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Mesoscale modelling of environmentally responsive 

hydrogels: Emerging applications 

Peter D. Yeha and Alexander Alexeeva* 

Stimuli-sensitive hydrogels are an exciting class of materials with widespread potential for use 
in engineering and biomedical applications. The design of advanced functional devices using 
hydrogels requires an in-depth understanding of the physics and behaviour of such materials. 
While theoretical tools exist, they are often limited to simple cases. Thus, computational 
methods are necessary to model the complex unsteady physics of hydrogels with high fidelity. 
Mesoscale modelling is an emerging approach that enables simulations of polymeric structures 
at length and time scales in between those of molecular dynamics and continuum methods. In 
this feature article, we review various computational approaches to model responsive 
hydrogels and specifically focus on dissipative particle dynamics (DPD), a particle-based 
mesoscale method. We discuss several approaches for modelling cross-linked polymer 
networks in DPD, and we describe recent applications of DPD to modelling hydrogel systems. 
 

1. Introduction 

Stimuli-responsive polymers are smart materials that exhibit 
large-scale changes in their properties in response to specific 
environmental stimuli. Such external stimuli include changes in 
temperature,1-9 pH,10-14 humidity,15-17 light intensity,18-20 electric 
and magnetic fields,21-26 and others.22, 26-29 Some smart 
polymers have been developed to respond to multiple stimuli.30-

32 Responsive behaviour has been demonstrated for a wide 
variety of structures and molecular architectures, including 
polymer brushes, colloids, thin films, synthetic membranes, 
hydrogels, and micelles.33 

Out of these different types of smart materials, responsive 
hydrogels have attracted significant attention due to their ability 
to undergo volume phase transitions depending on the 
environment, directly converting chemical energy into 
mechanical work. Thus, hydrogels, which are chemically or 
physically cross-linked polymer networks immersed in a 
solvent, are naturally suited for engineering applications that 
require mechanical signalling and actuation. Indeed in recent 
years, responsive hydrogels have been synthesized and 
demonstrated for the use in applications such as bio-sensors,34-

36 tissue engineering,37 soft robotics,23, 38, 39 and drug delivery.40-

43 
Fig. 1 demonstrates the utility of a responsive hydrogel as a 

self-propelled walker.23 The walker has dual responsive 
appendages composed of cationic and anionic polyelectrolyte 
gels immersed in NaCl solution. When an external electric field 
is applied, the gel legs bend (Fig. 1a) and cause the walker to 
propel forward. Furthermore, applying a periodically changing 

electric field leads to a periodic “pulling” and “pushing” motion 
against the substrate, ultimately resulting in a unidirectional 
walking motion. Fig. 1b shows the sequence of steps that are 
performed after each switch in electric field direction. This 
exciting example illustrates how a responsive hydrogel with a 
relatively simple design and control can be effectively 
employed as a biomimetic actuator in soft robotics. 

Microscale biocompatible soft robots can be envisioned to 
perform complex autonomous tasks in the human body and 
microfluidic systems such as cargo transport and drug 
delivery.44-48 As stimuli-responsive hydrogels become more 
important in biomedical and other applications, researchers 
seek to further understand the physics and dynamic behaviour 
of these smart materials in order to design more advanced 
functional devices. 

To this end, a range of theoretical models has been 
developed over the years to characterize the behaviour of 
responsive hydrogels. These include not only models that 
predict equilibrium volume transitions,49, 50 but also the 
swelling kinetics of responsive gels.51-55 The models were 
successfully tested in recent experiments on the swelling 
kinetics and volume phase change in a variety of responsive 
hydrogel systems.56-59 Theoretical models, however, inherit 
certain limitations that restrain their utility in practical 
engineering applications. The equilibrium phase transition 
models do not characterize the swelling kinetics of hydrogels, 
which is important for mechanical actuation devices and drug 
delivery vesicles. Simple linear models for swelling kinetics on 
the other hand are usually limited by small deformations, while 
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applicable for larger deformations nonlinear theories pose 
significant difficulties in their solution.51 

 
Fig. 1 An example of a synthetic responsive hydrogel walker and its actuation 

mechanism. (a) Depending on the direction of the applied electric field, the 

walker undergoes either a “pushing” or “pulling” mode of actuation. FC and FA 

represent the friction forces of the cationic leg (dark blue) and anionic leg (light 

grey), respectively. (b) The gel walker in motion in 0.01 M NaCl composed of 50% 

NaAc and 30% DMAEMA-Q legs with an applied electric field of 5 V/cm. Scale bar 

= 5 mm. Reproduced from ref. 23 with permission from The Royal Society of 

Chemistry. 

The theoretical models typically do not explicitly capture 
the solvent hydrodynamics, which requires complex, long-
range coupling between the polymer network and solvent. 
These limitations thus point to the need for general 
computational tools that can simulate the complex unsteady 
physics governing the swelling kinetics of responsive hydrogels 
with high fidelity. The rise of high performance computing has 
made numerical simulations of these responsive polymer 
networks more feasible. Recent computational studies of smart 
hydrogels offer insights that extend beyond validating 
theoretical models or reproducing experimental results. The 
wide parameter space available in a numerical simulation 
overcomes various limitations in the laboratory. For example, 
computational simulations are employed to simulate the drug 
delivery process inside the human body, which is an 
environment difficult to replicate in experiments.60 This 
information can be used to design more effective or alternative 
drug delivery systems.61-64 Furthermore, the design of soft 
robotics is facilitated using computational simulations, as all 
system parameters can be systematically probed and their 
effects established. In an experimental design such as of the 
aforementioned hydrogel walker,23 the effect of walker 
geometry on the speed, for example, may be only determined 
through a series of elaborated experiments. 

