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Transforming Auxetic Metamaterials into
Superhydrophobic Surfaces

Glen McHale, Andrew Alderson, Steven Armstrong, Shruti Mandhani, Mahya Meyari,
Gary G. Wells, Emma Carter, Rodrigo Ledesma-Aguilar,* Ciro Semprebon,
and Kenneth E. Evans

1. Introduction

The shape and topography of surfaces have
been a central focus in designing bespoke
wetting properties into materials, often
inspired by nature.[1–4] By creating a bed-
of-nails effect mimicking the Lotus leaf,
it is possible to create superhydrophobic
surfaces, which ball-up droplets far beyond
the ≈118° contact angle of Teflon possible
with surface chemistry alone. By switching
the surface chemistry to hydrophilic, such
a surface can be converted to a hemi-
wicking[5] or a superspreading surface.[6]

Alternatively, by impregnating with a lubri-
cating oil to replace the air in the lattice, it is
possible to create a slippery liquid-infused
porous surface (SLIPS) with virtually no
resistance to droplet motion.[7,8] However,
the prevailing paradigm in superhydropho-

bicity has been that the static arrangement of the lattice deter-
mines the solid surface fraction available to interact with a
contacting liquid droplet and hence the wettability of the surface.
There has been little attention to how the lattice structure may be
reconfigured dynamically and the consequent effect on the wet-
tability of the surface itself.

Simultaneously, in the field of metamaterials, there has been a
realization of the profound importance that structure has in
determining unusual material properties.[9–12] In particular, aux-
etic mechanical metamaterials have the counterintuitive property
that when they are stretched they expand in an orthogonal
direction.[13–16] Thus, unlike a conventional material, an auxetic
lattice can expand by the creation of additional space (in both the
direction of stretch and orthogonal to that direction) between its
solid components, which do not themselves stretch or compress.
Since the solid-to-air fraction at a surface controls extreme non-
wetting and extreme wetting, auxetic materials would appear to
be candidates for novel strain-controlled functional wetting
materials.

Methods exist to fabricate auxetic metamaterials with struc-
tural features sufficiently small to explore the effect of their
dynamic reconfiguration on the wettability of the metasurface
itself. Rationally-designed metal, glass, and polymer-ordered aux-
etic microstructures with pore sizes down to ≈100 μm have been
reported using soft lithography[17] and digital micromirror device
projection printing,[18] for example. Laser micromachining,
femtosecond-laser-induced two-photon polymerization, and
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Superhydrophobic materials are often inspired by nature, whereas metamaterials
are engineered to have properties not usually occurring naturally. In both, the key
to their unique properties is structure. Here, it is shown that a negative Poisson’s
ratio (auxetic) mechanical metamaterial can transform into a unique superhy-
drophobic material. When stretched, its surface has the counterintuitive property
that it also expands in the orthogonal lateral direction. The change in the solid
surface fraction as strain is applied is modeled, and it is shown that it decreases
as the space between solid elements of the auxetic lattice expands. This results in
a unique dependence of the superhydrophobicity on strain. Experimental models
are constructed to illustrate the relationship between different states of strain and
superhydrophobicity as the lattice transitions from an auxetic to a conventional
structure. The findings offer a new approach to designing superhydrophobic
materials for self-cleaning surfaces, droplet transportation, droplet encapsulation,
and oil–water separation.
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dip-in direct-laser-writing optical lithography have been used to
produce ordered auxetic metamaterials with pore sizes reduced
to the range of 5–50 μm,[19–21] and pores sizes down to the
nanoscale (≈10 nm) have been reported in self-assembled auxetic
periodic 2D protein lattices.[22] Disordered porous auxetics can be
fabricated with pore sizes in the tens to hundreds of microns
range including thermomechanical production of auxetic
open-cell polymeric foams,[14] thermoforming powder process-
ing of auxetic microporous polymers,[23] and papermaking of
auxetic cellulosic fibrous mats.[24]

In this article, we hypothesize that, under tensile strain, an
auxetic lattice necessarily reduces the solid fraction at the surface
of a material and is capable of transforming that material into a
superhydrophobic surface. To demonstrate our ideas, we formu-
late a mathematical model linking the structure of an auxetic
surface to its wettability, which we then realize and validate
experimentally.

