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for this rather non-intuitive phenomenology. In this work, we develop a theoretical frame-
work and construct a simple homogenization model that unambiguously explains this phe-
nomenon. Our theoretical construct of capillary effects is specifically intended for soft mat-
ter and differs in the manner in which the classical Gurtin-Murdoch surface elasticity the-
ory has been widely interpreted and used in the literature. We use the developed theory
to elucidate several subtle aspects pertaining to the capillary phenomenon that may not
be often appreciated; specifically in regards to the developments across different scientific
communities. One such key aspect is the often missed connection between the concept of
surface tension as understood in the fluids and materials science community and super-
ficial elasticity of solid surfaces. While the purely mechanical effects underpinning liquid
inclusions in soft solids are of significant interest in of themselves, we hypothesize that
the interplay of capillary effect, electrostatics, soft solids and ionic liquid inclusions may
offer prospects for designing soft materials that display an unusually large size-dependent
electromechanical coupling. To emphasize this, we extend the capillary framework for soft
solids to electrostatics and find that electrostrictive properties may be significantly altered.
Due to a rather interesting confluence of two contradictory effects, the electrostrictive de-
formation is only marginally altered by capillarity. However, the soft solid’s maximum en-
ergy conversion capability may be enhanced by 75% or higher.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Conventional wisdom would suggest that embedding liquid inclusions in a soft elastic material (Fig. 1) ought to make
the overall composite yet even softer. In addition, classical elasticity and the theories underpinning effective properties of
composites (Milton, 2002) predict that the overall elastic response depends only on the shape of the embedded inclusions
and not the size. These notions were decisively overturned in a recent set of intriguing experiments (Style et al., 2015a). Style
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Fig. 1. A schematic of liquid inclusions embedded in a soft solid. Recent experiments indicate that liquid inclusions may, somewhat non-intuitively, stiffen
a soft solid (Style et al., 2015a). This observation is explained by invoking the effect of surface energy or capillarity and the consequent size-dependent
mechanical response of the soft composite (Style et al.,, 2015b).

and co-workers embedded soft silicone gels of two different elastic stiffnesses with droplets (inclusions) of an ionic liquid
in the size-range of a few microns. Under mechanical testing, the “stiffer” Silicone gel with an elastic modulus of 100 kPa
displayed conventional behavior while the composite made with the softer Silicone gel (modulus: 1.7 kPa) exhibited overall
stiffening. This apparent paradox was explained (Style et al., 2015b) by invoking the concept of surface energy for solids
(specifically, surface tension) and the associated size-dependent mechanical response.

The premise is that a “surface”! has atoms that possess a coordination number, charge distribution and other attributes
that are different from those of the bulk material. The solid (or for that matter, a liquid) surface may therefore be consid-
ered an independent entity from that of the underlying bulk material to which it is attached and exhibits distinct proper-
ties. Phenomenologically, this is understood from the viewpoint that the surface possesses an excess energy that offers its
own unique mechanical signature including, in a manner of speaking, surface elasticity and a residual surface stress (or for
isotropic materials, surface tension). Surface energy penalizes any increase of surface area (which may be due to deforma-
tion). In the case of simple fluids which are isotropic, this gives rise to the concept of a “surface tension” which, for instance,
leads to the characteristic smooth spherical shape of liquid droplets.?

Classical elasticity, in absence of surface energy effects, is size-independent. Accordingly, the elastic state of an embed-
ded inclusion—known widely as the Eshelby’s inclusion problem (Eshelby, 1957,1959)—depends only upon the shape of the
inclusion and consequently, as borne out by an extremely large body of literature (Li and Wang, 2008; Milton, 2002; Mura,
2013; Nemat-Nasser and Hori, 2013), the effective elastic response of a composite is also predicted to depend only on the
shape and volume fraction of the inclusions and not the absolute size of the embedded objects. Surface energy effects exert

1 We use the word “surface” somewhat broadly to also include interfaces between two materials where either of the materials may belong to solid,
liquid or vapor phase.

2 The concept of surface tension may be generalized to solids and is termed surface stress. As pointed out by several authors, care must be taken to not
confound these two concepts c.f. Style et al. (2017). Even for isotropic solid surfaces where the surface stress may be represented by a surface-tension like
scalar, due to the deformation dependent behavior of solid surface energy, there are differences in the concepts.
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their influence when the surface-to-volume ratio becomes “large enough”.?> Practically speaking, at least in the context of
hard solids, this implies that except at length scales approaching a few nanometers, classical elasticity suffices (Miller and
Shenoy, 2000). The experimental and pertinent theoretical work of Style and co-workers highlighted that for liquid inclu-
sions embedded in very soft materials, the capillarity induced size-effects become manifest event for micron sized-inclusions
and lead to the non-intuitive stiffening alluded to in the topical paragraph.

The study of surface energy and its ramifications has been independently pursued across multiple disciplines—see for
example the following for representative examples—fluid mechanics (de Gennes et al., 2004), chemistry and chemical engi-
neering (Adamson and Gast, 1967), physics (Miiller and Satl, 2004), materials (Cahn, 1989; Cammarata, 1994, 2009; John-
son, 2000; Streitz et al., 1994; Voorhees and Johnson, 2004; Weissmiiller and Cahn, 1997) and of course the solid mechanics
community (Dingreville et al.,, 2005; Duan et al., 20053, 2005b; Fried and Todres, 2005; Gurtin and Murdoch, 1975, 1978;
Henann and Anand, 2010; Henann and Bertoldi, 2014; Huang and Sun, 2007; Huang and Wang, 2006; Javili et al., 2013;
Miller and Shenoy, 2000; Qu and Cherkaoui, 2007; Sharma and Ganti, 2004; Sharma et al., 2003; Sharma and Wheeler,
2007; Wang et al,, 2011; Wang and Henann, 2016; Yun and Park, 2008). This broad interest is unsurprising since applica-
tions as wide-ranging as catalysis (Haiss, 2001; Miiller and Satl, 2004; Pala and Liu, 2004), self-assembly (Suo and Lu, 2000),
fracture (Kim et al., 2011; Wu, 1999), wetting (de Gennes et al., 2004; Style et al., 2017), mechanical strengthening (Duan
et al.,, 2006; Mameka et al., 2017; Sharma and Ganti, 2004; Sharma et al., 2003), phase transformation (Fischer et al., 2008),
semiconductor and thin film technology (Ibach, 1997), nano-sensing (Duan et al., 2009; Mohammadi et al., 2013; Park, 2008)
among many others, are influenced by surface energy related effects.* On the theoretical front, the thermodynamical un-
derpinnings of the subject date back to the famous works by Gibbs (1906) which have been frequently revisited by many
researchers c.f. Cahn (1989), Cammarata (2009), Shuttleworth (1950), and Orowan (1970). Arguably the most rigorous theo-
retical framework for surface energy, in the spirit of classical continuum field theories, was first established by Gurtin and
Murdoch (1975, 1978)° and subsequently many workers have extended both the basic theory (Gurtin et al., 1998; Huang
and Sun, 2007; Huang and Wang, 2006; Steigmann and Ogden, 1999) as well examined its ramifications in various contexts
e.g. nano-inclusions and effective properties of composites (Duan et al., 2005a, 2005b; He and Li, 2006; Lim et al., 2006;
Mi and Kouris, 2014, 2007; Sharma and Ganti, 2004; Sharma et al., 2003; Sharma and Wheeler, 2007; Tian and Rajapakse,
2007a, 2007b), electronic structure of quantum dots (Sharma et al., 2003), mechanical response of nanostructures (Gupta
and Kumar, 2018; He et al,, 2004; Lim and He, 2004; Miller and Shenoy, 2000; Qu and Cherkaoui, 2007), grain bound-
ary sliding (Weissmiiller et al., 2011), response of rough surfaces (Duan et al., 2009; Mohammadi et al., 2013; Mohammadi
and Sharma, 2012; Weissmiiller and Duan, 2008), wrinkling (Fried and Todres, 2005), and sensors and resonators (Duan
et al, 2009; Park and Klein, 2008). The literature on capillary effects is vast indeed and we do not make any attempt to
be exhaustive in our review. We simply refer the reader to the following expositions that provide a guide to the pertinent
literature albeit the tone of the reviews is understandably influenced by the interest of the authors: Miiller and Sadl (2004),
Cammarata (2009), Wang et al. (2011), and Javili et al. (2013). We specifically highlight a very informative and relevant
review by Style et al. (2017) which specifically focuses on soft solids.

Loosely speaking, the deformation-dependent surface energy for solids may be expanded around a suitable reference
state and considered to scale as®: ~ y, + 7, - €5 + %Es -€2 + higher order terms. Here, €; is a suitable measure of the surface
strain and Yy, is a trivial constant. The so-called surface stress then scales as 7, + Es - €; and is the key physical quantity
of interest. The first multiplier of the strain (t,) is the residual surface stress that exists even in complete absence of an
external strain. For an isotropic solid surface this quantity is a scalar and perhaps due to this reason, in analogy with lig-
uids, it is sometimes (erroneously) referred to as the surface tension.” The term Es is a measure of the surface elasticity and
parametrizes the change in surface stress due to deformation. For crystalline surfaces, 7, is of the order of 1 N/m (Miller and
Shenoy, 2000) and surface elastic stiffness is about an order of magnitude larger. For simple liquids and soft matter, t, is
of the order of 1 mN/m (Style et al., 2015a). Conventional wisdom is that residual stresses do not alter the overall effective
elastic behavior of composites. Therefore, incorporation of surface elasticity is essential to assess the impact of capillarity
on overall elastic response of composites. As an example, we cite the recent work by Chatzigeorgiou et al. (2017) which
specifically highlights neglecting the interface tension and focuses only on surface elasticity. Several works however have
appeared that relate, what is apparently, the residual stress to the overall effective properties and surface elasticity is, at
least prima facie, ignored—specifically, this certainly appears to be the case for Style et al. which successfully explains the
experimental observations (Style et al., 2015a, 2015b). As we will outline in due course, the central issue underpinning these
observations pertains to which framework (Eulerian versus Lagrangian) is used, what reference state is utilized for the even-

3 The length scale at which the surface-to-volume ratio becomes comparable to a characteristic length scale dictated by the strength of surface properties,
indicates the size-scale when surface energy effects become important. Such a capillary length scales with o*/E where o is a measure of the surface stress
while E is indicative of the bulk elastic stiffness

4 An unfortunate consequence of the parallel developments in multiple areas is that at least in some cases, the same word may not necessarily describe
the precisely the same physical context—and this is one aspect we will highlight in this work.

