov
erning particle transport in deformable polymer networks, including 
diffusion modes associated with network structures, confinement ef
fects, and mechanically modulated transport energy landscapes. We 
then introduce representative experimental platforms and computa
tional approaches developed to quantify particle diffusivity and trans
port behavior in soft materials, enabling systematic investigation of 
mechano-diffusion under diverse mechanical stimuli. Finally, we 
discuss emerging strategies for engineering controllable and selective 
particle transport by leveraging mechano-diffusion, and highlight future 
opportunities in applications such as drug delivery, in-situ biosensing, 
and strain-induced hemostasis, as well as in the integration of high- 
throughput experimental platforms, computational simulations, and 
machine learning.

The review is organized as follows. Section 2 introduces the bio
logical and physical significance of mechano-diffusion. Section 3 in
troduces the structural characteristics of polymer networks, with 
emphasis on network topologies, crosslinking mechanisms, and their 
mechanical properties. Section 4 discusses the fundamental diffusion 
behaviors of particles in undeformed polymer networks, establishing the 
baseline transport regimes governed by the particle–mesh size rela
tionship. Sections 5 and 6 then examine mechano-diffusion in deformed 
polymer networks under static and dynamic mechanical loading, 
respectively, highlighting how mechanical perturbations reshape 
transport pathways and diffusion regimes. Section 7 summarizes 
experimental platforms developed to characterize mechano-diffusion, 
including both indirect ensemble-based methods and direct single- 
particle tracking approaches. Section 8 reviews computational simula
tion strategies for studying particle transport in polymer networks, 
covering model construction, and trajectory-based analysis of transport 
observables. Section 9 discusses stimuli-responsive molecular transport 
in polymer networks and presents a unified framework for under
standing stimulus-induced mechano-diffusion mechanisms. Section 10
further extends the discussion to active particle transport in polymer 
networks, emphasizing the coupling between particle activity, network 
mechanics, and transport behavior. Finally, Section 11 highlights 
representative applications of mechano-diffusion and outlines future 
perspectives, followed by concluding remarks..

2. Mechano-Transport in Biological Systems and Engineering 
Applications

The regulation of molecular transport by mechanical forces is ubiq
uitous across biological systems [66–68]. In living organisms, soft tis
sues are continuously exposed to mechanical cues arising from 
physiological activities such as tissue growth, organ motion, fluid 
pressure, and external mechanical stimulation [69–71]. These forces 
originate from diverse biological processes, including cellular prolifer
ation, muscle contraction, blood flow, and interstitial fluid movement. 
As a result, biological tissues rarely exist in a mechanically steady state; 
instead, they function within dynamic mechanical environments in 
which stresses, deformations, and pressure gradients continuously 
evolve. Importantly, transport in these systems is not limited to 
mechano-diffusion in its strict sense, where deformation directly alters 
diffusive pathways [69,72–75]. More broadly, molecular transport in 
biological systems is often guided by mechanical forces through multiple 
modes, including pressure-driven flow, deformation-coupled diffusion, 
and force-mediated interstitial transport [66,76,77].

Mechanical forces can substantially influence mass transport pro
cesses within biological environments through several coupled mecha
nisms [75,78,79]. First, mechanical loading can directly alter the 
microstructure of soft tissues by deforming extracellular matrices, 
compressing porous structures, and modifying pore connectivity within 
the interstitial space [80–83]. Such structural changes regulate the 
effective pathways available for molecular diffusion and particle 
migration. Second, mechanical forces can generate or modify pressure 
gradients and interstitial fluid flow within tissues, thereby introducing 
convective transport in addition to diffusion [83,84]. Third, mechanical 
stresses can influence the spatial organization and packing density of 
cells and extracellular matrices, producing heterogeneous transport 
environments in which local diffusivity and permeability vary signifi
cantly across the tissue [85–87]. Consequently, the transport of mole
cules, nutrients, and therapeutic agents in biological tissues is often 
strongly coupled with mechanical loading conditions rather than being 
governed solely by intrinsic physicochemical properties.

Static mechanical stresses are particularly prominent in dense bio
logical environments such as solid tumors [88,89] (Fig. 1). During tumor 
growth, the continuous proliferation of cancer cells and the excessive 
deposition of extracellular matrix (ECM) components generate 
compressive stress within the tumor mass [90–92]. These stresses can 
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compress surrounding tissues and blood vessels while simultaneously 
elevating interstitial fluid pressure within the tumor microenvironment 
[90,92,93]. Elevated interstitial pressure reduces the pressure gradient 
between blood vessels and the tumor interstitium [94], thereby hin
dering the transvascular transport and penetration of therapeutic mol
ecules [89,95]. In addition, the dense ECM network, composed of 
collagen fibers, glycoproteins, and proteoglycans, forms a complex 
porous architecture that restricts molecular diffusion and nanoparticle 
transport [87,96]. ECM not only reduces effective pore accessibility but 
also creates highly tortuous transport pathways, resulting in heteroge
neous spatial distributions of oxygen, immune cells, nanomedicine, and 
other therapeutic agents within tumor tissues [97,98]. As a conse
quence, mass transport in tumors becomes strongly dependent on the 
mechanical state of the surrounding microenvironment [93,99].

In contrast, many physiological tissues experience dynamic me
chanical loading during periodic biological activities (Fig. 2) [68,100, 
101]. Examples include compression in intervertebral discs during daily 
spinal loading, peristaltic motion in the gastrointestinal tract that drives 
luminal transport, cyclic contraction and relaxation of skeletal muscle 
during movement, sliding compression and fluid exudation in articular 
cartilage during joint motion, pulsatile shear stress generated by blood 
flow within vascular networks, and pressure-driven flow in lung inter
stitial spaces during respiration [102–106]. These dynamic mechanical 
forces can enhance or regulate molecular transport by periodically 
deforming tissue structures, inducing fluid flow, and modifying pore 
accessibility within soft biological matrices [80,107,108]. For example, 
cyclic compression of cartilage can drive interstitial fluid exchange that 
facilitates nutrient transport, while peristaltic motion in the intestine 
enhances mixing and transport of molecules [80,103]. Similarly, muscle 

contraction can generate transient pressure gradients that promote fluid 
redistribution and solute transport within surrounding tissues. Funda
mentally, static and dynamic mechanical environments influence mass 
transport through distinct mechanisms [105,109–111]. Static mechan
ical stresses primarily regulate transport by altering the structural 
characteristics of the porous architecture, such as by compressing tissue 
structures, reducing pore accessibility, and modifying pressure gradi
ents, which together restrict molecular diffusion and nanoparticle 
transport [112–114]. In contrast, dynamic mechanical loading can 
actively regulate transport by periodically deforming tissue structures 
and inducing fluid flow within biological matrices. As a result, static 
stresses mainly modify the structural conditions governing transport, 
whereas dynamic mechanical forces can directly enhance or regulate 
mass transport through coupled deformation and fluid movement [105, 
108,111,115].

Taken together, these observations highlight a fundamental princi
ple: in soft biological tissues, molecular transport is frequently governed 
not only by physicochemical properties but also by the mechanical state 
of the surrounding structure. Mechanical forces can reshape transport 
pathways, alter energy barriers associated with molecular migration, 
and modulate the balance between diffusion and convection in complex 
biological matrices. Inspired by these biological systems, synthetic soft 
materials have been increasingly explored as model platforms for 
studying mechanics-regulated transport phenomena.

Among these materials, polymer networks represent a particularly 
versatile class of soft matter in which network topology, crosslinking 
mechanisms, and mechanical deformation can be systematically 
designed and controlled [59,116–118]. Because polymer networks share 
key structural similarities with biological extracellular matrices, they 

Fig. 1. Static mechanical loading in tumor microenvironments. Solid tumors generate compressive stresses and elevated interstitial pressure due to tumor 
growth and dense extracellular matrix (ECM), which regulate the transport of oxygen, immune cells, nanomedicines, and therapeutic agents. Representative tumors 
include stomach (A), liver (B), lung (C), colon (D), osteosarcoma (E), pancreatic (F), and breast (G).
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provide an attractive platform for investigating how mechanical per
turbations influence particle transport in soft materials. In particular, 
hydrogels—highly hydrated polymer networks—have emerged as one of 
the most widely studied systems due to their structural resemblance to 
biological tissues and their ability to accommodate diffusive transport 
for molecules and nanoparticles [119–122].

Building on these characteristics, extensive efforts have been 
devoted to developing stimuli-responsive hydrogel systems in which 
molecular transport can be actively regulated through externally applied 
triggers (Fig. 3). A wide range of external stimuli—including mechanical 
deformation [41,50,123–125], ultrasound [126–130], electric fields 
[131–133], light [134,135], thermal stimuli [136,137], swelling [138], 
and magnetic fields [139,140]—have been explored to modulate the 
structure and transport properties of polymer networks. Mechanical 
deformation can alter network anisotropy and pore accessibility through 
stretching, compression, or torsion, thereby modifying the effective 
diffusion pathways available for molecular migration. Ultrasound 
stimulation can generate acoustic cavitation and microstreaming that 
enhance molecular transport and facilitate drug release from hydrogel 
matrices. Electric fields can drive electrophoretic motion of charged 
species or induce electro-osmotic flow within hydrogel networks, 
enabling electrically controlled transport. Light-responsive hydrogels 
utilize photochemical reactions or photothermal effects to induce 
structural transitions in the network, while temperature-responsive 
systems rely on thermally induced phase transitions that alter polymer 

chain interactions and mesh size. Magnetic-field-responsive hydrogels, 
often incorporating magnetic nanoparticles, can undergo magnetically 
induced deformation or heating that further modulates transport 
behavior.

Collectively, these stimuli-responsive systems demonstrate that mo
lecular transport in polymer networks can be dynamically regulated by 
external perturbations that modify network structure, fluid flow, or local 
energetic landscapes. Such approaches have been widely explored in 
applications including controlled drug delivery, wearable biomedical 
devices, transdermal transport, and implantable therapeutic systems 
[120,141–143]. Despite these advances, most existing studies have 
primarily focused on achieving stimulus-triggered release or enhancing 
overall diffusivity, whereas the fundamental physical mechanisms 
governing stimulus-regulated diffusion within polymer networks remain 
less clearly understood. Particularly, how mechanical perturbations 
modify transport pathways and energy barriers associated with particle 
migration in soft polymer networks remains an area that requires sys
tematic investigation. It is worth noting that biological tissues are 
inherently evolving systems shaped by processes such as cellular growth 
and matrix remodeling, whereas most engineered materials possess 
relatively stable structures once formed, resulting in an inherent gap 
between biological and engineered transport environments.

Understanding these mechanisms is therefore essential for estab
lishing a unified framework for mechanics-regulated transport in soft 
materials. In this context, polymer networks provide an ideal model 

Fig. 2. Dynamic mechanical loading in physiological systems. Dynamic mechanical forces regulate molecular transport in tissues through mechanisms such as 
compression, peristalsis, muscle contraction, pulsatile shear, and pressure-driven flow. Representative examples include intervertebral disc (CEP refers to cartilage 
endplate, NP refers to nucleus pulposus, and AF refers to annulus fibrosus) (A), gut epithelium (B), skeletal muscle (C), articular cartilage (D), vascular endothelium 
(E), and lung interstitium (F).
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Fig. 3. Applications of externally regulated molecular transport in stimulus-responsive polymer networks. Representative examples of externally stimuli 
response to molecular release induced by (A–E) mechanical deformation, (F–J) ultrasound, (K–M) electric fields, (N, O) light, (P, Q) thermal stimuli, (R) swelling, (S) 
pH variation, and (T) magnetic fields. 123. Copyright American Chemical Society (A); from Ref. 124. Copyright Elsevier (B); from Ref. 129. Copyright the Royal 
Society of Chemistry (C); from Ref. 126. Copyright American Chemical Society (F); from Ref. 127. Copyright American Chemical Society (G); from Ref. 130. 
Copyright AAAS (J); from Ref. 132. Copyright Elsevier (L); and from Ref. 136. Copyright Elsevier (P). 80 under a CC BY-NC license, Springer Nature (D). 125 under a 
CC BY 4.0 license, AAAS (E). 131 under a CC BY 4.0 license, Springer Nature (K), and from Ref. 135 under a CC BY 4.0 license, Springer Nature (O). 128 under a CC 
BY license, Elsevier (H), and from Ref. 129 under a CC BY license, Wiley (I), from Ref. 133 under a CC BY license, Wiley (M), and from Ref. 134 under a CC BY license, 
Wiley (N). 137. Copyright Wiley (Q); from Ref. 138. Copyright Wiley (R); from Ref. 139. Copyright Wiley (S); and from Ref. 140. Copyright Springer Nature (T).
(a) Reproduced with permission from Ref. (b) Adapted from Ref. (c) Adapted from Ref. (d) Adapted from Ref. (e) Adapted from Ref. (f) Adapted with permission 
from Ref.
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platform because their structural topology, crosslinking chemistry, and 
mechanical responses can be precisely designed and controlled. By 
systematically examining the structural characteristics of polymer net
works, it becomes possible to elucidate how mechanical deformation 
and other external stimuli influence particle diffusion and transport 
behavior in soft materials.

3. Network Architecture, Mechanical Properties, and Particle 
Descriptors

In classical diffusion studies, mass transport is most often examined 
in media that are structurally invariant, such as homogeneous solutions 
[144,145]. In such systems, diffusion behavior is primarily determined 
by the intrinsic properties of the medium, such as its viscosity, tem
perature, or microstructural characteristics, which remain essentially 
constant. The medium is therefore typically treated as a passive trans
port environment whose structure does not respond to external pertur
bations. By contrast, polymer networks represent a fundamentally 
different class of transport media that are intrinsically deformable and 
structurally reconfigurable (Fig. 4 left). Constructed from flexible 
polymer chains interconnected by crosslinking points, polymer net
works can undergo substantial conformational rearrangements and to
pological reorganization under external stimuli, particularly mechanical 
deformation. As a result, unlike diffusion in conventional systems where 
transport is largely governed by solvent properties, diffusion in polymer 
networks is controlled jointly by particle characteristics and the struc
ture and mechanical state of the polymer network, whose 
deformation-induced structural changes actively regulate molecular 
transport [146–148].

Within this framework, particle diffusion and release in polymer 
networks emerge from the interplay between particle attributes and 
network structure. Particle properties—such as size, shape, mechanical 
rigidity, and surface chemistry—govern how particles interact with 
polymer chains and traverse the network environment (Fig. 4 upper 
right) [146,147,149,150]. At the same time, the architecture of the 
polymer network, together with its deformation-induced structural 
evolution, defines the spatial accessibility and connectivity of transport 
pathways (Fig. 4 lower right) [151,152]. Distinct network topologies 
can respond to applied strain through markedly different modes of 
structural reconfiguration, resulting in pronounced differences in the 
emergence, redistribution, or suppression of accessible transport routes. 
Consequently, the influence of mechanical deformation extends beyond 
a simple geometric modulation of diffusion pathways. Rather, defor
mation can fundamentally redefine the permeability of polymer net
works by reorganizing their internal network structures. Under such 
conditions, polymer networks may display markedly different diffusion 
and penetration behaviors toward different particles in undeformed and 

deformed states. Upon deformation, an initially restrictive polymer 
network may open transport pathways for some particles while 
continuing to exclude others, thereby giving rise to selective diffusion 
governed by the interplay between particle characteristics and the 
deformation-dependent structure of the network [146,153]. Through 
mechanical regulation of polymer network structure, diffusion thus 
emerges as a state-dependent and particle-dependent transport process 
with inherent selectivity. This perspective provides a unifying basis for 
understanding the diverse diffusion behaviors observed in polymer 
networks and establishes a conceptual foundation for subsequent dis
cussions of diffusion control mechanisms and their manifestation across 
different application contexts.

3.1. Deformable Polymer Networks

3.1.1. Network Architecture
One key parameter governing particle transport is the architecture of 

the polymer network through which diffusion occurs. Establishing this 
framework provides a basis for analyzing particle–network coupled 
diffusion and understanding how polymer deformation influences 
transport behavior. Given the fundamental differences among polymer 
networks, systems reported in the literature can be categorized based on 
two key structural dimensions: network architecture and crosslinking 
mechanism.

Fig. 5A illustrates randomly crosslinked network, which refers to 
three-dimensional polymer networks formed through covalent or 
physical crosslinks that are randomly distributed in space [154,155]. In 
such networks, the positions of crosslinks, the lengths of network 
strands, and the local connectivity are not strictly controlled, resulting in 
statistically distributed structural features [156]. Owing to their simple 
fabrication and broad material compatibility, randomly crosslinked 
networks represent the most common and fundamental class of polymer 
networks and are widely used as baseline systems for understanding and 
comparing the mechanical behavior of different network architectures. 
At the structural level, the intrinsic randomness in crosslink distribution 
and strand length inevitably introduces pronounced network heteroge
neity, causing different regions of the network to carry and accommo
date mechanical loads in markedly different ways [156,157]. As a result, 
under mechanical deformation, stress cannot be transmitted uniformly 
throughout the network and instead tends to concentrate in short 
strands or regions of locally high crosslink density, where mechanical 
instability is preferentially initiated [156,158]. This structural hetero
geneity directly limits the stretchability and fracture resistance of 
randomly crosslinked networks. With increasing crosslink density, the 
network modulus increases substantially; however, the stretchability 
and energy dissipation capacity decrease rapidly due to the absence of 
reconfigurable or dissipative structural motifs, leading to a pronounced 

Fig. 4. Schematic overview of mechano-diffusion. Deformation-induced coupling between particles and polymer networks as a unifying mechanism for tunable 
transport in soft materials.
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stiffness–toughness trade-off [154,158,159]. Consequently, failure in 
these networks is typically governed by localized instability, and the 
fracture behavior is characteristically brittle [158,159]. Quantitatively, 
for conventional single-network hydrogels lacking effective 
energy-dissipation mechanisms—such as standard polyacrylamide 
(PAAm) hydrogels with random covalent crosslinking—their fracture 

toughness typically falls within a low range of Γ ≈ 1 − 10 Jm⁻² (Fig. 5I, 
J) [160,161]. Notably, PAAm hydrogels prepared with low crosslink 
concentrations and substantial chain entanglement can also exhibit 
relatively high toughness, as will be discussed later [162]. This magni
tude has been widely reported in the literature and is commonly 
regarded as a representative benchmark for brittle single-network 

Fig. 5. Polymer network architectures and their mechanical property. A–H. Schematic representations of representative polymer network topologies: (A) 
randomly crosslinked, (B) ideally ordered, (C) bottlebrush, (D) multiple, (E) slidable crosslink, (F) crystalline-domain, (G) dynamic-bond, and (H) hybrid-crosslink 
networks. Literature-reported mechanical property distributions of various polymer architectures shown as Young’s modulus versus fracture toughness (I) and 
strength versus fracture toughness (J).
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hydrogels [159].
In contrast to randomly crosslinked networks, ideal networks are 

constructed through precise molecular design and well-controlled syn
thetic strategies [163]. Their crosslink connectivity, strand length, and 
overall network topology are highly uniform, closely approximating the 
assumptions of ideal elastic network models (Fig. 5B) [164–166]. 
Representative examples include end-linked star-shaped networks, 
where the synthesis is specifically designed to systematically suppress 
the broad strand-length distributions, dangling chains, and loop defects 
that are prevalent in randomly crosslinked systems. Structurally, this 
high degree of uniformity significantly reduces spatial heterogeneity 
within the network, allowing mechanical stress to be distributed more 
evenly under deformation and rendering stress transfer closer to the 
ideal affine deformation assumption. As a result, ideal networks typi
cally exhibit highly predictable elastic responses that closely match 
theoretical models, with their modulus being precisely tunable through 
strand length and crosslink density [167]. Nevertheless, similar to 
randomly crosslinked networks, ideal networks generally lack intrinsic 
energy-dissipation or reconfigurable mechanisms [168]. Under large 
deformation or crack propagation, load bearing is still dominated by 
covalent strand rupture [168]. Although statistical stress concentration 
is alleviated, fracture extensibility and fracture toughness remain 
limited, and the overall failure behavior continues to be characterized 
by elastic dominance and low energy dissipation. From a mechanical 
perspective, ideal networks therefore represent a “structural uniformity 
limit,” serving as an important reference framework for isolating and 
understanding the role of network heterogeneity in governing me
chanical behavior.

Bottlebrush networks constitute another distinct class of polymer 
networks, in which the fundamental building blocks consist of polymer 
backbones densely grafted with side chains and subsequently cross
linked to form a three-dimensional network (Fig. 5C) [169,170]. In these 
systems, strong steric repulsion among the densely grafted side chains 
significantly stretches the backbone conformation, placing network 
strands in a highly extended state even in the absence of external 
deformation [171,172]. This architectural feature differentiates bottle
brush networks from both randomly crosslinked and ideal networks. 
Structurally, the presence of dense side chains effectively suppresses 
backbone entanglement and local chain collapse [172–174], thereby 
reducing network heterogeneity arising from strand-length fluctuations 
or topological defects, while simultaneously imparting enhanced 
conformational flexibility at the chain level. Consequently, under me
chanical loading, bottlebrush networks typically exhibit lower effective 
moduli and more gradual stress–strain responses [174–176], with rela
tively uniform stress distribution and substantially reduced local stress 
concentration compared with randomly crosslinked networks (Fig. 5I, 
J). The enhanced softness and conformational flexibility introduced by 
side-chain grafting primarily modify chain conformation and deforma
tion modes, rather than introducing new energy-dissipation pathways. 
In the absence of reversible bonds, sacrificial structures, or 
multi-network architectures, fracture in bottlebrush networks is still 
governed predominantly by covalent rupture of backbone chains or 
crosslinking points, resulting in only limited improvement in fracture 
toughness [177,178]. Accordingly, from a mechanical standpoint, 
bottlebrush networks represent a class of single-network systems in 
which molecular-level architectural design effectively modulates soft
ness and stress distribution, while the overall energy-dissipation ca
pacity and fracture resistance remain intrinsically constrained.

Apart from single networks, interpenetrating networks refer to 
polymer systems formed by two or more interpenetrating or sequentially 
constructed networks with distinct structural characteristics or cross
linking densities (Fig. 5D) [179,180]. Unlike single networks, inter
penetrating networks typically combine a relatively rigid, highly 
crosslinked primary network with a more compliant, loosely crosslinked 
secondary network, each contributing differently to mechanical 
response and structural stability [181,182]. At the structural level, the 

presence of network components with different stiffness and extensi
bility creates a hierarchical architecture that enables load redistribution 
and transfer between networks [154]. During deformation, the stiffer 
network preferentially undergoes local damage, while the softer 
network preserves overall continuity, thereby suppressing rapid crack 
propagation [182,183]. In contrast to stress concentration caused by 
structural heterogeneity in randomly crosslinked networks, stress 
redistribution in interpenetrating networks arises from cooperative in
teractions and progressive damage among the constituent networks. 
Moreover, by varying polymer chemistry, crosslink density, mechanical 
properties, and the number of network components, interpenetrating 
networks provide substantial design flexibility for tuning mechanical 
performance. Mechanically, this hierarchical structure significantly al
ters the stiffness–toughness trade-off typical of single-network systems 
[154,179]. While homogeneous networks typically favor high strength 
and stiffness, heterogeneous network structures are generally more 
favorable for fracture resistance due to their enhanced 
energy-dissipation capability. Compared with randomly crosslinked, 
ideal, or bottlebrush networks, interpenetrating networks can achieve 
markedly higher fracture extensibility and toughness while maintaining 
relatively high modulus and strength (Fig. 5I, J). This enhancement 
originates primarily from irreversible damage of the primary network, 
which dissipates mechanical energy, while the secondary network 
maintains load-bearing capacity [181–183]. In cyclic loading–unloading 
experiments, this mechanism is reflected in pronounced hysteresis loops 
and high hysteresis ratios, indicating efficient energy dissipation [182, 
184]. Consequently, interpenetrating networks represent a class of 
polymer networks in which hierarchical structure and controlled dam
age mechanisms enable enhanced fracture resistance and stable, 
energy-dissipative failure behavior.

