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Introduction

In nature, a variety of plants and insects exhibit
inspiring non-wettable surfaces with static water
contact angles (WCA) exceeding 150°, e.g., lotus leaf,
water strider legs, and waterfowl feathers [1-4].
During the past decades, superhydrophobic surfaces
have drawn rapidly increasing interests in diverse
areas thanks to their attractive properties. It has now
been verified that the superhydrophobic surfaces
originate from the cooperative effect of surface
geometry and chemical compositions [5, 6]. Inspired
by natural creation, numerous methods have been
successfully exploited to prepare biomimetic super-
hydrophobic surface [7-9]. One prevalent approach is
to construct dual-scaled morphologies on surface via
integrations of micro-patterning and subsequent
nano-structure formation [10]. Surface fluorination is
another familiar avenue to convert hydrophilic com-
positions for superhydrophobic surface preparation
[11]. Not surprisingly, superhydrophobic sur-
faces/coatings have now been broadly investigated
for sorts of practical applications, e.g., anti-sticking,
oil/water separation, and water harvesting [12-15].
Recently, more and more attention has been focused
on the manipulation of water droplets on superhy-
drophobic surfaces with controllable water adhesion
capabilities. Superhydrophobic surfaces with water
adhesion divergence have been classified into two main
catalogs, namely low and high water adhesion corre-
sponding to the Cassie-Baxter model and Wenzel
model, respectively [16, 17]. Superhydrophobic sur-
faces with low water adhesion, termed as ‘Lotus effect,’
exhibit ultra-low adhesive force to resident water dro-
plets, where the droplets can automatically roll off from
the substrate with a small tilted angle (typically ~10°)
[18]. On the contrary, ‘Petal effect’ was nominated to
rdescribe superhydrophobic surfaces that possess high
adhesion to the water droplets, where the droplet can be
pinned firmly onto the surface even when the substrate
is completely turned upside down [19]. Both of ‘Lotus
effect’ and ‘Petal effect’ have aroused enormous inter-
ests for practical applications. Low adhesive superhy-
drophobic surfaces are commonly popular for cases
required of excellent water repellency, e.g., anti-fouling,
self-cleaning, and drag-reduction. [20-22]. High adhe-
sive superhydrophobic surfaces conversely are power-
ful for aspects demanded for no-loss droplet transfer,
droplet localization, controllable reaction, biological
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diagnosis, etc. [23-25]. To date, different technologies
have been applied to realize the control of water adhe-
sion on various substrates either by surface structural
formation or chemical modification, e.g., ink patterning,
plasma surface treatment, and laser ablation [26-28].
Polydimethylsiloxane (PDMS), one of the most
frequently used materials, has attracted great atten-
tion due to the superiorities such as thermal/chemi-
cal stability, biocompatibility, and mechanical
flexibility. [29, 30]. Thanks to the intrinsic low surface
energy property, native PDMS surface commonly
exhibits hydrophobicity with WCA around 110°
without requirement of surface-fluorinated treatment
which is typically expensive, environmentally haz-
ardous, and toxic to human beings [31, 32]. However,
the relatively high sliding angles (typically larger
than 90°) somehow impose restriction for applica-
tions, especially for areas emphasizing on control-
lable droplet transportation or programmable
reaction. Researchers have recently developed vari-
ous methods to prepare PDMS with controllable
surface water adhesion, and the broad functionalities
have been experimentally proved. For instance, Yong
et al. [33] have demonstrated the utilization of fem-
tosecond laser irradiation to fabricate micro-well
arrays on PDMS films. The water adhesion exhibited
extremely controllable ranges from ultra-high to
ultra-low based on the overlapping of adjacent
microstructures. Electrodeposition was presented to
fabricate porous Ni/NiO templates with different
hierarchical microstructures for PDMS replications to
achieve diverse water adhesion properties [34]. The
obtained PDMS substrates with high adhesive capa-
bility have been applied as ‘mechanical hands’ for
lossless droplet transportation or self-cleaning sur-
face for dust removing with low surface adhesions.
Other approaches such as surface three-dimensional
diffuser lithograph, curvature-induced switching,
and lubricating fluid on anisotropic wrinkles have
also been demonstrated to be capable of fabrication of
PDMS surfaces with varying water adhesions for
desired droplet ‘trap” and ‘release’ [35-37]. However,
many of the fabrication processes involve sophisti-
cated route, expensive setup, or surface treatment,
which are commonly time-consuming and harmful to
the environment [38, 39]. Additionally, reports of
patterned and regional water adhesion divergence on
a single PDMS substrate, which could be an effective
platform for application in lab-on-chip system, were