5 We remark that the Gurtin-Murdoch paper received relatively little attention until nearly a full two and a half decades after its publication when, due
to the intense interest in nanotechnology, a preoccupation with nanoscale size-effects came to fore.

6 The discussion in this paragraph is intentionally somewhat heuristic, to establish some key points, and is restricted to the purely mechanical case.

7 For a simple liquid, the surface energy, surface stress and surface tension are sometimes interchangeably used in the literature, but this is not the case
for solids.
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tual linearization and even the postulate of the existence of a “stress-free” state.® These subtleties are of lesser importance
in hard solids but are quite relevant for highly deformable soft solids. We acknowledge here that these issues appear to be
well-understood by some researchers e.g. Huang and Wang (2006, 2010, 2013), Wang et al. (2010) and Javili et al. (2018).

Germane to the central quest of the present work, several researchers have solved the Eshelby’s inclusion problem within
the Gurtin-Murdoch framework as well as addressed effective size-dependent properties of composites—the key literature
on this topic was cited earlier. As an example, one of the present authors addressed this problem for spherical inclu-
sions (Sharma and Ganti, 2004; Sharma et al., 2003) where the effective size-dependent bulk modulus was computed. In
Sharma and Ganti (2004) a proposition analogous to Eshelby’s was made that if surface energy is incorporated, only inclu-
sions that have a constant curvature are capable of exhibiting a uniform elastic state under certain highly symmetric loading
conditions. Duan et al. generalized the work on Eshelby’s inclusion problem with surface energy beyond just the radially
symmetric problem, and also discussed effective properties (Duan et al., 2005a, 2005b). More recently, in addition to the
notable experiments mentioned in the topical paragraph of this article, Style and co-workers have also solved the problem
of an incompressible liquid inclusion embedded in a soft solid (Style et al., 2015b). Using various levels of homogenization
approximation (e.g. Mori and Tanaka, 1973), they successfully explained the experimental observations mentioned earlier.
While we agree with the final result of the work by Style and co-workers—for the situation when a liquid inclusion is em-
bedded in a soft incompressible solid—we believe that there are several subtleties related to, both the theories that purport
to describe surface energy effects, as well as the solution to the liquid inclusion problem. In this work, we address the
following subjects:

(i) We advocate the viewpoint that while the Gurtin and Murdoch (1975) framework is quite general, its linearized version
(as is typically interpreted and used in the literature) is more suitable for hard solids and that a somewhat altered
theory is necessary for soft matter that are, in some sense, more “liquid like” yet still posses an apparent non-trivial
surface elasticity.

(ii) For capillarity in soft solids, we show that a “surface tension” like term gives rise to an apparent surface elasticity tensor
that is distinct from the surface elasticity tensor of the Gurtin-Murdoch theory that is likely used in the context of
hard solids. We believe that confusion regarding this aspect (although implicit) is prevalent in the literature and we
elaborate regarding how considerable care must be taken before using or mapping the experimentally (or atomistically)
determined surface elasticity theory with the appropriate continuum framework.

(iii) We clarify the role of residual surface stresses on the effective elastic response of composites and the link between the
residual surface stress and superficial elasticity.

(iv) Mechanical stiffening effects due to capillary are of interest from both a fundamental scientific viewpoint as well as
applications. However, perhaps an interesting application avenue is to exploit is the interplay between electrostatics, cap-
illarity and liquid inclusions. This may be simply achieved by using ionic liquids instead of “ordinary” fluids.® We extend
the theoretical framework to incorporate electrical effects and consider the impact of using ionic liquid inclusions on the
overall electrostriction and explore the ramifications on effective electrostriction and energy conversion. The motivation
to develop soft materials with a strong electromechanical coupling can hardly be overstated. Applications range from
soft robots to biomedical devices (Brochu and Pei, 2010; Carpi et al., 2011; Carpi and Smela, 2009; Lu and Kim, 2014;
Shepherd et al., 2011; Shian et al., 2015). Given the extensive recent activity on this topic, for appropriate context, we
simply point the reader toward the following articles (and references therein) that have addressed both the basic the-
ory (Dorfmann and Ogden, 2005; Liu, 2013, 2014; McMeeking and Landis, 2005; Suo, 2010; Suo et al., 2008; Xiao and
Bhattacharya, 2008) as well as the prediction of effective electromechanical coupling in soft matter (Hakimi Siboni and
Ponte Castafleda, 2013; Lefevre and Lopez-Pamies, 2014; Liu and Sharma, 2018; Spinelli et al., 2015).

The outline of the paper is as follows: in Section 2 we establish the theoretical framework for surface energy in soft solids
and contrast it with the typically used version of Gurtin-Murduch approach. In Section 3, we derive the effective mechanical
properties of soft composites with liquid inclusions and capillary effects. We compare our results with those of Style et al. in
Section 4, and extend the consideration to the electromechanical case by discussing the effective electrostrictive properties
of soft composites and discuss pertinent insights related to exploiting the size-dependent interplay between capillarity and
liquid inclusions for energy conversion.

Notation. For brevity, wherever possible, we employ direct notation. Vectors and tensors are denoted by bold symbols
such as u, I, etc. When index notation is used, the convention of summation over repeated indices is followed. The tensor
product between two vectors a,b € R3 is defined as (@®b);; = (a);(b); whereas the inner (or dot) product is defined as
(a, b)=a-b:=(a);y(b);, and the inner (or dot) product between matrices A and B of the same size is defined as A-B :=
Tr(ATB) = (A);;j(B);j. For a domain D, f,() denote the average of the integrand on D. From the viewpoint of matrices,
the ith row vector of the gradient of a vector field, e.g., Vu, is the gradient of the ith component of u (with respect the
Lagrangian coordinates X, unless stated otherwise) whereas the “div” operates on the row vectors of a matrix field. Therefore,

8 In some scientific communities, these notions are not explicitly noted which is perhaps one reason that confusion may arise if equations are “trans-
ferred” from one community to the other without appropriate discussion or modification.

9 We remark that indeed, in the experiments conducted by Style et al. (2015a) the liquid inclusions were ionic in nature although exploration of elec-
tromechanical coupling was not the focus of their work.
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Fig. 2. Sy is a smooth surface oriented by a choice of unit normal field n(x).

divVu = Au and div[(Vu)T] = V(divu). For a scaling parameter 0 < &£ < 1 and a real number n, O(¢") implies the asymptotic
behavior O(e")/e™ — C#£0 as € — 0 whereas o(e™)/e" — 0 as € — 0.

2. Theoretical framework for surface energy in soft solids, comparison with the commonly used interpretation of the
Gurtin-Murdoch model and associated subtleties

After summarizing the preliminary notions regarding surface kinematics and differential geometry in Section 2.1, we
articulate the continuum theory for elastic material surfaces and associated linearization in Section 2.2. We discuss the
associated subtleties germane to the present work in Section 2.3.

2.1. Surface kinematics

Consider a deformable material surface as sketched in Fig. 2 with a reference configuration Sy c R3. For future conve-
nience, we introduce a few notions. On Sy and for a fixed material point, let n be the unit normal on Sy, k=I-n®n
the identity tensor on the tangent plane 7 :={e e R3: e.-n=0}, S={M e R>*3 : Mn = 0} be an n-dependent subspace of
R33, Ssym ={M € S: MT =M}, and P : R3*3 - Ssym be the orthogonal projection. We remark that these notions (i.e., n, I,
T, P, S, Ssym) depend on the particular material point x € Sy for a curved surface. For brevity, we subsequently omit the
x-dependence in notation.

Suppose that a scalar field ¢ and a vector field u are differentiable up to the boundary Sy. The surface gradient V; is
defined for any scalar differentiable function ¢ by the following!?:

Vsp =V - (Vo -nn=LVe.
We denote by
U, =u-n, U =Uu-—Uyn (2.1)

the normal and tangential components of the vector field u on Sy. It is also convenient to introduce the surface gradient
and the surface divergence of the vector field u which are respectively defined as

Vsu=Vu- (Vu)(ne@n), Vs -u =Tr(Viu). (2.2)
The following identities differential geometry will be found useful, see e.g. the textbook of Kiihnel (2015):

Vsu = Vsus +n® Vsu, + u,L,
Vsus = Is(vsus) -—ne® (Lu3)1 (2-3)
divsu = Tr(Vsu) = divsus + 2Hu,,,

where L=Vsn: 7 — T is the Weingarten map (shape operator) on the tangential plane of the reference surface 2, and

H = %TrL is the mean curvature.

2.2. Surface energy, stress and elasticity

Consider a deformable body with reference configuration B c R? with Sy being its boundary. Let y : B — R3 be the (con-
tinuously differentiable up to the boundary) deformation and as usual, denote by
F=Vy, J=detF, C=FF (2.4)

the deformation gradient, Jacobian, and Cauchy-Green tensor, respectively. The elastic energy of the system may be written
as

Fly] = Ely] + /B W(Vy) (2.5)

10 By the convention employed in this work, the surface gradient at a fixed point Vsu : 7 — R3 for a vector field u : Sy — R3 can be regarded as a matrix
with the vanishing last column (instead of row).
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where the first term arises from the elasticity of the material surface!’ and the second term from the bulk elasticity. Initial
works on surface energy have a strong focus on “fluidic surfaces” where the elastic energy of the surface is typically defined
for the current configuration and independent of the reference configuration. For example, the capillary model or constant
surface tension model assumes that the elastic energy of the material surface is given by'2

E[S] = /Syds, (2.6)

where y is conventionally referred to as the “surface tension”.

From the viewpoint of nonlinear elasticity, Gurtin and Murdoch'® established a general elastic theory for material sur-
faces. The theory can be equivalently formulated by postulating the elastic energy of the surface can be written as a func-
tional of surface deformation gradient!*:

Ely] = /S We (Viy)dso. (2.7)

where W; : R3*3 — R is the surface elastic energy density (per unit area of the reference surface). The surface Piola-Kirchhoff
stress is defined as
OW; (F

o e IWS(E)
dF

As for the classical 3D elasticity, the frame-indifference implies that the surface energy density W; : R3*3 — R necessarily
satisfies that for any rigid rotation ReS0(3),

W;s(RF) = W;(F)  VFeR3>3,
Therefore, the surface energy density can be rewritten as a function of the (surface) Cauchy-Green tensor:
Ws(F) = Ws(Us)s Us = (cs)l/zy C = (VSY)TVSY € Ssym.

where Cs : 7 — 7 measures the deformation of the material surface Sp. In particular, an infinitesimal line segment of length
dly along the direction ey € 7 on the reference configuration Sy would have length di = (ey - Csep)!/2dly after the deforma-
tion. Moreover, the tensor Cs can be represented as a 2 x 2 symmetric matrix if an orthonormal basis of the tangent space
T is fixed.