2. Results and Discussion

2.1. Theoretical Fundamentals and Modeling

We start by considering a small liquid droplet on a perfectly flat
and chemically smooth solid surface. Its equilibrium shape,
determined by the balance of forces (or equivalently the mini-
mum total interfacial energy) arising from the three interfacial
tensions for the solid–gas, solid–liquid, and liquid–vapor inter-
faces, is that of a spherical cap which intersects the solid with
the so-called Young’s angle θY (Figure 1a).[25] However, chemical
and topographical heterogeneities on the solid introduce devia-
tions from θY , and the droplet configuration is instead character-
ized by a static contact angle θ (Figure 1b). In general, the static
contact angle is not unique, but is bounded by two limiting val-
ues, called the advancing and receding contact angles, θA and θR,
respectively. The advancing contact angle is defined as the largest
angle that the droplet can attain before its contact line advances
over the solid surface, e.g., upon an increase in its volume
(Figure 1b). Similarly, the receding contact angle is the smallest
angle that the droplet takes before the contact angle recedes from
the solid. The fact that θA 6¼ θR is indicative of pinning forces
exerted by the solid on the droplet’s contact line, and a measure
of these forces is typically reported in terms of their difference,
Δθ ¼ θA � θR, called the contact-angle hysteresis.[25]

Introducing a structure (or roughness) to a solid surface has a
strong effect on its wettability because it alters the balance of the

three interfacial forces.[26,27] For example, water tends not to pen-
etrate small spaces between hydrophobic solid elements in the
structure of a surface. A droplet can then be suspended on
top of the structured surface and only partially in contact with
it in a Cassie–Baxter state. Such a surface state is characterized
by both the contact angle and the solid surface fraction,
f S ¼ AS=A, where AS is the solid surface area in contact with
the droplet and A is the planar projection of total surface area.
In the case of a suspended droplet, the contact angle with the
solid is referred to as the Cassie–Baxter contact angle, θCB
(Figure 1c). In situations where the contact angle is ≈150° or
higher, a regime achievable only for a Cassie–Baxter state, and
a droplet can easily roll when the surface is tilted, the surface
is referred to as superhydrophobic. Importantly, previous consid-
eration of the change of wettability of surfaces with strain tends
to assume elastic materials where the solid elements and the
spaces between them both change size with strain, and experi-
ments often use surfaces on which a droplet’s contact line is
pinned so that the droplet contact area and shape simply distorts
to follow the strain pattern of the substrate.[28,29]

We now study the wettability of a structured solid surface
(Figure 2), that exhibits both conventional and auxetic behaviour
in response to an external force (Figure 2a,b). We start by con-
sidering a conventional hexagonal lattice with inextensible solid
elements able to rotate about their connecting nodes in response
to a mechanical force applied to the lattice (Figure 2c). When the
lattice is stretched, the rotation of these solid elements at each
lattice node causes the lattice to contract in the lateral direction[15]

(Figure 2c). This is what we intuitively expect from experience
with materials such as rubber strips. This behavior is naturally
characterized in terms of the Poisson’s ratio, ν, defined as the
negative ratio of the transverse strain (εlateral) to the longitudinal
strain (εaxial), in the direction of the loading force, i.e.,
ν=�εlateral/εaxial. Positive and negative strains correspond to
extension and contraction, respectively. For a conventional hex-
agonal lattice, the transverse and longitudinal strains have oppo-
site signs and the Poisson’s ratio is, therefore, positive.

We now imagine a simple transformation of the hexagonal
lattice into a bow-tie lattice by flipping the angles at two opposing
nodes in each hexagonal unit (Figure 2c). When tensile strain is
applied to the lattice, the rotation of the solid elements at each
lattice node causes a counterintuitive expansion of the lattice in
the lateral direction[15,30] (Figure 2c). Stretching a material or
metamaterial causes an expansion of the surface area as long
as ν < þ1 (see Supporting Information). Importantly for its

