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ABSTRACT: Responsive slippery lubricant-infused porous surfaces Laser ablation

(SLIPSs), featuring excellent liquid repelling/sliding capabilities in

response to external stimuli, have attracted great attention in smart Spin coating SoMS

droplet manipulations. However, most of the reported responsive -

SLIPSs function under a single stimulus. Here, we report a kind of
smart slippery surface capable of on-demand control between sliding
and pinning for water droplets via alternately freezing/thawing the
stretchable polydimethylsiloxane sheet in different strains. Diverse

parameters are quantified to investigate the critical sliding volume of 0% Cooling >
the droplet, including lubricant infusion amount, laser-scanning Sliding\‘ N Stretching Rinning
power, and pillar spacing. By virtue of the cooperation of temperature < —cng

and force fields acting on the SLIPS, we demonstrate the intriguing
applications including controllable chemical reaction and on-demand
electrical circuit control. We envision that this dual-responsive surface should provide more possibilities in smart control of
microscale droplets, especially in active vaccine-involved biochemical microreactions where a lower temperature is highly favored.

B INTRODUCTION and others,'”™** switchable droplet manipulation can be
achieved by the regulation of the chemical composition and

Liquid droplet manipulations, such as droplet storage, transfer,
geographic morphology on the smart surfaces. Typically, Wang

and mixing, have garnered widespread attention because of their

potential applications in cell screening, biochemical synthesis, et al. achieved programmable wettability by utilizing paraffin-
and molecular sensing.'~* Generally, most functional surfaces infused porous graphene films through dynamic and reversible
for droplet manipulations can be categorized into super- transition on liquid/solid surfaces in response to near-infrared
hydrophobic surfaces™® and slippery lubricant-infused porous light.”> Wu et al. fabricated a kind of Fe;O,-doped SLIPS, which
surfaces (SLIPSs) based on the special interaction among can easily manipulate diverse liquids in arbitrary directions by a
multiple phases.7’8 As an emerging functional surface inspired by unilateral near-infrared-irradiation stimulus.>* Nevertheless,
the Nepenthes pitcher plant, SLIPS shows excellent nonselective most of the reported stimuli-responsive SLIPSs work under
liquid repellency and a low hysteresis feature (<5°) and has single-stimulus conditions, which greatly hinder their wide-
attracted considerable interest in the field of interfacial science spread uses. Although dual-responsive SLIPSs (e.g., photo-
and related applications such as drag reduction, antifouling, anti- electric synergetic responsive polymers) have been reported for
icing, and bubble and droplet manipulation.”" For instance, droplet manipulations in previous studies, the targeted liquids
Cao et al. demonstrate that the orthogonal assembly of are usually limited to specific properties (e.g., electroconductiv-
anisotropic tracks can realize unidirectional droplet manipu- ity).”>*® Hence, it is interesting to develop more flexible
1ation112y fusing the bioinspirations of the rice leaf and the pitcher multiresponsive SLIPSs.

plant.” Levkin et al. construct patterned slippery surfaces for Herein, we propose and fabricate a kind of dual-responsive

precisely positionin§ and guiding the droplets up to volumes of
several microliters."” Usually, these approaches can be classified
into the same category that relies on the assistance of Laplace
pressure arising from the asymmetry of droplet shape caused by
the substrate’s morphology.

In the past years, smart surfaces with switchable wettability
have been proposed and extensively studied in both academic
research and industrial applications, such as oil—water
separation, droIplet transportation, cell capture/release, and
biotechnology.*™'® By virtue of diverse external stimuli
including photoirradiation, temperature, magnetic field, pH,

smart SLIPS (DRSS) by femtosecond laser cross-scanning on
flexible polydimethylsiloxane (PDMS) sheets. By cooperation of
alternately freezing/thawing and stretching the DRSS, the
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Figure 1. Schematic fabrication of the DRSS and its droplet control. (a) The DRSS is constructed through femtosecond laser cross-scanning and filling
lubricating oil on PDMS. (b) SEM images of the micropillar structures on the DRSS at different magnifications. (c) An 8 uL water droplet can readily
slide off along the DRSS at room temperature but sticks onto the surface when the temperature is decreased to —20.5 °C (tilt angle = 30°).

controllable behavior between sliding and pinning for various
microsized droplets is achieved. The critical sliding volume of
the droplet is investigated under diverse experimental
parameters, including lubricant infusion amount, laser-scanning
power, and pillar spacing. The underlying mechanism is
discussed and is attributed to the friction resistance regulation
at the DRSS—droplet interface induced by both stretching force
and temperature fields, which change the surface roughness and
the targeted droplet physical state on the DRSS. Based on the
selective volume screening function between droplet sliding and
pinning, we demonstrate the intriguing applications including
microsized microfluidic reactors and electric circuit on/off
control. This work should provide new insight into smart
manipulation of microscale droplets in practical scenarios such
as active biochemical microreactions at a lower temperature.