For practical applications, it is often necessary to linearize the general Gurtin-Murdoch model (2.7). Here we briefly
articulate the linearized model conventionally used in the literature. We emphasize again that the original Gurtin-Murdoch
framework is quite general however its interpretation and use in the literature is what perhaps can lead to confusion and
we will make this statement more precise in this and Section 2.3. Following the familiar procedure in continuum mechanics,
we introduce displacement u(x) = y(x) — X and assume small strain |Vsu|~¢ « 1. Then we have

C = (Vex)T + (V)T (Vex + Vsu) = I + 2E, + (Vsu)T Vi, (2.9)

where Es € Sgym, given by

(Fs = Vsy). (2.8)

E, = %P[(Vsu) + (Vsu)T], (2.10)

is the surface symmetrized linear strain (cf., GM 1975, Eq. (3.6)). Then the surface energy density function can be expanded
and truncated as:

“ “ ~ ~ 1 1
Ws = Wy (Us) = W ([Is + 2E; + (Vsu)T Viu]'2) = Ws(‘S +Es 4+ = (Vo) Vou — S B + o<82>)

N 1 1 1.
— Wy(I) + 00 [Es + o (V)T Vo - jﬁz] + s B+ 0(e?), (211)
where
AW, (Us) 92W, (Uy)
0 _ S S — S .
O'S - aUS =l and CS aUsaUS vt (2 12)

can be interpreted as surface residual stress and surface elasticity tensor, respectively. In a standard linearization approach,
it is tacitly assumed that the reference configuration is critical and stress-free as shown in Fig. 3(a), i.e., 69 = 0, or close to

11 In what follows, we assume that the surface adheres to the bulk without “slipping”. More general kinematics which allow interfacial jumps, incoherency
and related situations were addressed by Gurtin et al. (1998) and Chatzigeorgiou et al. (2017).

12 Another widely-used elastic model for fluidic membranes is the Helfrich model with energy given byEs[S] = Js 2kpH? + KgGds, where K}, kg are the
bending moduli, and H (resp. G) is the local mean (resp. Gaussian) curvature of the surface S.

13 The original Gurtin-Murdoch theory used stress as the primitive concept while our preference here is to use surface energy as the starting point.

4 We do remark however that the Gurtin and Murdoch did not consider curvature-dependent (or VV,y-dependent) surface energy which can be im-
portant under certain situations. This point was first raised by Steigmann and Ogden (1999) and later pursued in various applications by Fried and To-
dres (2005) and Chhapadia et al. (2011).
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Fig. 3. (a) Linearization of the Gurtin-Murdoch model as it is typically used in the literature. (b) Linearized capillary model (€ ~|Vsul).

critical in the sense that

8WS(US)
0 _ ~
o) = 3U, . O(e). (2.13)

Then, upon neglecting all higher order terms o(s2), by (2.11) the surface energy density function can be approximated as
Ws = Wi(I;) + 09 - E; + 1E; - CiEs + 0(s2). (2.14)

From the definition (2.12), it is clear that the surface residual stress ¥ necessarily belongs to Ssym. and the surface
stiffness tensor Cs : Ssym — Ssym pOssesses the properties: (i) the major symmetry: My - €M, = M, - &M, for any My, M, €
Ssym, (ii) the minor symmetry:

CM=0if M' = -M¢eS, (2.15)

and (iii) the positive-definiteness: M - CsM > 0 for any 0 # M € Sgym if the free, standing-alone material surface Sy is stable.!®
Moreover, if the surface is isotropic in the sense that Wi (QTU;Q) = Ws(Us) for any U e Ssym and rigid rotation Qe SO(2),
then it can be shown that the surface stress has to be given by

05 = 00 + CEs = 00k + 2u5Es + ALTr(Es), 60 = 091, CoEs = 25Es + AL Tr(Es), (2.16)

where o is the isotropic residual surface stress, and (jis, As) is the analogous Lamé constants.

Though primarily applied to solids by practitioners, the nonlinear Gurtin-Murdoch’s formulation (2.7) is quite general,
including the capillary model (2.6) for fluidic surfaces as a special case. To see this, by a change of variables we can rewrite
the capillary energy (2.6) as a functional of deformation:

Ely] = /S y {det[(Voy)TVey]}2dso = /S Wo(Ugdso, Wi = y detUs (217)

It is also clear that the capillary model is isotropic: Ws(QTUsQ) = W (Us) for any Q e SO(2). According to the above argument
from (2.9) to (2.16), for a linearized capillary model one might anticipate a truncated energy form specified by (2.14) and
(2.16). It turns out, somewhat surprisingly, that the linearized capillary model admits quite a different form of surface stiff-
ness tensor. To see this, by (2.12) and direct calculation we find that (2.14) can be written as

W; =y + yTrEs + 5[(TrEs)? — |E|?] + o(g2), (2.18)
and hence by (2.8), the (linearized) Piola-Kirchhoff stress is given by
os =yl — yEs + yLTrE;. (2.19)

However, if the calculation in (2.11)-(2.14) were carefully repeated for the particular surface energy density W = y detUs,
one would find that (2.14) is no longer valid and by (2.11), should be replaced by

W, = Ws(ls) + yTrEs + %Tr[(Vsu)TVSu —EZ]+ %[(TI'ES)2 — |Es|?] + 0(g?). (2.20)

where the additional quadratic term %Tr[(Vsu)TVSU — E2] arises from the fact that the surface residual stress o9 is of order
0O(1) instead of O(¢) (cf, (2.13)). In other words, whenever the reference configuration Sy is not close to the critical “stress-
free” configuration as shown in Fig. 3(b) (i.e., the surface strain Us such that 0Ws(Us)/0Us = 0), there is additional quadratic

5 In solids, the material surface Sy usually represents the interface between two different phases and does not “stand alone”. Therefore, the positive-
definiteness of Cs can be violated, as shown in atomistic simulations (e.g. Hu and Liu, 2015; Shenoy, 2005).
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contributions from the “residual stress” in the expansion of energy function that is important for the correct linearization
of a nonlinear surface elasticity theory. The same phenomenon can occur in 3D nonlinear elasticity, though it is rare that
the reference configuration in 3D elasticity is chosen not to be close to a stress-free configuration (i.e., (2.13) is violated).
For the capillary model Ws = y detUs, a stress-free configuration is a surface with zero area which is apparently not close
to the reference configuration Sy. This gives rise to the extra terms in (2.20) as compared with (2.18).

2.3. A simplified summary and discussion of the key points underpinning surface elasticity as relevant for soft solids

With the benefit of the mathematical derivations of the linearized surface elasticity theory articulated in the previous
section, we attempt now to discuss some of the pertinent nuances for soft solids. The fluid mechanics community typically
work in the current configuration and invoke the surface energy in the form (2.6). Gurtin and Murdoch, in targeting solids,
advocated to separate the superficial elasticity of solid from the surface tension (2.6) and appeared to exclusively refer to the
“surface elasticity tensor” Gurtin and Murdoch (1975) being contributed by a solid surface. They also showed that how two
different but closely related surface elasticity tensors may emerge from the linearization procedure, depending on whether
one chooses to expand and truncate the Piola-Kirchhoff stress tensor or the (pulled-back) Cauchy stress. From the viewpoint
of energy, this amounts to starting with the surface energy functional with separate contributions from the surface tension
and “solid” surface elasticity:

Edyl = | ly detU + W, (Us)]dso. (2.21)
0
where W; is assumed to satisfy (2.13). Upon repeating the calculation from (2.11) to (2.20), we find that, for an isotropic
surface the (linearized) total surface stress is given by

05 = (00 + V)4 2(its — ¥)Es + (As + ¥)TrEs + y Vsu =: 0ol + 240Es + ATrEs + ¥ Vsu, (2.22)

where 60, us, As are defined by (2.12) and (2.16), og = 00 4+, g = is — ¥, Ag = As + ¥, and the extra terms (compared
with (2.16)) is contributed by the surface tension (c.f,, (2.20)). For hard solids, it is reasonable to assume that the deformed
state is close to the undeformed one and that there exists a stress-free state in its neighborhood. This justifies the omission
of surface tension (y =0) and the assumption (2.13), and the typically used version of the Gurtin-Murdoch model where
linearization is performed around such a suitable reference state with surface stress given by (2.16). In this case, the last
term in (2.22) should be neglected as well for consistency and the (linearized) surface stress is symmetric. In a soft solid,
which is closer to a fluid, neglecting the “solid” contribution with surface energy given by the first term in (2.21) alone
i.e. (2.6) may be more reasonable. Where then does the apparent surface elasticity emerge from? The key observation is
that even if the second term in (2.21) is neglected i.e. (As, us) =0, (Ag, Kg) in (2.22) do not vanish which gives rise to the
apparent surface elasticity. In other words, the (linearized) Piola-Kirchhoff stress does depend on the deformation gradient
or strain for a completely deformation independent surface tension and constant Cauchy stress in the current configuration.

In summary, we point out that the model in (2.6) is the prevailing minimum model to account for interfacial effects,
particularly in the works concerning liquids (e.g. the Young-Laplace equation). The capillary model (2.6) in Eulerian form
might appear to be simple, but is in fact nonlinear for the displacement u and the proper linearization yields the following
truncated elastic energy functional for small strain |Vsu| ~ € « 1:

1

Eful= [ Wi(Veu)dsy = / [)/ 4yl Va4 2V CSVsu]dso +o(e?), (2.23)
092 90 2

where, by (2.19) and (2.20), we have lumped all terms quadratic in Vsu together by introducing the new “surface elasticity

tensor” Cs'6 such that the surface stress o is given by

05 =yl + CsVsu = yI + Y[ Vsu + (Vs - w)ls — I(Vsu) — IVsu)T] = yIs + y (I,TrEs — 2Es) + ¥ Vsu. (2.24)

We remark that as a linear mapping from S to S, the new surface elasticity tensor (2.24) associated with the capillary model
does not enjoy the minor symmetry (2.15) and is not positive definite, and the surface stress o is in general non-symmetric.

