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SUMMARY 

 

 Polymer networks are an important class of materials that are ubiquitously found 

in natural, biological, and man-made systems. The complex mesoscale structure of these 

soft materials has made it difficult for researchers to fully explore their properties. In this 

dissertation, we introduce a coarse-grained computational model for permanently cross-

linked polymer networks than can properly capture common properties of these materials. 

We use this model to study several practical problems involving dry and solvated 

networks. Specifically, we analyze the permeability and diffusivity of polymer networks 

under mechanical deformations, we examine the release of encapsulated solutes from 

microgel capsules during volume transitions, and we explore the complex tribological 

behavior of elastomers. Our simulations reveal that the network transport properties are 

defined by the network porosity and by the degree of network anisotropy due to 

mechanical deformations. In particular, the permeability of mechanically deformed 

networks can be predicted based on the alignment of network filaments that is 

characterized by a second order orientation tensor. Moreover, our numerical calculations 

demonstrate that responsive microcapsules can be effectively utilized for steady and 

pulsatile release of encapsulated solutes. We show that swollen gel capsules allow steady, 

diffusive release of nanoparticles and polymer chains, whereas gel deswelling causes 

burst-like discharge of solutes driven by an outward flow of the solvent initially enclosed 

within a shrinking capsule. We further demonstrate that this hydrodynamic release can be 

regulated by introducing rigid microscopic rods in the capsule interior. We also probe the 

effects of velocity, temperature, and normal load on the sliding of elastomers on smooth 



 xxii

and corrugated substrates. Our friction simulations predict a bell-shaped curve for the 

dependence of the friction coefficient on the sliding velocity. Our simulations also 

illustrate that at low sliding velocities, the friction decreases with an increase in the 

temperature. Overall, our findings improve the current understanding of the behavior of 

polymer networks in equilibrium and non-equilibrium conditions, which has important 

implications for synthesizing new drug delivery agents, designing tissue engineering 

systems, and developing novel methods for controlling the friction of elastomers. 

 



 

1 

CHAPTER 1 

INTRODUCTION 

 

1.1 Background and Context 

 Polymer networks are natural, synthetic, or hybrid natural-synthetic materials in 

which constituting polymer chains are all connected to each other either directly or via 

other connecting chains to form a three-dimensional solid-like structure (see Figure 1.1) 

[1-3]. These highly permeable, extremely flexible, and yet mechanically sturdy polymeric 

materials have found an increasingly large number of applications in today’s state-of-the-

art technologies. For instance, water-swellable polymer networks (hydrogels) that are 

sensitive to external stimuli are extensively used in technologically advanced areas such 

as optoelectronics, MEMS, and nanomedicine [4-8]. Triggered by an external stimulus 

such as variations in temperature, pH, solvent chemistry, light intensity, magnetic or 

electrical fields, hydrogels can absorb (swell) or expel solvent (deswell) and, as a result, 

change their volume by many times [9-14]. In most cases, the application of an external 

stimulus alters the relative strength of polymer-polymer and polymer-solvent interactions 

and, thereby, gives rise to internal stresses which cause the network to expand or shrink 

[15]. From a thermodynamic point of view, the network swelling is driven by the osmotic 

pressure resulting from the difference in the solvent chemical potential inside and outside 

of the network [16]. 

 The high sensitivity of hydrogels to the environmental changes makes them 

especially attractive for drug delivery applications, in which delivery agents can 

effectively shield and protect encapsulated drugs until they reach the treatment site, and 
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Figure 1.1 (a) A matrix of synthetic nanofibers and (b) an actin network. Reproduced
from Refs. 2 and 3, respectively. 
 
 
 

(a) (b)

then discharge a predefined amount of the drug, thereby playing an active role in the 

disease therapy [17]. Indeed, researchers have successfully exploited polymer gels to 

create responsive micro- and nano-delivery agents that can release encapsulated drugs or 

other solutes on demand (see Figure 1.2) [17-27]. 

 As another example, elastomers (physically or chemically cross-linked polymer 

networks [4]) are widely exploited in engineering applications including the construction 

of tires, wiper blades, flexible rotary seals, artificial organs, impact absorbers, dental 

implants, diaphragms, and solid lubricants for reciprocating machinery [28-31]. This is in 

part due to their ability to slide on rough, rigid surfaces with or without a lubricant. 

Distinct tribological properties of elastomers make them particularly useful in automotive 

and other industrial applications. These properties strongly depend on the characteristics 

of the substrate roughness [32]. Recent studies have shown that, indeed, micron scale 

geometrical patterning can be harnessed to regulate the elastomeric friction (see Figure 

1.3) [33-36]. 

 In addition to above applications, polymer networks are successfully employed as 

matrices for drug delivery [37], scaffolds for tissue engineering [38], and materials for 

soft contact lenses [39] and breast implants [40]. Furthermore, stimuli-responsive 
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Figure 1.2 Schematic illustrating microcapsule loading and release triggered by
chemical, physical, or biological stimuli. Reproduced from Ref. 27. 
 
 
 
polymer gels are used to create micro-actuators [41], micro-robots [42-43], and different 

kinds of smart materials [44-45]. 

1.2 Previous Studies on Properties of Polymer Networks 

 The ever increasing importance of polymer networks requires an in-depth 

understanding of their properties. Indeed, using theory, computer simulations, and 

experiments, researchers have studied the mechanical, transport (i.e. permeability and 

diffusivity), swelling, and tribological properties of polymer networks [16, 46-84]. Here, 

we describe a few of the latest investigations. We begin with reviewing the studies 

focusing on mechanical properties followed by the discussion of studies considering 

transport, swelling, and frictional properties. 

 Head et al. [85] employed a model system of cross-linked, stiff filaments to 

examine the macroscopic response of cytoskeletal networks. They found that depending 

on the density of cross-linking and filament rigidity, mechanically loaded networks 
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Figure 1.3 Schematic illustrating an elastomer sliding on an engineered rough surface. 
 
 
 

undergo either affine or nonaffine deformations. They then characterized the conditions 

under which the transition occurs. Liu et al. [86] used a novel experimental technique to 

determine the local strain field in semiflexible polymer networks. By tracking embedded 

probe microparticles, they measured the uniformity of strain in networks under shear. 

Consistent with previous theoretical studies, their measurements showed that strain 

affinity strongly depends on the polymer length and cross-link density. Buxton and 

Clarke [87] performed a 3D computer simulation and identified a ‘‘bending-to-

stretching’’ transition in the response of disordered elastic networks under stress. They 

found that the strain at which the transition occurs is a function of the average network 

connectivity. 

 Sander et al. [88] developed an image-based multiscale model to capture the 

anisotropy and heterogeneity of a cell-compacted collagen gel subjected to mechanical 

loads. Using their model, the authors investigated the relation between applied loads and 

cellular response, and predicted a heterogeneous network restructuring in which tensile 

and compressive fiber forces are produced to accommodate macroscopic displacements. 
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Figure 1.4 Fibrin gel at (a) unstressed and (b) stretched states. Reproduced from Ref. 62.
 
 
 

(b)(a) 

Koenderink et al. [89] synthesized an active polymer network in which processive 

molecular motors control the network rigidity. The system consists of actin filaments 

cross-linked by filamin A (FLNa) and contracted by bipolar filaments of muscle myosin 

II. They showed that the myosin motors stiffen the network by more than two orders of 

magnitude. They also demonstrated that the stiffening response closely mimics the effects 

of external stress applied by mechanical shear. Ulrich et al. [90] examined the elasticity 

of a highly cross-linked simple network consisting of randomly cross-linked harmonic 

springs. Their theoretical analysis showed that the network shear modulus is independent 

of the spring constant and the average length between cross-linking points, and is solely 

function of the cross-linking density. A comprehensive review of the recent works on the 

structure and dynamics of cross-linked actin and double networks are provided, 

respectively, by Lieleg et al. [91] and Gong [92]. 

 Similar to mechanical properties, transport properties of networks have long been 

of interest to scientists and engineers. Tahir and Tafreshi [93] studied the influence of in-

plane and through-plane fiber orientations on a fibrous network transverse permeability. 

They numerically solved the 3D Stokes equations and demonstrated that the transverse 
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permeability of a fibrous structure is independent of in-plane fiber orientation but 

increases with increasing deviation of the fiber through-plane angle from zero. Nabovati 

et al. [94] exploited the lattice Boltzmann method to examine the fluid flow in 3D 

random fibrous media and developed a semi-empirical constitutive model for the 

permeability of fibrous media. The authors also examined the influence of curvature and 

aspect ratio of fibers on the permeability. They found that curvature has a negligible 

effect, and that aspect ratio is only important for fibers with aspect ratio smaller than 6:1, 

in which case the permeability increases with increasing aspect ratio. A comprehensive 

review of experimental and theoretical data on Newtonian fluid flows through different 

types of porous media is available elsewhere [95]. 

 Flow of non-Newtonian fluids through porous media and polymer networks have 

been studied by several researchers. Morais et al. [96] investigated non-Newtonian fluid 

flows through a disordered porous medium by direct numerical simulations. They found 

that their results for power-law fluids can be described by a single universal curve over a 

broad range of Reynolds numbers and power-law exponents. The authors also considered 

the flow of Bingham fluids described in terms of the Herschel-Bulkley model. In this 

case, their simulations revealed that the interplay of the disordered geometry of the pore 

space, the fluid rheological properties, and the inertial effects leads to a substantial 

enhancement of macroscopic hydraulic permeability at intermediate Reynolds numbers. 

Sochi [97] presented a review of the single-phase flow of non-Newtonian fluids in porous 

media. 

 Diffusion of various solutes, such as rigid particles and linear macromolecules, 

has been extensively investigated to understand the fundamentals of transport through 
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cross-linked biological and synthetic networks. Liu et al. [98] experimentally observed 

that sufficiently small molecules adopt an approximately spherical conformation when 

diffusing through a gel matrix, whereas larger molecules are forced to migrate in a snake-

like fashion. They also found that molecules of intermediate size can temporarily get 

trapped in the largest matrix pores, where the molecule can extend and, thereby, 

maximizes its conformational entropy. The authors suggested that this “entropic 

trapping” leads to an increased dependence of diffusion rate on molecular size. Seiffert 

and Oppermann [99] carried out a series of experiments and measured the diffusion of 

linear macromolecules and spherical particles in semi-dilute polymer solutions and 

polymer networks. They found, in contrast to the prediction of the hydrodynamic scaling 

model [49-50], that the diffusion of flexible polymers and rigid particles having 

comparable sizes is not identical. Nevertheless, they indicated that the scaling model 

provides a reasonable fit to individual sets of experimental data. Cu and Saltzman [57] 

provided an extensive review of different mathematical models and experimental 

methods employed to measure the diffusion through polymer networks and specifically 

through the mucus gel for drug delivery purposes. 

 Swelling kinetics of polymer networks has been the subject of many recent 

theoretical and experimental studies [16, 70-84]. Zhang et al. [79] developed a finite 

element model to simulate the large deformation and fluid transport during 

swelling/deswelling of polymer gels. The authors successfully used their model to study 

several time-dependent processes in swelling gels, such as draining of fully swollen gels 

due to weight, free swelling-induced surface instability, and buckling pattern formation 

due to partial confinement. Keener et al. [81] presented a model for the swelling kinetics 
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of gels that incorporates the free energy including the polymer standard free energy. The 

authors employed their model to study the effect of free energy parameters on the 

swelling kinetics and stable states and sizes of the swollen gel and demonstrated that the 

theories ignoring the polymer standard free energy cannot properly describe the swelling 

kinetics or equilibrium states. 

 Jha et al. [75] employed a theoretically informed Monte Carlo simulation to 

examine volume phase transitions of polymeric nanogels. The authors modeled nanogels 

as regular networks of Gaussian strands discretized with coarse-grained polymer beads, 

and analyzed the effects of degree of crosslinking, solvent quality, and charge fraction of 

polymer backbone on the volume phase transition behavior of nanogels. The results of 

their simulations indicated that their coarse-grained model can capture the universal 

features of volume phase transition phenomenon as observed in swelling experiments. 

These features include higher gel swelling with an increase in hydrophilicity and degree 

of ionization of polymer backbone, and a decrease in crosslink density of the nanogel. 

Moreover, their model predicted a discontinuous volume phase transition in the case of 

ionic nanogels. Yashin and Balazs [80] developed a mesoscale model to study reactive 

gels that undergoe periodic volume changes due to the self-oscillatory Belousov–

Zhabotinsky reaction. Traveling waves and different dynamical patterns were discovered 

that may be useful for mechano-sensing applications and self-propulsion. 

 Caldorera-Moore et al. [76] used atomic force microscopy (AFM) and 

environmental scanning electron microscopy (ESEM), to characterize the swelling 

behavior of nano-imprinted hydrogel particles of different sizes and aspect ratios. Their 

studies showed that the swelling behavior of imprinted gel particles with characteristic 
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length of 100nm or less is a function of particle size and deviates from the bulk behavior. 

The authors also developed a model based on FEM and field theory to further support 

their observations. Wahrmund et al. [82] examined the swelling kinetics of micron-sized 

monodisperse poly-N-isopropylacrylamide (PNIPAM) hydrogel capsules. The authors 

varied the temperate and measured the inner and outer radii of the microgel capsules as a 

function of time to characterize their swelling behavior. The results of their experiment 

indicated that the characteristic swelling time of a gel shell is proportional to the square 

of the outer radius and is not a function of the capsule thickness. The authors supported 

their experiment by developing a simple model describing the swelling kinetics of 

microgel shells. 

 Not only the mechanical and transport properties of polymer networks, but also 

their frictional properties have received considerable attention over the past few decades. 

Researchers have developed theories and performed experiments to scrutinize the 

tribological behavior of dry and solvated polymer networks [28, 32, 100-124]. For 

instance, Gong and Osada [120] proposed a model based on the repulsion and adsorption 

theory at a solid surface to describe the frictional force produced when a polymer gel 

slides on a solid surface. The authors combined their model with scaling arguments to 

derive general relationships for the frictional force as a function of the normal load, 

sliding velocity, polymer volume fraction, and elastic modulus of the gel. The results of 

this model show that when the interactions are repulsive, friction is due to the viscous 

flow of solvent at the interface and, therefore, is proportional to the sliding velocity and 

the normal pressure provided that the pressure is smaller than the elastic modulus of the 

gel. For the attractive interactions, the model predicts that in addition to the 
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hydrodynamic friction, the force required to detach the adsorbed chains from the 

substrate contributes to the friction, too. The authors applied their model to several test 

cases and found good agreement between their theoretical results and certain 

experimental observations. In their later experimental work, Gong et al. [121] 

investigated the friction of several kinds of hydrogels sliding on glass and Teflon plates 

both in air and water. Their experimental measurements revealed that the friction force 

and its relation with the normal load vary depending on the chemical structure of gels, 

surface properties of the opposing substrates, and the measurement conditions. They 

explained the difference in tribological behavior of gels in terms of the surface interaction 

between the polymer network and solid surfaces. To support their explanation, they 

measured the adhesion between glass particles and gels, and showed that it correlates 

very well with the friction. 

 Du et al. [114] examined the friction of a polyvinyl alcohol (PVA) gel sliding 

against a glass surface in dilute polyethylene oxide (PEO) aqueous solutions with various 

molecular weights and concentrations. They observed that frictional stress in PEO 2E4 

solutions is lower than in pure water. They also saw that the friction decreases with an 

increase in the PEO concentration and reaches a minimum at the crossover concentration. 

