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Liquid crystal elastomer-based reversible
metamorphosis for loss-less droplet manipulation

Adil Majeed Rather, Sreekiran Pillai, Abhigith Nair, Mohammad Javad Zarei,
Young Jae Kim, Huiqin Ni and Arun Kumar Kota *

Liquid crystal elastomers (LCEs) are a class of smart materials that

combine the anisotropic properties of liquid crystals with the elasticity

of polymers, enabling reversible metamorphosis (i.e., shape transfor-

mation) in response to external stimuli. This reversible metamorphosis

makes them ideal for many applications including soft robotics,

artificial muscles, sensors, actuators, responsive coatings, etc. Prior

studies have designed LCE surfaces with superhydrophobicity (i.e.,

extreme repellency to high surface tension liquid like water), but the

combination of reversible metamorphosis of LCEs with superomni-

phobicity (i.e., extreme repellency to both high and low surface tension

liquids) is unexplored. In this work, we developed LCE-based super-

omniphobic surfaces with reversible metamorphosis by laser texturing

followed by low surface energy surface modification. Our LCE-

based superomniphobic surfaces display extreme repellence to both

aqueous and organic liquids as well as reversible metamorphosis

due to nematic–isotropic transition of LCE. Utilizing these proper-

ties, we demonstrated loss-less manipulation of aqueous and

organic liquid droplets, enabling merging, mixing, chemical reac-

tion and microfluidic gating. We envision that our LCE-based super-

omniphobic surfaces with reversible metamorphosis will pave the way

towards a wide range of applications including microfluidic reactors,

lab-on-chip technologies, adaptive liquid-handling devices, controlled

drug delivery systems etc.

1. Introduction

Liquid crystal elastomers (LCEs) are a class of smart materials
that combine the anisotropic properties of liquid crystals with the
elasticity of polymers, enabling reversible metamorphosis (i.e.,
shape transformation) in response to external stimuli.1–5 This
reversible metamorphosis makes them ideal for many applica-
tions including soft robotics,6,7 artificial muscles,8,9 sensors,10,11

actuators,12,13 responsive coatings14,15 etc. While the reversible
metamorphosis of LCEs have been extensively explored, their

integration with liquid repellency has received limited attention.
Prior studies have designed LCE surfaces with superhydrophobi-
city (i.e., extreme repellency to high surface tension liquid like
water).16–20 However, the combination of reversible metamorpho-
sis of LCEs with superomniphobicity (i.e., extreme repellency to
both high and low surface tension liquids) is unexplored in the
present literature. The integration of reversible metamorphosis
and superomniphobicity into a single material is non-obvious and
requires a rational design. Integrating reversible metamorphosis
with superomniphobicity can lead to smart materials that have
potential applications in microfluidic reactors, lab-on-chip tech-
nologies, adaptive liquid-handling devices, controlled drug deliv-
ery systems etc. So, in this work, we developed LCE-based
superomniphobic surfaces with reversible metamorphosis using
a simple, scalable and solvent-free CO2 laser texturing process to
obtain re-entrant texture, followed by surface modification to
impart low solid surface energy. Our LCE-based superomniphobic
surfaces are not only extremely repellent to both aqueous and
organic liquids, but also display reversible metamorphosis due to
nematic–isotropic transition21–23 upon multiple heating–cooling
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New concepts
This work introduces a novel class of reversible metamorphic super-
omniphobic surfaces based on liquid crystal elastomers (LCEs), uniquely
combining thermally triggered shape morphing with superomniphobicity
in a single, scalable material platform. By engineering laser-fabricated re-
entrant textures alongside fluorinated surface modifications, these sur-
faces achieve unprecedented dual functionality, enabling loss-less,
contamination-free, and reversible manipulation of aqueous and organic
droplets, including merging, mixing, and selective chemical reactions.
Furthermore, the surfaces demonstrate thermally controlled on–off dro-
plet gating for microfluidic devices, while maintaining both their meta-
morphic and superomniphobic properties under harsh chemical, UV,
and mechanical conditions. This synergistic integration of programmable
shape change with robust superomniphobicity represents a transforma-
tive materials concept, paving the way for future adaptive lab-on-chip
systems, responsive soft robotics, programmable liquid-handling devices,
and dynamic anti-fouling coatings.
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cycles. Utilizing this reversible metamorphosis of our LCE-based
superomniphobic surfaces, we demonstrated loss-less manipula-
tion of a wide variety of liquid droplets, enabling merging, mixing
and chemical reaction, as well as microfluidic gating. This
combination of reversible metamorphosis and superomniphobi-
city addresses the limitations of prior studies and opens new
avenues for multifunctional smart materials in dynamic and
chemically diverse environments.