3. Effective elastic properties of soft composites with capillary effects

As illustrated in Fig. 4(b), we consider a composite model with a single inclusion 25 embedded in a representative vol-
ume element Y c R3 of the composite. We choose the reference configuration to be the state with vanishing bulk stress in
the matrix Y\, and the solid or liquid inclusion €Y is assumed to be a sphere of radius Ry in this reference config-
uration. A novel ingredient of present work lies in that the interface between the inclusion and matrix is an elastic entity
and contributes an elastic energy that depends on the surface configuration. We describe the state of the composite by the
displacement u =y — X, where y : Y — R3 is the deformation (continuously differentiable up to the boundary 9,) and for
simplicity, restrict ourselves to the regime of small strain'’ (i.e., |[Vu|~& <« 1).

16 The reader is cautioned that Cs is different from the surface elasticity tensors Gurtin and Murdoch referred to in their works.
17 The existence of such a reference configuration is a postulation concerning the “mismatch” between the interface, interior bulk and exterior bulk.
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Fig. 4. (a) Hashin’s coated-sphere assemblage. (b) A simplified representative volume element of the composite consisting of three components: an exterior
domain, a spherical inclusion, and an interface.

3.1. Surface elastic model for a spherical incompressible inclusion

Although the linearized Gurtin-Murdoch model of form (2.16) is widely applied to model interfaces in solids and (red-
blood) cellular membranes, in this work we, however, employ the capillary model or surface tension model (2.6). We remark
that effective elastic properties of composites with a linearized Gurtin-Murdoch surface elasticity of form (2.16) have been
addressed in the works of Duan et al. (2005b), Sharma et al. (2003) and others.

For simplicity, we employ the truncated surface energy density in (2.23) of the capillary model. For closed surfaces, there
is a physically important scenario when the reference surface 02 is spherical of radius Ry and the interior volume remains
to be constant. Such a model and reference configuration is natural for incompressible liquid or soft inclusions. In this case,
the incompressibility constraint implies that

1 1

1 2
1= Vol(20) o, det(I+ Vu)dyy =1+ D0l(S9) o, (V Su+ —ZVuf]I‘Vu)dso +o0(&%), (3.1)

where the fourth-order tensor T : R3*3 — R3>3 is given by

TF = (TrF)I — F' VFeR3*3 ie. (T)ijkl = —81'15]',{ + 81»]-8,(,. (3.2)
By the divergence theorem, we find that
2 5 1 2
/ I, - Viuds, — / 2 Undsy = 0(6%) — — / 2 (uen) . TVuds,, (3.3)
9% 32, Ro 2 Jaq, Ro

where the first equality follows from (2.3), and the second equality follows from (3.1). In other words, the second inte-
gral fmo Is - Vsudsg in (2.23) in fact scales as O(e2)—the same as the third term in (2.23). Upon eliminating the term
fﬂo I - Vsudsg by (3.3), we obtain the leading strain energy for constant-volume quasi-spherical surfaces associated with
the capillary model (Liu et al., 2017):

1

Eu] = <

[Vsu V-2 (uon). ’]l‘Vsu]dso, (3.4)
2 Jaq, Ro

where an additive constant has been neglected.

Remark 1. In the subsequent sections, we choose the expression (3.4) as the surface elastic energy for spherical interfaces
with incompressible interior.'® As one will see shortly, the surface elasticity with incompressible interior in general “stiff-
ens” the composite since (3.4) is positive for nonzero |Vsu|. However, the capillary effect can “soften” the composite if the
inclusion is non-spherical or compressible for some applied loading direction since the tensor Cs defined in (2.24) is not
positive-definite.

8 Nevertheless, we subsequently present solutions to bulk elasticity for compressible interior with a bulk modulus ¥ ™ for brevity and potential general-
ization. The reader is cautioned that the final results only apply to incompressible interior with ¥ ™ — +occ.
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3.2. Homogenization formulation

For simplicity, we assume that the composite has periodic microstructure with Y = (0, 1)3 being a unit cell or repre-
sentative volume element (RVE). The microstructure is illustrated in Fig. 4(b), consisting of exterior bulk Y\$2g, spherical
interface 02, and interior bulk 2. For the exterior and interior bulks, their strain energies are modeled by the linearized
elasticity with a stiffness tensor C®* and CI?, respectively. Then the total elastic energy per RVE can be written as

Filu] = Efu] + Epful + Ep{u] = Efu] + [ [0 Vut 5 Vu-coVa | (3.5)

where EL“[u] and Ef¥[u] stand respectively for the elastic energy in the inclusion and the matrix, o'res is the possible residual

stress in the interior bulk, and the x-dependent bulk stiffness tensor Cy is given by
Cu— C*™ inY \ Qo,
#Z1C in Q.
3x3

We are interested in the effective properties of the composite incorporating the effects of surface elasticity. Let E € Riym
the prescribed average strain of the composite and 24 be the collection of admissible displacements:

Uy = {u : ][ Vu=E and Vuis Y—periodic}. (3.6)
y

From the principle of minimum free energy, the equilibrium state of the composite is governed by the minimization prob-
lem:

WET(E) := min{F[u] : u ey}, (3.7)

where \fof : Riyxrﬁ — R is referred to as the effective energy density. By the standard first-variation calculation, the Euler-
Lagrange equations associated with the variational principle (3.7) in the bulk are given by

{div(ccexw) =0 inY\Sq, (3.8)

div(C"Vu) =0 in Q.

In analogy with the classic homogenization theory (Milton, 2002), we regard the overall composite as a “bulk” elastic
material with an effective bulk stiffness tensor defined as

fi

eff _ az_qjle_f

O0EOE

. (3.9)
E=0
Since the energy function (3.5) is quadratic, we observe that Ceff is independent of s which is subsequently set to be
zero.

Evaluating the effective properties of the composite amounts to solving the minimization problem (3.7). However, exactly
solvable microstructures are rare; an exception includes the classic example of Hashin’s assemblage of coated spheres (cf.,
Fig. 4(a), Hashin (1962)). Before proceeding to the detailed solution, it is convenient to rewrite the energy (3.5) as a surface
integral while enforcing the bulk equilibrium Eq. (3.8);,. Let u € Uz be a trial solution satisfying (3.8);,, u’ be the “astray”
displacement:

v=u-u a=Ex (3.10)

We remark that u’ itself is Y-periodic. By the divergence theorem and (3.8);, we find the bulk elastic energy in the matrix
as

E[u] = / 1Vu. covu = / [liz CHE+E-CUVU 4 SV (CeXVu’]
Qo 2 v\ L 2 2
= 1(l —vp)E - C®E — (C**E) - uen-— —1/ u - (C™Vu')n, (3.11)
2 0%y 2 Jagy

where v¢ = vol(€2g)/vol(Y) is the volume fraction of the inclusion phase. Similarly, by the divergence theorem and (3.8), we
rewrite the bulk elastic energy in the inclusion as

EMfu] = %Vu OV = /

[—11_3 .CME+E.C"Vu' + qu’ . (C"‘Vu’]
Q0 QL2 2

1ufﬁ.<cmﬁ+(<ciné)./ u’®n+—1f v (CPVu)n, (3.12)
2 92 2 02y
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From (3.11), (3.12), and (3.4), we see that the total energy F;[u] defined by (3.5) can be rewritten as a surface integral on
092 (Recall that v’ is continuous across 0€2):

1 N
F][u] = Es[u] + 5(1 —1r)E - C¥E + EVfE -C"E
+(CME — C™E) / wen— lf u - (C*Vu)n + lf v - (C"Vu)n. (313)
990 2 Joqy 2 Joq;

This observation motivates our approach: instead of directly solving the Euler-Lagrange equations associated with (3.7), we
come back to the minimization problem (3.7) with the energy functional (3.13) which is now given as an surface integral
on 9.

3.3. Exact solution for coated spheres and effective elastic properties

For explicit solutions, we consider a coated sphere in the assemblage as illustrated in Fig. 4(a) and assume that (i) the
exterior and interior solids are isotropic with u™, «'™ (resp. u®, ¥) being the shear modulus and bulk modulus of the
inclusion (resp. matrix), and (ii) the average strain E is prescribed as

E=de,®e,+e,0e]+be, ®e, (3.14)

where (ex, e, e;) are the basis vectors for the Cartesian coordinate system. Immediately, the first line in (3.13) can be
written as

1

%(1 —vp)E- C¥E + %vfl'z .CInE = EE (1 =) C™ + vC M E. (3.15)

Upon specifying the boundary displacement
v =u on 9%, (3.16)

the differential Eq. (3.8);, uniquely determine the “astray” displacement u’ in both the exterior region Y\, and the interior
region 2g. Since the inclusion €2y is a sphere of radius Ry, we employ spherical coordinates (r, 6, ¢) and vector spherical
harmonics, and write the boundary value of u’ on 92 as

w,(0) =) [XY,(6) + O[¥,(0)], (3.17)
1=0

where the vectorial axis-symmetric spherical harmonics are defined as (see Appendix A.1 for details)

Y0 =ViO)e, ¥ =rVYi=e; ovi(0). (318)
and (er, ey, ey) are the unit basis vectors associated with spherical coordinates (1, 6, ¢). By (A.6) we rewrite the average
strain (3.14) as

E = (asin’6 + bcos26)e, @ e, + (a— b)sinf cosH (e, @ ey + e, @ e;)
+(acos?6 + bsin® 0)e, @ e, + ae, ® e (3.19)

Consequently, from Appendix A.1, (A.9) the second line in (3.13) can be written as

o _ 2 . .