However, they noticed that in higher molecular weight solutions this friction reduction is 

only observed for very dilute concentrations, and the frictional stress in higher 

concentration is higher than that in pure water. The authors showed that at fast sliding 

velocities, all the friction curves in dilute PEO solution collapse into the pure water 

curve, independent of the molecular weight and concentration of PEO. Their results 

revealed that in the low sliding velocity region, where adsorption of PVA gel on glass 
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plays the dominant role in friction, PEO chains screen the adsorption of PVA chains to 

the glass surface. In the fast sliding velocity region, on the other hand, liquid lubrication 

prevails due to either the extensive stretching of PEO chains or formation of a deplete 

layer near the glass surface. 

 Finally, Chang et al. [115] explored the effect of swelling/deswelling phase 

transition on the tribological properties of pNIPAAm hydrogels. Using experimental 

measurements, they showed that, at small shear rates, gels in the collapsed state exhibit 

significantly higher friction than swollen gels. The authors attributed the difference in 

friction to changes in the surface roughness, adhesive interactions, and chain 

entanglements at the gel-gel interface. Regardless of the origin, they demonstrated that 

the changes in friction, triggered by an external stimulus, are reversible. 

1.3 Scope and Objectives 

 Our literature survey in the previous section reveals that the majority of studies 

examined the properties of polymer networks under ideal conditions. For example, there 

are relatively few studies that considered the transport properties of polymer networks 

under a mechanical load or explored mass transfer through the networks during the 

volume transition. Investigations concerning the mechanical response of polymer 

networks in non-equilibrium conditions are also scarce. However, in many real-world 

applications, polymer networks are subject to external/internal stresses (see for example 

Figure 1.4) and/or function in a non-equilibrium state. 

 The study of practical problems involving polymer networks usually requires 

accommodating several time and length scales. Moreover, there often exist complex 

geometrical domains where mechanical and fluid phenomena are coupled. The multi-
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scale, multi-physics nature of systems in which polymer networks play a primary role 

makes it extremely difficult to develop comprehensive analytical models. Also, 

experimental approaches are typically very costly, time consuming and require 

significant effort. Therefore, there is a critical need to develop rigorous computational 

approaches capable of describing coupled phenomena associated with the applications of 

polymer networks. Recent advances in the high-performance computing provide new 

opportunities for developing such models that can be employed not only for investigating 

the static and dynamic properties of polymer networks, but also for exploring the entire 

operation of systems whose performance depend on the function of polymer networks. 

The synergistic combination of these models with ever-improving experimental methods 

can answer fundamental questions about the properties of polymer networks and facilitate 

their applications in emerging technologies. 

 The central objective of this Ph.D. dissertation is to develop a fully-coupled three 

dimensional model for permanently cross-linked, semiflexible polymer networks and use 

it to study (1) the permeability and diffusivity of mechanically loaded polymer networks; 

(2) to explore transport of encapsulated solutes across the membrane of microgel capsules 

during swelling and deswelling volume transitions; and (3) to probe the tribological 

behavior of elastomers sliding on smooth and grooved surfaces. 

 The results of our studies reveal important and highly-needed information about 

the relation between the mechanical deformation of polymer networks and the change in 

diffusive and convective transport of solutes. This information not only gives us a 

fundamental insight into the transport processes in anisotropic random networks taking 

place at the micro/nano scale, but also yields engineering guidelines for designing a 
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whole host of new systems and devices in which polymer networks are harnessed for 

solute transport, separation, sensing, and micromechanical actuation. Our calculations of 

release from responsive microgel capsules disclose how the gel transport properties 

change due to the network swelling/deswelling and provide a new approach for 

regulating the release of drugs from drug delivery micro-carriers by controlling the 

membrane pore size. Furthermore, our simulations of elastomeric friction on engineered 

rough substrates give insights into the complex tribological properties of cross-linked 

polymer networks and unveil the possibility of harnessing directional surfaces to alter the 

friction and reduce wear in a controllable and predictable manner. Finally, our three 

dimensional fully-coupled model of cross-linked polymer networks provides a foundation 

for future studies on a broad range of problems in engineering, medicine, and biology that 

involve active and responsive polymer networks. 

 The remaining chapters of this dissertation are organized as follows. In the next 

chapter, we introduce our model and characterize its properties. In chapter 3, we present 

the results of our simulations for convective and diffusive transport through networks 

under axial and shear loadings. In chapter 4, we describe the controlled release of 

particles and linear macromolecules from responsive microgel capsules. In chapter 5, we 

report our findings regarding the friction of elastomers on smooth and grooved surfaces. 

We conclude with chapter 6 where we summarize our results and discuss future research 

directions. 
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CHAPTER 2 

METHODOLOGY 

 

2.1 Introduction 

 Computationally, one could model polymer networks in three different ways; i.e. 

using molecular dynamics (MD), continuum methods, or mesoscale models (Figure 2.1). 

Each of these simulation techniques has their own benefits and drawbacks. While 

continuum-based methods such as finite-difference, finite-element, and finite-volume 

accurately capture phenomena at the macroscale, they fail to correctly model the 

micromechanics and the complex structure of polymer networks [87, 125-127]. On the 

other hand, molecular dynamics simulations can very accurately model phenomena 

taking place at a few nanometers in length and a few nanoseconds in time. However, they 

become computationally prohibitively expensive when they are employed to simulate 

larger complex systems [126]. A way to tackle this issue in MD is to use “pseudo-atoms” 

to represent groups of atoms instead of explicitly representing every atom of the system 

(see Figure 2.2). The coarse-graining or reduced representation allows simulation of 

microscale phenomena at larger time and length scales comparing to what can be 

modeled by conventional all-atom MD. 

 Over the past few decades, several mesoscale coarse-grained simulation methods 

have been developed to bridge the gap between the continuum methods and all-atom 

molecular dynamics simulations [126]. Among those are the Brownian dynamics (BD), 
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Figure 2.1 Schematic illustrating applicability ranges of various simulation techniques.
Reproduced from Prof. C. Heath Turner lecture notes (see
http://unix.eng.ua.edu/~checlass/Simulation/l07.ppt). 
 
 
 
dissipative particle dynamics (DPD), lattice Boltzmann (LB), and the density functional 

theory (DFT). 

 Unlike conventional continuum approaches that solve a set of partial differential 

equations, the majority of these mesoscopic methods follow the evolution of a many-

body system to simulate the governing equations. This makes them particularly effective 

for massive parallel high-performance computing (HPC) and, therefore, suitable for the 

computationally demanding task of modeling the complex behavior of soft materials such 

as polymer networks. 

 The choice of a particular simulation technique for a given problem depends on 

the nature of the interactions between the elements of the system and the appropriate 

level of coarse-graining. Here, we employ the dissipative particle dynamics (DPD), a 

particle-based computational method that can effectively capture the salient features of 

the polymer network architecture and, at the same time, can properly model the relevant 
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Coarse-grained 
representation

Atomistic chain 

Figure 2.2 Coarse-grained representation of a polymer chain. 
 
 
 

hydrodynamic effects and thermal fluctuations. In the following sections, we first 

introduce DPD and then we describe our methodology and validation studies. 

2.2 Dissipative Particle Dynamics 

 Dissipative particle dynamics [15, 128] is a coarse-grained simulation technique 

that employs a momentum-conserving thermostat and soft repulsive interactions among 

beads representing clusters of molecules (Figure 2.2). This allows for simulations of 

physical phenomena occurring at relatively large time and spatial scales, while capturing 

the relevant hydrodynamic effects. Indeed, DPD has been successfully employed for 

simulating the dynamics of soft matter systems including those that involve polymers and 

nanoparticles dispersed in Newtonian incompressible fluids [126, 129-144]. 

 For instance, Filipovic et al. [130] used DPD to examine the motion of circular 

and elliptical particles in a 2D shear laminar flow. Chen et al. [132] exploited DPD to 

investigate the steady-state and transient dynamics of polymer drops under shear in a 

microchannel. Alexeev et al. [133] employed DPD to probe interactions between lipid 

bilayer membranes and Janus nanoparticles. Using DPD, Fedosov et al. [134] studied the 
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flow of dilute polymer solutions in micro and nanochannels. Lastly, Fan et al. [137] 

simulated the flow of DNA suspensions in microchannels by DPD. 

 In DPD, the time evolution of the many-body system obeys the Newton’s second 

law iii dtdm fv  , where iv  and if  are, respectively, the velocity and force on a bead i  

with mass im , and t  is time. The equations of motion are integrated using the velocity-

Verlet algorithm [15]. The force on a bead is   
j

R
ij

D
ij

C
iji FFFf , where the sum runs 

over all beads j  within a cutoff radius cr  around the bead i . The conservative force is 

given by   ijijij
C
ij ra rF ˆˆ1 , where ija  is the repulsion between beads i  and j , cijij rrr ˆ  

and ijijij rrr ˆ  with jiijr rr  . Here, ir  is the position vector of bead i . The dissipative 

force is   ijijij
DDD

ij ij
rvrF ˆˆ    and the random force is dtijij

R
ij

R
ij rF ˆ , where 

jiij vvv   and ij  is a zero-mean Gaussian random variable of unit variance with 

jiij   . The coefficients D

ij
  and D

Bij ij
Tk  22   determine the strength of dissipative and 

random forces, where Bk  is the Boltzmann constant and T  is the temperature of the 

system. Moreover, the weight functions D  and R  are related via  2RD   . The 

relations between the weight functions and the strength of dissipative and random forces 

are set to ensure the thermodynamic equilibrium [145]. The generalized form of the 

weight function R  is given by p
ij

R r )ˆ1(   with 1p  for the standard DPD model 

[137]. 

 Unbounded systems in DPD are modeled using periodic boundary conditions. 

However, there is more than one way to simulate systems involving physical boundaries. 

Solid surfaces can be modeled indirectly by modifying the periodic boundary conditions 
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[146-147]. Alternatively, they can be accounted for by locally “freezing” a cluster of 

DPD beads that represent the surface geometry [146-147]. The former approach is 

limited to simple geometries whereas the latter can be applied to more complex systems. 

For example, it was shown that, when combined with a particle reflection rule at the 

fluid-solid interface, the freezing method can effectively be used to satisfy the no-slip 

condition [135, 146-149]. Here, we use periodic boundary conditions to simulate 

phenomena taking place in the bulk and freeze DPD beads to model stationary solid 

walls. 

2.3 Model for Linear Macromolecules and Rigid Objects 

 We model polymer macromolecules as flexible chains of DPD beads connected 

sequentially by finitely extensible nonlinear elastic (FENE) springs. The FENE potential 

is given by ])||(1ln[ 2
max

2
maxFENEFENE rrkU ji rr  , where FENEk  is the stretching 

constant and maxr  is the maximum spring extension. This model does not explicitly 

account for chain uncrossability. However, as reported earlier [134, 150], this is not a 

critical issue especially when we consider dilute solutions where *
chainchain cc  . Here, 

chainc  is the number density of polymer chains and   13
0

* 34


 gchain Rc   is the overlapping 

concentration with 0gR  being the bulk gyration radius of chains [151]. 

 We model rigid objects by clustering DPD beads to form the desired shape and 

then considering the cluster as an independent object. Since the distance between the 

beads comprising a single object are kept constant, the object obeys the dynamics of rigid 

bodies. Specifically, we construct rigid particles from beads arranged in hexagonal close-
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Figure 2.3 Schematic illustrating system components within a periodic simulation box.
Insets (a) and (b) show 16-bead and 10-bead polymer chains, respectively. Insets (c) and
(d) show, respectively, 13-bead and 5-bead hexagonal closed-packed aggregates
representing nanoparticles. Reproduced from Ref. 136. 
 
 
 
packed spherical aggregates, and we build immobile solid walls by freezing beads 

organized in layers of square lattice. 

2.4 Polymer Network Model 

 We use a random lattice of interconnecting elastic filaments to capture the 

mechanics of disordered polymer networks [87]. The flexible filaments are formed from 

DPD particles connected by Frankel springs with a potential 

2)|(| 2
FrankelFrankel eqji rkU  rr . Here, Frankelk  and eqr  are the spring constant and 

equilibrium length, respectively. Additionally, we include a bending potential 

 cos1 bb kU , where bk  is the bending stiffness and   is the angle between two 
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consecutive pairs of beads. Bending and stretching spring constants can be chosen to 

match the ratio between bending/stretching and thermal energy of filaments. We note that 

the number of beads fn  in a filament with the length of fl  is given by eqf rl1  where 

eqr  can be tuned to ensure the correct solvent-filament and solute-filament interactions. 

 We build the cubic network in two steps (Figure 2.3). We first randomly 

distribute N  cross-linking nodes inside the computational domain. Then, we connect 

each node with aveC  closest nodes that are located within a cutoff radius which is set to 

prevent the formation of excessively long filaments. The resulting average network 

connectivity deviates from the value of aveC  by less than one percent. Thus, we construct 

polymer networks that are characterized by the number of cross-linking nodes N  and the 

average connectivity aveC . To create non-cubic networks, we first generate a bigger cubic 

network and then remove the beads and connections that are outside the geometry of 

interest. Given the importance of porosity in analyzing mechanical and transport 

properties of porous media, we further characterize our network by defining its porosity 

as boxfilaments VV1 , where boxV  is the total volume of the simulation domain and 

334 SEtotalfilament RnV   is the volume occupied by the filaments in which 209.0SER  is 

the Stokes-Einstein radius of DPD beads [152] and totaln  is the total number of DPD 

beads used to build the network ( totaln  is different from the number of lattice seed nodes 

N ). When we calculate the porosity, some of the filaments may overlap and, thus, the 

resulting value exceeds the real network porosity by a few percent. Since the total 

number of filaments in the network is equal to 2aveCN  and the average filaments length 

varies proportional to    0
31 CCVN avebox  , where 0C  is a constant related to the 
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Figure 2.4 Networks with porosity 8.0  and different internal structures: (a)
2000N  and 3aveC ; (b) 250N  and 12aveC . Reproduced from Ref. 136. 

 
 
 
average distance between lattice nodes   0

31 CVN box
 , we can estimate the network 

porosity using the following equation    BCACVNR aveaveboxSE  3221  . We find that 

for networks considered in our studies 3106.8 A  and 171.0B . Figures 2.4a and 

2.4b show two networks constructed with different values of N  and aveC . Here, we 

choose the network parameters such that the porosity   is roughly 8.0  for both networks. 

As we show in the following, despite the notable difference in their internal structures, 

these networks exhibit similar transport properties. 

 Below, we characterize the transport, mechanical, and swelling properties of our 

model network. We first examine its permeability and diffusivity in unstressed state and 

then probe its elastic and viscoelastic response. Finally, we introduce an approach to 

simulate the volume transition and use it to evaluate the swelling kinetics of our network. 

2.4.1 Transport Properties 

 We measure the transport properties by calculating the permeability, self-

diffusivity, and particle/chain diffusivity in networks with different N  and aveC  (Figures 

2.5 and 2.6). We carry out simulations in a periodic box that encompasses a viscous 
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solvent, an elastic polymer network, and diffusive objects such as polymer chains and 

rigid particles (Figure 2.3). The domain dimensions are 101010   in the x , y , and z  

directions, respectively. This is to ensure that the domain is greater than the minimum 

box size of k14 , as suggested by Clague and Phillips [51] based on the Brinkman 

screening length criterion. Here, k  is the network permeability. We also set the time step 

01.0t , 1p , 1m , 1cr , 5.4D , 25a , 200Frankel k , 5.2bk , 10FENE k , 

418.0eqr , 2max r , 1TkB  and the solvent number density 3  yielding the solvent 

kinematic viscosity   equal to 283.0 . Unless specified otherwise, all dimensional values 

are given in DPD units. 