3.1.2. Crosslinking Mechanisms
In addition to network topology, the physical nature and connec

tivity of crosslinking points also play an important role in determining 
the mechanical properties of polymer networks. Among them, slidable 
crosslinks form a distinctive class in which crosslinking points can move 
along polymer chains while maintaining network connectivity (Fig. 5E) 
[185,186]. Unlike conventional covalent crosslinks that are spatially 
fixed, such structures are typically realized through ring-like molecules 
or topological architectures, allowing redistribution of strand length and 
local chain tension during deformation [187]. At the structural level, 
crosslink mobility alters stress distribution within the network, enabling 
loads to be redistributed over a larger volume, reducing local stress 
concentration, and promoting more uniform chain deformation [187]. 
In contrast to randomly crosslinked networks, where stress heteroge
neity arises from strand-length variations and structural disorder, stress 
redistribution in slidable crosslink networks primarily results from 
crosslink mobility. Mechanically, this movable connectivity enhances 
extensibility and delays crack initiation and propagation, helping the 
material maintain structural integrity at large strains. Unlike 
multiple-network systems, slidable crosslink networks do not rely on 
bond rupture or sacrificial structures for substantial energy dissipation, 
their mechanical improvement mainly arises from stress homogeniza
tion. Consequently, slidable crosslink networks represent a class of 
polymer networks in which crosslink mobility regulates stress transfer 
pathways, leading to more stable fracture behavior than conventional 
randomly crosslinked networks, while their intrinsic energy-dissipation 
capacity remains relatively constrained [188].

Another representative class of crosslinking mechanism arises from 
crystalline domains that act as physical crosslinks (Fig. 5F) [189–191]. 
In such networks, polymer chains form locally ordered regions through 
crystallization, and these crystalline domains function as junction points 
that connect chains and restrict their motion [192–194]. Unlike con
ventional covalent crosslinks, these junctions originate from intermo
lecular ordering, and their formation and disruption are typically 
governed by temperature, strain, or other external conditions. At the 
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structural level, crystalline domains are usually dispersed throughout 
the network as finite-sized but relatively strong physical nodes. Their 
presence increases the effective crosslink density while introducing hi
erarchical organization associated with phase structure. During defor
mation, crystalline domains can progressively fracture or melt, altering 
network connectivity and releasing localized stress [195,196]. In 
contrast to slidable crosslink networks, where stress redistribution arises 
primarily from crosslink mobility, stress regulation in 
crystalline-domain networks is dominated by the progressive failure of 
physical junctions. From a mechanical perspective, these breakable 
physical crosslinks can significantly enhance energy dissipation and, in 
many cases, improve fracture toughness (Fig. 5I, J) [190,197,198]. 
Under cyclic loading–unloading, the gradual disruption and partial 
reformation of crystalline domains often produce pronounced hysteresis 
loops, indicating substantial mechanical energy dissipation [190,199]. 
Consequently, polymer networks containing crystalline domains repre
sent a class of materials in which phase transitions and breakable 
physical junctions provide effective energy-dissipation mechanisms. 
Their mechanical behavior differs fundamentally from that of slidable 
crosslink networks and offers an alternative structural strategy for 
enhancing strength and toughness in polymer networks.

In addition to energy dissipation through the fracture of physical 
junctions, another important crosslinking mechanism arises from dy
namic bonds (Fig. 5G) [200,201]. In these networks, crosslinking points 
are formed by chemical bonds or physical interactions that can revers
ibly dissociate and reform under appropriate conditions, including 
hydrogen bonding, ionic interactions, or metal–ligand coordination 
[202]. These networks continuously reorganize their connectivity under 
deformation or external stimuli, allowing energy dissipation while 
maintaining overall network integrity [200,203]. At the structural level, 
the reversibility of dynamic bonds enables progressive bond rupture and 
reformation during loading, thereby continuously adjusting network 
connectivity and local stress distribution at the molecular scale. This 
dynamic rearrangement not only mitigates stress concentration but also 
imparts a degree of self-recovery to the material [204,205]. From a 
mechanical perspective, dynamic-bond networks typically exhibit pro
nounced hysteresis and strain-rate dependence, with energy dissipation 
arising from repeated bond breakage and reformation [206]. Compared 
with crystalline-domain networks, this dissipation mechanism is often 
more continuous and controllable, although the overall mechanical 
performance is constrained by the intrinsic bond strength and exchange 
kinetics. Consequently, dynamic-bond networks represent a class of 
polymer networks in which reversible connectivity and structural rear
rangement enable effective energy dissipation and mechanical regula
tion, often leading to improved toughness, fatigue resistance, and 
self-recovery capability (Fig. 5I, J).

However, in many practical systems, a single crosslinking mecha
nism is insufficient to simultaneously achieve high strength, toughness, 
and structural stability. As a result, increasing attention has been 
devoted to hybrid crosslinking strategies, in which multiple types of 
crosslinks are incorporated within a single network (Fig. 5H) [189,207]. 
A common approach combines permanent covalent crosslinks with 
reversible physical interactions, allowing the permanent network to 
provide structural stability while the reversible network contributes to 
energy dissipation and stress redistribution [205,208,209]. Structurally, 
such systems often exhibit multi-scale or multi-mechanism architec
tures, where different crosslink types play distinct roles during defor
mation, enabling load sharing and progressive dissipation. 
Mechanically, hybrid-crosslinked networks can often achieve signifi
cantly enhanced fracture toughness and fatigue resistance while main
taining relatively high modulus and strength, owing to the synergistic 
action of multiple dissipation pathways [205,210]. Therefore, hybrid 
crosslinking represents an effective design strategy for overcoming the 
performance limitations of single crosslinking mechanisms and for 
achieving a balanced combination of strength, toughness, and stability 
in polymer networks (Fig. 5I, J).

In addition to hydrogels, elastomers also belong to the broader class 
of three-dimensional polymer networks formed by crosslinked polymer 
chains [211,212]. Their macroscopic mechanical behavior is similarly 
governed by chain elasticity, crosslink density, and network architec
ture. From this perspective, elastomers and hydrogels share a common 
physical foundation, and their deformation mechanisms can generally 
be interpreted within the framework of polymer network elasticity. The 
most fundamental difference between the two systems lies in the pres
ence or absence of solvent [213,214]. Hydrogels typically contain a 
large fraction of water or other solvents and operate in a swollen state, 
resulting in relatively low polymer volume fractions and reduced 
effective load-bearing capacity of network strands [215]. In contrast, 
elastomers are usually used in dry or minimally swollen conditions, 
where the polymer volume fraction and chain density are significantly 
higher, allowing more efficient stress transfer and generally higher 
modulus and strength under comparable network structures [211,216, 
217]. Moreover, the presence of solvent in hydrogels introduces addi
tional effects, including osmotic pressure, swelling-induced deforma
tion, and polymer–solvent interactions, which often couple the 
mechanical response to environmental conditions [218–220]. From a 
mechanical standpoint, previous studies indicate that elastomers typi
cally span a broader accessible range of moduli, strengths, and fracture 
energies than hydrogels, and in many cases reach higher overall values 
[191,221]. This difference largely arises from their higher polymer 
content and more effective load-bearing pathways. However, it should 
be noted that these ranges depend strongly on polymer chemistry, 
crosslinking strategy, and network architecture, and substantial varia
tion exists among different classes of elastomers (Fig. 5I, J). Therefore, 
elastomers and hydrogels may be viewed as two representative soft 
material systems that share similar network physics but differ signifi
cantly in solvent content and chain density.

Taken together, the mechanical behavior of polymer networks can be 
systematically tuned over a wide range by controlling network topology 
and crosslinking mechanisms, which in turn regulate the available 
energy-dissipation pathways. From single-network systems such as 
randomly crosslinked, ideal, and bottlebrush networks, to multiple 
networks, slidable crosslinks, crystalline domains, dynamic bonds, and 
hybrid crosslinking strategies, a coherent structure–mechanics frame
work has emerged. The statistical distributions summarized in Fig. 5I 
and J should be interpreted as representative reference ranges rather 
than absolute boundaries, as the reported mechanical properties of 
polymer networks can vary significantly depending on material chem
istry, processing conditions, and measurement methods. This framework 
not only provides a unified perspective for understanding the mechan
ical diversity of soft polymeric materials, but also establishes an essen
tial foundation for analyzing how polymer networks regulate molecular 
transport and stimulus-responsive behavior.

3.2. Diffusing Particles

With the network microstructure defined above, the diffusion prob
lem becomes inherently two-sided: the network specifies the constraints, 
whereas the particle determines how those constraints shape migration 
through the network. We therefore focus next on particle descriptors 
that govern mechano-diffusion under deformation. Transport of parti
cles through polymer networks is commonly modeled as diffusion in a 
heterogeneous, deformable medium characterized by a mesh-scale 
microstructure. In mechano-diffusion, however, transport is governed 
not only by the network but also by the particle itself: its geometry, 
mechanics, and interactions define how the particle can move through 
the deformed network and thereby determine which migration mecha
nism dominates. We therefore classify diffusing particles using four key 
variables that map directly onto mechano-diffusion mechanisms: (i) 
particle size relative to the network mesh, (ii) shape anisotropy quan
tified by the aspect ratio (α), (iii) mechanical compliance relative to the 
host network, and (iv) particle–network interaction strength and 
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reversibility.
Size sets the baseline diffusion regime through the particle-to-mesh 

ratio and thus governs whether migration is well described by weakly 
hindered diffusion or requires activated escape from confinement. When 
the particle dimension is far below the characteristic mesh size, the 
network is modeled as an effective continuum and the diffusivity ap
proaches the free-diffusion limit with modest hindrance. As the particle 
size approaches the mesh size, diffusion becomes increasingly controlled 
by transient pore availability and local chain rearrangements, and 
diffusion can become strongly hindered, increasingly intermittent, or 
effectively activated. Fig. 6 emphasizes that relevant biological and 
engineered particles span from a few nanometers (e.g., ferritin, proteins, 
and inorganic nanoparticles) to tens of micrometers and beyond (e.g., 
cells, oocytes, and microbeads), implying that mechano-diffusion cannot 
be discussed without specifying the size regime and the associated rate- 
limiting step.

3.2.1. Geometry
Shape and anisotropy introduce degrees of freedom that are less 

relevant for spheres—most notably rotation, alignment, and trans
lation–rotation coupling—and these effects become decisive under 
deformation. Even in undeformed networks, anisotropy changes the set 
of orientations compatible with transient openings and therefore mod
ifies the statistics of pore-crossing events. Under tensile or shear defor
mation, anisotropy becomes a direct route to mechanically 
programmable diffusion because deformation both biases particle 
orientation and generates direction-dependent pathway availability, 
leading to anisotropic effective diffusivities and mechanically gated 
selectivity. The broad aspect ratio distribution represented in 
Fig. 6—from near-spherical objects to filamentous phage and rod-like 
engineered particles—highlights that aspect ratio (α) is not a minor 
geometric detail but a key parameter for mechano-diffusion [222–232, 
235,233,234]. For example, Influenza A virus is typically on the order of 
102 nm in diameter, placing it in a transport regime where motion 
through mucus and related extracellular barriers becomes sensitive to 
steric hindrance and transient pore accessibility [231]. HIV falls within a 

similar submicron size range, and its passage through mucosal and 
matrix-rich environments is likewise shaped by geometric confinement 
together with particle–matrix interactions [235]. By contrast, Bacillus 
anthracis in Fig. 6 represents a distinctly anisotropic biological particle, 
with an aspect ratio of approximately 5–8 [227]. Relative to 
near-spherical objects, such rod-like geometry introduces orientational 
constraints during migration through crowded or deformable networks, 
so that rotation, alignment with available pathways, and 
direction-dependent steric hindrance synergistically govern the diffu
sion behavior.

3.2.2. Mechanics
Mechanical compliance determines whether a particle behaves as a 

rigid excluded-volume obstacle or as a deformable body capable of ac
commodating confinement. More specifically, it governs how the 
deformation required for passage through a constriction is distributed 
between the particle and the surrounding network. When the particle 
moduli and network moduli are comparable—as in many biological 
objects and in soft engineered carriers such as microgels and 
microcapsules—transport can be facilitated by coupled deformation of 
both phases, which reduces steric penalties, alters the effective contact 
area, and lowers the energetic cost of traversing narrow openings. By 
contrast, stiff inorganic particles (e.g., diamond and metal oxides) 
behave much more like rigid inclusions, so that passage depends pri
marily on the availability of sufficiently large pathways and on the 
deformation capacity of the network itself, with geometric and topo
logical constraints dominating the diffusion response. The wide modulus 
range summarized in Tables 1, 2 thus provides a concrete basis for 
distinguishing compliance-assisted diffusion from geometry-dominated 
diffusion in deformed polymer networks.

Representative cases in Tables 1, 2 further clarify how modulus maps 
onto diffusion behavior. For example, oocytes occupy an extremely soft 
mechanical regime, with reported moduli of only 50–100 Pa [238], so 
confinement during transport can be accommodated in part by particle 
deformation; as a result, diffusion through crowded or deformable 
polymer networks is governed not only by pore size, but also by the 

Fig. 6. Multi-scale overview of diffusing particles in polymer networks. Representative particles from biological and engineered systems are organized by 
characteristic size and annotated by aspect ratio (α) to highlight the wide ranges of length scales and shape anisotropy relevant to mechano-diffusion. Biological 
system (left-to-right, top row then bottom row): lysozyme [222]; M13 bacteriophage [223]; Bacillus subtilis phage [224]; vaccinia virus [225]; sperm [226]; Bacillus 
anthracis [227]; erythrocyte (biconcave disc) [228]; Haemophilus influenzae [229]; Lucilia cruciata egg [230]; HDL [231]; ferritin [232,233]; VLDL [231]; influenza A 
virus [234]; HIV [235]; Staphylococcus aureus [236]; lymphocyte [237]; oocytes [238]; cancerous cell [239]; zebrafish eggs [240]. Engineering system (left-to-right, 
top row then bottom row): CdSe/CdS core [241]; polystyrene microsphere [242]; AuNPs [243]; Fe3O4 nanoparticles [244]; CTAB–SiO2 [245]; polystyrene micro
spheres [242]; polystyrene/silver core–shell microsphere [246]; PS–DVB [247]; polymeric microspheres [242]; silica desiccant [248]; Ca–alginate bead [249]; 
monocrystalline diamond [250]; detergent micelles [251]; ellipsoidal micelle [252]; gold nanorod; silica nanomaterials (EMSNs) [253]; α-Fe2O3 [254]; elongated 
polystyrene [255]; polystyrene particle [242]; silica rod; microcapsules [256]; microgels [257]; aluminum (Al) alloy microrods [258]; gel microrods [259].
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ability of the particle to deform, redistribute contact stresses, and reduce 
the energetic penalty associated with crossing local constrictions. By 
contrast, AuNPs lie at the opposite end of the compliance spectrum, with 
a modulus of approximately 100 GPa, and therefore behave much more 
like rigid inclusions, for which diffusion is controlled primarily by 
geometric confinement and by the deformation capacity of the sur
rounding network rather than by deformation of the particle itself [243]. 
Taken together, these examples show that the broad compliance spec
trum compiled in Tables 1,2 corresponds to fundamentally different 
modes of transport through polymer networks, ranging from 
compliance-assisted passage to geometry-dominated diffusion.

3.2.3. Interactions
Interfacial interactions provide an additional control variable for 

mechano-diffusion and are especially important in targeted delivery, 
selective sensing, and efficient separation. In the weak-interaction limit, 
transport is primarily obstruction-limited and can often be rationalized 
by particle size, aspect ratio (α), and compliance. When particles interact 
reversibly with the surrounding network, however, diffusion can 
become interaction-limited because migration is then coupled to 
repeated binding and debonding events.

The strength of such interactions is commonly represented in 
different ways in biological and engineering systems. In biological sys
tems, it is often described by the equilibrium association constant Keq, 
which quantifies the tendency of two binding partners to remain asso
ciated at equilibrium; larger Keq therefore indicates stronger affinity and 
a greater likelihood of transient retention or recognition-mediated 

slowing during transport [293]. As summarized in Fig. 7A and 
Tables 3–6, biologically relevant interactions span a broad affinity hi
erarchy, progressing from monovalent biomolecular recognition to 
multivalent recognition, functional multimeric protein binding, and 
engineered high-affinity binding [294–307]. In engineering systems, by 
contrast, interaction strength is more naturally represented by the bond 
energy Eb, which describes the energetic required to break or rearrange a 
bond [308]. As summarized in Fig. 7B and Tables 7–9, these interactions 
can first be classified into permanent covalent bonds [309–314], dy
namic covalent bonds [315–321], and non-covalent physical bonds 
[154,322–324], with each class occupying a different energetic regime 
and therefore imposing a different barrier to particle motion. Together, 
Keq and Eb provide complementary ways to parameterize 
interaction-controlled diffusion: the former is especially useful for bio
logical recognition, whereas the latter is more relevant to for engineered 
bonding motifs. In mechano-diffusion, these interactions are not merely 
chemical labels; they define an energetic and kinetic bottleneck that can 
couple directly to deformation when contact forces alter bond lifetime, 
rupture probability, or rebinding kinetics.

Taken together, Figs. 6, 7 and Tables 1–9 define a particle-centered 
design space for mechano-diffusion, organized by size, aspect ratio 
(α), compliance, and interaction strength/reversibility. Across this 
space, particle transport is shaped not by a single descriptor, but by the 
coupled effects of geometric restriction, mechanical accommodation, 
and interfacial binding within an evolving network microstructure. This 
framework provides a unified basis for linking particle properties to 
deformation-dependent diffusion behavior and will serve throughout 
the remainder of this review as the basis for formulating mechanistic 
principles for mechanically controlled transport and selectivity.

Table 1 
Spherical and ellipsoid particles in biological system.

Particle Shape Size, α Modulus

Lipoprotein 
[260,261]

Spherical Low-Density 
Lipoprotein over 20 nm, 
HDL 7–14 nm, VLDL

7.8 MPa for rat 
[231]

Exosome [262] Spherical 50–200 nm [263]
30–150 nm [264]

Deformable [262]
5–15 MPa [265]

sFerritin Spherical 12 nm [232,233] 250–800 MPa [266]
Poliovirus [267] Spherical 30 nm [268] /
HIV [235] Spherical 

[269]
120 nm [270] 930–115 MPa [269]

Influenza A virus Spherical 
[234]

100 nm [271] 0.05 nN/nm [234]

cancer cell Spherical 
[239]

190–200 μm [239] 230–1250 Pa [239]

Staphylococcus 
aureus

Spherical 
[236]

0.5–1.5 μm [236] 0.35–2.3 MPa [272]

Lymphocyte 
[237]

Spherical 6.2–7.8 μm [237] 1.24 ± 0.09 kPa 
[273]

Oocytes [238] Spherical 60 μm [238] 50–100 Pa [238]
Zebrafish eggs Spherical 1–1.2 mm [240] 0.91±0.09 MPa 

[274]
Erythrocyte Biconcave 

[228]
7.5–8.7 μm [228] 15–55 kPa [275]

Lysozyme ellipsoid 1.8*9 nm, α = 5 [222] /
M13 

bacteriophage
Ellipsoid 6.6 nm*880 nm, α =

133 [276]
56 MPa [223]

Sperm Ellipsoid Oval-shaped head 3–5 
μm in length and 2–3 
μm in width, a midpiece 
(7–8 μm), and a tail (45 
μm) [277]

0.9 × 10− 21 N.m2 

(bending stiffness)
[226]

Haemophilus 
influenzae

Ellipsoid 1*0.3 μm, α = 3.3 [278] 0.035 ± 0.015 N/m 
[229]

E-coli Ellipsoid α = 2–4 [279] 2–18 MPa [280]
Bacillus subtilis 

phage
Ellipsoid 54*42 nm, α = 1.28 

[224]
1.8 GPa [224]

Vaccinia virus Ellipsoid 300*200 nm, α = 1.5 
[225]

/

Bacillus 
anthracis

Ellipsoid 1*5–8 μm, , α = 5-8 
[227]

/

Luciola cruciate 
egg

Ellipsoid 0.55*0.5 mm, α = 1.1 
[230]

/

Table 2 
Spherical and ellipsoid particles in engineering system.

Particle Shape Size, α Modulus

C70 molecule Ellipsoid 0.78*0.694 nm, α =
1.12 [281]

1.9±0.1 GPa 
[282]

Monocrystalline 
diamond

Ellipsoid 6*3–5.4 nm, α = 2 
[250]

1085–1189 GPa 
[283]

Detergent micelles Ellipsoid 2.43 nm*1.61 nm, α =
1.5–2 [251]

/

α-Fe2O3 [254] Ellipsoid 500 nm*120 nm, α = 5 
[254]

236 GPa [284]

Elongated 
polystyrene [255]

Ellipsoid 692*325 
nm− 1078*270, α = 2–4 
[255]

1.18 GPa [252]

Silica nanomaterials 
(EMSNs) [253]

Ellipsoid 150*80 nm, α = 2 [253] 26± GPa [285]

Microcapsules Ellipsoid ~50 μm, α = 2–3 [256] 9 kPa [256]
microgels Ellipsoid 400 μm,α = 1.5–2 [257] ​
Gel microrods Ellipsoid 0.05–0.3 mm *1–3 mm, 

α = 10–20, 6% [259]
4–13 kPa (10% w/ 
v) [286]

aluminum (Al) alloy 
microrods

Ellipsoid 3 mm*150 
μm− 230μm,α = 13–20 
[258]

/

AuNPs Spherical 5 nm [243] ~100 GPa
CdSe core Spherical 2.8–5.5 nm [241] 65–370 GPa [287]
Fe3O4 nanoparticles Spherical 12 nm [244] 150–230 GPa 

[284]
polystyrene 

microspheres
Spherical 100–500 nm [242] /

CTAC-SiO2 Spherical 100–200 nm [245] ~73 GPa [288]
Polystyrene 

Microspheres
Spherical 800 nm [289] 2–8 GPa [290]

Polymeric 
Microspheres

Spherical 20 μm [291] /

PS-DVB Spherical 10 μm [247] /
polystyrene/silver 

core–shell 
microsphere

Spherical 5.6 μm [246] /

silica desiccant Spherical 2–4 mm [248] 0.95 GPa [292]
Ca-alginate beads Spherical 2.6–3 mm [249] 53.2–131 kPa 

[249]
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4. Diffusion in Undeformed Hydrogels

4.1. Effects of Mesh Size

Molecular diffusion and transport in polymer networks have been 
extensively investigated across a wide range of material systems, 
crosslinking strategies, and environmental conditions. Accordingly, 
diffusion behavior is commonly characterized by using quantitative 
transport metrics such as diffusivity, permeability, and release rates, 

which provide standardized measures for evaluating transport across 
diverse polymer matrices. This parameter-based perspective offers an 
effective means to compare transport efficiency under different condi
tions. At the same time, it naturally raises a complementary and more 
fundamental question: beyond variations in transport rates, through 
what mechanisms do molecules migrate within polymer networks?

