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The development of microvalves is essential to realize a fully integrated system for nano/microliter fluid
handling in microfluidic devices. Microvalves that utilize passive fluidic manipulation employ a hydropho-
bic surface in a microchannel network in which the operation is controlled by the interfacial tension of
the liquid-air-solid interface. In order to obtain a switchable valve in microfluidic channels, conformal
hydrophobic/hydrophilic and superhydrophobic/hydrophilic thermal switchable surfaces were fabricated
by the layer-by-layer deposition of poly(allylamine hydrochloride) (PAH) and silica nanoparticles fol-
lowed by the functionalization of a thermosensitive polymer-poly(N-isopropylacrylamide) (PNIPAAm)
and perfluorosilane. A fully integrated microfluidic valve using a thermal switchable superhydropho-
bic/hydrophilic polymer patch has been fabricated. At 70 °C, the valve is superhydrophobic and stops the
water flow (closing status) while at room temperature, the patch becomes hydrophilic, and allows the
flow (opening status).

Microfluidic

Published by Elsevier B.V.

1. Introduction

Microfluidic devices have various applications in basic biomed-
ical, pharmaceutical research, and chemical reaction and analysis
[1-5]. In these devices, microvalves are basic building blocks
for creating stop-flow condition. These are used for delivering
a sample fluid with precise regulations and flow rates at the
reduced scale. Compared to active valves, passive valves are easy
to fabricate, and less prone to clogging as they do not include
any moving component such as a membrane or a piston inside.
Most popular passive valves are capillary hydrophobic valves
which rely on the interfacial tension of the valve material and
the sample liquid to manipulate liquid flow in microfluidic sys-
tems. For example, a hydrophobic material can be integrated
inside the channel and used as a valve to stop the liquid flow
[6]. Lot of work has been done on hydrogel based microflu-
idic valves where the valve changes volume in response to the
external stimuli to stop the flow [7,8]. Although hydrogels can
directly convert chemical energy into mechanical work, which
eliminates the requirement of external power source, the fabrica-
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tion of hydrogels in microfluidics with precise control of position
and composition is challenging. On the other hand, switchable
valves using “smart surfaces”[9] have been investigated for con-
trolling the flow of liquid, and have attracted increasing attentions
[10-16]. The properties of these smart surfaces can be changed
by external stimuli [17] such as temperature [18], pH [19], pho-
tolumination [20] and electric field [21-23]. These switchable
surfaces are based on the modification of the surface with respon-
sive polymer molecules [23] or self-assembled monolayers (SAMs)
[24-30]. Such a reversible change of the surface morphology and
chemical structures leads to the change of wettability of the sur-
face in response to external stimuli. However, controlling the
flow in microfluidic channels requires conformal micron scale
valves in selected areas, and all these switchable surfaces and
hydrogel based systems are limited by the challenges in micro
level fabrication and conformability control. Among various tech-
niques to fabricate conformal coatings, the layer-by-layer (LBL)
adsorption of materials through different interactions is now
a well-established methodology for creating thin film coatings
with precisely tuned physical and chemical properties. This tech-
nique involves sequential adsorption of materials that can form
intermolecular interactions including opposite electrostatic inter-
actions, [31] hydrogen bondings [32,33] and acid-base interactions
[34,35]. Such technique has been employed to fabricate super-
hydrophilic and superhydrophobic coatings [36-39] and provides
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a promising approach to fabricate conformal smart coatings for
microfluidic valves.

Ahydrophobic valve utilizes the pressure caused by a hydropho-
bic patch at the solid-liquid-air interface to stop the liquid flow.
The total interfacial energy at the interface, U can be presented as
follows:

U = Aq¥s1 +AsgVsg + AlgVig (1)

where Ay, Asg and Ay are solid-liquid, solid-gas, and liquid-gas
interface areas, respectively, and ), ¥sg and yy, are their corre-
sponding surface energies per unit area. As the liquid of volume
VL moves onto the hydrophobic patch, Ay increases while Asg
decreases. The total energy U is a function of the volume V;. There-
fore, the pressure at the interface can be expressed as

_ —dU
~[dwvi]
The relation between the surface energies and the liquid contact

angle 0 at the solid-liquid-air interface line is expressed in Young's
equation as [40,41]

(2)

Vsl = Vsg — Vig cosf (3)
The combination of Egs. (1) and (3) gives
U = (Ag1 + Asg)Ysg — At Vig €0S0 + Aig Vig = Ug — Ag1 Vg COSO + Ajg Vg
(4)

where Uy is constant because A +Asg is constant throughout the
process.
Including Eq. (4) into Eq. (2) leads to

_ 3U _ 8/\51 aA]g
P= “v = Yig (cosé W, v, (5)

The liquid will flow over the patch when P is positive, and
will stop at the patch when P is negative. If the thickness of the
hydrophobic patch is negligible compared with the channel size,
0Aig/dVy is zero and 0A/dV, is positive. Therefore, P is negative
when the patch is hydrophobic since the contact angle is larger
than 90°.