(C'™E — C*E) - uen= ﬁ«/7?R5(15X6(2a +b) (k'™ — k™) + 4v/5(a — b) (U™ — u™ (364 +X2/)), (3.20)
EIo%

where we notice that only modes [ = 0, 2 survive in (3.20) since every component of (3.19) is at most a quadratic function

of X := x/|x|. The interior and exterior bulk energy associated with the astray displacement u’ is determined by the bound-

ary value problem: (3.8);,, f{r:R} u’ ®@e; =0, and the boundary conditions (3.16) and (3.17). By the standard procedure of

separation of variables, we find that (see details in Appendix A.2)

1 . 1 . 1 X in| X/
| Vu.C"Vu = 7/ u-(C"Vu')n=> | |-D" 4|
2 Jo, 2 Jya, ( ) g 2 [®J : [(9?} (3.21)
1 1 1 X X/ .
1 Vu' - CEVu = —7/ u-(CEVU)n =) || -D¥| L,

2 2 Jagy ( ) ; 2 |:®;:| : |:®;i|

Y\
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where the 2 x 2 matrices D}“ and D* for the leading two modes [ = 0 and I = 2 are given by

. 13 0 Ro(4u™ +3k%*v5)|1 0
m __ n ex __
D" = Rok [0 o]’ DX = = o ol

Din _ Rouim 39k + 160 18(=3k™ + 2pim) (3.22)
27 Giein 4 17puin [ 18(=3k™ +2ui")  12(15™ + 11) |0 :
Dex — 211 Ro 9™ + 16U — 6vp(kc™ +2u®) (k™ (6vf — 3) +4u™(3Bvr - 2))
27 31— vp) (k™ + 2u%) | 3(k™*(6V — 3) + 4> (Bvr —2))  9(5k + 8™ — 2up(k ™ +2u™)) |’

Further, the surface elastic energy can also be written as a quadratic form of (X, ®)) = (X. ®,) + (X/, ®}). In particular, if
the displacement @ = Ex = (ax;, ax,, bx3) on 9, can be written as

i =XYo +XoY2 + O,

where
Xo = %Ron”z(Za +b), X = —%Ro(Sn)l/z(a —b), ©,= —%Ro(Sn)]/z(a —b). (3.23)

By (3.23) and (A.9), we can rewrite (3.20) as a cross-term between (X, ©,) and (X, ®;):

ing _ eXg) . / _ Xl/ . Xl _ in _ ,.ex 1 0 _ ex _ ,,in 1 0
(C™E - C™E) /mou ®n_Z|:®; Bl g [ Bo=3(" =)ol oL Ba=-2Ro(u i)

1=0,2
(3.24)
Finally, using the capillary surface elasticity model, by (2.24) and (3.4) we have Liu et al. (2017):
e 1[X X i+ -2 0
Es[u] = g 3 |:®li| : Sl |:®l:|a Sl = )/|: 0 ol (325)
Collecting all terms in (3.13), by (3.15)-(3.25) we write the total energy as a quadratic function of (X/, @;):
Fi[u] = [va CE + (1-vpE-CE] + Y 4 X1 s, X’ + QX O)). (3.26)
oo 2 o, v

where
1 X X/ X/ X
asion- g [ o[- [5] s -w[3])
1=0.2 !
According to the original variational principle (3.7), the equilibrium X/, X, ®), can be determined by minimizing Q;:

Qi(a.b) = min Q:(X}.%. O)). (3.28)
07272

Being a quadratic minimization problem, we immediately find the minimizing (X}. X;. ®)):

2(2a+ b) /TR (% + 3 (k™ —

0~ 2y in 3V +4u
3(_W + 3kn =T

m)) ex -1 XZ
@/ = —(D +DS+8)7" (S +By)| =7 |- (3.29)
) ©:
Inserting the solution (3.29) back into (3.27), we find the minimum free energy as a function of (a, b):
Ff(a,b) = —E [(1—v)C™ +yC™ E+ 2y( 2X3 +4X3) + Q; (a. b),

where

X3Ro(R +30c™ —k™)> 11X X
Qab) =-—m ST~ 5| 6 |- (S2+B2) (DY + DS +8)7 (S +B)
1 2(CZ 4+ 3 4 BT T 2| @y P 2

It is clear that Q;(a,b) and F;*(a, b) are quadratic forms of (a, b). By (3.7) and (3.9), we identify the effective bulk modulus
«¢ff and effective shear modulus ¢ associated with the effective stiffness tensor C¢ff as follows:

Ve( R + 3k — k™)) Bk + )
6(*1R+0Uf)}’ + 3Bvs(ke — kin) 4 3xcin 4 4Mex)’

Keff — X
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X ex in in
Meff: Mex+5vfMeX(3K.ex+4MeX)(12(_Mex+M1n)+ 2y (h +2p™) (6™ +17u )>/

Ro
(B (L (9 + BU)K™ +4(2 + 3 ™) = 6(=1 +vp) (k™ + 2 ™) p™)
+1§—V (—6Kk MU (=5 + 20k ™ + 4(=2 + V) ™) + (= 30(=1 + vk ™k ™ + (85 — 34vp) K™ U™
0
—60(=1+ Uk U™ — 68(=2 +vp) (W™)?) ™ = 22(=1 + vp) (k™ +2p) (W™)?)), (330)

where, to avoid the bulkiness of the final expressions, we have introduced the constants Iy and I,:

I _ ZMi"(lsKi"+l1/,Ll")
1= "7 (3.31)
L = Kin(48,uex + 57Min) +4Min(34luex + Min).

We remark that the above formula, though appear to be general, are only applicable to incompressible interior with
k'™ — 4o00. The above results contain several limiting cases:

1. Dilute volume fraction of incompressible particles:
Keff =K 4 %(BKex +4MeX)!
Meff — Mex + 5vf,ue"(3/<e" + 4Mex)((48Mex + 57Min)(_uex + Min) + %(SM in + Zuex))/
((48,bLEX 4 57Min)(Mex(9Kex + SMEX) 4 6(Kex + ZMeX)/Lin) 4 %(30/(“(/1“ 4 Min) 4 lzluex(4luex + S[Lin))).
(3.32)

2. Rigid particles: The fillers are rigid particles meaning that they approach the following elastic properties ui", k" — 400
rceff — peex 4 w off _ ex , OV (3K +4u™)

, = . 3.33
30— P TH T BA S w2 (3:33)
In addition, if the matrix is incompressible (k® — +o00), then the above equations reduce to x*f = +o0 and
5]/ ex
eff ex {104
= 1 3.34
e e T ™ (3.34)

3. Liquid-like particles: In the limiting case of having liquid like particles, the elastic properties of the inclusion will verify
pLi“ -0,k 5 +00
V(3K +4u™)

eff _ ,ex
A TG TS N

SU (— f + 214%) (B + 4p™) (3.35)
(5= 20K — 4(=2 + V) ) + 2 (9 + 6UP)K™ + 4(2 + 3vp) )

/,LEff — ’uex _

In addition, if the matrix is incompressible (K — +oc), then the above equations reduce to «¢f = 400, and
5vfuex (_’J{T) + zuex)

eff _
(5 —2u) +23 + 20 pu’

U = — (3.36)

3.4. Results and discussion

The first observation that we can make is that the capillary effect does not manifest if we are dealing with rigid parti-
cles. In contrast, the capillary effect is very important when the inclusions behave like liquid-like particles embedded in a
compliant matrix, see Fig. 5. In the dilute limit, our results, in particular the effective Young’s modulus shown below, match
those obtained by Style et al. (2015b):

eff 3y _
% -1+ M (3.37)
3(pk +2)

As well-evident in Fig. 5, the conventional wisdom that would suggest the softening of a compliant matrix filled with liquid
inclusions is only true for low values of the dimensionless capillary number y [(E**Ry)—i.e. when either the inclusions are
large or surface tension is small. In fact, as already noted by Style et al. (2015b), when the surface tension is negligible,
the composite (in the dilute limit) become more compliant in exact agreement with Eshelby’s prediction of Eeff/Eex = (1 —
5/3vf) (Eshelby, 1957). On the other hand, in the surface tension dominated limit, E¢ff/E®* = (1 + v¢) in accordance with
Style et al. (2015b). The overall stiffening of the composite due to capillarity could be understood due to the geometry of
the inclusions. Starting from a spherical shape, the surface tension tends to keep this preferred geometry to ensure the
minimum energy. However, any tension or compression applied to the composite will try to deform the liquid-like spheres
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Fig. 5. Effective properties of an incompressible matrix filled with liquid-like spherical particles (k® = +oco, ui" = 0, k" = +00). The left plot shows the
variation of the effective shear modulus with respect to the volume fraction while the one on the right right depicts the result for the effective Young's
modulus in the dilute limit as shown in Eq. (3.37).

to ellipsoids and take them out from their minimum energy configuration. In this sense, the surface tension will resist the
deformation which will result in an overall stiffening of the composite.

We close this section by making a few general remarks on the significance of our formulation and subsequent lineariza-
tion of the capillary theory for soft materials. First and foremost our formulation is consistent from a classical continuum
mechanics viewpoint and it becomes quite clear how and (more importantly) why residual surface tension can impact ef-
fective mechanical properties. Finally, the construction of the presented framework allows for a systematic extension to the
electrostatic case—which we present next.

4. Effective electrostrictive properties of composites with capillary effects
4.1. Homogenization formulation and effective electrostrictive properties

We now consider the effective electro-elastic properties of the soft composite. In the absence of capillary effects, the
homogenization and effective electrostrictive properties have been addressed in Lefevre and Lopez-Pamies (2014) and
Tian (2007). Two of the authors, Liu and Sharma (2018) have recently explored the emergent piezoelectric properties for
composites with embedded charges and dipoles. In this work, we focus on the effective electrostrictive properties taking
into account of the capillary effects from interfaces between different phases. The motivation lies in the physical intuition
that soft and highly polarizable materials permit large electrostrictive coupling coefficients. Liquid ionic inclusions in soft
matter are clearly the extremes of soft and highly polarizable materials. Evidently, as discussed in the last section, the in-
terfaces between liquid inclusions and ambient soft matrix may contribute non-negligible elastic energy and significantly
influence the overall electrostrictive properties of the composite, necessitating the subsequent calculation of effective elec-
trostrictive properties with capillary effects.

As in the preceding section, we employ a variational formulation and the principle of energy equivalence to define the
effective properties of the composite. Let €% (resp. €") be the permittivity of the matrix (resp. inclusion) phase and define
the x-dependent permittivity €4 : Y — R as

o — €™ inY\ Qo,
#= e in Q.

If the average electric field in the RVE is prescribed at e € R, the local electric field —V&; : Y — R is uniquely determined
by the variational problem

G (&) := min {G[g] & |vs|2}, (41)
§ePe y 2
where the admissible space P; for potential is defined as
Us= (£ — ][ VE—@  VEis Y-periodic). (42)
Y

Let & € Pz be a minimizer to (4.1). Clearly, it should satisfy the associated Euler-Lagrange equation:

V. (e4VE)=0 inY. (4.3)
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Also, the effective permittivity tensor €*f of the composite is related with the minimum energy G*f(e) by
eeff _ 8ZGeff(é)
adege
For ideal dielectric materials, the electrostrictive stress due to the electric field can be written as Liu (2014), Liu and
Sharma (2018), Tian (2007), and Tian et al. (2012):

Gff(e) = %é efe, e, (4.4)

Oclect = A# (Véé ® Vfé), (45)
where the fourth-order tensor Ay is given by
€ . €
(Ap)iju = 7#(51‘@]1 +0y8jk — 8ijdk), ie, Ap(VEQVE)=€;VEeQ VE - 7#|V§|21- (4.6)

By (4.3), we immediately find that
divogjet =0 in Y\ (0€). (4.7)

In other words, the electrostrictive stress is equivalent to an interfacial traction on 9.
If the average strain in the RVE is prescribed at E ngxlg the actual local strain is uniquely determined by the following
variational'® problem (Tian, 2007; Tian et al., 2012):

WET(E, @) := min{F[u; €] : uelf), (4.8)

where the energy F[u; €] is given by
_ 1
Elu; e] =Es[u]+/; —ZVu-C#Vudx+/qu-aelectdx. (4.9)

We remark that in the above equation, the first term arises from the capillary model for the interface <2 (cf, (3.4)), the
second term is the bulk elastic energy, and the last term reflects the electrostrictive effect of the electric field.

