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1. Introduction

Flat (2D), curved (3D), and hierarchical (3D) surfaces with
dynamic topography attract rising interest due to their growing
potential in medicine,[1] biotechnology,[2] electronics,[3] robotics,[4]

and design of actuators,[5] among others. The reshaping of the 2D
surfaces or transformation of 3D surfaces in other 3D surfaces is
usually triggered by either a physical or chemical stimulus, which
can affect surfaces in two different ways: by changing the topog-
raphy and/or by changing the chemical composition of the
surface.[6] The change in the topography can be, for example,
achieved by the action of a mechanical force (physical stimuli)[7]

or by applying any other stimuli such as
light or temperature leading to bending,
stretching, or compressing of micro- and
nanostructures.[8]

The materials that can switch one or
more properties in response to applied stim-
uli are known as “smart” materials. Smart
materials convert one form of energy like
thermal, electrical, chemical, or mechanical
into another form.[9] Two-way transforma-
tion is usually achieved using hydrogels,
electroactive polymers, and liquid crystalline
elastomers.[10] Traditional shape-memory
polymers (SMPs) allow only one-way shape
transformation (relaxation from temporary
shape to permanent one). The transforma-
tion to a temporary shape is usually achieved
manually. SMPs can also be used for the
design of surfaces with switchable topogra-

phy,[11] although their manual deformation to temporary states is
unavoidable.[12]

The shape-changing of SMPs is driven by the release of
inner stress triggered by external stimuli like an increase in
temperature.[13] Although thermoresponsive SMPs have a high
recovery ratio, up to 100%, their local actuation is challenging
because of the difficulty of local heating. The light as a signal
can solve these problems of local triggering because local illumi-
nation is very straightforward. Moreover, light-responsive mate-
rials allowed remote activation, temporal control, and rapid
switching.[14] Light-responsive materials actuate in different
modes: 1) the first one by changing the conformational structure
of photochromic groups (photochemically), for example, spiro-
pyrans and azobenzenes;[15] 2) the second one by elevating the
excitation level of the photochromic groups;[16] and 3) the third
one by the transformation of light energy into heat known as a
photothermal effect.[15,17] Photothermal effect allows local heat-
ing of, for example, polymers above their glass transition and/or
melting temperature and, as follows, allows their local
softening.[18] The typical photothermal materials, which absorb
light and convert it into heat,[19] are carbon nanomaterials,
gold nanomaterials, indocyanine green, and metallic sulfides/
oxides.[20] The use of photothermal effects is in many cases more
preferential because it allows separate tuning of properties of the
thermoresponsive matrix and light-sensitive (photothermal)
agents. An example of the application of the photothermal effect
was observed in the control of light-responsive hydrogel valves
used in microfluidic devices.[21] Another interesting example
of a photothermal-responsive surface is presented by Jiao et al.[22]

In their investigation, an anisotropic grooved surface composed
of graphene and polyvinylidene coated with paraffin was created
to control the droplet sliding. By the photothermal stimuli, the
topographical surface is modified to manipulate the water drop,
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either pinning or sliding, effect used for the fabrication of
anti-icing surfaces.[22]

In our previous work, we demonstrate an approach for the fab-
rication of surfaces with switchable high-aspect ratio lamellae
based on SMPs using melt-electrowriting (MEW).[23] The
mechanical properties of the lamellae can be switched between
soft and hard states. The high-aspect ratio lamellae demonstrated
possibilities to switch their shape by surface tension of the water
and temperature, andmanual deformation was not required. The
temperature as a signal, used in our previous work,[23] can hardly
be applied locally to achieve targeted switching of mechanical
and wetting properties of surfaces. Using light as a signal
presents more benefits. In this article, we have taken a step for-
ward in designing high-aspect ratio surfaces with switchable
topography and made them light-sensitive, which we expect
should allow local manipulation with topography and wetting.
The dip coating as the selected method for converting the lamel-
lar surface into a photoresponsive is advantageous because it is
simple, efficient, and inexpensive, and as the particles are not

embedded into the molten polymer, the rheological properties
and printing conditions are not affected.