On the other hand, the contact angle at the solid-liquid-air
interface or the wettability of a solid surface largely depends on
both its surface energy and roughness. The liquid wetting behavior
on rough surfaces is presented by two classical theories. Wenzel’s
model [42,43] describes the scenario where the liquid makes a good
contact with the rough surface where the roughness increases the
contact angle. The contact angle measured on the rough surface
(Wenzel's angle 0y,) can be expressed with the contact angle of
the liquid on a flat surface obtained from Young’s equation and the
surface roughness r:

cosfy = 1 costy (6)

In contrast, Cassie-Baxter model describes the wetting behavior
of aliquid on a composite surface where a small volume of trapped
air below the liquid droplet [44].

cosO. = f1 cosby + f, cosb, (7)

where 64 is the contact angle for component 1 with fraction f; and
6, is the contact angle for component 2 with fraction f5. This equa-
tion takes on special meaning when in a two component system
with one component being air with a contact angle of 180°. With
fo=1-f;1 and cos(180°)=—1, Eq. (7) can be reduced to

cosO. = fi(cosfy +1) -1 (8)

Since the liquid contact angle on a rough hydrophobic surface is
larger than that on a flat hydrophobic surface, a rough hydrophobic

surface can generate higher pressure to stop the liquid flow than
a flat hydrophobic patch. Such concept is important in designing
smart valves that can change their wettability to liquid with exter-
nal stimuli. For example, poly(N-isopropylacryamide) (PNIPAAm)
has been widely used in thermal switchable surfaces because PNI-
PAAm is a thermoresponsive polymer which exhibits its lower
critical solution temperature (LCST) in an aqueous solution, and
shows a sharp phase transition at ~32 °C.[45-48] PNIPAAm is solu-
ble in water below its LCST (~32 °C), while at temperatures above its
LCST, it forms intramolecular hydrogen bonds and becomes insol-
uble. The water contact angle on a flat PNIPAAm surface is 63°
and 92° at 25 and 40°C, respectively. [23] Such a small contact
angle change is not sufficient to manipulate the flow. However, it
is clear from Wenzel model that the surface roughness can make a
hydrophobic surface more hydrophobic and a hydrophilic surface
more hydrophilic. With this concept in mind, we reasoned that a
conformal rough patch functionalized with PNIPAAm might be able
to function as a thermo-stimulated switchable valve in microfluidic
channels.

In this paper, we report the fabrication of a novel thermo-
stimulated switchable superhydrophobic/hydrophilic surface and
its applications as hydrophobic valves in microfluidic channels. In
our studies, the layer-by-layer technique was used to build uniform
and conformal multilayer films of poly(allylamine hydrochloride)
(PAH) and silica nanoparticles with a precise control of film thick-
ness and roughness. The surface was further functionalized with
PNIPAAm and a low surface energy material-(1H, 1H, 2H, 2H-
perfluorooctyl)silane (perfluorosilane). The combination of surface
roughness and chemical composition created a switchable super-
hydrophobic/hydrophilic surface. This unique switchable surface
was incorporated in a microfluidic channel as a microvalve, and
has demonstrated the capability of controlling the flow with the
temperature change.

2. Experimental
2.1. Materials and chemicals

Poly(allylamine  hydrochloride)  (PAH) (M ~70,000),
poly(sodium 4-styrene sulfonate) (SPS) (Mw ~70,000) (1H,
1H, 2H, 2H-perfluorooctyl)silane, the colloidal silica nanoparticles
Ludox TM-40 (40 wt% SiO, suspension in water, average particle
size of 22 nm) and Ludox SM-30 (30 wt% SiO, suspension in water,
average particle size of 7nm) were obtained from Sigma-Aldrich
(St. Louis, MO). Poly(acrylic acid) (PAA) (25% aqueous solution,
M, ~90,000) was obtained from Polysciences (Warrington, PA).
Deionized water (>18 M2 cm, Millipore Milli-Q) was used in all
aqueous solutions and rinsing procedure.