In order to fabricate LCE-based superomniphobic surfaces,
it is first important to have a good understanding of the funda-
mentals of wetting that lead to superomniphobicity. The primary
measure of wetting of a liquid on a nontextured (i.e., smooth) solid
surface is the Young’s contact angle y.24 When a liquid droplet
comes into contact with a textured solid surface, it displays an
apparent contact angle y*, which is different from the Young’s
contact angle y. On the textured solid surface, the droplet can
assume either the Wenzel state25 or the Cassie–Baxter state.26 In
the Wenzel state, the liquid droplet completely penetrates the
surface texture, while in the Cassie–Baxter state, there are pockets
of air trapped within the surface texture beneath the droplet. The
reduced solid–liquid contact area and the increased liquid–air
contact area in the Cassie–Baxter state often allow droplets to
display a very high apparent advancing and receding contact
angles, y�adv and y

�
rec, as well as very low contact angle hysteresis

Dy� ¼ y�adv � y�rec.
27–30 Such low contact angle hysteresis results in

high mobility of the droplets with very low sliding angle o

(the minimum angle by which the surface must be tilted relative
to the horizontal for the droplet to slide).31 As a result, the Cassie–
Baxter state is preferred for designing super-repellent surfaces with
apparent contact angles y* 41501 and sliding angles o o 101.
Surfaces are considered superhydrophobic if they display
y* 41501 and o o 101 for high surface tension liquids
(e.g., water),32–35 and superomniphobic if they display y* 4 1501
and oo 101 for high surface tension liquids as well as low surface
tension liquids (e.g., hexadecane).36,37 Unlike superhydrophobic
surfaces, re-entrant texture (e.g., convex, overhang or undercut
texture) is necessary to design superomniphobic surfaces.38 Many
prior reports have demonstrated superomniphobicity through an
appropriate combination of re-entrant texture and low solid sur-
face energy.39–43

2. Results and discussion

Based on the above understanding, LCEs can be rendered super-
omniphobic by imparting re-entrant texture and low solid surface
energy to its surface. We fabricated the LCE surfaces using a two-stage
chemical reaction.44,45 The first stage consisted of a base-catalyzed
thiol-acrylate Michael addition reaction, followed by a second stage
photochemical reaction between the residual acrylate groups (Fig. 1a).
We used RM-257 (4-(3-Acryloyloxy- propyloxy)-benzoic acid
2-methyl-1,4-phenylene ester) as the liquid crystal monomer,

Fig. 1 Fabrication of LCE-based superomniphobic surfaces. (a) Chemical structures of liquid crystal monomer RM257, dithiol flexible spacer (EDDET),
tetrafunctional thiol crosslinker (PETMP) and catalyst dipropylamine (DPA). (b) Schematic depicting the polydomain structure formed via thiol-acrylate
Michael addition reaction. (c) Schematic depicting the monodomain structure formed after orienting the mesogens via mechanical stretching and UV
cross-linking. (d) Designing re-entrant structures on LCE surfaces using laser texturing, followed by surface modification with a fluorinated silane FDTCS
(heptadecafluoro-1,1,2,2-tetrahydrodecyl trichlorosilane). (e) Reversible metamorphosis of LCE-based superomniphobic surfaces due to nematic–
isotropic transition.
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EDDET (2,2-(ethylenedioxy) diethanethiol) as the spacer, PETMP
(pentaerythritol tetrakis(3-mercaptopropionate)) as the crosslin-
ker, DPA (dipropylamine) as the catalyst, and HHMP ((2-
hydroxyethoxy)-2-methylpropiophenone) as the photoinitiator
(see Experimental section). To confirm LCE formation, we
characterized the chemical conversion of the monomer mixture
into the crosslinked network using FTIR spectroscopy (see
Experimental section). To fabricate superomniphobic LCE, in
the first stage, the solution was cast into an LCE film, resulting
in an opaque nematic polydomain structure.46 In the second
stage, the LCE film was stretched into the desired shape, and
the residual acrylate groups were UV cross-linked, resulting in a
transparent nematic monodomain structure.47 Then, we fabricated
micropillars with re-entrant texture on the LCE surface (solid
surface energy, gsv E 36 mN m�1; Fig. 1b and SI Section S1) using
an inexpensive, solvent-free CO2 laser ablation technique (see
Experimental section). Then, we modified the re-entrant textured
LCE surfaces with a fluorinated silane FDTCS (heptadecafluoro-
1,1,2,2-tetrahydrodecyl trichlorosilane) to impart low solid surface
energy (gsv E 10 mN m�1).39,41 The resulting fluorinated LCE
surfaces displayed superomniphobicity as well as reversible meta-
morphosis due to nematic–isotropic transition (Fig. 1c).21–23