In this feature article, we discuss the recent progress in the 
computational modelling of stimuli-sensitive hydrogel 
networks. Our focus is on the emerging application of 
mesoscale computational models, specifically dissipative 

particle dynamics (DPD).65 First, we present a brief overview 
of currently used computational models. Then we discuss 
specific approaches that were adapted for modelling responsive 
hydrogels. Finally, we describe recent studies that have used 
DPD to examine the properties of hydrogels and to probe their 
utility in functional stimuli-controlled systems. As mesoscale 
modelling of responsive hydrogels is relatively new, our goal is 
to elucidate exciting new research paths and bring awareness to 
the useful modelling techniques in designing functional small-
scale devices comprising responsive hydrogels. 

2. Overview of computational methods 

Responsive hydrogels are complex systems involving 
phenomena that occur at length and time scales ranging from 
those that represent the dynamics of a single polymer chain to 
the scales that characterize the kinetics of the bulk hydrogel 
material. Thus, a wide variety of computational models, 
ranging in spatial and time scales from atomistic simulation 
methods to full continuum models, have been developed and 
employed to examine the behaviour of these multicomponent 
polymer systems. 

2.1 Atomistic models 

Atomistic models such as molecular dynamics (MD) and 
Monte-Carlo (MC) methods are used to accurately resolve the 
atom-level behaviour of polymer systems. In a fully atomistic 
simulation, MD directly solves for the motion for all atoms and 
molecules. Here, single particles represent atoms that interact 
via relevant attractive and repulsive potentials. The particle 
positions are integrated in time based on the forces derived 
from the potentials. Thus, MD simulations can directly capture 
the molecular-level dynamics of polymeric materials at 
atomistic scales. For example, recent atomistic MD studies 
have been performed on material properties of different kinds 
of cross-linked polymer networks66-68 and the behaviour of 
responsive hydrogels.69, 70 These atomistic scale simulations 
come with a highly expensive computational cost, however. 
Because of the sheer number of molecules composing 
hydrogels and associated computational time, fully atomistic 
MD simulations are limited to simulating polymer systems at 
small scales and cannot reproduce the large-scale macroscopic 
behaviour.  

To simulate larger spatial and time scales, coarse graining is 
employed.71 In a coarse grained MD simulation, multiple atoms 
are represented by a single particle. Effective interactions 
between these particles represent the collective motion of the 
groups of atoms. Coarse grained simulations are typically 
mapped from smaller scale atomistic simulations.72 For 
example, as shown in Fig. 2, a coarse-grained MD to atomistic 
MD mapping and reverse mapping procedure was developed in 
order to study the material properties of a hypercross-linked 
polystyrene network. 
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Fig. 2 (a) Example of a coarse graining mapping procedure. Bead A (red) 

represents the centre of mass of the CH2 group and the two neighbouring CH 

groups. Bead B (blue) represents the phenyl group. (b) Coarse-grained 

representation in simulation cell with corresponding reverse mapped atomistic 

presentation in (c). Their coarse-grained model allowed for simulations at larger 

time and spatial scales in order to reduce number of calculations and achieve 

results in reasonable time. Reprinted with permission from ref 72. Copyright 

2014, AIP Publishing LLC. 

Coarse-grained potentials are typically softer than the 
atomistic potentials.71 Thus, coarse-graining not only drastically 
reduces the number of particles used in simulations, but also 
allows for larger integration time steps, which in turn enable the 
simulation of the polymer systems with larger time and length 
scales. This makes coarse grained molecular dynamics 
simulations an attractive tool for studying dynamic polymeric 
systems such as responsive polymer brushes73, 74 and 
hydrogels75-79 at scales larger (by approximately ten times)71 
than fully atomistic simulations. 

Monte Carlo methods have been used to model equilibrium 
states of polymer systems.80-82 All molecules have specific 
degrees of freedom in space. In MC simulations, small random 
changes are made to the molecular configurations. The new 
configuration is accepted if the energy change is within a 
prescribed criterion based on probability. Thus, the method 
produces a sequence of configurations that lead to specific 
equilibrium states. Though the methods are computationally 
much cheaper compared to MD, MC may not necessarily 
capture the kinetics correctly because the evolution in time is 
not explicitly modelled. 

2.2 Continuum models 

The macroscale behaviour of stimuli-responsive hydrogels was 
studied using scaling theories83-86 and models that are based on 

continuum mechanics of the polymer networks and solvent,52, 

53, 87-91 which are typically solved numerically. An interesting 
recent example is shown in Fig. 3, where a finite element model 
(FEM) was employed to investigate the self-folding of 
combined responsive and non-responsive gel layers.92 Here, the 
thermoresponsive gel PNIPAM (shown in green) swells in 
volume with decreasing temperature. The swelling causes 
bending in the passive layers, ultimately leading to a closed box 
as shown in Fig. 3d. 