@ Springer



11430

relatively limited. Instead of conventional micro-pat-
terning and subsequent nano-engineering approach,
we herein for the first time present a facile and eco-
nomical method to fabricate superhydrophobic PDMS
substrates with patternable and controllable water
adhesion feasibility. The two-step method was com-
posed of surface polymerization and particle inclu-
sion. We firstly constructed the surface morphologies
of PDMS templates via UV-initiated surface poly-
merization where the roughness extents could be
simply controlled by adjusting the UV irradiation
period or adopting repeated grafting approach. With
subsequent CIP spreading on the template surface, the
casted PDMS substrate can not only duplicate the
template morphology but also include CIP onto the
uppermost surface, resulting in a transition of the
resident water droplet from the Wenzel state to the
Cassie state. The synergistic effect from surface mor-
phology and CIP incorporation to the adhesion prop-
erties were systematically investigated through
experiments. Finally, the demonstrated strategy was
developed to create patterned water adhesion varia-
tions for precise droplet motion control and localized
droplet productions, etc.

Experimental methods
Materials

Negative photoresist (SU8-3050) was provided by
MicroChem Corp. (USA) to fabricate molds on silicon
wafer for construction of microfluidic chambers.
Polydimethylsiloxane (PDMS) precursor and curing
agent (Sylgard 184 silicone elastomer kit) were sup-
plied by Dow Corning Corporation, USA. Carbonyl
iron particles (CIP), with diameters ranging from
hundreds of nanometers to several micrometers,
were obtained from Sigma-Aldrich, USA, and sus-
pended in acetone with desired concentrations for
experiment. Benzophenone (Photo-initiator, 99%)
and N-isopropylacrylamide (NIPAM, 97%) were
purchased from Sigma-Aldrich, USA, and used for
surface grafting directly without prior purification.

Preparation of PDMS substrates
with controllable surface topologies

Figure la depicts the structural design of the
microfluidic device for liquid injection and surface
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grafting. The size of the micro-chamber was defined
as 18 mm x 12 mm. Briefly, negative photoresist
SU8-3050 with thickness of ~500 pm was evenly
spun and patterned via standard photolithography to
form molds on silicon wafer. After pouring with
PDMS mixture, the mold was heated at 100 °C for 2 h
for PDMS solidification. The PDMS slab was then
carefully peeled off from the SU8 mold with config-
urations of the microfluidic chamber successfully
transferred. Followed with inlet/outlet punching, the
PDMS replica was bonded to another PDMS sub-
strate via 2-min oxygen plasma surface treatment. A
final baking process (100 °C on hotplate for ~10 -
min) concluded the entire fabrication procedure for
the microfluidic chip. The microfluidic device was
then stored in oven (70 °C) overnight before use.
The detailed procedure to regulate surface topolo-
gies of PDMS substrates is shown in Fig. 1b. After
formation of sealed micro-chamber, benzophenone
(BP) was dissolved in acetone with weight ratio
of ~10% and continuously infused into the micro-
chamber with flow rate of 5.0 mL/h for 10 min via
syringe pump (PHD 2000, Harvard Apparatus, Hol-
liston, USA). The microfluidic device was then vac-
uum-dried for 10 min to remove the residual
solvents. Consequently, the hydrophobic molecules
(BP) can be firmly adsorbed onto the inner walls of
the chamber. Degassed monomer solution (20 wt%
NIPAM in deionized water) was then carefully and
slowly filled into the chamber. Once fully occupied,
the microfluidic platform was quickly placed onto an
icepack and irradiated under ultraviolet (UV) source
with fixed distance of ~10 cm between the UV lamp
(~50 mW/cm?) and the microfluidic device. With
the assistance of pre-absorbed BP molecules on the
inner walls of the micro-chamber, NIPAM can thus
be firmly grafted onto the PDMS as template with
controllable surface morphologies via UV exposure.
After fulfillment of preset exposure duration, the
sample was removed from the curing system and the
NIPAM-grafted PDMS substrate was gently detached
from the microfluidic assembly, flushed with ethanol
to completely remove the residuals on the substrate.
In order to obtain different surface morphologies and
investigate their impacts on the final wetting prop-
erties, we here have selected two different UV dura-
tions (8 and 15 min) to prepare the templates as
shown in Fig. 1b. PDMS gel was then poured onto
the NIPAM-grafted template, followed with degas-
sing and solidification to replicate the surface
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Figure 1 a Schematic of preparation of microfluidic chamber for
NIPAM grafting; b procedure of grafting NIPAM onto PDMS
template via combinations of the microfluidic platform, photo-
polymerization, and PDMS replicating processes. The surface
morphologies of PDMS substrates can be tuned by adopting
different ultraviolet irradiation durations. Here, step A indicates BP
injection. Step B means NIPAM filling and UV polymerization.