2.1.1. Fabrication of rough PAH/silica nanoparticle coatings

Arough multilayer film was prepared by the layer-by-layer (LBL)
assembly of negatively charged SiO, nanoparticle and positively
charged PAH on glass substrates at room temperature. In a typical
LBL deposition, the substrate was first dipped into a cationic solu-
tion for 15 min followed by one 2 min and two 1 min rinsing steps
using Milli-Q water. Then, the substrate was dipped into an anionic
solution for 15 min, followed by the same rinsing steps. Prior to
the deposition of the PAH/SiO, layer, the glass substrates were
coated with five bilayers of poly(allylamine hydrochloride) and
poly(styrene sulfonate), which acted as an adhesive layer between
the glass substrate and the PAH/SiO, multilayer. The silica solution
consisted 0f 0.069% (w/v) Ludox SM 30 nanoparticle suspension and
0.081% (by w/v) Ludox TM 40 nanoparticle suspension in a 0.1 M
NaCl solution. The pH of PAH solution and silica nanoparticle solu-
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tion was maintained at 7.5 and 9.0, respectively. The LBL created a
rough, multilayered, porous polymer film on the glass substrate. On
the top of the rough surface, 3 bilayers of PAH and silica nanopar-
ticles were deposited as a topping layer. The pH of PAH solution
is maintained at 7.5. The silica solution consists 0.03% (w/v) Ludox
SM 30 nanoparticle suspension. The silica nanoparticles decorated
the rough polymer surface and increased its roughness. After the
film was annealed, 2 bilayers of PAH (pH 8.5) and PAA (pH 3.5) was
deposited onto the film with PAA on the top to provide carboxylate
groups to couple the initiator.

2.1.2. Initiator coupling

The initiator solution consisted of 1g of 2,2’-azobis (2-
methylpropionamidine) dichloride (ABMP) and 0.494g of N-
(3-dimethlyaminopropyl)-N-ethylcarbodimide (EDC) dissolved in
100 ml of water. The glass substrate with the PAA functionalized
nanoparticle film was placed into the aqueous solution of the free-
radical initiator and allowed to react for 2 h. Such treatment created
an initiator layer on the rough polymer film from which the ther-
mosensitive PNIPAAm could be grafted. The initiator-derivatized
sample was rinsed in deionized water, dried, and used immediately
for polymerization.

2.1.3. Poly(N-isopropylacrylamide) (PNIPAAm) grafting

Thermosensitive PNIPAAm was grafted from the ABMP mod-
ified rough surfaces. ABMP modified sample was placed in a 1%
NIPAAm aqueous solution, follow by 15 min nitrogen gas purge
to remove the dissolved oxygen. 0.135 g of ABAH was then added
quickly to the solution and the reaction vessel was sealed imme-
diately. Polymerization reaction was carried out typically at 65°C
which was indicated by the change of the clean reaction solution
into a milky white suspension. The sample was removed from the
reaction vessel as soon as the solution turned milky to ensure a
very thin layer of polymer on the film. Another sample was pre-
pared with 2 h polymerization to deposit a thick layer of PNIPAAm
onto the film. The samples were rinsed with deionized water and
dried.

The chemical vapor deposition of (1H, 1H, 2H, 2H-
perfluorooctyl) silane (perfluorosilane) was performed by put
perfluorosilane and the sample under 1 bar vacuum for 45 min.

2.2. Characterization

Atomic force microscopy (AFM) height and phase images were
collected using an AFM microscope (Pico SPM) in tapping mode.
AFM images were obtained with scan sizes ranging from 500 nm
to 1pm. All images were obtained using tapping mode imag-
ing with a single silicon probe (force constant of 0.5-9.5N/m).
The scan angle was maintained at 0°, and the images were cap-
tured in the trace direction with a scan rate of 56-58 kHz. Contact
angles were measured using a Goniometer. The morphology of
polymer deposited nanoporous film on glass substrate was char-
acterized using JEOL 6400F scanning electron microscopy (SEM)
system with an accelerating voltage of 5 kV for imaging. The chem-
ical state of the elements in the SiO, nanoparticle incorporated
multilayer film and the grafted polymer was studied by X-ray pho-
toelectron spectroscopy (XPS) with a takeoff angle of 90°. The
specimen was kept under a vacuum of about 10~ Torr inside the
chamber of XPS system. The spectrometer was calibrated using
a metallic gold standard (Au4;,=84.0+0.1eV). Charging shifts
produced by the samples were corrected by using the binding
energy referenced to that of C (1s) of the adventitious carbon at
284.6eV.