To address this question, regardless of the specific polymer network 
architecture or diffusing particle properties, the relative size 

Fig. 7. Interaction strength governing particle–network binding in mechano-diffusion. (A) Representative ranges of equilibrium association constants Keq for 
biomolecular interactions relevant to biological transport, spanning monovalent recognition, multivalent recognition, multimeric protein binding, and engineered 
high-affinity binding. (B) Representative bond energy ranges Eb for interactions commonly used in engineered systems, including permanent covalent bonds, dy
namic covalent bonds, and non-covalent physical interactions. Together, Keq and Eb provide complementary parameters of interaction strength that influence 
binding-mediated diffusion in polymer networks.

Table 3 
Bio Monovalent biomolecular recognition.

Particle parts Kd (M) Keq (M− 1)

VCC β-prism – Me-α-mannose [294] 2.70×

10− 3
3.7× 102

VCC β-prism – Mannotriose [294] 2.29×

10− 3
4.37× 102

RbmC1 β-prism – Me-α-mannose [294] 5× 10− 4 2× 103

RbmC1 β-prism – Mannotriose [294] 5.88×

10− 7
1.7× 106

RbmC2 β-prism – Me-α-mannose [294] 1.79×

10− 4
5.6× 103

RbmC2 β-prism – GlcNAc-Man [294] 1.59×

10− 4
6.3× 103

RbmC2 β-prism – Mannotriose [294] 4.17×

10− 4
2.4× 103

Pin1 WW domain – Cdc25-derived phosphopeptide 
[295]

1.17×

10− 4
8.55× 103

Pin1 WW domain – tau phosphopeptide 2.30×

10− 4
4.35× 103

BCL2-C-Nt – L-Gal [295] 2.00×

10− 3
5.0× 102

BCL2-C-Nt – α-methyl-L-Fuc [296] 2.70×

10− 3
3.7× 102

Table 4 
Bio Multivalent biomolecular recognition.

Particle parts Kd (M) Keq (M− 1)

VCC β-prism – NGA2 [294] 2.00× 10− 6 5.0× 105

VCC β-prism – NA2 [294] 1.00× 10− 6 1.0× 106

VCC β-prism – A2 [294] 1.10× 10− 6 9.1× 105

VCC β-prism – Asialofetuin [294] 2.00× 10− 6 6.7× 105

RbmC2 β-prism – Pentasaccharide [294] 2.00× 10− 6 9.1× 108

RbmC2 β-prism – NGA2 [294] 2.00× 10− 6 6.7× 108

RbmC2 β-prism – Asialofetuin [294] 2.00× 10− 6 5.4× 107

RbmC1 β-prism – Asialofetuin [294] 2.00× 10− 6 6.3× 107

Table 5 
Bio Functional multimeric protein binding.

Particle parts Kd (M) Keq (M− 1)

BMP− 2 – Noggin [297] 4.0× 10− 10 2.5× 109

LDL receptor ECD – PCSK9 [298] 1.0× 10− 9 1.0× 109

RhoGDI – prenylated RhoA⋅GDP [299] 5.0× 10− 12 2.0× 1011

ZNRF1 RING domain – Ube2N [300] 5.0× 10− 8 2.0× 107

BAF [2] dimer – Emerin (LEM) [301] 5.88× 10− 7 1.7× 106

CAR D1 – CAR D1 [302] 1.6× 10− 5 6.25× 104

APEG− 1 – APEG− 1 [303] 2.0× 10− 5 5.0× 104
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relationship between the particle and the characteristic mesh size of the 
network constitutes a general parameter for describing particle migra
tion within polymer matrices. This size ratio provides a highly general 
and broadly applicable entry point for interpreting transport behavior 
across diverse systems. Within this framework, particle motion in un
deformed polymer networks defines a baseline transport state, capturing 
the intrinsic migration modes permitted by the underlying geometric 
confinement and spatial connectivity. Establishing this baseline is a 
prerequisite for understanding how external stimuli mechanically 
modify effective accessibility of pathways within the network and, 
consequently, reshape particle trajectories and diffusion modes.

One conceptual understanding of particle diffusion in polymer net
works can be established by considering the relative relationship be
tween the characteristic mesh size (ξ) of the polymer network and the 
size of the diffusing particle (d) (Fig. 8). When the particle size is 
significantly larger than the average mesh size (d >> ξ), the particle is 
effectively confined within a local polymer cage formed by surrounding 
chains. Under this strong confinement, long-range migration is sup
pressed and particle migration is effectively arrested at the macroscopic 
scale. This immobilized state persists until the particle size approaches, 
or slightly exceeds, the polymer mesh size (d ∼ ξ). In this intermediate 
regime, particle migration is commonly described as hopping diffusion, 
where transport occurs through activated transitions between neigh
boring cages [51]. To migrate from one cage to the next, the particle 
must overcome an energy barrier associated with deforming or rear
ranging the surrounding polymer chains. As a result, particle mobility in 
this regime is governed by polymer-mediated energetic constraints. 
With decreasing particle-to-mesh size ratio, the activation barrier is 
progressively reduced, leading to a rapid, nonlinear increase in effective 
diffusivity. Correspondingly, the diffusivity–size relationship in this 
regime exhibits a convex dependence.

As the particle size is further reduced and becomes smaller than the 
average mesh size (d < ξ), the diffusion mechanism gradually transi
tions from an energy-governed mechanism to one dominated by geo
metric constraints and spatial accessibility [325]. In this regime, 
particles can migrate along continuous pathways through the polymer 
matrix without the need to overcome significant activation barriers. 
Instead, diffusion is hindered primarily by steric obstruction and topo
logical constraints imposed by the polymer chains, which act as obsta
cles that deflect particle trajectories upon collision. Despite these 
interactions, particle motion remains continuous. As particle size 

Table 6 
Bio Engineered high-affinity binding.

Particle parts Kd (M) Keq (M− 1)

DS4 – recombinant human DKK1 [304] 4.90× 10− 13 2.04× 1012

ZHER2 affibody – HER2 extracellular domain [305] 2.20× 10− 11 4.55× 1010

Api88 (designer peptide) – DnaK [306] 5.0× 10− 6 2.0× 105

SARS-CoV− 2 Mpro – GC376 [307] 1.6× 10− 6 6.25× 105

Table 7 
Permanent covalent bond.

Particle parts Bond energy (kJ/mol)

Si-O 452 [309]
C-C 356 [309]
C-O 326 [309]
C-N 305 [310]
Si-N 439 [311]
Si-C 397 [312]
N≡N 945 [313]
C≡O 1072 [314]

Table 8 
Dynamic covalent bond.

Particle parts Bond energy (kJ/mol)

Imine bond 67–477 [315]
Boronate ester bond 27.2–93.3 [316]
Disulfide bond 240–425 [317,318]
Reversible Diels–Alder bond 37.6–130 [319,320]
Diselenide bond 280 [321]

Table 9 
Non-covalent physical bond.

Particle parts Bond energy (kJ/mol)

Hydrogen bond 0.8–167 [322,323]
Electrostatic interaction 5–200 [324]
Coordination complex 100–300 [324]
hydrophobic association 0–20 [154]
π − π stacking 0–50 [154]

Particle size, d

Particle-to-mesh size ratio, d/ξ
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Fig. 8. Diffusion regimes governed by particle–network size relationships. Particle transport exhibits continuous changes in diffusivity but distinct diffusion 
behaviors as network accessibility increases, transitioning from immobilization and activated hopping to obstructed and Brownian diffusion. (A) Schematic illus
trations of particles of different sizes diffusing within a polymer network. (B) Schematic illustration of diffusivity variation as a function of the particle-to-mesh 
size ratio.
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decreases further (d << ξ), the frequency of particle–polymer collisions 
diminishes and boundary effects become less pronounced, resulting in a 
continued but more gradual increase in diffusivity [326]. In this 
geometry-dominated regime, the diffusivity–size relationship therefore 
becomes concave. In the limiting case where the particle size is much 
smaller than the characteristic mesh size, the polymer network becomes 
effectively transparent at the length scale relevant to particle motion. 
Under these conditions, the influence of the polymer matrix on diffusion 
is negligible, and particle diffusion is governed primarily by intermo
lecular interactions with the surrounding medium. Diffusion in this limit 
closely resembles Brownian diffusion in a homogeneous fluid and is 
largely independent of the polymer network architecture.

Taken together, particle diffusion in polymer networks can be un
derstood as a regime-dependent process governed by the size relation
ship ratio between the diffusing particle and the network mesh. These 
baseline diffusion regimes in undeformed networks provide a necessary 
reference for understanding how external perturbations subsequently 
modify diffusion behavior.

4.2. Effects of Network Architecture

After accounting for the dominant effect of the particle-to-mesh size 
ratio (d/ξ), the influence of polymer network architecture on particle 
diffusion primarily arises from differences in structural homogeneity, 
topological constraints, chain dynamics, and the local energy landscape 
of the polymer networks. For example, in randomly crosslinked net
works, the spatial distribution of crosslinking points exhibits statistical 
fluctuations, leading to broad distributions of strand length and local 
confinement. As a result, even when the average mesh size is compa
rable, diffusion pathways remain spatially heterogeneous, and particles 
experience different degrees of resistance in different regions. This 
heterogeneity can produce spatial variations in effective diffusivity and 
may lead to weakly diffusive behavior over certain time scales. In 
contrast, ideally ordered networks possess more uniform connectivity 
and narrower strand-length distributions, which significantly improves 
the statistical uniformity of diffusion pathways. Consequently, diffusion 
behavior in such systems generally agrees more closely with predictions 
from homogeneous network models and exhibits reduced temporal and 
spatial variability. Furthermore, in bottlebrush or highly branched 
networks, densely grafted side chains introduce strong steric repulsion 
that alters chain packing and reduces entanglement density. This 
structural feature increases the amplitude of thermal fluctuations within 
the network, thereby raising the probability of transient channel open
ing. As a result, even at comparable average mesh sizes, the effective 
free-energy barriers for particle migration may be lowered, leading to 
enhanced diffusion.

When polymer networks possess more complex structural hierarchy, 
diffusion behavior is often governed by multiscale network dynamics. 
For example, in interpenetrating-network polymers, differences in 
modulus, crosslink density, and relaxation time between constituent 
networks create spatial regions with distinct mechanical and dynamical 
properties. As particles migrate through such heterogeneous environ
ments, they may experience alternating degrees of confinement, leading 
to segmented diffusion rates or the emergence of multiple characteristic 
time scales. A related effect is observed in slidable crosslink networks, 
where crosslinking points can move along polymer chains. This mobility 
enables local topological rearrangement when the network is perturbed, 
reducing local constraints and stress concentration. Therefore, particle 
diffusion becomes less sensitive to local deformation or disturbance, and 
diffusion behavior tends to be more stable compared with permanently 
crosslinked systems. In networks containing crystalline domains acting 
as physical crosslinks, diffusion is often influenced by phase structure. 
Crystalline regions function as rigid junctions that restrict chain 
mobility, yet they may partially melt or reorganize under changes in 
temperature or mechanical strain. Such structural transitions can 
generate diffusion pathways that open or close over time or space, 

resulting in diffusion behavior that is strongly coupled to phase evolu
tion and often exhibits gated or stimulus-responsive characteristics. 
Furthermore, in dynamic-bond networks, where crosslinks have finite 
lifetimes, the network topology continuously evolves through bond ex
change or reversible association. Particle diffusion therefore becomes 
coupled to the characteristic time scales of bond exchange or network 
relaxation. When the network rearrangement rate approaches or ex
ceeds the particle diffusion time scale, newly accessible pathways are 
continually generated, and diffusion may display pronounced time 
dependence. Finally, in hybrid crosslinked networks, permanent cova
lent crosslinks coexist with reversible or physical junctions, giving rise to 
multiple relaxation time scales. This multiscale dynamics allow diffusion 
to be governed simultaneously by long-term structural constraints and 
short-term local rearrangements, often producing multistage or time- 
dependent diffusion behavior.

Overall, when particle size and the average polymer mesh size are 
effectively fixed, the influence of polymer network architecture on 
diffusion primarily originates from how network topology and chain 
dynamics modify the spatial heterogeneity, topological constraints, and 
characteristic relaxation times experienced by diffusing species. This 
implies that diffusion in polymer networks is governed not only by static 
geometric structure, but also by the hierarchical organization of the 
network and its rearrangement dynamics, which together determine the 
diffusion mode and its time-dependent behavior.

5. Mechano-Diffusion in Deformed Hydrogels under Static 
Loading

5.1. Isotropic Particles at Different Stress States

Section 4 established the undeformed-network baseline in which 
particle diffusion is primarily organized by the relative size ratio be
tween the particle diameter d and the characteristic mesh size ξ. Clas
sical diffusion models, including the Stokes–Einstein relation, 
obstruction-based models, and hopping-based models, provide useful 
baseline descriptions for different particle-to-mesh size regimes in un
deformed polymer networks. However, these models are generally 
formulated for undeformed or statistically stationary networks, in which 
parameters such as mesh size, obstruction factor, hopping barrier, and 
network relaxation time are treated as fixed or equilibrium quantities.

Under static mechanical loading, this baseline is modified because 
deformation changes both the geometry of the local diffusion pathway 
and the elastic state of the surrounding polymer chains. In mechano- 
diffusion, quantities that are fixed in classical models become coupled 
to the mechanical state of the network. Static loading can alter local 
mesh geometry, polymer-cage shape, chain stretch, and elastic energy 
barriers, while anisotropic loading can further introduce direction- 
dependent transport pathways. Therefore, the central question is no 
longer only whether a particle is smaller or larger than the undeformed 
mesh size, but how the applied deformation transforms the accessible 
opening, the local cage geometry, and the energetic barrier that the 
particle must overcome during transport. Classical models should 
therefore be viewed as limiting descriptions that must be extended 
through deformation-dependent geometric and energetic terms.

When the particle size is much smaller than the mesh size (d≪ξ), the 
particle experiences negligible confinement from the polymer network. 
In this limit, the network imposes minimal resistance to particle motion, 
and the particle undergoes Brownian diffusion similar to that in a pure 
solvent. The diffusion coefficient therefore follows the classical Stokes- 
Einstein relation [326,327], 

D =
kBT
3πηd

(1) 

where D is the diffusion coefficient, kB is the Boltzmann constant, T is the 
absolute temperature, and η is the dynamic viscosity of the surrounding 
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fluid. It should be emphasized that the Stokes–Einstein relation repre
sents an idealized limiting case rather than a general description of 
particle diffusion in polymer networks. This relation assumes that the 
surrounding medium behaves as a homogeneous continuum fluid 
characterized by a single effective viscosity, and that the diffusing par
ticle experiences negligible steric confinement or specific interactions 
with the medium. These assumptions are reasonable for sufficiently 
small particles in dilute liquids or weakly confining networks, but they 
become increasingly invalid in hydrogels and polymer matrices, where 
finite mesh size, spatial heterogeneity, polymer-chain fluctuations, and 
polymer–particle interactions can strongly influence particle transport.

In polymer networks, the diffusing particle migrates through a het
erogeneous environment formed by polymer chains, crosslinks, entan
glements, and transient free-volume fluctuations. When the particle size 
approaches the characteristic mesh size, the particle no longer samples 
the medium as a uniform continuum. Instead, its motion becomes sen
sitive to local pore geometry, steric obstruction by polymer strands, 
polymer-chain fluctuations, and possible polymer–particle interactions. 
Therefore, the diffusivity may deviate substantially from the Sto
kes–Einstein prediction and can no longer be described solely by hy
drodynamic drag in an effective viscous medium. In this sense, the 
Stokes–Einstein relation should be regarded as the small-particle, weak- 
confinement limit of a broader diffusion framework in polymer 
networks.

For particles in the obstruction-dominated regime, the undeformed 
mesh size in the obstruction model can be replaced by the deformation- 
dependent effective opening, 

D
Dliq

= exp

⎡

⎣ −
π
4

(
d

ξeff

)2
⎤

⎦ (2) 

where Dliq is the particle diffusivity in the pure liquid phase. Here, ξeff is 

defined as the diameter of the inscribed circle of the local cage, denoting 
the characteristic opening of the deformed polymer cage along the 
relevant diffusion direction. Because static loading generally deforms 
the network anisotropically, ξeff can be direction-dependent, leading to 
anisotropic obstruction even for isotropic particles.

When the particle size becomes comparable to the mesh size (d ∼ ξ), 
diffusion can no longer be described solely by geometric obstruction. To 
pass through the network, the particle must locally deform the sur
rounding polymer cage, and diffusion becomes a thermally activated 
hopping process [51,328–331]. As schematically illustrated in Fig. 9A, 
the particle resides transiently in a cage formed by neighboring polymer 
chains and escapes from one cage to another through activated events 
[54,332,333]. During a hopping event, the particle must squeeze 
through a local opening in the surrounding polymer cage [334]. This 
process requires temporary displacement and stretching of the enclosing 
polymer chains. In the undeformed state, the cage may be idealized as a 
nearly symmetric polygonal structure, whereas under deformation it 
becomes distorted and direction-dependent. In both cases, ξeff charac
terizes the effective pore size available for particle diffusion and there
fore serves as the relevant geometric descriptor for diffusion through a 
deformed cage. As the particle passes through the cage, the surrounding 
chains are stretched relative to their initial configurations, giving rise to 
an increase in the elastic free energy of the network. This free energy 
increase defines the energy barrier associated with hopping. For parti
cles with sizes comparable to the mesh size, the energy barrier scales 
approximately as [51,54,329,330,333,335]

U
kBT

≅

(
d
ξ

)2

(3) 

Accordingly, hopping diffusion is an activated process, and the cor
responding diffusivity depends exponentially on the energy barrier 
height [51,330], 

Fig. 9. Schematic illustration of particle diffusion in undeformed and deformed polymer networks. (A) Diffusion in an undeformed hydrogel. The particle of 
diameter d migrates through cages formed by surrounding polymer chains with characteristic mesh size ξ, giving a diffusivity D(d/ξ). (B) Diffusion in a mechanically 
deformed hydrogel. Network stretching modifies the local cage geometry and increases the effective mesh size to Λξ, thereby altering the available diffusion opening 
and the resulting diffusivity D(d/ξ, λ). These schematics illustrate how deformation modifies the geometric confinement governing particle transport in poly
mer networks.
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D0 ≅
ξ2

c
τr

( ̅̅̅̅̅̅̅̅
U

kBT

√ )− 1

exp
(

−
U

kBT

)

(4) 

where ξc is the correlation length and τr is the characteristic relaxation 
time of the polymer network. Because the hopping barrier originates 
from elastic deformation of the surrounding network chains, its 
magnitude depends directly on the constitutive response of the polymer 
network. Different network architectures and constitutive models 
therefore lead to different energetic penalties for cage deformation, and 
consequently to different hopping barriers and diffusivities.

Under static mechanical loading, deformation of the hydrogel mod
ifies both the geometry of the local polymer cage and the energetic state 
of the surrounding chains. As schematically illustrated in Fig. 9B, the 
resulting change in diffusivity can be understood through two coupled 
mechanisms: geometric modulation and energy modulation. Geometric 
modulation arises because deformation changes the size and shape of 

the local diffusion opening; energy modulation arises because defor
mation alters the chain stretch state before and during particle diffusion, 
thereby modifying the hopping barrier.

For particles in the obstruction-dominated regime (d < ξ), the 
diffusivity in the deformed hydrogel can be described by replacing the 
undeformed mesh size with the effective local opening ξeff , 

D
Dliq

= exp

⎡

⎣ −
π
4

(
d

ξeff

)2
⎤

⎦ (5) 

Because deformation is generally anisotropic, ξeff may depend on the 
direction of particle diffusion. For particles in the hopping-dominated 
regime (d ∼ ξ), the diffusivity in the deformed hydrogel, normalized 
by that in the undeformed state, is expressed as 

D
D0

=

̅̅̅̅̅̅
U0

U

√

exp
(

U0 − U
kBT

)

(6) 

Fig. 10. Effect of different deformation modes on hopping diffusion in polymer networks. (A) Uniaxial tension, (B) biaxial tension, (C) triaxial extension, (D) 
torsion, and (E) pure shear. Deformation alters both the hopping energy barrier ΔU and the effective mesh size ξeff , leading to strain-induced modulation of particle 
diffusivity through coupled energetic and geometric effects.
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where U0 is the hopping barrier in the undeformed hydrogel and U is the 
hopping barrier in the deformed hydrogel. Mechanical deformation may 
reduce the free energy increment required for particle diffusion and thus 
lower the hopping barrier (U < U0). Quantitatively, the energy barrier is 
determined by the free energy difference between the chain state before 
particle diffusion and the more stretched state during particle diffusion, 
which can be evaluated using the constitutive free energy function of the 
network, 

U0 = W
(
Λ0

H
)
− W

(
Λ0

L
)

(7) 

U = W(ΛH) − W(ΛL) (8) 

where Λ0
L and Λ0

H denote, respectively, the chain stretch ratios before and 
during particle diffusion in the undeformed hydrogel, while ΛL and ΛH 
denote the corresponding chain stretch ratios in the deformed hydrogel. 
Here, W is the free energy function of the polymer network. In the 
following, several common deformation modes of hydrogels are 
analyzed as representative examples to illustrate how static loading 
regulates isotropic particle diffusion.

Under uniaxial tension, the polymer network is stretched along the 
loading direction x with λx = λ and contracts in the transverse directions 
y and z (Fig. 10A), so that the polymer cage is deformed anisotropically 
[54,243]. This deformation renders the hopping response 
direction-dependent: the energy barrier difference ΔU = U0 − U, i.e., 
ΔUx, ΔUy, and ΔUz all decrease with increasing stretch ratio, but with 
ΔUx > ΔUy = ΔUz, while the effective mesh size exhibits the opposite 
trend distinction, with ξx

eff decreasing monotonically and ξy
eff = ξz

eff 
varying non-monotonically. Because energetic modulation and geo
metric modulation act in opposite ways along different directions, their 
combined effect on particle diffusivity can be competing: the reduction 
of the energy barrier tends to enhance diffusion, whereas the simulta
neous decrease of the effective diffusion opening when the particle 
diffuses perpendicularly to the stretching direction suppresses it. 
Consequently, particle diffusivity under uniaxial tension exhibits a 
direction-dependent response to stretch. Diffusion parallel to the loading 
direction decreases monotonically with the increasing stretch ratio 
because the Poisson effect reduces the effective mesh size of the polymer 
cage along the loading direction, whereas diffusion perpendicular to the 
loading direction shows a non-monotonic dependence on stretch ratio 
arising from the competing geometric confinement and energetic bar
riers governing the hopping process. The combined energetic and geo
metric anisotropy therefore leads to anisotropic hopping diffusion under 
uniaxial tension.

Under biaxial tension, the polymer network is stretched equally 
along the x-and y-directions with λx = λy = λ and contracts along the 
transverse z-direction (Fig. 10B), so that the polymer cage is deformed 
anisotropically [243]. This deformation renders the hopping response 
direction-dependent: ΔUx = ΔUy increase but ΔUz decreases with 
increasing stretch ratio which is ΔUx = ΔUy < ΔUz, while ξx

eff = ξy
eff 

decrease and ξz
eff increases with stretch. Similar to uniaxial tension, 

particle diffusivity is regulated through coupled energetic and geometric 
modulation. However, because stretching occurs simultaneously in two 
orthogonal directions, the decrease in the energy barrier and the change 
in the effective mesh size are both amplified. Consequently, the tuning 
ratio of particle diffusivity under biaxial tension is generally larger than 
that under uniaxial tension.