Figure 1. Wetting states of a droplet on a solid surface. a) Spherical-cap droplet intersecting an ideal solid surface with Young’s angle. b) Droplet on a real
surface, where the static angle is bounded by the advancing and receding contact angles. c) Cassie–Baxter state on a hydrophobic structured (or rough)
surface.
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wettability, the increase in surface area of the bow-tie metama-
terial is through an expansion of the space, and not the solid,
within the lattice. As a consequence, the solid surface fraction,
f S, also decreases as the metamaterial is stretched when ν <
þ1 (this includes the stretch-induced transition from a bow-tie
to a hexagonal geometry). Stretching the metamaterial further,
i.e., for ν > þ1, causes a decrease in surface area, with the cor-
responding increase in solid surface fraction. From the perspec-
tive of nonwettable materials, an initially hydrophobic auxetic
bow-tie lattice metamaterial supporting a droplet in a Cassie–
Baxter suspended state will become systematically more
hydrophobic and eventually superhydrophobic (including the
minimum in solid surface fraction following the transition to
a positive Poisson’s ratio for a hexagonal lattice), before returning
to a hydrophobic state upon further stretching. Similarly, it is
possible to imagine new and unique superhydrophilic wettable,
hemiwicking, and liquid-infused auxetic materials.

Our concept for the wetting properties of auxetic metamate-
rials applies to a wide range of lattice structures and is not limited
uniquely to bow-tie lattices. Another class of auxetic metamate-
rials uses tessellations of two-dimensional shapes connected at
their corners so that each shape can rotate cooperatively about
their corners. Thus, for example, a set of corner-connected rigid
squares,[16,31] as shown in Figure 2d, rotates under strain into a
diamond-shaped lattice with a Cassie solid surface fraction, f S,
systematically decreasing from unity to 0.5. Other similar
designs using, e.g., triangles[32] (Figure 2e), also behave in an
auxetic manner under strain. We therefore observe that there
are many classes of auxetic metamaterials whose surface wetta-
bility will change in a uniquely defined manner with strain.

We next model the solid surface fraction of a bow-tie auxetic
surface with rotatable inextensible solid elements under tensile
strain in the vertical (x2) direction (Figure 3a, Supporting
Information Figure S6). The Poisson’s ratio for this geometry
has been derived previously to be ν21 ¼ sin αðhu=lu þ sin αÞ
=cos2α (geometrical parameters defined in the Supporting
Information), where the subscript refers to the loading (x2)
and transverse (x1) directions. For simplicity, in the following,
ν ≡ ν21. As the strain, ε=ΔLaxial/Laxial, where ΔLaxial is the
change in the axial length Laxial (and, in this case, Laxial
corresponds to the unit cell length X2 in the Supporting
Information) increases, the opposing arms of each bow-tie
straighten (i.e., the negative value of α ! 0°) and eventually
an entirely rectangular lattice (α= 0°) is achieved. Beyond this
point, the angles at the two opposing nodes of each bow-tie shape
invert to create a conventional hexagonal lattice (α> 0°). The
solid surface fraction, fs, systematically decreases with strain
until a minimum, which is always within the conventional lattice
region, when ν ¼ þ1, is reached (Figure 3a; see Supporting
Information for a proof ). The corresponding Cassie–Baxter con-
tact angle, θCB, of a droplet suspended on this geometry, is shown
in Figure 3b (see Supporting Information for model parameters).
Here, θCB is defined through the weighted average
cosθCB= fscosθSþ(1�fs)cosθA, where θS is the contact angle of
a droplet on a hydrophobic solid, e.g. θS= 120° and θA= 180°
(i.e., cosθA=�1) represents the contact angle of a droplet on
air. As strain is applied, the auxetic surface transforms from
hydrophobic (θCB<150°) to superhydrophobic (θCB>150°) before
becoming a conventional (nonauxetic), but still superhydropho-
bic surface. Eventually, a maximum in superhydrophobicity is

Figure 2. Auxetic metamaterial surfaces. Stretching and compression of a) a conventional material (positive Poisson’s ratio) and b) an auxetic material
(negative Poisson’s ratio). c) Transformation of a conventional hexagonal lattice into an auxetic bow-tie lattice using rotation of rigid elements at nodal
points.[15,17] Examples of rotating rigid shape-based auxetic materials. d) squares,[16,18] and e) triangles.[19] In each of the auxetic cases, tensile strain
induces a systemic decrease in the solid surface fraction in the auxetic lattice.
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achieved before the lattice closes up and the material reverts to
being a hydrophobic, but conventional surface. This reveals a
unique property of the auxetic superhydrophobicity arising from
the monotonic decrease in solid surface fraction with increasing
strain. There is only ever a single value of strain for any one value
of the Cassie–Baxter contact angle in the auxetic region. In
contrast, the existence of a minimum solid surface fraction in
the conventional region means a single value of Cassie–Baxter
contact angle can correspond to either a strain above or a strain
below that which characterizes the maximum.