2. Results and Discussion

The high-aspect ratio light-sensitive surfaces were fabricated
using a two-step approach (Figure 1). First, lamellae of shape-
memory poly(1,4-butylene adipate)-based polyurethane (TPU
PBA-75) copolymer were deposited on a glass substrate using
MEW (Figure 1a). In the second step, a layer of black light-
absorbing ink was deposited on the top of the lamellae
(Figure 1b). The use of two-step approach has essential advan-
tages over the approach of light-absorbing material, which is usu-
ally carbon, iron oxide, or similar black particles, is mixed into
the polymer and the polymer–particle blend is then deposited. In
fact, it is known that particles are able to substantially change the
rheological behavior of polymer melts, in particular when the
particles tend to aggregate. The aggregated particles render

Figure 1. Scheme of fabrication of photosensitive structured surfaces with high-aspect ratio lamellae: a) fabrication of TPU-PBA lamellae using MEW;
b) deposition of light-absorbing material on the lamellae using dip coating to form light-sensitive surfaces; c,d) the lamellae may be cut to reduce their
length and form short flaps to increase the amplitude of actuation; e,f ) optical imaging made with a macrocamera, and g,h) SEM of the surface of the
black-coated lamella (pink color: black coating, blue color: polymeric fiber).
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the polymer’s flow behavior with flow threshold points.[24] Such
blends show elastic behavior over a very broad time-scale range
and nearly do not flow when small stress is applied. The blends
start to flow when the stress above a threshold value is applied.[24]

Such kind of behavior makes the control of the flow behavior of
polymers difficult. Therefore, in order to avoid these difficulties,
we used a two-step approach—deposited polymer first and
light-absorbing material next. Another advantage of this
approach is that amount of light-absorbing material can be easily
controlled in two ways: by its concentration in dispersion/
solution and by varying the number of layers, which are depos-
ited. On the contrary, the use of a one-step approach will require
making new blends each time when the amount of light-absorbing
material shall be varied. Thus, the main advantages of the use of a
two-step fabrication approach are flexibility from point of view of
fabrication of a variety of structures with different compositions
and properties.

We have used poly(1,4-butylene adipate)-based polyurethane.
The thermoresponsive polyurethane had a hard segment formed
by the reaction between 4,4 0-diphenylmethane diisocyanate
(MDI) and 1,4-butanediol (BD). The soft segment was composed
of poly(1,4-butylene adipate) (PBA). The soft segment possesses a
melting peak temperature of around 40 °C and a crystallization
onset temperature of 5 °C when applying a heating/cooling rate
of 5 °Cmin�1 (Figure S1a, Supporting Information). Cold crys-
tallization in second heating cycle disappears at lower scan rate
because conditions are closer to equilibrium and chains have
enough time to crystallization upon cooling that is evidenced
by higher crystallization enthalpy in cooling cycle (Figure S1a,
b, Supporting Information).

The mechanical properties of the polymer showed that the
material can be in two states: hard and soft depending on the
temperature. The elastic modulus in the hard state is 55MPa
approximately and in the soft state 8MPa.[23] The low melting
point of the mobile phase of poly(ester urethane) (PEU) can
be easily attainable after few seconds of light exposure. As well,
from the point of view of the mechanical properties, the PEU
lamellar construct can be deformed by small forces as in the addi-
tion of water drop, eliminating the need of manual deformation.

The thickness of lamellae is determined by conditions of
MEW (V= 3 kV, 200 μm of nozzle diameter, at 215 °C tempera-
ture and 2mm distance from the electrified collector). The vis-
cosity of the polymer decreased at a temperature over 200 °C as
measured in the frequency sweep at a constant strain (5%)
(Figure S3, Supporting Information) and by rotational rheology
(Figure S4, Supporting Information) which shows the flowability
of the polymer at 215 °C. The storage and loss moduli curves
showed that the polymer starts to flow at temperatures higher
than 180 °C as observed in Figure S2, Supporting Information.
For the dip coating solution, we used commercial black ink as
light-absorbing material—Edding T100 (Ahrensburg, Germany).
The reasons for the selection of this material are the following:
1) it has a high extinction coefficient in a whole range of visible
light (the material is very black even if the thickness of the layer is
small); 2) it forms stable dispersion. The measured thickness of
the coating was 0.9� 0.1 μm (Figure 1g,h) as it was measured
using scanning electronic microscopy (SEM). This behavior is,
however, expected in all kinds of inorganic granular materials
—contact between particles is weak and breaks at low strain.
After 5 and 10 cycles of deformation, the samples were analyzed
by SEM (Figure S5, Supporting Information). It was observed
that the black coating was stable; nevertheless, after 10 cycles
of deformation, the coating formed few cracks on the surface
of the polymeric lamella.