Under triaxial extension, the polymer network is stretched equally 
along all three spatial directions, so that λx = λy = λz = λ (Fig. 10C), and 
the polymer cage expands isotropically. As a result, both the energy 
barrier and the effective mesh size lose their directional distinction: ΔUx 
= ΔUy = ΔUz decreases monotonically with increasing stretch ratio, 
whereas ξx

eff = ξy
eff = ξz

eff increases monotonically. The resulting ener
getic and geometric isotropy gives rise to isotropic particle diffusion 
under triaxial extension. Such triaxial extension represents an isotropic 

volumetric deformation equivalent to hydrostatic conditions [336]. In 
classical poroelastic descriptions under hydrostatic conditions, particle 
diffusivity is typically treated as a constant material parameter, with 
diffusion driven by pressure gradients. However, the present framework 
indicates that even under isotropic deformation the particle diffusivity is 
not strictly constant. Because both the energy barrier and the effective 
mesh size evolve with volumetric deformation, the particle diffusivity 
becomes a function of the stretch ratio. Consequently, hydrostatic 
deformation can regulate particle diffusion through 
deformation-dependent energetic and geometric modulation of the 
polymer cage.

Under torsion, the polymer network is subjected to shear deforma
tion in the circumferential and radial directions, as indicated by τθ = τ 
and τr = τ in Fig. 10D, so that the polymer cage is distorted in the rθ 
-plane while remaining unchanged along the z-direction [337]. This 
directional asymmetry is reflected in both the energetic and geometric 
responses. The hopping energy barriers in the radial and circumferential 
directions remain identical and increase with increasing torsion, ΔUr =

ΔUθ, whereas the energy barrier along the axial direction remains 
constant, ΔUz. The geometric modulation differs from 
stretch-dominated deformations because torsion corresponds to a 
volume-preserving shear. At small torsion, the effective mesh size in the 
rθ -plane remains nearly unchanged, whereas at larger torsion the 
polymer cage becomes increasingly skewed and the local diffusion 
opening decreases, leading to a reduction of the effective mesh size. 
Torsion therefore induces anisotropic hopping diffusion through 
shear-driven distortion of the polymer cage. Because torsion preserves 
volume but breaks the geometric symmetry of the network, particle 
diffusion becomes direction-dependent even without volumetric defor
mation. Diffusion is primarily modulated within the rθ -plane, while the 
z-direction remains comparatively unaffected.

Under pure shear, the polymer network is stretched along the x-di
rection with λx = λ, while the y-direction remains unchanged and the 
thickness direction contracts correspondingly (Fig. 10E), thereby 
imposing an anisotropic deformation on the polymer cage. The resulting 
hopping diffusion is strongly direction-dependent. ΔUx increases 
because the particle needs to overcome higher energy barrier to enlarge 
the polymer cage and achieve one hopping diffusion step. Although ΔUy 

and ΔUz, decrease with increasing stretch ratio ΔUx increases and they 
remain ordered as ΔUz < ΔUy < ΔUx. Meanwhile, the effective mesh 
sizes evolve differently along the three directions: ξz

eff increases, ξy
eff 

decreases, and ξx
eff remains small and decreases slightly. These distinct 

evolutions of the energy barrier and the effective mesh size jointly 
regulate anisotropic hopping diffusion. The combined energetic and 
geometric anisotropy therefore gives rise to anisotropic hopping diffu
sion under pure shear. In contrast to torsion, which corresponds to 
simple shear and primarily skews the polymer cage without directional 
stretch, pure shear deforms the polymer cage through directional 
stretching and compression. As a result, the diffusion pathways are not 
only distorted but also expanded or contracted along different principal 
directions, leading to a diffusion behavior that differs fundamentally 
from that induced by simple shear.

Across these deformation states, hopping diffusion is jointly regu
lated by energy modulation and geometric modulation. Energy modu
lation arises from deformation-induced changes in the elastic free 
energy of polymer chains during particle hopping, which determine the 
directional hopping energy barriers. Geometric modulation arises from 
deformation-induced changes in the effective mesh size ξeff of the 
polymer cage, which likewise become direction-dependent under 
different deformation states. The coupling of these two mechanisms 
determines the directional hopping diffusivity in deformed polymer 
networks under static loading. In addition, particle diffusion in polymer 
networks may undergo a transition between different diffusion regimes 
depending on the ratio between particle size d and mesh size ξeff . When 
d < ξeff , diffusion is characterized by obstruction model, whereas when 
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d ∼ ξeff , diffusion becomes dominated by hopping diffusion. The mesh 
size ξeff is governed by the deformation gradient F. Through the 
resulting change in the ratio d/ξeff , mechanical loading can shift particle 
diffusion between obstruction-dominated and hopping-dominated re
gimes.

5.2. Distinct Diffusion Characteristics of Isotropic and Anisotropic 
Particles in Polymer Networks

Unlike isotropic particles, anisotropic particles possess an additional 
orientational degree of freedom that directly couples to the deformation- 
induced anisotropy of the surrounding polymer cage. Therefore, under 
static loading, their diffusion cannot be described by translational mo
tion alone. Instead, particle transport must be characterized by the 
coupled evolution of position and orientation, because deformation can 
simultaneously bias particle alignment, alter rotational mobility, and 
generate direction-dependent translational diffusivity.

Rotational diffusion plays distinct roles in isotropic and anisotropic 
particles, as illustrated in Fig. 11A. For isotropic particles, rotational 
diffusion does not alter particle configuration. For anisotropic particles, 
by contrast, rotational diffusion changes particle orientation and 
therefore becomes an essential component of diffusion. This difference 
further leads to distinct directional characteristics during translational 
diffusion, as shown in Fig. 11B. In undeformed and statistically homo
geneous polymer networks, isotropic particles diffuse without direc
tional preference. Anisotropic particles, however, exhibit direction- 
dependent diffusion because their geometric asymmetry gives rise to 
different diffusional resistances parallel and perpendicular to the major 
axis [338,339]. As a result, anisotropic particles possess an intrinsic 
directional preference even in the absence of network deformation.

Diffusion of anisotropic particles must be described by both trans
lational and rotational diffusivities, as illustrated in Fig. 11C. Trans
lational diffusion is described by the displacement vector Δr(t), defined 
as the vector from the initial particle position to its position at time t. 
Rotational diffusion is described by the angular displacement Δθ(t) =

θ(t) − θ(0), where θ(t) is the angle between the major axis and the x-axis 
at time t. Since both particle position and orientation evolve during 
diffusion, Δr(t) and Δθ(t) must be considered simultaneously. Their 
statistical quantification is summarized in Fig. 11D. The translational 
diffusivity is obtained from the mean-squared displacement (MSD) [339, 
340]: 

Dt =
1
4

d
dt

〈∣Δr(t)∣2〉 (9) 

〈∣Δr(t)∣2〉 =
1
N
∑N

i=1
∣Δri(t)∣2 =

1
N
∑N

i=1

[
(xi(t) − xi(0))2

+(yi(t) − yi(0))2]

(10) 

where N is the number of particles (or independent trajectories) used for 
statistical averaging, ri(t) = (xi(t), yi(t)) denotes the position vector of 
particle i at diffusion step t, and ri(0) is its initial position.

Rotational diffusion is characterized by the mean-squared angular 
displacement 〈[θ(t) − θ(0)]2〉, from which the rotational diffusivity is 
obtained as 

Dr =
1
2

d
dt

〈[θ(t) − θ(0)]2〉 (11) 

where 〈[θ(t) − θ(0)]2〉 is defined as 

〈[θ(t) − θ(0) ]2〉 =
1
N
∑N

i=1

[
(θi(t) − θi(0))2 ] (12) 

where θi(t) is the orientation angle between the major axis of particle i 
and the x-axis in the global coordinate system, and θi(0) is its initial 
orientation angle. Accordingly, translational diffusivity is determined 
from the time dependence of the mean-squared displacement, whereas 
rotational diffusivity is determined from that of the mean-squared 
angular displacement. For isotropic particles, diffusion is adequately 
characterized by Dt alone. For anisotropic particles, both Dt and Dr are 
required.

5.3. Anisotropic Particles: Single-Particle versus Multi-Particle Diffusion

Diffusion of anisotropic particles under static loading is governed by 
the coupled evolution of particle translation, particle orientation, and 
deformation-induced anisotropy of the surrounding polymer cage [339, 
341]. Unlike isotropic particles, whose diffusion can be described solely 
by translational motion, anisotropic particles possess an orientational 
degree of freedom that directly affects their diffusion behavior. Conse
quently, static deformation influences anisotropic particle diffusion not 
only by modifying the geometry of the local diffusion pathway, but also 
by biasing particle orientation toward energetically favored states 
[342].

For a single anisotropic particle, translational motion and rotational 
motion already coexist even in the undeformed state. As illustrated in 
Fig. 12A, in the absence of external loading, the particle diffuses within 
the surrounding polymer cage through displacement of its geometric 

Fig. 11. Translational and rotational diffusion of anisotropic particles in polymer networks. (A) Isotropic vs anisotropic particles. (B) Direction-dependent 
translational diffusion. (C) Translational displacement Δr(t)and angular displacement Δθ(t). (D) Mean-squared displacement and mean-squared angular displace
ment used to determine Dtand Dr .
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center together with continuous change of its orientation. Here, the red 
point denotes the geometric center of the particle, while the curved 
arrow indicates particle rotation. Although the undeformed polymer 
network is statistically isotropic, the particle orientation remains an 
independent configurational variable. Therefore, diffusion of a single 
anisotropic particle cannot be described by translation alone, even 
before external deformation is applied.

Under static loading, this orientational degree of freedom gives rise 
to strain-induced reorientation. When the hydrogel is deformed, the 
local polymer cage becomes anisotropic, so that the energetic cost 
associated with diffusion depends on particle orientation relative to the 
loading direction. Under uniaxial tension, for example, the particle’s 
major axis tends to rotate toward the tensile direction, as schematically 
shown in Fig. 12A for λ = λc. This reorientation reflects the tendency of 
the system to evolve toward the minimum-barrier configuration. Spe
cifically, alignment of the particle’s major axis with the loading direc
tion minimizes the energy barrier that must be overcome during 
diffusion, because diffusion in this configuration minimizes the unfa
vorable deformation of the surrounding polymer cage. Thus, static 
deformation actively selects the preferred particle orientation rather 
than merely modifying the environment through which the particle 
diffuses.

This deformation-induced orientational bias is accompanied by 
anisotropy in translational diffusivity. As shown in Fig. 12B, the trans
lational diffusivity of a single anisotropic particle under uniaxial loading 
must be resolved into the component parallel to the loading direction, 
Dt,‖, and the component perpendicular to the loading direction, Dt,⊥. 
These two components exhibit distinct dependencies on the applied 
stretch λ. The parallel component Dt,‖ increases with increasing λ, 
indicating that stretching facilitates particle diffusion along the tensile 
direction. By contrast, the perpendicular component Dt,⊥ evolves 
differently with λ, reflecting the fact that deformation of the polymer 
cage does not promote transverse motion to the same extent. Accord
ingly, static loading splits translational diffusivity into direction- 
dependent components and renders particle diffusion increasingly 
anisotropic as deformation grows.

For multiple anisotropic particles, static loading not only modifies 
the diffusivity of a single particle but also reshapes the orientational 
statistics of multiple anisotropic particles. In the undeformed state, the 
major axes of the particles are randomly distributed, with no preferred 
direction, as shown in Fig. 12C. Equivalently, the initial orientation 
angle θ(0), defined as the angle between the particle’s major axis and the 

x-axis before diffusion, follows a uniform distribution. Once external 
loading is applied, however, the particles collectively reorient in 
response to the deformation-induced anisotropy of the network. Under 
uniaxial tension, their major axes progressively align with the loading 
direction, because this orientation corresponds to the lowest diffusion 
barrier. Therefore, deformation alters not only the diffusion of individ
ual anisotropic particles, but also the orientational organization of the 
entire particle population.

This loading-induced orientational redistribution can be described 
quantitatively by an orientation-dependent probability density function. 
As shown in Fig. 12D, the probability density function is uniform with 
respect to θ(0) in the undeformed state, consistent with random orien
tation. Under uniaxial tension, however, the orientation probability 
density becomes a non-uniform function of θ(0). Assuming that the 
loading direction is along the x-axis, the probability density reaches its 
maxima near θ(0) = 0 and θ(0) = π, where the particle major axis is 
aligned with the tensile direction. These orientations are statistically 
favored because they correspond to the lowest diffusion barriers. In 
contrast, the probability density reaches its minimum near θ(0) = π/2, 
where the particle is oriented perpendicular to the tensile direction and 
the barrier for diffusion is highest. More generally, different deformation 
modes generate different orientational energy landscapes and therefore 
different orientational probability distributions.

The translational diffusivity of multiple anisotropic particles is 
further governed by the combined effects of particle orientation and 
particle aspect ratio α, where α is defined as the ratio of the major to 
minor axis dimensions. As shown in Fig. 12D, the translational diffu
sivity can again be decomposed into the components parallel and 
perpendicular to the loading direction. The parallel component, D‖, 
decreases monotonically with increasing θ(0), indicating that diffusion 
along the tensile direction is most favorable when the particle is initially 
aligned with that direction and becomes progressively less favorable as 
the particle rotates away from it. This trend holds irrespective of the 
particle aspect ratio α. By contrast, the perpendicular component, D⊥, 
exhibits a more complex dependence on both θ(0) and α. For particles 
with low aspect ratio, D⊥ decreases with increasing θ(0). For particles 
with high aspect ratio, however, D⊥ first increases and then decreases 
with θ(0), giving rise to a non-monotonic dependence. This distinction 
indicates that transverse diffusion becomes increasingly sensitive to 
particle shape as particle anisotropy increases.

Taken together, anisotropic particle diffusion under static loading is 
regulated by the interplay among translation, orientation, and 

Fig. 12. Coupled translational, rotational, and orientational statistics of anisotropic particles under mechanical loading. (A) Translational and rotational 
diffusion of a single anisotropic particle within a polymer cage and deformation-induced reorientation under uniaxial tension. (B) Directional components of 
translational diffusivity parallel and perpendicular to the loading direction. (C) Reorientation of multiple anisotropic particles from random orientation in the 
undeformed state to alignment under deformation. (D) Orientation-dependent probability density and corresponding diffusivity components D‖ and D⊥, illustrating 
the combined effects of particle orientation and aspect ratio α on anisotropic diffusion.
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deformation-induced anisotropy of the surrounding polymer network. 
For a single anisotropic particle, deformation changes the preferred 
particle orientation and resolves translational diffusivity into compo
nents parallel and perpendicular to the loading direction. For multiple 
anisotropic particles, deformation further redistributes particle orien
tations, leading to non-uniform orientational statistics and orientation- 
dependent diffusivity. Consequently, mechano-diffusion of anisotropic 
particles in deformed hydrogels must be understood as a coupled process 
involving particle shape, particle orientation, applied deformation, and 
the anisotropic energy landscape imposed by the polymer cage.

5.4. Role of Network Topology

Network topology is important in mechano-diffusion because diffu
sivity in polymer networks is governed not only by the instantaneous 
mesh size, but also by how the network deforms and reconfigures under 
load [151,152]. Different topologies generate different deformation 
fields, pore evolution pathways, and degrees of structural heterogeneity, 
so they do not produce the same deformation-dependent diffusivity even 
under comparable macroscopic strain [106,343,344]. For this reason, 
topology enters mechano-diffusion through the constitutive law: it de
termines how mechanical loading is translated into network reconfigu
ration, and thus how diffusivity evolves with deformation [149].

This topology dependence is less apparent in single-network systems 
with fixed covalent junctions, where the network is commonly treated 
within an affine hyperelastic framework. As shown in Table 10, ideal 
spring networks, such as tetra-arm PEG networks [167], are the simplest 
case and are often described by the Neo-Hookean model. Randomly 
crosslinked networks, including PAAm single-network hydrogels and 
GelMA hydrogels, remain within the same general constitutive picture, 
but their greater structural disorder usually requires more flexible 
phenomenological models, such as Neo-Hookean, Mooney–Rivlin, Gent, 
Ogden, and Arruda–Boyce formulations [345–349]. In diffusion prob
lems, these networks provide a conceptually straightforward framework 
for relating deformation to diffusivity, because the diffusion pathways 
are often assumed to evolve approximately affinely with the bulk 
deformation.

This picture changes when network reconfiguration becomes non- 
affine. In entangled networks, such as high-molecular-weight PAAm 
[351] and ultra-high-molecular-weight PVA hydrogels, deformation is 
additionally constrained by chain entanglements, so the diffusion ge
ometry cannot be inferred directly from the macroscopic deformation 

gradient [148]. Slip-link models are therefore more suitable than clas
sical affine hyperelastic laws. A similar constitutive shift occurs in 
slide-ring networks, represented by polyrotaxane-based PEG hydrogels. 
These systems are also described by slip-link-type physical models, but 
for a different reason: the junctions are movable, so deformation is 
accompanied by junction redistribution [186,354]. In both cases, 
non-affine reconfiguration alters the local diffusion pathways in a 
manner that can significantly modify diffusivity relative to affine 
single-network predictions [151].

For networks with reversible connectivity, the coupling to diffusion 
becomes even stronger because the diffusion structure evolves not only 
with strain, but also with junction kinetics. In physically crosslinked 
networks, such as alginate–Ca²⁺ and gelatin hydrogels, constitutive 
behavior is commonly described using maxwell-type models [355], 
poro-viscoelastic models [356,366], or transient network theory [357]. 
Dynamic covalent networks, such as imine (Schiff-base) crosslinked 
hydrogels, are likewise often represented using maxwell-type visco
elastic formulations, since bond exchange permits network rearrange
ment during loading [358,361]. In these systems, diffusivity is affected 
not only by elastic pore distortion, but also by time-dependent bond 
dissociation, re-formation, or exchange, which continuously modifies 
the effective diffusion network.

A further level of complexity arises in multi-network systems. In 
hierarchical networks, such as alginate–gelatin composite hydrogels, the 
mechanics are often described using additive free energy models, 
reflecting contributions from multiple structural levels. In 
interpenetrating-network systems, especially DN hydrogels such as 
alginate–PAAm and PAMPS/PAAm, the response is commonly modeled 
using two-network formulations coupled with damage evolution [367]. 
For diffusion, these topologies are important because diffusion is then 
regulated by coupled reconfiguration of multiple subnetworks, and in 
DN systems potentially also by damage-induced changes in connectivity 
and confinement. Thus, the influence of topology on diffusivity becomes 
inseparable from how the constitutive model represents network inter
action and structural evolution under load [368].

The significance of network topology in mechano-diffusion therefore 
lies in more than material classification. It defines the constitutive 
pathway by which deformation reshapes the diffusion landscape and 
thereby determines how diffusivity should be modeled in deformed 
polymer networks.

Regarding the sensitivity of the predicted transport behavior to 
network heterogeneity, hydrogels inherently exhibit spatial variations 

Table 10 
Network topologies and corresponding constitutive models.

Network topology Constitutive model Phenomenological/ 
physical model

Network 
reconfigurations

Single- 
network 
class

Ideal spring network Tetra-arm PEG [167] Neo-Hookean model [167] Phenomenological Affine
Randomly crosslinked 
network

PAAm single-network hydrogel Neo-Hookean model [345]
Mooney–Rivlin model [346]
Gent model [348]
Ogden model [349]
Arruda–Boyce model [350]

Phenomenological Affine
GelMA hydrogel

Entangled network High–Mw PAAm hydrogel [351] Slip-link model [352,353] Physical Non-affine
Ultra-high molecular weight PVA 
hydrogel [353]

Slide-ring network Polyrotaxane-based PEG hydrogel 
[186,354]

Slip-link model [186,354] Physical Non-affine

Physically crosslinked 
network

Alginate–Ca²⁺ hydrogel [355] Maxwell-type [355]
poro-viscoelastic model [356]
Transient network theory [357]

Physical & 
phenomenological

Non-affine
Gelatin hydrogel [357]

Dynamic covalent network Imine (Schiff-base) crosslinked 
hydrogel [358,359]

Maxwell model&viscoelasticity 
[358]

Phenomenological & 
physical

Non-affine

Multi-network 
class

Hierarchical network 
[360]

Alginate–gelatin composite 
hydrogel [361]

Additive free-energy models [362] Phenomenological Non-affine

Interpenetrating network 
(IPN) [44]

Alginate–PAAm DN hydrogel 
[363]

Two-network + damage evolution 
models [364]

Phenomenological Non-affine

PAMPS / PAAm DN hydrogel 
[365]
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in mesh size, and using a single mean mesh size therefore represents an 
idealization [340,369]. Nevertheless, moderate heterogeneity is ex
pected to primarily smooth and broaden quantitative variations, rather 
than eliminate the underlying transition between diffusion regimes. As 
the transition is governed by the relative size ratio between the particle 
and the characteristic network scale, its physical origin remains un
changed, although heterogeneity may affect the sharpness and effective 
location of the transition. In addition, viscoelastic relaxation may 
further reduce the effective hopping energy barrier relative to purely 
elastic predictions. Thus, the mean mesh size approximation captures 
the dominant features of the regime transition, while more detailed 
heterogeneous or time-dependent models may refine quantitative pre
dictions [370,371].

Taken together, the above discussion illustrates that classical diffu
sion models remain useful as baseline descriptions for mechano- 
diffusion, while also clarifying where additional considerations are 
needed for deformed hydrogels. The Stokes–Einstein relation captures 
the weak-confinement limit, obstruction-based models describe geo
metric restriction by polymer meshes, and hopping-based models ac
count for activated transport through transient network openings. These 
models provide important physical insights into how particle size, mesh 
size, and network constraints regulate diffusion in polymer networks. At 
the same time, mechano-diffusion introduces coupling between particle 
transport and network deformation that is not fully represented in these 
classical descriptions in their original forms. In many models, structural 
and transport parameters such as mesh size, obstruction factor, hopping 
barrier, and network relaxation time are treated as fixed, equilibrium, or 
statistically stationary quantities. In mechanically deformed hydrogels, 
these parameters may become deformation-dependent and direction- 
dependent because loading alters local mesh geometry, polymer-cage 
shape, chain stretch, accessible free volume, elastic energy barriers, 
relaxation dynamics, and particle orientation distributions. Therefore, 
mechano-diffusion should not be viewed simply as a direct substitution 
of deformed geometric parameters into classical diffusion models, but 
rather as a coupled transport–mechanics problem in which particle 
mobility and network deformation are mutually linked.

6. Mechano-diffusion in Deformed Hydrogels under Dynamic 
Loading

Section 5 focused on particle diffusion in polymer networks under 
static loading, where mechanical deformation regulates diffusion 
through geometric modulation of the local diffusion opening and ener
getic modulation of the hopping energy barrier [347]. In many practical 
systems, however, hydrogels are subjected to time-dependent mechan
ical loading, such as cyclic deformation, oscillatory strain, and acoustic 
excitation [372–374]. Under these conditions, the polymer network no 
longer remains in a time-independent deformed configuration. Instead, 
chain configuration, cage geometry, and diffusion pathways evolve 
continuously in time [375]. Particle diffusion is therefore governed not 
only by strain-induced geometry and energy, but also by the competition 
among characteristic time scales associated with mechanical loading, 
polymer relaxation, and hopping dynamics [328,329,331].