morphology. The PDMS substrates were thus named
as P1 and P2 (indicated in Fig. 1b), indicating the UV
duration of 8 and 15 min, respectively.

In order to further modify the surface topologies, a
repeated grafting process was employed as provided
in Fig. 1c. The reason to adopt the repeated grafting
method instead of merely further increasing the UV
illumination period is to avoid over-polymerization
due to the overladen exposure. As shown in Fig. 1c, a
microfluidic chamber was bonded to substrate P2 for
further repeated BP and NIPAM injection. After
NIPAM grafting again (UV duration of 15 min) onto
substrate P2, the obtained template was named as N3

0
- Hkall -

3 e
Substrate W/ CIP

Step C is the PDMS casting process to transfer the surface

morphology from the template to the PDMS substrate; ¢ schematic
of repeated grafting approach to further engineer the surface
topologies of PDMS substrates based on template N2; and
d process flow of incorporating carbonyl iron particles (CIP) onto
the surface of PDMS sample for hierarchical architecture
formation.

and the PDMS substrate with duplicated surface
morphology was denoted as P3.

Preparation of PDMS substrates
incorporated with CIP on surface

To form hierarchical architecture and regulate the sur-
face adhesion property of PDMS substrates, we incor-
porated CIP into the preparation process as illustrated in
Fig. 1d. Briefly, once the template, e.g., N3, was com-
pleted, drops of CIP suspensions (20 wt% in acetone)
were continuously dipped to fully cover the NIPAM-
grafted region on the template. The suspension was
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agitated by a shaker (Vortex Genius 3, IKA) to promote
the dispersion of CIP in acetone before each use. The
drops will spread and fully cover the NIPAM-grafted
template. After complete evaporation of acetone, the
extra CIP was manually removed by a flat microscope
slide (Gail Brand, China). As a result, residual CIP will
adhere to the surface of the rough template as depicted in
Fig. 1d. PDMS mixture was then slowly dripped onto the
template, followed with degassing to completely remove
the trapped air between the template and the PDMS
mixture. After complete solidification, the PDMS sample
was peeled off from the template, with amounts of CIP
successfully embedded onto the upper surface. The
NIPMA-grafted PDMS template was then flushed with
acetone and scrapped with Kimwipes paper to remove
the residual CIP for reuse. For all NIPAM-grafted PDMS
templates (N1, N2, and N3), we can thus obtain two
kinds of PMDS substrates correspondingly, with (W/)
CIP or without (W/O) CIP.

Characterizations

Contact angles (CA) of water droplet (~5 pL) on dif-
ferent PDMS substrates were measured via a digital
microscope (VHX-1000, Keyence, Japan) at room tem-
perature. Sliding angles (SA) are defined as the tilting
angle at which the water droplet begins to roll off from
the gradually inclined surface with the same experi-
mental setup. Values of the CA and SA were analyzed
via VHX-1000 commercial software and finalized as the
average of measurements obtained from at least five
samplings. High-resolution captures of surface mor-
phologies of PDMS substrates were obtained via scan-
ning electron microscopy (SEM, Sigma FE-SEM, Zeiss
Corporation, Germany), where all the PDMS samples
were sputtered with 30-nm platinum prior to observa-
tion. Atomic force microscopy (AFM, Dimension
FastScan, Bruker Corporation, Massachusetts, USA)
was used to analyze the surface topologies and rough-
ness of the as-prepared PDMS substrates. The values of
average roughness (R,) were obtained from at least
three different locations with measured area of
50 x 50 um? in the tapping mode.

