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The swelling behavior of hydrogels, involving coupled diffusion and large deformations,
makes them ideal for biomedical applications such as micro- and nano-scale drug deliv-
ery systems. Understanding the transient swelling or drying behavior of hydrogels at rel-
evant length-scales will provide insight for the development of specialized and controlled
drug release. At sub-millimeter length-scales, surface stresses have been shown to signifi-
cantly influence material behavior for soft polymers and hydrogels, but very little is known
about the influence of surface stresses on the swelling kinetics of hydrogels. In this pa-
per, we present a non-linear theory and mixed finite element formulation that takes into
account mass transport, large deformations, and elastocapillary effects for hydrogels. Fo-
cusing on hydrogel micro-spheres, we provide a comparison of swelling kinetics between
the presented non-linear theory and an analytical solution using linear poroelasticity that
incorporates surface stresses. Our results demonstrate that when the surface free energy
is constant per unit current area (fluid-like) and the elastocapillary length-scale is on the
order of the size of the hydrogel micro-sphere, the transient response equilibrates approx-
imately an order of magnitude faster in time compared to the case without surface effects
irrespective of swelling or drying. This difference in equilibration time suggests the in-
terplay between competing processes of solvent diffusion, large deformations, and surface
effects. Furthermore, we demonstrate that a Neo-Hookean type surface free energy can re-
sult in an even faster equilibration as compared to a fluid-like surface free energy. Lastly,
our finite element implementation predicts the transient response of complex shapes and
constrained structures.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

A hydrogel consists of solvent and polymer chains cross-linked to form a 3D elastomeric network. Solvent can diffuse in
the elastomeric network, leading to large and reversible swelling/drying deformations. The complex response of hydrogels
can be controlled with changes in environmental stimuli including temperature, pH, and electric fields (Ahn et al., 2008;
Liu et al.,, 2015). Hydrogels are used in a wide variety of technologies: flexible electronics, soft robotics, medical imaging,
wound healing, tissue scaffolding, and drug delivery methods (Choi et al., 2007; Li and Suo, 2006; Peppas et al., 2006;
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Polygerinos et al., 2017). In the biomedical field, many of the aforementioned applications have been investigated because
of the ability to tune physical and biological aspects of the hydrogel fabrication procedure (Elkhoury et al., 2019). In drug
delivery, materials can be chosen with regards to biocompatibility to suppress the immune response (Hennink and van Nos-
trum, 2002). Furthermore, soft solids exhibit low stiffness which helps prevent surrounding tissue irritation if the hydrogel
swells significantly (Bhattarai et al., 2010; Hennink and van Nostrum, 2002).

The challenge in drug delivery is bioavailability, the amount of drug present in the circulatory system for a therapeutic
effect after administration. Drug agents that demonstrated therapeutic effects in clinical trials were unable to be utilized
commercially because of low bioavailability (Steichen et al., 2013). To increase the efficacy of these types of drugs, different
delivery methods have been studied. These methods include fabricating hydrogel micro or nanoparticles with a therapeu-
tic agent in order to control drug release, as seen in Peppas et al. (2006), or utilizing capillary-induced instabilities for
self-folding polymers, as seen in Fernandes and Gracias (2012). We consider cases of encapsulation or conjugation of the
hydrogel with the drug, where the drug is released in a controlled time-dependent manner as the hydrogel swells. The pro-
cess of encapsulation of the drug within the nanoparticle could increase bioavailability by allowing the drug to travel to the
target site, protected from degradation by the hydrogel.

Prior experimental and computational studies have demonstrated that nanoparticle properties such as geometry (size and
shape), surface charge, and material composition, affect uptake by cells (Agarwal et al., 2013; Caldorera-Moore et al., 2011;
Zhang et al.,, 2012). Work by Agarwal et al. (2013) demonstrates that nano-disks with high aspect ratios demonstrate higher
uptake rates than nano-rods in mammalian cells. Zhang et al. (2012) provides a comparison of nano-disks to nano-spheres
and shows that nano-disks are preferred for cell surface binding based on their larger contact surface, while nano-spheres
are preferred for cellular uptake. These findings provide the motivation for studying micro-sphere swelling. Nevertheless,
while swelling is of interest for drug release, it is a reversible process, and drying can occur depending on the surrounding
environment. Experimentally, it has been observed that swelling and drying display asymmetric time-dependent kinetics
(Bertrand et al., 2016; Chen et al., 2020). In other words, drying is not simply a reversal of swelling in terms of time-
dependent behavior, and must be analyzed independently (Chen et al., 2020).

Understanding how elastocapillary phenomena affect hydrogel behavior can improve the ways hydrogels are utilized in
technology today. It is well known that surface energy has an effect on the behavior of liquids, but typically has a negligible
effect in solids in the macroscale (Style et al., 2017). However, soft elastomers and hydrogels are known to exhibit elastocap-
illary effects at length-scales up to the order of millimeters (Bico et al., 2018). Surface effects are also critical in soft-tissue
morphogenetic processes such as embryogenesis and wound healing, which involves feature formation and growth (Mailand
et al., 2019). Surface effects are prominent when the surface energy contribution is comparable to the bulk energetic contri-
butions. The elastocapillary length-scale dictates when surface effects are a significant driving force of material response.

In general, surface stresses minimize the surface area and round-off sharp features of solid surfaces (Hui et al., 2002;
Lapinski et al., 2019; Mora et al., 2013). Classically, surface stress in hydrogels is treated as a constant isotropic tensor
(equivalent with surface tension which is a scalar), but recent experiments have demonstrate that surface stress is strain
dependent (Jensen et al., 2017; Style and Xu, 2018; Xu et al., 2018). This finding has implications for adhesionless and ad-
hesive contact, where classical theories such as the Hertz theory or Johnson-Kendell-Robert theory have to be reformulated
(Hui et al., 2015; Liu et al., 2020c). Hydrogel (Kang and Huang, 2010) and elastomer bi-layers (Alawiye et al., 2019) have been
shown to exhibit swell-induced instabilities that can be suppressed or delayed through the effect of surface stresses. There-
fore, during the fabrication and release of hydrogel nano-particles, elastocapillarity must be taken into account to obtain an
accurate analysis of hydrogel transient behavior.

Historically, the theoretical study of surface stresses in solids was presented in papers by Gurtin and Murdoch (1975,
1978) based on empirical observations of crystals. The Gurtin-Murdoch theory considers a 2D membrane bonded to the sur-
face of a substrate material and includes a systematic theoretical framework for the tensorial nature of surface stresses using
force and moment balance laws. This theory was later expanded by Steigmann and Ogden (1999) to consider the effects of
intrinsic flexural resistance of the surface film to strain. Steinmann (2008) further expanded on Gurtin’s theories on the con-
figurational mechanics of surfaces. From a numerical perspective, Javili and Steinmann (2009), Javili and Steinmann (2010),
Javili et al. (2014) and Henann and Bertoldi (2014) provided finite element framework for considering solid continua with
surface effects at finite deformations.

