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Reply to the ‘Comment on ‘‘Surface elastic
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Eric R. Dufresne *a

We appreciate the interest in our paper ‘‘Surface elastic con-
stants of a soft solid’’.1 There, we observed a strain-dependent
change to the contact-line geometry of a liquid droplet on a soft
solid. We interpreted these data as a signature of surface
elasticity, and were able to collapse the data using two surface
elastic constants.

In his comment, Prof. Gutman questions the validity of our
interpretation, raising three criticisms. First, he claims that the
Shuttleworth equation2 relating the surface energy and surface
stress of a solid is invalid. Second, he remarks that the
experimental deformations are too large to allow the use of
linear surface elasticity. Third, he claims soft solids do not have
surface elasticity. We believe these criticisms are unfounded,
and address them below.

On the validity of the
Shuttleworth equation

Gutman’s critique of the Shuttleworth equation appears to be
based on a misunderstanding. His analysis is incorrect primar-
ily because it does not distinguish between different measures
of the surface energy and surface stress. In particular, the
specific surface energy can be expressed as energy per unit
area of undeformed surface (i.e. reference configuration), gR, or
per unit area of deformed surface (i.e. current configuration),
gC. Similarly, surface stress can be expressed as force per unit
length of undeformed contact line, U R

ij, or per unit length of

deformed contact line, U C
ij. In terms of quantities relative to the

undeformed state,

U R
ij ¼

@gR

@eij
; (1)

where i, j = 1, 2 and eij is the surface strain tensor. This is the 2D
equivalent of the well-known stress/strain relationship of 3D
linear elasticity endorsed by Prof. Gutman. Re-expressing this
in terms of the deformed state, we use the fact that gR = gCJ, and
note that U R

ij = U C
ij to leading order in eij. Here, J is the

determinant of the surface Jacobian tensor with J = 1 + ekk at
leading order, where ekk refers to the sum from k = 1 to 2. We
then arrive at the so-called Shuttleworth equation:3

U C
ij ¼ gCdij þ

@gC

@eij
: (2)

Here, dij is the surface Kronecker delta. Eqn (2), together with
the higher-order terms, can be rigorously derived from the
framework of finite kinematics.

We recall that the above derivation was conducted on
specific, and not total, surface energies. Therefore, there
appears to be no contradiction between Gutman’s preferred
eqn (1) and the Shuttleworth equation. Note that Gutman’s
critique of the Shuttleworth equation is a reiteration of his
earlier published arguments.4 For a thorough rebuttal, see e.g.,
Section 3.3 of ref. 5.

Prof. Gutman further claims that having a linear term in the
surface energy density,

g ¼ g0 þ Bijeij þ
1

2
Cijkleijekl (3)

is unphysical. To the contrary, the linear Bij term is commonly
seen in elasticity, and is associated with an initially prestressed
state – for example in the presence of thermal stresses. Indeed,
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the full expansion given in eqn (3) can be found in foundational
textbooks on elasticity, e.g., in ref. 6. Insertion of this isotropic
surface energy, gR, into eqn (1) yields the general form of
surface stress that we use to interpret our results:

Uij = U0dij + lsdijekk + 2mseij, (4)

where we corrected a typo and added a dij that was missing in
eqn (4) of ref. 1.

On the use of linear theory

Prof. Gutman further argues that the measured deformations
are too large to allow comparison to the linear form of surface
stresses, eqn (4). In our paper,1 we observed a linear depen-
dence of the apparent surface stresses as a function of the
observed surface strain. This is sufficient justification for our
use of a linear constitutive relation.

A related, but potentially significant, concern is that large
bulk strains due to far-field stretch could have a singular effect
on the geometry of the wetting ridge. This would compromise
the validity of the Neumann construction and invalidate our
measurements of surface stress on stretched substrates. Oppos-
ing theories argue for the importance7 or insignificance8 of this
effect. We are actively exploring this question, and are devel-
oping novel ways to measure surface elasticity that avoid the
large deformations associated with contact lines.9,10

On the existence of surface elasticity in
soft solids

Finally, Prof. Gutman claims that surface elasticity is not
necessary, as it has not been treated by Gibbs or many other
works on soft materials. This unusual line of reasoning
assumes that anything that has not yet been observed does
not exist.

Using a completely different approach to ref. 1, we recently
showed that the surface mechanics of a patterned silicone gel
could not be captured without surface elasticity.10 Measure-
ments of the tensile load carried by an adhesive contact are also
suggestive of surface elasticity.11 Thus, diverse lines of evidence
suggest that surface elasticity not only exists, but also has a
measurable impact on the mechanics of soft solids.

We would like to highlight that surface elasticity is very well
established in fluid–fluid interfaces.12 In that case, surface
elasticity emerges because of species adsorbed to the fluid
interface. In the case of soft solids, we anticipate that surface
elasticity could arise either from similar compositional differ-
ences or from of variations in the structure of the polymer
network near the interface. While the correlation between
surface and bulk elasticity has started to be investigated,13

the origins of surface elasticity in soft solids are unknown
and demand further investigation.
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