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Autonomous capillary microfluidic devices with
constant flow rate and temperature-controlled
valving†

Lanhui Li,*ab Eiko Y. Westerbeek,bc Jeroen C. Vollenbroek,bd Sissi de Beer, e

Lingling Shui, *a Mathieu Odijk b and Jan C. T. Eijkelb

In this paper, we report on a capillary microfluidic device with constant flow rate and temperature-

triggered stop valve function. It contains a PDMS channel that was grafted by a thermo-responsive

polymer poly(N-isopropylacrylamide) (PNIPAm). The channel exhibits a constant capillary filling speed.

By locally increasing the temperature in the channel from 20 1C to 37 1C using a microfabricated heater,

a change of the surface wettability from hydrophilic to hydrophobic is obtained creating a hydrophobic

stop valve. The valve can be reopened by lowering the temperature. The device is simple to fabricate

and can be used as an actuatable capillary pump operating around room temperature. To understand

the constant capillary filling speed, we performed contact angle measurements, in which we found slow

wetting kinetics of PNIPAm-g-PDMS surfaces at temperatures below the lower critical solution

temperature (LCST) of PNIPAm and fast wetting kinetics above the LCST. We interpret this as the result

of the diffusive hydration process of PNIPAm below the LCST and the absence of hydration on the

hydrophobic PNIPAm thin layer above the LCST.

1. Introduction

Microfluidic technology allows precise control and manipulation
of fluids at a small scale (typically sub-100 micrometer).1 It has
been widely used in biological applications such as high-
throughput screening,2 drug delivery,3 cellular assays,4 as well
as point-of-care (POC) diagnostics.5 Accurate flow control in
microfluidics can be achieved in either active or passive ways. In
the active flow-control systems, the flow is controlled using
external equipment such as syringe pumps, centrifuges, and
electrical or mechanical actuators.6 On the other hand, in the
passive flow-control system, the fluid is pumped utilizing the
surface properties and geometric effects at micro-scales such as
capillary pumping. For many bioanalytical applications, such as

point-of-care testing, a passive flow control method like capil-
larity is more attractive due to its spontaneous nature, cost-
effective fabrication, and simple operation.7–9

Passive capillary-driven flow results from the interfacial
energy balance at the meniscus (the solid–liquid–air interface) in
microfluidic devices.9 Capillary flow can be controlled by valves
such as time-delay valves, stop valves, and trigger valves.10–12 Time-
delay valves are used to delay the flow of one liquid or to precisely
time the delivery of multiple different liquids. Commonly used
approaches to create time-delay valves are manufacturing a
widened section in the flow channel or locally increasing the
surface hydrophobicity. Another approach to creating time delays
is by implementing a dissolvable barrier, e.g. a dissolvable thin
film.13 Stop valves can be based on the same principles as delay
valves. One approach, therefore, is to abruptly enlarge the channel
diameter,14,15 and another locally reversing the surface wettability
from hydrophilic to hydrophobic. Different approaches have been
reported, such as hydrophobic patterning11 using stimulus mate-
rials to create reversible surface wettability,16,17 or using a hydrogel
with changeable volume.18–20 Trigger valves are based on two
liquid fronts merging to enable further movement of the liquid
in a common outlet. This type of trigger valve has been widely used
for the control of sequential liquid delivery for high-throughput
screening.21 The autonomous driving process of capillary flow
and the different valve functionalities make capillarity-based
microfluidic devices highly useful tools for clinical and
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bioanalytical tests. Apart from the use of valves, control of the
flow rate in capillary devices is difficult exactly due to the
autonomous nature. In capillary channels of constant cross-
section, the liquid behavior is generally believed to follow the
well-known Washburn behavior, characterized by a flow rate that
decreases with the square root of time.22 The seminal work
of Delamarche23 shows metering and operation in autonomous
capillary devices at constant flow rate by the geometric device
design. Such a solution can improve diagnostic assay performance.

Poly(N-isopropylacrylamide) (PNIPAm) is a thermosensitive
polymer that has a lower critical solution temperature (LCST) of
32 1C. It has been widely used for surface treatment of micro-
fluidic devices to control autonomous liquid flow due to its
thermo-responsive hydrophilic/hydrophobic properties. One
group has previously reported on a PNIPAm valve in a micro-
fluidic device,16,17,24 created by local grafting of the channel
surface and then heating the entire device. This choice has the
drawback that in a device with multiple valves all valves switch
simultaneously, making single-valve control impossible. The
authors furthermore operated the valve by applying a wide
temperature range (from room temperature to 55 1C).