We are interested in the effective electrostrictive properties of the composite and how surface tension y influences
the macroscopic electrostriction. Following the classic paradigm of homogenization, we define the effective stiffness tensor
ceff and the effective electrostrictive tensor A¢ff by equating the energy density of the composite to the energy density of
“homogenized” bulk material with the same average strain and electric field:

Wet(E, &) = we(0,0) + 6% - E + %E CTE+E-AT(@me)+---. (4.10)
In other words, we define the effective tensors Ceff, Aeff by

82\Ijeff 83 \Ijeff
eff _ 31'5732]'3 and aci_ L 2 (411)

(E.8)=0 2 9Edéde (E,é)zo.
Comparing the functional form (4.9) with (3.5), we find that the effective stiffness tensor Ceff is exactly the same as in
Section 3, and the effective electrostrictive tensor A% can be determined by

1 93 -
A= 2 — By e , 412
2 { dEdede [ug: €] (E.8)=0 (412)
where u; € U is a minimizer of (4.8) and satisfies the associated Euler-Lagrange equations:
div(C*VU + O¢jee) = div(C*Vu) =0 in Y\ Qo, (413)
div(C"Vu + 0 eer) = div(C"Vu) =0 in Q. ’

For isotropic composites, the electrostrictive tensor A®f has to be of the same form as an isotropic elasticity tensor and
can be written as
AT = mgffc + me7 where

1 2 1 (4.14)
Kiju = 5[5:%311 + 830k — §5ij5k1] and Jj = §5ij3k1

where m,%ff, m]eff are two material constants in analogy with shear and bulk moduli of an isotropic elastic material. Immedi-
ately, we find the relations between the component of tensor A°f and constants mg, mjEff satisfy

1 1 2 1
ff ff ff - qeff ff ff
Affys = _§mle( + §m]e » Al = §m§ + §m]e . (4.15)

19 The electrostriction homogenization problem is complicated by fact that it is nonlinear in nature. Tian (2007) and Tian et al. (2012) introduced a clever
scaling ansatz that allows a decoupling of the mechanical and electrical problems and the variational principle used below is a consequence of that. Due
to this scaling assumption, and as evident from the variational principle, the electrical problem is solved separately and its results then enter as a “forcing”
function in the mechanical problem.
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4.2. Exact solutions for a coated sphere with surface energy
For exact solutions, we consider the special microstructure of Hashin’s coated spheres. For a coated sphere as illustrated

in Fig. 4(b), the condition — f;, V& = € should be replaced by

3
/ te, = - Rg (4.16)
{r=R} 3

If the average electric field e = ege;, the solution to the electrostatic problem (4.3) and (4.16) is well-known and can be
found in the textbook, e.g., Milton (2002):

—cl" egr cos ifr <Ry,
e = 0 (417)
—cf*eprcos ) — cSeg<%*  ifRp <1 <R
where
cr = e - :
0 (yf+2)€ex 7Uf61n +Em’
Cex _ 2eeX + ein- . ex _ R(B)(Eex _ Eil‘.l) -
DT (4 2)e — vpein 4 ein’ 27 (Vp+2)€ — vein + €in
Immediately, from the definition (4.4) we find the effective permittivity of the composite is given by
3y (—eeX Ein
eoff — gex r€( +€em) (4.18)

(2 + vp)€eex + €in — prein’

This result is classic and matches the Hashin-Shtrikman’s bounds for any volume fraction v¢e(0, 1).
To solve the minimization problem (4.8), it is convenient to rewrite the last term in (4.9) as a surface integral. First, we
notice that

/ Vu. Oclect = /(E + Vu’) *Oelect = / ]:: *Oelect — / u'. [[aelect]]n~ (4-19)
Y Y Y Q0

From (3.19) and (A.9), we find that

e _ 2 3.0 N2 ing.in 2 27 ejRY (vp — 1)e™
/YE Oclect = 37TR0(60) €"(cg")*(b—2a) + 150 (Vs + 2)€ — vgein + in)2

—4€™eM(2a2u; — 5) + b(Vs + 5)) + (€™)2(2a(4vs + 5) + bQu; — 5))). (4.20)
In addition, by (A.9) and (A.27) we obtain

/ X/
_/39 u '[[Gelect]]n = Z {bl . |:®l;i| }, (4-21)

(2(€*)*(4a(ve + 5) + b(ve — 10))

0 1=0.2
where
b | 3VEERGe™ (2(e)? —ee — (€)?) | 6/ ZeAR2e (¢ — €in)? . @22
° (Vg +2)€™ —vpein + €in)? T (- 2)ex —wpein 1 )2 [0 '

Collecting terms in (4.9), by (3.15), (3.20)-(3.25), and (4.19)-(4.22), we once again manage to write the total energy as a
quadratic function of (X/, ®)):

BElu;e] = %E €™ + (1 — vg) - CJE + %y(fzxg +4X2) +E-fyaelm +Q (X[, ©)), (4.23)
where
@) — Y . Xl/ — l Xl/ (DM ex Xl/ Xl/ . )__(l
Qz(Xp@z) = Q] (Xl’ ()1) +l§2 {bl |:®; = 2 1§2 @; (Dl +Dl +Sl) @; + @; (Sl +Bl) ®l +bl .
(4.24)

From the original variational principle (4.8), the equilibrium X}, X}, ®,, can be determined by minimizing Q,:
Q;(a,b) := min Q. (X}, X5, ©)). (4.25)
X}.X5,0%
Being a quadratic minimization problem, we immediately find the minimizing (X}. X;. ©}):
ﬁR()(ﬁiRé(bo) — 4 40(3L 4 3(k — kM) + Bb(—kcX + Kin))

_2 in _ UK *+4u ’
3( Ro + 3k —1+v¢ )

X} =
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[@%2 ] = (D7 + D" +Sz)_1{(52 +Bz)|:();§22:| +bz}, (4.26)

where (bg) refers to first component of by (cf,, (4.22)). Inserting the solution (4.26) back into (4.25), we find the minimum
free energy as a function of (a, b):

1- I 1 _ _ _
E(a,b) = —ZE 1A =v)C* +1,C™M [E + 5y(—2x§ + 4X22) +E- /Y(Telect +Q;(a, b),
where

Qi(a,b) = Qi(a,b) — ~ (bo):

2 (D1 + DF) 1 -2y

. _ _
—ba - (D +D§* + St [2(52 +B;) [gz] + b2:|.
2

[2(=2y + (Bo)11)Xo + (bo)1 ]

We remark that Q; (a, b) and F;(a, b) are not quadratic functions of ey. Nevertheless, from (4.10) and (4.11) we can identify
the effective electrostrictive tensor A by

» eff (o a > in ex — X
EA“(e@e):E./yoelm— > {b,~(D, +Df* +S) 1(5,+B,)[®’J, (4.27)

1=0,2

eff

and in particular, explicitly calculate the components A$j5,

details in Appendix A.3):

and AST... By (4.15), we can then find mgf, mjerf as follows (see

meff — 66X+A62 1 5 —2vf 15 —I—AGZA _ 1
kK = 15Uf eex €in — Gex M . 4 GKi“MeX+15Ki",ui"+17Mexpl.i“+]1 (Min)z
5Uf2€ex — X in % 5
o e 1 ) (—1 4 v)(265% 4 €m) (2 4 3(kex — i)
met =~ lac e SRS o , 4 , (4.28)
2 2 vafex(fex _ 6'”)(T'y + 3vf(Kex _ Km) + 3xcin 4Mex)

where I, is defined in (3.31) and with Ae = €®ff — ¢ and Ap = peff — pex,
The above results contain several limiting cases:

1. Dilute volume fraction of incompressible particles:

3Upe (—e® 4 ¢in)

eff _ _ex
mg =€+ 2eex 4 gin

— (9Uf€eX(€ex _ ei")z,uex(BKex + 4MEX))/

2 ex iny2 ex ex ex ex 2 ex mn _ ex ex n 12 ex 4 ex mn
(2™ + € )(M (9% 4+ 8u) + 6(Kk* +2u™) 1 +RO(48MeX+57Mm)(30K (U 4+ ™) + 1205 (4u +5u )))
off €8x L Gvf(GEX _ Ein)
mit = - ( 1 Qe rem )’ (4.29)
2. Rigid particles with infinite permittivity: In the limit of rigid infinite-permittivity particles when ui", ki — +00 and
€ 5 400
3(5 - 2vp)v € 3v6(2 + vp)
eff _ _ex fIVf eff _ _ f f
mg' =¢€ <1+5(l—vf)2 ),mj -5 ( 1+7(1—vf)2 . (4.30)

3. Liquid-like particles with infinite permittivity, i.e., ui" — 0, k" - 400 and € — +oo:
3Vf€ex(_% (=5 +20p) ((=5 + 20k ™ + 4(=2 + V) ™) — 8(1 — V) U™ (=5 + 3vp(K™ + 2u™)))
5(=1+vp)2(F (=5 + 20K + 4(=2 + Up) u) — 2 ((9 + 6Up) K + 4(2 + 3vp) )

m;ff — e +

ff €% 324 vp)e™

4.31
™ 2 T 20w (431)
In addition, if the matrix is incompressible (k®* — +o0), then the above equations reduce to
e (L (5 - 2v5)? — 8(—1 + vp)vpu™ ex 2 ex
meff — e f (RO ! DY) meft — < 30r(2 + v e (4.32)

51+ 2 (L (=5 +2vp) - 23 + 2vpp) 2 2(1-wp?
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Fig. 6. Electrostriction of a film under the application of an electric field.