2.2. Experiments

To experimentally confirm the relation between lattice configu-
rations at different states of strain and the wettability of the
surface, we constructed a set of physical models (Supporting
Information). This enables direct comparison of the wetting
response of the physical models with the predicted response
of a honeycomb with rotatable inextensible solid elements under
tensile strain, as opposed to straining a single physical model
which would also be subject to flexing and stretching of the solid
elements not accounted for in the predictive model used here.
Our models used a polymer (SU-8) photolithographically
patterned into bow-tie lattice microstructures with solid surface
fractions chosen to represent the full set of configurations across
a strain curve (Figure 4a). Each lattice was treated with a low-
pinning hydrophobic coating, which gives advancing and reced-
ing contact angles θA ¼ 105.2° and θR ¼ 102.5° on a flat control
surface, although different degrees of pinning could be achieved
using the same coating (see Supporting Information). By choos-
ing the height of the walls (≈60 μm) to be larger than the typical
void between the walls, penetration of water into the structure is
inhibited, favoring a Cassie-suspended droplet state. Figure 4b
shows representative profile images of droplets in contact with

the surfaces of these structures. The characterization of the
wetting of these structures shows a systematic increase in the
static contact angles, θ, and, hence, hydrophobicity, as the lattices
transition from bow-tie to rectangular, representing auxetic states
(Figure 4c). Because the bow-tie lattice design is asymmetric, we
report contact angles from two orthogonal viewing directions
(Figure 4c, inset), as well as their average. For large, positive
α (e.g., α ¼ 75° in Figure 4a), the contact angle measured along
orientation II is always smaller, suggesting that the droplet is able
to spread more easily along the direction of the solid elements.
Notably, this property is reversed as the geometry crosses over to
the auxetic region. A maximum corresponding to an extreme
nonwetting contact angle of ≈150° with a droplet in a suspended
state is observed in the conventional (hexagonal) lattice region
before falling rapidly as the lattice closes up and the solid surface
fraction increases. The two continuous curves show the predicted
hydrophobicity for these lattice designs using the Cassie–Baxter
model with the advancing and receding contact angles of 105.2°
(upper curve) and 102.5°, respectively. These correspond to the
lower and upper bounds expected from the theory and show a
remarkable agreement with experimental results.

Next, we developed a process to create micropatterned polydi-
methylsiloxane (PDMS) membranes with auxetic surface-wetting
properties (Supporting Information). A layer of a photoresist
(SPR220-7) was spin-coated to create a film on a silicon wafer
and then patterned to a depth of ≈20 μm using exposure to ultra-
violet light. PDMS was then spin-coated across the pattern and
cured. Subsequently, the excess above the pattern was etched
away to expose the lattice ribs. A final soak in acetone dissolved
the photoresist releasing the auxetic PDMS membranes. These
membranes were mounted in a microstretching apparatus and
observed from above to confirm auxetic behavior (Figure 5a
and Supporting Information: Video 1). Droplets in contact with
these membranes tended to penetrate into the void spaces

Figure 3. Model strain dependence of a hydrophobic auxetic surface. a) Predicted changes of solid surface fraction, fs, with auxetic rotation angle, α. The
initially auxetic bow-tie lattice is transformed into a conventional hexagonal lattice for positive auxetic rotation angle, as indicated by the Poisson’s ratio, ν
(top axis). The minimum solid surface fraction occurs in the conventional lattice region when ν = þ1. b) Predicted Cassie–Baxter contact angle, θCB, for
suspended state droplets with applied tensile strain, ε. Strain-induced superhydrophobicity occurs for both the auxetic and conventional regions, but there
is a unique value of contact angle for each value of strain in the auxetic case. The zero of strain has been defined to correspond to a closed auxetic lattice
with the maximum solid surface fraction, fs. Model parameters are detailed in the Supporting Information.
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between membrane ribs even when hydrophobized with
fluorosilane (Figure 5b). This could be prevented using a super-
hydrophobic nanoparticle coating (Figure 5c), but doing so
created a completely nonadhesive surface onto which a droplet
could not be detached onto the membrane from the syringe
(Supporting Information: Video 2). When droplets were depos-
ited onto such a superhydrophobic membrane, the contact angle
was insensitive to the level of strain applied (Supporting
Information Figure S5). Since the rigidity of a thin sheet scales
with the cube of its thickness, these membranes have little rigid-
ity normal to their surface, and elastocapillary effects[33,34] are
observed with the droplet bending the membranes out of
plane (Figure 5b). Such an effect could offer the opportunity
to use the synclastic (double) curvature[14,30,35] of an auxetic
membrane to wrap a droplet surface[33] without causing wrin-
kling or creasing.