 We further use polymer chains of 10 and 16 DPD beads (Figures 2.3a and 2.3b) 

with gyration radius of, respectively, 97.00 gR  and 33.10 gR , as calculated from the 

equilibrium simulations. We also construct rigid particles from 5 and 13 DPD beads with 

the Stokes-Einstein radius of 45.0pR  and 7.0pR  [152], respectively (Figures 2.3c 

and 2.3d). 

 Here, we first equilibrate the network without solvent, and then we fix the 

network geometry and introduce solvent. In the permeability calculations shown in 

Figure 2.5, we apply an external body force  zyxexternal eeeF ˆˆˆ01.0   to drive the fluid 

flow through the network. Here, xê , yê , and zê  are unit vectors in the x , y , and z  

directions, respectively. We run the simulations for 5102.3   time steps and evaluate the 

components of volume-averaged flow velocity, u , in the x , y , and z  directions. Next, 

we use Darcy’s law externaluk F3  to find the permeability in each direction [48]. 
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Figure 2.5 Permeability as a function of porosity in 3D isotropic random polymer
networks. The network parameters are 1000,500,250N  and 14,12,10,8,6,4aveC .

Reproduced from Ref. 136. 
 
 
 
Finally, we average the permeability results over symmetric directions within the network 

and non-dimensionalize the average by dividing it with the square of filament radius, 

which is equal to the Stokes-Einstein radius of a DPD particle.  

 We find good agreement between our permeability-porosity results for networks 

with different N  and aveC  and the results of Spielman and Goren [153] for isotropic 

porous media (Figure 2.5). Slightly higher permeability predicted by our model can be 

attributed to a somewhat lower drag on filaments constructed from spheres as compared 

to cylindrical filaments [154]. Figure 2.5 also demonstrates that the permeability of a 

random filament network depends solely on the network volume fraction and is not a 

function of the network internal structure. This is in agreement with previously reported 

results [59]. 
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Figure 2.6 Diffusivity of (a) solvent particles (self-diffusivity), rigid particles with radius
45.0SER  and 7.0SER  and (b) 10 and 16-bead polymer chains in 3D isotropic random

polymer networks as a function of network porosity. The network parameters are
1000,500,250N  and 14,12,10,8,6,4aveC . Reproduced from Ref. 136. 

 
 
 
 To evaluate network diffusivity (Figure 2.6), we introduce 30 diffusive objects 

(chains or particles) that are initially randomly distributed in the solvent. We continue the 

simulations for 5108  time steps to collect sufficient statistics regarding the entities’ 

diffusion. We then calculate the diffusion coefficients using the long-time, mean-square 
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displacement (MSD) relation of Einstein trtrCD
2

)0()(  , where ...  represents 

the ensemble average, C  is a constant, and )0()( rtr   is the object position at time t  

relative to its original position. Calculated diffusivities are normalized by the 

corresponding diffusivities in the absence of the network. 

 Figures 2.6a presents the results of DPD simulation for retarded diffusion of 

solvent particles (self-diffusion) and rigid particle of radius 45.0pR  and 7.0pR . The 

diffusion of 10 and 16-bead polymer chains with a radius of gyration equal to 97.00 gR  

and 33.10 gR , respectively, is shown in Figure 2.6b. Figure 2.6 show excellent 

agreement between our simulations and the experiments of Seiffert and Oppermann [99]. 

We also find that our simulation results are in close agreement with the hydrodynamic 

scaling model [49-50] for the diffusion of rigid particles and linear macromolecules in 

stationary random polymer networks. The smaller value of the scaling exponent for 

chains indicates weaker dependence of the diffusion on the polymer radius of gyration 

(see Figure 2.6a and Figure 2.6b). Moreover, in agreement with previous studies [57, 99], 

our results show that the diffusion coefficient of solid particles is smaller than that of 

flexible polymers with a similar coil size. This is related to different mechanisms 

controlling diffusion of solid objects and flexible polymers. Unlike solid particles that 

have a constant outer radius, the radius of gyration of polymeric chains changes when a 

chain diffuses through a network. Figure 2.7 illustrates that the radius of gyration 

decreases with decreasing the network porosity for greater   and approaches to a 

constant value as the network becomes denser. The reduction in radius of gyration of 
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Figure 2.7 Radius of gyration as a function of network porosity for 10- and 16-bead
polymer chains in 3D isotropic random polymer networks. The network parameters are

1000,500,250N  and 14,12,10,8,6,4aveC . Reproduced from Ref. 136. 

 
 
 
chain enhances their hindered diffusion in polymer networks and, therefore, yields 

greater diffusivity comparing to rigid particles. 

2.4.2 Mechanical Properties 

 We evaluate the mechanical properties of our network by measuring its elastic 

and viscoelastic response to, respectively, constant and oscillatory deformations. The 

elastic moduli are calculated using linear elasticity relations. To this end, we impose a 

uniform strain and compute the corresponding stress tensor using the Irvin-Kirkwood 

method [155]. Specifically, we apply a shear strain of 2.0  to gauge the shear modulus 

G  and reduce the size of our simulation box to 75.975.975.9   to determine the bulk 

modulus K  of the network. Having G  and K , we calculate the Poisson’s ratio as 

   GKGK  3223 . The results of our simulations are presented in Figure 2.8. 



 27

Here, we normalize the elastic moduli by crkFrankel  and plot them along with the 

Poisson’s ratio versus the network porosity. 

 Figure 2.8a shows that the shear modulus increases linearly with the network 

volume fraction  1 . This finding is in agreement with the results of Buxton and 

Clarke [87] in the stretching dominated regime, and further implies that the shear 

modulus scales with the number of cross-linking nodes as 32N  and with the average 

connectivity as  BCAC aveave  . Unlike the shear modulus, the bulk modulus does not 

change linearly with   and, instead, scales with 2/3  (see Figure 2.8b). The departure 

from the linear dependency could be attributed to the background fluid. While the 

presence of the DPD solvent has little or no effect on the shear strength of the network, it 

does influence the compressibility of the system and, therefore, the network bulk 

modulus. The effect of host solvent on the bulk modulus is not the same for all networks 

and becomes more pronounced for networks with lower porosity. Figure 2.8c shows that, 

indeed, the network Poisson’s ratio approaches 0.5 (becomes almost incompressible) as 

the network volume fraction falls below 0.05. Although, the variations of network 

Poisson’s ratio is very small, it is enough to cause the deviation from the linear behavior 

in the G  curve. 

 We also characterize the nonlinear response of our network. To this end, we apply 

shear strains of different magnitude to a sample network with 500N  and 8aveC , and 

measure the corresponding stress. Figure 2.9 shows the dimensionless shear stress   as a 

function of applied strain  . The dashed line in Figure 2.9 represents the linear response. 

In accordance with previous studies [64, 156-157], we see that the shear stress 

significantly deviates from the linear behavior and shows a strong strain stiffening. 
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Figure 2.8 (a) Shear modulus, (b) bulk modulus, and (c) Poisson’s ratio versus network
porosity. The network parameters are 1000,500,250N  and 14,12,10,8,6,4aveC . 

 
 
 
Furthermore, we see that shear stress initially scales with 3.1  and later on becomes 
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Figure 2.9 Shear stress versus applied strain for a network with 500N  and 8aveC . 

 
 
 
proportional to 8.1 . This is in qualitative agreement with the observations of Stein et al. 

for collagen gels [156]. 

 To evaluate viscoelastic properties of our polymer network, we apply a uniform 

oscillatory shear strain of the form   tt  sin0  to the network and calculate the shear 

stress developed as a result of the applied strain. We impose an affine sinusoidal shear by 

exerting an additional force in the x  direction to all DPD beads in our periodic 

simulation box. The force is given by   xzi dttdmr eF ˆ22
,

A
i   where zir ,  is the z  

coordinate of the i th bead. We also apply time dependent Lees-Edwards boundary 

conditions [158] in the z  direction. In our simulations, we set 2.00   to stay in the liner 

rheology regime. 

 In the linear regime where the amplitude of strain oscillations is sufficiently 

small, the stress response takes the form      ttxz sin0  indicating that the stress 

oscillates with the same frequency as the strain, but leads the strain by a phase angle  . 
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Figure 2.10 Storage and loss moduli versus oscillation frequency for a network with
500N  and 8aveC . 

 
 
 
In general,   lies between 0  and 2  and is a function of oscillation frequency. The 

limiting cases of 0  and 2   correspond to a purely elastic material and a 

Newtonian liquid, respectively. At a given frequency, storage and loss moduli are given, 

respectively, by  cos00G  and  sin00G . 

 Figure 2.10 shows the frequency dependence of dimensionless storage and loss 

moduli for a sample network with 500N  and 8aveC . Here, the frequency   is made 

dimensionless by the characteristic time scale of DPD Tkmr Bc . Our calculations 

indicate that G   increases almost linearly with the oscillation frequency. This is very 

similar to the behavior of loss modulus in biopolymer networks [159-160] in which the 

main source of energy dissipation is the fluid viscosity. Our simulation further illustrate 

that when the frequency is small ( 1.0 ), the storage modulus G  is nearly constant 

taking the value of shear modulus G . As the frequency increases above 0.1, the storage 

modulus starts increasing and scales with 4.0 . However, we expect that the scaling 
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breaks down at sufficiently high frequencies at which the network behaves as a glassy-

like material. We will show in chapter 5 that for dry networks G  reaches a plateau in 

this situation. A similar trend has been observed for some biopolymer networks [160]. 

2.4.3 Swelling Properties 

 We access the swelling kinetics of our model network by calculating the evolution 

of solid and hollow spherical capsules with outer radius R  during a swelling process. To 

model the change in the network swellability, we dynamically modify the length of 

network filaments by changing the effective equilibrium distance between DPD beads 

within each filament. This allows us to effectively simulate the internal stresses that cause 

the network to shrink or expand, and in this fashion, we can accurately capture the 

volume transition in polymer networks. In experiments, the appearance of internal 

network stresses driving gel swelling and deswelling volume transitions can result from 

changes in the environmental conditions such as pH, salt concentration, temperature, light 

intensity, etc. [4, 6-7, 9, 13-14, 161-165]. Specifically, to model network swelling we 

increase the equilibrium length of Frankel springs eqr  whereas we model deswelling by 

simultaneously reducing eqr  and decreasing the strength of DPD potentials between the 

filament beads. 

 To create hollow and complete spheres, we first generate a cubic network with a 

side greater/equal to the outer capsule diameter and then remove the beads that are 

outside the capsule shell. Specifically, a 303030   cubic network, with 12000N , 

8aveC , and porosity 85.0  [136] is used to construct capsules of different radius and 

thickness. 
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Figure 2.11 Outer radius of swelling (a) solid and (b) hollow microgel capsules versus
time. The empty symbols represent the result of simulations with the initial shell porosity

85.0 . The filled symbols in panel (b) show the experimental results of Wahrmund et
al. [82] for neutral microgel shells with m30iR , m60fR , and

scm102 27cD . The solid lines indicate the prediction of theory. For hollow

capsules, only an asymptotic (long time) solution is shown. 
 
 
 
 We set the 01.0t , 1p , 1m , 1cr , 5.4D , 25a , 600Frankel k , 

5.7bk , 4.0eqr , 1TkB , 3  and carry out the simulations in a 505050   

periodic box. We change the equilibrium length of Frankel springs from 4.0eqr  to 



 33

6.0eqr  at time 0t  and measure the change in the outer capsule radius as a function of 

time (Figure 2.11). We normalize the radius by the total radius change if RRR   and 

normalize the time by the characteristic volume transition times s  and c  equal to 

cf DR2 , where   is a constant equal to 21   and 91  for, respectively, solid and 

hollow capsules [82], fR  is the radius at the fully swollen state, iR  is the radius at 0t , 

and fGKDc )34(   is the network collective diffusion coefficient [166]. Here, f  is 

the friction coefficient representing a drag force on the network, and K  and G  are bulk 

and shear modules of the gel, respectively [82, 166]. 

 Figure 2.11 shows that our model properly predicts the change in the outer radius 

of solid and hollow capsules during the network swelling. In Figure 2.11a, we compare 

our simulations with the Tanaka’s model [166] for swelling kinetics of spherical gels and, 

in Figure 2.11b, with the theoretical and experimental study of Wahrmund et al. [82] for 

microgel shells. The theoretical models are based on the solution to the gel network 

equation of motion in the limit of low Reynolds number, which represents a force balance 

between the mechanical stresses within the gel network and the Stokes drag applied by 

the fluid subject to the stress-free boundary condition. The theory predicts that the 

characteristic time of swelling is proportional to cDR2 . 

 Figure 2.11a shows that our results for swelling kinetics of solid capsules agree 

very well with the Tanaka’s model [166]. Furthermore, Figure 2.11b shows that our 

simulations of swelling kinetic of hollow capsules agree with both the theoretical 

prediction and the experimental results for neutral microgel shells [82]. Hence, our model 

correctly captures the swelling dynamics of both solid and hollow capsules, which are 
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best fitted by the collective diffusion coefficients 14.0cD  and 065.0cD , 

respectively. Since both networks have identical porosity, we relate the difference in cD  

for solid and hollow capsules to different effective elastic modules. When we create 

hollow capsules from cubic gels and remove the bead and connections that are inside and 

outside the shell, we effectively reduce the gel average connectivity at capsule surfaces, 

thereby reducing shell stiffness relative to the bulk material. 

2.5 Summary and Future Directions 

 We used dissipative particle dynamics (DPD) to introduce a coarse-grained 

computational model for permanently cross-linked, semi-flexible polymer networks. We 

simulated networks as random lattice of interconnected filaments. We characterized the 

transport and mechanical properties of this mesoscale model. Our simulations indicated 

that the method we developed is able to capture key features of polymer networks 

micromechanics under both static and dynamic loadings. Moreover, the results of our 

characterization revealed that our model based on DPD can effectively simulate the 

permeation and diffusion in unstressed random networks. We also proposed an approach 

to model network swelling and demonstrated that it can properly capture the kinetics of 

network volume transition. Overall, our calculations indicated that our fully-coupled 

three-dimensional model can be effectively used to analyze transport properties of 

polymer networks under deformation, to examine release of encapsulated solutes from 

capsules during volume transition, and to explore complex tribological behavior of 

elastomers. 

 In future, our model can be extended by introducing electrostatic interactions. In 

this way, one would be able to simulate transport of ions and other charged entities which 
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might be of critical importance in specific problems. This will also allow one to study 

volume transitions due to a change in the salt concentration. Additionally, our model can 

be modified to simulate networks with active cross-links. Such model can be utilized to 

study unexplored properties of actively cross-linked polymer networks. 
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CHAPTER 3 

TRANSPORT THROUGH MECHANICALLY DEFORMED 

POLYMER NETWORKS 

 

3.1 Introduction 

 In practical applications, polymer networks are often under mechanical 

deformation, which gives rise to changes in the filament orientation and also may alter 

the volume occupied by network. The change in the orientation of filaments affects 

network transport properties [56, 93, 167]. It is, therefore, important to assess the effect 

of applied mechanical deformation on permeability and diffusivity of initially isotropic 

random polymer networks. Recently, the effects of axial compression on the permeability 

of articular cartilages [168], agarose gels [53] and deformable foams [54] were examined. 