B EXPERIMENTAL SECTION

Materials and Fabrication. Commercially available black PDMS
sheets (thickness ~200 ym) were cut into appropriate sizes. Thereafter,
the PDMS sheets were mounted on an x—y—z mobile platform and
ablated via cross-scanning femtosecond laser scanning at a speed 2 mm/
s to form micropillar structures on PDMS sheets. The scanning spacing
between two adjacent lines was 200 ym in both x- and y- coordinate
directions. The laser pulses (a central wavelength of 800 nm, a
repetition rate of 1 kHz) from a regenerative amplified Ti:sapphire
femtosecond laser system (Coherent Physics, USA) were employed for
ablation. The laser beam was guided onto the PDMS substrate surface
through a galvanometric scanning system (SCANLAB, Germany),
which was equipped with a 63 mm telecentric f—6 lens to make the laser
beam focus and scan along the x/y coordinate direction. The laser-
induced microstructured surface needed to be spun with silicone oil.
The adjustable rotation speed of the spin coater was between 100 and
7000 rpm at factory settings. The typical rotational speed in our sample
preparation was ~350 rpm, and the rotational time ranged from 1 to §
min.

Observation of the Oil Film Thickness. To calculate the oil film
thickness of the DRSS, we first put the DRSS on the microscope
worktable. The iron powder with a diameter of S ym was coated onto
the top of the oil film. Second, the first value was recorded when the
microscope was focused on the top of the micropillar of dry
microstructured PDMS, and the second value was recorded when the
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microscope was focused on the iron particles. Finally, we calculated the
difference between the two values, which represented the thickness of
the oil film. The minimum resolution of the microscope is 2 um.
Consequently, the thickness of the oil film is calculated to be ~40 ym.

Characterization. Scanning electron microscopy (SEM) photos
were utilized to analyze the surface topography of the laser-induced
PDMS substrate via use of a field emission scanning electron
microscope (JEOL, Japan).

Water Droplet Sliding/Pinning Strategy. After spin-coating
processing, the oil-infused microstructured surface was placed on a
homemade semiconductor freezer. The DRSS will be capable of on-
demand control between sliding and pinning for water droplets via
alternately freezing/thawing the stretchable PDMS sheet in different
strains.

B RESULTS AND DISCUSSION

The DRSS fabrication process consists of two steps. First, the
commercially available PDMS sheet (~200 um thickness) was
converted via femtosecond laser cross-scanning irradiation into
a superhydrophobic micropillar-arrayed PDMS, which was
frequently adopted in recent functional surface fabrication.””**
Second, the as-prepared sample was then impregnated by
silicone oil (50 cSt viscosity) through spin coating, resulting in
an oil film formation on the surface (Figure 1a). SEM images in
Figure 1b show the surface morphology of the laser-induced
micropillar structures on PDMS at different magnifications.
Because of the interaction between the laser pulse and PDMS,
nanoparticles were randomly generated on the surface after laser
ablation. To achieve the selective motion between sliding and
pinning for the water droplet, we adopted a dual-control strategy
by alternately freezing/thawing and stretching the DRSS. As a
typical demonstration, Figure lc shows that an 8 yL water
droplet could readily slide off the DRSS (a tilt angle of 30°) at
room temperature (25 °C). However, the water droplet froze
and stuck on the inclined DRSS as the temperature was
decreased to —20.5 °C utilizing a homemade semiconductor
freezer.

To elucidate the basic physics behind the sliding/pinning
motion of droplets on the DRSS (Figure 1c), we gave out the
force analysis for a sliding droplet on the DRSS. When a droplet
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slides off along the DRSS at room temperature (Figure 2a), there
are generally three forces acting on the droplet, which are the
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Figure 2. Schematics and force analysis of droplet sliding and pinning
behaviors on the DRSS at (a) room temperature and (b) low
temperature. Once the droplet freezes, the liquid—liquid interface
between the droplet and DRSS will convert into the solid—liquid
interface. At this point, the movement friction is dominated by the
contact line friction, and the interfacial friction is negligible.