To better understand the fabricated LCE films, we charac-
terized the chemical composition with Fourier Transform
Infrared (FTIR) spectroscopy. Comparing the FTIR spectra of the
individual components with the crosslinked LCE (Fig. 2a), we
found that the characteristic acrylate peaks (CQC stretching at
1637 cm�1 andQC–H stretching at 3054 cm�1) and the thiol S–H
stretching peak at 2686 cm�1 disappeared after crosslinking,
confirming the network formation (Fig. 2b–d).48 Furthermore, we
characterized the structural orientation of polydomain and mono-
domain LCEs with polarized light microscopy (Fig. 2e and f). The
polydomain LCE transmitted light under all rotation angles,
confirming randomly oriented LCE directors without preferential
alignment. In contrast, the mechanically stretched monodomain
LCE exhibited alternating bright and dark states at B451 intervals
relative to the polarizer axis, demonstrating successful alignment
of the LCE directors.49–51

The key parameters influencing the surface texture (and
hence superomniphobicity) were laser power and laser raster
speed. Laser–material interactions are inherently complex and
multidimensional with nonlinear parametric scaling, necessitating
an iterative experimental optimization.52–54 To systematically inves-
tigate the influence of laser power on the surface texture and surface
wettability, we ablated the LCE film surface with different laser
powers at a constant laser raster speed of 29 cm s�1 and subse-
quently modified the laser-ablated surfaces with the fluorinated
silane. Then, we studied the surface wettability with water (surface
tension, glv = 72.1 mN m�1) and hexadecane (glv = 27.5 mN m�1). As
fabricated LCE surfaces were omniphilic (yadv = 721 and yrec = 01 for
water, and yadv = 141, yrec = 01 for hexadecane; SI Section S2).
When the LCE surface was subjected to laser ablation, the
surface absorbed the laser energy,55–57 and the complex laser–
material interactions resulted in textured surfaces. As the laser
power increased, the surface roughness increased, and resulted
in enhanced liquid repellency (i.e., higher contact angles and

lower roll off angles) after surface fluorination to impart low
solid surface energy. For example, at a low power of 1 W,
micropillars developed on the LCE surfaces (Fig. 3a and SI
Section S3). After surface fluorination, the micropillar LCE
surfaces displayed superhydrophobicity, but not superomni-
phobicity (y�adv ¼ 155�; y�rec ¼ 150�, o = 61 for water, and
y�adv ¼ 62�; y�rec ¼ 0� and no sliding for hexadecane; Fig. 3c and
d). This is because the micropillars did not develop re-entrant
texture. While these micropillars resulted in the Cassie–Baxter
state and effective repellency for high surface tension liquids
(e.g., water), the lack of sufficient re-entrant texture resulted in
the Wenzel state and lack of effective repellency for low surface
tension liquids (e.g., hexadecane). As the laser power was
increased to 6 W, the resulting LCE micropillars developed re-
entrant texture (Fig. 3b and SI Section S3). As a result, after
surface fluorination, the micropillar LCE surfaces displayed
superomniphobicity (y�adv ¼ 163�; y�rec ¼ 159�, o = 41 for water,
and y�adv ¼ 156�; y�rec ¼ 150�, o = 71 for hexadecane). The high
contact angles and low roll off angles for water and hexadecane
indicate that both the liquid droplets adopted the Cassie�Baxter
state on the micropillar LCE surfaces. As the laser power was
further increased to 12 W, the micropillar LCE surfaces contin-
ued to display superomniphobicity (y�adv ¼ 163�; y�rec ¼ 159�,
o = 41 for water, and y�adv ¼ 157�; y�rec ¼ 151�, o = 71 for hexade-
cane; Fig. 3c and d). However, at significantly higher laser power
(above 15 W), the LCE surfaces were damaged by the laser (cut
or burnt; SI Section S4). Therefore, in this work, we choose a
laser power of 6 W for fabricating LCE-based superomniphobic
surfaces.