It was found that, under confined compression/tension, permeability is a nonlinear 

function of applied strain and relatively insensitive to the changes in solvent volume 

fraction. There have been a number of studies on the effect of dynamic loading on the 

diffusion in gels with applications in articular cartilage biosynthesis, tissue engineering, 

and understanding the cell dynamics. Mauck et al. [169] examined the effect of dynamic 

loadings using a theoretical model, and investigated the circumstances under which 

convective transport induced by dynamic loading might supplement diffusive transport. 

They employed the theory of incompressible mixtures to model the tissue (gel) as a 

mixture of a gel solid matrix and two fluid phases. Their results revealed that the dynamic 

loading can be used to significantly enhance solute transport into the gel and even can 

affect certain physiological processes. Brangwynne et al. [170] also discussed the 
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importance of active processes used by living cells to boost and direct random, undirected 

thermal diffusion of small particles. Moreover, they discussed the recent progress in 

quantifying these transport mechanisms and identifying their origin and consequences. 

Finally, Li et al. [171-172] performed an experiment in which they measured diffusivity 

of a polymer electrolyte membrane (PEM) under uniaxial tension and showed that there 

is a linear coupling between the diffusivity and the alignment of membrane filaments. 

They found that the alignment of hydrophilic channels in the PEM increases markedly 

with the stretching. Furthermore, they observed substantial enhancement in water 

transport in the direction of stretching and suppression in the transverse directions. Their 

multi-axis NMR diffusometry also indicated that the total diffusion remains unchanged 

under axial deformation. 

 To facilitate the development of emerging applications of polymer networks, it is 

critically important to gain a fundamental understanding of the relation between the 

network structure and its transport properties, and establish how these properties change 

due to network mechanical deformation induced by external or internal forces. To date, 

however, our knowledge of the deformation dependent transport properties of cross-

linked networks is still very limited. To bridge this gap, in this chapter, we examine 

convective and diffusive transport through mechanically deformed polymer networks. 

3.2 Computational Setup 

 We carry out simulations in a 101010   periodic box that encompasses a 

viscous solvent and an elastic polymer network (Figure 2.3). We also set 01.0t , 

1p , 1m , 1cr , 5.4D , 25a , 200Frankel k , 5.2bk , 10FENE k , 418.0eqr , 

2max r , 1TkB  and the solvent number density 3  yielding the solvent kinematic 
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Figure 3.1 Networks under (a) normal and (b) shear deformations, respectively. The
arrows indicate the directions of applied forces. Reproduced from Ref. 136. 
 
 
 
viscosity   equal to 283.0 . Unless specified otherwise, all dimensional values are given 

in DPD units. 

 We follow the same procedure described in the previous chapter to calculate the 

permeability in different directions. We evaluate diffusivities in the x , y  and z  

directions by replacing the total displacement )0()( rr t  in the Einstein relation with the 

displacement in the corresponding coordinate directions. Unless specified otherwise, we 

use engineering strains to plot the results and we keep the network Poisson ratio 5.0 , i.e. 

the porosity in deformed networks remains unchanged. 

3.3 Results and Discussion 

 First, we present the results for networks under normal stress (Figure 3.1a) and 

then we probe the effect of shear on the network permeability and self-diffusivity (Figure 

3.1b). We normalize the transport coefficients by their corresponding values for 

unstressed networks and average the relative quantities over 18 realizations. The results 

are plotted in Figures 3.2 and 3.4 with error bars representing the standard deviation from 

the mean value at each point. 
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Figure 3.2 Relative (a) permeability and (b) self-diffusivity in the direction of coordinate
axes xyz  (see Figure 3.1) as a function of applied normal strain. The dashed horizontal
lines indicate the unity values for unstressed networks. The error bars represent standard
deviation from the average over 18 networks with 1000,500,250N  and

14,12,10,8,6,4aveC . Reproduced from Ref. 136. 

 
 
 
 Figures 3.2a and 3.2b show, respectively, the variation of permeability and self-

diffusivity as a function of the normal strain xe . The transport coefficients are calculated 

in the direction of applied stress and in the transverse directions (Figure 3.1). In all cases, 

stretching enhances transport in the elongated direction and hinders it in the transverse 
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Figure 3.3 Stokes drag coefficient for a high aspect ratio filament as a function of its
orientation relative to the flow direction. 
 
 
 
 
direction in which the network is contracted. This phenomenon is a consequence of the 

change in average orientation of the filaments, which tend to become aligned in the 

direction of network tension [173]. The anisotropy in filament orientation results in an 

enhanced transport along aligned filaments. This transport enhancement takes place due 

to a lower drag experienced by filaments [56] and due to the fact that diffusive objects 

less likely collide with network filaments in their random walk in the direction of 

alignment [52]. We find that the total self-diffusivity remains constant indicating that the 

net diffusivity only depends on the network porosity which remains unchanged under 

load. 

 To further illustrate how filaments alignment influence transport through the 

network, in Figure 3.3 we plot the Stokes drag experienced by a high aspect ratio 

filament as a function of its relative orientation with respect to the flow direction [174]. 

We see that, indeed, the drag force on an inclined filament decreases as it becomes more 
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Figure 3.4 Relative (a) permeability and (b) self-diffusivity in the direction of coordinate
axes xyz  (see Figure 3.1) as a function of applied shear strain. The dashed horizontal
lines indicate the unity values for unstressed networks. The error bars represent standard
deviation from the average over 18 networks with 1000,500,250N  and

14,12,10,8,6,4aveC . Reproduced from Ref. 136. 

 
 
 
aligned with the direction of the fluid flow. This is in very good agreement with the 

change in the relative permeability of axially deformed networks (Figure 3.2a). 

Furthermore, Figure 3.3 shows that the drag experienced by a filament parallel to the 
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direction of the flow is half of the one oriented perpendicular to the flow which agrees 

nicely with the results of Figure 3.2a. 

 Under shear, filament orientation changes primarily due to rotation of filaments 

without a significant change in their overall length. Figure 3.4 illustrates the changes in 

relative permeability and self-diffusivity caused by the applied shear strain zx . While 

both permeability and self-diffusion increase in the x  direction with increasing zx , they 

are roughly constant in the y  direction. Furthermore, unlike self-diffusion that slightly 

decreases in the z  direction, permeability in this direction increases under shear. Also, 

similar to the axial deformation case, the total self-diffusion remains roughly constant. 

The application of shear strain only affects the orientation of filaments in the xz  plane. 

Therefore, the permeability in the y  direction does not change because the in-plane 

rotation of filaments does not affect the permeability in the direction normal to this plane 

[93]. 

 To get a better insight into the deformation-dependent transport properties in 

random polymer networks, we quantify the mechanical deformation of networks. In our 

study, the network porosity is invariable under external loads; hence deformations 

imposed on the network can be translated to changes in the network alignment. To 

characterize the degree of network alignment, we employ a symmetric second-order 

orientation tensor [56, 173] 
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Figure 3.5 Components of the network orientation tensor versus applied (a) normal strain
and (b) shear strain. Results are averaged over 18 networks with 1000,500,250N  and

14,12,10,8,6,4aveC . The inset in part (a) shows the results for large normal strains

1xe . Reproduced from Ref. 136. 

 
 
 
where il  is the length of i th spring, totall  is the total spring length, and the sum runs over 

all springs constituting the filaments. Moreover,   and   are angles between the vector 

representing the direction of a spring and the z  and x  axis, respectively. The trace of Ω  

is equal to 1 and for isotropic networks 31ΩΩΩ  zzyyxx  [56]. When off-diagonal 
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tensor elements are equal to zero, diagonal elements of the orientation tensor characterize 

the network alignment along the coordinate axes. On the other hand, non-zero off-

diagonal components indicate that the network alignment does not coincide with the 

directions of the coordinate system. 

 Figure 3.5 shows how the magnitude of orientation tensor components changes 

when the network undergoes mechanical deformation. When a normal force is applied in 

the x  direction, xxΩ  increases, and yyΩ  and zzΩ  decrease with increasing xe  (Figure 

3.5a). This behavior continues until the network becomes fully aligned. For our networks, 

complete alignment happens at a strain of about 5 (see the inset in Figure 3.5a). In this 

situation, we can expect that the transport properties no longer change with an additional 

increase in the strain provided that the porosity remains unchanged. The results of Figure 

3.5a also indicate that, under axial strain, the off-diagonal components remain zero, 

which means that the coordinate axes coincide with the principal directions of the 

deformed network. When the network deformation is due to a shearing force (Figure 

3.5b), xxΩ  increases, while yyΩ  and zzΩ  slightly decrease with increasing zx . More 

importantly, xzzx ΩΩ   are not zero and increase with increasing zx , indicating that the 

principal directions of this orientation tensor differ from the directions of the coordinate 

system xyz  (Figure 3.1). By rotating the xyz  system along the y -axis, the tensor can be 

readily expressed in terms of a new coordinate systems XYZ  in which the axes coincide 

with the principal directions and all off-diagonal elements vanish. 

 To establish the dependence between the change in transport coefficients and the 

alignment of the network represented by Ω , we transform the xyz  coordinate system to 

the XYZ  system and plot the relative permeability along the new coordinate directions as 
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Figure 3.6 Relative permeability versus degree of orientation in principal directions for
networks under normal and shear deformations. The error bars represent standard
deviation from the average over 18 networks with 1000,500,250N  and

14,12,10,8,6,4aveC . Reproduced from Ref. 136. 

 
 
 
a function of the corresponding diagonal components of the transformed orientation 

tensor (Figure 3.6). Here, we normalize tensor components by 31Ωiso  . We find that all 

data for permeability collapses into a single master curve, which exhibits nearly linear 

dependence on the magnitude of the orientation tensor eigenvalues (diagonal components 

in the XYZ ). We note that the effect of porosity is factored out by averaging the results 

over 18 different realizations. 

 Thus, the alignment of network fibers due to an external mechanical load 

uniquely defines the change of permeability in a given direction relative to the un-

deformed network. This information can be used to estimate the permeability of polymer 

networks based on the values of a deformation tensor that can be measured 

experimentally using 3D imaging techniques [140-141]. 
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3.4 Summary and Future Directions 

 We employed a mesoscopic simulation technique to study the permeation and 

hindered diffusion through anisotropic (mechanically loaded) random polymer networks. 

We found that the network transport properties are defined by network porosity and 

filament alignment within the network. We characterized the network alignment due to 

mechanical stretching/compressing or shearing by a second order orientation tensor, and 

demonstrated that permeability along the principal directions of a deformed network is 

directly related to the magnitudes of the corresponding tensor components. We expect 

that our approach can be applied to also assess the diffusivity in polymer networks under 

mechanical load. Experimental study of Li et al. [171-172] explained earlier in this 

chapter corroborates with our expectation. Since the orientation tensor can be measured 

experimentally, our approach opens a way for estimating the permeability of deformable 

random networks under load. 

 To extend the current study, one could explore the effect of mechanical 

deformation on the transport properties of compressible networks including those with 

negative Poisson’s ratios. When the Poisson’s ratio is not 0.5, not only network 

orientation but also its porosity changes as a result of the applied strain. To evaluate the 

permeability and diffusivity in this situation, one needs to take both contributions into 

account. We anticipate, however, that these two effects are not tightly coupled. 

Therefore, one could deal with each factor separately and then superimpose in which case 

our universal permeability-orientation curve can be ready exploited after factoring out the 

effect of change in the porosity. Another direction to expand our work in this chapter is to 

examine the influence of gradient in the cross-linking density on the transport properties 
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of polymer networks. With the growing application of networks with non-uniform cross-

linking density, there is a huge demand for characterizing their permeability and 

diffusivity. 
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CHAPTER 4 

RELEASE OF NANOPARTICLES AND MACROMOLECULES 

FROM RESPONSIVE MICROGEL CAPSULES 

 

4.1 Introduction 

 Functional materials have found an increasingly large number of applications in 

technologically advanced areas such as surface coatings, photonics, corrosion protection, 

biomedicine, and drug delivery. Among these materials, polymer gels of aqueous 

solutions (hydrogels) are of particular interest. These materials are typically responsive to 

external stimuli [4-8, 175], which makes them especially attractive for the use as drug 

delivery microcapsules. In this case, the delivery agent becomes an active participant, 

rather than a passive carrier, in the course of disease therapy [17]. A comprehensive 

review of various fabrication techniques used to prepare the capsules and different release 

mechanisms can be found elsewhere [17, 176-184]. 

 Despite notable recent progress in synthesis and characterization of micro/nano 

gels, the development of functional delivery carriers remains to be a challenge. The 

release from microscopic gel carriers usually involves multiple time and length scales, 

geometrical complexities, and tight coupling between mechanical and fluid processes 

within gel polymer network [37, 185-186], which makes it difficult not only to rationally 

design experiments, but also to develop theoretical models able to predict the dynamic 

behavior of these multi-component, responsive systems. 

 To date, the majority of theoretical studies have been focused on simplified 

mathematical modeling of drug release [187-198] or volume transition during a delivery 
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process [82, 166, 186, 199-206]. These studies usually consider simple geometries and 

neglect the coupling among solute transport, volume changes, and possible fluid flows. 

Only a few recent works dealt with the challenging problem of the concurrent mass 

transfer and volume transition at the microscale, while even fewer works considered the 

release from responsive gels. 

 Experiments also have been focused mostly on the synthesis and fabrication of 

delivery agents and less attention has been paid to the fundamental understanding of the 

release [207-209]. This is in part due to the difficulty in tracking the motion of 

encapsulated solutes or visualizing the fluid flow and structure the polymer network at 

small scales. Below, we describe several investigations concerning the physics of the 

release. We begin with the theoretical analyses followed by the experimental studies. 

 Wang et al. [210] proposed a model based on diffusion and particle dissolution 

mass transport equations to probe the release of soluble drugs from an injectable 

hydrogel. Results of their simulations suggested that hydrogel matrices can act as 

polymeric excipients that accelerate the delivery of poorly soluble drugs and yield highly 

tunable release rates. Durbin and Buxton [211] employed a two-dimensional coarse-

grained model based on Flory–Huggins and Cahn–Hilliard equations to simultaneously 

capture the swelling dynamics of polymer nanogels and the diffusion of encapsulated 

drugs. They modeled the entropic elasticity of the polymer chain through central force 

interactions between connected cross-link sites. The authors applied the model to 

investigate drug release from pH-responsive nanogels and found that the release increases 

with an increase in the shell hydrophobicity. 
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 Soares and Zunino [212] introduced a model using mixture theory and Fick’s law 

to capture the release due to hydrolytic gel degradation. Their modeling revealed that 

drug release from biodegradable matrices is an erosion-controlled process. Guo et al. 

[213] used dissipative particle dynamics to study the encapsulation of doxorubicin 

molecules in the core of micelles self-assembled from cholesterol conjugated 

His10Arg10, and found that DOX molecules can be efficiently encapsulated in the core 

of micelles. They demonstrated that the change in pH facilitates the release of DOX, 

which agrees with the experiments. Using a combination of semi-empirical and ab initio 

computations in vacuum stage, Srinophakun and Boonmee [214] analyzed the release 

mechanisms of the doxorubicin from a doxorubicin-conjugated glycol chitosan polymer. 