 
Fig. 3 FEM model of a self-folding box using multiple responsive and non-

responsive gel layers. (a) Original 2D configuration at T = 300 K. Green surface is 

the temperature responsive layer, while other colours represent passive layers 

with different moduli as labelled. (b) and (c) represent intermediate stages of the 

folding process at T = 290 K and T = 280 K, respectively. The responsive layer 

expands in volume as the temperature decreases (d) shows the final closed box 

at T = 273 K. Reproduced from ref. 92 by permission of IOP Publishing. Copyright 

2013 IOP Publishing. All rights reserved. 

In contrast to atomistic models, macroscale models can 
simulate responsive gel swelling kinetics at large time and 
spatial scales but cannot capture atomistic scale effects. 
Macroscale models are based on transport equations and 
derived from conservation laws and constitutive relations.93 
Mass conservation leads to differential transport equations 
describing the time evolution of concentrations of all chemical 
species. Furthermore, momentum conservation yields an 
equation describing the gel deformation and velocity field. 
These equations require a number of material constitutive 
relationships that must be known or determined a priori. For 
polyelectrolyte gels, which expand in volume under applied 
electric fields, Maxwell’s equations need to be incorporated 
into the model to describe the electric field evolution.93, 94 

If the swelling deformations are small, a linear stress-strain 
relationship in the gel can be used and the gel-solvent interface 
can be assumed to be stationary.93 On the other hand, large gel 
swelling deformations require nonlinear finite displacement 
theories.95, 96 If the solvent is modelled as a separate domain, 
interface tracking schemes, such as phase field models, can be 
used to fully capture the kinetics of large deformations.97, 98 In 
this case, a separate transport equation must be derived to 
describe the evolution of the phase field variable. The set of 
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fully coupled transport equations with appropriate boundary 
conditions is then solved numerically using finite difference97 
or finite element methods.99 

2.3 Mesoscale models 

Atomistic models are limited by the small spatial and time 
scales, while macroscale methods require constitutive relations 
which may not be known. Therefore, a need arises for an 
intermediate approach that circumvents these inherent 
difficulties. Mesoscale models provide a useful compromise.100 
Though these models do not simulate atomistic details, they 
reproduce the bulk properties and swelling kinetics without 
requiring complicated constitutive relationships. Because of 
these advantages, meshless and lattice-based mesoscale models 
of responsive polymer gels are gaining more widespread use. 

 
Fig. 4 Self-oscillating BZ gel walker. Depending on starting positions in (a) or (b), 

the gel walker follows different trajectories, but still finishes in the darker region 

A. The simulations demonstrate how the light intensity can be used to influence 

the motion of BZ gel walkers. Reproduced from ref. 101 with permission from 

The Royal Society of Chemistry. 

Lattice based models are emerging approaches for 
simulation of hydrogels. A lattice spring method (LSM) 
discretizes an elastic material into a lattice network of masses 

and harmonic springs.102, 103 Traditionally, the method was 
applied to continuous solids but can approximate the structure 
of polymers and responsive gels.104, 105 

A gel lattice spring method (gLSM)106 was developed to 
model self-oscillating hydrogels undergoing the Belousov-
Zhabotinsky reaction, or BZ gels.107 Unlike traditional stimuli-
responsive gels, BZ gels undergo continuous periodic swelling 
and de-swelling due to an ongoing chemical reaction.108-111 In 
gLSM, the domain is discretized into a lattice network of mass 
nodes. Nodes experience forces due to the rubber elasticity of 
the cross-linked polymer network and from the internal 
pressure (this includes the Flory-Huggins osmotic pressure due 
to polymer-solvent coupling). Equations that describe the BZ 
reaction kinetics are coupled to the gel kinetics resulting in 
periodic deformation waves propagating through the gel 
network.112 Using gLSM, researchers have designed a self-
propelling hydrogel “walker” that can move using a stiffness 
gradient in the gel.101, 113 Furthermore, the photosensitivity of 
BZ gels allows the walker to be directed by light and made to 
follow different paths. Specifically, as shown in Fig. 4, the 
walker is directed into the darker A and B regions. Depending 
on either initial condition of Fig. 4a or Fig. 4b, the walker takes 
different trajectories but ultimately settles into the darker A 
region. Thus, these simulations show how light intensity can be 
used to direct the motion of BZ gel walkers. 

The dynamics of hydrogels immersed in solvents can be 
strongly affected by the emerging fluid flows. The lattice 
Boltzmann method (LBM) can be used to model the solvent 
hydrodynamics.114-117 Unlike traditional continuum methods 
that directly solve the Navier-Stokes equations, LBM solves the 
discrete Boltzmann equation. In LBM, the fluid domain is 
discretized into a set of lattice nodes, and the solvent is 
characterized by a velocity distribution function. 
Hydrodynamic quantities are then calculated as moments of the 
velocity distribution function. An approach that integrates LBM 
with LSM118-120 has been used to design a responsive hydrogel 
swimmer that can self-propel in a highly viscous environment 
using a series of flaps (Fig. 5).104 Here, a periodic external 
stimulus is applied to the gel swimmer body, which causes the 
propulsive flaps to oscillate in a time irreversible manner. Fig. 5 
shows snapshots of the time history of the swimming stroke. 