In addition to laser power, laser raster speed is another key
parameter for designing superomniphobicity on LCE surfaces. To
systematically investigate the influence of laser raster speed on
texture and surface wettability, we ablated the surface of LCE with
different laser raster speeds at constant laser power of 6 W and
subsequently modified the surface with the fluorinated silane. At a
high laser raster speed of 29 cm s�1 (the maximum power capability
of the CO2 laser system utilized in this study), the micropillar LCE
surfaces displayed superomniphobicity (y�adv ¼ 164�; y�rec ¼ 160�,
o = 41 for water, and y�adv ¼ 157�; y�rec ¼ 150�, o = 71 for hexa-
decane; Fig. 4c and d). As the laser raster speed decreased to
B24 cm s�1, the resulting LCE micropillars still developed
re-entrant textures (Fig. 4a and SI Section S3). As a result, after
surface fluorination, the micropillar LCE surfaces displayed
superomniphobicity (y�adv ¼ 160�; y�rec ¼ 155�, o = 41 for water,
and y�adv ¼ 156�; y�rec ¼ 150�, o = 71 for hexadecane; Fig. 4c and d).
The high contact angles and low sliding angles for water and
hexadecane indicate that both the liquid droplets adopted the
Cassie�Baxter state on the micropillar LCE surfaces. At a low
raster speed of 15 cm s�1, micropillars developed on the LCE
surfaces (Fig. 4b and SI Section S3). After surface fluorination,
the micropillar LCE surfaces displayed superhydrophobicity,
but not superomniphobicity (y�adv ¼ 157; y�rec ¼ 151, o = 51 for
water, and y�adv ¼ 85�; y�rec ¼ 0� and no sliding for hexadecane;
Fig. 4c and d). This is because the re-entrant texture developed
on micropillars was damaged due to prolonged laser exposure
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at low raster speeds, leading to localized heating (or burning).
As a result, while these micropillars resulted in the Cassie–Baxter
state and effective repellency for high surface tension liquids (e.g.,
water), the lack of re-entrant texture resulted in the Wenzel state
and lack of effective repellency for low surface tension liquids
(e.g., hexadecane). As the laser raster speed was significantly
reduced (below 15 cm s�1), the LCE surfaces were damaged (SI
Section S4). Therefore, in this work, we choose a laser raster speed
of 24 cm s�1 for fabricating LCE-based superomniphobic
surfaces.

The superomniphobicity of the micropillar LCE surfaces is
not only due to the re-entrant texture obtained from laser
ablation, but also due to the low solid surface energy obtained
from the fluorinated silane, FDTCS. To study this, we charac-
terized the surface chemistry of laser ablated LCE, before and
after fluorination, with FTIR (see Experimental Section). A
comparison of the FTIR spectra (Fig. 5a) of laser ablated LCE,
before and after fluorination, confirms the presence of fluor-
ocarbon functional groups (which impart low solid surface
energy) after fluorination, with strong absorption peaks around

Fig. 2 Characterization of LCE. FTIR spectra of LCE components and crosslinked LCE. (b–d) FTIR spectra of LCE components and crosslinked LCE
indicating disappearance of acrylate and thiol peaks after crosslinking. Polarized light microscopy of LCE in (a) polydomain structure and (b) monodomain
structure.
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1200 cm�1 corresponding to –CF, –CF2 and –CF3 group stretch-
ing, and absorption peaks around 575 cm�1, 730 cm�1 and
1120 cm�1 corresponding to vibration of the –C–F bond in –CF,
–CF2 and –CF3 groups.37,58 Our LCE-based superomniphobic
surfaces were extremely repellent (with y* 4 1501 and oo 101)
for a wide range of liquids with surface tensions ranging from
72.1 mN m�1 to 27.5 mN m�1 (Fig. 5b and SI Section S5).
Furthermore, to confirm the wetting state of our surfaces, we
estimated the breakthrough pressure Pb (i.e., the pressure at
which the droplet transitions from the Cassie–Baxter state to
the Wenzel state) and compared it with the applied Laplace
pressure Pa (SI Section S6). Our results indicate that Pb 4 Pa for
both water and hexadecane on superomniphobic LCEs imply-
ing that the droplets adopted a stable Cassie–Baxter state only
upon fluorination. This is also evident from the bouncing and
sliding of water and hexadecane droplets on our LCE-based
superomniphobic surfaces (Fig. 5c, d and Movie S1).