Linear and nonlinear theories have been utilized to study the coupled deformation and kinetics of hydrated polymeric
materials. Linear theories (Bouklas and Huang, 2012; Delavoipiére et al., 2018; Okumura et al., 2020) have followed the
classical theory of linear poroelasticity presented by Biot (1941). Recently they have been extended to consider elastocap-
illary effects (Liu et al., 2020a). For the quasi-static study of the elastomeric networks with a solvent Flory and Rehner
(1943) utilized statistical mechanics to develop a free energy function that involves the configurational entropy of the mix-
ture between solvent molecules and long polymers and the entropy of the network stretching. Recent non-linear theories
that consider the effects of mass transport (solvent diffusion) and large deformations (Chester, 2012; Duda et al., 2010; Hong
et al., 2008) have prominently used Darcy’s law for incorporating diffusion. Several implementations of the nonlinear theo-
ries into finite element frameworks have also been presented (Chester et al., 2015; Bouklas et al., 2015b; Lucantonio et al.,
2013).

The goal of this work is to extend the existing framework for studying the transient response of hydrogels to incorpo-
rate elastocapillary effects at finite deformations coupled with solvent diffusion. As a specific example we use the proposed
method to analyze the problem of swelling microspheres with elastocapillary effects. The outline of this paper is as follows.
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Fig. 1. Schematic illustration of the reference, initial, and current state of a continuum body. The initial state is assumed to be isotropically scaled from
the reference state. The reference volume, surface, and boundary curve are denoted by V, S, and L respectively. The normal vector to the surface is shown
in the reference and current configuration (N and n). Overbars indicate surface terms.

In Section 2, we outline the nonlinear theory, including the kinematic definitions, the non-equilibrium thermodynamic the-
ory, and the equations of state. In Section 3, we present the mixed finite element formulation which is implemented in FEn-
iCS (Alnes et al.,, 2015; Logg et al,, 2012). Section 4 focuses on the linear theory and the development of a semi-analytical
solution for the swelling response of hydrogel micro-spheres in the presence of surface stresses. Section 5 states the nor-
malizations of all equations and the initial and boundary conditions for our model before presenting results and discussion.
We compare the results of the nonlinear theory to the linear theory for a free swelling micro-sphere with and without
surface stresses. We discuss the microscopic origins of surface effects in hydrogels and propose a Neo-Hookean type surface
free energy comparing the transient results to the latter case. Our finite element implementation is also utilized to show
the transient response for more complex shapes and constrained swelling structures. Finally, we provide a discussion on the
significant differences of swelling and drying kinetics in the presence of surface stresses. This phenomenon has not been
addressed in other work previously and can have a profound effect on the design of drug delivery systems.

2. A Nonlinear Theory

In this section, we outline the non-equilibrium thermodynamic theory following Hong et al. (2008) and
Bouklas et al. (2015b), and utilize Flory theory to obtain the equations of state for the spherical hydrogel (Flory, 1953). For
a complete definition of key concepts for the kinematics of boundaries the reader is referred to Green and Zerna (1992), or
do Carmo (1976). Some comprehensive works merging concepts of mechanics and differential geometry for the development
of equilibrium theories are found in Gurtin and Murdoch (1975), Steinmann (2008), Javili et al. (2014), and Liu et al. (2020).

2.1. Kinematics

Fig. 1 illustrates a continuum body, B, in the reference (material), initial and current (spatial) configuration, where the
initial state is not necessarily coincident with the reference state. The reference frame is a right-handed orthonormal co-
ordinate system. The reference configuration of the continuum body is denoted by V, and the current configuration by v.
When the current configuration coincides with the reference configuration, the body is stress free.

To denote reference and current coordinates, we use X € V and x e v respectively. The displacement, u, is defined by
u = x — X. Taking the gradient of this expression defines the invertible deformation map, x = ¢ (X), which we can denote
by, ¢ : V — R3. The kinematics of an infinitesimal material line element are described by the deformation gradient, which
maps the reference configuration X to the current configuration x.

Hxn:@%§ﬁzwmxo (2.1a)
Flixn)= W = Vi X(x,1) (2.1b)

where F(X, t) and F-1(x, t) are the deformation gradient and inverse deformation gradient, respectively.

In Fig. 1, a motion of an arbitrary differential vector element can be mapped by the deformation gradient F. However,
a unit normal vector N in the reference configuration cannot be transformed into a unit normal vector n in the current
configuration via the deformation gradient, motivating us to develop the kinematics of an infinitesimal surface element
(Holzapfel, 2000; Steinmann, 2008),

dp(X, 1) .
X

FX,t) = I=Vex(X, 1) (2.2a)
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A=V X(@&,t) (2.2b)

where F(X, t) and F' (X, t) are the surface deformation gradient and inverse surface deformation gradient respectively. The
mixed variant surface identity tensor is denoted in the reference and the current configuration as I and i, respectively. Note
that the surface deformation gradient can be defined in relation to the bulk deformation gradient, Eq. (2.1), F=F-1L.

The Jacobian determinant describes the volumetric ratio between the reference and current configurations, J(X, t) =
detF(X, t) = dv/dV > 0. Just as how the bulk Jacobian describes the volumetric change, the surface Jacobian, | describes the
surface area change by mapping the surface element in the reference, dS, to the surface element in the current coordinates,
ds, ] = detF = ds/dsS.

2.2. Equilibrium and Constitutive Relationships

In the following derivation, we start at the equilibrium equations and derive the equations of state. Alternatively as
demonstrated in Javili and Steinmann (2009, 2010) the total potential energy densities of the bulk and surface can be mini-
mized with respect to the admissible variations in order to obtain the localized force balances and equations of state. In the
field theory of gels, there is both mechanical and chemical work done (Hong et al., 2008). The surface, S, of the continuum
body, B, is composed of subregions,

S=stus’ =srus (2.3a)

0=5NnsT=s*né§ (2.3b)

where the superscript in SO indicates the quantity prescribed in the specific subregion from the work conjugate pairs of
displacement and traction (u and T) and chemical potential and surface flux (@ and i).

Mechanical equilibrium is maintained, following Steinmann (2008). The localized force balance within the volume, V, the
surface, S, and the boundary curves, L, is

Vi -P+bg=0 in V (2.4a)
P.N-V.P=T on § (2.4b)
u=u on S (2.4¢)
[P-NJ=0 on L (2.4d)

where P is the 1st Piola-Kirchoff (PK) stress, P is the surface 1st PK stress, by is the body force, and T is the traction force.

Boundary conditions follow from Javili and Steinmann (2010), where we use () to indicate a prescribed value on the given

boundary. N indicates the binormal vector to the boundary curve, L. The double brackets indicate summation over the two

surfaces that intersect on the boundary curve. Eq. (2.4)d states that the component of surface stress normal to the boundary

curve is continuous between adjacent surfaces, physically corresponding to the smoothing of sharp boundary edges.
Through mass conservation, an equation for the rate of change of nominal solvent concentration, C is given as

C+V% J=r in V (2.5a)
J-N=-i on § (2.5b)
u=pmn on SH (2.5¢)

where J indicates the nominal flux of the solvent in the reference configuration, r and i are source terms for the number of
solvent molecules traveling into a unit reference volume or into a unit surface area per unit time respectively, and u is the
chemical potential.

The surface of a body is microscopically distinct from the bulk; therefore, the free energy density of a material volume
element is denoted by U(F, 1) and the excess free energy density of a surface element is denoted by U(F). Following the
theory set forth in Hong et al. (2008) and Bouklas et al. (2015b), the bulk strain energy density is obtained in terms of the
deformation gradient and the chemical potential through a Legendre transform.