Other techniques used for mesoscale hydrogel modelling 
include meshless particle based methods such as Brownian 
dynamics (BD)121 and dissipative particle dynamics (DPD).65 
The mesh-free approach allows one to avoid the difficult 
interface reconstruction and tracking problems that arise in 
continuum methods. In Brownian dynamics particles are 
assumed to have no inertia but evolve in time in response to an 
interaction potential and a random Gaussian-distributed force to 
mimic thermal fluctuations.122 A friction force mimics the 
solvent interaction and the solvent kinetics is normally not 
explicitly included to reduce the simulation time. This is useful 
if there is a large time scale separation between the polymer 
and solvent dynamics.123 Brownian dynamics is typically used 
with coarse-grained polymeric models and has been used to 
study entangled polymeric liquids,124 diffusion of solutes in 
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hydrogels,125, 126 and rheology of polymers.127, 128 BD has also 
been incorporated into the LBM model directly129 or with the 
addition of a fluctuating term in the collision operator.130 The 
latter has been used to simulate kinetics of polymer solutions.131 

 
Fig. 5 Responsive gel swimmer design with attached flaps. The swimmer kinetics 

was modelled using a coupled LBM-LSM approach. The hydrogel expands and 

contracts in response to a periodic external stimulus. Here, pictures show the 

swimming stroke at various points during the period. Adapted from Ref. 104 with 

permission from The Royal Society of Chemistry. 

Finally, dissipative particle dynamics (DPD) is a powerful 
mesoscale approach developed in recent decades.65, 132-136 
Similar to coarse-grained molecular dynamics, clusters of 
molecules are represented by DPD particles interacting through 
soft potentials within a cut-off radius, allowing simulation of 
larger time and spatial scales. DPD particles also experience 
dissipative forces that lead to viscosity and stochastic forces 
that account for thermal fluctuations. The dissipative and 
stochastic forces are related through fluctuation-dissipation 
theorem and constitute a DPD thermostat that keeps the system 
in thermal equilibrium.137 In contrast to MD, all interactions in 
DPD are pairwise, conserving momentum exactly. This leads to 
accurate modelling of hydrodynamic effects even with a 
relatively small number of particles.138 Furthermore, different 
coarse-graining procedures can be employed to map DPD 
potential to MD results.139, 140 The dynamics of DPD system is 
simulated by integrating Newton’s law in time for all DPD 
beads, usually using the velocity Verlet algorithm.141, 142 Thus, 
DPD is a mesoscale method that can capture the coupled 
kinetics of polymer networks and the solvent.  

3. Mesoscale modelling of hydrogels 

Hydrogels are networks composed of chemically or physically 
cross-linked polymer chains immersed into a solvent. Thus, 
hydrogel modelling requires a mesoscale model of a polymer 
network that both reproduces relevant material characteristics 
and properly describes interactions with the solvent. In turn, a 
mesoscale model is required for the polymer chains that 
constitute the network. 

3.1 Polymer chain models 

A detailed model of a polymer chain using atomistic MD may 
include all of the individual atoms and bond interactions. In 
mesoscale models, the polymer chain is coarse-grained. A 
common approach is to approximate the polymer chain using 
the bead-spring model.143 In this approach, a single polymer 
chain is represented by a series of beads connected in a chain 
that interact through bending, stretching, and torsional 
potentials. These spring potentials are typically set to reproduce 
the bulk behaviour of the polymer chains, whereas the exact 
form of the potentials varies among different models.  

The simplest interaction potential between beads within the 
chain is the simple harmonic potential (Rouse model). This 
model requires a separate repulsive force, as included in DPD, 
to maintain a nonzero equilibrium distance between beads. 
Furthermore, this soft potential does not limit the separation 
distance between beads. When the model is coupled with DPD, 
this can lead to undesirable behaviour, such as chain crossing, if 
the beads are stretched too far.144 In order to reduce these 
unphysical effects, Fraenkel springs may be used.145 
Additionally, the beads can interact via a harmonic bending 
potential. The combination of harmonic spring and bending 
potentials leads to a simple elastic model of a polymer chain.62, 

146, 147  
Non-linear potentials have also been considered. One 

common potential was developed by Kremer and Grest, some 
of the first researchers to use computer simulations to model 
polymer chains.148-150 The Kremer-Grest polymer chain consists 
of beads that are connected linearly and interact via a pairwise 
potential. The potential is divided up into two parts: a Lennard-
Jones potential that accounts for excluded volume and a strong 
attractive potential to maintain the bound topology. The choice 
of the strong attractive potential varies among different models, 
but typically is given by the finitely extensible nonlinear elastic 
(FENE) potential. This model polymer chain has been used in 
many recent studies of the mechanical properties entangled 
polymer networks.75, 151, 152 Other non-linear bead-spring 
potentials include the general COMPASS potential,153 worm-
like chain (WLC) potentials (widely used for DNA 
simulations),154-156 inverse Langevin potentials,154, 157 and 
others.158 More details behind the relevance, usage, and 
limitations of these different models can be found elsewhere.159 

3.2 Hydrogel network models 

Hydrogel networks contain cross-links that prevent dissolution 
into the surrounding solvent. Cross-links may be chemically or 
physically induced by a variety of experimental means.160 
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Chemical cross-links are composed of chemical bonds created 
through radical polymerization reactions while physical cross-
links stem from physical interactions such as entanglements or 
ionic interactions. The randomly distributed nature of gel 
networks with cross-links poses certain technical challenges in 
computational modelling. The hydrogel network model should 
accurately reproduce not only the relevant material properties 
like strain response of an actual hydrogel, but also physical 
characteristics like porosity, connectivity, and cross-link 
density. Model networks thus are created using several different 
approaches. An example of a three-dimensional model 
network161 is shown in Fig. 6. Here, Fig. 6a shows the cross-
linked network in the computational domain, while Fig. 6b 
zooms in to part of the network to highlight the connecting 
cross-links with the number of connections labelled. 