Next, we investigated the mechanical properties of coated
lamellae to explain the effect of light-absorbing coating and light
stimulation. First, cyclic extensional strain testing was performed
to elucidate the properties of materials at relatively large defor-
mation up to ε= 25% (Figure 2a). Young’s modulus of the
uncoated (“white”) lamella was measured to be 49� 9MPa.
Exposure to light results in the decrease of the modulus down
to 25� 3MPa, which is explained by the increase of temperature
of the material due to the photothermal effect and its softening
due to melting of poly(1,4-butylene adipate) block—even white
materials are able to absorb light which results in their softening.
Young’s modulus for the coated (“black”) lamella with and with-
out light exposure was 42� 2 and 6� 1MPa, respectively
(Figure 2a). The drop in Young’s modulus is due to the melting

Figure 2. Mechanical characterization of the lamellae noncoated (white lamella) and coated with black ink (black lamella): a) a cyclic strain dynamic
mechanical characterization (εmax= 25%) exposed and not exposed to light; b) frequency sweep characterization of lamella exposed and not exposed to
light and coated and not coated with black ink; c) storage moduli of the black lamella when exposed to 4 °C and kept at RT.
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of the soft segment of the polymer. The obtained values of
Young’s modulus of nonexposed lamellae with and without black
coating allow a conclusion that the black coating does not affect
Young’s modulus of the lamella—contribution of thin and brittle
particle layer to mechanical properties is negligible. On the other
hand, black coating significantly improved the light sensitivity of
polymer lamellae and allows manipulation of its mechanical
properties by light.

An extensional frequency sweep was performed to character-
ize the mechanical properties of the lamellae at different time
scales (Figure 2b). It was found that storage modulus dominates
over loss modulus for the coated lamellae, which were exposed to
light (Figure S6, Supporting Information). Therefore, the values
of loss moduli are not shown. It was found that the storage mod-
ulus decreases tenfold from 49.1 to 4.7 MPa when the coated
lamella was exposed to light (Table S1, Supporting Information).
The storage modulus of uncoated lamellae decreases from 44.6
to 15.5MPa which is 3 times lower than that in the case of coated
lamellae. As mentioned above, this is explained by the inherent
heat produced by light. Nevertheless, the storage modulus was
still higher than that obtained when the material was exposed
to 40 °C (8MPa).[23] We did not observe any frequency depen-
dence of storage modulus for coated and uncoated samples,
which were exposed and not exposed to light. This means that
softening of the polymer does not result in the appearance of
a relaxation process on the investigated time scale.

In the third experiment, we studied the rate of softening of the
polymer upon exposure to light (Figure 2c). We tested two kinds of
lamellae: one, which was kept at room temperature (RT), and one,
which was exposed to 4 °C to induce stronger crystallization. It was
found that illumination with light resulted in the drop of Young’s
modulus on a time scale of a few seconds independent of how the
sample was treated. This observation shows that softening of
lamellae is a fast process. Themechanical tests clearly showed that
the mechanical properties of coated lamellae can be manipulated
by light and that softening of the polymer is very quick.

We studied the photothermal shape-memory behavior (defor-
mation, fixation, and recovery) of the lamellae (Figure 3). First,
the crystallized lamella was stretched by applying stress
σ= 5MPa which resulted in their elongation by ε= 3%. Then,
the stressed lamella was exposed to light which resulted in its
deformation by ε= 80%. The whole stretching process took

�200 s that is because illumination was local and heating of
the whole lamella takes a certain time. The shape fixation was
performed by pouring liquid nitrogen vapor onto the sample
in a stretched state. After that, the stress was released
(σ= 0MPa), and the strain was reduced to 73% due to the partial
relaxation of the polymer chains. Nearly full shape recovery was
achieved upon light exposure for 3min. The final strain of the
recovered sample was 3%. This experiment showed the possibility
of photothermal actuation and thermal fixation of coated lamellae.