Results and discussion
Figure 2a presents the real images of PDMS substrate

PO, P1, P2, and P3. The substrates included here were
all W/O incorporation of CIP on the surface. PO is
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native PDMS without surface roughness engineering.
The transparency of the four samples was gradually
decreased from PO to P3, which might be originated
from the increased degrees of surface roughness. The
SEM images which clearly exhibit the surface mor-
phologies of P1-P3 are provided in Fig. 2b, with
insets to clearly exhibit the morphological difference
among the as-prepared substrates. The surface mor-
phologies were found to be more scabrous of sub-
strate P3 when compared with the other two
substrates. Further surface topological information
was characterized via AFM as shown in Fig. 2b. For
native PDMS substrate (P0), the average surface
roughness (R,) was 1.5 £ 0.4 nm which indicates as a
highly smooth PDMS surface. For substrates P1 and
P2, which are replicated from templates grafted with
8 and 15 min, the values of R, were increased to
196.2 &+ 26.6 and 300.0 & 40.2 nm, respectively. For
substrate P3 which was casted from NIPAM template
with repeated grafting process, the value of Ra was
dramatically increased to 738.7 &+ 48.5 nm.

The surface wetting characteristics of the as-pre-
pared PDMS substrates W/O CIP are shown in
Fig. 2c. When a ~5 pL micro-droplet was placed
onto the native PDMS surface (PP0), the recorded
value of CA was 112° % 2°. It was obviously recorded
that the values of CA gradually increased to
124° + 3° for substrate P1 and further reached
134° + 3° for substrate P2, where the two substrates
were replicated from NIPAM template with UV
grafting duration of 8 and 15 min, respectively. Fur-
thermore, via adopting a repeated grafting process,
the observed value of CA on substrate P3 was dra-
matically increased to 141° £ 3°. The increment of
CA might originate from the control of surface
topologies which could facilitate a higher
hydrophobicity with highly rough and extruded
morphologies. Even increased surface hydrophobic-
ity was found on the substrates W/O CIP, and we
also noticed that all substrates mentioned above
exhibited highly adhesive performance to the resi-
dent water droplets. As shown in Fig. 2d, the water
droplets can still adhere to the surface even when the
PDMS substrates were completely overturned.

We further investigated the surface wetting prop-
erties of substrates P1-P3 incorporated W/CIP. From
Fig. 3a, we can observe the transmittance of as-pre-
pared substrates has dramatically decreased from P1
to P3 due to the incorporation of CIP. The typical
SEM images of three substrates were shown
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Figure 2 a Optical and SEM images of PDMS substrates PO, P1,
P2, and P3, inserted with enlarged SEM images of higher
magnifications (all scale bars for insets indicate 20 um); b AFM
images which present the surface roughness of substrates PO-P3,
with corresponding R, values as indicated; ¢ static water contact

consequently, where we can clearly find the CIP
incorporated to the substrate surface. In addition, the
SEM images also indicate that the incorporated
amount of CIP on the PDMS surface gradually
increases from P1 to P3 (insets in Fig. 3a), which
might be due to more trapped CIP on the template
surface thanks to the increased extents of specific
surface area. The AFM images in Fig. 3b clearly
provide the surface topologies of substrates P1/P2/
P3 when included with CIP on the surface. Com-
pared with the substrates W/O CIP, all surface
roughness degrees exhibited an obvious increase due
to the inclusion of CIP and the surface hierarchical
structures. Furthermore, we can clearly observe the
amount of included CIP on substrate P3 is larger than
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angles on PDMS substrates PO—P3 with corresponding real images
of the resident droplets; and d the optical images of adhesive
droplets on substrates P1-P3 when the substrates were completely
overturned.

those on substrates P1 and P2. The values of CA on
each substrate significantly increased when com-
pared with the counterpart W/O CIP, as shown in
Fig. 3c. For P1, CA has increased to 137° & 2°, which
can be considered to arise from the involvement of
CIP on the upper surface of the substrate with more
air traps. While for P2, CA has reached 151° £ 3°,
which can be deemed as a superhydrophobic surface
as defined in previous report [2]. The CA value of P3
incorporated with CIP was recorded to be 160° & 2°,
with almost 20° increment when compared to the
counterpart W/O CIP. However, we found that the
surface adhesion properties of P1-P3 revealed totally
different phenomenon. For example, the water dro-
plet can be still pinned on the surfaces of P1 and P2
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Figure 3 a Optical and SEM images of PDMS substrates P1, P2,
and P3 W/CIP, inserted with enlarged images of higher magnifi-
cations (scale bars of insets indicate 5 um); b AFM images which
present the surface roughness of substrates PO-P3 W/CIP, with
corresponding R, values as indicated; c static water contact angles
on PDMS substrates P1-P3 W/CIP with corresponding real