They found that the stability is increased when the length of the polyethylene glycol 

(PEG) chains in the glycol chitosan biopolymer is increased. Finally, Zarzycki et al. 

[215] developed a model for drug release from hydrogels by taking into account 

desorption processes on the solid phase surface and diffusion in pores. The authors 

verified the model by comparing their results with the experimental data concerning the 

release of bovine albumin from thermosensitive chitosan gels. 

 Bae et al. [216] experimentally investigated the release of indomethacin 

incorporated into temperature sensitive Poly-N-isopropylacrylamide (NIPAAm)/poly-

tetramethylene ether glycol (PTMEG) interpenetrating polymer networks. They used 

temperature induced on-off mechanism to create pulsatile pattern in the network and 

showed that the release of indomethacin can be regulated by rapid deswelling of the 

surface of the network in response to temperature. Kono et al. [217] examined the release 

of NaCl from a pH-responsive polyamide capsule coated with a lipid membrane. The 
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authors demonstrated that encapsulated NaCl cab be released by changing the pH of the 

system. They further illustrated that diffusion driven release in this situation is linearly 

related to time. 

 Gutowska et al. [218] proposed a new drug release mechanism based on the 

mechanical squeezing of the host hydrogels. They performed experiments on several 

temperature and pH sensitive hydrogels and showed that the release profile is highly 

dependent on the degree and type of gel volume transitions which are controlled by the 

gel composition and the strength of the applied stimuli. Xing et al. [219] used sequential 

colloidal template polymerization to synthesize poly-acrylic acid (PAA) and poly-N-

isopropylacrylamide (PNIPAM) nanogel capsules loaded with an antitubercular drug 

(INH). Their in vitro drug release study indicated that the release rate is prominently 

controlled by pH than temperature. More importantly, they demonstrated the possibility 

of drug release by deswelling the hollow capsules. Lastly, Pavlov et al. [220] introduced 

a novel approach based on low power ultrasound irradiation to release encapsulated 

proteins from polyelectrolyte multilayer microcapsules. Interestingly enough, the authors 

demonstrated that the release takes place not only as a result of complete ultrasonic 

disruption of the microcapsules but also as a consequence of increased permeability 

induced through small defects in the polyelectrolyte multilayers which can be self-healed 

when the irradiation is stopped. 

 Our literature review indicates that there is no previous theoretical or 

experimental study that fully describes the transport of solutes in dynamic polymer 

networks with complex geometries and associated fluid flows (Figure 4.1). However, the 

understanding of the coupling among these effects is vital for the development of novel 
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Figure 4.1 Cross-sectional views of initially equilibrated hollow spherical capsules
loaded with (a) polymer chains (cyan) and (b) nanoparticles (green) inside the capsules
cavity. The shell porosity is 85.0  and the thickness is 3iRb  , where iR  is the

initial outer radius of the capsule. For clarity, solvent is not shown. Reproduced from Ref.
131. 
 
 
 
mechanisms for controlled release of drugs and other solutes from responsive micro-

carriers. In this chapter, we exploit our fully-coupled computational model to directly 

probe the release dynamics of nanoparticles and linear polymer chains from the interior 

of hollow gel microcapsules during swelling and deswelling volume transitions (Figure 

4.1). 

4.2 Computational Setup 

 We use a 303030   cubic network, with 12000N , 8aveC , and porosity 

85.0  [136], to construct spherical capsules with an outer radius 15R  and a 

membrane thickness 5b . With this network arrangement, the average filament length 

is about unity, which we found to be small enough to provide microgel network integrity 

and capsule stability in the simulated conditions. In experimental settings, the capsule 

integrity can be further enhanced by choosing polymers with different molecular weights 

[177, 221]. To model network swelling, we increase eqr  by 50% that results in a 50% 
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increase in the capsule diameter (see Figures 4.2a and 4.2b). For modeling network 

deswelling, we simultaneously reduce the equilibrium length eqr  by 50% and the strength 

of DPD potentials between filament beads by 80%. This results in a 20% reduction in the 

outer diameter of the capsule (see Figures 4.2c and 4.2d). 

 To study the release of linear macromolecules, we load the microcapsule interior 

with 100 polymer chains (Figure 4.1a). Each chain is formed from 10  DPD beads 

connected sequentially by finitely extensible nonlinear elastic (FENE) springs with 

10FENE k  and 5.1max r . The gyration radius of these chains representing their 

hydrodynamic radius is 1gR  as calculated using equilibrium simulations in pure 

solvent. Unlike the polymer network, the encapsulated linear macromolecules are 

insensitive to external stimuli. 

 To examine and quantify the particle release, we introduce 100 nanoparticles that 

are initially randomly distributed inside the capsule cavity. The rigid nanoparticles are 

constructed from 13 DPD beads arranged in hexagonal close-packed spherical aggregates 

that obey the rigid body dynamics and interact with the solvent and network via the DPD 

potentials. The Stokes-Einstein radius corresponding to the effective hydrodynamic 

radius of these aggregates is 7.0pR  [152], which is slightly larger than the mean 

membrane pore size in the un-swollen initial capsule (Figure 4.1b). 

 We carry out the release simulations in a 505050   periodic box that contains a 

viscous DPD solvent, a polymeric microcapsule, and encapsulated nanoparticles/polymer 

chains (Figure 4.1). We also set 01.0t , 1p , 1m , 1cr , 5.4D , 25a , 

600Frankel k , 5.7bk , 4.0eqr , 1TkB , and 3  yielding the solvent kinematic 
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Figure 4.2 Panels (a) and (b) are snapshots from our simulations illustrating the release
from swollen gel capsules of encapsulated polymer chains (cyan) and nanoparticles
(green), respectively. The swollen capsules have an outer radius iR5.1  and porosity

95.0 . Panels (c) and (d) are snapshots illustrating the release of, respectively,
polymer chains and nanoparticles during capsule deswelling. The deswollen capsules
have an outer radius iR8.0  and porosity 75.0 . Panel (c) shows the release from a

hollow capsule without rods, whereas panel (d) shows the release from a capsule with
two enclosed microrods (red). The rods are not connected to each other and can move
freely inside the cavity of an initially equilibrated capsule. For clarity, cross sections of
the capsules are shown, whereas solvent is not shown. The inset in panel (c) shows
polymer reptation across the deswelling capsule membrane. The inset in panel (d) shows
a stream of nanoparticles discharging through a membrane pore during deswelling.
Reproduced from Ref. 131. 
 
 
 
viscosity   equal to 283.0 . After an initial system equilibration, we change the filament 
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equilibrium length to mimic the gel swelling/deswelling and then continue the 

simulations for 5103  time steps. 

4.3 Results and Discussion 

 When the gel swells and its polymer network expands, the capsule increases in 

size and the external solvent penetrates into the growing capsule interior, whereas gel 

deswelling leads to capsule shrinking and, consequently, a part of the encapsulated 

solvent is expelled through the porous gel membrane. This cross-membrane flow defines 

the dynamics of the capsule volume change, which can be described in terms of a force 

balance between mechanical stresses in the elastic gel network that undergoes volume 

transition and viscous stresses due to the cross-membrane fluid flow [82, 166]. 

 We first probe the release of nanoparticles and macromolecules from capsules in 

the initial equilibrium state which is characterized by membrane porosity 85.0  

(Figure 4.1). Figure 4.3 shows the cumulative fraction of released solutes as a function of 

release time. Here, time is normalized by the characteristic time of capsule volume 

transition cic DR 92 , where iR  is the capsule outer radius in the initial state and cD  is 

the coefficient of collective diffusion of the gel [82]. For capsules considered in our 

study, 065.0cD  leading to 400c  (see section 2.4.3). In Figure 4.3, each point 

represents an average over five independent realizations. We find that only a few 

particles and chains can diffuse out of the shell during the simulation time. This slow 

release is due to the small network mesh size in the initial capsule shell that practically 

prohibits diffusion of solutes. 

 In Figure 4.4, we show the cumulative size distributions of membrane pores of the 

capsule in its initial equilibrium and in the swollen and de-swollen states. Here, pore size 
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Figure 4.3 Cumulative fraction of (a) released nanoparticles and (b) released polymer
chains versus time. The insets show the dimensionless release rate as a function of time.
The squares, circles, triangles, crosses, and diamonds are for, respectively, initially
equilibrated capsules, swelling capsules, deswelling capsules, and deswelling capsules
with one rod and two rods. Each point is an average of five independent realizations.
Reproduced from Ref. 131. 
 
 
 
is estimated as the radius of the largest circle contained in a triangle formed by three 

adjacent network filaments and non-dimensionalized by the particle radius pR . Indeed, 

we find that the average pore size in the initial equilibrium is smaller than the particle 

radius pR  and the chain radius of gyration pg RR 4.1 . In this conditions, the solute 

diffusion rate in the network is orders of magnitude slower than in the pure solvent [136]. 
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Figure 4.4 Panel (a) shows cumulative pore size distribution of the capsule shell formed
from a random network of interconnected filaments. The pore size is non-
dimensionalized by nanoparticles radius pR . The symbols represent simulation data and

the solid lines represent fits of normal distributions with the average and standard
deviations identical to those of the simulation data. Panels (b), (c), (d), and (e) show
representative changes in the pore size of the capsule membrane in the initial equilibrium,
swollen, deswollen, and deswollen with two enclosed microrods states, respectively.
Reproduced from Ref. 131. 
 
 
 
We also find that the network pore distributions fo initial, swollen and de-swollen gels 

are close to the Gaussian distribution, which is in agreement with the experimental data 

of Mickel et al. [222]. 

 When the gel swells, the network expands and both the capsule diameter and 

thickness increase by about 50% (Figure 4.2a and 4.2b) leading to porosity 95.0  and 
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larger membrane pores (Figures 4.4a and 4.4c). While the porosity increases by only 10% 

from the initial capsule state, the solute diffusivity in the membrane, which is an 

exponential function of   [49-50], increases by an order of magnitude [136]. This 

significant change of the shell diffusivity enables a steady release of encapsulated 

nanoparticles and macromolecules (Figure 4.3). We find an approximately tenfold 

increase in the release rate compared to the release from the initial capsule, indicating 

that the release is controlled by the membrane diffusivity. 

 The diffusion driven release for both nanoparticles and macromolecules proceeds 

with a nearly constant rate as indicated by a linear change in the cumulative number of 

released solutes in time (Figure 4.3). This constant release rate has been previously 

observed in experiments that probed the diffusion of solutes encapsulated in hollow 

microcapsules [217, 223-225]. The diffusive release has been also studied theoretically 

by considering particle diffusion through a porous capsule shell [187]. The long time 

solution predicts a release with a constant rate that is defined by the capsule geometry 

and the particle diffusion through the capsule shell. Thus, our simulation of release from 

swollen capsules agrees well with both experiment and theory. 

 Figure 4.3 also show that the rate of chain release is roughly twice slower than 

that of particles that have a smaller characteristic size and, therefore, can more easily 

percolate through an expanded gel network. The percolation through membranes can be 

characterized by an effective diffusion coefficient that is generally lower than the 

diffusion coefficient in unbounded networks due to an entropic barrier that prevents 

solute entrance into the network. This latter effect is more pronounced for flexible chains 

[226]. 
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 We note that during swelling, capsules temporarily lose their initially spherical 

shapes, which indicates a possible instability (buckling) caused by the rapid gel 

expansion. However, elastic forces in the membrane shell are sufficient to restore the 

nearly spherical shape after the equilibration of swollen capsules. The instability can be 

further mitigated by increasing the volume transition time. 

 When the capsule deswells, its diameter and membrane thickness decreases by 

20% compared to the initial capsule size (Figure 4.2c and 4.2d) resulting in a smaller 

membrane pore size (Figures 4.4a and 4.4d). In this situation, one might expect that 

solute release will be further suppressed. Surprisingly, we found that it is not the case for 

hollow microgel capsules, where a rapid and massive release takes place during the 

capsule deswelling (Figure 4.3). This release is characterized by a rate which is much 

faster than that from swollen capsules with larger pores (see Figures 4.4c and 4.4d). 

Furthermore, we found that during deswelling polymer chains are released nearly twice 

faster than nanoparticles and the total amount of released chains is about four times 

greater (remember that the chains have a nearly 50% larger characteristic size than the 

nanoparticles and the release rate of chains from swollen capsules is about twice slower 

than that of nanoparticles). This fast solute release, however, only occurs for a short 

period during which the capsule undergoes the volume change. 

 Contrary to the swollen gel capsules where the release is controlled by diffusion, 

the release from deswelling capsules is facilitated by convective fluid flows induced by 

capsule shrinking. When capsule volume decreases, the encapsulated fluid is squeezed 

out from the capsule interior, carrying suspended solutes and enabling their rapid release. 

Since larger pores in the capsule shell have lower hydrodynamic resistance, the 
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encapsulated solvent flows through these larger pores, which allows the release even 

when the pore size decreases due to gel deswelling. The insets in Figure 4.2c and 4.2d 

illustrate the release of nanoparticles and polymer chains discharged through pores in a 

deswelling membrane. 

 We can estimate the efficacy of the hydrodynamic release by introducing a 

dimensionless Peclet number nDbuPe  that compares the characteristic rate of solute 

discharge due to the fluid flow during capsule deswelling with the diffusion rate from an 

un-swollen capsule. Here, nD  is the effective diffusion coefficient of solutes in the 

capsule membrane network in the initial state, b  is the membrane thickness, and 

  24 bRVu ic    is the characteristic volume flow rate of encapsulated fluid per 

unit membrane area, where    33 1
3

4
 bRV i  is the change in the capsule internal 

volume during deswelling and 
if RR  is the deswelling ratio with fR  being the final 

outer radius. 

 Using the above expressions, we find that the Peclet number is 
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 . Here, the first term indicates that convective transport is 

enhanced when the deswelling ratio decreases and more internal fluid is released. The 

second term represents the ratio between the capsule collective diffusion and the solute 

diffusion, and shows that the effect of hydrodynamic release can be enhanced by faster 

volume transition (larger cD ) and/or slower solute diffusion rate (smaller nD ). The last 

term represents the effect of capsule geometry and indicates that the hydrodynamic 

release is increased when the shell thickness is iRb 5.0~ . 
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 For our simulation parameters, Pe  is equal to about 120 and 450 for nanoparticles 

and polymer chains, respectively. Here, we estimate the effective diffusion coefficient 

nD  based on the release data shown in Figure 4.3. We find that our scaling model agrees 

well with the simulation results for polymer chains in which case 420Pe  . However, 

when it comes to nanoparticles, our simulations yield 03Pe  . Thus, the model predicts a 

number of hydrodynamically released particles about four times greater than what we 

obtain in the simulations. 

 This discrepancy between the scaling model and our simulations of nanoparticle 

release can be attributed to the rapid decrease of membrane pore size in shrinking 

capsules. When pores become too small for rigid particles to pass, the release terminates 

even when the encapsulated solvent is still leaking from inside the capsule. Indeed, we 

find that the nanoparticle release stops after 5.0ct  , whereas the release of compliant 

polymer chains that can easily reptate through the porous membrane continues 

approximately twice longer driven by an outward fluid flow. 

 To prevent membrane sealing due to pore shrinking in deswelling capsules and 

enhance the release of nanoparticles, we introduce rigid microrods in the capsule interior 

(Figure 4.2d). The rods are comparable in length with the internal capsule diameter and 

can freely move inside an initially un-swollen capsule. However, when the capsule 

shrinks and decreases in size, the rods resist capsule shrinkage and stretch the membrane. 