0)"01’0’0’0 Silica NPIPAH layer -
8 HOH H KRR

E Glass Substrate

Silica NP layer

F

Glass Substrate

Fig.1. AFM heightimages of (A) annealed PAH/Si0, multilayer film with dual-length
scale structures. (B) A very thin layer of PNIPAAM deposited on rough multilayer film
(Sample 2). (C) A thick layer of PNIPAAm deposition after 2 h polymerization which
reduces roughness (Sample 2). (D) Nanoscale roughness is reintroduced with silica
nanoparticle deposition on the thick PNIPAAm polymer film (Sample 3). (The size
of all images is 1 wm.) (E) Schematic illustration of the structure of Sample 2. (F)
Schematic illustration of the structure of Sample 3.

3. Results and discussions

A thermally stimulated switchable superhydropho-
bic/hydrophilic surface requires two components: a dual length
scale structure that is necessary for building a superhydrophobic
surface and a stable cover layer of thermal switchable molecules
such as PNIPAAm. The temperature induced molecular formation
change enables the hydrophobic or hydrophilic part of the molecu-
lar chain to become exposed to a liquid droplet, leading to different
wetting behavior (i.e. hydrophilic and hydrophobic).

In our studies, rough coatings with both micro- and nanos-
tructures were fabricated by depositing 40 bilayers of PAH/SiO,
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Scheme 1. The synthesis route of grafting PNIPAAm from a surface of PAA.

nanoparticles (a mixture of 22 and 7 nm silica nanoparticles) and
3 bilayers of PAH/SiO, (7 nm silica nanoparticles) on glass sub-
strates through the layer-by-layer self-assembling technique [49].
The rough coating was heated at 400°C for 2 h to anneal the sil-
ica nanoparticles to obtain a robust film. From the atomic force
microscopy (AFM) image (Fig. 1A) of the film, both micro- and
nanostructures can be clearly observed. Additionally, a layer of
perfluorosilane was deposited onto the film via a chemical vapor
deposition. After the perfluorosilane treated sample was heated
at 140°C for 2 h, it demonstrated superhydrophobicity (advancing
contact angle = 163° and receding contact angle = 160°), suggesting
that such film can provide the structures to generate superhy-
drophobicity.

In order to generate a uniform stable PNIPAAm layer on the top
of the film, PNIPAAm should be grafted from the rough surface. The
radical polymerization of N-isopropylacrylamide initiated by 2,2’-
azobis (2-methylpropionamidine) dichloride (ABMP) was reported
to graft PNIPAAm from surfaces with carboxylate groups. [50] In
our studies, since no carboxylate groups were available on the
anneal surface to immobilize ABMP, two bilayers of PAH/PAA were
deposited onto the annealed film via the LBL technique to introduce
carboxylate groups on the surface. ABMP was then coupled with
the carboxylate group via a coupling reaction catalyzed by N-(3-
dimethlyaminopropyl)-N-ethylcarbodimide (EDC). The subsequent
polymerization of N-isopropylacrylamide generated a stable PNI-
PAAm coating on the top the rough surface (Scheme 1) [50].

As described in the Wenzel model, the surface roughness can
increase the hydrophobicity of a hydrophobic surface. Therefore, it
isimportant to control the polymerization time because excess PNI-
PAAm was expected to fill the pores on the rough surface and reduce
the roughness. Two samples with different polymerization time
were prepared and examined to reveal the relationship between
the surface wetting behavior and surface morphology.

In the polymerization reaction, one sample (Sample 1) was taken
out from the reaction solution when the solution turned milky
while the other sample (Sample 2) was kept in the reaction solution
for 2 h after the solution turned milky. The surface morphology and
surface chemical composition of these two samples were examined
by AFM and XPS, respectively. Compared with the AFM image of
annealed sample (Fig. 1A), the shape of individual silica nanopar-
ticles is still visible in the AFM image of Sample 1 but it is not
observable in the AFM image of Sample 2. This suggests that the
short polymerization time will lead to a thin PNIPAAm layer on the
rough surface while the long polymerization will generate a thick
PNIPAAm layer that will fill the pores on the rough surface and elim-
inate the nanoscale roughness. However, the nanoscale roughness
can be easily regenerated by depositing a layer of silica nanoparti-
cles onto Sample 2 by immersing Sample 2 into a silica nanoparticle
solution. As shown in Fig. 1D, the silica nanoparticles are visible in
the AFM image of the resultant sample (Sample 3).
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Fig. 2. X-ray photoelectron spectroscopy (XPS) analysis of the surface composition
of an annealed silica nanoparticle film (A), a rough silica film covered with a thin
layer of PNIPAAm (Sample 1) (B), a rough silica film covered with a thick layer of
PNIPAAm (Sample 2) (C) and a rough PNIPAAm functionalized silica film covered
with a layer silica nanoparticles (Sample 3) (D).