In this work, we selected liquid crystal elastomers (LCEs) as
the responsive substrate because their nematic–isotropic tran-
sition enables reversible shape metamorphosis through pro-
grammable anisotropic strain.59–62 In the aligned nematic state
at room temperature (B25 1C), the spatially encoded director
field dictates local deformation and defines the fabricated
architectures including roll, twist, and flower geometries
(Fig. 6a and experimental section). Upon heating to B80 1C,
the director field loses orientational order and the LCE transi-
tions to the isotropic state (Fig. 6b). This order–disorder

transition temporarily erases the programmed anisotropic
strain gradients, driving pronounced shape reconfiguration to flat
LCEs. Cooling restores the programmed nematic alignment and
recovers the original programmed shapes, confirming reversible,
thermally driven actuation (Fig. 6c–e). Furthermore, fluorination
used to impart superomniphobicity did not compromise the
intrinsic thermoresponsive behavior of the LCEs. The modified
LCE surfaces retained robust actuation, mechanical integrity, and
shape recovery over repeated heating–cooling cycles (Fig. 6f and SI
Sections S7–S9). These results demonstrate that we successfully
integrated superomniphobicity on LCE surface without degrading
the reversible metamorphosis capabilities.

Furthermore, our LCE-based superomniphobic surfaces
with reversible metamorphosis displayed resistance to corro-
sive substances, maintaining their integrity and performance
(i.e., reversible metamorphosis) when exposed to liquids with a
wide range of pH values (acidic, neutral, and basic) as well as
after immersion in water, concentrated acid (e.g., sulfuric acid),
concentrated base (e.g., sodium hydroxide) and oxidizer (e.g.,
30% hydrogen peroxide) for 10 days (SI Section S10). In addi-
tion, our LCE-based superomniphobic surfaces also demon-
strated the retention of superomniphobicity and reversible
metamorphosis even after exposure to humid air (relative
humidity E 35%) for 10 days, exposure to 385 nm UV radiation
for 120 min, as well as exposure to 10 000 water and hexadecane
droplets sliding past the surface (SI Section S11). This dual
functionality, i.e., combination of reversible metamorphosis

Fig. 3 Influence of laser power on micropillars and superomniphobicity. (a) and (b) SEM images of LCE micropillars fabricated with laser power of 1 W
and 6 W, respectively. (c) and (d) Contact angles and sliding angles, respectively, of water (blue) and hexadecane (red) on LCE micropillars fabricated with
different laser powers, after surface modification with FDTCS. Insets in d represent wetting state of water (blue) and hexadecane (red) at 1 W and 6 W.
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and superomniphobicity, makes our LCE-based surfaces suita-
ble for applications requiring shape change in harsh chemical
environments.

Our LCE-based superomniphobic surfaces with reversible
metamorphosis are suitable for loss-less droplet manipulation
using a wide range of liquids. While metamorphosis of the LCE
allows for droplet actuation in response to heat, the super-
omniphobicity allows for loss-less and rapid droplet manipula-
tion with a wide range of liquids. To illustrate this, we designed
an LCE-based superomniphobic surface that is curved upwards
(See Experimental section). At room temperature (B25 1C), this
LCE-based superomniphobic surface was in the nematic state,
with the as-fabricated shape (Fig. 7a and e). At elevated tem-
perature (B80 1C), the LCE-based superomniphobic surface
transitioned to the isotropic state, resulting in flattening of the
curved surface (Fig. 7b and f). To demonstrate the loss-less
manipulation of droplets, we placed two 20 mL colored water
droplets (blue) close to the free ends of the flattened LCE-based
superomniphobic surface at 80 1C. The sliding angle (o), which
dictates droplet mobility, defines the minimum surface tilt
required for a droplet to overcome interfacial adhesion (SI
Section 12). Upon cooling under ambient conditions, the
LCE-based superomniphobic surface gradually transitioned
back to the nematic state, and as result it gradually curved
upwards (Fig. 7c and g). When the tilt angle of curved LCE-

based superomniphobic surface exceeded the sliding angle
(o = 41 for water), the water droplets rolled from the free ends
towards the center and mixed with each other (Fig. 7d and h
and Movie S2). This rolling and mixing of droplets demonstrate
the potential for temperature-controlled droplet manipulation
on LCE-based superomniphobic surfaces for chemical reac-
tions. To demonstrate the chemical reaction, we placed a
20 mL droplet of sodium hydroxide solution (NaOH, colorless)
and a 20 mL droplet of ferric chloride solution (FeCl3, yellow)
close to the free ends of the flattened LCE-based superomni-
phobic surface at 80 1C (Fig. 7j). Upon cooling under ambient
conditions, the droplets rolled from the free ends towards the
center and mixed with each other, producing a distinct color
change due to the formation of ferric hydroxide (brown,
Fe(OH)3; Fig. 7k and l and Movie S3). In addition to aqueous
liquids (with high surface tension), superomniphobic surfaces
enable manipulation of organic liquids (with low surface ten-
sion). To demonstrate the manipulation of organic liquids, we
placed two 20 mL droplets of hexadecane (red) close to the free
ends of the flattened LCE-based superomniphobic surface at
80 1C (Fig. 7n). Upon cooling under ambient conditions, when
the tilt angle of curved LCE-based superomniphobic surface
exceeded the roll off angle (o = 81 for hexadecane), the
hexadecane droplets rolled from the free ends towards the
center and mixed with each other (Fig. 7o and p and Movie S4).