The mechanical stretching induces stresses in the membrane that oppose the network 

contraction due to gel deswelling, thereby keeping the membrane pores open (Figure 

4.4e). Specifically, we introduce rods with length 10L  and radius 2rodR  that are 
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constructed by clustering DPD beads. The rods behave as rigid bodies and interact with 

the solvent network and nanoparticles via the DPD potentials. 

 The cumulative release and the release rates for deswelling microcapsules with 

one and two internal rods are shown in Figure 4.3. Indeed, we find that rigid rods 

enhance discharge rate of rigid nanoparticles compared to both the deswelling capsules 

without internal rods and the diffusion-controlled release from the swollen capsules 

(Figure 4.3a). Furthermore, we find that the net release of particles from a capsule with 

two separate rods is almost twice greater than from a capsule with one internal rod, and 

results in 90Pe  , which is close to the theoretical limit. We relate this additional release 

enhancement to a stronger membrane stretching by two internal rods compared to one 

rod. Thus, by changing the number of encapsulated micro-rods one can engineer 

nanoparticle-loaded capsules that yield different release rates. 

 Whereas the release of nanoparticles is very sensitive to the presence of 

encapsulated micro-rods, the release of polymer chains from deswelling capsules remains 

practically unaffected after the inclusion of the rods (Figure 4.3b). The difference in the 

amount of released chains for simulations without rods and for simulations with one and 

two rods does not exceed 10%. This confirms that the release of linear macromolecules is 

not limited by the pore sealing in deswelling gel, but rather by the amount of released 

solvent during the capsule volume change. 

 Gels can typically swell and deswell reversibly [227-229] which makes 

responsive gels especially attractive for applications where periods of rapid discharge of 

encapsulated solutes should be followed by intervals of no release [230-231]. Such 

pulsatile drug delivery systems, for example, can be utilized in biomedical settings in 



 63

Figure 4.5 Pulsatile release from hollow responsive microcapsules that undergo
reversible deswelling/restoring cycles. Filled symbols show dimensionless release rate of
polymer chains from a capsule without rods (see Figure 4.2c). Empty symbols show
dimensionless release rate of nanoparticles from a capsule with two encapsulated
microrods (see Figure 4.2d). Each deswelling and restoring interval equals to 6.1ct  .

Reproduced from Ref. 131. 
 
 
 
which a precise amount of the drug should be administrated with specific time intervals 

[232]. 

 To probe the utility of responsive microcapsules in multi-pulse release 

applications, we carry out simulations of periodic release of macromolecules from 

capsules without rods and nanoparticles from capsules that enclose two independent rigid 

rods. In these simulations, capsules cyclically deswell (Figures 4.2c and 4.2d) and restore 

their initial state (Figures 4.1a and 4.1b) with constant time intervals equal to c6.1 . 

Figure 4.5 shows the release profiles during three successive capsule deswelling/restoring 

cycles. The simulations reveal that immediately after the beginning of a deswelling 

interval, a significant amount of solutes is released. This burst release is then followed by 

a period of no release, which continues until the beginning of the next capsule deswelling 

cycle. Thus, the released amount is defined by the dynamics of capsule deswelling and is 
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insensitive to a particular extend of de-swollen and swollen periods, if they are greater 

than c . The total amount of solutes that are released in consecutive cycles decreases due 

to their decreasing concentration within the periodically deswelling capsules. 

4.4 Experimental Realization 

 The phenomena predicted in our simulations can be experimentally realized using 

microgel capsules with the outer radius of the order of μm1  and the collective diffusion 

coefficient scm1010~ 287  cD . Responsive capsules with such properties can be 

prepared using a verity of experimental techniques [17, 25, 27, 82, 181, 233-235]. For 

instance, Zha et al. [233] and Xing et al. [235] synthesized temperature responsive 

nanogel capsules by colloidal template polymerization followed by core removal. Zhang 

et al. [234] prepared responsive hollow nanogel shells by synthesizing core–shell 

nanogels. A hollow capsule was obtained after the degraded core was released through 

the shell. Wahrmund et al. [82] employed a capillary-based microfluidic device to form 

monodisperse poly-N-isopropylacrylamide (PNIPAM) hydrogel microcapsules. Another 

microfluidic approach was developed by Seiffert et al. [25] to synthesize multilayered 

microgel capsules. A variety of stimuli responsive micro and nano-capsules can also be 

formed using layer-by-layer (LbL) techniques [27, 177]. 

 To induce a controlled release, these responsive capsules need to be loaded with 

nanoparticles and polymer chains with characteristic sizes comparable to the average 

pore size of the gel network which is typically in the range from tens to hundreds of 

nanometers. For example, Zahr et al. [236] used LbL assembly to encapsulate drug 

nanoparticles inside a macromolecular nanoshell. Wang et al. [237] introduced a facile 

approach for encapsulating water-insoluble compounds in polymer capsules using 
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mesoporous silica particle-mediated drug loading followed by the generation of a 

polymer multilayer shell using the LbL technique. Kozlovskaya et al. [238] fabricated 

hydrogel capsules by hydrogen-bonded self-assembly and then used them to encapsulate 

FITC-dextran by locking the capsule wall with electrostatically associating polycations at 

high pH. 

 Microencapsulation techniques are not limited to nanometer-sized solutes. 

Experiments have shown that micrometer-sized large structures can also be encapsulated 

inside the capsules. Kim et al. [239] and Shum et al. [240] demonstrated that 

microfluidics can be effectively employed to encapsulate objects comparable to the 

container in size. Dahne et al. [241] and Vriezema et al. [242] showed that large object 

can be self-assembled or polymerized inside microcapsules. Such approaches can be 

potentially employed to encapsulate microrods inside responsive gel capsules. 

 The amount of solute release from experimental microgel capsules can be 

adjusted by changing gel porosity and the degree of gel swelling/deswelling. 

Furthermore, the release time from deswelling capsules can be directly regulated by 

changing the capsule response time to volume transition c . Since this timescale is 

proportional to 2R , the use of smaller capsules enables faster release. For example, for a 

capsule with typical network diffusivity scm10~ 27
cD , the release time of the order of 

seconds can be obtained if the radius is about a few micrometers. 

4.5 Summary and Future Directions 

 We employed a coarse-grained computational method to study the release of 

nanoparticles and macromolecules from responsive microgel capsules. Our simulations 

revealed that not only swelling, but also deswelling of hollow microcapsules can be 
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harnessed for controlled release. We showed that the release mechanisms for swollen and 

deswelling gel capsules are different. The release from swollen capsules is relatively 

slow, controlled by the solute diffusion through the capsule shell. The rate of this release 

depends on the degree of capsule swelling that sets the membrane porosity and, therefore, 

can be tuned in a wide range by modifying the gel chemistry. The release from 

deswelling capsules, on the other hand, is burst-like and is driven by the flow of the 

encapsulated solvent triggered by capsule shrinking. This rapid and massive 

hydrodynamic release occurs on the time scale of the deswelling volume transition. The 

amount of released solutes is controlled by the capsule volume decrease, whereas the 

release rate is defined by the deswelling kinetics. We found that deformable polymer 

chains that can easily penetrate through membrane pores are released in larger amounts 

from deswelling capsules, than nanoparticles that are filtered out by shrinking membrane 

pores. Our simulations further demonstrated that the inclusion of rigid microrods inside 

deswelling capsules mitigates the membrane pore closing, and in this fashion provides an 

effective method for regulating the rate of hydrodynamic release of nanoparticles. 

Finally, we showed that periodic deswelling of responsive capsules can be utilized in 

multi-pulse release applications. Thus, responsive microcapsules offer a uniquely 

adaptive and tunable delivery means that provides effective mechanisms for both basal 

and pulsatile release of encapsulated drugs and other solutes. 

 Our work in this chapter could be extended by considering release from cubic and 

tetrahedral capsules [243] and studying how capsule geometry affects the rate and 

duration of release. Furthermore, one could explore the possibility of using Janus 

capsules to facilitate the swelling-induced release. These capsules consist of two halves 
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with dissimilar swellablity, and, therefore, undergo anisotropic deformations in response 

to external stimuli that trigger the volume transition. These non-uniform deformations 

might give rise to a hydrodynamic flow from the capsule interior to the outside and, 

thereby, lead to release of encapsulated solutes. 
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CHAPTER 5 

FRICTION OF POLYMER NETWORKS ON SMOOTH AND 

GROOVED SURFACES 

 

5.1 Introduction 

 A large number of engineering and high tech applications involve sliding of a soft 

polymeric network over a solid wall and, often, the friction experienced during this 

sliding plays an important role in the overall performance of the system. Polymer 

networks have typically very low elastic moduli and high internal dissipation which 

makes their tribological properties quite different from that of conventional solids. For 

instance, elastomers are able to slide on a rough, rigid surface with and without a 

lubricant. Unlike solid friction in which the coefficient of friction is constant, friction 

coefficient of elastomers is not constant and changes with changing the normal force, 

temperature, and sliding velocity [28, 101-104, 110, 112, 124]. In addition, the 

tribological behavior of elastomeric materials in relative motion against a solid wall 

highly depends on the size, geometry, and distribution of surface asperities [32, 105-106, 

110, 112-113]. Researchers have attempted to establish the dependence of elastomeric 

friction on these factors [28, 32, 100-113, 124]. Below, we describe several of the latest 

investigations. 

 Persson [106] used the theory of contact mechanics to investigate the adhesive 

and hysteric friction of elastomers sliding on solid rough substrates. He showed that the 

main part of the elastomeric friction comes from the energy dissipation in the bulk of the 

material which is caused by the oscillatory stresses acting on the polymer network from 



 69

the surface asperities. He further demonstrated that the adhesive interaction between the 

elastomer and substrate deforms the polymer network such that it follows the short-

wavelength surface roughness profile of the surface. The results of Persson’s calculations 

indicated that these viscoelastic deformations give rise to additional contribution to the 

sliding friction. Later, Persson [244] developed a more detailed theory for rubber contact 

mechanics and used it to probe how hysteretic rubber friction depends on the nature of 

the substrate surface roughness and the sliding velocity. This theory was further extended 

by Carbone et al. [113] for the case of surfaces with anisotropic roughness. The authors 

showed that the friction coefficient depends rather strongly on the sliding direction, 

whereas the area of contact is a weak function of the sliding direction. They also 

performed experiments on rubber blocks sliding on unidirectionally polished steel 

surfaces and found good qualitative agreement between the results of the experiment and 

the prediction of the theory. 

 In a separate study, Persson and Volokitin [245] developed a model for the sliding 

motion of viscoelastic solids on adhesive flat surfaces. Their model revealed that the 

thermal motion of molecules at the nanoscale could give rise to very strong fluctuating 

shear stresses comparable in magnitude with the depinning stresses at solid-elastomer 

interfaces. Their model also predicted a bell-shaped curve for the shear stress versus the 

sliding velocity. The authors found that the low-velocity side of the curve exhibits similar 

temperature dependence as the bulk viscoelastic modulus. Finally, they showed that the 

small-amplitude roughness has a negligible effect on the sliding friction of elastomers on 

adhesive flat surfaces. 
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 Vorvolakos and Chaudhury [246] studied the kinetic friction of 

polydimethylsiloxane elastomers against a supported monolayer of hexadecylsiloxane 

and a thin film of polystyrene. They varied the molecular weight of the elastomer and 

measured the friction as a function of sliding velocity and temperature. The authors found 

that, on both surfaces, friction decreases with molecular weight. They also found that the 

friction initially increases with the velocity, reaches a maximum, and then decreases or 

approaches a plateau. In agreement with the previous theoretical studies, the authors 

observed that while the velocity of maximum friction is almost independent of the 

molecular weight of the polymer, it changes for different substrates. 

 Rand and Crosby [247] probed the tribological behavior of elastomeric wavy 

surfaces. To this end, the authors measured the sliding friction of a rigid spherical lens 

over a surface-wrinkled, elastomeric substrate. They carried out experiments both along 

and perpendicular to the surface wrinkles, and compared the sliding force to that required 

for sliding on non-wavy surfaces. They evaluated the effects of wrinkle dimensions and 

the applied normal force on the sliding resistance and showed that their result can be 

explained by a simple Bowden–Tabor friction model. Furthermore, they demonstrated 

that the wrinkle aspect ratio has a secondary effect on the sliding friction. 

 Recent advances in the microfabrication technology [34, 248] have enabled 

researchers to harness engineered roughness to regulate elastomeric friction [33, 35-36, 

113, 249-250]. He et al. [250] employed a nanoindentation-scratching system to examine 

the effect of surface texture on the friction of micropatterned PDMS elastomers at the 

macro and micro scales. The authors found that while surface textures can significantly 

reduce the coefficient of friction at the macroscale, they play a less important role in 
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friction at the microscale. The lower coefficient of friction was believed to be the result 

of reduction in the real area of contact for patterned surfaces. Using a custom-made 

tribometer, Wu-Bavouzet et al. [33] investigated the friction of a flat PDMS lens on a 

pillared PDMS substrate for a range of normal loads, sliding velocities, and pillar sizes. 

The results of their experiments revealed that the frictional response of the system does 

not follow the classical Coulomb law and, instead, obeys an adhesive friction law of 

elastomers. Furthermore, the authors found that the contact on small pillars is intimate 

whereas the contact is laid on high pillars. Intimate and laid contacts, respectively, refer 

to situations where the rubbing surface touches the counter surface and where the rubbing 

surface is suspended above the counter surface asperities. Moreover, they demonstrated 

that, for some pillar heights, a transition from an intimate to a laid contact takes place as 

the sliding velocity increases. 

 Our review of relevant studies indicates that the tribological response of 

elastomers is very rich and complex and is still not completely understood [109, 251]. 

Moreover, to the best of our knowledge, the frictional behavior of elastomers sliding on 

ratchet surfaces (i.e. surfaces with ordered directional roughness) has not been considered 

and is yet to be explored. To get a better insight into the microtribology of polymer 

networks, there is an essential need for comprehensive computational models capable of 

simultaneously capturing the micromechanics of the polymer network, describing 

interfacial interactions, and resolving the thermal fluctuations. These models not only can 

improve our understanding of general tribological features of elastomers, but also can be 

used to predict the frictional behavior of future designs. 
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Figure 5.1 A snapshot illustrating a polymer network pressed against a fixed rigid wall
while sliding at a constant velocity. The white arrow displays the direction of sliding
whereas black arrows on top of the network display the direction of normal load. The
cyan strips indicate parts of the network that are initially normal to the substrate and are
deformed due to the shearing friction force exerted by the wall. Only two layers of wall
beads are visible (see Figure 5.2). 
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 In this chapter, we use our model for polymer networks to study the friction of 

elastomers in relative motion against flat and directionally grooved substrates. Our 

simulations shed light on the intricate relation between the coefficient of friction and 
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system parameters such as normal load, temperature, and sliding velocity. It also provides 

useful information for developing new methods of regulating friction and reducing wear 

using directional surfaces. 

5.2 Computational Setup 

 Our model includes a semiflexible cross-linked network and a stationary solid 

wall (see Figure 5.1). The size of our computational domain is 251015   in the x , y , 

and z  directions, respectively. The network has dimensions 171015   in the x , y , and 

z  directions. It has 2550N  cross-linking nodes with the average connectivity of 

8aveC . Moreover, the top layer of the network with thickness 2h  is modeled as a 

rigid body (see Figure 5.1). This rigid part represents a solid plate attached to the top 

boundary of the network. Unlike the systems we considered in previous chapters, our 

system here does not include a solvent. Hence, our simulations represent the behavior of 

a dry elastomer. Unless specified otherwise, all dimensional values are given in DPD 

units. 