6.1. Time Scales Governing Mechano-Diffusion

Dynamic loading introduces an additional governing time scale 
associated with deformation of the polymer network [347,376]. As 
illustrated in Fig. 13A, the deformation process may vary from 
quasi-static loading to rapid dynamic loading. The characteristic 
stretching time scale can be written as 

τs ∼
1
λ̇

(13) 

where λ̇ denotes the stretch rate. When the load is applied slowly, the 
hydrogel approaches the quasi-static regime, and particle diffusion is 
governed primarily by the static deformation state of the network. When 
the loading rate increases, however, the polymer cage surrounding the 
particle evolves during diffusion, and the hopping energy barrier be
comes time-dependent. The influence of loading rate can be understood 
by comparing the diffusion time τd with the stretching time τs, as illus
trated in Fig. 13B. When deformation is slow relative to particle 

Fig. 13. Characteristic time scales governing mechano-diffusion under dynamic loading. (A) Deformation ranging from quasi-static to dynamic loading, 
characterized by the stretching time scale τs ∼ 1/λ̇. (B) Influence of loading rate on diffusion time relative to the stretching time scale. (C) Hierarchy of characteristic 
time scales in polymer networks, including the Rouse relaxation time τR, diffusive time τdiff , hopping time τhop, and poroelastic time τp, which together determine the 
dominant diffusion mechanism under dynamic deformation.
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diffusion, the diffusion time approaches the static-loading limit [328]. 
As the loading rate increases, dynamic deformation modifies the local 
cage configuration and reduces the characteristic escape time required 
for particles from the cage [377].

Understanding this behavior requires considering several charac
teristic time scales within the hydrogel system, as summarized in 
Fig. 13C. The Rouse relaxation time τR describes the conformational 
relaxation of polymer chains [325,378]. When particles are significantly 
smaller than the network mesh size, diffusion occurs through Brownian 
motion characterized by the diffusive time τdiff . For larger particles with 
sizes comparable to the mesh size, diffusion is dominated by hopping 
diffusion, characterized by a hopping time τhop, which depends strongly 
on the energy barrier associated with polymer chain deformation [330]. 
In addition, solvent migration within the network introduces the 
poroelastic time scale τp, corresponding to fluid redistribution during 
deformation [379–381]. The interplay among these time scales de
termines the dominant diffusion mechanism [371]. When τs≫τR, poly
mer chains relax rapidly and particle diffusion approaches the static 
limit. Conversely, when τs ≈ τR, deformation dynamically modulates the 
polymer configuration before relaxation occurs, producing 
rate-dependent diffusion behavior [370].

Dynamic loading thus introduces a hierarchy of time scales that 
governs particle diffusion in hydrogels. The competition among me
chanical deformation, polymer relaxation, particle hopping, and solvent 
migration establishes the kinetic framework for mechano-diffusion 
under time-dependent mechanical conditions.

6.2. Coupled Effects of Network Elasticity and Reversible Interactions

As discussed in Section 3.3 (Diffusing Particles: Geometry, Me
chanics, and Interactions), particle diffusion in polymer networks is 
regulated not only by deformation of the network but also by in
teractions between particles and polymer chains [382](Figs. 6–7 and 
Tables 1–2) [147,338,383,384]. Two energetic contributions therefore 
govern diffusion: the elastic energy required to deform polymer chains 
and the reversible interaction energy associated with particle–polymer 
binding [382]. The physical origin of these two mechanisms is illus
trated schematically in Fig. 14A. When a particle attempts to escape 
from a local cage formed by surrounding chains, the chains must stretch 
to create a transient opening, giving rise to an elastic energy barrier. In 
addition, particles may form reversible bonds with functional groups on 

polymer chains. The interaction strength is commonly described by 

Ea = − RTln Keq (14) 

where Keq is the equilibrium binding constant. Reversible binding in
troduces an additional kinetic process in which particles attach to and 
detach from the network.

When reversible interactions are present, particle diffusion may 
proceed through a walking diffusion mechanism, where particles 
migrate through the network via repeated binding and release events 
[146,147,152]. This mechanism couples hopping diffusion with 
reversible binding kinetics and can significantly modify the effective 
particle diffusivity. Examples of such interaction-mediated diffusion 
have been demonstrated in several experimental systems. As shown in 
Fig. 14B, DNA-gated hydrogels can selectively regulate the diffusion of 
cargo molecules through transient DNA–DNA interactions between the 
cargo and gating strands embedded in the hydrogel network [385]. In 
this system, cargo molecules bearing complementary DNA sequences 
can partition into the hydrogel and subsequently diffuse through the 
network by sequential binding and release events. The diffusion process 
involves two coupled steps, illustrated in Fig. 14C. In the first step, 
reversible interactions facilitate cargo partitioning into the hydrogel 
network. In the second step, transient binding enables cargo molecules 
to move through the network via walking diffusion. The efficiency of 
this diffusion process depends strongly on the strength of the interaction 
[146,148]. As illustrated in Fig. 14D, weak interactions prevent particles 
from entering the hydrogel, whereas excessively strong interactions 
immobilize particles within the network. Enhanced diffusion occurs 
only at intermediate interaction strengths, where reversible binding is 
sufficiently strong to promote particle partitioning yet sufficiently 
transient to allow repeated hopping events.

These examples illustrate a general principle: reversible parti
cle–polymer interactions can convert purely hindered diffusion into 
interaction-assisted hopping diffusion. The resulting diffusion behavior 
depends sensitively on the balance between the elastic energy barrier 
associated with network deformation and the kinetic time scale of 
reversible binding. 

The combined effects of hopping and reversible binding lead to 
distinct diffusion regimes. As illustrated in Fig. 15A, these regimes can 
be organized in terms of the hopping time τhop and the binding time τb. 
When hopping is much faster than binding, diffusion approaches 
Brownian motion. When binding dominates, particles remain trapped in 

Fig. 14. Interaction-mediated diffusion through reversible particle–network binding. (A) Schematic illustration of elastic cage deformation and reversible 
particle–polymer binding that contribute to the diffusion barrier. (B) Example of interaction-controlled transport in DNA-gated hydrogels [385]. (C) Two-step 
walking diffusion mechanism involving particle partitioning into the network followed by migration through sequential binding and release events. (D) Depen
dence of particle transport on interaction strength, showing suppressed entry at weak interactions, immobilization at strong interactions, and enhanced diffusion at 
intermediate binding strength. Adapted with permission from Ref. [385]. Copyright 2021 American Chemical Society.
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bound states and diffusion is arrested. When hopping and binding occur 
on comparable time scales, repeated attachment and detachment facil
itate particle migration and produce enhanced diffusion. Dynamic 
loading modifies the hopping energy barrier and therefore the hopping 
time τhop. Increasing the loading rate alters the boundaries between 
diffusion regimes in 

(
τhop

⃒
⃒τb
)

space, as illustrated in Fig. 15B, thereby 
expanding the region corresponding to enhanced diffusion. Particle 
diffusion under dynamic loading is therefore governed jointly by 
network elasticity, reversible particle–polymer interactions, and the 
time scale of mechanical deformation.

6.3. Active Mechano-Diffusion Driven by External Mechanical Stimuli

External mechanical excitation provides an effective strategy to 
actively regulate mechano-diffusion in polymer networks by dynami
cally modifying the mechanical state of the network and the associated 
energy barrier governing particle motion. Among various external 
stimuli, ultrasonic excitation has recently emerged as a particularly 
attractive approach because it enables non-contact, spatially 

programmable, and temporally controllable regulation in hydrogel- 
based systems. Recent studies have highlighted the growing impor
tance of ultrasound–hydrogel coupling in bioadhesion, implantable 
sensing, and biointegrated acoustic devices, further underscoring that 
ultrasound-mediated transport and mechanics in soft polymer networks 
are important for both fundamental understanding and technological 
applications [386–389]. Under ultrasonic stimulation, the polymer 
network experiences rapid oscillatory deformation. Recent studies in 
hydrogel model systems have shown that focused ultrasound can induce 
measurable matrix displacement/deformation and alter nanoparticle 
motion within the network [390]. Polymer chains surrounding a 
diffusing particle undergo repeated stretching and relaxation, which 
alters the elastic energy stored in the network. Because the hopping 
energy barrier for a particle escape from a polymer cage is determined 
by the deformation of the surrounding chains, oscillatory deformation of 
the network directly modifies the instantaneous energy barrier height 
associated with particle motion. In this sense, ultrasonic excitation in
troduces a time-dependent mechanical perturbation to the 
mechano-diffusion energy landscape.

In addition to deforming the polymer network, ultrasonic excitation 

Fig. 15. Diffusion regimes governed by the competition between hopping and reversible binding. (A) Diffusion regimes organized in the 
(
τhop

⃒
⃒τb
)

space, 
illustrating Brownian diffusion, arrested diffusion, and enhanced diffusion when hopping and binding occur on comparable time scales. (B) Effect of dynamic loading 
on the regime diagram, where deformation modifies the hopping time τhop and shifts the boundaries between diffusion regimes, expanding the region of 
enhanced diffusion.

Fig. 16. Ultrasound-driven active mechano-diffusion in polymer networks. External ultrasonic excitation induces oscillatory deformation of the polymer 
network and enhances particle vibration, jointly modifying the hopping energy barrier and increasing the probability of cage escape. The combined effects of network 
deformation and particle vibration accelerate particle diffusion and can amplify size-dependent diffusion selectivity within the hydrogel.
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also enhances the kinetic motion of particles embedded within the 
hydrogel. Acoustic energy increases particle vibration and velocity 
fluctuations within the mesh space, thereby increasing the frequency 
with which particles attempt to overcome the hopping barrier sepa
rating neighboring polymer cages. As a result, particle motion is gov
erned not only by thermal motion but also by mechanically induced 
oscillatory motion [390]. The mechano-diffusion process under ultra
sonic stimulation can therefore be understood as a coupling between 
network deformation and particle vibration. Oscillatory deformation of 
the polymer network dynamically modifies the elastic energy stored in 
the surrounding chains and alters the hopping energy barrier, while 
particle vibration increases the probability that particles cross this 
barrier. The combined effect increases the rate of hopping events be
tween neighboring polymer cages and accelerates particle diffusion 
within the network [390,391].

The influence of ultrasonic excitation depends strongly on the rela
tionship between particle diameter d and the network mesh size ξ. When 
d < ξ, particles move relatively freely within the polymer mesh and 
ultrasound mainly enhances particle kinetic motion, leading to a mod
erate increase in diffusion rate. In contrast, when d ≈ ξ, particles are 
temporarily confined within polymer cages and diffusion proceeds 
through hopping between neighboring cages. In this regime, oscillatory 
deformation of the network alters the elastic energy required for cage 
escape, while particle vibration increases the likelihood of crossing the 
hopping barrier. Consequently, ultrasonic excitation can significantly 
enhance mechano-diffusion even for particles that are strongly confined 
by the polymer network.

Because particles of different sizes experience different mechano- 
diffusion regimes, their responses to ultrasonic excitation are inher
ently non-uniform. Smaller particles respond more efficiently to the 
injected acoustic energy and exhibit a larger increase in kinetic activity, 
whereas larger particles remain partially constrained by steric confine
ment within the polymer network. As a result, ultrasonic excitation can 
amplify the intrinsic size-dependent disparity in mechano-diffusion 
behavior between different particle species, leading to enhanced diffu
sion selectivity within the same polymer network [390,391]. Unlike 
conventional selectivity mechanisms based on static mesh filtration or 
chemical affinity, ultrasound-driven mechano-diffusion relies on a 
dynamically tunable mechanical field that continuously modifies the 
elastic energy landscape governing particle motion. This externally 
driven regulation of mechano-diffusion provides a flexible strategy for 
controlling particle diffusion in soft polymer networks and offers po
tential opportunities for applications such as targeted drug release, 
adaptive separation systems, and responsive biosensing platforms [343].

7. Mechano-Diffusion Characterization Platform

Beyond theoretical studies on mechano-diffusion, experimental 
methodologies capable of probing particle transport are essential for 
validating mechanistic interpretations and resolving diffusion behaviors 
across different temporal and spatial scales. The preceding sections have 
established how particle diffusion in polymer networks is governed not 
only by network topology and particle-polymer interactions, but also by 
the nature of mechanical loading, ranging from quasi-static deformation 
to high-rate dynamic excitation. These considerations motivate the 
development and systematic comparison of experimental approaches 
that can quantify nanoparticle diffusivity in deformed media while ac
commodating mechanical constraints, optical accessibility, and time- 
scale requirements. Accordingly, this section focuses on mechano- 
diffusion characterization platforms, introducing both indirect and 
direct measurement methods and discussing their respective capabilities 
and limitations in capturing strain-dependent and rate-dependent me
chano-diffusion phenomena.

7.1. Indirect Methods of Diffusivity Measurement

Indirect methods for measuring particle and molecular diffusivity 
constitute a broad class of experimental techniques that measure 
transport properties by characterizing diffusion behaviors of a system 
containing many particles in the medium, through the measurement of 
visible light intensity correlations, fluorescence intensity fluctuations, or 
color gradients in diffusion patterns, rather than by direct visualizing 
individual particle trajectories. Representative methods include dy
namic light scattering (DLS) [392,393], fluorescence correlation spec
troscopy (FCS) [394,395], fluorescence recovery after photobleaching 
(FRAP) [54,396,397], two-chamber diffusion cells [398], and nuclear 
magnetic resonance (NMR) [399,400].

Dynamic light scattering shown in Fig. 17A determines particle 
diffusivity by analyzing temporal fluctuations in the intensity of scat
tered light caused by Brownian motion of particles in suspension. 
Through the measurement of the intensity autocorrelation function and 
its exponential decay, the translational diffusion coefficient is extracted 
via the scattering vector-dependent decay rate. When a monochromatic 
laser beam illuminates a dilute dispersion, each particle acts as a scat
tering center, and the superposition of scattered waves at the detector 
produces an interference pattern whose intensity fluctuates in time as 
particles undergo random thermal motion. These fluctuations are 
characterized by the normalized intensity autocorrelation function, 
g2(τ) = 〈I(t)I(t+τ)〉/〈I(t)〉2, which measures the decay of temporal 
correlations in the scattered intensity. The measured intensity correla
tion function is related to the electric-field autocorrelation function g1(τ)
through the Siegert relation, g2 = 1 + β|g1(τ)|2, where β is an instru
mental coherence factor determined by the detection optics, ranging 
from 0.5 to 1. For monodisperse particles undergoing purely diffusive 
Brownian motion, the field autocorrelation function exhibits a single- 
exponential decay, g1(τ) = exp( − Γτ), with the decay rate Γ given by 
Berne & Pecora [401]

Γ = Dq2 (15) 

where D is the translational diffusion coefficient, q is the scattering 
vector, q = (4πn/λ) • sin(θ/2) , n is the refractive index of the medium, λ 
is the laser wavelength in vacuum, which can vary from 488 nm to 
633 nm, and θ is the scattering angle, which is commonly 90◦ in con
ventional right-angle DLS measurements. By fitting the experimentally 
measured autocorrelation function, Γ can be extracted and the diffu
sivity D can be obtained. The principal advantage of DLS lies in its 
experimental simplicity, rapid data acquisition, and suitability for dilute 
suspensions of nanoparticles over a wide size range. However, DLS 
inherently provides an average diffusivity and is highly sensitive to 
polydispersity, multiple scattering, and aggregation. Moreover, it re
quires optically transparent samples and is not readily applicable to 
heterogeneous or solid-like media such as crosslinked hydrogels under 
deformation.

Fluorescence correlation spectroscopy, shown in Fig. 17B, measures 
diffusivity by correlating spontaneous fluctuations in fluorescence in
tensity as labeled particles stochastically traverse a small, optically 
defined observation volume. By fitting the fluorescence autocorrelation 
function, the characteristic diffusion time is obtained and converted to a 
diffusivity using calibrated optical parameters. In a typical confocal or 
two-photon FCS setup, a tightly focused laser creates a femtoliter-scale 
detection volume. As fluorescent particles diffuse in and out of this 
volume due to Brownian motion, the number of emitters within the 
detection region fluctuates, leading to corresponding fluctuations in the 
detected fluorescence signal F(t). These fluctuations are quantified using 
the normalized temporal autocorrelation function, G(τ) =

〈δF(t) δF(t+τ) 〉/〈F(t) 〉2
, δF(t) = F(t) − 〈F(t) 〉, which characterizes how 

rapidly fluorescence intensity fluctuations decorrelate in time. For par
ticles undergoing free translational diffusion in three dimensions, and 
assuming a Gaussian-shaped confocal detection volume, the 
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autocorrelation function takes the form 

G(τ) = 1
N

(

1 +
τ
τD

)− 1(

1 +
τ

κ2τD

)−
1
2

(16) 

where N is the average number of fluorescent particles within the 
observation volume, κ = z0/w0 is the aspect ratio of the axial (z0) to 
lateral (w0) dimensions of the focal volume, and τD is the characteristic 
diffusion time. The diffusivity D is obtained from 

τD =
w2

0
4D

(17) 

where w0 is the lateral radius of the confocal volume determined by 
optical calibration. Thus, FCS yields translational diffusivity by linking 
the temporal decay of fluorescence correlations to the time required for 
particles to traverse the observation volume, providing a highly sensi
tive, local measurement of diffusion dynamics at the single-molecule or 
few-molecule level.

FCS offers extremely high sensitivity, enabling measurements at the 
single-molecule or few-molecule level with excellent temporal resolu
tion. Its main limitations include the requirement for fluorescent label
ing, susceptibility to photobleaching and blinking artifacts, and a strong 
dependence on accurate calibration of the detection volume. In addition, 
FCS probes diffusion only locally and yields an effective diffusivity that 
may not represent transport behavior over larger length scales or in 
mechanically heterogeneous environments.

The mechano-diffusion characterization platform (MDCP) shown in 
Fig. 17C determines nanoparticle diffusivity by coupling controlled 
mechanical deformation with spatiotemporal imaging of concentration 
fields in a cylindrical hydrogel geometry. The MDCP provides a 
distinctive and complementary approach to diffusivity measurement by 
reconstructing particle diffusivity from spatiotemporally resolved con
centration fields under controlled mechanical deformation. In the ex
periments, nanoparticles initially confined to a central reservoir diffuse 
radially and axially through the hydrogel while the sample is subjected 
to prescribed tension or torsion. The measured grayscale intensity from 

time-lapse images is treated as a proxy for local concentration c(r, z, t). 
Diffusion is modeled using Fick’s second law, starting from the Cartesian 
form (∂c/∂t = D∇2c), and reformulated in cylindrical coordinates to 
reflect the sample geometry. Assuming angular symmetry (∂c/∂θ = 0), 
the governing equation reduces to, 

∂c
∂t

= D
(

∂2c
∂r2 +

1
r

∂c
∂r

+
∂2c
∂z2

)

(18) 

where r and z denote radial and axial directions, respectively. This 
formulation enables extraction of effective diffusivities that can vary 
spatially, capturing the experimentally observed strain-dependent and 
position-dependent diffusion behavior under nonuniform stress fields in 
the deformed hydrogel. To quantitatively determine diffusivity D, the 
finite difference method (FDM) is implemented in MATLAB to solve the 
cylindrical diffusion equation over the experimentally defined domain. 
The hydrogel is discretized in rz space with boundaries and initial 
conditions matching the experiment: a constant concentration c = c0 in 
the central reservoir region and zero concentration elsewhere at t = 0. 
Time integration of the discretized diffusion equation generates simu
lated concentration profiles csim(r, z, t;D). The diffusivity is then ob
tained by fitting these simulated profiles to the experimentally measured 
grayscale-derived concentration maps, minimizing the discrepancy be
tween simulation and experiment.

The MDCP extracts diffusivity based on Fick’s law, enabling direct 
coupling between mechanical loading and transport behavior. This al
lows MDCP to capture spatially heterogeneous, strain-dependent, and 
non-equilibrium diffusion processes that are inaccessible to conven
tional techniques. However, the method is inherently model-dependent, 
relying on assumptions regarding diffusion equations, boundary condi
tions, and image-to-concentration mapping, and is currently limited to 
mesoscopic length and time scales where optical imaging is feasible.

In Fig. 17D, fluorescence recovery after photobleaching (FRAP) 
quantifies particle diffusivity by tracking the temporal recovery of 
fluorescence after irreversible photobleaching within a localized region. 
In a typical experiment, fluorescently labeled particles are imaged at 
steady state, followed by a high-intensity laser pulse that bleaches 

Fig. 17. Indirect methods for diffusivity measurement. (A) Dynamic Light Scattering (DLS), which extracts particle diffusivity from temporal fluctuations of 
scattered light intensity arising from ensemble Brownian motion; (B) Fluorescence Correlation Spectroscopy (FCS), which determines diffusivity by analyzing 
fluorescence intensity autocorrelations from molecules diffusing through a confined observation volume; (C) Mechano-diffusion Characterization Platform (MDCP), 
which infers diffusivity by reconstructing concentration fields under controlled mechanical deformation. Adapted from Ref. 294 under a CC BY-NC license, Springer 
Nature. (D) Fluorescence Recovery After Photobleaching (FRAP), which estimates diffusivity from the spatiotemporal recovery of fluorescence following localized 
photobleaching; (E) Two-chamber diffusion method, which evaluates diffusivity from concentration equilibration across a membrane separating two reservoirs; and 
(F) Nuclear Magnetic Resonance (NMR), which measures diffusivity through diffusion-induced attenuation of spin-echo signals under pulsed field gradients. These 
indirect techniques determine ensemble-averaged diffusivities by monitoring collective diffusion behaviors of particles or molecules rather than directly tracking 
individual trajectories.
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fluorophores in a defined region of interest (ROI), creating a spatially 
nonuniform fluorescence profile. Fluorescence recovery occurs as un
bleached particles diffuse into the ROI while bleached particles diffuse 
out. For an idealized two-dimensional system with an instantaneous 
circular bleach of radius w, the normalized fluorescence recovery can be 
expressed, following the Soumpasis Equation 

f(t) = exp
(

−
2τD

t

)(

I0

(
2τD

t

)

+ I1

(
2τD

t

))

, τD =
w2

4D
(19) 

where I0 and I1 are the 0th and 1st order modified Bessel functions, τD is 
the characteristic diffusion time, and D is the diffusivity. Because FRAP 
probes fluorescence recovery over micrometer length scales, it provides 
a spatially averaged measure of diffusivity and is particularly well-suited 
for characterizing transport in heterogeneous or constrained environ
ments, such as membranes, polymer networks, and hydrogels.

A key advantage of FRAP is its conceptual simplicity and compati
bility with complex biological and polymeric systems, including mem
branes and hydrogels. However, FRAP measurements are intrinsically 
spatially averaged over the bleached region and are sensitive to the 
assumed bleaching geometry and recovery model. Irreversible photo
bleaching, limited temporal resolution for fast diffusion, and difficulty in 
separating diffusion from binding or reaction kinetics further constrain 
its quantitative accuracy.