Fig. 4 Influence of raster speed on micropillars and superomniphobicity. (a) and (b) SEM images of LCE micropillars fabricated with laser raster speed of
24 cm s�1 and 15 cm s�1, respectively. (c) and (d) Contact angles and sliding angles, respectively, of water (blue) and hexadecane (red) on LCE micropillars
fabricated with different laser raster speeds, after surface modification with FDTCS. Insets in d represent wetting state of water and hexadecane at
15 cm s�1 and 24 cm s�1.
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Such loss-less droplet manipulation using LCE-based super-
omniphobic surfaces is attractive for open-channel microfluidic
devices (e.g., on–off gating). To accomplish this, we fabricated
open-channel microfluidic devices (two chambers and a

connecting channel) with LCE-based superomniphobic surfaces
(see Experimental section). At room temperature, when the
device is tilted, and liquid droplets are placed in the upper
chamber, the droplets would immediately roll off and transport
through the connecting channel into the lower chamber (i.e.,
the ‘‘on’’ state; Fig. 7q). However, at an elevated temperature
(B80 1C), the connecting channel shrinks due
to nematic–isotropic transition, and restricts entry of liquid
droplets (i.e., the ‘‘off’’ state; Fig. 7r). To demonstrate this selective
droplet transport via on–off gating, at room temperature (B25 1C),
we tilted the device by 101 and placed water droplets (blue) in the
upper chamber, and they immediately rolled off and transported
through the connecting channel into the lower chamber (Fig. 7s).
However, at an elevated temperature (B80 1C), the connecting
channel shrank and restricted the entry of water droplets (Fig. 7t
and Movie S5). Such on–off gating with LCE-based superomnipho-
bic surfaces is attractive for selective and controlled chemical
reactions. To demonstrate this, at room temperature (B25 1C),
on a tilted device, we placed a FeCl3 droplet (yellow) in the upper
chamber, and it immediately rolled off and transported through
the connecting channel into the lower chamber (Fig. 7u). Subse-
quently, we placed a NaOH droplet (colorless) in the upper
chamber, and it also immediately rolled off and transported
through the connecting channel into the lower chamber and mixed
with the FeCl3 droplet to form Fe(OH)3 (brown, Fig. 7u). However,
at an elevated temperature (B80 1C), the connecting channel
shrank and restricted the entry of the NaOH droplet, preventing
the chemical reaction (Fig. 7v and Movie S6). Such loss-less droplet
manipulation cannot be achieved without superomniphobicity (SI
Section 13). Therefore, the reversible metamorphic behavior of
LCE-based superomniphobic surfaces have the potential for a wide
range of applications including microfluidic reactors, lab-on-chip
technologies, adaptive liquid-handling devices, controlled drug
delivery systems etc.

3. Conclusion

In summary, we fabricated reversible metamorphic super-
omniphobic surfaces using simple, inexpensive, scalable, and
solvent-free CO2 laser engraving on LCEs, followed by surface
modification to impart low solid surface energy. To obtain the
appropriate surface texture necessary for superomniphobicity,
we investigated the influence of laser power and laser raster
speed on the surface texture and surface wettability. Using our
LCE-based superomniphobic surfaces, we demonstrated loss-
less manipulation of liquid droplets, mixing, selective chemical
reaction, and open-channel microfluidic on–off gating for a
wide range of liquids, including both high and low surface
tension liquids. We also demonstrated the reversible meta-
morphic property of our LCE-based superomniphobic surfaces
remains intact when exposed to liquids with a wide range of pH
values and harsh chemical conditions. Our LCE-based super-
omniphobic surfaces retain superomniphobicity against harsh
liquids, environmental conditions and minor solid abrasions
such as touch (Movie S7) and knife scratching (Movie S8).

Fig. 5 Characterization of liquid repellency of LCE-based superomniphobic
surfaces. (a) FTIR spectra of LCE micropillars before (black) and after (red)
modification with FDTCS. (b) Contact angles and sliding angles for a wide
range of liquids with surface tensions ranging from water (glv =72.1 mN m�1)
to hexadecane (glv = 27.5 mN m�1) on LCE-based superomniphobic surfaces.
Inset shows droplets of water (blue), N,N-dimethylformamide (DMF, green)
and hexadecane (red) beading up on LCE-based superomniphobic surfaces.
(c) and (d) Snapshots depicting bouncing droplets of water (blue) and
hexadecane (red), respectively, on LCE-based superomniphobic surfaces.
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Further efforts are required to improve their durability against
major solid abrasion. We envision that our LCE-based super-
omniphobic surfaces with reversible metamorphosis will pave
the way towards a wide range of applications including micro-
fluidic reactors, lab-on-chip technologies, adaptive liquid-
handling devices, controlled drug delivery systems, and anti-
fouling coatings marking a promising direction for future
research and development in materials science.