A common approach is to mimic an actual polymerization 
reaction in which cross-linking agents are added to a mixture of 
monomers. These reactants undergo polymerization to form a 
gel network. To simulate this process, polymer chains are 
randomly distributed within the computational domain. This 
step is straightforward to implement and the average chain 
length can be readily imposed. However, creating cross-links is 
not as trivial. One solution is to evolve the filaments over time, 
creating cross-links when filaments intersect162 or approach 
each other within a specified cut-off distance.161, 163 The entire 
process is continued until the desired mean cross-link spacing is 
achieved. Thus, the topological characteristics of the network 
can be controlled. Another cross-linking procedure is to 
simulate the chemical reactions and subsequent bonds using a 
Monte Carlo method.164, 165 

 
Fig. 6 (a) Three-dimensional cross-linked polymer network model. (b) Zoomed in 

part of (a) that shows cross-link with 2, 3, and 4 connections. (c) Schematic of 

simulation box with network inside. Reprinted figure with permission from ref. 

161. Copyright 2007 by the American Physical Society. 

The cross-linking procedure is not limited to coarse-grained 
simulations. The polymerization reaction can be modelled using 
MD simulations. Starting with a mixture of monomers and 
cross-linker molecules, MD simulations are performed to 
equilibrate the system and form appropriate cross-linking 

chemical bonds. The resulting network topology is examined 
and then coarse-grained for use in mesoscale simulations.166, 167 
Despite the larger number of steps and thus longer computation 
time, this approach is useful for accurately modelling the 
behaviour of specifically known polymer network systems. 

To avoid the complications of simulating either a specific or 
general polymerization reaction, an alternative approach has 
been developed.147, 168-171 In this model, the cross-link nodes, 
not the filaments, are first randomly distributed in the domain. 
Then the cross-linked nodes are connected using filaments to a 
specified number of neighbouring nodes, controlling the 
average connectivity and cross-link density of the network. The 
method has the advantage of an explicit control over the 
network topology including creating networks with pre-
described non-uniform distributions of network parameters. 
Furthermore, this approach decreases computation times to 
initialize a polymer network. While this approach can only 
yield a general polymer network model, these models can be 
matched to physical polymer networks by examining the 
system response and appropriately tuning model parameters. 

We note that the aforementioned polymer network models 
are more suitable for modelling chemically and physically 
cross-linked networks with fixed topology since the cross-
linked points form a part of the internal structure. However, 
physically cross-linked networks that experience sufficiently 
large stresses may break apart at cross-linked points and 
drastically change the network topology. The repeated rupture 
and formation of physical cross-links under shear lead to 
viscoelastic flow behaviour compared to a more solid-like 
behaviour of chemically cross-linked gels.172-174 Furthermore, 
the shear viscosity of physically cross-linked gels has been 
found to decrease with the rupture rate of cross-links.172 In 
modelling, physically cross-linked networks must be 
constructed indirectly by equilibrating a solution of polymer 
chains and modelling the relevant physical mechanisms causing 
cross-linking (such as amphiphilic ends or entanglements).175-

179 
Once the polymer network is initialized, the hydrogel model 

is completed when the network is immersed in a solvent. The 
solvent is modelled in DPD by randomly distributed beads that 
interact with the polymer networks via the DPD potentials. In 
this case, the filaments are characterized by specific values of 
Stokes-Einstein radius.180 The magnitude of the repulsion 
potential between the polymer and solvent beads accounts for 
the network hydrophobicity. It can be tuned to represent a 
particular value for the Flory-Huggins interaction parameter.181 

3.3 Hydrogel kinetics model 

Hydrogels can respond by swelling and de-swelling to 
changes in the environment. Specifically, the environmental 
changes can increase osmotic pressure inside the gel, causing it 
to expand outward and allow solvent to diffuse inward. For 
example, poly (N-isopropylacrylamide) (PNIPAM), is a well-
studied temperature responsive polymer that undergoes a 
volumetric phase change past its lower critical solution 
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temperature (LCST).182 Below the LCST, the hydrogel exhibits 
hydrophilic properties and is miscible in water, allowing water 
molecules to enter the gel and increasing the gel volume. 
Above the LCST, however, PNIPAM undergoes a conformal 
change, lowering its volume and forcing more water molecules 
out, behaving in a hydrophobic-like manner.183 The equilibrium 
states are illustrated in Fig. 7 for a recently fabricated nano-
structured hydrogel (NSG).184 Here, the NSG is composed of 
smaller active nanogels (green spheres) that act as cross-linkers 
bridged by NIPAM strands. The NSGs were found to exhibit 
higher volume ratios as well as more rapid swelling (Fig. 7d). 
Another specific swelling mechanism involves polyelectrolyte 
gels responding to changes in pH. Here, the pH change induces 
a flow of ions into the gel, increasing the osmotic pressure, 
which leads to gel expansion.185  

 
Fig. 7 Nano-structured hydrogel with active nanogel cross-linkers bridged with 

NIPAM strands. (a) and (b) illustrate the swelling and de-swelling process based 

on whether temperature is lower or higher than LCST. (c) Optical image of 

swollen NSG. (d) Comparison of equilibrium states of NSGs with regular PNIPAM 

hydrogel (denoted as NG). The numbers after NSG indicate the polymerization 

time of cross-linker nanogels. NSGs show improved swelling ratio for all cases. 

Scale bar indicates 1 cm. Adapted from Ref. 184 under the Creative Commons 

Attribution 3.0 Unported License. 