U(F, i) = Ue(F) +Un(C) — uC,  U(F) = ue(F) (2.6)

where U, is the free energy due to elastic stretching and Uy, is the contribution due to polymer-solvent mixing. Here, we
assume that the energy contribution from the boundary only includes an elastic term, ue, and is dependent on the surface
deformation gradient, F, neglecting mixing contributions. This assumption considers that the free energy contribution of the
surface is just due to the stretching of the elastomeric component of the hydrogel and is not a function of concentration. This
choice follows from experimental works that demonstrate that the polymeric constituents can be responsible for the rise of
significant surface effects without the presence of solvent as discussed in Bico et al. (2018). Surface effects in hydrogels have
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been experimentally verified (Hui et al. 2002; Mora et al. 2013), but a more detailed experimental investigation on surface
effects on diffusion has not been performed. Therefore, we do not take into account more complex phenomena that could
potentially take place, for example, surface diffusion (McBride et al., 2011) or chemical coupling under the condition of local
equilibrium.

The variation of the free energy density of a volume and a surface element, U and 8U, associated with small changes
in the deformation gradient, 8F, surface deformation gradient, §F, and the chemical potential § is as follows.

oU (F, M)8F+ OU(F, )

o g o S0 = o oF 2.7)

SUF, u) =

The free energy of the system, G, which consists of the surface and bulk free energy contributions of the material and
the potential energy of the weights and pumps acting on the system, changes at the rate,

/ v + / dS—/boé—de—/,urdV—/uidS—/Ts—de (2.8)

where [, urdV + [;idS is the rate of chemical work and [, by (6x/5t) dV+‘[5T(8)‘(/8t)dS are related to the rate of me-
chanical work.

Following Hong et al. (2008), we use Eq. (2.5) for the mass conservation, and Eq. (2.7) for the rate of change of the total
free energy to obtain the following expression combining the bulk and surface contributions,

4 U\ OF a0 .\ OF U \ou an
G= [ (Y _p\ vy [(2Y _p)oE 4s WU L () OH gy v 29
/v(al: >8t +/(8F >5t +/<8u+ ) +/J (29)

Each integral represents a distinct mechanism of energy dissipation. The first and second integral represent the local re-
arrangement of small molecules in the bulk and surface respectively, the third integral represents the chemical work, and
the last integral indicates the work of time-dependent long-range diffusion of solvent molecules. Applying the second law
of thermodynamics (the Clausius-Plank Inequality) that states that the free energy of the system should never increase,
8G/8t < 0, ensures that each integral must either be negative or zero. Following the Coleman-Noll procedure, we obtain the
expressions for the 1st PK stress, the surface 1st PK stress, and the solvent concentration.

P— 8£ p_ au C— au

o S =~ (2.10)

In order to ensure that the last integrand of Eq. (2.9) is negative definite, we adopt a kinetic law where the mobility tensor,
M, is symmetric and positive definite (Hong et al., 2008).

[}

—1p-T
ot F (2.11)

J=—-M g u where M=

D is the intrinsic diffusion coefficient, describing the diffusivity of a solvent molecule in the solvent, kg is Boltzmann’s
constant, and T is the temperature.

2.3. A Specific Free Energy: Volume and Surface

The free energy of elastic stretching of the network of polymer chains by Flory (1953) is
U.(F) = %NkBT[trC —3—2log(detF)] (2.12)

where N is the effective number of polymer chains per unit volume of the polymer and C = F'F is the right Cauchy-Green
tensor. The free energy of polymer-solvent mixing is defined as (Flory, 1953; Huggins, 1941)

kT

Um(C) =- Q

(213)

[QClog(l+QC X ]

oc 't 1iac

where Q is the volume of a solvent molecule. The Flory parameter, x, also known as the interaction parameter, governs
how likely solvent molecules are to enter or leave the hydrogel based on interaction between the solvent and the polymer.

Surface effects are considered through the introduction of a surface free energy, leading to a constitutive law for the
surface-stress. For clarification, note that the terms surface energy and surface tension are used interchangeably in the case



6 I. Ang, Z. Liu and J. Kim et al./Journal of the Mechanics and Physics of Solids 145 (2020) 104132

of liquids, but this is not generally true for surface energy and surface stress in solids (Javili and Steinmann, 2009, 2010;
Style et al., 2017). We consider both a fluid-like surface energy and a Neo-Hookean type surface free energy. First a fluid-like
model assumes a constant surface energy per unit deformed area, y, which we define in the reference configuration as

UF) =yJ (2.14)

where J is the ratio of current to reference surface area.
A second option is to assume a Neo-Hookean surface response given the nature of the polymeric material. The surface
free energy density in this case can be expressed as,

U(F) = % log®j+ %(F ‘F—2-2log)) (2.15)

where A, is the area modulus and p, is the surface shear modulus (Javili and Steinmann, 2010).
We assume that the hydrogel volume changes occur only through solvent diffusion
det(F) — 1

det(F) =1+QC - C= ——c— (2.16)

considering that the hydrogel constituents are individually incompressible. This expression allows us to write U from

Eq. (2.6) as a function of chemical potential and the deformation gradient and leads to the chemical potential @ acting

as a Lagrange multiplier to enforce the constraint from Eq. (2.16) in Eq. (2.6) as shown previously in Bouklas et al. (2015a).
The expression for the 1st PK stress can be calculated from Eq. (2.10) using the free energy of stretching,

P = NksT (F+JF ") (217)
where « is
_ 1 1 1 detF -1 X w
=" detF T m[detF + 10g< detF ) + (detF)2 kTT] (2.18)

The surface 1st PK stress tensors for the fluid-like surface free energy and the Neo-Hookean surface free energy respectively
are given as,

P=yJET (2.19a)
P =X log/FT + pu,(F-—FT) (2.19b)

We note that the former expression would lead to a constant Cauchy surface stress as pointed out in Javili and Stein-
mann (2010).

3. Finite Element Implementation
3.1. Variational Formulation
In order to fully define the strong form Eq. (2.4) & (2.5), a set of initial conditions need to be prescribed in combination

with Egs. (2.4) and (2.5). Initial conditions are prescribed in terms of displacements u, and the chemical initial conditions
are prescribed in terms of the chemical potential, .

ul,_,=1up (3.1a)

Mle—g = Mo (3.1b)
The pair of trial functions spaces corresponding to u(X, t) and u(X, t) are defined as

Q=u:V->R|ueH, wu=d on S (3.2a)

Q=pn:V->RlpeH,  p=p on S (3.2b)

with H' denoting Sobolev spaces of degree one. For the test functions du(X) and 8u(X) equivalent spaces can be defined
satisfying homogeneous conditions on the essential boundaries as

Qu=0u:V—>R}|dueH'  Su=0 on s (3.3a)
un=0n:V—>R|SueH, Su=0 on S (3.3b)

The weak form of the problem is now to find [u, ] € Qu x Qy, such that for any [du, Su] € Qg x Qs the following
holds,

G(u,u,&u):fl"~ﬁxéud5+/P~vx6udvf/'i‘~6ud57/bo-6udv:0 (3.42)
S 14 S \%

H(u,,u,(m):/CBMdV—/yWSMdV—/rSMdV—/iSMdS:O (3.4b)
\4 14 \4 S
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3.2. Temporal and spatial discretization

It follows that the second expression in Eq. (3.4) can be discretized in time by employing the backwards Euler method,
which gives

H(u,,u,éu):f(C—C‘)SMdV—/J-S—MAth—/iéuAtdS—/r8uAth=0. (35)
v vo 86X s v

where the superscript t indicates values at the previous time iteration and no superscript indicates the current time itera-
tion. The time step of the scheme is indicated as At.