even when the substrates were inclined with ~20° or
totally overturned as provided in Fig. 3d. While for
substrate P3, the water droplet can easily roll off from
the surface inclined with 20° once loaded to the
substrate. The results confirmed that even W/CIP,
substrates P1 and P2 still exhibit highly adhesive
capability to the resident water droplets while sub-
strate P3 reversely displayed low adhesion to the
resident drop.

A possible schematic for this phenomenon is
illustrated in Fig. 3e. The obvious adhesion difference
on the as-prepared surfaces can be mainly attributed
to the distinct states of the water droplet on the
PDMS substrate. For substrate P3 W/O CIP, the res-
ident water droplet can easily penetrate into the
voids of the surface protuberance, leading to a highly
adhesive force and relatively low contact angle
(~141°). Such status is well known as the ‘Wenzel
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Pinned

images of the resident droplets; d optical images of water droplets
on inclined/overturned substrates P1/P2 and rolling off water
droplet on inclined substrate P3; e schematic of the different
wetting and adhesion properties of the as-prepared PDMS
substrates; and f comparison of the self-cleaning performance of
the three substrates incorporated with CIP.

state,” where the droplet can wet the contact area and
pin into the rough surface, resulting in a high water
adhesion property as observed in the experiment.
While for substrate P3 W/CIP, the dramatically
increased surface topology accompanied with CIP
can result in the ‘Lotus effect’ which exhibits super-
hydrophobic (CA > 150°) and low surface adhesion.
For this case, the resident droplet will only contact
with the peaks of the hierarchical morphologies on
the surface, with air layer effectively trapped
between the solid surface and the water droplet. The
superhydrophobic status with low adhesion is also
known as ‘Cassie State’ where the resident droplet
can easily roll off from the surface with a small
inclined angle as shown in Fig. 3d. As the surface
topology of P2 was not sufficient to support the res-
ident droplet, the drop will still penetrate to the
surface even when the surface has been incorporated
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with W/CIP. Consequently, we can observe the
superhydrophobic property of substrate P2 W/CIP
with high adhesion, which is well known as the ‘Petal
effect.” Thanks to the low adhesion of P3 W/CIP, we
further experimentally confirmed the self-cleaning
function as shown in Fig. 3f. For substrates P1, P2,
and P3 W/CIP, the surface has been purposely cov-
ered with dust (yellow nanoparticles) and placed on
an inclined glass slide. When a water droplet
(~10 pL) was released from the pipette to the surface
of the substrate, the droplet can swiftly roll off from
the substrate P3, with completely removing the dust
through the moving path (as indicated by the blue
arrow). However, the water droplets were sticky on
the surface of P1 and P2 without rolling off (as indi-
cated by the red arrows).

The effect of applied CIP concentrations on the
surface adhesion and wetting characteristics was
further systematically investigated. Figure 4a pre-
sents the SEM images of substrate P3 W/CIP of dif-
ferent suspension concentrations ranging from 0 to
40 wt%. It can be found that for the suspension
concentrations of 5 and 10 wt%, only a few particles
can be observed on the substrate surface from the
SEM image. The amounts of incorporated CIP grad-
ually increased as the concentration increased from 5
to 40 wt%. The static contact angles on the substrates
are presented in Fig. 4b and c. For relatively lower
suspension concentrations (0-10 wt%), the values of
CA gradually increased from 141° to 155° (0 wt%
means P3 W/O CIP). While for concentrations of
2040 wt%, we cannot obviously figure out the ten-
dency of CA and the values keep almost as constant
around 160°. Additionally, the sliding angles exhibit
extreme differences between lower (typically smaller
than 10 wt%) and higher CIP concentrations. From
the blue curve, we can observe that even when the
substrates were placed vertically, the water droplets
can still adhere on the surface for concentrations
smaller than 20 wt% (as inserted image shown).
However, the water droplets can easily roll off from
the substrates when the substrates were gradually
inclined to angles of ~14° + 2° for suspension con-
centrations of 20, 30, and 40 wt% as shown in the
inserted images. We can conclude that the included
CIP amount plays an important role in the distinct
adhesion difference, where the low suspension con-
centrations are incapable to provide sufficient sup-
ports to form the air layer and thus the resident
droplet will tend to impregnate into the surface area.
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Figure 4 a SEM images of substrate P3 incorporated W/CIP»
from different concentrations of CIP suspensions; b optical
images of water droplets on substrates P3 W/different concentra-
tions of CIP; ¢ dependence curves between the CIP concentrations
and the contact angle (red plot) and sliding angle (blue plot) are
also provided; d schematic illustration of the mechanical stability
evaluation of the substrate P3 W/CIP via bond touching and
bending tests; e dependence of static water contact angles of
substrate P3 W/CIP on the bond touching cycles and bending
cycles. The insets provide the resident water droplet images and
SEM images after 100 cycles’ bond touching test and bending test,
respectively; f contact angles of P3 W/CIP after immersion into
solutions with different pH values for 24 h; and g contact angles
of P3 W/CIP exposed to different temperatures for 12 h.