The swelling kinetics can be captured directly using 
atomistic MD186 or by solving transport equations in continuum 
methods.187 In DPD, the kinetics of a swelling and contracting 
responsive hydrogel due to an external stimulus can be 
modelled by changing the interactions of the network filaments 
with the solvent188 and/or by changing the filament equilibrium 
length. The latter can be achieved by adjusting the DPD 
repulsion strength between DPD particles constituting 
filaments189 and/or the equilibrium length of the polymer chain 
model (for example, the equilibrium length of a Fraenkel 
spring).62 Physically, altering the repulsion strength changes the 
osmotic pressure, resulting in a new equilibrium gel size when 
the system equilibrates. The stimulus strength can also be 
varied in time, simulating a time dependent response of the 
hydrogel in the evolving environment. 
After the network is changed to mimic the application of a 
stimulus, the gel gradually relaxes to its new equilibrium state. 

In the overdamped system, the equilibration process is defined 
by a balance between forces associated with the change of the 
gel free energy and viscous drag due to the solvent penetrating 
into the gel network. It is therefore important that the gel model 
can properly capture both the network elasticity and 
interactions with the viscous solvent to correctly reproduce gel 
swelling kinetics. In practice, collective diffusion can be used 
to compare the model network with experimental gels.55 

In the spatial domain, the DPD simulations are scaled to the 
physical system via the cut-off radius of the conservative 
potential.190 At small scales, the coarse-grained nature of DPD 
may not correctly capture the behaviour of individual polymer 
strands, but this is not an issue if the bulk behaviour of the 
network is examined (in for example, drug delivery 
applications using nanogels). Indeed, DPD has been used to 
simulate physical systems on the nanoscale with cut-off radii on 
the order of single nanometers.61, 190 On large scales, DPD is 
limited by compressibility effects and diffusion time scales, 
although modifications have been proposed for simulation of 
fluid flows with Reynolds numbers as high as 1000.191 Thus, 
DPD is applicable to a wide range of length scales from 
nanogels to centimetre sized gels, making the method useful for 
a large variety of applications. 

4. Applications of mesoscale modelling 

In this section we describe several recent examples in which 
DPD was used to investigate hydrogel properties and to probe 
the utility of hydrogels in practical engineering applications. As 
an exciting, emerging field, there are relatively few studies in 
this area. Thus we discuss examples from the current literature 
that motivate possible future research paths. 

4.1 Mechanical and transport properties 

Hydrogels can undergo large elastic deformations leading to 
complex nonlinear viscoelastic behaviour.192 Depending on 
loading conditions, the material and transport properties can be 
anisotropic. In this respect, mesoscale models have been used 
to perform structural analyses on hydrogels in order to 
determine material coefficients and design high performance 
gels. 

Recent research has focused on the material properties of 
amphiphilic copolymers, which are polymer chains comprising 
two or more different types of monomers. To be amphiphilic, 
some monomers must be solvent selective and others solvent 
incompatible. These amphiphilic copolymers have been shown 
to undergo sol-gel transition at a critical polymer concentration 
and self-assemble into complicated physically cross-linked gel 
networks.177, 193 

Several studies have used mesoscale modelling to study the 
material properties of physically cross-linked amphiphilic 
copolymer hydrogels. In particular, the morphological and 
material properties of self-assembled ABA triblock copolymers 
was examined using DPD.178 The study used a bead-spring 
model with a FENE potential to model the triblock polymer 
chain and found that the solvent-incompatible A-blocks self-
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assemble into micelles connected by B-block bridges and loops. 
The elastic modulus of the network structure was estimated by 
monitoring the response to an oscillatory external force. This 
model, however, suffered from the problem of chain crossing, 
underestimating the elastic modulus. 

To account for excluded volume and entanglements, a 
modified segmental repulsive potential (mSRP) was 
introduced.194 This model added bond-bond repulsion while 
preserving the thermodynamics of standard DPD and was used 
to study the morphological and mechanical properties of ABA 
triblock copolymers.175 It was found that the micelle size 
increased nearly linearly with polymer concentration. Also, the 
separate contributions of cross-linking and entanglements to the 
elastic modulus each were determined by fitting to a 
constitutive relation.  

The material properties of amphiphilic graft copolymers 
were also studied. In contrast to block copolymers, which have 
blocks arranged linearly, graft copolymers have a backbone 
polymer chain with several polymeric branches. Using DPD, 
researchers showed that ABC amphiphilic graft copolymers 
(where A is the solvophilic backbone) also self-assemble into 
physically cross-linked gel networks and exhibit high structural 
performance.176 As shown in Fig. 8, the extensional modulus 
increases greatly with polymer concentration. At lower 
concentrations, ABC graft copolymers exhibit a micelle 
solution with low modulus. At higher concentrations, the graft 
copolymers form physically cross-linked gels that exhibit stiffer 
behaviour. At all concentrations the ABC graft copolymer is 
found to have a larger modulus than both AB graft copolymers 
and BAC triblock copolymers. 

 
Fig. 8 Elastic properties of ABC amphiphilic graft copolymers as studied using 

DPD. ABC graft copolymers exhibit higher extensional moduli than both AB graft 

copolymers and BAC triblock copolymers. At high polymer concentrations, the 

ABC graft copolymers form physically cross-linked gels. Reprinted with 

permission from ref. 176. Copyright 2013 American Chemical Society. 

In addition to mechanical properties of hydrogels, transport 
properties are also necessary to design functional hydrogel 
systems especially for drug delivery applications. The 
permeability and diffusion through a random polymer network 
were studied using DPD.147 Here, a cross-linked network model 

was developed and the unstressed isotropic permeability and 
diffusion were measured and found good agreement with 
experimental data. The anisotropic transport properties under 
both normal and shear deformations were examined and 
showed to depend on the local filament orientation. Further 
understanding mechanical and transport properties of hydrogels 
in different dynamic conditions can lead to optimized synthetic 
hydrogel systems for applications like soft robotics and drug 
delivery. 