gravitational force G, the support force F;, and the total frictional
force F;. Note that the support force F, and the vertical-direction
component of the gravitational force mg cos « from the opposite
directions cancel out. The driving force of droplet motion is the
axis-direction component of gravity, which is calculated as

Firiven = Mg sina = pDQg sin a (1)

where a is the inclined angle, m and g correspond to the mass of
the droplet and the acceleration due to gravity, respectively, Q is
the droplet volume, and pp, represents the density of the droplet.
The total motion resistance is composed of the contact angle
hysteresis (CAH) of the droplet and the drag force (viscous and
pinning). The resistance of CAH can be calculated as*”

Foan = 7L(cos 6 — cos 6,) ()

where y is the surface tension of media, L is the droplet’s
character length, and 8, and 6 are the advancing and receding
angles of the droplet, respectively. The droplet on SLIPS
generally shows an extremely low CAH and excellent liquid
repellency.”*® Hence, Fcay can be negligible.”

In addition, the droplet motion is also affected by different
kinds of dissipations between two liquids including the droplet
and lubricating oil. The scale of viscous stress on the droplet and
oil sides at an oil—water interface can be written as u(V — V,) /R
and pVi/h, where pyp is the viscosity of the droplet, pg is the
viscosity of the oil, R is the droplet base radius, h is the
lubricating film thickness, V'is the droplet sli3p velocity, and V; is
the velocity of the oil—water interface.”’ In equilibrium,
balancing the viscous stress on either side of the interface
provides pip(V — V,)/R = poVi/h and V; = V(1 + poR/pph) =%
In our experiment, ji, << U, and the above scaling relation can
be reduced to V; = Vyph/jigR. When it integrates over a surface
area of order R?, we get the viscous stress in a droplet which
scales as ypV/R, which demonstrates that the dissipation in the
droplet is due to the change in the droplet base radius induced
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Figure 3. DRSS response to different stretching ratios (& from 100 to 200%) and temperature fields. (a) Optical morphologies of a laser-ablated PDMS
sheet. (b) DRSS lengths of the long axis and short axis. (c) Silicone oil coverage on the DRSS (inset: optical images of the DRSS). (d) Comparison of
critical sliding volume between room temperature and low temperature (tilt angle = 45°, blue column: —20.5 °C, red column: 25 °C). Critical sliding
volume for sliding/pinning behavior of the droplet on the stretchable DRSS in diverse experimental parameters including (e) lubricant infusion

amount, (f) laser-scanning power, and (g) pillar spacing.
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by the change of the surface tension of the droplet. The viscous
force in the droplet (Fp) scales as™

Fp % iy VR 3)

As a droplet on an oil-coated surface is surrounded by a
wetting ridge made of oil, viscous dissipation in the oil takes
place in the oil film underneath the droplet and wetting ridge.
The viscous stress underneath the oil film scales as unyV,/h,
which after integration gives the viscous force (Fy) as o V;R*/h.
In our experiment, jip, < fo, and it can further be simplified to**

Fy ® pp VR @)

The viscous stress in the wetting ridge of height H scales as
UoV/H. Integrating it over a surface area of HR results in the
Stokes force (Fy) as®"*?

e ® poVR (8)

Therefore, the total frictional force is the sum of all the
dissipative forces and the pinning force®

E=Fh+K+K+E (6)

where F; = pQg sin a* is the pinning force’' and ar* is the critical
inclined angle.

The alternating temperature field is critical to droplet sliding/
pinning control. Specifically, when a low-temperature field is
applied on the DRSS (Figure 2b), the interfacial friction
increases according to above-mentioned analysis, subsequently
slowing down the downward momentum of the sliding droplet.
The residence time between the droplet and the DRSS will be
subsequently prolonged, followed by the increase of heat
exchange on the interface. Once the bottom of the droplet
freezes, the liquid—liquid interface between the droplet and
DRSS converts into the solid—liquid interface. At this point, the
droplet movement friction is dominated by the contact line
friction, and the interfacial friction only plays a minor role. In
contrast, the contact line friction on SLIPS is negligible at the
liquid—liquid interfaces.”* Daniel et al.”> demonstrate that there
is no three-phase contact line for a moving droplet on a
lubricated surface, and the film thickness follows the Landau—
Levich—Derjaguin law

(7)

where capillary number Ca = uoV;/y and 7 is the water—oil
interfacial tension. The droplet is therefore oleoplaning with a
minimal dissipative force and no contact line pinning.”" That is
to say, at a lower temperature, the contact line friction of a frozen
droplet introduces the significant increase in systematic
dissipation, which subsequently results in the pinning effect of
the droplet sliding on the cold DRSS.