A mixed finite element method is utilized to solve for the displacement and chemical potential fields concurrently. In
order to produce numerically stable results with the mixed method, which are known to arise due to the saddle-point
nature of the mixed scheme, we employ proper spatial discretization techniques to not violate the Ladyzhenskaya-Bubuka-
Brezzi (LBB) condition (Krischok and Linder, 2019; Sun et al., 2013). In this work (following Bouklas et al. (2015b)) we use
the lowest order Taylor-Hood space where the interpolation for displacement is quadratic, and the interpolation for the
chemical potential is linear.

u=N"u", u=N+pm (3.6)
N and N# are shape functions for displacement and chemical potential respectively. The nodal values for the displacement
and chemical potential are u" and u" respectively. Discretization of the test functions is carried out in the same manner

du = N"4u", S =NHgu" (3.7)
Taking the gradients of Eq. (3.6) for calculation of the 1st PK stress, surface PK stress, solvent concentration, and flux at the
integration points,

Vx u= Vx N" éu" = B"u" (383)

Vo =i N#ou™ = BH " (3.8b)

where B" and B# are the gradients of the shape functions for displacement and chemical potential respectively.
3.3. Nonlinear solution

After the appropriate discretizations, the weak form from Egs. (3.4) and (3.5) can be expressed as a global system of
nonlinear equations. This system can be solved iteratively using the Newton-Raphson method at each time step, where the

residual, R, must be set to zero to solve for the displacements and chemical potentials, d = [u” ;L"]T, at each node.
R(d, 8d) = G(u, u,8u) + H(u, i, 80) =0 (3.9)

G and H contain known quantities, the body and traction forces, the prescribed source terms, and the known concentration
from the ith iteration. The correction to the solution at the ith iteration is defined as dd;:
oR
5d; [7 ]*1R- 3.10
= 5d|, ] (3.10)
where the nodal unknowns are updated at each iteration, éd; = d; ;1 — d; — d;, 1 = d; + &d;. Eq. (3.10) requires the calculation
of the tangent Jacobian matrix at each iteration,

oR|  [Kuw Ku
od 4 | KM KeH
The coupled non-linear equations are solved numerically in FEniCS version 2019.1.0 via the Portable Extensible Toolkit for

Scientific Computations’ (PETSc) Scalable Nonlinear Equations Solvers (SNES) interface. This process repeats until a level of
convergence specified within the SNES solver.

(3.11)

4. Linear theory: Microsphere solution

Insight can be gained by studying the special case of a swollen microsphere exposed to a solvent at a slightly different
chemical potential, p, from its initial equilibrium chemical potential value, pq. In the dry state, the sphere has radius, A.
After free swelling, the radius increases to ag = AgA, where X is the stretch ratio due to swelling. We assume constant
surface stress, ¥, and consider the limiting case where the change in chemical potential, i — g, is sufficiently small so
the resulting deformation can be modeled accurately by the linearized theory of poroelasticity (Biot, 1941; McNamee and
Gibson, 1960; Rice and Cleary, 1976; Bouklas and Huang, 2012; Liu et al. 2020c). Bouklas and Huang (2012) has shown that
the difference in chemical potential corresponds to imposing a pore pressure, p* on the surface of the sphere,

__MH—Ho

= (41)
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where we use the convention that a positive pore pressure corresponds to hydrostatic tension (Hui et al., 2006; Scherer,
1989). We linearize the swollen state where the pore pressure is initially zero inside the gel and then at t = 0™, the sphere
is exposed to the solvent in which the pore pressure is p*. For time t = 0, the true stress is hydrostatic and the Laplace
pressure is oy = —2y/ag. In the following, all the strain and displacement fields are measured from the swollen state where
/4 = Wg. The pore pressure field inside the gel is denoted by p(r, t). We use a spherical coordinate system (r, 6, ¢) with an
origin at the center of the sphere. Due to symmetry, only the radial displacement, u, is non-zero and the non-trivial strains
fields are principal and related to the displacement

u au
gg=6p= - & = o (4.2)
The linearized constitutive model, in spherical coordinates, is Biot (1941)
4Gy + 3Kp)e 6Ky — 4Gop)e
0r=( o+ O)r‘;‘( o 0)0+p (4.3a)
0p =0y = (—2Gp + 3Ko)éer + (6Ko + 2Go) gy +p (43b)

3

where o, 04, and oy are the incremental stresses. The bulk and shear modulus of the network are Ko and Gg respectively,
and are related by 3Ky = 2Go(1 + v)/(1 — 2v), where v is the Poisson’s ratio of the network. Poisson’s ratio is related to the
swelling ratio, Ag, as shown in Bouklas and Huang (2012)

-1

1 NQ 1 NQ 2y

Voot SA (4.4)
2 Z[Aa(xa—l) 7 xa]

For notational simplicity, we have not included the hydrostatic stress due to Laplace pressure, o, in Eq. (4.3), hence the
stresses o, 0g, and oy are incremental stresses. In other words, the actual true stress after the gel is exposed to solvent is
00 + 0, 0g + 0y, and o + 04. The non-trivial equilibrium equation is

dor  2(0r—0y)

- 0 4.5

ar r (4.5)
Darcy’s law in linear poroelasticity can be written as,

k de

“Vlp=—-— 4.6

where e is the volumetric strain e = u; + 2u/r. The coefficient of permeability, k, and the fluid viscosity, 1, connect to the
initial mobility, My, of an isotropically swollen gel (Bouklas and Huang, 2012)

A3 -1
k D X (47)

Mo= 2 = aleT 22

Egs. (4.2) to (4.6) are the governing equations for the microsphere problem. These governing equations are to be solved with
the following initial and boundary conditions:
p(r=ag,t >0)=p*, o (r=apt>0)=0 (4.8a)
p(r<ag,t=0)=0, or(r<apt=0)=0y(r<ayt=0)=0 (4.8b)

Using compatibility and equilibrium, we show that the circumferential strain and the radial stress are related by (See
Appendix A for full details),

or

&y = T + f(t) (4.9)
where f(t) is only a function of time. Substituting Eq. (4.9) into (4.3a), we obtain

1 _ (6Ko — 4Gy)

367 = 6T aco 13Ky T 3G, 13K, P (4.10)

The volumetric strain e is obtained by eliminating o, from Egs. (4.9) and (4.10), i.e.,
12Gy 3

€= @G, 13k’ V3G, 13K, 7 (4.11)
Substituting Eq. (4.11) into Darcys law, Eq. (4.6), we obtain

o B0 Mogay a6, (412)

56317
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The radial stress can be obtained using compatibility, &r = (r&g).r, Egs. (4.10) and (4.3) (See Appendix A for full details); this
results in:
36KyGo 12Gy

where A= G, 4 3K 2 T 4G, + 3K

A‘?{ © (413)

Ay [T,
0r=73/0 qa°p(q.t)dq +

The circumferential stress can be obtained from the equilibrium equation once the radial stress is known. We have therefore
reduced the problem to solving for the pore pressure and f(t). To determine f(t), we impose the boundary condition

A1 f(t)
3

Ay [%
or(r=ao,t)=0:>a*32f q* p(q.t)dq + =0 (4.14)
0

Note Eq. (4.14) relates the radial stress to the pore pressure and the unknown function of time, f(t). This is how the
stress is coupled to diffusion. Furthermore, since we know that o, oy and the pore pressure field are identically zero at
t=0,f{t=0)=0.