4.2 Self-propelling soft robots 

Responsive hydrogels under an applied stimulus can undergo 
large macroscale deformations, naturally making such materials 
suitable for actuation in a variety of soft robotic systems. Many 
computational designs for actuators and propulsors such as a 
the aforementioned BZ gel walker101, 113 exist at the millimetre 
scales and larger where continuum methods are more widely 
used.93 However, locomotion at the micron and sub-micron 
scales is nontrivial and requires biomimetic approaches for 
propulsion such as biocatalytic propulsors195 and synthetic 
beating nanowires.196 Responsive hydrogels also have the 
potential to be useful as efficient microscale actuators and 
propulsors since they can be controlled directly by the 
environment without the need for complex mechanical parts. 
Furthermore, they can exhibit fast response times at small 
scales.197, 198 

 
Fig. 9 A microswimmer composed of a bilayered hydrogel. (a) Side view and (b) 

top view of the microswimmer. The green layer is responsive and swells when 

external stimulus is applied, while the grey layer is passive. (c) Swimming stroke 

and resulting displacement during one period while an external stimulus is 

applied and removed. Adapted with permission from ref. 199. Copyright 2014 

American Chemical Society. 

Indeed, the use of responsive hydrogels for designing self-
propelling robots has recently been demonstrated in the micron 
scale using DPD simulations.199 In this study a bilayered 
hydrogel microscopic robotic swimmer was designed and 
shown to propel forward successfully in a viscous solvent. The 
microswimmer was composed of two bonded layers, one of 
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which is responsive to an external stimulus and the other is 
passive (Fig. 9a,b). The study found that the gel swimmer 
deformed periodically under the influence of a periodic external 
stimulus. Specifically, the swimmer undergoes a sequence of 
four steps: expansion, bending, contraction, and straightening, 
leading to a time irreversible motion required for propulsion 
through a highly viscous solvent (Fig. 9c). It is expected that 
such robotic swimmers can be employed to pick-up and 
transport cargoes to a specific locations in microscale systems. 
The design of such systems will directly benefit from the use of 
mesoscale modelling approaches such as DPD. 

4.3 Drug delivery systems 

Hydrogels are typically biocompatible, making them 
attractive materials for synthetic drug delivery systems. In such 
systems, the drug particles can be encapsulated within a 
responsive gel network. Controlled release and storage of the 
drug particles can be achieved by triggering an external 
stimulus to collapse the encapsulation structure. For example, a 
common design for cancer drug dispersion uses pH responsive 
polymeric materials, as the external environment around cancer 
cells typically has a lower pH.200 As experimental 
investigations of drug delivery designs are difficult to perform, 
mesoscale numerical simulations provide a valuable practical 
means to study new drug delivery mechanisms. 

 
Fig. 10 A pH-responsive hydrogel-like micelle encapsulation composed of PAE-

PEG amphiphilic copolymers as studied using a combination of MD and DPD. PEG 

is shown as purple and the drug CPT is shown in orange. The snapshots illustrate 

the drug release process when the pH is reduced. Reprinted from ref. 63, 

Copyright 2012, with permission from Elsevier. 

Several recent DPD studies on drug delivery designs focus 
on the self-assembly of amphiphilic copolymers to form 
hydrogel-like micelle structures. One such study used DPD to 
simulate the release of drugs from a pH-responsive micelle 

encapsulation.64 Cracks were generated in the micelle when the 
pH was reduced, allowing for the controlled release of the 
interior drug particles. Another study investigated the storage 
and release of drug particles within PAE-PEG copolymer 
micelles.63 Using a combination of MD and DPD, the 
simulations showed that an initially random configuration of 
copolymers and drug particles would equilibrate into micelles, 
containing the drug. When the pH was reduced, the micelles 
break apart, releasing the stored drug (Fig. 10). These studies 
illustrate potential drug delivery mechanisms using pH 
responsive hydrogel-like polymeric micelles. 

Besides self-assembled co-polymer micelles, hollow 
stimuli-responsive hydrogel shells can also be used as drug 
delivery vesicles.201-203 The controlled release of nanoparticles 
and macromolecules encapsulated within a responsive hydrogel 
microcapsule was studied using DPD (Fig. 11).62 Such a system 
mimics a drug carrier in which the drug is initially stored in the 
interior of a hollow gel microcapsule. The study found that 
capsule swelling increases pore size and enhances diffusion of 
encapsulated solutes (Fig. 11a,b), whereas de-swelling leads to 
a squeezing effect that releases solutes rapidly (Fig. 11c). In the 
latter case, microscopic rods that stretch the capsule membrane 
can be added to regulate the release during capsule de-swelling 
(Fig. 11d). Furthermore, it was demonstrated that a periodically 
applied stimulus leads to pulsatile release of encapsulated 
solutes. 

 
Fig. 11 DPD simulations of a hollow microgel capsule swelling and de-swelling 

under the influence of a periodic external stimulus. In the swollen state, (a) 

polymer chains (cyan) and (b) nanoparticles are released due to diffusion. When 

the gel contracts (c), the polymer chains are released more quickly due to a 

squeezing effect. (d) Microrods increase pore size and allow for a faster release 

of nanoparticles. Reprinted with permission from ref. 62. Copyright 2011 

American Chemical Society. 