4.3. Results and discussion

To physically interpret the derived effective electrostriction coefficients, we consider a dielectric thin film as sketched in
Fig. 6. The thin film is placed between two compliant electrodes and a uniform external electric field e ~ %k is applied,

where ¢ denotes the voltage applied between the compliant electrodes and L3 represents the initial thickness of the thin
layer of the dielectric elastomer composite. From (4.13),, the total stress in the film can be expressed as

o=CE+ A (e xe). (4.33)

Since there is no applied boundary traction, in equilibrium we necessarily have o =0 which, by (4.33), implies that the
average strain E can be written as

eff eff meff
L é®é+(m'< J )(é~é)l, (4.34)

(ool

2l 6l Opceff

To be more specific, we can rewrite the strain tensor with respect to the cartesian basis vector {i, j, k} as

E:E]]i@i-l-E-nj ®j+E-33k®k, (4.35)

where
ff ff eff

> F mgt oM > my my 2

En =Epn= <6Meff ~geer )60 Em=- 3ucf * gpeert ) €0° (4.36)
which may be compared with the strains we would obtain if the film were made of the homogeneous soft matrix material:

66)( ECX 5 GCX GEX 5
H=E3= (W + lSKe’()eO’ ES = _(3#5" - W)eo. (4.37)

The ratios £ and £ thus provide a measure of the electrostrictive deformation due to the presence of capillary effect and

EEX EeX
. 1 33
liquid inclusions.

4.4. Results for the capillarity and electrostrictive response of a soft matrix containing high permittivity liquid inclusions

We first consider the case of a nearly incompressible dielectric elastomer filled with liquid-like high permittivity spherical
particles such that «®/u® = 103, uin/ ™ = 1072, "/ = 103, €i"/e® = 102 as shown in Fig. 7. These values are within
the specific range of dielectric elastomer composites filled with incompressible fluid fillers with vanishingly shear modulus.
The behavior of Young’s modulus is similar to what was earlier depicted in Fig. 5, since the effective mechanical properties
are not affected by electrostriction. According, we focus on analyzing the effect of capillarity on the electrostrictive prop-
erties represented in (4.28). As evident from Fig. 7, both electrostriction coefficients m;ff and m?ff increase with increasing
value of the capillary numbery [(1t®*Ry) which would indicate an increase in the propensity of the composite to deform
under the action of an electrical field. However, the overall stiffening of the composite tends to counteract the deformation.
These mutually contradictory effects lead to the situation that the ratio Es3 /ESX is relatively uninfluenced by capillary effects.
In short, while adding liquid inclusions to a soft solid does lead to enhanced electromechanical coupling, deformation and
electrostriction, the effect of capillarity is relatively small due to two mutually counteracting effects. This begs the question
whether capillarity has an effect on the electromechanical coupling of any physical consequence. We find an affirmative
answer to this question in the context of maximum energy of conversion discussion in the next section.

4.4.1. Maximum energy conversion

While capillarity does not appear to influence the actuator action of the soft composite with liquid inclusion, since the
electrostriction coefficient does appear to be strongly enhanced, we may consider whether augmented energy conversion is
possible. Unlike piezoelectrics, special conditions must be used for energy harvesting through electrostriction. For example,
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Fig. 7. Effective properties of a nearly incompressible dielectric elastomer filled with liquid-like high permittivity spherical particles. (k' = 103 u®, uit =
10—2Mex, Kin - 103Mex’ Ein - lozeex)_

prior works have used pre-existing loads (or electrical fields) to engineer energy harvesting (Koh et al., 2011, 2009; Yang
et al., 2017). Similar to those works, we consider the soft dielectric film filled with liquid inclusions subject to a uniform
uniaxial external electric field through its thickness and in-plane equal biaxial load. Specifically we use a modified version
of an analytical result by Koh et al. (2011) that relates the maximum energy of conversion to parameters such as dielectric
constants, elastic properties, breakdown field among others. Essentially, Koh et al. (2011) derived the maximum energy of
conversion for dielectric elastomers on the basis of four modes of failure: electrical breakdown, electromechanical instability,
loss of tension, and material rupture. They focused on the full range of strain of operation, invoked a stress-strain relation
that captures stiffening and also incorporated the fact that the electrical breakdown field is enhanced by strain. For the sake
of ensuring durability, the authors investigated, among other things, the case of small strain operations (up to 5% stain).
For materials verifying that eexeéB < 6™ emax, they found the following analytical expression of the maximum energy of
conversion Ymax

1 o (€%egp)’
Ymax = ; (zemaxeeerB - W (4.38)

such that epax is the maximum strain of operation, egg is the magnitude of the electrical breakdown field and p is the mass
density of 1000 kg m~3. In our context, of course, the permittivity must be replaced by suitable homogenized electrostrictive
coefficients (and for that matter, elastic properties). For the geometry under consideration, the Maxwell stress component,
according to (4.6), is 011 = 0 = —%eexeég. However, adding liquid inclusions leads to two important consequences. First,
the dielectric elastomer film is not homogenous anymore, thus, we need to determine the corresponding effective Maxwell

stress component. According to (4.10) and (4.11), we have o = oSl = Al e2, = AST._e2.. Consequently, we can replace €

in their equations by —2ASf_ and p® by u° which leads to the following equation:

1 (ZAeff o2 )2
Ymax = > (4emaxAx${f33e§B - % (4.39)
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Fig. 8. Maximum energy of conversion Ym.x as a function of the volume fraction for only 5% operating strain. This plot shows the enhancement in the
energy of conversion for a soft dielectric with liquid like inclusions as demonstrated in (4.39) such that «®™ = 103, ui® = 102, k™ = 103 u®, €t =
10%€%, egg = 30 x 106 V. m~', epax = 0.05, u® = 0.5 MPa, € =3¢y and €y = 8.854 x 1072 F m~"'.

Second, adding liquid inclusions into a soft dielectric polymer alters its electrical breakdown. As a matter of fact, in a recent
study (Wang et al., 2012) it was shown that the breakdown electric field of a polymer filled with liquid drops scales as

Z,/ ’:% where Z is a non-dimensional parameter that accounts for the geometry and interaction of the drops and approaches

Z = 0.55 in case of a single drop. The aforementioned work not only concludes that soft dielectrics with higher moduli have
a proportionally higher breakdown field, but also that increasing the volume fraction of liquid inclusions leads to a decrease
of the breakdown electric field. Accordingly, in this part of the discussion, we restrict ourselves to a concentration not higher
than 20% and believe that we can safely use a breakdown field egg = 30 x 106 V. m~! for the ensuing calculations.

Based on the stated arguments in the preceding paragraph, and in order to compare our results with the ones presented
in Koh et al. (2011), we use the material parameters specified in the caption of Fig. 8.

In Fig. 8, when the volume fraction is 0, we recover the result for a homogeneous soft dielectric shown in
Koh et al. (2011) where the maximum energy of conversion is estimated to be 2.2 mJ/g. Adding liquid inclusions and taking
into account the capillary effect considerably enhances the performance of the composite as a generator. Even for only 5%
of operating strain, we observe an improvement up to 74.9% for a 20% volume fraction and for a ratio y/(u®*Rg) = 50. This
means that the smaller the radii of the liquid drops are (or larger the surface tension), the better the generator performance
will be. For a soft dielectric elastomer with a shear modulus ©® = 0.5 MPa, this value is achievable for nano-sized inclu-
sions. We may further speculate that enhanced energy conversion is possible if we use a larger operating strain but a fully
nonlinear framework (as opposed to linearized) must be used to assess those results.

4.5. Effective electrostrictive properties of composites without capillary effects and connection to past literature

As already discussed in prior sections, effective electrostrictive properties of composites (without consideration of capil-
larity) has been considered before. In this section, we simply present our results (stripped of capillarity, y = 0) to make a
connection with those works. Specifically, in Fig. 9 we compare the results with those of Spinelli et al. (2015). The effective
properties without capillarity are

5 _ Dy 4 15 ) 1

ff 2( f —€&Xteln 2

m1e< = €™+ Ae 151/f€ex + Ae AI’LSUfZGex(Mex _ Min)’
ex A 3(1 — 2eeX in ex _ ,-in

m;ff:—e———€+A62 (1 = V) (2™ 4 €B) (ke — k™) . (4.40)
2 2 20peX (€% — €M) Bup(k X — kM) + 3N 4 448%)

Our results are only valid in the limit of incompressible inclusions and so we plot the results for a nearly incom-
pressible dielectric elastomer filled with liquid-like high permittivity spherical particles such that «/u® = 103, uin/u =
1072, k" /% = 103, €in /€% = 102. Fig. 9 shows the normalized effective shear modulus /11 based on Eq. (3.30),, the
permittivity €°T/e* using (4.18), the electrostrictive coefficients mgff/e®, —2mef/e®* based on Eq. (4.40) and the ratio of

electrostriction l:=33/E§’3‘ from (4.36) and (4.37), as a function of the volume fraction v;. In these subfigures, the blue solid
lines are the result of our theory. The turquoise dashed lines represent the Differential Coated Sphere (DCS) assemblage
homogenization scheme (Lefevre and Lopez-Pamies, 2014). The red solid circles correspond to the finite element (FE) sim-
ulations results for isotropic suspensions of monodisperse spherical particles (Spinelli et al., 2015). We remark that our
effective permittivity, shear modulus and electrostriction coefficients mfff are consistent with the DCS and FE results. Thus,
in absence of surface tension, the shear modulus decreases and both the normalized effective permittivity and the ratio
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Fig. 9. Effective properties of a nearly incompressible dielectric elastomer filled with liquid-like high permittivity spherical particles in absence of capil-
larity. (k& = 103, uint = 1072, k" = 103 1, €™ = 102€%*). The blue solid lines are the result of our theory. The turquoise dashed lines represent the
results for isotropic suspensions of polydispersed spherical particles for the differential coated sphere (DCS) assemblage (Lefevre and Lopez-Pamies, 2014).
The red solid circles correspond to FE simulations results for isotropic suspensions of monodisperse spherical particles (Spinelli et al., 2015). The green
dashed line stands for isotropic distribution of spherical particles with isotropic elastic dielectric properties (Spinelli et al., 2015). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

—2m]'~“ff/eex increase as we add more liquid inclusions. However, when it comes the effective electrostrictive coefficient mf(ff

and the ratio 533/E§’3‘, we note a difference between the theoretical result of Spinelli et al. (2015) and ours, although our
calculations do match their DCS and FE results.