However, the amount of included CIP can increase
correspondingly with further higher suspension
concentrations to effectively produce the hierarchical
structure for the Cassie state. The results experi-
mentally strengthened the influences of the CIP
existences on the surface adhesion capabilities of
PDMS substrates, which indicates the synergetic
effect of the surface roughness and CIP involvement
is critical in the surface adhesion and wetting
property.

Mechanical stability is one important criterion to
evaluate the potential of the as-prepared superhy-
drophobic substrates for practical applications
[40, 41]. To verify the CIP adhesion within PDMS
matrix, we used scotch tape to test the bond prop-
erties of the PDMS surface as shown in Fig. 4d. A
piece of scotch tape was tightly attached to the bot-
tom of a weight (200 g) and vertically bonded to
touch the sample surface under ~20 kPa (the surface
area of the test sample is ~1 cm? here). The weight
along with the scotch tape was then took away to
perform various repeated bond touching cycles for
stability evaluation. After 100 cycles’ test, no obvious
CIP detachment from the substrate was observed as
indicated by the dashed round circle (in red) and the
arrow (in blue). A further bending test was carried out
to assess the stability of the substrate under mechan-
ical deformations. Different bending/stretching cycles
were also performed to testify the wetting character-
istics and structural variation of the substrate P3 W/
CIP. As shown in Fig. 4e, the values of WCA remained
almost the same after 20, 50, and 100 cycles’ bending
testing and only a slight decrease (~2°) of WCA was
disclosed after periodic bond touching tests. The SEM
images also confirmed the fact of no obvious surface

@ Springer



11436

J Mater Sci (2017) 52:11428-11441

Bending Test

) 170

2
=
=
S
>
Roll-off -
o
i€
-0~ CA i -
== SA
135 ———r 0
0 10 20 30 40
CIP Concentrations (%)
() 165
=8= Bending =®= Bond Touching
160-
-
o0
=
< 1554
< Bond
*g Touching
o 150+
o
<
.§
7 1454 Bending
140 T
0
(g) 170

1604

Static Contact Angle (°)
19,1
9]

1654k
Y

150

1651

Static Contact Angle (°)
2 2

150

@ Springer

7
pH Value

2 200
Temperature (°C)




J Mater Sci (2017) 52:11428-11441 .

structural deformation and a large amount of CIPs
were still incorporated within the PDMS matrix. The
excellent mechanical stability of the as-prepared
samples might originate from the presented method,
where the procedure of CIP incorporation into the
PDMS matrix was prior to the step of thermal solidi-
fication. Consequently, the particles could firmly
integrate to the upper surface of PDMS substrate
during the thermal solidification process instead of
physically adhering to the solid PDMS surface. In
addition to the mechanical resistance, we further
investigated the chemical and thermal stability to test
the durability of the substrates under different cir-
cumstances [42, 43]. The substrates (P3 W /CIP) were
simultaneously immersed into solutions with different
pH values (potassium hydrogen phthalate, mixed
phosphate, and sodium tetraborate with pH of 4, 7,
and 10) under room temperature for 24 h and then
washed with deionized water for further surface
characterization. The SEM insets in Fig. 4f exhibit no
obvious changes of the surface hierarchical structures
for all samples. No drastic change in the water contact
angles was found for substrates under neutral and
alkaline conditions. A small contact angle decrease
(~4°) could be observed for the substrate under
acidic condition, which might be attributed to the
slight corrosion/oxidation of the substrate surface
within the acidic environment. Figure 4g provides
the SEM images and contact angle changes of the
substrates under different temperatures, 2 °C (in
refrigerator) and 200 °C (on hotplate) for 12 h,
respectively. No drastic contact angle changes were
found for both conditions, and we could also con-
firm from the SEM images that the particles could
still be included in the PDMS matrix to retain the
hierarchical structures. From this perspective, the
particles could still be firmly included within the
rough PDMS substrate matrix exhibiting durable
chemical and thermal stabilities under different
harsh environmental conditions.