4.1. Solutions and Normalizations

Stresses and pore pressure are normalized by the shear modulus, Gy. Lengths are normalized by ag,
r

_o p_ P p_T
S=g P=g R=g (4.15)

Time is normalized by 3a n/k(4Gy + 3Kp), and denoted by T to prevent confusion with the notation for temperature,

7 _ k(4Go +3Ko)t (4.16)
3a3n

Using these normalized variables, the diffusion equation, Eq. (4.12), becomes:

P 1 0 aoP df

9F ~ ROR (R 8R) 45 @17
The boundary and initial condition for Eq. (4.17) is

P(RT=0")=0 (4.18a)

PR=1,T>0)=p =P (4.18b)

Gy
The normalized radial stress, Eq. (4.13), is
1f( T) ~ 36K

X = / q?P(q,t)dq+ ——~- where A;= @Gy 1 3K0) (4.19)

The condition that traction vanishes at R = 1 is
) PO
Azf ¢*P(q.t)dg = —A1£(T) (4.20)
0
In Appendix A, we show that the solution of Eq. (4.17) is,
P=P+ % g sin(nR) Hy(T) where
(T = 8™ / Lemmd &gy 20D ot (4.21)
mn 0 dT’ mTn

Next, we use Eq. (4.20) to determine the unknown function f. Substituting Eq. (4.21) into Eq. (4.20) results in a linear
Volterra integral equation for f, i.e.,

i[ o L eemigg
n=1

n?m? J, dq n2m?

s (4.22)

efnzﬂzf _ 7K1f(f) _ P*
B 3A, 3

In theory, Eq. (4.22) can be solved using Laplace transform, but inversion in close form is not possible, so it is solved
numerically with the condition f(T = 0) = 0. Once f is determined, P is obtained using Eq. (4.21) and the stresses can be
determined using Eq. (4.19) and the equilibrium equation.
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5. Results and Discussion

We consider the swelling kinetics for three sets of initial boundary value problems: free swelling (and drying) of a
sphere, free swelling of a cube, and constrained swelling of a cube, all immersed in solvent. All finite element models
are implemented in FEniCS. Meshes are created in Gmsh (version 4.4.1), an open source 3D finite element mesh generator
(Geuzaine and Remacle, 2009). In the three numerical cases, we take N = 103 and use low x values from the range 0.2
to 0.6 indicating a hydrophylic response of the polymeric network to the specific solvent. For the simulations, the initial
time step is set to Af = 10>, and is exponentially increased until equilibrium is reached. For the case of a hydrogel sphere
swelling and drying we compare the solution of the linear theory to the finite element results.

5.1. Normalizations

For the finite element simulations, all parameters are normalized, as denoted by (A) following from the non-linear the-
ory. Lengths are normalized by a referential (dry-state and undeformed) dimension, A. In the equivalent cases, A will denote
the radius of the sphere and the length of the edge of the cube. Surface energy, bulk and surface stresses, and chemical
potential are normalized respectively by,

s Y p_ P K

V= NigTA P NigT KT kT (5.1)
Solvent concentration and time are normalized as follows,

~ ~ Dt

C=CQ, t= 2 (5.2)

For diffusion problems, time is normalized by the characteristic diffusion time-scale, A2/D. For comparisons between the
linear microsphere theory and the simulations, the results from the linear microsphere solution are re-normalized using
finite element simulation normalizations.

In the following Sections 5.2.1 and 5.2.2, we will discuss in detail the implications of choosing a constant surface free
energy and a Neo-Hookean surface energy (in the current configuration). For the former case, we define the elastocapillary
length-scale as | = y /Gy, and the dimensionless elastocapillary number as n.. = ik /Gg. The instantaneous shear modulus is
defined, Bouklas and Huang (2012)

Go = NkBT (53)
Ao
In the case of a_homogeneously swollen sphere with constant surface free energy, the normalized elastocapillary length
scale is given as | = [/A = Y A,.

5.2. Free Swelling and Drying of a Sphere

Here, we consider free swelling of a sphere. The sphere is at an initial homogeneously swollen state with initial stretch Ag
and initial chemical potential [ig. The sphere can reach the initial swollen state in various ways; namely, being synthesized
with an initial concentration of solvent or being in an humid environment for an extended period of time. Following the
initial state, the sphere is immersed in solvent such that the chemical potential boundary condition [t = 0 on the complete
outer surface of the sphere is S* = S. The sphere is traction free, but constrained to remove rigid body motions.

Determining the initial condition of the system is not straightforward like the case with no surface effects. Given an
initial homogeneous swelling stretch A, the initial chemical potential iy is not known, and vise-versa. In the case of a
constant surface energy per unit deformed area, an analytical expression connecting initial chemical potential iy and initial
stretch Ay can be determined (discussed in Appendix B). In the case of the Neo-Hookean surface energy an additional
ramping procedure has to be considered and will be discussed in the corresponding section. The results for each case will
be discussed in the following two sections.

5.2.1. Constant Surface Energy

The chemical potential boundary condition, jt = 0, is applied through ramping of the chemical potential (from g to
/i =0) over a short time interval At <1074, to obtain the equilibrium solution under the action of surface stresses. The
initial condition for chemical potential, iy is set by prescribing a value for the initial stretch Ay, Flory’s parameter y, and
the normalized constant surface free energy per unit current area ¥ as seen in Eq. (6.13). The extent of swelling depends on
the initial conditions and material parameters, which can be chosen accordingly depending on the extent of swelling that
we want to consider.

Linear poroelasticity theory is effective at predicting experimental results, as long as the experiments are limited to
relatively small deformations (Bouklas and Huang, 2012; Yoon et al., 2010). Here we can compare the results of linear theory
presented in Section 4, to the finite element simulation to validate the nonlinear theory results (ensuring that we are in the
small deformation regime), and also check the limits at which the linear theory gives meaningful results in the presence of
elastocapillary phenomena. The material parameters for the simulations corresponding to Fig. 2A and Fig. 3 were chosen to
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Fig. 2. Radial comparisons for the free sphere between nonlinear simulation (solid lines) and linear micro-sphere theory (dashed lines) with and without

surface energy. Asterisks indicate the normalized time to 99% equilibrium swelling fg?m. For all cases, the material parameter N2 = 10~3 is constant. A)
Small deformation swelling and drying with x = 0.4 and B) large deformation swelling and drying with varying y, Ao, and 7.
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Fig. 3. Comparison of chemical potential evolution over normalized time between the nonlinear simulation (solid lines) and the linear microsphere theory
(dash dot lines) for normalized surface energy A) ¥ = 0.00 and B) ¥ = 0.01. The plot is obtained by tracking a set of points along the sphere’s radius in
the reference configuration. The center of the sphere is at X/A =0 and point at the outer boundary at X/A = 1. Material parameters are NQ = 10~3 and
x = 0.4 with an initial stretch of Ao = 2.6.

keep the strain from the initial state to equilibrium below 5%. A change to the material parameters indicates whether the
system will swell or shrink, (i > ug and [t < g, respectively. We are restricting the nonlinear results to the linear regime
with this level of strain; therefore, we expect the theories to compare closely.