We studied the deformation of the coated lamella and flaps
(5mm long parts of lamella obtained by cutting) (Figure 4) by
water droplet before and after illumination with light to investi-
gate the interplay between surface tension and elastic forces. The
nonilluminated lamella/flap could not be deformed by both
advancing and receding water droplets. The lamella/flap was
then exposed to light for 5 min to make it soft (Figure 4c,d),
and then the surface temperature was set at 20 °C. The water
droplet was deposited between lamellae/flaps (advancing droplet)
which caused their deformation in the direction opposite to each
other. Afterward, the droplet was soaked back (receding droplet)
into the pipet to reduce its volume. Surface tension forces forced
lamellae to bend toward each other. These findings show that the
short flap experienced greater deformation (3.13� 0.7 mm)
when exposed to light and advancing volume of water (Figure 4e).
However, the difference between deformation of the continuous
lamella and that of the short flap, when both were exposed to 4 °C
before the deformation (which resulted in hard mechanical mem-
ory) or when they were exposed to light (resulting in soft mechan-
ical memory), was found to be not significant. We also estimated
the degree of deformation of the short flaps after the water volume
was receded. Results showed that the maximum deformation of
the short flaps that were exposed to light is 1.05� 0.2mm. These
findings confirm that lamellae can indeed be deformed at RT after
exposure to light, and that once the stress is eliminated, the lamel-
lae can recover their original position. This experiment showed
that the sensitivity of coated lamellae to surface tension forces gen-
erated by water droplets can be switched by light.

The recovery of lamellae depends on their length. In order to
investigate this phenomenon, we manually deformed heated
long lamellae and then cooled them down to fix them in a tem-
porary state. The recovery was induced by exposing lamellae to
light. The recovery was measured in two areas of the surface: in

Figure 3. Photothermal shape-memory behavior of the black lamellae measured in dynamic mechanical analyzer at a constant stress (σ= 5MPa) during
deformation and σ= 0MPa for recovery.
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the center of the lamella and at the edges (Figure 5). It was
observed that the recovery of the central part of lamella occurred
within 600 s of light exposure was 21%, while the recovery of the
edges reached 28% in 10 s of exposure. The reason for this dif-
ference is the inhomogeneous heating of the sample surface by
light (Figure 5d). Indeed, complete recovery is only possible
when the whole lamella is heated—hard nonilluminated part

of lamellae oppose deformation. Heating of a fraction of lamella
does not result in the recovery of even heated areas—the struc-
ture behaves as a beam with two fixed ends. The edge of the
lamella is, however, “fixed” at one of its ends, which is the long
lamella. As result, its recovery is large. This observation indicates
that a large recovery can be achieved when the whole lamella is
illuminated which can be realized by the use of a large and

Figure 4. Deformation of the lamellae (left column a,c) and short flaps (right column b,d) exposed to 4 °C (hard state, upper panel (a) and (b)) and
illuminated before deformation (soft state, lower panel, (c) and (d)). Dashed yellow line—lamella in the initial state, red line—edge of the water droplet
after deformation. The short flaps were colored in red to facilitate the visualization. (e) Maximum distance measured between the lamellae. (* at the 0.05
level, there is a significant difference in the means) (ANOVA and Tukey test at p= 0.05; n= 2).
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sufficiently powerful laser beam or by the use of short lamellae.
Moreover, in order to determine the efficiency of recovery of the
short flaps, we cut the lamellae in different lengths: 1.3, 2, 3.6,
4.3, and 5.8 mm, and measured the width of the flap (Figure 5i)
at different times during light exposure (Figure 5k).
A fast recovery of the flap was observed at small lengths.
After 60 s of exposure, a maximum of 52% of recovery was
observed for flaps of 1.3mm. There is a statistical difference
of the recovery percentage between the flaps of 1.3 and
5.8mm length at a significance of 95% (Figure 5j).