In this paper, we introduce a PNIPAm-grafted polydimethyl-
siloxane (PNIPAm-g-PDMS) capillary microfluidic device with
constant flow rate and local temperature-controlled valving. By
locally varying the temperature of the channel surface between
20 and 36 1C, the surface can locally be switched from hydro-
philic to hydrophobic thus obtaining a local valving function.
This temperature range makes the valve suitable for most
biomedical applications. The device we present here provides
larger operational freedom, enables single-valve control, and
operates at a more convenient temperature range compared to
the work cited above.

In addition, we found that the device is characterized by a
capillary filling rate that is constant in time. This finding is of
great interest for liquid control in microfluidic devices. In this
paper, we explain the constant flow rate by a dynamic contact
angle, caused by the diffusive hydration of the PNIPAm film.
Moreover, we demonstrate that the observed oscillating velocity

is attributed to the slip-jump of the contact line due to
differently wettable opposing channel walls.

In short, in this paper, we offer a solution for full control of
single valve-switching in capillary devices and present a further
study of the liquid filling behavior in PNIPAm coated micro-
fluidic devices.

2. Theory

Fig. 1a shows a schematic drawing of the microfluidic chip (i)
and the cross-section of the channel (ii). The channel is made
from PDMS and coated with the thermo-responsive polymer
PNIPAm. As a result, the channel surface shows a variable
wettability, being hydrophilic at temperatures below its LCST
(32 1C), and becoming hydrophobic at temperatures above
36 1C. Fig. 1b shows the valving process. At room temperature,
aqueous solution fills the hydrophilic channel by the capillary
driving force at the liquid front (Fig. 1b(i)). When the channel is
locally heated up to 36 1C, the PNIPAm-g-PDMS surface forms a
hydrophobic patch which will stop the flow (Fig. 1b(ii)). When
we turn off the heater, the temperature drops to 20 1C and
liquid filling spontaneously restarts since the surface becomes
hydrophilic again (Fig. 1b(iii)).

Precise control of flow rate is of great importance in many
applications. Here we will investigate both the filling and
valving function, based on the surface properties of our device.

2.1 Laplace pressure and valving

For microchannels of a rectangular cross-section, the capillary
pressure P of a liquid–air meniscus is1

P ¼ �glv
cos yb þ cos yt

h
þ cos yl þ cos yr

w

� �
(1)

Here glv is the surface tension of the liquid (N m�1), yb, yt, yl, yr

are the contact angles of the liquid on the bottom, top, left, right
walls, respectively, and h and w (m) are the height and width of
the microchannel. A schematic drawing of channel geometry is
shown in Fig. 1a. Each channel wall with a hydrophilic surface

Fig. 1 Schematic drawing of liquid filling and temperature-controlled valving in a straight rectangular channel of constant width w and height h. (a)
Capillary filling in a rectangular channel with differently wettable walls. yb, yt, yl, yr are the contact angles of the liquid on the bottom, top, left, right walls,
respectively. A heater was fabricated underneath the channel to locally control the temperature. A Peltier element controlled at a constant temperature
of 20 1C was placed under the chip to confine the heated area. (b) Autonomous liquid filling (i) at 20 1C; liquid stop (ii) by locally heating at 36 1C making
the surface hydrophobic; liquid restart (iii) by turning off the heater and allowing the temperature to return to 20 1C.
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(y o 901) contributes to generating a negative pressure in front
of the liquid meniscus, drawing the liquid into the channel. For
a channel with differently wettable walls, the filling process
depends on the joint action of the four channel walls and the
cross-sectional geometry. When eqn (1) results in a positive
Laplace pressure, the liquid movement will stop.

In our experiments, the four channel walls are coated with
PNIPAm, making the wettability of the channel surfaces
thermo-sensitive. The capillary pressure P will thus depend
on the temperature distribution over the channel surfaces. By
locally controlling the temperature, we can obtain liquid filling,
stopping, and restarting in the channel (Fig. 1b).

2.2 Filling behaviour

2.2.1 Constant filling speed. The capillary filling process of
a rectangular microfluidic channel with w c h is generally
described by the Lucas–Washburn equation,25,26 balancing the
driving force resulting from the surface tension and the resis-
tive viscous force.

2wglv cos yd ¼
12Zw
h

lðtÞdlðtÞ
dt

(2)

Here glv (N m�1) is the surface tension of the liquid, yd is the
dynamic liquid/solid contact angle (CA) in the channel, l(t) (m) is
the length of the filled channel section at time t (s) and Z (N s m�2)
is the dynamic viscosity of the liquid.