5. Concluding remarks and prospects for future work

(i) One of the key contribution of this work is to clarify the structure of the capillarity theoretical framework that is
suitable for soft matter. While, the Gurtin and Murdoch (1975) framework is quite general, its linearized version
is often used and interpreted in a manner that obfuscates physical insights underpinning the observation that the
apparent “residual surface tension” can soften or enhance the stiffness of a soft solid depending on the capillary
number.

(ii) We find that the “surface tension” like term gives rise to an apparent surface elasticity tensor that is distinct from
the surface elasticity tensor of the Gurtin-Murdoch theory that is frequently used in the context of hard solids.

(iii) From the elaborated calculation in Section 3.1, one can see that the shape of liquid inclusions is qualitatively im-
portant. For non-spherical inclusions, we do expect “softening” effects of liquid inclusions, at least for some loading
directions, even if the interior is incompressible. Spherical inclusions is peculiar because a spherical surface is a min-
imum surface for fixed interior volume. This aspect was not pursued in the present work but arguably represents an
interesting extension.
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(iv) Recognizing that in experiments, the liquid inclusions are frequently ionic in nature, we investigated the interplay
between electrostatics, capillarity and high permittivity liquid inclusions for enhanced electrostriction and energy
conversion in soft solids. We find that due to a competition between enhanced electrostriction and elastic stiffening,
the actuator mode of the soft solid remains relatively unaffected by capillarity, its propensity for energy conversion is
increased quite significantly. An interesting future extension could involved consideration of interfacial charges and/or
surface electrostatics.
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Appendix A
A.1. Spherical coordinates and spherical harmonics

Let (1, 0, @) be the usual spherical coordinates. First, we recall that axis-symmetric spherical harmonics are given by

1
N®) = /2 neose), R0 = g o [0 1] (A1)

where P, : (-1,1) — R is the Legendre polynomials satisfying
da ¢! —xz)ip(x) +I(I+1)PR(x)=0
dx dx'! ==

Therefore, we have that (I = I(I+ 1) and / = d/df)
r2AY, =Y/ + cot0Y] = -,

and the orthogonal properties (S is the unit spherical surface):

[Yida=su [¥ivida=Ton [ (ad)(Aoda= D2,

) (A2)
Iy == /Y/’Yk’ cotfda = —/Y,’Y,é’ cot9da+/Y,’Yk’da = —Iiy + 18y
S S S

The axis-symmetric vector spherical harmonics are defined as (e =r/r, ey, e, are the unit basis vectors of spherical coordi-
nate (r, 6, ¢))

Y, =Ye,, ¥, =rVY, =Y/ey, ®, =rx VY,

It is convenient to explicitly write down [ = 0, 2 modes:

Yo(0) = é, Y2(9)=l\/§(3c0529—1), Yé(@):—z\/zsinw. (A3)

Vector spherical harmonics being a complete basis, an axis-symmetric vector field admits the following expansion:

ux) =u'(r,0)e +u’ (r,0)eg = Y _(X((NY, + O, (1)), (A4)
1=0

where by (A.2),

1 1
X(r) =~ f U0 (O)da,  Or) = / u (1, 6)Y/ (6)da. (A5)
< Jos, Ir2 Jas,
Recall the transformation matrix between basis vectors of the spherical coordinates and the cartesian coordinate basis vec-
tors:
ey sinfcos¢p cosfcos¢p —sing][e;
e, [ =|sinfsing cosOsing cos¢p ||ey|. (A.6)
e, cosf —sin® 0 e

We now consider the axis-symmetric displacement @ = EX = (axy, axy, bx3) on 9y = {r = Rg}. By (A.5) and (A.6), we
find that

i =XYo +XoY; + 0,0,
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where

c _2p _ap % 4 172 S 2 172

Xo = §R07T 2a+b), Xy = —ER()(S]T) (a—b) O, = —ERO(ST[) (a—Db). (A7)
Moreover, for an axis-symmetric vector field u’ on 02, given by

u'(0) =X Yo(0) + X5Y2(0) + ©LW,(6), (A.8)
By (A.3) we find that (n =e;)

/ =X+ §X5(3cos(20) + 1) /2 0 0
wen= 1(=3)/20}sin(20) 0 0 (A.9)

0 0 O

with respect to the spherical coordinate system {e;, ey, ,}. By (A.6) and direct integration we find that
5X;—v5(305+X)) 0
1 ENG f
. _ 5X,—/5(30)4X})
= g e, WO = 0 SV S 0 : (A.10)
0 0 0 5X)+2v/5(304+X;)
ENG

where the matrix components are with respect to Cartesian coordinates (e, ey, €;).

A.2. Determination of bulk elastic energies

The purpose of this subsection is to find the exterior and interior bulk elastic energies as determined by the boundary
value problem:

diV((C#VV) =0 in {r < Rg} U {Ro <r< R},
v-v on {r = Ro).

f ven=0,
{r=R)

where r <R (resp. Ry < <R) represents the inclusion (resp. matrix) region (see Fig. 2(a)), and v? is the prescribed interfacial
displacement defined on 0€2(. By (A.4), a solution to (A.11) can in general be written as

(A11)

v(r,0) =Y X (NY, + 6,(NY)). (A12)
=0
Assuming isotropic bulk stiffness tensor Cy and by substituting (A.12) into (A.11), we obtain, for each mode [, ODEs for mode
amplitudes (X;(r), ©,(r)).

» For | = 0 mode, we write
v(r,0) =Xo(r)Yo(0). (A13)

By (A.11), we end up with the following system of equations to find the displacement’s amplitude

(PX)(1) = 2Xo(r) =0 if r € (0.Ro) U (Ro. R).

Al4
XoRo) =X, [ Kol we =0, (A14)
{r=R}
where X(’)’ = Xo(r = Rg). Immediately, we find the solution in the interior and exterior domains as (v = Rg/R3)
Xb
R O if <Ry,
o
Xo(r)=1 —Xbu; X, R (A15)
— if R R.
Ro(T—vp " (—wpr " 07"
Therefore, the interior strain energy can be expressed as a quadratic form of Xg :
1oy C"Vv = EKmRO(xg;)Z. (A16)
{r<Ro} 2
Similarly, the exterior strain energy can be written as
1 R X’J 2 (41 4 3K,
1 [ gy conyy = Roo)” (A + 3% (A17)
{Ro<r<R) 2(1 -vp)

From (A.16) and (A.17), we can immediately identify the matrices DI and DE¥ in (3.22).
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« Similarly, for [ =2 mode we have
v(r,0) =X (NY2(0) + O ()W, (0). (A18)

Let Xé’ and ®’2’ be the boundary values of X,(r) and ®,(r) at r = Ry. Inserting (A.18) into (A.11);, we end up with the
following ordinary differential equations for (X,(r), ®,(r)) on re (0, Ry) U(Rg, R):

IPHO) - H00() — $E5r05(1) + + S5 020 =, 1)
(205 (1] — 220, (1) + 21X} (1) + 20228, (1) = 0,
w © W
where (u, L) are the Lamé constants. The general solutions to these ODEs can be written as follows:
6 G 3 ) ol s arP(GA+70)
X S ) —_ 1 S L Wt Wt A A2
2 = 7 + 5 +or+cr. 0:(r) TERTey R R s o , (A.20)

where, in order to keep it general, we are not specifying the superscript ¢ or " to the Lamé constants, and ¢; (i =
1,...,4) are constants to be determined by the last of (A.11) and the boundary conditions:

Xa(Ro) = X2, 7 (Ro) = B%. (A.21)

More specifically, for the interior region {r <R} we infer that c; = c; =0 and, by (A.21), determine c3, ¢4 in terms of
xb @b.
20 72"

Cm _ (@lz)(-lzuin _ -18Kin) +X2b(15/<i“ + 1]/Lin)) Cin B 73,«3 (3Kir1 _ 2Min)(xg _ 2@3)

- - = - - A.22
3 6K "Ry + 17 4inRy e R3(6k™ + 17pim) ( )

Similarly, for the exterior region {r > Ry} we infer that c; = 0 by the far field strain condition (Vv — 0 at r — oo) and,
by (A.21) and the last of (A.11), determine cy, ¢, ¢3 in terms of X2, ©5:

RA(1505 (k™ + 1) + 3vp(k ™ +20%) (X — 208) —5u%KXD) . RI(k™+pu™) (305 +XP)
5(Uf — 1) (kK + 2u%) P - D)k 2u)

ex
G

2r;(305 + Xb)

ex __ 2 2

g = SRy 1) (A.23)
Therefore, by (A.20), (A.22), (A.23) we find that the interior strain energy for this mode can be written as

1 602 "Ry (156 ™ + 11 ™) uiReXZ (39k™ + 164™)

- Vv.C"Vy = _ _ : _
2 Jir<ro) Y v 6rcin + 170 12kin 4 34yin
180, "RoX, (24 — 3k™)
i i A24
* 6K in + 17 i ’ (A.24)
and the exterior strain energy can be written as
l Vv. ((CeXVv) = ——1 V- ((Cexv‘,)n
2 >Ro {r=Ro}
303U Ro (k™ (2u; — 5) + 4u™ vy — 2))  U™RoX3 (k™ (6vf — 9) + 4u™ (3v; — 4))
B (v = 1) (e + 2™ 30— 1) (k™ +2p%)
ex ex(3 _ ex(9 _
+2®2,u RoXz (K (3 — 6vf) + 414 (2 3vf)). (A.25)

(Vr — 1) () + 2 1)
From (A.24) and (A.25), we can identify the matrices DI and DS¥ in (3.22).

A.3. Electrostrictive stress in the spherical coordinate system

Here, we are going to use the solution of the potential found in (4.17) and plug it directly into the coupled problem
(4.23). From (4.5) and (4.6), we will first to calculate the interior and exterior electric field on 9$2,:

—ciheg cos O (—c — 2c$%)eg cos O
Vo = | cineysing |, VO™ = | (¢ +c)egsind |. (A.26)
0 0

Therefore, by (4.5) we find the jump of the electrostrictive stress across the interface 92q:

[[ O clect ]] = (o.ex O’iex}ect) (A.27)

elect —
r=Ry
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with relevant nonzero components given by

9ee™ (e — €ln) (—€® — €l + (€ — €M) cos 26)
4((vr+ 2)€* — yein 4 ¢in)2

9ege™ (e (e sin®6 + € cos 26) — ()2 cos? 6))
2((Vf + 2)€e®* — ygein 4 ¢in)2

By (A.27) and (A.9), we obtain (4.22).

([[o'elect ]] ) g

)

([[Gelect ]])99 =
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