As indicated in Figs. 2d and 3e, the adhesive
characteristics of PDMS substrates can be flexibly
regulated from two approaches. For example, the
substrate P3 W/O CIP can exhibit highly adhesive
capability to resident water droplet and transform to
low adhesion to water droplet when incorporated
with CIP. The adherent performances of substrate
P3 W/ W/O CIP are further confirmed as shown in
Fig. 5a. From the optical image, we can clearly
observe the rebouncing water stream when hitting on
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the surface of P3 W/CIP (the bottom image). While
for P3 W/O CIP, the rebouncing phenomenon can-
not be observed and water fell along the substrate
surface. Consequently, by selectively incorporating
CIP to the PDMS surface within desired regions, we
can swiftly regulate the substrate with different
adhesion distributions and thus control the distance
of the droplet transportation path. By regionally
covering the NIPAM-grafted template, we can dip
CIP suspensions onto the uncovered area for acetone
evaporation and CIP sedimentation. Followed with
PDMS pouring and baking process, the PDMS
samples can be peeled off from the template with
regional CIP incorporation. Figure 5b presents four
substrates (P3) with distinctly regional CIP incor-
poration, where the black part on the right of each
sample indicates the CIP has been combined. From
the image, we can clearly find the interface between
the high adhesion (left part) and the low adhesion
(right part) based on the existence of CIP. With the
design of the partially low adhesive surface, water
droplet could thus easily slide from the low adhe-
sion part and stop motion when reaching the high
adhesive region, as illustrated in Fig. 5c. The top
images in Fig. 5d show that the water droplets can
roll off from the top of the substrates to the highly
adhesive region, which means that this platform can
be used for quantitative transporting distance of
water droplets for real applications. The video
recording the controlled water sliding phenomenon
can be found in the supplementary electronic
information (SVideo-1). However, due to the high
adhesion force of the parts W/O CIP, the water
droplets quickly stuck to the PDMS surface when
loaded onto the surfaces as presented in the bottom
images of Fig. 5d. It should be noted here that the
variable adhesion design can be simply achieved by
partially covering the template surface during the
CIP loading process, indicating that the presented
approach can be conveniently adopted for fields
where the motion control of water droplet is of great
importance.

Inspired by the water adhesion difference between
substrates P2 W/CIP and P3 W/CIP, another
method to achieve patterned adhesive difference is
by generating patterned roughness divergence and
then applying CIP for hierarchical adhesion forma-
tion. As illustrated in Fig. 5e, after obtaining the
substrate P2 (W /O CIP), the substrate was bonded to
another PDMS micro-chamber to form sealed
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Figure 5 a Adhesive property of substrate P3 W/and W/O CIP.
The substrate P3 W/CIP exhibits rebouncing water streams;
b optical images of selectively incorporated CIP on substrate P3;
¢ schematic of controlled rolling distance by combination of low
and high adhesive surface on a single inclined substrate; d the
controlled rolling droplets on P3 substrates with selectively

microfluidic device for BP and NIPAM injection.
Unlike the micro-chamber that we used in Fig. 1, here
the micro-chamber has been designed with micro-
pillar arrays inside, which means that after plasma
bonding, the PDMS micro-pillar arrays will be also
bonded to the substrate P2. The preparation process
of such kind of micro-chamber is identical with the
one in Fig. 1a via standard soft lithography. In this
work, the diameter of the micro-pillars was set as
500 pm and the center-to-center pitch was defined to
1 mm. Detailed design layout of the micro-chamber
integrated with micro-pillar arrays can also be refer-
red to the supplementary information. Consequently,
with repeated steps A-C illustrated in Fig. 1, we can
successfully selectively graft NIPAM to the regions