In a number of papers, it has been shown that the dynamic
contact angle depends on the filling speed, which is attributed
to hydrodynamic and wall surface forces.27–31 In the case of the
PNIPAm film/water system, a different process causes a dynamic
contact angle. The contact angle measurements shown in Fig. 4
indicate that the contact angle of a macroscopic water drop on a
dry PNIPAm film changes in about 30 seconds from about 1101
to about 601. We attribute this slow hydrophilization to the
diffusive hydration of the PNIPAm film. In a microchannel, the
moving meniscus will thus be preceded by a region in which the
PNIPAm brush is progressively hydrated (Fig. 2). In the case that

the PNIPAm hydration solely determines the meniscus velocity
dl(t)/dt, and the viscous dissipation along the liquid column can
be neglected, it can be expected that the contact angle at the
meniscus is just slightly below 901. We define d as the axial
extension of the diffusion region that under these conditions
precedes the meniscus. Over this distance d, the contact angle
decreases from the non-hydrated value of B1101 to B901. From
the location of the moving meniscus forward, this region will
move with an axial velocity of aD/d with D the diffusion
coefficient of water in PNIPAm and a a numerical constant with
a value between 2 (1D diffusion) and 4 (2D diffusion).32 At
locations behind the liquid meniscus, the diffusive hydration
will further proceed and the contact angle will decrease until the
static contact angle, ys, is reached. With increasing length of the
filled channel, the viscous dissipation along the liquid column
increases, decreasing the meniscus velocity dl(t)/dt, and decreasing
the dynamic contact angle until the static contact angle is
reached. We can thus approximate the dynamic contact angle
by an equation combining the diffusional hydration velocity
and the meniscus velocity,

cos yd ¼ cos ys 1� d

aD
� dlðtÞ

dt

� �
(3)

From eqn (2) and (3) we obtain

glv cos ys 1� d

aD
� dlðtÞ

dt

� �
¼ 6Z

h
lðtÞdlðtÞ

dt
(4)

When dl(t)/dt { aD/d, we retrieve the Lucas–Washburn
equation, with l proportional to the square root of time,

lðtÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hglv cos yst

3Z

s
(5)

When dl(t)/dt E aD/d, filled length l will be proportional
to time,

lðtÞ ¼ aD
d
t (6)

The experimentally determined meniscus velocity in case of
a constant filling rate is of the order of 100 mm s�1, and the
water diffusion coefficient in a PNIPAm brush D = 1.5 �
10�11 m2 s�1,33 resulting in d = 150a nm. Assuming that 2 o
a o 4 (between 1D and 2D diffusion), we find that d is in the
order of the thickness of the PNIPAm brush.

We observed frequent contact line pinning as well as an
irregular contact line in our system (see Videos S1–S3, ESI†).
Both the height variations of the PNIPAm brush (Fig. 4b) as the
deformation of the PNIPAm at the contact line on water
intrusion can play a role here. Pinning and depinning in a
PNIPAM-clad channel was also described by Silva et al., though
these authors used a capillary with a 10 mm dry thickness
PNIPAm gel layer, where pinning due to mechanical deformation
of the PNIPAm gel is expected to play a much larger role than in
our system where the PNIPAm brush has a submicrometer
thickness.34

Fig. 2 Schematic drawing of the filling process. The liquid fills in the
channel with a height of h and width of w. At the meniscus the dynamic
contact angle is yd, resulting in a capillary driving force (Fcap) balanced with
the viscous resistance force (Fvis) in the liquid bulk. When the viscous
resistance force can be neglected, the contact angle at the meniscus
equals B901 and the meniscus velocity dl(t)/dt is equal to the diffusional
penetration velocity of water in the PNIPAm film, vx = aD/d, with D the
diffusion coefficient of water in PNIPAm and d the axial extension of the
diffusion layer in front of the meniscus.

Soft Matter Paper

Pu
bl

is
he

d 
on

 3
0 

Ju
ly

 2
02

1.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ite
it 

T
w

en
te

 o
n 

8/
24

/2
02

1 
7:

20
:0

6 
A

M
. 