In Fig. 2 we compare evolution of the normalized radius of the sphere @, over the normalized radius at the initial state
dp, both in the current configuration over time. We consider both swelling and drying responses for both the linear and
nonlinear theories, considering the results with and without a surface stresses. The normalized time to 99% of the equilib-
rium radius, t?;,,,, is marked by asterisks in the plots. Overall for both swelling and drying the results between the linear
and nonlinear theory agree closely as long as the overall deformation is small, as seen in In Fig. 2A.

We compare the chemical potential profile as a function of the position on a radius of the sphere over time in Fig. 3 again
for both theories, considering the results with and without a surface stresses. Examining Fig. 3A, the linear theory is shown
to equilibrate more slowly than the nonlinear theory for normalized times f > 10. This result is expected because the linear
theory uses a constant mobility tensor while the non-linear theory utilizes a non-constant mobility tensor resulting in
an evolving kinetic law governing solvent diffusion (Eq. (2.11)). Fig. 3B shows that a small surface energy value results in
faster time to equilibrium. This observation is subtle and is imperceptible in the corresponding radial plots in Fig. 2A. The
normalized time to 99% of the equilibrium radius, ff_?;m, is marked by asterisks.

In contrast to Fig. 2A, Fig. 2B demonstrates three distinct cases of either large deformations with relatively low elasto-
capillary effects (¥ =0, 0.01) or for small deformations with significant elastocapillary effects ( = 1). The initial conditions
for the large deformation swelling cases, with and without surface energy, were chosen so that overall strain was up to 30%.
The drying case in Fig. 2B served to examine the effect of a significant surface energy value under small deformations. To
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Fig. 4. Chemical potential evolution over normalized time from the center to the circumference radial coordinate of the sphere in the current configuration,
x. The center of the sphere is at x/A = 0. Cases demonstrate significant elastocapillary forces for A) swelling (Lo = 2.0) and B) drying (1o = 3.0). Other

material parameters are N = 10~3 and x =0.2.
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Fig. 5. Comparison for the free sphere between cases with a surface energy of ¥ = 1.0 (solid lines) and no surface energy (dashed lines). Normalized
time versus A) radius and B) radius normalized by the initial radius. Material parameters are NQ = 10— and x = 0.2. Initial stretches are varied, Ao = 2.0,

2.5, 3.0, which produce either a negative or positive initial chemical potential, [y, for swelling or drying cases. The triangles and asterisks indicate the
normalized time to 99% equilibrium swelling ff;’m, and the vertical lines are the average of each group respectively.

do this, initial conditions were chosen so that the overall strain was kept at 5%, but a normalized surface energy of ¥ =1
was prescribed. The value of the surface energy, ¥ =1, leads to an elastocapillary number of fi,c = 1, where we expect
elastocapillary effects to dominate.

For the large deformation swelling cases, with and without surface energy, we note both the radius increase as well
as equilibration time do not match well between the linear and nonlinear results. For the small deformation drying case
where ¥ =1, the final equilibrium radius matches closely, but there is a significant time delay in the linear results. These
results demonstrate that the linear theory is sufficient for predictions of hydrogel microsphere transient kinetics under small
deformations and for low surface energy values. For large deformations and significant elastocapillary effects, linear theory
is not sufficient for predictions of the transient response. This concludes the tests comparing the linear to nonlinear results,
and the following results consider only the finite element simulation results.

Here, we examine the nonlinear response with and without a significant normalized surface energy value (¥ =1) at
finite deformations. Fig. 4 displays the chemical potential evolution until equilibrium for a swelling and a drying case with
a significant surface energy value. We can observe that swelling is not a symmetrical reflection of drying and vice versa
(Bertrand et al., 2016). The depth of solvent migration over time into the sphere has implications for the rate at which
the hydrogel micro-sphere reaches equilibrium. Fig. 5 demonstrates the transient kinetics of a sphere for different initial
stretches, Ag, with and without a prescribed surface energy (solid vs dashed lines respectively). A key observation is that
the equilibration time, E?c?m, is almost an order of magnitude smaller for all drying and swelling cases with surface stresses
present (for the specific value of »); it is interesting that this difference is consistent for microspheres that experience
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tions, 7 = 0 to 1 in 0.1 intervals, which were fit by a two-term exponential to obtain a relationship between Tand f‘g;n..

for x = 0.1 —0.3. Each line consists of 11 simula-

small (Fig. 5B) as well as large (Fig. 5A) deformation in both drying and swelling. The difference in equilibration time can
be attributed to the coupled effects of solvent diffusion, large deformations, and evolving surface stresses.

To obtain some insight towards the time acceleration process in Fig. 5, we consider the spherical hydrogel at the initial
state with chemical potential ¢ and stretch Aq. If the chemical potential boundary condition, denoted by fi, is larger than
the initial chemical potential [t > ©o then the system will swell, and if (i < uo the system will shrink. Focusing on the
initial time stages of the swelling case, (f < 1), solvent only migrates a specific distance L(t) from the surface into the sphere
(See Fig. 4A). Beyond the distance H(t), in the unswollen core of the sphere, the chemical potential is constant and can
be denoted by p*. At time £ = 0+, the p* value is equal to jig, but the outer layers of the sphere, as they swell, impose a
tensile hydrostatic stress on the core of the sphere. This stress state induces a drop in u*, causing u* < pg. This phenomena
can be observed in the early time steps in Figs. 3 and 4 A. We note a similar procedure for the drying case, Fig. 4B, for
which we also observe an increase in equilibration time. Instead of a tensile hydrostatic stress on the core, the outer layers
exert a compressive stress which causes an increase in the value of u* > . For swelling cases, the effect of surface
stress emerges as the confining hydrostatic stress state that is induced in the unswollen core (as discussed in Appendix B),
denoted here as o* < 0. This stress value decreases in magnitude as the radius of the sphere increases, because o*1/ag.
The decreased magnitude of o* induces a further decrease in u* solely due to surface effects. The average magnitude of
the chemical potential gradient in the radial direction of the swollen spherical layer is Vy u - A~ (u* — [t)/H. The flux is
dependent on the gradient of the chemical potential (Eq. (2.11); therefore, the increased chemical potential gradient leads to
an increased flux. An increase in the flux of the solvent molecules into the hydrogel microsphere accounts for the accelerated
equilibration process under the presence of surface stresses.

We have examined the limiting cases, from no surface energy to a significant value of surface energy. In order to further
analyze the effects of elastocapillarity on equilibration time, the initial stretch is fixed at Ag = 2.50 and the surface energy
value ¥ was varied from 0 to 1 in 0.1 intervals for x = 0.1, 0.2, and 0.3. These points were fit with a two-term exponential,
f(x) = aeb* + ced® where x = E‘?;m, for each yx. Note that the case of x = 0.3 includes both swelling and drying cases, while
x = 0.1 and 0.2 include only swelling cases. This finding indicates that the time it takes for the microsphere to equilibrate
is irrespective of swelling or drying. Fig. 6 demonstrates that an increase in surface energy corresponds to a decrease in
equilibration time, f?t?m. With the effect of surface energy, lower y values demonstrate the largest decreases in equilibration
time. This prediction is dependent on the material parameters used, but a similar trend is expected for varying the initial
stretch values.