As discussed in our previous article,[23] it is evidenced that the
surface tension (Fs � γ ⋅ dl),[25] elastic deformation (δ � F ⋅H3=EI,
whereH is the height of lamella, I is the second moment of inertia
I ¼ a ⋅ dl3=12, a is the thickness of a lamella, and dl is its length),
and gravity (Fg � ρ ⋅ g ⋅ h ⋅ b ⋅ dl, where h is the height of the
droplet and S is the surface area) interact to deform the lamellae.

The deflection is δ � γ⋅H3

E⋅a⋅dl2 and it decreases with the length of
flaps. Thus, not complete heating of lamellae by light is not
the only reason for weaker deformation of long lamellae. The lon-
ger are the flaps, the weaker they deform.

Two previous experiments showed separately that surface ten-
sion forces can cause considerable deformation of lamellae,
deformation/recovery depends on the length of lamellae, and
recovery can be induced by light. Therefore, we investigated
the possibilities to induce deformation/recovery of lamellae by
a combination of surface tension forces and light (Figure 6).
We fabricated lamellae and cut a flap with a length �5mm,
which was further actuated by water droplets and light. Water
droplet was deposited between two flaps and the flaps were illu-
minated with light to soften them. The water droplet was either
advanced or receded. We observed that water droplets deformed
flaps upon their illumination with light. Afterward, the

Figure 5. Studies of the efficiency of recovery of lamellae depending on their length: a–c) central part of lamellae is illuminated; e–g) edges of the lamella
are illuminated; d) photothermal photography of the exposed areas to light. Yellow dashed line—initial position of the lamella, red line—final position of
lamella after restoring: h,i) front and top view of the lamellae flaps at different length; j) achieved recovery after 60 s of light exposure while varying the
length of the flap; and k) the recovery curve for flaps of different length.
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temperature was reduced to 4 °C using the Peltier element,
where the sample was placed, to store the temporary shape
(deformed flap). The lamellae stayed in a temporary deformed
state after the water droplet was removed. Illumination with light
resulted in the recovery of deformed lamellae within 30–60 s.
The recovery with light exposure was 5 times faster than the
one achieved with thermal exposure in our previous investiga-
tion.[23] The reason for this difference is most probably faster
heating with light—lamellae get heated by light faster because
they directly absorb light. In the case of thermal heating, the heat
needs to diffuse through the sample. It is important that the illu-
mination of flaps, which contact with water droplets, does not
result in their softening and bending. Indeed, the maximum

temperature reached in the water environment can be up to
27–28 °C which is 12 °C lower than the minimum required to
bend the structures (Figure S7, Supporting Information).
Such a big difference in comparison to behavior in the air can
be explained by the heat capacity of the water, which is
4182 J kg�1 K, which is much higher than that of air, that is,
1005 J kg�1 K (density of air is much lower than that of water).[26]

Finally, we demonstrated the application of photothermally
sensitive lamellae for the design of smart valves for microfluidic
devices. We fabricated rectangular reservoirs for liquids. The
walls of these reservoirs are formed by lamellae. The lamellae
were cut with scissors to form flaps, which will act as valves.
The main advantage of black-ink-coated flaps is the possibility
of their individual control—they can be actuated independently
from each other. Unlike our previous article,[23] where only recov-
ery of the whole sample by heating was possible, here, each flap
can soften individually which allows the design of smart light-
controlled smart valves that can be used to control the mixing
of liquids on a microscale.

An example of a such device with light-controlled valves is
shown in Figure 7. Two valves (shown by red and yellow rectan-
gles) were softened by light exposure to allow advancing water.
When both valves remained in a closed state (no bending), the
liquid, colored in red, did not flow out of the groove (Figure 7b).
Illumination with light softens the lamellae that allow their bend-
ing by increasing the volume of the water in the channels
(Figure 7c,d). The mixing of both fluids depended on the flow
rate. It was possible to limit the mixing rate by an incomplete
opening of the valve (e.g., using a half-opened valve) and by
reducing the volume of liquids. After mixing, the temperature
was rapidly dropped to 4 °C to fix the temporary shape. The recov-
ery of the valves was made in the absence of the liquid because
the forces exerted by the water droplet on the deformed flap
(gravity, weight, capillarity force) restricted the recovery of the
flap. Moreover, the temperature achieved during the photostimu-
lation of the black lamella when it was in the contact with water is
lower than the minimum required to get the soft state of the sur-
face that is due to the higher heat conductivity of water discussed
above (Figure S7, Supporting Information). The recovery time
for each valve was different, possibly explained by the length
of the valve. For the valve in a red rectangle, the time was
52 s, while for the vale in a yellow square took 84 s to recover.