Moreover, by adjusting different bidirectional forces on the
DRSS, the surface roughness can be reversibly modified. Figure
3a shows the optical morphologies of a laser-ablated PDMS
sheet in different stretching ratios (& = 100, 150, and 200%) after
one-direction mechanical stretching. The stretching ratio is
defined as € = L/L,, where L and L, denote the length of the
processing area in the stretching state and in the pristine state,
respectively. It can be clearly seen that the PDMS length of the
long axis (along the stretching direction) after stretching
increased almost linearly with the elevated strain, while the
short axis (perpendicular to the stretching direction) decreased
slightly (Figure 3b). In addition, the silicone oil coverage on the
DRSS was found to decrease with the increased stretching ratio
(Figures 3cand S1). It can be observed that the oil surface on the

h ~ RCa*?
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pristine DRSS shows uniform brightness. Once the stretching
force was applied, the unbroken bright area was fragmentized
with the emergent of the dark area (the underneath PDMS). We
accordingly used an image processing approach to calculate the
oil coverage area by the ratio of the extracted bright pixels and
dark pixels. At the pristine state (¢ = 100%), the silicone oil
completely covered the microstructure (bright area). With the
increase of the stretching ratio, the oil film became thinner (dark
area) and the surface roughness increased because of the
appearance of the micropillar structures. Specifically, the
stretching ratio £ = 150% suggests that the surface oil coverage
approximately decreased by half. While the stretching ratio
increased to 200%, the surface oil proportion dropped to ~15%.
Note that a thinner oil film may lead to the contact between
droplets and micropillars, which in turn enhances the surface
roughness and interfacial friction between the droplet and
DRSS.

In general, the reversible control between sliding and pinning
for droplets on SLIPS is one of the most important metrics
considered in SLIPS designs. Therefore, the effect of both
temperature and force on the DRSS has been investigated in
detail. We first focused on the temperature regulation on the
critical sliding volume (i.e., the minimum volume for the droplet
that slides on an inclined DRSS), as shown in Figure 3d (tilt
angle = 45°, blue column: —20.5 °C, red column: 25 °C). The
DRSS was set at a typical inclined angle of 45°, and the water
droplet volumes ranged from 1 to 20 uL. At room temperature, a
minimum droplet of 1 4L was found to easily slide off the DRSS
at different stretching ratios ranging from 100 to 200% (red
column). When under low-temperature conditions, this thresh-
old increased significantly from 3 to 7.5 uL versus 100 to 200%
in stretching ratio (blue column).

We next investigated the critical sliding volume on the DRSS
in different stretching ratios from 100 to 200% at low
temperature. We consider the following experimental parame-
ters: lubricant infusion amount, laser-scanning power, and pillar
spacing. The low-temperature condition was created and kept at
—21 + 1 °C using a homemade semiconductor freezer setup
below the DRSS. Figure 3e shows the influence of lubricant
infusion amounts (0.003, 0.00S, and 0.01 g/cm?) on the critical
sliding volume with different stretching ratios, where lubricant
infusion amount is defined as the ratio between the infused
silicone oil mass and the processing area. The critical sliding
volume exhibits an obvious difference: with the increase of the
lubricant infusion amount, the critical sliding volume decreased
for each stretching ratio. Taking 0.005 g/cm” as an example (red
line), the critical sliding volume increased with an elevated
stretching ratio. Particularly, the critical sliding volume was 3 uL
for pristine sample and increased to 7 pL, while the maximum
stretching ratio was 200%. Figure 3f shows the influence of
different laser-scanning powers (40, 80, and 120 mW) on
droplet sliding behavior. Note that larger laser ablation energy
would result in wider and deeper grooves (Figure S2), leading to
enhanced oil storage capacities. Accordingly, when the laser-
scanning power increased, the critical sliding volume decreased
for the same stretching ratio. Figure 3g shows the influence of
the pillar spacings (100, 200, and 300 m) on the critical sliding
volume. When the pillar spacing increased, the threshold
corresponding to each stretching ratio slightly decreased.