In conclusion, Figs. 5 and 6 both illustrate that a non-linear theory taking into account significant elastocapillary effects
predicts an accelerated time to equilibration. Specifically, if the surface energy leads to a normalized elastocapillary number
of unity, the simulation results equilibrate close to an order of magnitude faster in time compared to the case neglecting
surface energy. This finding has strong implications for drug delivery because it indicates a faster drug release rate. Some
negative consequences of a faster drug release rate might mean that the drug is released far from the target or has a longer
time to be degraded or neutralized by natural processes of the body. Therefore, elastocapillarity must be taken into account
during the engineering of micro-sphere drug-delivery systems as it can significantly influence the response of the system.

In recent years there is a significant body of work in surface instabilities of hydrogels (Bouklas et al., 2015b; Dortdivanli-
oglu and Linder, 2019; Pan et al., 2014; Wu et al., 2013, 2017). In experiments for spherical hydrogels, it has been observed
that surface instabilities form and are suppressed transiently during the early swelling process (Bertrand et al., 2016). More
specifically, surface creases are expected in the case of a swelling microsphere. For our numerical simulations, the physical
instability can lead to divergence as self-contact to prevent interpenetration is not specified in our implementation. There-
fore, we consider divergence of the numerical results to indicate the emergence of surface instabilities. It is safe to assume
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Fig. 7. Determining stability based on normalized surface tension, initial stretch, and the Flory parameter. A) Representative example of raw data for
% = 0.1, where the raw data is fit with a two-term exponential function (f(7) = 0.14e-3557 4+ 1.56e~761x10"°7) ysing the nonlinear least squares method
(R-square value = 1). B) The same process is repeated from x = 0.1 to 0.6 to form an interface between stability and instability, where increasing y shows
increasing stability.

that this is the reason that our simulation will diverge for specific cases. Also, we note that creasing is known to be mesh
sensitive.

To illustrate the emergence of surface instabilities, we provide an analysis based on three parameters, the normalized
(constant) surface energy per unit current area, initial stretch, and the Flory parameter, Fig. 7. Simulations were tested up
to 0.1 7 difference in the interface between stability and instability, and a two-term exponential function (f(7) = aeb? +
ced”) was fit to the raw data. Fig. 7A shows the fit for 7 points, where the log x-axis does not display the point that
converges at no surface energy contribution, ¥ = 0, (log(0) = -c0). The same fitting process was carried out from xy = 0.1 —
0.6, demonstrating that increased y values display increasing stability (Fig. 7B). This result is expected, because the Flory
parameter describes how likely the solvent and the polymer are to mix. Lower x values can yield large swelling stretches,
which are more likely to be unstable. Low initial stretch values from 1.1 to 1.5 are unstable, and simulations are more likely
to converge for high surface stress. Surface stress, effectively eliminates sharp features at the current configuration, with
higher surface energy values it becomes easy to suppress features (like creases) of increasing size. It is clear that the mesh
size also dictates the smallest feature sizes in the finite-dimensional solution.

5.2.2. Neo-Hookean Surface Energy

Until this point, we have examined the results of a hydrogel microsphere assuming constant surface energy, but we can
consider different behaviors for the surface. Gurtin and Murdoch (1975) first raised the question of whether solid surfaces
not only hold a residual surface stress but also possess elasticity, surface LamE constants. A constant surface energy is akin to
modeling the surfaces of fluids, the simplest case, which is a reasonable assumption as hydrogels possess a high percentage
of water to polymer (Liu et al., 2020c; Style and Xu, 2018). Nevertheless, several experiments have demonstrated that the
surface of hydrogels indeed exhibits a more complex material response (Jensen et al., 2017; Xu et al., 2018; 2013). In the
context that we are examining, hydrogels immersed in solvent, we expect the surface elasticity to be due to the elastomeric
component of the hydrogel instead of the presence of solvent. Interface elasticity instead of surface elasticity would perhaps
be a better term, as we are considering a water/hydrogel interface.

We performed simulations to determine how equilibration to a specified level of deformation changes for a Neo-Hookean
surface energy compared to a surface with zero (acting as a control) or constant surface energy (per unit current area). The
free energy of a Neo-Hookean surface is modeled with the surface LamE parameters, A, and wp, according to Eq. (2.19). Re-
call that the initial condition for the chemical potential (Appendix B) only holds for spherical geometries and for a constant
surface energy. For the Neo-Hookean surface energy, we use a double ramping scheme instead of simply ramping the chem-
ical potential to zero on the circumference of the sphere. First, the value of the LamE parameters are ramped from zero to
their prescribed value holding the initial chemical potential fixed, jt = ug|s. The shape is allowed to equilibrate holding the
boundary condition fixed but letting time evolution progress, then the initial chemical potential is ramped to zero on the
outer boundary (over a very short time interval), [t = (|4 = 0 holding the surface free energy fixed. Finally, this structure is
allowed to equilibrate to the final state.

To provide an accurate comparison, the initial chemical potential was fixed at fip = —2 x 103 for every simulation. We
varied the surface Lamé parameters of the Neo-Hookean surface free energy expression until we achieved a similar defor-
mation to the constant surface energy case (Cases in Fig. 8B A, = u, =20 to ¥ = 1). A Neo-Hookean constitutive surface
results in an even faster equilibration time than both the case with no surface energy and the case with a constant sur-
face energy. This result indicates that neglecting surface elasticity of hydrogel microspheres may significantly overestimate
equilibration time.
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Fig. 8. Comparison of constant surface energy (fluid-like boundary potential) versus a Neo-Hookean surface energy to a case with no surface energy.
Normalized time versus A) radius and B) radius normalized by the initial radius. Material parameters are N2 = 103 and x = 0.4, with an initial stretch of
Ao = 2.0. Initial chemical potential for all cases started from fig = —2 x 10> and was ramped to 0.

5.3. Free and Constrained Swelling of a Unit Cube

For nano- and micro-particle fabrication, experimental researchers are not only interested in spherical shapes, but also
ellipsoids and paralelipiped shapes, among other geometries. For example, fabrication methods such as top-down lithog-
raphy allows for precise control of shape, size, and aspect ratio (Caldorera-Moore et al., 2011). In this method, hydrogel
particles are attached to a substrate on one surface and can swell in this configuration during the fabrication process.

Therefore, motivated by these experiments, we consider both free and constrained swelling of a unit cube. For the free
swelling case, the cube is constrained to prevent rigid body motions (in the same manner as the free sphere). All surfaces
are exposed to an external solvent, ft = 0, causing swelling to be isotropic. For constrained swelling of a unit cube, the
bottom is attached to a substrate so there is no displacement (ulx,—q = 0) and no flux (J2]x,—o = 0). The lateral and top
surfaces are all exposed to an external solvent, [ = 0, causing swelling to be anisotropic.

Experimentally, the state in which the hydrogel particle is manufactured/fabricated is considered the initial state. In this
initial state, the simulation domain is a cube which is homogeneously swollen, as defined by an initial stretch, Aq. The
cube is discretized uniformly with an equal number of elements along each side, n, = 15. The initial chemical potential
for the geometries of the free and constrained cube is not known analytically, and the expression in Appendix B. cannot
be prescribed on the outer surface. As shown in Fig. 9, we utilize the double ramping scheme explained in Section 5.2.2.
The only difference was in the second step (see Fig. 9 step 2), the value of the surface free energy (vs. Lamé constants)
is increased while holding a value for the initial chemical potential fixed, [t = (g|s. Between steps 2 and 3 in Fig. 9, the
structure is allowed to equilibrate, before step 3 which involves ramping of the initial normalized chemical potential (19 =
—5.0 x 1073) to zero.