In Fig. 17E, the two-chamber diffusion cell measures membrane 
diffusivity by monitoring mass transport driven by a concentration dif
ference across a membrane separating two well-stirred reservoirs. One 
donor chamber is initially loaded with solute at a concentration C1(0), 
while the other receiver chamber starts at C2(0) = 0. Because each 
chamber is assumed to be spatially uniform, the only concentration 
gradient exists across the membrane thickness L and area A. The 
transmembrane flux follows a linear driving force form, J(t) =

P[C1(t) − C2(t) ], where P is the membrane permeability. At the micro
scopic level, permeability is related to the intrinsic membrane diffusivity 
through, P = KD/L, K is the partition coefficient between the solution 
and the membrane, which can be regarded as 1. Thus, measuring P 
provides direct access to D once L is determined. The time evolution of 
concentrations in the two chambers follows mass conservation: V1∂c1/∂t 
= − AJ, V2∂c2/∂t = AJ, where V1 and V2 are the chamber volumes. 
Combining these equations yields an exponential decay of the concen
tration difference ΔC = C1(t) − C2(t), 

ΔC(t) = ΔC(0)exp
[

− AP
(

1
V1

+
1
V2

)

t
]

(20) 

By fitting the experimental concentration–time data to this expres
sion, the permeability P is obtained from the decay rate, and the mem
brane diffusivity is then calculated as D = PL/K. This approach provides 
an effective, macroscopic measurement of diffusivity across the mem
brane under well-controlled boundary conditions.

The two-chamber diffusion cell method is robust, conceptually 
straightforward, and well-suited for studying transport across mem
branes under well-defined boundary conditions. Its main disadvantage is 
that it yields only a macroscopic, averaged diffusivity across the entire 
membrane thickness, providing no spatial or temporal resolution within 
the medium. Additionally, assumptions of uniform mixing, constant 
partition coefficients, and one-dimensional transport may limit accuracy 
in heterogeneous or deformable systems.

Fig. 17F illustrates how nuclear magnetic resonance (NMR) mea
sures molecular diffusivity by encoding particle displacement into the 
phase of nuclear spins using magnetic field gradients. In a uniform 
magnetic field, nuclear spins process at the Larmor frequency, but when 
a pulsed magnetic field gradient (PFG) is applied, spins at different 
spatial positions acquire different phases. In a typical Hahn spin-echo or 
stimulated-echo PFG sequence, a first gradient pulse of strength g and 
duration δ imprints a position-dependent phase ϕ = γgδx, where γ is the 
gyromagnetic ratio. After a diffusion time Δ, during which molecules 

undergo Brownian motion, a second identical gradient pulse is applied. 
If molecules have not moved, the second pulse exactly refocuses the 
phases and a full echo is recovered; however, diffusive displacement 
causes incomplete refocusing, leading to attenuation of the echo signal.

The loss of signal intensity reflects the statistical distribution of 
molecular displacements and is quantitatively related to the diffusion 
coefficient. For free, isotropic diffusion, the normalized echo attenua
tion follows the Stejskal–Tanner equation : 

S
S0

= exp
[
− γ2g2δ2

(
Δ −

δ
3

)
D
]

(21) 

where S0 is the echo amplitude without gradients, S is the measured 
signal, and D is the diffusivity. By systematically varying the gradient 
strength g or δ, and fitting the exponential of S/S0, the diffusivity D can 
be extracted without requiring concentration gradients or optical labels. 
Because NMR probes ensemble-averaged molecular motion over 
micrometer length scales and millisecond timescales, it provides an 
absolute, model-independent measurement of diffusivity in liquids, gels, 
and porous media. NMR offers a major advantage in being noninvasive, 
label-free, and applicable to opaque or optically complex systems, 
including gels and porous media. Nevertheless, NMR typically requires 
specialized and expensive instrumentation, has relatively low spatial 
resolution compared to optical methods, and yields volume-averaged 
diffusivities that may obscure local heterogeneities or strain-induced 
variations in transport.

7.2. Direct Methods of Diffusivity Measurement

Direct diffusivity measurement methods determine particle diffu
sivity by explicitly resolving and analyzing the motion of individual 
particles. These direct methods are primarily based on advanced optical 
microscopy and include label-free interferometric scattering microscopy 
(iSCAT) [402,403] and fluorescence-based total internal reflection 
fluorescence microscopy (TIRF) [404,405]. In both cases, particle 
diffusivity is obtained from time-resolved trajectories and subsequent 
mean-squared displacement (MSD) analysis, providing a local and 
non-averaged description of transport dynamics.

The relationship between the mean-squared displacement (MSD) and 
diffusivity is a fundamental result of Brownian motion theory and pro
vides the theoretical basis for extracting diffusivity from particle tra
jectories in single-particle tracking experiments. For a particle 
undergoing free and isotropic Brownian diffusion, the MSD is defined as 

MSD(Δt) =
〈
|r(t + Δt) − r(t) |2

〉
, where r(t) is the particle position as 

time t, Δt is the time lag, and 〈⋅〉 denotes an ensemble or time average. In 
this case, the MSD increases linearly with time lag, and the propor
tionality constant is directly related to the diffusivity D. In 2D scenarios, 
the diffusivity can be determined by, 

D =
MSD
4Δt

(22) 

While in 3D scenarios, the diffusivity can be determined by, 

D =
MSD
6Δt

(23) 

Interferometric scattering microscopy (iSCAT) is a label-free tech
nique that detects nanoparticles through the interference between light 
scattered by the particle and a coherent reference field reflected from a 
nearby interface [406–408]. When a nanoparticle enters the illumina
tion volume, it scatters a weak electromagnetic field whose amplitude 
depends on the particle’s polarizability, which in turn is related to its 
size and refractive index. This scattered field interferes with the much 
stronger reference field, converting minute scattering signals into 
measurable intensity contrast on a camera. Because iSCAT does not rely 
on fluorophores, it avoids photobleaching and blinking, enabling 
long-term tracking of individual particles with nanometer spatial 
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precision and microsecond-to-millisecond temporal resolution. By 
localizing particle positions frame by frame, full trajectories are recon
structed, from which diffusivity is directly extracted via MSD analysis.

The iSCAT microscope can be implemented in a reflecting geometry 
using a widefield illumination path. In Fig. 18A, a coherent light source 
is expanded and weakly focused by a widefield lens and directed into the 
microscope objective via a beam splitter and steering mirror. The illu
mination is focused on the back focal plane of the objective, producing 
collimated illumination at the sample plane. Nanoparticles located at or 
near the coverslip-sample interface are illuminated through the objec
tive. Light reflected from the refractive index discontinuity at the 
coverslip interface and light scattered by the nanoparticles are collected 
by the same objective and retrace the illumination path. After passing 
back through the beam splitter, the combined reflected and scattered 
fields are relayed by a tube lens onto a CMOS (Complementary Metal 
Oxide Semiconductor) camera, where the interferometric signal is 
recorded.

The iSCAT enables high-speed, label-free detection and tracking of 
nanoparticles, proteins, and other nanoscopic objects at interfaces, 
making it particularly powerful for single-particle tracking, membrane 
biophysics, and diffusion measurements. Its key characteristics include 
shot-noise-limited sensitivity, linear scaling of signal with particle 
polarizability, and compatibility with extremely high frame rates due to 
the absence of photobleaching or saturation effects. Compared with 
fluorescence microscopy, iSCAT offers superior temporal resolution and 
unlimited observation time; compared to dark-field scattering, it pro
vides enhanced sensitivity to small particles. However, iSCAT also has 
limitations: it lacks intrinsic chemical specificity, is sensitive to me
chanical and interferometric instability, and suffers from background 
artifacts under simple widefield illumination.

Total internal reflection fluorescence microscopy (TIRF), in contrast, 
is a fluorescence-based technique that selectively excites labeled parti
cles near an interface. When light undergoes total internal reflection at a 
glass-water interface, an evanescent electromagnetic field is generated 
that decays exponentially away from the surface, typically penetrating 
only 100 − 200 nm into the sample. Fluorescently labeled particles 
entering this evanescent field are selectively excited and emit fluores
cence that is detected with high signal-to-noise ratio. This surface- 
confined excitation suppresses background fluorescence from the bulk, 
allowing precise localization and tracking of single particles near in
terfaces such as membranes or substrates. Although TIRF requires 
fluorescent labeling and is subject to photobleaching, it provides 

excellent chemical specificity and is widely used for direct diffusivity 
measurements in interfacial and near-surface environments.

In Fig. 18B, the TIRF microscope uses a laser coupled into an optical 
fiber and collimated by relay optics, with the beam laterally translated 
by a micrometer-controlled lens system to control its position at a plane 
which conjugates to the objective back focal plane (BFP) [409–411]. By 
displacing the beam off-axis at the objective’s BFP, the illumination exits 
the high-NA oil-immersion objective at a supercritical angle, producing 
total internal reflection at the glass-sample interface and generating an 
evanescent field that selectively excites fluorophores within 
∼ 100 − 200 nm of the coverslip. Fluorescence emission is collected by 
the same objective, separated from the excitation light by a dichroic 
mirror, and imaged onto an EMCCD (Electron-Multiplying 
Charge-Coupled Device) camera via a tube lens.

TIRF microscopy enables highly selective imaging of fluorescently 
labeled molecules near interfaces by exciting fluorophores only within 
the evanescent field (∼ 100 − 200 nm) generated at the glass-sample 
boundary, making it particularly powerful for single-molecule detec
tion, membrane biophysics, and near-surface diffusion measurements. 
Its key characteristics include excellent signal-to-background ratio due 
to suppressed bulk fluorescence, intrinsic chemical and molecular 
specificity provided by fluorescence labeling, and compatibility with 
single-particle tracking at high spatial precision. Compared to widefield 
fluorescence microscopy, TIRF offers superior background rejection and 
sensitivity for interfacial processes; compared to label-free methods such 
as iSCAT, it provides molecular specificity and multiplexing capability. 
However, TIRF is limited by the need for fluorescent labels, photo
bleaching and phototoxicity, a restricted axial observation depth, and 
finite temporal resolution imposed by fluorophore brightness and satu
ration.

8. Simulation Methods for Characterizing Diffusion Behaviors

The study of mechano-diffusion examines how an externally applied 
mechanical load alters the microstructural geometry of soft materials 
and subsequently reshapes the effective free-energy landscape govern
ing penetrant motion [54,243]. These changes together control the 
transport characteristics of the polymer networks, influencing 
mean-squared displacements, long-time diffusion coefficients, and the 
onset of non-Fickian diffusion. However, determining exact micro
structures and diffusion dynamics remains a formidable experimental 
challenge. Under this context, computational simulations offer a 

Fig. 18. Direct Methods to Measure Diffusivity iSCAT and TIRF Microscopy Optical Layouts. (A) The iSCAT microscopy leverages the interference between the 
reflective light from the cover slip and the scattered light from the nanoparticles, which can form monochromatic images on the CMOS camera. (B) The TIRF 
microscopy selectively excites fluorophores within ∼ 100 − 200 nm of a glass-sample interface by using an evanescent field generated from total internal reflection, 
thereby enabling high signal-to-the background imaging. The direct methods to measure particle diffusivity can capture the trajectory of single particles or molecules.
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straightforward framework to compute transport observables under 
prescribed deformation states and illustrate microscopic mechanisms 
that are obscure in experiments by explicit control over network struc
tures, particle properties, and interaction potentials.

Simulations for characterizing transport behavior typically involve 
model construction, dynamics simulations, and analysis of dynamical 
observables. In this section, the typical methods for each part are 
discussed.

8.1. Network and Particle Model Construction

The first step in computational simulation is to properly set up 
models for polymer networks and penetrant particles, as well as to 
assign their governing interactions (Table 11). The polymer networks 
are typically modeled via bead-spring model [412], a standard model in 
molecular dynamics investigations of generic polymer properties. The 
model represents each group of monomers as a single bead connected 
via springs. The networks are composed of crosslinkers and strands be
tween them, with a variety of properties such as crosslinker functionality 
and spatial arrangement, strand length dispersity and flexibility. They 
may also be subjected to topological defects and external mechanical 
loads.

The topology of polymer network describes the spatial connectivity 
of its components, typically idealized as crosslinkers and strands [430]. 
Crosslinker functionality defines the local connectivity dictated by 
precursors’ geometric architectures and chemistry [163,431,432], 
forming 3-chain [332,413], 4-chain [243,339,413–417], 6-chain [64, 
65,384,413,414,418,419–424] and 8-chain [414] models. Both cross
linker functionality and spatial arrangement (Fig. 19A) define whether 
the polymer medium acts as an idealized lattice-like network or a 
random porous network. Lattice-like polymer networks [64,65,243,384, 

413–424] are frequently employed with compatible crosslinker func
tionality to establish clear mechanistic understanding for the influence 
of confinement on penetrant transport, framing the long-time diffusion 
as a series of movement between equivalent unit cells. In addition, the 
cell topology of lattice-like networks is shown to profoundly reshape the 
free-energy landscape, where changes in cell topology give rise to 
distinct dynamical regimes [413]. Conversely, real hydrogels and bio
logical matrices inherently possess broad distributions of local crosslink 
densities, thereby leading to a wide range of pore sizes [425,433]. To 
capturing this reality, researchers employ disordered random networks 
[332,338,339,370,371,425–428] with monodisperse [64,65,243,339, 
384,413–424] or polydisperse [332,338,370,371,424,425–428] strand 
length distributions (Fig. 19B), which naturally produce spatially het
erogeneous mobility, and non-Gaussian displacements within complex 
physiological environments. Beyond the overall polymer network ar
chitecture, localized topological defects (Fig. 19C) like loops and 
dangling chains also fundamentally alter the transport behaviors. In 
highly crosslinked environments, ring topologies effectively introduce 
additional crosslinking sites, resulting in a denser, smaller-mesh 
network compared to networks formed by linear chains. The compact 
structure increases matrix viscosity and suppresses the penetrant hop
ping behaviors [428]. Thus, network topology serves as a critical design 
parameter for both energy-landscape and dynamic mechanisms.

The flexibility of strands (Fig. 19B) in polymer networks brings about 
dynamics coupling between the polymer networks and penetrants. 
Physically, the flexibility is characterized by the persistence length (lp) 
relative to the bond length (lb) and contour length (L) of strand [434, 
435]. Flexible networks [65,332,338,339,370,371,384,413–417,419, 
420,422–424,428], where lp ≈ lb and lp≪L, typically model thermally 
fluctuating chains and capture pronounced loops’ size fluctuation. 
Semiflexible networks [339,414,423,425,426], characterized by lb≪ 
lp≪L introduce a pronounced intrinsic bending stiffness. This rigidity 
creates an effective barrier that balances conformational entropy against 
mechanical bending energy required for particles penetration. Due to 
the overlap between the network’s relaxation spectrum and the pene
trant diffusion time-scale, the bending stiffness profoundly dictates the 
transport behaviors [414]. Conversely, rigid networks [64,414,420,421, 
423,426,427] with lp≫L strongly suppress thermal fluctuations and 
approximate static porous scaffolds. They provide essential baseline 
models to isolate purely topological obstruction without the complex 
interference of viscoelastic relaxation.

Besides the polymer network features, the physical attributes of 
penetrants also affect the transport behaviors. Spherical penetrant par
ticles [65,243,332,338,370,371,384,413,415–421,423,425,428] are 
the standard paradigm, reducing geometric complexity with isotropic 
scalar diffusivity. On the other hand, the anisotropic nature of many 
biological penetrants necessitates the use of rodlike particles [338,414, 
422,424,426] and sphero-cylinders [427]. These models reveal complex 
translation-rotation coupling, highlighting rotation-dependent diffusion 
pathways [422] and unconventional sliding dynamics [424].

Furthermore, particle rigidity dictates the deformability of the 
penetrant particles. While rigid particles [64,65,243,332,338,339,370, 
371,413–418,420,421–425,427,428] simplify penetrants’ elasticity 
response to the environment, many real biological nanoparticles are 
highly compliant [419,426]. Incorporating elastic, deformable particles 
[384,419,426] allows simulations to capture how penetrant compliance 
reduces effective energy barriers. In the context of mechano-diffusion, 
this is particularly salient, as applied external deformation can act 
synergistically with particle deformation to alleviate steric hindrance.

The transport of particles through a polymer network is fundamen
tally governed by the effective energy landscape formed by particle- 
network interactions. These interaction potentials determine whether 
the transport is obstruction-limited, where motion is hindered by 
physical barriers, or trap-limited, where particles are delayed by 
attractive polymeric sites. To isolate the effects of geometric 

Table 11 
Overview of key simulation parameters for studying penetrant transport dy
namics in polymer networks.

Category Key parameter Typical examples

Polymer network Crosslinker 
functionality

3-chain [332,413], 4-chain [243,339, 
413–417], 6-chain [64,65,384,413,414, 
418,419–424], 8-chain [414]

Crosslinker 
arrangement

Lattice-like [64,65,243,384,413–424], 
random [332,338,339,370,371, 
425–428]

Strand length 
dispersity

Monodisperse [64,65,243,339,384, 
413–424], polydisperse [332,338,370, 
371,424,425–428]

Strand flexibility Flexible [65,332,338,339,370,371,384, 
413–417,419,420,422–424,428], 
semiflexible [339,414,423,425,426], 
rigid [64,414,420,421,423,426,427]

Topological 
perfection

Defect-free [64,65,243,332,384, 
413–424], defective [338,370,371,425, 
426–428]

Mechanical state Uniaxial stretch [54,243], biaxial stretch 
[243], shear [243]

Penetrant 
particle

Shape Spherical [65,243,332,338,370,371,384, 
413,415–421,423,425,428], rodlike 
[338,414,422,424,426], spherocylinder 
[427]

Rigidity Rigid [64,65,243,332,338,339,370,371, 
413–418,420,421–425,427,428], elastic 
[384,419,426]

Particle-network 
interaction

Excluded-volume 
interaction

Hard sphere potential [64,413,416], 
WCA potential [243,332,415,427,428]

Soft repulsive 
interaction

DPD conservative potential [65,414,420, 
422,424,425,429]

Van der Waals 
interaction

Lennard-Jones potential [332,338,339, 
370,371,384,417–419,421,423,426,428]

Solvent-mediated 
interaction

Morse potential [427]

Electrostatic 
interaction

Screened electrostatic potential [64], 
screened Debye–Hückel potential [416]
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confinement, researchers typically employ purely repulsive interactions, 
ranging from idealized hard-sphere constraint [64,413,416] to the 
continuous Weeks-Chandler-Andersen (WCA) potential [243,332,415, 
427,428,436], which model excluded volume effect. Beyond these 
hard-core repulsions, dissipative particle dynamics (DPD) utilizes soft 
conservative repulsions coupled with dissipative and random forces [65, 
414,420,422,424,425,429]. The soft-repulsion formulation is particu
larly advantageous for studying mechano-diffusion, as it prevents nu
merical instabilities during large structural overlaps and provides robust 
hydrodynamic interactions under large mechanical deformations 
[437–443].

When chemical affinity must be considered – such as in mucosal 
barriers [418] or functionalized hydrogels [384,419] – attractive 

potentials become necessary to capture trap-limited diffusion. In 
coarse-grained frameworks, the standard Lennard-Jones (LJ) interaction 
remains foundational for tuning overall polymer-particle affinity [332, 
338,339,370,371,384,417–419,421,423,426,428]. Recent penetrant- 
in-network studies emphasize that LJ-mediated interactions can pro
foundly alter matrix segmental relaxation, coupling local nanoparticle 
hopping directly to polymer dynamics [338,371]. However, the tradi
tional LJ potential rigidly couples the interaction range to the particle 
size, which can lead to non-physical long-range attraction in a dense 
network. To overcome this limitation, the Morse potential [444] is 
employed. By introducing an independent range parameter, the Morse 
potential allows for the precise decoupling of steric repulsion from ad
hesive interactions, enabling accurate modeling of discrete, short-range 

Fig. 19. Classification of computational polymer network models. Models are defined by properties of crosslink junctions and polymer strands. (A) Crosslink 
junctions are dictated by functionality f and spatial arrangement. (B) Polymer strands are characterized by length dispersity and bending rigidity. (C) Topological 
perfection contrasts ideal, fully connected networks against non-ideal networks containing defects such as dangling ends and loops. (D) External mechanical load 
actively reconfigures the network, inducing anisotropic pore geometry.
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adhesion sites without altering the particle’s effective radius.
Beyond neutral steric and adhesive interactions, electrostatic forces 

introduce an additional layer of complexity in charged hydrogel net
works or polyelectrolyte solutions. To model these effects, screened 
electrostatic potentials [64] or Debye-Hückel potential [416] are 
commonly utilized. These potentials capture the critical role of solvent 
ionic strength and the corresponding Debye screening length. Depend
ing on the charge distribution, electrostatic interactions can either 
strongly exclude penetrants from polymer-dense regions via charge 
repulsion or induce long-lasting trapping through local electrostatic 
attraction, fundamentally altering the effective energy landscape the 
diffusing penetrants experience.

Ultimately, the selection of these modeling parameters forms a 
highly specific design space. Ordered lattices with repulsive interactions 
provide fundamental, interpretable models of barrier crossing, whereas 
the introduction of disorder in topology, semiflexibility in strand, and 
electrostatic attraction captures the highly heterogeneous, viscoelastic 
reality of biological tissues. By carefully calibrating these structural and 
interactive features, simulations lay the necessary groundwork for the 
subsequent imposition of external mechanical load, where the interplay 
between mechanical strain and the pre-defined energy landscape ulti
mately governs the emergent mechano-diffusive response.

8.1.1. Mechanical Control
In mechano-diffusion simulations, the applied mechanical loading 

protocol (Fig. 19D) serves as another control variable that dictates the 
pore anisotropy and strand-tension state of the polymer network. 
Practically, this is implemented by subjecting the network model to a 
prescribed mechanical deformation history. Recent computational 
studies have predominantly utilized strain-controlled protocols [54, 
243], enabling direct comparison of penetrant diffusivity at different 
strain states. The specific strain state, such as uniaxial, biaxial or shear 
strain, plays a critical role in reshaping the effective energy landscape 
and different transport responses.

8.1.2. Dynamic Solver
To precisely simulate the microscopic stochastic diffusion process 

necessitates careful selection of the dynamic solver. As summarized in 
Table 12, the choice of simulation algorithm dictates what physical 
phenomena are explicitly resolved depending on physical process 
desired to study.

At the highest level of resolution, all-atom molecular dynamics (AA- 
MD) retains full chemical specificity and explicit solvent molecules, 
thereby naturally preserving momentum and hydrodynamic interaction. 
It is primarily deployed when interfacial chemistry governs network 
permeability, such as resolving specific non-covalent drug binding [445]
or elucidating how local hydration and ion concentrations dynamically 
respond to macroscopic mechanical actuation [429]. Furthermore, 
AA-MD is frequently employed as a foundational tool to rigorously 
compute localized interaction parameters, providing critical physico
chemical inputs for mesoscale models. By coupling atomistic parameters 

with coarse-grained molecular dynamics (CG-MD), researchers can 
successfully reveal how the tuned deformability of soft nanoparticles 
allows them to adaptively bypass steric constrains in biological hydro
gels [384,419]. Although chemical specificity is fully resolved in 
AA-MD, it is far too slow to systematically explore the large spatio
temporal scales typical of macroscopic diffusion.

To overcome the spatiotemporal limitations of AA-MD, CG-MD 
significantly accelerates the simulation by grouping neighboring 
monomers and solvent molecules into lumped beads thus reducing the 
degree of freedoms of dynamic variables. CG-MD successfully captures 
how network segment relaxation [370,371], particle shape [338,339], 
particle rigidity [419], and deformation-induced structural anisotropy 
[243] regulate penetrant transport. Nevertheless, explicitly resolving 
tens of thousands of solvent beads in CG-MD remains a severe compu
tational bottleneck, limiting the accessible timescale for observing 
long-time penetrant diffusion.