The XPS survey spectrum of Sample 1 (Fig. 2B) shows the reduc-
tion of the Si 2P3 peak that is assigned to silica nanoparticles on
the annealed film (Fig. 2A) and the appearance of the N peak that
is attributed to PNIPAAm, suggesting the formation of a thin layer
of PNIPAAm. However, the presence of the Si 2P3; peak indicates
that the PNIPAAm layer does not cover the surface completely. In
contrast, no Si 2P3 peak is observed in the XPS survey spectrum
of Sample 2 (Fig. 2C), suggesting that the silica layer is completely
covered by the PNIPAAm polymer layer. The appearance of Si 2P
peak and the absence of N peak in Fig. 2D indicates that PNIPAAm
was covered by silica nanoparticles in Sample 3.
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Fig. 3. The change of water contact angle (°) vs. temperature (°C) on a hydropho-
bic/hydrophilic switchable surface (Sample 1).

The thermo-stimulated switchable wetting behavior of Sample
1 and Sample 2 was investigated by monitoring the change of water
contact angle with temperature. Fig. 3 shows the change of water
contact angle with temperature for Sample 1. The largest water con-
tact angle is 122° at 70°C and it decreases with the decrease of
temperature. A fast decrease of the contact angle happens around
32°C(LCST of PNIPAAm) due to the change of the PNIPAAm molecu-
lar structure from intramolecular hydrogen bond (hydrophobic) to
intermolecular hydrogen bond (hydrophilic). Although a superhy-
drophobic surface was not obtained from Sample 1, the difference
between the largest contact angle (122° at 70°C) and the small-
est contact angle (17° at 20°C) is 105° which is much larger than
that on a flat PNIPAAm surface (29°). This result is consistent with
the Wenzel model and suggests that a rough surface can greatly
increase the hydrophobic/hydrophilic contrast of a switchable sur-
face. In contrast, the water contact angle changed from 92° to
65° on Sample 2 due to the reduced surface roughness. Sample
3 was superhydrophilic due to the coverage of silica nanoparticles
on the surface. After it was coated with perflurosilane, it turned
into superhydrophobic but did not show any superhydropho-
bic/hydrophilic switching properties. We believed that PNIPAAm
was buried underneath the silica nanoparticles, and did not con-
tribute to surface wetting properties. Therefore, in order to generate
a superhydrophobic/hydrophilic switching surface, silica nanopar-
ticles should not fully cover the PNIPAAm surface, which would
allow the exposure of PNIPAAm.

To make a superhydrophobic/hydrophilic switchable surface, a
surface roughness and a partial exposure of PNIPAAM was required.
The PNIPAAM grafted surface (sample 2) was immersed into a
0.01 M solution of poly(acrylic acid) [PAA] for 1 min followed by dip-
ping into 0.01 M solution of poly(allylamine hydrochloride) [PAH]
for 1 min to prepare a adhesive layer for silica nanoparticles on the
surface. A layer of silica nanoparticles was then deposited on the
Sample 2 surface using a 0.02% silica nanoparticle solution and
the short dipping time (2 min) to introduce nanoscale roughness
and partially cover the PNIPAAm layer. A layer of perfluorosilane
was then deposited on the sample surface followed by the heat
treatment to alter the surface wetting properties. The partial cov-
erage of the PNIPAAM was determined and optimized with the
help of AFM and testing the switching performance of the sur-
face. High resolution XPS analysis reveals the presence of N on the
surface and confirms a scattered deposition of silica nanoparticle
onto the PNIPAAm layer (Fig. 4). The thermo-stimulated switchable
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Fig. 4. XPS spectra of Sample 2 partially covered with silica nanoparticle follow by
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wetting behavior of the sample was investigated by monitoring
the change of water contact angle with temperature. As shown
in Fig. 5, the largest water contact angle is 156° at 70°C with a
receding contact angle of 151°. Such superhydrophobic surface is
attributed to the combination of surface structures and hydropho-
bic silica nanoparticles and PNIPAAm at this temperature. The
small hysteresis (5°) suggests that PNIPAAm chains maintain their
hydrophobic structures at high temperature with the exposure to
water. The water contact angle decreases with the decrease of tem-
perature and reaches 73° at 28 °C. At this temperature, PNIPAAm
becomes hydrophilic and change the surface wetting properties.
The dramatic contact angle decreasing also happens around 32 °C,
which suggests that PNIPAAm turns into hydrophilic at its LCST and
changes the surface from hydrophobic to hydrophilic.