3. Conclusion

This article reports the fabrication of light-sensitive structured
surfaces with high-aspect ratio lamellae and lamellae flaps.
The high-aspect ratio features were fabrication using MEW.
The sensitivity to light was provided by using a combination
of thermoresponsive SMP and its coating by black ink, which
converts light into heat. The approach suggested in this study
is a simple method involving dipping the lamellar surface into
a black ink solution to stain the surface of the polymeric lamellae.
Unlike incorporating black particles within the polymer, this
method does not affect the degree of crystallinity of the material.

The lamellae exposed to low temperatures are hard and cannot
be deformed by water droplets. The temperature reached upon
exposure to light-coated polymer was close to the melting peak

Figure 6. Deformation and recovery of the flaps made by light exposure by
advancing volume droplet and receding volume water droplet.
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temperature of the soft segment of the polyurethane which led to
softening of the polymer. Due to this effect, it was possible to
deform and recover the surface by water droplets deposited on
lamellae. This soft state can be preserved even after exposition
to light which allows deformation due to the soft mechanical
memory shown by the surface. The deformed state can be fixed
by cooling down resulting in the crystallization of the polymer.
The deformation and recovery extent as well as rate depend on
the length of lamellae—shorter lamellae flaps are deformed
stronger, recovered complete, and do it faster than long ones that
are also due to inhomogeneity of heating. Finally, we demon-
strated the application of the developed approach and materials
for the fabrication of smart light-controlled valves, which can be
used for the controlled mixing of fluids in microfluidic devices.
This brings a potential application in the creation of multiple
smart valves that can act independently, opening and closing
the passage for combining fluids and reactions.

4. Experimental Section

Materials: For the fabrication of the lamellar surface, a thermorespon-
sive polyester urethane (polybutylene adipate based) was required. For its

synthesis, poly(1,4-butylene adipate) (PBA) diol Desmophen 2505 was
selected from Covestro Deutschland AG (Leverkusen, Germany) and
4,4´-diphenylmethane diisocyanate (MDI) was purchased from Fisher
Scientific (Schwerte, Germany). 1,4-butanediol (BD), as well as a molecu-
lar sieve with a pore size of 4 Å, was obtained from Alfa Aesar (Kandel,
Germany). Polylactide (PLA 4032D) was obtained from NatureWorks
Ltd. (Minnetonka, MN, USA) and chloroform from Merck (Darmstadt,
Germany). Black ink Edding T100 (Ahrensburg, Germany) was diluted with
isopropanol from Merck (Darmstadt, Germany).

Synthesis of TPU: Poly(1,4-butylene)-based poly(ester urethane) (TPU
PBA-75) was synthesized as previously described.[23] Briefly, 0.037mol
of dried PBA-diol Desmophen 2505 reacted at 120 °C with 0.157mol of
MDI for 90 min. The isocyanate prepolymer reacted with 0.12mol dried
BD. The reaction stopped by pouring the melt onto a plate covered with
a polytetrafluoroethylene film. Finally, TPU PBA-75 was cured in an oven at
80 °C for 120min and ground into granules for further use.

Spin Coating of the Glass Slides: Glass slides of 26 mm� 76mm were
coated with 500 μL of a solution of PLA in chloroform (10mgmL�1) with a
Spin Coater Ossila (UK). The rotational speed was set at 500 rpm for 10 s
to ensure total coverage of the surface, and then it increased to 4000 rpm
for 1 min.