3. Conclusion

We now return to the contrasting ideas that metamaterials are
materials with properties that are uncommon, but that superhy-
drophobic surfaces are themselves inspired by nature. Natural
biological systems grow and their surfaces have to adapt both
to the change in curvature of their surfaces and to the environ-
ment in which they live, which is often water or a partially wet or
water-clogged material. A common adaptation of insects to
breathing underwater is the use of breathing holes with a
surface-attached layer of air (a “plastron”)[36] whose air–water
interface acts as an oxygen–carbon dioxide exchange membrane.
The plastron is a naturally occurring feature when a superhydro-
phobic material is immersed in water. In the case of insects
such as Orchesella cincta,[37] a type of springtail (Collembola) that
lives in water-logged ground, the plastron is achieved with

Figure 4. Model of a hydrophobic auxetic surface. a) Top images of low-pinning hydrophobic surfaces representing different strained states of a bow-tie
lattice (scale bar 100 μm). b) Side profile images of water droplets in contact with the surfaces (scale bar 500 μm). c) Data for contact angle viewed from
two orthogonal directions (Inset: Orientation I and II). Continuous curves show model predictions using the lattice design parameters and the measured
advancing and receding contact angles on a flat control surface (upper and lower curves, respectively). The dashed and dotted portions of the curves
indicate values of the angle for which lattice solid elements overlap.
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hydrophobic surface features which prevent the breathing holes
from being flooded. It is therefore interesting to contrast images
of the cuticle surface of the springtail with a classic connected
star-type auxetic design[38] (Figure 5d,e). We note that, although
different from the hexagonal lattice studied in this article, such a
design possesses similar properties in achieving a variation of the
solid surface fraction upon a reconfiguration induced by strain. It
is possible that the springtail exoskeleton has adapted such that
as the underlying surface stretches the star-shaped surface
feature spacing expands in an auxetic manner or alternatively
an auxetic expansion is achieved by the straightening of the edges
on each star-shaped surface feature. Although studies of this
geometry are beyond this work, we believe these observations
should motivate a wider search for naturally occurring auxetic
wetting properties in biological systems.

The transformation of a metamaterial into a superhydropho-
bic surface and the use of metamaterial concepts for the design
and control of wetting are a hitherto unrecognized opportunity
for new types of material surfaces with unique properties. Here,
we have used auxetic principles to create strain-controlled hydro-
phobicity and superhydrophobicity exemplified by lattice models
and membranes. These principles can be extended to other types
of auxetic lattices. They will also apply to the wetting of the sur-
faces of structure-independent auxetic materials with unknown
geometries, but known elastic properties, such as shape memory
foams, provided they have small pores, such that interfacial ten-
sion forces dominate. Such materials can also provide increased
robustness against continued actuation, thus opening a route

toward practical applications. We have also suggested that the
uncommon properties of metamaterial wettability might have
natural examples. The design principles presented here provide
a foundation for new types of surfaces relevant to superwater
repellent applications,[39] liquid encapsulation,[33,40] and micro-
reactors,[41,42] and may also have an application to strain control-
lable liquid–liquid separations[43] or droplet catch-and-release.[44]

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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Figure 5. Auxetic membranes. a) Top images of an auxetic fluorosilanized PDMS membrane in different states of strain with corresponding auxetic
rotation angle and Poisson’s ratio values (scale bar 500 μm). Side profile images of water droplets in contact with the surface of b) an auxetic
fluorosilanized PDMS membrane, and c) an auxetic PDMS membrane possessing a superhydrophobic nanoparticle coating. The membrane in
b) is distorted out of plane by elastocapillary forces due to the strength of the surface tension forces from the droplet. d) An auxetic lattice pattern
which resembles the structure observed on e) the cuticle water-repelling surface of the soil-dwelling springtail Orchesella cincta[37] (SEM images provided
by A. E. Filippov; scale bars in the main image and the detail are 1 μm and 200 nm, respectively).
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