4. Experimental section
Fabrication of liquid crystal elastomers (LCEs)

To fabricate liquid crystal elastomers (LCEs), we added 1 g of
4-bis-[4-(3-acryloyloxypropypropyloxy) benzoyloxy]-2-methylbenzene
(RM257; Fisher) into a glass vial. RM257 is a di-acrylate mesogen
and is received as a powder. To dissolve the RM257, we added 0.4 g
of toluene (Fisher) and heated the mixture to 80 1C on a hot plate
(Fisher). Once the RM257 was dissolved, the solution was cooled to
room temperature. Next, we added 0.21 g of 2,2-(ethylenedioxy)
diethanethiol (EDDET; Sigma), a dithiol monomer and 0.05 g of
pentaerythritol tetrakis(3-mercaptopropionate) (PETMP; Fisher), a
tetrafunctional thiol crosslinker. Subsequently, we added 0.006 g
of (2-hydroxyethoxy)-2-methylpropiophenone (HHMP; Sigma), a
photoinitiator facilitating the secondary photopolymerization
stage. In parallel, we prepared a catalyst solution by diluting
dipropylamine (DPA; Sigma) with toluene at a ratio of 1 : 50,
then we added 0.144 g of this diluted catalyst solution to the
monomer solution and mixed vigorously on a Vortex mixer (Fisher).

The monomer solution was degassed in a vacuum oven (Across
International) for 1 min to remove any entrapped air bubbles from
the mixing process. Then, the mixture was transferred into the
desired mold, allowing the polymerization reaction to proceed for
12 h at ambient conditions. Next, the samples were placed in a
vacuum oven at 80 1C for 24 h to ensure evaporation of the toluene.
After evaporation of toluene, the resulting LCE samples exhibited a
glossy, white, and opaque appearance at room temperature. This is
a representation of the polydomain structure formed via Michael
addition reaction with a uniform crosslink density. In order to
fabricate monodomain LCEs, the polydomain LCE samples were
stretched by B100% strain to orient the mesogens in the desired
direction, followed by exposure to 265 nm UV (UVP) to cross-link the
residual acrylate groups resulting in a transparent nematic mono-
domain structure with locked director orientation. For roll and twist
geometries, the polydomain films were stretched and wrapped
around cylindrical tubes and crosslinked under 265 nm UV to form
monodomain LCEs with locked director orientation. To create
flower-shaped actuators, we cut an ‘‘X-shaped’’ template from the
polydomain film, individually stretched each leaflet to define its
local director alignment, and crosslinked under 265 nm UV to form
monodomain LCEs with locked director orientation. The resulting
shapes exhibited a reversible metamorphic property in response to
change in temperature.

Fabrication of reversible metamorphic superomniphobic
surfaces via laser ablation and surface modification

The laser ablation of LCEs was performed using an inexpensive,
simple, scalable, solvent-free and commercially available CO2

Fig. 6 Reversible metamorphosis of LCE-based superomniphobic surfaces. Schematic depicting spatially encoded director fields on roll, twist and
flower shaped LCEs at (a) nematic state, and (b) isotropic state. Images displaying the reversible actuation of LCE-based superomniphobic surfaces with –
(c) roll, (c) twist and (d) flower shapes. (e) Actuation response time superomniphobic LCE shapes.
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laser (Universal Laser VLS 6.60T) with a central wavelength of
9.5 mm. The laser ablation was conducted over the LCE surfaces
with different powers up to 12 W and different laser raster
speeds up to 29 cm s�1, at a fixed pulses per inch (PPI) of 500.
After laser texturing, the LCE surfaces were subjected to hydro-
xylation in an oxygen plasma chamber under controlled condi-
tions of 10 psi oxygen pressure, 20 cc min�1 oxygen flow rate,
and 30 W plasma power for 20 min. Following the plasma
treatment, the hydroxylated surfaces were modified through
vapor-phase silanization at 120 1C for 1 hour using 200 mL of

heptadecafluoro-1,1,2,2-tetrahydrodecyl trichlorosilane (Gelest)
to impart low solid surface energy (gsv E 10 mN m�1). The
combination of low solid surface energy and re-entrant texture
resulted in the reversible metamorphic superomniphobic
surfaces.