The superhydrophobic/hydrophilic switchable surface was used
to build a thermo-stimulated valve in a microfluidic channel.
The valve was made by wet etching a glass substrate to create
channels of around 50 wm in depth (Fig. 6A). A positive photore-
sist (Microposit S1813, Shipley) was spin coated on the etched
glass slide and patterned photolithographically to produce open-

Fig. 7. The operation of superhydrophobic/hydrophilic valve (A) dyed water
approaches to T-junction, (B) stops at the superhydrophobic patch at elevated tem-
perature and (C) passes through the hydrophobic patch at room temperature.

ings for the selective polyelectrolytes deposition on the exposed
area of the channel [51]. The superhydrophobic/hydrophilic sur-
face was built by the deposition of different materials according
to the following sequence: 40 bilayers of PAH/silica nanoparticles,
annealing the sample, 3 bilayers of PAH/PAA, the coupling of initia-
tor 2,2’-azobis (2-methylpropionamidine) dichloride (ABMP) with
PAA catalyzed by N-(3-dimethlyaminopropyl)-N-ethylcarbodimide
(EDC), polymerization of NIPAAm, one layer of silica nanoparti-
cles, chemical deposition of perfluorosilane, and heat treatment at
90°C for overnight. The photoresist was removed using acetone.
The channel was sealed with a polydimethyl siloxane (PDMS) slab
with three openings (Fig. 6A). The scanning electron microscope
images of the channel cross section (Fig. 6B and C) show that the
multilayer deposition and subsequent functionalization creates a
conformal uniform coating (about 2-pm thick) on the opening of
the etched channel. The patch thus created has a dimension of
2mm x 1.4 mm. For the valve test, the device was heated with the
help of a microheater up to a temperature of 70 °C. A programmable
syringe pump (Harvard PHD 2000) was used to pump dye-colored
water heated at 70°C at a flow rate of 20 pl/h into the inlet reser-
voir. As soon as the water entered the channel in the device, the
pumping was stopped and the liquid was allowed to flow in the
microchannels under capillary action only. Fig. 7B shows the oper-
ation of the switchable valve at 70 °C at which the PNIPAAm forms
intramolecular hydrogen bonds and becomes superhydrophobic.
The dyed water cannot pass over the film surface after it fills a
branch of the channel by a capillary effect. This creates the “stop”
condition of the valve. Then the heating source was withdrawn
and the device along with the water inside was allowed to cool
down to room temperature by placing the whole system on a
metal plate. The metal plate acted as a heat sink and the tempera-
ture decreased to 30°C in 15 min. PNIPAAm forms intermolecular
hydrogen bonds and becomes hydrophilic at room temperature of
around 30 °C. The hydrophilic patch with low contact angle allows
the aqueous solution to flow through. This generates the “flow”
condition of the valve. The “stop” and “flow” state of the valve
can be achieved back and forth for multiple times via the cycle
of heating-cooling-washing with DI water to remove the possible
residue-drying.

4. Conclusions

In summary, conformal hydrophobic/hydrophilic and super-
hydrophobic/hydrophilic thermo-stimulated switchable surfaces
were prepared and optimized for a wide range of wettability control
by the layer-by-layer deposition of PAH and silica nanoparticles fol-
lowed by surface modification. The surface characteristics including
morphology and composition in relation to the wettability of the
surface were studied. Using a novel synthesis and grafting route,
a switchable polymer surface was fabricated and fully integrated
into a microfluidic channel. A smart surface-based microvalve was
created and tested through the combination of the layer-by-layer
self-assembly technique and microfabrication, which promises var-
ious new applications in microflow regulation. Our future work will
be based on integrating a micro-heater and channels for running
cooling water into the device, which will help to decrease the time
lag between the open and close status of the valve in the microflu-
idic channel.
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