To further accelerate simulations and access macroscopic spatio
temporal scales, implicit-solvent methods such as Langevin dynamics 
(LD) and Brownian dynamics (BD) offer highly efficient alternatives. 
These methods replace the solvent with a stochastic thermostat that 
balances continuous frictional drag with random thermal noise. The 
difference for both methods lies between that BD is overdamped and 
ignores inertial term. LD and BD are computationally efficient for 
investigating penetrant transport behavior in static or slowly evolving 
matrices [64,332,384,413,415–417,419,421,423,426,427,446] when 
the long-time diffusion behavior is of primary interest. However, the 
elimination of the explicit solvent breaks the conservation of local mo
mentum, and solvent-mediated hydrodynamic interactions are lost. 
Consequently, LD and BD cannot accurately capture drag-coupled fluid 
flows under macroscopic deformations.

To resolve the dilemma between computational efficiency and hy
drodynamic fidelity, DPD has emerged as a powerful tool [437–443]. 
DPD retains coarse-grained explicit solvent beads but replaces the 
hard-core repulsive potential of typical CG-MD with a soft potential, 
permitting larger integration timesteps and substantially boosting 
computational speed. Crucially, the pairwise dissipative and random 
forces in DPD are specifically designed to strictly conserve local mo
mentum, thereby recovering Navier-Stokes hydrodynamics at the 
mesoscale [441]. By leveraging these advantages, recent DPD simula
tions have successfully elucidated complex transport mechanisms that 
depend heavily on fluid-structure interactions. For instance, DPD 
explicitly resolves local network deformations and energy barriers, 
enabling the tracking of bounce-back hopping events [65,414]. 
Furthermore, its explicit solvent reveals hydrodynamic lubricity that 
assists pore penetration [420], and captures the unconventional sliding 
of nanorods [424]. Consequently, DPD is uniquely advantageous for 
modeling drag-coupled penetrant motion under severe, large-strain 
mechanical loads.

8.1.3. Computational Observables and Trajectory Analysis
Translating raw simulation trajectories into physically meaningful 

insights requires the computation of specific statistical observables 
(Fig. 20). Direct visualization of these trajectories immediately reveals 
distinct transport modes, such as continuous diffusion, intermittent 
activated hopping, and constrained trapping [414] (Fig. 20A). The most 
fundamental observable is the mean-squared displacement (MSD) 
(Fig. 20B), calculated from the ensemble average of particle trajectories 
over time. The MSD yields the long-time effective diffusivity and iden
tifies the transport regime via the anomalous exponent. While diffusion 
in simple liquids is typically Fickian, transport in complex polymer 
networks often exhibits transient subdiffusion [414,424]. Crucially, 
under anisotropic mechanical loads, the scalar diffusivity is generalized 
to a diffusion tensor. Analyzing the directional MSD allows researchers 
to directly quantify the degree of deformation-induced transport 
anisotropy [243].

Beyond time-averaged macroscopic metrics, simulations excel at 

Table 12 
Overview of molecular simulation methods and their governing physical 
approximations.

Method Solvent Momentum Hydrodynamic 
interaction

Reference

AA-MD Explicit Conserved Preserved [384,419,429,445]
CG-MD Explicit Conserved Preserved [243,338,339,370, 

371,418]
LD Implicit Non- 

conserved
Neglected [332,384,413,417, 

419,421,423,426]
BD Implicit Non- 

conserved
Neglected [64,415,416,427, 

446]
DPD Explicit Conserved Preserved [65,414,420,422, 

424,425]
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capturing microscopic dynamical heterogeneity. To explicitly identify 
the dominant transport regimes, researchers employ the non-Gaussian 
parameter and the van Hove self-correlation function (Fig. 20C), 
which straightforwardly illustrate the coexistence of slow (caged) and 
fast (hopping) particle populations [414,420,424]. Furthermore, the 
intermediate scattering function can be evaluated to capture the struc
tural relaxation of the system (Fig. 20D). The extracted relaxation times 
often manifest complex dependencies on network parameters such as 
polymer strand flexibility [414].

Ultimately, these trajectory-derived observables are governed by the 
underlying energy landscape. By computing the spatial probability dis
tribution of the penetrant or using enhanced sampling methods, the 
potential of mean force (PMF) can be extracted (Fig. 20E), which maps 
the effective free energy landscape with respect to a collective variable. 
This allows for the direct quantification of the hopping free energy 
barrier. Simulations have demonstrated that in semiflexible networks, 
the energy barrier possesses a non-monotonic dependence on polymer 
strand flexibility due to competition between the network’s conforma
tional entropy and its mechanical bending energy [414]. Furthermore, 
energetic analysis reveals that the barrier to transport is not merely 
deformation energy from loop stretching, but is significantly contributed 
by junction deviation [65].

9. Stimuli-Induced Mechano-Diffusion in Hydrogels

The foregoing discussion has established a mechanistic framework 
for understanding how external perturbations regulate transport in 
polymer networks by altering network geometry, interaction land
scapes, and diffusion pathways. Building upon this foundation, we now 
turn to a major application domain in which these principles are actively 
leveraged: stimulus-responsive molecular release in hydrogels. In drug 

delivery systems, external stimuli—including mechanical loading, 
physical fields, and chemical environmental changes—are widely 
employed to regulate molecular diffusion and release. In many such 
systems, release modulation arises not simply from stimulus-triggered 
bulk response, but from stimulus-induced changes in polymer network 
structures, connectivity, or local molecule–polymer interactions. 
Consequently, molecular transport in these materials is often tightly 
coupled to network deformation or reconfiguration and can be inter
preted within a broad mechano-diffusion framework. Despite this 
shared physical basis, existing studies are commonly organized ac
cording to stimulus type or material platform, emphasizing system- 
specific response behaviors. While informative, this structure obscures 
a direct comparison of transport-regulation mechanisms across systems, 
as common mechano-diffusion principles are scattered across otherwise 
disconnected studies. To provide a more unified and mechanism- 
oriented perspective, we therefore analyze stimulus-responsive molec
ular diffusion and release along two complementary but decoupled di
mensions: external stimulation strategies, which describe how 
perturbations are imposed on polymer networks, and polymer-level 
transport-regulation mechanisms, which capture the fundamental ori
gins of stimulus-induced changes in molecular transport (Fig. 21). By 
separating stimulus form from transport mechanism, this framework 
enables cross-stimulus and cross-material comparisons and helps iden
tify transferable design principles for controlled molecular transport in 
polymer networks.

To establish a unified framework for stimulus-regulated molecular 
transport in polymer networks, we first classify existing studies ac
cording to the type of external stimulus applied. This stimulus-based 
categorization is motivated by the recognition that molecular release 
and transport are strongly regulated by externally imposed or environ
mentally derived triggers. The selected stimuli—including mechanical 

Fig. 20. Computational observables from penetrant dynamics to thermodynamic landscapes. (A) Representative 3D trajectories of distinct transport modes: 
continuous diffusion (left), intermittent activated hopping (middle), and constrained trapping (right). (B) Mean-squared displacement (MSD) and non-Gaussian 
parameter (inset) versus time for varying polymer chain rigidities. (C) The van Hove self-correlation function at different time intervals. (D) Intermediate scat
tering function capturing structural relaxation. Inset: Non-monotonic dependence of relaxation time on polymer rigidity. (E) PMF profiles mapping the free energy 
landscape; the hopping barrier peak varies with nanoparticle–polymer interaction strength. [414]. Copyright 2021 American Chemical Society (A, B, D). [424] under 
a Creative Commons Attribution 4.0 International License (C). [421]. Copyright 2022 AIP Publishing (E).
(a) (A), (B), and (D) adapted with permission from Ref. (b) Panel (E) adapted with permission from Ref. (c) (C) adapted from Ref.
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deformation (stretching and swelling), physical fields (ultrasound, light, 
magnetic and electric fields), and thermodynamic or chemical cues (pH) 
— represent the dominant and practically accessible control modalities 
used to modulate transport and release in polymer-based delivery sys
tems. Collectively, these stimuli define the control space through which 
kinetics, timing, and spatial selectivity can be programmed, making 
them a natural starting point for organizing stimulus-responsive drug 
delivery strategies. Building on the stimulus-based horizontal classifi
cation, we further organize the literature along a mechanistic axis that 
captures how external or environmental stimuli are transduced into 
changes in molecular transport within polymer networks. While stimuli 
define the mode of external control, their effects are realized through 
distinct response pathways governed by network architecture, cross
linking motifs, and molecule–polymer interactions. From this perspec
tive, stimulus-induced transport modulation can be broadly understood 
in terms of polymer-network-level modulation, reversible restructuring 
of crosslinking domains, dynamic gating of transport pathways, and the 
regulation of molecule–polymer interactions. Together, these mecha
nistic pathways span responses from network-scale structural reorgani
zation to molecular-scale interaction changes, enabling systematic 
comparison of transport and release behaviors across diverse stimulus 
conditions within a unified framework.

In stimulus-responsive polymer systems, polymer network modula
tion represents the most direct and widely encountered mechanism for 
regulating molecular transport [41,50,131,132,136,138,447–491]. Its 
defining feature lies in the ability of external or environmental stimuli to 
alter the structural state of the polymer network at the mesoscale, 
thereby directly reshaping diffusion pathways and release behavior. 
This mechanism does not rely on specific chemical reactions or molec
ular recognition events; instead, it operates through global changes in 
network geometry, chain conformation, effective mesh size, and 
free-volume distribution, which collectively modulate transport resis
tance. As is evident from the mechanism–stimulus matrix in Fig. 21, all 
classes of external stimuli can access this pathway, with optical, thermal, 
and pH-based triggers being particularly prominent. In these cases, 

molecular transport is regulated primarily through stimulus-induced 
network reorganization or volume evolution, rather than through spe
cific interactions between the polymer matrix and the transported spe
cies. Owing to its structural, stimulus-agnostic nature, polymer network 
modulation constitutes the simplest and most general route for trig
gering diffusion and release in responsive polymer networks and forms a 
foundational physical framework for understanding stimulus-induced 
mechano-diffusion phenomena.

Beyond polymer network modulation, which is characterized by 
network-scale structural rearrangements, stimulus-responsive polymer 
systems also exhibit a distinct class of transport regulation mechanisms 
based on polymer crosslink dissociation [123–125,130,134,135,137, 
140,492–515]. In this mechanism, external or environmental stimuli act 
directly on the network’s connecting units, leading to changes in 
network connectivity and topology rather than through gradual geo
metric modulation. From a physicochemical perspective, crosslink 
dissociation commonly involves dynamic covalent bonds, coordination 
interactions, hydrogen bonding, ionic associations, or other supramo
lecular crosslinking motifs, whose stability can be weakened, reversibly 
or permanently disrupted, and reorganized upon stimulation. Cross
linking points play a central role in constraining chain mobility and 
maintaining network integrity, their dissociation is often accompanied 
by abrupt changes in effective crosslink density, chain length, and 
network constraints, resulting in step-like or threshold-dependent shifts 
in molecular transport behavior. Importantly, triggering crosslink 
dissociation generally requires either a substantial energy input or the 
deliberate design of responsive polymer architectures that allow 
external stimuli to couple selectively to the crosslinking domains. 
Therefore, this mechanism is most frequently realized under stimuli 
such as ultrasound, light irradiation, and pH modulation, which can 
efficiently target specific crosslinking interactions. These stimulus mo
dalities enable controlled, stage-wise, or switch-like regulation of mo
lecular diffusion and release, distinguishing crosslink 
dissociation–mediated mechano-diffusion from the more continuous 
transport modulation associated with network-level deformation.

Fig. 21. Overview of stimuli-responsive diffusion mechanisms in polymer networks. Summary of reported external stimuli and the corresponding polymeric 
mechanisms through which molecular diffusion and release are regulated in polymer networks.
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In addition to the above-mentioned mechanisms, dynamic polymer 
gating represents a class of molecular transport-regulation mechanisms 
characterized by the spatiotemporally reversible opening and closing of 
transport pathways [129,472,476,516–528]. Unlike mechanisms that 
rely on global network deformation or changes in crosslink connectivity, 
dynamic gating does not require substantial alteration of the polymer 
network’s overall geometry or topology. Instead, external or environ
mental stimuli induce localized conformational rearrangements, 
segmental reorientation, or reversible state switching of functional 
units, giving rise to transient and spatially confined transport channels. 
From a structural standpoint, this mechanism operates at an interme
diate, mesoscopic scale, manifested as reversible modulation of local 
free volume, effective pore size, or transport energy barriers. Impor
tantly, the scope of dynamic polymer gating is not restricted to the 
polymer matrix itself. In many delivery systems, gating behavior can 
occur both within the polymer carrier—where local channel dynamics 
regulate molecular diffusion—and within the surrounding biological 
tissue or target environment, where stimulus-induced changes in tissue 
microstructure, interstitial spacing, or barrier properties dynamically 
modulate molecular transport across interfaces. Under this mechanism, 
transport kinetics are governed not by bulk diffusivity or network con
nectivity, but by the probability, duration, and spatial distribution of 
gating events, leading to inherently non-steady and heterogeneous 
transport profiles. As a result, dynamic polymer gating is particularly 
suited for selective, pulsatile, or temporally programmable release and 
transport, and provides a mechanistic bridge between material-level 
design and dynamic regulation at biological interfaces.

Lastly, stimulus-responsive polymer systems also encompass a 
distinct pathway that operates directly at the molecular interaction 
level, referred to as molecule–polymer interaction modulation [126, 
133,139,491,529–538]. In this mechanism, external or environmental 
stimuli do not primarily alter the polymer network geometry, topology, 
or channel state; instead, they modulate the binding strength, interac
tion energy landscape, or association–dissociation kinetics between the 
transported molecules and the polymer matrix, thereby governing mo
lecular mobility within the network. From a mechanistic perspective, 
this pathway represents the molecular-scale limit of stimulus-regulated 
transport, where diffusion and release behavior are dictated by 
interaction-mediated energetic barriers rather than by steric obstruc
tion, network connectivity, or channel availability. Analysis of the 
reference distribution shown in Fig. 21 further reveals that examples 
based on molecule–polymer interaction modulation are comparatively 
sparse relative to the other three mechanism classes, with reported 
systems predominantly associated with pH-responsive conditions, while 
some stimulation modalities exhibit few or no clear examples. Impor
tantly, this observation should not be interpreted as evidence that such 
mechanisms are fundamentally inaccessible under these stimuli. Rather, 
it reflects the higher design complexity and stricter requirements asso
ciated with selectively and reversibly coupling external stimuli to spe
cific molecule–polymer interactions, while minimizing concurrent 
structural responses of the polymer network. Consequently, compared 
with structure-driven mechanisms, molecule–polymer interaction 
modulation has been less frequently adopted as a primary strategy for 
drug release, and is more often employed in contexts where chemical 
selectivity, payload specificity, or interaction-dominated transport 
behavior is the central design objective.

An integrated analysis of Fig. 21 indicates that the prevalence of 
different stimulus modalities in stimulus-responsive polymer transport 
studies is governed by a combination of implementation difficulty, 
controllability, and application-driven requirements. Thermal and pH- 
responsive stimuli constitute the largest fraction, largely because they 
function as relatively passive triggering mechanisms: in practical set
tings, drug-loaded polymer matrices can be deployed directly in vivo 
and activated by physiological temperature or local fluid pH, without 
the need for external instrumentation or complex operational proced
ures. By contrast, physical field–based stimuli—including light, 

magnetic fields, electric fields, and ultrasound—are supported by 
comparatively mature engineering technologies and offer externally 
controllable, spatially and temporally programmable regulation. These 
features make them widely adopted in systems requiring precise control 
over release behavior, albeit at the cost of increased system complexity. 
Swelling-mediated responses occupy a distinct position in the frame
work, as solvent uptake and volumetric expansion can naturally couple 
multiple environmental cues to transport regulation, particularly tem
perature and pH, thereby integrating different stimuli into a unified 
transport response. In comparison, mechanically induced stretching is 
represented by fewer reported examples, which likely reflect the prac
tical challenges associated with precisely applying and maintaining 
controlled deformation under realistic delivery or in vivo conditions. 
Overall, the reference distribution trends observed in Fig. 21 are not 
determined solely by the intrinsic effectiveness of individual mecha
nisms, but instead reflect trade-offs between passive triggering and 
active control, design simplicity and regulatory precision, which 
collectively shape the dominant development pathways of stimulus- 
responsive molecular transport in polymer systems.

10. Mechano-diffusion of Active Particles in Hydrogels

Previous sections focused on passive particles, whose diffusion is 
driven by thermal fluctuations and can often be interpreted within 
equilibrium diffusion frameworks using effective diffusivity together 
with network descriptors. However, many real-world transport prob
lems, particularly in biology, are dominated by active particles (e.g., 
flagellated bacteria [539–541], sperm cells [542–545], and flagellate 
microalgae [546–548]) whose diffusion arises from active 
self-propulsion mechanisms rather than passive Brownian motion [549, 
550]. Beyond biology, active particles are also central to emerging 
technologies such as soft microrobotics [551–554]. Their transport is 
fundamentally non-equilibrium, as persistent motion is sustained by 
continuous energy input, which in polymer networks couples strongly to 
geometric confinement and viscoelastic dissipation. Consequently, 
transport is jointly governed by particle activity (quantified by Péclet 
number, defined as the ratio of directed motion versus thermal diffu
sion), geometric confinement relative to the mesh size, and the net
work’s mechanical compliance (e.g., bending stiffness) [555,556]. This 
interplay leads to distinct dynamical regimes as particle size approaches 
the pore scale. This section adopts a trajectory-based description to 
quantify swimming speed, directional persistence, and their distribu
tions, thereby establishing a mechanistic bridge between single-particle 
motility, collective transport, and material design. We first clarify the 
conceptual distinction between passive and active particles (Section 
10.1), then map representative active particles studied in polymeric 
environments (Section 10.2), and finally outline forward-looking 
design principles for hydrogels that regulate active-particle diffusion 
and selectivity (Section 10.3).

10.1. Distinction between Passive and Active Particles

Passive particles undergo Brownian diffusion driven by thermal 
fluctuations [557,558] (Fig. 22A). In the absence of external forcing, 
their trajectories show no intrinsic directional preference, and reor
ientation is frequent and random. In such equilibrium settings, diffusion 
is typically characterized by an effective diffusivity D and can often be 
interpreted within frameworks introduced in earlier chapters (e.g., 
size-ratio regimes and network descriptors).

In contrast, active particles are maintained out of equilibrium by 
continuous energy consumption [555] (Fig. 22B). Their “diffusion” at 
long times is not purely thermal; instead, it arises from self-propulsion 
(e.g., metabolic energy powering flagellar or ciliary beating [559]) or 
field-induced propulsion (e.g., magnetic, electric, optical, or chemically 
fueled mechanisms [560–562]). A defining feature is directional 
persistence over a finite time/length scale: trajectories remain 

J. Ma et al.                                                                                                                                                                                                                                       Extreme Mechanics Letters 86 (2026) 102496 

33 



approximately aligned for a persistence time τp (or a persistence length 
L), before stochastic reorientation events randomize the direction [563]. 
This distinction is illustrated schematically in Fig. 22A and 22B, where 
passive particles exhibit a random-walk-like trajectory dominated by 
thermal fluctuations, whereas active particles display persistent seg
ments due to self/field propulsion.

Quantitatively, active motion can be parameterized by an instanta
neous speed v and swimming orientation θ that remain correlated over τp 
[563]. At short times, motion can appear quasi-ballistic (approximately 
straight), while at long times repeated reorientation events yield an 
effective diffusive behavior. Because active propulsion requires sus
tained energy input, motility may also persist only over a finite duration, 
which we refer to as the motility lifetime Tlife (e.g., fuel depletion, 

physiological changes, or removal of an external field). Notably, τp and 
Tlife capture different aspects of active transport: τp quantifies how 
rapidly the swimming direction decorrelates, whereas Tlife sets how long 
propulsion remains appreciable before weakening or ceasing. These 
timescales can be medium-dependent: in polymer networks, “activity” is 
often not a fixed property; it can depend on local confinement, visco
elastic loading, chemical microenvironments, or time-varying physio
logical states (for biological swimmers). In practice, a single diffusivity is 
often insufficient for active motion; instead, trajectories are more 
informatively described by the swimming speed v, orientation θ, 
persistence time τp, motility lifetime Tlife, as well as how these quantities 
vary across particles and time.

Stretchable polymer networks add a further layer of coupling 

Fig. 22. Distinction between passive and active particles diffusion, and representative active particles in polymer networks. (A) Passive particle: Brownian 
motion driven solely by thermal fluctuations. In the absence of active driving, trajectories exhibit frequent random reorientations and no intrinsic directional 
persistence. (B) Active particle: Persistent motion powered by energy-consuming self-propulsion or field-induced propulsion. Trajectories maintain a preferred di
rection over a finite persistence time/length, characterized by an instantaneous velocity v and directionality θ, before undergoing stochastic reorientation. (C) Motile 
Bacillus subtilis bacteria with three flagellar bundles swimming in 18.75% DSCG (lyotropic, water-based disodium cromoglycate). 524 under a CC BY 4.0 license, 
APS. Scale bar: 5 μm. (D) Sperm cells swimming in a Newtonian viscous medium (3% PVP). 525 under a CC BY 4.0 license, Springer Nature. (E) Motile microalgae 
(Chlamydomonas reinhardtii) in 3D-printed hydrogel–based engineered living materials. 159 under a CC BY license, Wiley. (F) Synthetic active particles (ferro
magnetic Janus particles), whose motion and interactions can be programmed by external fields to control propulsion direction/speed, alignment, and collective 
organization. 519 under a CC BY 4.0 license, Springer Nature.
(a) Adapted from Ref. (b) Adapted from Ref. (c) Adapted from ref. (d) Adapted from Ref.
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because deformation reshapes the local microenvironment experienced 
by active swimmers: stretching can alter pore geometry and connec
tivity, induce microstructural anisotropy, and change viscoelastic 
dissipation pathways, thereby modulating propulsion efficiency, reor
ientation dynamics, and particle-network interactions. In this sense, 
stretchable hydrogels provide mechanical control handles for tuning the 
motility landscape underlying active diffusion.

10.2. Mechano-Diffusion of Active Particles in Polymer Networks

Active transport in polymer-rich, gel-like environments (mucus, 
extracellular matrix, biofilms, and engineered hydrogels) is strongly 
shaped by geometric confinement and viscoelastic dissipation, which 
can reshape motility statistics and can shift collective dynamics [564]. 
These effects are central in biological contexts (e.g., bacterial spreading 
and infection, sperm navigation and selection) and increasingly relevant 
to engineered functions (e.g., targeted delivery and microscale actua
tion). The literature therefore focuses on two main categories: biological 
swimmers and synthetic active particles, together spanning broad pro
pulsion mechanisms and length scales.

10.2.1. Biological Active Particles
A common way to organize biological swimmers is by size scale, 

since particle length relative to pore or mesh size largely controls 
confinement and motility modes.