In Fig. 9, the first case is a classic example of the effects of surface forces, where the model will deform to minimize
the surface area with respect to the volume (Javili and Steinmann, 2010). As can be observed, under the application of a
significant normalized surface free energy, ¥ = 1, sharp features are minimized and the overall shape becomes spherical.
If the surface stress is increased from the value demonstrated, the cube will tend towards a perfect sphere. As shown by
Javili and Steinmann (2010), we also expect much more complex shapes under a significant ¥ with no boundary constraints
to always achieve a close-to spherical shape.

The second case provides an example of a more complex constrained structure, similar to fabrication states of hydrogel-
based nano-scale drug carriers through imprint lithography in Caldorera-Moore et al. (2011). This simulation shows the
effect of surface stresses at different stages of the fabrication process on the final particle size and shape. Micro- and nano-
particles can exhibit significant size- and shape-dependence, so the numerical predictions must be considered carefully. As
follows from the study of the micro-sphere case, the nano-sized particles fabricated through imprint lithography from a flat
sheet, exhibit shape changes as well as changes in solvent content based on their size and the intrinsic relationship between
surface stress and diffusion.

In our simulation, we demonstrate the effect of constraints on the final equilibrium shape, provided a certain surface en-
ergy value and initial chemical potential. It is worth pointing out that upon etching and release from the substrate the nano-
particle is expected to attain the same final shape with the free-standing cubic specimen studied previously, but through an
alternate transient process, as the initial state in now different. In Caldorera-Moore et al. (2011), several aspect ratios and
sizes are studied for the nano-particles. In this work we demonstrate that our theory is capable of obtaining the complex
shape changes for these particles, but we do not provide a comprehensive study of aspect ratio, particle size and constraints
towards more complex instability phenomena that may take place through the combination of constrained swelling (Bouklas
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Fig. 9. A) Free and B) constrained swelling of a unit cube. In order, the sequence shows 1) initial state set by a homogeneous swelling stretch, g, 2)
ramping of normalized surface free energy, ¥ 3) ramping of initial normalized chemical potential ({to = —5.0 x 10~3) to zero after initial equilibrium of
structure, and 4) progression to equilibrium and 5) final equilibrium state. Material parameters are NQ = 10~3 and x = 0.2, with an initial stretch of
Xo =2.0.

et al., 2015b; Wu et al., 2013). The latter will be the focus of an upcoming study. It is worth noting that in the presence of
extremely large deformation mesh adaptivity might be required.

6. Conclusion

A non-linear theory is presented that takes into account mass transport, large deformations, and elastocapillary effects
on a hydrogel. A mixed finite element method implemented is implemented in FEniCS. Numerical results are presented for
free swelling/drying of a sphere and a cube, as well as constrained swelling of a cube. The non-linear theory is validated by
a linear semi-analytical solution for the hydrogel microsphere and the results agree for small deformations with minor sur-
face effects. The key finding is that under introduction of fluid-like surface energy, the hydrogel micro-sphere can equilibrate
up to an order of magnitude faster compared to cases without surface energy. Furthermore, a Neo-Hookean surface energy,
predicts an even faster equilibration. These results highlight the importance of taking elastocapillary effects into account for
biomedical applications such as drug delivery methods. Experimental validation of these findings is extremely important,
and to pursue that the authors of this work will further purse a calibration of the non-linear theory to experimental results
across length-scales. In future work, we will focus on the interplay of constraints, large deformation, diffusion and instabili-
ties in the presence of surface stresses. To do so, the introduction of self-contact is required in our implementation, for the
study of more complex surface patterns due to folding and creasing.
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Appendix A

Derivation of Eq. 4.9

Compatibility implies that

&r— & _8& (0r —04) :zcoaﬁ

r or r or (61)

= (r‘g&),r <

In the last step, we have used (o — 0y) = 2Go(&r — &9) which is obtained by subtracting (4.3) b by (4.3) a. The last equation
in Eq. (6.1), using the equilibrium Eq. (4.13) can be rewritten as:
(0r — 0g) 1 0o, 0¢&y

= 3ar ~ 0y

which is Eq. (4.9)

= &p —f—+f(t) (6.2)

Derivation of Eq. 4.13

First, eliminate &, in Eq. (4.10) using compatibility, this result in
1 8("89) (GKO — 4G0) 3
7T Tar T (@Gt 3k T aG 13k P

Next, we substitute Eq. (4.9) into Eq. (6.3), we obtain the following linear first order differential equation governing the
radial stress,

(6.3)

80’r 361(060 1260
G = G+ 3k O @G, + 3k P

The bounded solution of Eq. (6.4) is Eq. (4.13).

(6.4)

Derivation of Eq. 4.21

Let ¢ = P — P*, then Eq. (4.17) can be rewritten as:
2
8¢ 1 3% (R¢) _a9 df R

T R 0R? dT’
The initial and boundary conditions are changed to:

p(RT=0)=-Ph, ¢R=1T>0)=0 (6.6)

<1,T>0 (6.5)

We look for a series solution of the form:
>, sin(nwR =
o= MRy, 7 (67)
n=1
Substituting Eq. (6.6) into Eq. (6.5) results in

dH, (T) NP ol
Z( 7 + Hn(T)) sin(nR) = 4Rdf (6.8)

n=1

Expand the right hand side of Eq. (6.8) into a Fourier sine series, i.e.,

JdF 8 1) +
dT ﬂdTZ sin(nR) (6.9)

Equating both sides of Eq. (6.8) and 6.9 and using the orthogonality of the sine functions, we obtain
dHL(T) | 5 50 =) _ 8 df (-D™!
———+nn°Hy(T) | = ——=<—F"— 6.10
( o D)= - m (6.10)
The solution of Eq. (6.10) satisfying the initial condition Eq. (6.6) is Eq. (4.21).
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Appendix B

Following Green and Zerna (1992) and Steinmann (2008), we introduce the total curvature denoted by ¢ = —Vj - n where
n is the unit normal vector on the surface, which is twice the mean curvature, k, ¢ = 2«.

At the initial state, the hydrogel sphere is under a non-zero hydrostatic stress state, resulting from the surface stresses
that effectively induces a constant normal traction on the free surface of the sphere. Under these conditions, the Cauchy
principal stress specialized in the radial direction is or = —cy = —2yk, where i is the mean curvature of a sphere given
in the current configuration. The mean curvature is k = 1/ag = 1/(AgA) when specializing to the initial swelling state of the
sphere, with current radius ag yielding,

0r = —2yk = _2r (6.11)

The constitutive expression for the radial component of the Cauchy stress given in spherical coordinates for the state of
deformation at the initial state following Bertrand et al. (2016), is

_ )\,0 0 d Mo
o= grUe+ giln =g (6.12)

Substituting Eq. (6.11) and the free energy of elastic stretching and mixing, Eq. (2.12) and 2.13, into the constitutive relation-
ship, Eq. (6.12), and solving for the initial chemical potential, we can obtain the following normalized expression

S _nof L 1), 1 1y x 2y
MO_NQ(AO )Lg)Jr)\g—i—log(l xg) 7o +nasl. (613)

Given this expression, one can calculate the initial swelling stretch Ay given the initial chemical potential 1ty or vise-versa.
This simplifies the double ramping scheme which is necessary for general shapes and surface free energy models (see
Section 5.3 for more detail).
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