4.4 Synthetic healing and tissue regeneration 
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Hydrogels have biocompatible physical characteristics and are 
appealing materials for use in tissue engineering and 
regenerative medicine applications.204-206 Specifically, the 
hydrogel material properties can be tailored to resemble that of 
natural tissue and promote cellular attachment. Thus, hydrogels 
can be used as scaffolds for tissue regeneration. Also, hydrogels 
have been demonstrated as effective barriers against thrombosis 
and restenosis, improving a patient’s prognosis during 
healing.207, 208 Developments in the mesoscale modelling of 
hydrogels can therefore promote advances in synthetic healing 
technology. 

Motivated by applications in regenerative medicine, 
researchers have investigated the nanostructure and micelle 
formation of four-arm star poly(ethylene glycol-co-lactide)-
acrylate (SPELA) macromonomers.209 These macromonomers 
are used in a hydrogel precursor solution in which acrylate 
groups undergo a polymerization reaction to form a robust 
hydrogel network. Lactide segments are added to introduce 
degradability to the hydrogels, but this causes unwanted 
micellization which traps acrylate groups, reducing the 
hydrogel strength. The DPD study identified the critical lactide 
length that leads to micellization. Furthermore, the study 
demonstrated a trade-off between hydrogel degradability and 
extensional modulus favouring degradability with increasing 
lactide segment length. An optimal lactide segment length 
could thus be chosen to design robust hydrogel networks as 
carriers for stem cell delivery in regenerative medicine. 

 
Fig. 12 DPD study of a self-regenerating composite gel material. (a) Equilibrium 

state of the polymer gel with embedded nanorods. Polymer strands are shown in 

green, while amorphous solid walls are shown in brown. (b) When the gel is 

severed, nanorods diffuse to the outer surface and initiate regeneration, forming 

a new gel (shown in blue). Reprinted with permission from ref. 146. Copyright 

2013 American Chemical Society. 

DPD was also used to design a nanocomposite gel material 
that can self-regenerate with the aid of embedded nanorods 
(Fig. 12).146 Here, a model was developed for thermo-
responsive hydrogels that accurately reproduced the continuous 
volume phase transition behaviour. To achieve this, the 
repulsion parameter was dynamically updated between the 
DPD polymer and solvent beads every 100 time steps as a 
function of the average polymer concentration within that time 
span. The polymerization reaction is initialized at the nanorods 
on the new severed interface and propagates until a new 
polymer network is formed (Fig. 12b). This synthetic gel layer 
regrowth study can lead to designing materials that are self-
replenishing, extending their lifetime and functionality. 

Finally, a recent experimental study has synthesized 
microgels that behave like platelets.210 These platelet-like 
particles (PLPs) have been demonstrated to collapse a fibrin 
network, similar to the process in blood clotting. A simulation 
using DPD was developed to understand the physics of this 
process. The fibrin network was modelled as a random polymer 
network with uniformly distributed sticky PLPs. The 
simulations showed that the PLPs indeed caused network 
collapse. Furthermore, softer particles caused a greater degree 
of network collapse than stiffer ones. This study is important 
for development of synthetic wound management treatments 
that could dramatically increase healing time. 

5. Summary and outlook 

Stimuli-responsive hydrogels are polymer networks that exhibit 
a volume change in the presence of a specific external stimulus. 
The ability of these materials to convert chemical energy into 
mechanical work makes them especially attractive for 
designing small scale functional devices. While there have been 
extensive experimental and theoretical investigations of 
responsive hydrogels, computational models are still 
developing. These computational models can be used to study 
the complex interactions characterizing the gel swelling 
process. These methods range from atomistic scale MD models 
to macroscale continuum methods. Atomistic models, while 
accurate at very small time and length scales, are extremely 
computationally expensive. Continuum approaches are based 
on multiple transport equations, requiring relevant constitutive 
relationships, and result in an unwieldy set of coupled equations 
that are difficult to solve. Mesoscale modelling offers an 
impressive compromise. Mesoscale models are relatively 
simple to implement to capture essential hydrogel 
characteristics and processes while simulating time and length 
scales much larger than typical MD. 

DPD is one of the more popular mesoscale methods that 
have been used to investigate hydrogels and their applications. 
The pairwise nature of the interactions in DPD leads to accurate 
simulations of hydrodynamic effects that are vital for modelling 
the swelling kinetics of polymer gels. In DPD, polymer chains 
are usually modelled as bead-spring filaments. The cross-linked 
gel network model can be generated using several different 
approaches. A common approach is to simulate the 
polymerization reaction to generate cross-links, connecting 
individual filaments to create chemically cross-linked networks. 
But the alternative approach is also employed in which the 
cross-linked points are first randomly distributed and then 
connected by polymer filaments. Swelling kinetics is modelled 
by altering filament properties and interactions. 

DPD has been demonstrated as an effective tool in several 
recent fundamental and applied studies of hydrogels reviewed 
in this article including the understanding their material and 
transport properties, the use of hydrogels in soft robotics and 
drug delivery applications, and designing regenerative tissue. 
The large variety of applications points to the robustness of 
DPD and demonstrates how the emerging mesoscale method 
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can be used to guide the design of functional small-scale 
devices for engineering and biomedical applications. 
Development of such mesoscale modelling techniques creates 
exciting new research paths that will ultimately further our 
understanding of the complicated physics involved in 
responsive hydrogel systems and broaden their utility in 
practical engineering applications. 
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