 In the simulations described in this chapter, we set the DPD parameters for our 

network to 01.0t , 25.0p , 1m , 10D , 100a , 600Frankel k , 5.7bk , and 

27.0eqr . We assign the cutoff radius for repulsive and dissipative interactions to 

125.0rep
cr  and 1diss

cr , respectively. Furthermore, we turn off DPD interactions among 

the beads that belong to the same filament. The use of two separate cutoff radii allows us 

to independently tune the range of repulsive and dissipative interactions between the 

filaments. In the absence of a solvent, repulsive interactions account for the excluded 

volume effect and prevent filament overlapping. Moreover, dissipative interactions 
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determine the strength of network internal friction. The combination of random and 

dissipative interactions also acts as a thermostat keeping the system temperature constant. 

 To evaluate the sliding friction of our network under a normal load, we apply a 

body force in the negative z  direction to the rigid segment of the network and, at the 

same time, force the rigid part to move at a constant velocity in the positive x  direction 

(see Figure 5.1). Then, we measure the opposing force exerted by the wall on the network 

in the direction of motion. The body force is distributed such that the total torque on the 

network’s rigid part is zero. This is to ensure that the rigid segment remains parallel to 

the xy  plane. 

 We examine the frictional behavior of our network on a smooth substrate and on 

surfaces with triangular, forward, and backward sawooth asperities (see Figure 5.2). We 

build the substrates from three layers of freezed beads arranged in a square lattice with 

the spacing 25.0 yx . The layers are extended to the boundaries of the simulation 

box in the x  and y  directions. We fix the distance between the layers to 234.0z  and 

shift the middle layer with respect to the top and bottom ones by a half of the lattice 

spacing. To model rough walls, we set the height and wavelength of asperities to 2H  

and 75.3 , respectively (see Figure 5.2). In all cases, we place the rigid walls just 

above the bottom of our simulation box. 

 We consider walls with both adhesive and non-adhesive surfaces. To model non-

sticky surfaces, we let the beads in the top layer interact with the network beads via 

repulsive DPD interactions. In this case, we set the cutoff radius to 25.0rep
cr  and fix the 

strength of interactions to 100topa . We simulate adhesive walls by using a force 
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Figure 5.2 Smooth and grooved substrates modeled using three layers of freezed beads.
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 where ij  is the 

attraction coefficient and 25.0adh
cr  is the cutoff distance beyond which there are no 

interactions. To properly impose no penetration condition, we set the interactions 

between the network and beads in the middle and bottom layers to be the same as DPD 

repulsive interactions with 200mida , 400botta , and 25.0rep
cr . 

 In our simulations, we use periodic boundary conditions in all directions. We note 

that, even without applying the boundary conditions, our choice of parameters and box 

size does not allow the polymer network to cross boundaries in the z  direction. In our 

friction simulations, the run-time is always a few times larger than the initial transient 

period in which the friction increases rather linearly from zero and reaches a steady 

periodical state. We average the measured friction force over a time interval that is long 
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Figure 5.3 Network shear modulus as a function of temperature. The network parameters
are 2550N  and 8aveC . 

 
 
 
enough to reduce noise in the data. As an example, for the sliding velocity of 01.0 , we 

run the simulations for 5104  time steps and average the results over the last 5102  

time steps. In the subsequent sections, we first evaluate the elastic and viscoelastic 

response of our network, and then present the result of our friction simulations. 

5.3 Elastic and Viscoelastic Properties of Dry Network 

 We follow the procedures introduced in section 2.4.2 to characterize the 

mechanical properties. In particular, we set 2.0  and 1.00  , and measure the shear, 

loss, and storage moduli of our network. We perform the simulations using a 101010   

cube created from the original 171015   network. Figure 5.3 shows the temperature 

dependence of the shear modulus G  normalized by diss
crkFrankel . For the range of 

temperature considered, we see that G  increases linearly with the temperature. This 

highlights the importance of entropic contribution in the elastic response of our network, 

which is also a characteristic of elastomers [252]. 
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 We plot the storage and loss moduli as a function of frequency for three different 

temperatures in Figure 5.4. The moduli and frequency are made dimensionless by 

diss
crkFrankel  and Tkmr B

diss
c , respectively. Our calculations show that the loss modulus 

G   is nearly independent of the temperature and increases linearly with the oscillation 

frequency. This behavior is reminiscent of the response of Newtonian fluids with a 

viscosity equal to the slop of G  curve. An analogous linear relation has been 

reported for the loss modulus of elastomers at intermediate frequencies [253]. We note 

that, without a host solvent, the main source of energy dissipation in the network is the 

internal friction between filaments. We also note that, in reality, the loss modulus of 

elastomers might be a stronger function of temperature. 

 When the period of strain oscillations is very larger, the network has enough time 

to respond to the applied deformations, and, therefore, the stress is in phase with the 

strain (see section 2.4.2). Hence, the viscoelastic network behaves like a purely elastic 

solid with a constant G  equal to G  (see, for example, Figure 2.9). With an increase in 

the frequency, the period of oscillations becomes comparable with the network elastic 

response time causing the strain to lag behind the stress with a phase difference of  . In 

this situation, the network does not have adequate time to react to the deformations, and, 

therefore, it appears to be stiffer. This behavior continues till the network reaches its 

glassy state where the stiffness is no longer a function of frequency. Indeed, the results of 

our simulations indicate that, for the three temperatures considered, the storage modulus 

G  initially increases with the frequency and then becomes nearly constant when the 

oscillation frequency is larger than 2 . A similar trend has been observed for rubbers and 

elastomers [254]. Our calculations also demonstrate that the storage modulus has a 
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Figure 5.4 (a) Loss and (b) storage moduli versus oscillation frequency at different
temperatures. The network parameters are 2550N  and 8aveC . 

 
 
 
stronger dependency on the temperature than the loss modulus and increases as the 

temperature rises. This is consistent with the variations of the shear modulus as a function 

of temperature (Figure 5.3). Overall, the results of mechanical characterization reveal that 

our dry network can reproduce typical elastic and viscoelastic response of elastomers. 

5.4 Results and Discussion 

 The power required to rub an elastomer against a rigid wall at a constant speed is 

equal to the friction force experienced by the elastomer times the sliding velocity. This 
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power compensates for the rate of energy dissipation inside the elastomer. In the absence 

of adhesive surface interactions, the energy is dissipated due to cyclic deformations in the 

bulk of the elastomer network caused by oscillatory forces exerted by the periodic 

asperities of the counter surface. The frequency of these periodic deformations is 

proportional to the sliding velocity and is inversely proportional to the wavelength of 

asperities (see Figure 5.2). The resulting friction force in this situation is commonly 

referred to as the hysteretic friction and is directly related to the viscoelastic properties of 

the elastomer [104-105]. 

 When there is an attractive interaction between an elastomer and a solid substrate, 

energy dissipation occurs not only in the bulk, but also at the network-wall interface. The 

resulting friction in this situation is commonly described as the adhesive friction [106]. 

However, there is no consensus among the researchers about the exact origin of 

dissipation at the interface [255]. For instance, Schallamach [103] and others [255] 

suggested that the energy dissipation occurs during a cyclic extension, detachment, and 

re-attachment of elastomer chains at the interface whereas Persson and Volikitin [245] 

attributed the energy dissipation to the stick-slip motion of segments of the elastomer 

close to the surface which they envisioned as stress patches. According to Schallamach’s 

theory, the sliding friction does not necessarily correlate with the elastomer viscoelatic 

properties. On the contrary, Persson and Volikitin’s theory predicts a close relationship 

between the friction and viscoelastic moduli of the elastomer. Here, we first present our 

results for the sliding on non-adhesive surfaces (hysteretic friction) and then discuss the 

sliding on adhesive substrates (adhesive friction). 
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 To facilitate the comparison of our simulations with previous experimental and 

theoretical investigations, we use dimensionless parameters to present our results. We 

normalize the friction force by the normal load and present the results in terms of the 

friction coefficient  . The sliding velocity V  is normalized by the characteristic velocity 

of thermal fluctuations mTkB . We make the normal load P  dimensionless by the 

shear modulus multiplied by the apparent contact area. The shear stress xz  is made 

dimensionless by the shear modulus and, finally, the attraction coefficient   is 

normalized by adh
crkFrankel . We note that the only parameter left dimensional is the 

temperature which is represented by TkB . 

5.4.1 Sliding on Non-adhesive Surfaces 

 We begin by examining the effect of sliding velocity on the hysteretic friction of 

our network. Figure 5.5 shows the variation of friction coefficient   as a function of 

velocity V  for sliding on smooth and grooved surfaces (see Figure 5.2). Here, the 

temperature and dimensionless normal load are kept constant. Consistent with the 

previous studies [104-105], we see that, regardless of the surface geometry   initially 

increases logarithmically with the sliding velocity, reaches a maximum, and then 

decreases with further increase in the velocity. 

 At a fixed asperity wavelength, the frequency of oscillatory forces applied by the 

rough wall to the network increases with increasing the sliding velocity. We previously 

showed that the network loss modulus increases with the frequency. Therefore, an 

increase in the velocity results in a greater dissipation and subsequently higher friction. 

However, this trend changes as the period of imposed deformations approaches the 
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Figure 5.5 Friction coefficient as a function of velocity for the network sliding on non-
adhesive smooth and grooved substrates (see Figure 5.2). The temperature and
dimensionless normal load are 5.0TkB  and 25.0P , respectively. The network

parameters are 2550N  and 8aveC . 

 
 
 
minimum time required to fully dissipate the energy. At this point, the friction reaches its 

maximum value. When the sliding velocity further increases, the friction coefficient 

declines since the time available to dissipate the energy during one cycle of oscillations 

decreases. At very high velocities, the friction becomes practically nil as almost no 

energy is dissipated. 

 The minimum time for complete dissipation depends on how fast the disturbances 

can propagate and how far they need to travel to fully dissipate the energy. We estimate 

the former as the velocity of thermal fluctuations mTkB  and the latter as the 

wavelength of asperities  . To confirm that   is a good approximation for how far the 

information travels, in Figure 5.6, we show the depth-averaged shear stress xz  

distribution in the network for the sliding velocity corresponding to the maximum friction 

coefficient. Note that at this velocity, the network does not make a perfect contact with 
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Figure 5.6 Shear stress xz  distribution in the network sliding on non-adhesive smooth

and grooved surfaces. The stress is averaged over the depth of the network in the y
direction and normalized by the shear modulus G . The temperature and dimensionless
normal load are 5.0TkB  and 25.0P , respectively. The sliding velocity in parts (a),

(b), (c), and (d) is 1mTkV B . The network parameters are 2550N  and 8aveC .

Only two layers of wall beads are visible (see Figure 5.2). 
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the rough substrates. Figure 5.7 shows a series of simulation snapshots illustrating how 

the real area of contact changes as the network slides at different velocities on a rough 

rigid wall. The results of Figure 5.6 illustrate that in fact the area in which the majority of 
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Figure 5.7 Snapshots illustrating the change in the real area of contact between the
network and solid wall as the sliding velocity increases. The reduction in the real area of
contact is a result of network stiffening due to the increased frequency of periodic
deformations (see Figure 5.4b). The temperature and dimensionless normal load are

5.0TkB  and 25.0P , respectively. The sliding velocity mTkV B  in parts (a), (b),

(c), and (d) equals to 01.0 , 1.0 , 1, and 10 , respectively. White arrows display the
direction of sliding. The cyan strips indicate the network deformation in response to the
friction force exerted by the substrate. The network parameters are 2550N  and

8aveC . Only two layers of wall beads are visible (see Figure 5.2). 

 
 
 

energy dissipation takes place is of the order of 2  for both smooth and rough surfaces. 

We note that for the smooth surface x . Therefore,   should reach a maximum 
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Figure 5.8 (a) Friction coefficient as a function of network velocity at different
temperatures for sliding on the non-adhesive grooved surface with triangular asperities
(see Figure 5.2). (b) Friction coefficient as a function of temperature for sliding on non-
adhesive smooth and grooved substrates (see Figure 5.2). The sliding velocity is

1.0mTkV B . The dimensionless normal load is 25.0P . The network parameters

are 2550N  and 8aveC . 

 
 
 

when the period of oscillations becomes comparable with mTkB  or, in other words, 

when 1~V . Indeed, Figure 5.5 shows that the velocity corresponding to the maximum 

friction is 4.1~maxV  for flat and ratcheted substrates. 



 85

 Furthermore, our simulations reveal that, at a given asperity height and 

wavelength, the friction coefficient is the lowest for a surface with forward sawtooth 

grooves, while the surface with backward grooves leads to the highest friction. This 

behavior agrees very well with the observations of Carbone et al. [113] and further 

proves that the hysteretic friction strongly depends on the direction of sliding for surfaces 

with anisotropic roughness. Figure 5.6 also demonstrates that the stress concentration at 

the tip of asperities is significantly reduced for surfaces grooved in the direction of 

sliding. The lower stress concentration might be important for reducing wear. Therefore, 

our findings could potentially lead to new way to reduce friction and control wear by 

engineering surface roughness. 

 To get a better insight about the hysteretic friction of our network, we examine 

the effects of temperature and normal load on the coefficient of friction. Figures 5.8a 

shows V  curves of the symmetrically grooved substrate for three different 

temperatures. Our calculations demonstrate that irrespective of the temperature the 

maximum friction happens at the same dimensionless velocity, which again supports our 

argument about the velocity of maximum friction. In Figure 5.8b, we present the 

variation of   as a function of temperature at a fixed sliding velocity below maxV . We see 

that for smooth and grooved surfaces, the friction exponentially decreases with the 

temperature TkBln . Qualitatively similar behavior has been observed 

experimentally [256-257]. 

 Figure 5.9 shows the normal load dependence of the friction coefficient. From 

Figure 5.9a, we see that maxV  is independent of the normal load. The results of Figure 

5.9b also indicate that when the normal load is small,   increases with P . However, in 
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Figure 5.9 (a) Friction coefficient as a function of network velocity at different normal
loads for sliding on the non-adhesive grooved surface with triangular asperities (see
Figure 5.2). (b) Friction coefficient as a function of normal load for sliding on non-
adhesive smooth and grooved substrates (see Figure 5.2). The sliding velocity is

1.0mTkV B . The temperature is 5.0TkB . The network parameters are 2550N

and 8aveC . 

 
 
 
accordance with the experimental measurements [113, 258], the hysteretic friction 

coefficient becomes independent of the normal load at intermediate values of P . In this 

situation, the normal load is proportional to the real area of contact, which itself is 

proportional to the friction force [105, 244]. Hence, the coefficient of friction, defined as 

the friction force divided by the normal load, remains unchanged. 
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5.4.2 Sliding on Adhesive Surfaces 

 Similar to the previous section, we first study the velocity dependence of the 

friction coefficient. The results of our simulations are presented in Figure 5.9 for smooth 

and corrugated surfaces (see Figure 5.2) with the attraction coefficient 121 . For all 

substrates, our simulations reproduce the bell-shaped curve for the dependence of friction 

coefficient on the sliding velocity as reported in the earlier theoretical and experimental 

studies [103, 245, 255]. Comparing Figures 5.5 and 5.10, we see that the friction 

increases when there is an attraction interaction between the network and counter surface. 