The threshold generally exhibited a significant uptrend as the
stretching ratio was elevated in Figure 3e—g, which demon-
strated the effective mechanical response of the DRSS in droplet
control. The increase of the stretching ratio will lead to the

https://dx.doi.org/10.1021/acs.langmuir.0c03308
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Figure 4. Demonstrations for the microsized microfluidic reactor and electric circuit on/off control on the DRSS (tilt angle = 30°). (a) Controllable
coalescence between the NaOH droplet and phenolphthalein. (b) On-demand light control of the electric circuit using a saturated NaCl droplet in an

alternating temperature field.

decrease of the oil film thickness (Figure 3c). Our result exhibits
good consistency with previous study.”> This is mainly due to
the fact that the introduction of an oil layer covers the defects
and pinning sites of the solid surface and provides a lubricated
surface, which triggers smooth contact line motion for slipping
drops. Once the stretching ratio increases, the lubricant
thickness will decrease; hence, the slip velocity of the droplet
subsequently decreases as the surface becomes less lubricated
with increased pinning effect. It should be emphasized that the
stretching force can also achieve in situ sliding/pinning control
for the droplet during its downward sliding motion (Figure S3
and Movie S1). Besides, we observed that the environmental
water vapor in a wide range (the relative humidity, RH, varies
from 34 to 90%) has no significant impact on the droplet sliding
behaviors on the DRSS (Figure S4 and Movie S2).

Hence, by the cooperation of mechanically stretching and
alternately freezing/thawing the DRSS, we have shown the
capability of on-demand sliding/pinning control for various
microsized droplets for the DRSS. Compared with those
reported approaches to droplet sliding/pinning control that
solely rely on mechanical stretching,’®*” we unlock an
alternative option (temperature field) for the flexible droplet
manipulations. Moreover, different from most thermorespon-
sive surfaces working at high temperatures (dozens of degrees or
even higher) beyond the solid lubricant melting point, which
may cause the macroscopic evaporation of the microsized
droplet and chemical pollution from the heated lubricant,”*~*
our DRSS functions at a much lower temperature and features
the distinct advantages of low pollution and low liquid
evaporation loss during the droplet manipulation process.

The potential applications for multiresponsive slippery
surfaces can also be expanded to biomedical, microfluidic, and
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other related fields.” Finally, based on the selective screening in
droplet volumes on the DRSS, we demonstrate several intriguing
applications including microsized microfluidic reactors and
electric circuit on/off control. Figure 4a exhibits the color
rendering chemical reaction between NaOH and phenolph-
thalein droplets (Movie S3). A transparent NaOH droplet (8
uL) could readily slide off along the cold DRSS (—20.5 °C, a tilt
angle of 30°) and reacted with phenolphthalein at a stretching
ratio of 150% at time t = 9 s. When the stretching ratio increased
to € = 200%, the NaOH droplet only slid down a short distance
on the cold DRSS and then froze on the surface. Once the
surface temperature was elevated (25 °C), the droplet could
continue to slide downward and mixed with phenolphthalein at
time t = 64 s. Note that the freezing at the bottom side of a
droplet is the function of temperature and stay time.
Consequently, at a stretching ratio of 150%, the droplet mobility
is relatively fast, so the droplet does not have enough time to be
frozen even at —20.5 °C. When the stretching ratio is increased
to 200%, the droplet mobility is slowed down, where it can have
enough time to be frozen at —20.5 °C (Movie S3). The on-
demand control of a light-emitting diode (LED) light is also
shown in Figure 4b (Movie S4). A saturated NaCl droplet (8
uL) slid initially downward along the cold DRSS (tilt angle = 30°
and € = 150%). The LED could light up as the droplet passed
through the copper wire and then extinguished as it slid away.
When the stretching ratio increased at & = 200%, the NaCl
droplet pinned at the wire joint, bridging the gap between the
power source and the LED with light on. Once the substrate
temperature was elevated, the droplet melted and slid away,
followed by the extinguishment of the LED light.

https://dx.doi.org/10.1021/acs.langmuir.0c03308
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B CONCLUSIONS

In conclusion, a kind of DRSS was proposed and fabricated by
femtosecond laser cross-scanning on flexible PDMS sheets,
followed by the simple infusion of silicone oil into the
microstructures. This DRSS is capable of in situ manipulating
microsized droplet motion between sliding and pinning under
dual stimuli of freezing/thawing and bidirectional stretching. By
changing experimental conditions such as lubricant infusion
amount, laser-scanning power, and pillar spacing, one can readily
achieve the switchable sliding/pinning control of droplets in
different volumes. The basic mechanism is attributed to the
friction resistance regulation at the DRSS—droplet interface
induced by both force and temperature fields. Based on the
powerful DRSS, we also demonstrate the intriguing applications
such as microscale chemical reactions and electric circuit on/off
control. This dual-responsive SLIPS should open up more
possibilities in controllable droplet manipulation and smart
surface designs, especially in active biochemical engineering
where a lower temperature is usually needed.
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