Fabrication of microfluidic devices

To design a microfluidic device for selective droplet mixing via
on–off gating, we first fabricated a positive replica of the
microfluidic device shape using a 3D printer (Elegoo). Next,

Fig. 7 Reversible metamorphosis for loss-less droplet manipulation, merging, mixing and chemical reaction. Schematics depicting the actuation and
droplet merging on an LCE-based superomniphobic surface at different temperatures (T) – (a) 25 1C, (b) 80 1C, (c) 25 1C o T o 80 1C, and (d) 25 1C. (e–h)
Loss-less manipulation, merging and mixing of two water droplets (blue). (i–l) Loss-less manipulation, merging, mixing and chemical reaction of a droplet
of NaOH (colorless) with a droplet of FeCl3 (yellow), resulting in Fe(OH)3 (brown). (m–p) Loss-less manipulation, merging and mixing of two hexadecane
droplets (red). (q) and (r) Schematics depicting the ‘‘on’’ and ‘‘off’’ states, respectively, of the open-channel microfluidic gating device for selective mixing
and chemical reaction. (s) Water droplets (blue) transporting through the connecting channel in the ‘‘on’’ state at 25 1C. (t) Water droplets (blue) unable to
transport through the connecting channel in the ‘‘off’’ state at 80 1C. (u) NaOH droplet (colorless) transporting through the connecting channel and
merging with the FeCl3 droplet (yellow) in the ‘‘on’’ state at 25 1C, resulting in Fe(OH)3 (brown). (v) NaOH droplet (colorless) unable to transport through
the connecting channel in the ‘‘off’’ state at 80 1C, preventing the chemical reaction.
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the liquid crystal elastomer (LCE) solution was poured on the
positive replica and allowed to crosslink for 12 h at room
temperature. Then, laser ablation was performed on the LCE-
based microfluidic device to create re-entrant texture, followed
by vapor-phase fluorination to impart low solid surface energy,
following the aforementioned method.

Contact angle and sliding angle measurements

Contact angles and sliding angles of different liquids were
measured using a goniometer (Ramé-Hart 260-F4). A series of
liquids with varying surface tensions were prepared by adding
ethanol (Fisher) in water. Contact angles were measured by
advancing or receding a small volume of liquid (B20 mL) onto
the surface using a micrometer syringe (Gilmont). Sliding
angles were measured by slowly tilting the stage until the
droplet (B20 mL) rolled off from the surface. All results are
the average of three individual measurements.

Morphology characterization

Surface morphology was characterized using a scanning elec-
tron microscope (SEM; Thermofisher Phenom Pharos) at 2 kV
with a secondary electron detector. The samples were sputter
coated with a thin film of gold prior to imaging (Cressington
108). Depth profiles were obtained using a confocal laser
scanning microscope (Keyence VKx1100).

Structural characterization

Structural organization of polydomain and monodomain LCEs
was characterized using polarized light microscope (Nikon
Eclipse 50i POL). Polarized interference images were obtained
using a 530 nm P-Cl filter (Nikon, Japan)

FTIR characterization

Samples for FTIR (Thermo Scientific Nicolet iS50) were pre-
pared by mixing the desired material with KBr powder to form a
pellet. Samples were analyzed with DTGS/KBr detector, and
spectra were recorded at 2 cm�1 resolution with 32 scans.
Background spectra were obtained with an empty pellet holder.

Mechanical characterization

The quasi-static mechanical properties were measured using ASTM
Type I specimens in a tensile tester (Instron).63,64 Force was
measured with a 2 kN load cell (Instron) and displacement was
measured using the crosshead velocity (20 mm min�1). Specimen
dimensions were used to convert the force-displacement curves to
stress–strain curves.

Droplet bouncing

Movies of colored water (methylene blue: 10 mg mL�1) and
hexadecane (Oil Red O: 10 mg mL�1) droplets bouncing on the
LCE-based superomniphobic surfaces were obtained using a
high-speed camera (Fastcam Mini AX200) at 1000 frames
per second.

Chemical resistance

To assess chemical resistance, our LCE-based superomnipho-
bic surfaces were exposed to corrosive (i.e., acidic and basic)
liquids with a wide range of pH values (1 o pH o13) for 1 h,
and immersed in concentrated sulfuric acid, concentrated
sodium hydroxide and 35% hydrogen peroxide for 10 days.
Subsequently, we measured the contact angles and sliding
angles of hexadecane to assess superomniphobicity.
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