@ Springer

incorporated CIP; e brief schematic of preparation of NIPAM
template with patterned grafting; f optical images of substrate with
patterned adhesive properties for rapid droplet formation; and
g digital droplet localization based on the PDMS substrate
incorporated with CIP and patterned surface water adhesion.

within the micro-chamber that are uncovered by the
micro-pillar arrays. As indicated in Fig. 5e, the
resultant blue regions on the template mean that such
regions have been grafted with NIPAM twice, while
the green districts stand for the regions only grafted
one time (the same as substrate P2). Followed with
CIP incorporation process, we can simply obtain
substrates with patterned adhesion variations as
shown in Fig. 5f. The left panel provided the optical
images of the obtained substrates W/O and W/CIP.
To prove the novel adhesive performance, we care-
fully immersed the substrates into the bottle con-
taining of red dyed aqueous solution. It can be clearly
found that for the substrate W/O CIP, almost all the
surface of the substrate was covered with water after
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taken out from the bottle. This means that a patterned
adhesion property is still hard to achieve without
incorporation of CIP onto the substrate. However, for
the substrate W/CIP, water only adheres on the
regions that were only grafted with NIPAM for one
time after taking the substrate out from the bottle. For
the regions that have been grafted twice, it is clear
that no liquids are attached and thus droplet arrays
can be easily achieved by simply dipping the sub-
strate into the solution. The current results are also in
well consistency with the statement from Fig. 3,
where the circinal arrays are equal to the roughness
degrees of substrate P2 W/CIP and the regions out-
side the circles stands for P3 W/CIP, thus leading to
patterned adhesion divergence of the resultant sub-
strate. Thanks to the patterned adhesion matrix, we
can simply pattern water droplets on the substrate
via manually using pipette for liquid loading as
shown in Fig. 5g. When a pipette filled with reagents
moves across the surface of the substrate, only the
circles with high water adhesion will attract small
volumes of liquids (microliter scales) from the tip of
the pipette. On the other hand, the pipette along with
the solution will pass by the regions with low adhe-
sive properties without leaving liquids. Additionally,
via adopting different kinds of reagents, we can
swiftly load different reagents to desired locations.
The top figure shows the lines with two different
reagents can be achieved (the liquids containing red
and green dyes are used here for better observation).
Such platform can also be applied to flexibly pattern
analytes/reactants with desirable characters, e.g.,
UM (central figure), 24 (bottom figure). The video
recording the facile droplet localization via manual
loading can be found in the supplementary electronic
information (SVideo-2). We believe that via combi-
nation with digital reagent loading controller, the
presented substrates can act as a powerful platform
for rapid and precise droplet formation and further
bio/chemical diagnosis.

Conclusions

In summary, we have successfully developed a ver-
satile and economic approach to prepare superhy-
drophobic PDMS substrates with controllable water
adhesion capability without any elaborate nano-fab-
rication and surface post-modification processes.
Initially via surface grafting of NIPAM onto PDMS as
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a template, the replicated PDMS substrates can only
obtain increased CA values due to the modified
surface roughness degrees while lack of control on
the water adhesion. Via applying CIP suspensions
onto the template, the surface morphology can be
fully transferred to the PDMS specimen incorporated
with CIP. On account of the synergistic effect from
the surface roughness and CIP incorporation, the
water adhesion capabilities of the PDMS substrates
can be flexibly tuned ranging from droplet pinning
(Wenzel state) to excellent water repellency (Cassie
state). The basic mechanism was evaluated to
describe the water adhesion difference among dif-
ferent PDMS substrates, where the low water adhe-
sion might arise from the hierarchical micro- and
quasi-nano-structures on the rough PDMS substrates
due to the presence of CIP. The strategy was further
exploited to create substrates with regional water
adhesion divergence to control droplet transporta-
tion. Patterned water adhesion was successfully
achieved and applied for convenient droplet forma-
tion or programmable water droplet localization on
specific positions. On the basis of the unique advan-
tages as mentioned above, we believe that the
described avenue for preparation of superhy-
drophobic PDMS substrates with controllable water
adhesion can be of great potential in future practical
applications such as droplet controlling, lab-on-chip
device, and biological trace analysis.
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