Motile bacteria. Motile bacteria such as E. coli and B. subtilis propel 
via rotating flagella bundles and are widely studied in polymeric and 
polymer-rich media relevant to infection, biofilm initiation, and pene
tration through mucus-like barriers. In polymer solutions and gel-like 
networks, their trajectories become sensitive to pore geometry, local 
anisotropy, and surface interactions, which can bias orientation dy
namics and promote transitions among run-reorientation dynamics, 
intermittent trapping, and collective states. Fig. 22C shows motile 
B. subtilis in a lyotropic polymeric environment (DSCG) [565], illus
trating how anisotropic microstructure can steer trajectories and, in 
turn, reshape transport statistics that matter for barrier crossing and 
colonization.

Sperm cells. Sperm transport in polymer-rich environments is cen
tral to reproductive biology and reflects a practical need for polymer- or 
gel-based media that can differentiate motility under realistic, mucus- 
like conditions. As a canonical flagellated swimmer, sperm consists of 
a head and a beating flagellum; in many studies the head is on the order 
of ∼ 10 μm in length and ∼ 5 μm in width with a flagellum tens of mi
crons long (Fig. 22D) [566]. In viscous polymer solutions and gel-like 
mucus mimics, viscoelastic dissipation and confinement can reshape 
propulsion efficiency and turning behavior, thereby changing persis
tence and navigation performance. This sensitivity is why polymeric 
media are widely used to quantify how microstructure and rheology 
modulate sperm trajectories.

Motile microalgae. Biflagellate microalgae such as Chlamydomonas 
reinhardtii (C. reinhardtii) provide distinct kinematics and length scales 
that often approach the characteristic pore/mesh scales in 3D hydrogels, 
so steric confinement and pore connectivity can dominate migration. As 
shown in Fig. 22E, an individual C. reinhardtii cell is associated with a 
reported volume of 358 μm³ [567]. (This corresponds to an effective cell 
scale on the order of ∼ 10 μm.) Such organisms are therefore useful 
“active probes” for how 3D network connectivity and anisotropy regu
late active transport, including intermittent obstruction, reorientation, 
and escape events.

10.2.2. Synthetic Active Particles
Alongside biological swimmers, synthetic active particles powered 

by chemical gradients or external fields offer tunable driving conditions 
and programmable particle designs. Two classification routes are 
commonly used: (i) propulsion arising from surface/chemical asymme
try (e.g., Janus swimmers) and (ii) propulsion arising from engineered 

body geometry or mechanics (e.g., rigid shape-designed swimmers and 
soft microrobotic swimmers).

Janus microswimmers (surface/chemical asymmetry-enabled). Janus 
particles carry an intrinsic asymmetry in composition or surface chem
istry, which can be harnessed to generate propulsion through chemical 
reactions or external fields [560]. For example, Fig. 22F shows ferro
magnetic Janus particles whose motion can be driven by an applied 
magnetic field. This platform is attractive because propulsion can be 
tuned by surface design and driving conditions while keeping the par
ticle size and overall shape relatively simple, enabling systematic tests of 
how polymer microstructure modulates directionality, persistence, and 
collective organization.

Engineered microswimmers (geometry- and mechanics-enabled). Engi
neered microswimmers generate propulsion primarily through designed 
body geometry or controlled deformation. Rigid, shape-designed 
swimmers (e.g., helical swimmers) translate by rotating a designed ge
ometry under an external field, offering a clean platform to isolate how 
confinement and anisotropy modulate swimming direction and speed 
[568,569]. Soft microrobotic swimmers rely on field-programmed 
deformation (flagella-like beating or body undulation), making their 
propulsion efficiency and reorientation especially sensitive to visco
elastic dissipation and mechanical constraints in polymer networks 
[570–572].

10.3. Engineering Polymer Network Architecture to Manipulate Active 
Particle Diffusion

While passive diffusion is primarily governed by steric exclusion 
between particles and the polymer mesh, active particles exhibit richer 
transport behaviors because self/field propulsion continuously couples 
to the network’s confinement and viscoelastic dissipation. By engi
neering the architecture of stretchable hydrogels—through tuning key 
mesh and architecture descriptors (e.g., fibril orientation/spacing, 
reversible interactions, and topological defects) and applying macro
scopic deformation—it becomes possible to regulate trajectory statistics 
(e.g., the probability distribution functions (PDFs) of v, θ, and L), moving 
beyond size-based filtering toward motility-based control and selection.

Macroscopic strain ε provides a direct route to break the isotropy and 
impose structural guidance. In an undeformed gel, a largely disordered 
microstructure offers no preferred direction, so the swimming orienta
tion θ explores angles broadly over time. Under tensile loading, pore 
deformation and fibril alignment create an anisotropic environment that 
biases swimmer orientation, sharpening the orientation distribution 
toward a preferred direction θp (Fig. 23A). This effect is particularly 
relevant for elongated swimmers (e.g., B. subtilis, sperm), whose pro
pulsion and steric interactions couple strongly with aligned 
microstructures.

Beyond directionality, confinement relative to mesh size modulates 
reorientation statistics and persistence. When the characteristic pore/ 
mesh scale approaches the particle size, frequent encounters with the 
network can increase turning events, reducing the persistence time τp (or 
equivalently the persistence length L ∼ vτp) and reshaping the distri
butions of v, θ, and L extracted from trajectories (Fig. 23A, left). At 
elevated particle densities, the same confinement and anisotropy can 
also bias pair interactions and alignment, promoting collective states 
(swarming/clustering) that appear as multimodal PDFs of transport 
metrics (Fig. 23A, right).

These relationships between strain, geometry, and motility motivate 
the inverse-design framework illustrated in Fig. 23B. Rather than opti
mizing a single averaged metric, inverse-designed hydrogels target 
distributional signatures of transport: for a single particle type, the aim 
is to narrow the PDFs of mobility- and persistence-related quantities 
(reduced FWHM), whereas for mixed populations the aim is to enlarge 
peak-to-peak separation among their distributions. Even when different 
active particles have similar sizes, their motility signatures (speed, 
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persistence, and orientation statistics) can differ; engineered hydrogels 
can amplify these differences and enable robust sorting based on tra
jectory statistics rather than pore-size filtering alone.

11. Application and Outlook

In the preceding discussion, molecular transport has been framed as 
a tunable process governed by polymer network accessibility and the 
associated transport regimes, with external stimuli acting as modulators. 
When this physical perspective is translated into practical systems, 
diffusion ceases to be a fixed material property and instead becomes a 
functional variable that can be systematically engineered and regulated. 

Across diverse application contexts, controlling network architecture, 
accessibility, and their dynamic responses enables direct reconfiguration 
of transport pathways and flux distributions, thereby imparting specific 
functional outcomes. From this viewpoint, stimulus-responsive hydro
gels and related soft materials emerge as a versatile platform for trans
lating transport modulation into functional outcomes.

Here we leverage three representative application examples to 
highlight the design principles of mechano-diffusion in polymer net
works. The first example, within the conceptual framework that treats 
molecular transport as a tunable process, selectively regulating molec
ular accessibility to functional interfaces emerges as a key design 
strategy for achieving reliable in situ biosensing [573–575]. In situ 

Fig. 23. Quantitative characterization of active particle diffusion and inverse-design principles for hydrogel-based regulation. (A) Schematic illustration of 
individual (left) versus collective (right) active-particle transport in polymer networks. For individual transport, the instantaneous velocity v, directionality θ, and 
persistence length L are quantified from single-particle trajectories. Their probability distribution functions (PDFs) typically exhibit single peaks, characterized by the 
peak values (vp, θp, Lp) and the corresponding full widths at half maximum (vFWHM, θFWHM, LFWHM), reflecting characteristic motility and its variability. In collective 
regimes, PDFs can become multimodal, reflecting distinct dynamic states such as swarming and clustering; each mode can be associated with a specific collective 
state (e.g., Cluster 1–3, Swarm 1–3). (B) Inverse-design concept for amplifying transport selectivity in hydrogels. Relative to a conventional hydrogel, inverse- 
designed hydrogels can (left) narrow the distribution for a single particle type (reduced FWHM), yielding more uniform and controllable transport, and (right) 
increase the separation among distributions of different particle types (enhanced peak-to-peak contrast), enabling multi-modal discrimination and selection based on 
transport metrics.
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biosensing offers distinct advantages, including real-time signal acqui
sition, minimal sample preprocessing, and the ability to perform 
continuous monitoring directly within physiological environments, 
making it highly attractive for diagnostic and health-monitoring appli
cations [575–577]. In fact, complex biological fluids typically contain a 
large abundance of non-target biomolecules that can undergo nonspe
cific adsorption at the sensing interface, leading to biofouling (Fig. 24A 
upper) [578,579]. Such fouling competitively occupies interfacial 
accessibility, impedes effective contact between target biomarkers and 
the sensing element, and ultimately compromises detection accuracy 
and reliability. From a transport perspective, this challenge is not solely 
rooted in insufficient molecular recognition, but rather reflects a lack of 
effective differentiation in transport pathways and accessibility among 
coexisting molecular species prior to reaching the sensing interface. A 
broadly applicable strategy to address this issue is the introduction of a 
thin, selectively permeable hydrogel membrane upstream of the sensing 
surface, such that molecular transport is regulated before molecules 
encounter the sensing element. Existing studies have demonstrated that 
hydrogel-based permeation layers can achieve molecular discrimination 
through mechanisms such as size exclusion, charge-mediated in
teractions, and other weak physicochemical interactions (Fig. 24A 
lower) [580–583]. Building on these approaches, incorporating dy
namic bonding as an additional network design dimension provides a 
distinct route for selective transport modulation. By embedding 
reversible interaction sites within the polymer network that transiently 
associate with target biomolecules, preferential and time-dependent 
transport pathways can be established. In this manner, target mole
cules are guided to permeate the hydrogel matrix and progressively 
reach the sensing interface, while non-target species lacking corre
sponding interactions are effectively excluded. This application illus
trates that selective biosensing need not rely exclusively on the intrinsic 
specificity of sensing elements, but can instead be achieved through 
deliberate regulation of molecular accessibility and transport pathways 
at interfaces, offering a generalizable strategy for robust in situ detection 
in complex biological environments.

Second, within the conceptual framework that treats molecular 
transport as a tunable process, external stimuli provide a direct and 
effective means to impose spatiotemporal selectivity on molecular 
transport, a requirement that is particularly critical in drug delivery 
applications [584,585]. In complex physiological environments, con
ventional drug delivery systems often suffer from continuous leakage, 
off-target diffusion, and limited control over release timing, which 
collectively reduce therapeutic efficacy and increase the risk of side 
effects [586–588]. From a transport perspective, drug release is not 
merely a matter of cargo loading and passive diffusion, but fundamen
tally corresponds to whether—and when—drug molecules are permitted 
to overcome polymer network constraints and transition into the sur
rounding environment. External stimuli enable dynamic reconfiguration 
of polymer network structure and accessibility without altering the 
overall chemical composition of the material, thereby allowing revers
ible switching between distinct transport regimes and providing a 
physical basis for on-demand release [495]. Among various stimulus 
modalities, ultrasound has been widely employed in hydrogel-based 
drug delivery systems due to its noninvasive nature, spatial address
ability, and precise temporal controllability, leading to relatively mature 
strategies for triggered release and diffusion enhancement [495,589]. In 
most existing studies, ultrasound is primarily treated as a switch or 
diffusion accelerator, with its effects manifested as a largely nonselec
tive increase in network accessibility [495,590,591]. Under this para
digm, activation of ultrasound typically results in the simultaneous 
release of all diffusible species, offering limited discrimination among 
different molecular cargos. By contrast, integrating polymer network 
design and molecular transport considerations into 
ultrasound-responsive systems opens an underexplored avenue for 
achieving stimulus-driven selective permeability [592]. Through the 
coordinated tuning of network geometry, molecule–network in
teractions, and ultrasound parameters (e.g., intensity, frequency, and 
actuation sequence), it becomes possible to differentially regulate 
transport pathways such that specific molecules are preferentially 
permitted to permeate under defined stimulus conditions, while others 

Fig. 24. Applications and outlook of mechano-diffusion. Representative applications enabled by mechano-diffusion, including (A) selective hydrogel membranes 
for in situ biosensing, (B) ultrasound-driven selective drug delivery, and (C) strain-induced hemostatic adhesive hydrogels. (D) Outlook toward AI-accelerated 
mechano-diffusive material design through the integration of high-throughput characterization, computational simulation, and physics-informed machine learning.
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remain restricted, or even to reversibly switch transport selectivity 
across different stimulus states (Fig. 24B). Taken together, 
ultrasound-driven drug delivery can be extended beyond binary release 
triggering toward programmable control over transport pathways, 
enabling drug release that is selectively regulated across spatial, tem
poral, and dosage dimensions, and offering expanded design flexibility 
for multicomponent delivery and complex therapeutic scenarios.

Finally, within the broader landscape of transport regulation, me
chanical deformation offers a uniquely direct and rapid means of 
modulating molecular and fluid transport, particularly in biomedical 
scenarios where interface transport must be suppressed on short time 
scales [593]. As a class of biocompatible soft materials, hydrogels have 
been widely explored for wound management and tissue repair 
[594–596]. Their porous polymer networks can rapidly sequester and 
immobilize hemostatic agents at the wound interface, forming a physical 
barrier that effectively limits uncontrolled fluid and molecular outflow 
and thereby enables rapid hemostasis [597,598]. Beyond this passive 
role, hydrogels provide a versatile structural platform for integrating 
mechanical responsiveness with transport regulation to actively support 
subsequent stages of wound healing. By tailoring the mechanical prop
erties of the polymer network, hydrogels can be applied to wounds in a 
pre-strained state, exploiting their elastic recovery to exert a sustained 
inward contractile force as the material relaxes toward its equilibrium 
configuration [599,600]. This mechanically induced contraction pro
motes wound edge approximation and accelerates tissue closure without 
relying on external fixation. In parallel, the intrinsic capability of 
hydrogels to serve as drug delivery matrices enables further coupling 
between mechanical deformation and molecular transport. 
Strain-induced network reconfiguration can be leveraged to regulate the 
release of therapeutic agents at the wound site, such that mechanical 
deformation not only assists physical closure but also modulates local 
drug availability (Fig. 24C). Through this multiscale coupling of me
chanical response and transport behavior, hydrogels transition from 
passive wound dressings to active, mechano-responsive systems that 
simultaneously support rapid hemostasis, mechanical wound closure, 
and localized drug delivery. This integrated design paradigm highlights 
how mechanically driven modulation of network accessibility and 
transport pathways can be harnessed to achieve efficient and multi
functional wound-healing outcomes [599–601].

Taken together, the applications discussed above demonstrate that 
mechano-diffusion and transport regulation can be deliberately lever
aged across diverse functional contexts, rather than being confined to 
specific materials or isolated use cases. Building on these advances, the 
research perspective naturally extends toward the systematic explora
tion, comparison, and design of transport behaviors across polymer 
networks and external stimuli at larger scales [602]. In this context, the 
integration of high-throughput experimentation, computational simu
lation, and data-driven modeling is emerging as a particularly promising 
direction (Fig. 24D) [603,604]. High-throughput experimental plat
forms enable continuous and efficient acquisition of large volumes of 
high-fidelity transport data, capturing diffusion and transport behaviors 
in complex polymer networks under realistic conditions [603,605]. In 
parallel, computational simulations provide cost-effective access to 
broader parameter spaces, generating complementary datasets that 
extend beyond experimentally accessible regimes [602]. By combining 
these experimental and simulation datasets within physics-informed 
machine learning frameworks, it becomes possible to construct scal
able databases that explicitly link network structure, stimulus condi
tions, and transport behavior [606,607]. Such databases, in turn, enable 
a shift in material design strategy: rather than relying on empirical 
screening or incremental optimization, materials can be designed 
starting from desired transport behaviors—such as prescribed release 
profiles, selective permeability, or transport regime switching—and 
working backward to identify appropriate polymer architectures, ma
terial compositions, and processing conditions [608–610]. Looking 
ahead, this transport-centric, data-driven approach has the potential to 

substantially accelerate the discovery of mechano-diffusive materials 
and to enable genuinely programmable and predictable molecular 
transport systems.
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[86] E. Syková, C. Nicholson, Diffusion in brain extracellular space, Physiol. Rev. 88 
(2008) 1277–1340.

[87] X. He, et al., Extracellular matrix physical properties govern the diffusion of 
nanoparticles in tumor microenvironment, Proc. Natl. Acad. Sci. 120 (2023) 
e2209260120.

J. Ma et al.                                                                                                                                                                                                                                       Extreme Mechanics Letters 86 (2026) 102496 

39 

http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref14
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref14
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref15
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref15
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref16
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref16
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref17
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref17
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref18
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref18
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref19
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref19
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref20
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref20
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref21
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref21
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref22
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref22
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref22
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref23
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref23
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref24
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref24
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref25
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref26
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref26
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref27
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref27
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref27
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref28
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref28
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref29
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref29
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref29
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref30
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref30
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref30
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref31
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref32
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref32
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref33
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref33
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref34
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref34
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref34
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref35
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref35
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref36
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref36
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref37
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref37
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref38
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref38
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref39
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref39
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref40
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref40
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref41
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref41
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref42
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref42
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref43
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref43
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref44
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref44
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref45
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref45
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref45
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref46
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref46
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref46
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref47
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref47
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref47
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref48
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref48
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref49
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref49
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref49
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref50
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref50
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref50
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref51
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref51
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref52
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref52
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref53
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref53
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref53
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref54
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref54
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref55
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref55
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref55
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref56
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref56
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref57
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref57
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref58
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref58
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref59
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref59
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref60
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref60
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref60
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref61
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref61
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref62
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref62
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref63
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref63
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref63
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref64
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref64
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref64
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref65
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref65
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref66
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref66
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref67
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref67
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref68
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref68
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref68
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref69
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref69
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref69
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref70
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref70
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref71
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref71
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref72
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref72
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref73
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref73
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref74
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref74
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref75
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref75
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref75
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref76
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref76
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref76
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref77
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref77
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref77
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref78
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref78
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref79
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref79
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref79
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref80
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref80
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref81
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref81
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref82
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref82
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref82
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref83
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref83
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref84
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref84
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref85
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref85
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref85
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref86
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref86
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref87
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref87
http://refhub.elsevier.com/S2352-4316(26)00057-X/sbref87


[88] K.L. Kleinhans, L.M. Jaworski, M.M. Schneiderbauer, A.R. Jackson, Effect of static 
compressive strain, anisotropy, and tissue region on the diffusion of glucose in 
meniscus fibrocartilage, J. Biomech. Eng. 137 (2015) 101004.

[89] L.T. Baxter, R.K. Jain, Transport of fluid and macromolecules in tumors. I. Role of 
interstitial pressure and convection, Microvasc. Res. 37 (1989) 77–104.

[90] T. Stylianopoulos, et al., Causes, consequences, and remedies for growth-induced 
solid stress in murine and human tumors, Proc. Natl. Acad. Sci. 109 (2012) 
15101–15108.

[91] H.T. Nia, et al., Solid stress and elastic energy as measures of tumour 
mechanopathology, Nat. Biomed. Eng. 1 (2016) 0004.

[92] R.K. Jain, J.D. Martin, T. Stylianopoulos, The role of mechanical forces in tumor 
growth and therapy, Annu. Rev. Biomed. Eng. 16 (2014) 321–346.

[93] T. Stylianopoulos, L.L. Munn, R.K. Jain, Reengineering the physical 
microenvironment of tumors to improve drug delivery and efficacy: from 
mathematical modeling to bench to bedside, Trends Cancer 4 (2018) 292–319.

[94] S. Villarruel, G.S. Ibbott, S.J. Lai-Fook, Effect of concentration and hydration on 
restriction of albumin by lung interstitium, Microvasc. Res. 63 (2002) 27–40.

[95] C.-H. Heldin, K. Rubin, K. Pietras, A. Östman, High interstitial fluid pressure—an 
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Interactions", Supramol. Chem. (2012).

[325] P.E. Rouse, Jr, A Theory of the Linear Viscoelastic Properties of Dilute Solutions of 
Coiling Polymers, J. Chem. Phys. 21 (1953) 1272–1280.

[326] A. Einstein, On the motion of small particles suspended in liquids at rest required 
by the molecular-kinetic theory of heat, Ann. der Phys. 17 (1905) 208.

[327] M. von Smoluchowski, Zur kinetischen Theorie der Brownschen 
Molekularbewegung und der Suspensionen, Ann. der Phys. 326 (1906) 756–780.

[328] M. Doi, S.F. Edwards, S.F. Edwards, The theory of polymer dynamics, 73, oxford 
university press, 1988.

[329] M. Rubinstein, R.H. Colby, Polymer physics, Oxford university press, 2003.
[330] B. Mei, T.-W. Lin, C.E. Sing, K.S. Schweizer, Self-consistent hopping theory of 

activated relaxation and diffusion of dilute penetrants in dense crosslinked 
polymer networks, J. Chem. Phys. 158 (2023).

[331] P.-G.De Gennes, Scaling concepts in polymer physics, Cornell university press, 
1979.

[332] V. Sorichetti, V. Hugouvieux, W. Kob, Dynamics of nanoparticles in polydisperse 
polymer networks: From free diffusion to hopping, Macromolecules 54 (2021) 
8575–8589.

[333] C. Xue, X. Shi, Y. Tian, X. Zheng, G. Hu, Diffusion of Nanoparticles with Activated 
Hopping in Crowded Polymer Solutions, Nano Lett. 20 (2020) 3895–3904.

[334] C. Xue, Y. Huang, X. Zheng, G. Hu, Hopping Behavior Mediates the Anomalous 
Confined Diffusion of Nanoparticles in Porous Hydrogels, J. Phys. Chem. Lett. 13 
(2022) 10612–10620.

[335] J. Wang, et al., Diffusion of rod-like nanoparticles in non-adhesive and adhesive 
porous polymeric gels, J. Mech. Phys. Solids 112 (2018) 431–457.

[336] T.H. Wong, J. Ma, A. Sherburne, S. Lin, Diffusion and release of molecules in 
swelling polymer networks, Extrem. Mech. Lett. 84 (2026) 102466.

[337] T.K. Venkatadri, C. Ye, T. Cohen, S. Lin, Torsion-mediated instabilities in confined 
elastic layers, J. Mech. Phys. Solids 198 (2025) 106064.

[338] T.-W. Lin, C.E. Sing, Effect of penetrant–polymer interactions and shape on the 
motion of molecular penetrants in dense polymer networks, J. Chem. Phys. 160 
(2024) 114905.

[339] Y. Chen, et al., Anisotropic and Non-Gaussian Diffusion of Thin Nanorods in 
Polymer Networks, Macromolecules 57 (2024) 5105–5118.

[340] H. Xu, X. Zheng, X. Shi, Deciphering non-Gaussianity of diffusion based on the 
evolution of diffusivity, Phys. Rev. Res. 6 (2024) 023014.

[341] D.B. Mayer, et al., Two-dimensional Brownian motion of anisotropic dimers, 
Phys. Rev. E 104 (2021) 014605.

[342] J.P. Segovia-Gutiérrez, M.A. Escobedo-Sánchez, E. Sarmiento-Gómez, S. 
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