Fabrication of the Surfaces: The lamellar surface was fabricated as pre-
viously described.[23] Briefly, the MEW of TPU PBA-75 was made in a 3D
Discovery printer Regen Hu (Villaz-St-Pierre, Switzerland). The conditions
for MEW were set at 215 °C, 3 kV of voltage, pneumatic pressure at
0.1MPa, the distance between collector and nozzle was 2mm, and the

Figure 7. Use of multiple independently light-controlled smart valves for control of mixing of liquids: a) valves are closed and b) the liquid (colored in
yellow and red) remained inside of the cavities formed by the flaps; c,d) by advancing volume of the water, the smart valves opened; and e,f ) the fluids
combined and circulated to other grooves. g,h) The recovery of the position of the flaps was conducted by photothermal effect; smart valves are
highlighted in red and yellow squares.
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translation speed (F) was 100mm s�1. The extrusion was made with a
metallic needle of 200 μm inner diameter. By stacking the fibers one upon
each other, the lamellar surface was fabricated. To create the flap surface,
the lamellae were cut transversally every 5mm with a sharp razor blade. The
distance between the lamellae was 1500 μm, and the height was 1500 μm.

Dip Coating: The lamellar surface was dip-coated in a solution of a com-
mercial black ink Edding T100 (Germany) in isopropanol at 25% v/v. A dip
coater Ossila (UK) was used. The samples were immersed for 10 s at
10mm s�1, followed by a withdrawal with a speed rate of 1 mm s�1.
The samples were dried in a vertical position.

SEM: The SEM photographs were made by using a scanning electron
microscope Thermo Fischer Scientific Apreo 2 SEM (Germany). A lamella
sectionwas fixed on an SEM stub with the help of copper double-phase adhe-
sive tape. The sample was sputtered with �1.3 nm platinum to ensure con-
ductivity using a Leica EM ACE600 (Wetzlar, Germany). The sputtering rate
was set at 0.02 nm s�1, with a current of 35mA, under Argon 0.05mbar.

Dynamical Mechanical Analysis: The mechanical properties of the mate-
rial were measured in a Modular Compact Rheometer MCR 702 Multidrive
from Anton Paar GmbH (Ostfildern, Germany). Mechanical properties
measurement was done for the lamella when it was not black-coated
and exposed and not exposed to light. A logarithmic frequency sweep from
100 to 0.1 Hz was done with constant extensional stress (σ) of 0.25MPa.
The white and black lamella were exposed to light for 3 s every 30 s to avoid
the degradation of the material.

The extensional cyclic experiment was done in a linear ramp mode
increasing the strain (ϵ) from 0.01% to 25% with an extension rate of
1%min�1.

To measure the elastic deformation and recovery of the black-coated
lamellae, the rheological measurements were done in five steps: the first
one was made at a constant stress of 5MPa, and the strain was measured,
which shows the deformation of the lamella for 300 s. In the second stage,
the sample was exposed to light laser while keeping the stress at 5MPa for
300 s. In this stage, the sample was exposed to light for 3 s every 30 s. The
third stage was done by the fixation of the stretched lamella while pouring
liquid nitrogen, and the stress was set at 5MPa for 600 s. The fourth and
fifth stages were the recovery of the sample by releasing the stress without
and with light exposure, respectively.

For the light exposure, we used a violet laser diode module. The laser
had a wavelength (λ) of 405 nm, class IIIb, with an elliptical beam with an
adjustable focus. The distance between the sample and laser light was set
at 10 cm for all the experiments.

Deformation Studies: The lamellae surface was cut into flaps of 5 mm in
length. The deformation studies were made for the long lamella and the
flaps. The deformation of the structure was made under the photothermal
effect produced by light exposure while the water volume increased or
decreased depending if it was advancing or receding volume. The
shape-memory behavior of the structured topographical surface was stud-
ied by deforming the lamellae under light exposure. By advancing and
receding the volume of a water drop, the lamellae were able to deform
in the direction of the water flow. The sample was fixed by cooling it
to 4 °C. The recovery of the original state of the sample was accomplished
by the photothermal effect provided by light exposure.

Statistical Analysis: The statistical analysis was made in Origin Lab soft-
ware. Data were produced with two replicates. The analysis of variance
(ANOVA) was performed at a significance of 95% (p= 0.05). Tukey test
was used as comparison test at a p= 0.05.
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