As mentioned earlier, the energy dissipation happens both in the bulk and at the adhesive 

interface. For the non-adhesive smooth surface, the dissipation in the bulk is almost 

negligible (see Figure 5.5). Thus, the friction on the smooth adhesive surface can be seen 

as a measure of how much energy is dissipated at the interface. We already calculated 

how much energy is dissipated in the bulk for non-adhesive rough surfaces (Figure 5.5). 

Therefore, we should be able to estimate the friction on adhesive rough surfaces by 

adding the friction on non-adhesive rough surfaces to the friction on the adhesive smooth 

surface. In fact, Figure 5.10 shows that the adhesive friction of ratcheted surfaces is 

approximately equal to the summation of the two contributions. 

 Figure 5.10 shows that maxV  depends on the size and shape of surface roughness. 

The velocity of maximum friction is about 5.0~maxV  for the flat wall and for the wall 

with forward sawtooth asperities. Previous studies [255] have shown that when friction is 

dominated by the energy dissipation at the interface, the friction coefficient starts 

decreasing before the period of oscillations reaches the minimum time required to fully 

dissipate the energy. The velocity corresponding to the maximum friction in this case is 
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Figure 5.10 Friction coefficient as a function of velocity for sliding on adhesive smooth
and grooved substrates (see Figure 5.2). The temperature, dimensionless normal load, and
dimensionless attraction coefficient are 5.0TkB , 25.0P , and 121 , respectively.

The network parameters are 2550N  and 8aveC . 

 
 
 
estimated to be smaller by a factor of TkU Be  where 4adh

crU   is the depth of the 

attraction potential. This is consistent with the results shown in Figure 5.10. To further 

test this scaling, in Figure 5.12, we plot V  curves for sliding on the smooth walls 

with three different adhesive strengths. Here, TkU BeVV   is the rescaled velocity. Our 

simulations reveal that for all three cases the maximum friction takes place when the 

rescaled velocity is of the order of unity 1~)(VO  indicating that the rescaling provides 

an accurate approximation for maxV . 

 However, for surfaces with triangular and backward sawtooth asperities, the 

maximum friction occurs at a higher velocity 4.1~maxV . The fact that maxV  coincides 

with the velocity of maximum friction for non-adhesive surfaces (Figure 5.5) indicates 

that for these cases, the energy dissipation in the bulk has a higher contribution than the 

dissipation at the interface. As the sliding velocity increases, the real area of contact 
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Figure 5.11 Snapshots illustrating the change in the real area of contact between the
network and an adhesive wall as the sliding velocity increases. The reduction in the real
area of contact is a result of network stiffening due to the increased frequency of periodic
deformations (see Figure 5.4b). The temperature, dimensionless normal load, and
dimensionless attraction coefficient are 5.0TkB , 25.0P , and 121 , respectively.

The sliding velocity mTkV B  in parts (a), (b), (c), and (d) equals to 01.0 , 1.0 , 1, and

10 , respectively. White arrows display the direction of sliding. The cyan strips indicate
the network deformation in response to the friction force exerted by the substrate. The
network parameters are 2550N  and 8aveC . Only two layers of wall beads are visible

(see Figure 5.2). 
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between the network and counter surfaces decreases (see Figure 5.11). The decrease is 
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Figure 5.12 Friction coefficient as a function of velocity for sliding on smooth surfaces
with different adhesion (see Figure 5.2). The temperature and dimensionless normal load
are 5.0TkB  and 25.0P , respectively. The network parameters are 2550N  and

8aveC . 

 
 
 
more pronounced for the surfaces with triangular and backward sawtooth grooves 

comparing to the wall with forward sawtooth asperities. The energy dissipation at the 

interface is closely related to the real contact area. Therefore, a higher reduction of the 

latter leads to a lower contribution of the former in the friction. 

 The comparison of Figures 5.5 and 5.9 leads to another important observation. In 

contrast to the hysteretic friction on non-adhesive surfaces, we note that there is a little 

difference between the adhesive friction of corrugated surfaces with triangular, and 

forward and backward sawtooth asperities. The results of Figures 5.5 show that the 

energy dissipated in the bulk is the least for the surface with forward sawtooth asperities 

and is the highest for the surface with backward sawtooth asperities. However, the energy 

dissipation at the adhesive interface follows an opposite trend which results in 

approximately the same friction for walls with different topographies. 
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Figure 5.13 Shear stress xz  distribution in the network sliding on adhesive smooth and

grooved surfaces. The stress is averaged over the depth of the network in the y  direction
and normalized by the shear modulus G . The temperature, dimensionless normal load,
and dimensionless attraction coefficient are 5.0TkB , 25.0P , and 121 ,

respectively. The sliding velocity in parts (a), (b), (c), and (d) is 1mTkV B . The

network parameters are 2550N  and 8aveC . Only two layers of wall beads are visible

(see Figure 5.2). 
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 Figure 5.11 displays a trend similar to that observed in Figure 5.7 for the change 

in the real area of contact as a function of the sliding velocity. However, it is known that, 



 92

at a given velocity and normal load, the real area of contact is greater for adhesive 

surfaces compared to non-adhesive ones. The shear stress distribution for adhesive 

surfaces (Figure 5.13) is qualitatively similar to that of non-adhesive surfaces (Figure 5.6) 

except for the regions of high shear stress that are more skewed in the direction of sliding 

on adhesive surfaces. 

 Lastly, we probe how the temperature and normal load affect the adhesive 

friction. In Figure 5.14a, we plot the friction coefficient of the symmetrically corrugated 

wall versus the sliding velocity for three different temperatures. We see that when TkB  is 

comparable with U , the friction is maximum at 1~maxV  whereas at lower temperatures 

the maximum friction occurs at 1~max
TkU BeV  . This behavior is consistent with the 

results of Figure 5.12 for the smooth surface and further confirms that when the energy 

dissipation at the interface is dominant, the friction is maximized at 1~V . 

 Figure 5.14b illustrates the temperature dependence of   at a constant sliding 

velocity for smooth and grooved surfaces. Our calculations reveal that the friction 

coefficient for all cases decreases rather exponentially with the temperature which is 

consistent with both theory and experiment [103, 255]. Our results also show a stronger 

temperature dependence for the smooth surface where the energy is mainly dissipated at 

the interface. Comparing with Figure 5.8b, we find that the adhesive friction is more 

sensitive to temperature changes than the hysteretic friction. This is attributed to the 

strong temperature dependence of energy dissipation at adhesive interfaces [255]. 

 To examine the effect of normal load on the friction on adhesive surfaces, in 

Figure 5.15a, we plot V  curves of the symmetrically grooved substrate for three 

different normal loads. Similar to Figure 5.9a, the normal load does not change the 
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Figure 5.14 (a) Friction coefficient as a function of velocity at different temperatures for
sliding on the adhesive grooved surface with triangular asperities (see Figure 5.2). (b)
Friction coefficient as a function of temperature for sliding on adhesive smooth and

grooved substrates (see Figure 5.2). The sliding velocity is 1.0mTkV B . The

dimensionless normal load and attraction coefficient are, respectively, 25.0P  and
121 . The network parameters are 2550N  and 8aveC . 

 
 
 
position of the maximum friction. On the contrary, though, the magnitude of   seems to 

decrease with increasing normal load. We plot the friction coefficient versus the normal 

load at a constant velocity and temperature in Figure 5.15b. We find that when the 

applied pressure is much smaller than the network shear modulus,   slowly increases 
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Figure 5.15 (a) Friction coefficient as a function of velocity at different normal loads for
sliding on the adhesive grooved surface with triangular asperities (see Figure 5.2). (b)
Friction coefficient as a function of normal load for sliding on adhesive smooth and

grooved substrates (see Figure 5.2). The sliding velocity is 1.0mTkV B . The

temperature and dimensionless attraction coefficient are, respectively, 5.0TkB  and

121 . The network parameters are 2550N  and 8aveC . 

 
 
 
with P . As the normal pressure further increases, however, the friction coefficient 

decreases as power law of P . This is because the real area of contact does not increase 

proportionally to the normal load leading to a drop in  . Prior experimental 

measurements [102, 259] have indicated that the power law breaks down at sufficiently 



 95

high normal loads for which an additional increase in the load does not affect the real 

area of contact and, therefore,   decreases linearly with P . 

5.5 Experimental Realization 

 The results of our calculations in this chapter can be readily converted to 

experimentally realizable values. For instance, our simulations predict that the maximum 

friction for an elastomer with shear modulus Pa10~ 5G , 2msN1.0~  G , 

Pa10~ 5
0  GG , density 33 mkg10~e , and characteristic relaxation time s10~ 7

relT  

at room temperature that slide over a non-adhesive grooved surface with m10~~ 6H  

takes place at velocity sm10~V . According to our simulations, the maximum friction 

velocity of the same elastomer sliding over a smooth wall with adhesive energy twice 

larger than the room-temperature thermal energy is sm1~V . 

5.6 Summary and Future Directions 

 We used our model for polymer networks to study the frictional behavior of dry 

elastomers in relative motion against adhesive and non-adhesive surfaces. We considered 

smooth substrates and those with triangular, forward and backward sawooth asperities. 

We showed that the friction experienced on non-adhesive surfaces is the lowest for a 

surface with forward sawtooth roughness, while the surface with backward roughness 

leads to the highest friction. For adhesive surfaces, our simulations revealed that the 

friction force is independent of the surface geometry when the sliding velocity is 

sufficiently slow. 

 We also examined the effects of sliding velocity, temperature, and normal load on 

the hysteretic and adhesive friction of our network. In particular, our simulations 
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predicted a bell-shaped curve for the dependence of the friction coefficient on the sliding 

velocity. We demonstrated that the velocity at which the friction is maximum depends on 

the system temperature for the hysteretic friction and is a function of the ratio between 

the thermal and adhesion energy for the adhesive friction. Moreover, our calculations 

indicated that at low sliding velocities, both hysteretic and adhesive friction decrease with 

an increase in the temperature. Finally, we showed that while the coefficient of hysteretic 

friction is nearly independent of the normal load, the adhesive friction coefficient exhibits 

an intricate relation with the applied pressure. 

 Overall, our findings in this chapter shed light on the complex frictional behavior 

of elastomers and give insights about the effect of roughness asymmetry on the 

elastomeric friction which could be useful for developing new methods for regulating 

friction and reducing wear using directional surfaces. In addition, our simulations 

revealed that our coarse-grained particle-based model for dry viscoelastic networks can 

be effectively used to predict the influence of system parameters on the friction of 

elastomers. This opens a new avenue for developing high performance computational 

tools to analyze the complex tribological response of polymer networks. 

 As a future direction, our studies could be extended to probe the friction of gels. 

This requires adding the DPD solvent to our model discussed in this chapter. The 

presence of a host solvent would alter the frictional response of the network in a non-

trivial fashion. For instance, the sliding of a polymer network on a grooved surface in an 

aqueous environment could lead to the emergence of small scale fluid flows which may 

substantially influence the friction. 
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 Another direction to extend our work is to consider the sliding of elastomers on 

soft surfaces. This problem is of high practical importance and, yet, has not been fully 

explored. The relative stiffness of counter surfaces becomes a critical parameter in this 

problem. Moreover, elastic instabilities are more likely to develop, especially, when there 

is an attractive interaction between rubbing surfaces. Additionally, the effects of 

roughness size and geometry may be somewhat different from the sliding on hard 

substrates. 
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CHAPTER 6 

CONCLUDING REMARKS AND OUTLOOK 

 

 We developed a mesoscale computational model for permanently cross-linked 

polymer networks. Our model is based on dissipative particle dynamics (DPD), a course-

grained molecular dynamics (MD) method that employs a momentum-conserving 

thermostat and soft repulsive interactions among beads representing clusters of 

molecules. We showed that our fully-coupled three-dimensional model can successfully 

simulate the convective and diffusive transport of fluids and solutes through polymer 

networks. Additionally, we demonstrated that our model is able to capture key features of 

polymer networks micromechanics. 

 Using our particle-based model, we studied the permeability and diffusivity of 

mechanically loaded polymer. The results of our simulations revealed that the transport 

properties of deformed networks are defined by the network porosity and orientation of 

network filaments. We characterized the latter by a second order orientation tensor, and 

showed that the permeability along the principal directions of a deformed network is 

directly related to the magnitudes of the corresponding tensor components. 

 We also utilized our coarse-grained model to examine the release of encapsulated 

solutes from microgel capsules during volume transitions. Our simulations demonstrated 

that both swelling and deswelling of hollow microcapsules can be used for the controlled 

release. We showed that the release from swollen capsules is diffusion driven, whereas 

the release from deswelling gel capsules occurs due to the flow of encapsulated solvent 

that is expelled from the shrinking capsule interior. The latter hydrodynamic release is 
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burst-like and continues only during capsule deswelling. We found that by introducing 

solid microrods inside deswelling capsules, we can control this rapid release. Our 

simulations indicated that the rods locally stretch the deswelling gel membrane and, 

thereby, prevent membrane sealing at the early stages of shrinking. 

 Finally, we employed our model to explore the frictional behavior of elastomers. 

We considered the sliding friction on adhesive and non-adhesive substrates. We 

examined how the friction coefficient changes as we vary the sliding velocity, 

temperature, and normal load. We also scrutinized the effects of roughness size and 

geometry. Our calculations showed that regardless of surface interactions and roughness 

shape, the friction coefficient initially increases with the sliding until it reaches the 

maximum. When the velocity is further increased, the coefficient of friction decreases 

and nearly vanishes at high enough velocities. We found that, depending on the surface 

interactions, the maximum friction velocity is determined by the temperature and ratio 

between the thermal energy of the system and adhesion energy of the counter surface. For 

the same asperity height and wavelength, our simulations revealed that the friction on 

non-adhesive walls strongly depends on the isotropy of surface roughness whereas the 

friction on adhesive substrates is nearly unaffected by the asymmetry of surface asperities 

at sufficiently low velocities. We also demonstrated that the coefficients of hysteretic and 

adhesive friction decrease exponentially with temperature when the sliding is slow. 

Lastly, we showed that the coefficient of hysteretic friction is practically independent of 

the normal load. 

 The results of our studies advance the basic understanding of complex dynamic 

interactions among compliant polymer networks, solutes, and the viscous solvent. In 
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particular, our studies enhance our knowledge of the convective and diffusive transport in 

deformed polymer networks, and provide insights into the relations between the network 

structure and transport properties. Furthermore, our findings enhance our understanding 

of the function of biological polymer networks and, in this manner, provide insight into 

the processes taking place in living cells. The outcomes of our calculations establish the 

engineering guidelines for designing a new type of adaptive and responsive microscopic 

carriers that can be especially useful for targeted delivery and controlled release of drugs 

and other solutes. Our friction simulations shed light on the intricate tribological 

properties of elastomers and provide useful information for regulating friction using 

geometrical surface patterning.  

 Our model of cross-linked polymer networks provides a high performance 

computational tool for future investigations of systems involving active and responsive 

polymer networks. For instance, our model can be readily used to study the release of 

solutes from cubic and tetrahedral capsules and probe how capsule geometry affects the 

rate and duration of release. The sliding friction of elastomers on soft surfaces can be 

considered as well. As another example, our model can be extended to examine the 

influence of gradient in the cross-linking density on the transport properties of polymer 

networks. One could also modify our current model by introducing electrostatic 

interactions to simulate transport of ions and other charged entities 
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