View Article Online

https://doi.org/10.1039/d1sm00625h


Soft Matter This journal is © The Royal Society of Chemistry 2021

2.2.2 Different wettability of the opposing channel walls,
causing an oscillating contact line velocity. Interestingly, we
observed velocity oscillations on the 100 ms time scale. We
explain this from a different wettability of the top and bottom
channel walls in our system, which results from the manu-
facturing process (see Section 4.2). The water penetration into
the PNIPAm will then proceed with a different velocity at the
top and bottom walls of the channel. A peculiar meniscus
profile will be formed, with the fastest moving contact line
leading and the slowest moving contact line following. In the
absence of pinning, this meniscus will move with a constant
velocity intermediate to the two contact lines. When pinning of
the slowest contact line occurs, the contact angle at the slowest
wetting surface will further increase by the movement of the
fastest contact line until it leads to depinning of the pinned
slow contact line by the change of contact angle. The depinning
will be followed by a rapid advance of the slow contact line due
to the energy stored in the meniscus. A sequence of subsequent
pinning and depinning will result in an oscillating velocity of
both contact lines. Assuming that pinning events frequently
occur and depinning occurs when the fastest meniscus has
advanced over a length of the order of the channel height h, it is
expected that the temporal frequency f at which these slip-jump
events occur is proportional to the meniscus velocity and

inversely proportional to channel height h f /
D

aD
d

� �
h

0
BB@

1
CCA, with

D
aD
d

� �
¼ aD

d

� �
t

� aD
d

� �
b

.

2.3 Temperature distribution along the channel walls at the
liquid–air interface

For the temperature distribution at the channel walls at the water–air
interface, a three-dimensional, time-dependent heat equation was
solved for the geometry as indicated in Fig. 3a(i) using COMSOL 5.5,

rCp
@T

@t
þr � ð�krTÞ ¼ 0 (7)

Here r is the density (kg m�3), Cp the heat capacity (J kg�1 K�1),
T the temperature (K), t the time (s) and k the thermal
conductivity (W m�1 K�1). Since the Péclet number is smaller
than 1 (Pe { 1), the heat transport is diffusion dominated, and
the heat transport due to convection can be neglected. The air–
liquid interface was considered to be static. The boundary
conditions are displayed in Fig. 3a, the heater was simulated
as an infinitely thin 2D plane with a constant temperature.
The material properties used in the simulation can be found in SI.4
(ESI†). The heat resistance of the internal interfaces (e.g. PDMS–
water) is considered to be negligible and therefore the heat transfer
is only determined by the bulk material properties. The mesh
independence of the solution was checked and confirmed.
Mesh details (SI.5, ESI†), time-stepping details (SI.6, ESI†) and
solver settings (SI.6, ESI†) and can be found in the ESI.†

Because of the symmetry of both heater and channel, only
half the channel was simulated. The simulation results are
shown in Fig. 3, using the boundary conditions mentioned in
the caption, indicating that for a channel of 100 mm width and
35 mm height, both the temperature along the channel sidewall
(Fig. 3b) and the top channel wall (Fig. 3c) reach values above
36 1C within 1 s of switching the platinum heater filament

Fig. 3 Simulation results of the temperature distribution along channel walls. (a) Schematic drawing of the microfluidic chip (i) and the cross-sectional
view (ii) (not on scale) showing materials and boundary conditions; T = 20 1C for the outer boundaries of the chip and the inlets and T = 40 1C for the
platinum. At the symmetry-axis �n�(�krT) = 0. The standard solver settings were used. The liquid–air interface was modelled at the middle of the
platinum. A finer mesh was used at the liquid–air interface, and a coarser mesh was used in the rest of the model. The specific mesh details and geometry
of the simulation can be found in the COMSOL file, which is added in the ESI.† (b) The temperature distribution at the liquid–air interface along the
channel sidewall (x = 0 to 35 mm). (c) The temperature distribution at the liquid–air interface along the top channel wall (x = 0 to 50 mm), taken at times
10�4, 10�3, 10�2, 10�1, 1, and 10 s.
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temperature from 20 1C to 40 1C. We deem this a sufficiently
fast temperature response.

3. Methods
3.1 Materials

N-Isopropylacrylamide (NIPAm, CAS: 2210-25-5), benzophe-
none (CAS: 119-61-9), NaIO4 (CAS: 7790-28-5), and benzyl
alcohol (CAS: 100-51-6) were all obtained from Sigma-Aldrich
(the Netherlands). Negative photoresist SU-8 3050 and developer
solution were purchased from MicroChem (MA, USA) for fabricating
the silica mold with the designed microchannels on a Si wafer
(525 mm thick, Okmetic, Finland). Positive photoresist OiR907-
17i (Fujifilm, Japan) was used for fabricating the platinum
patterns. The poly(dimethylsiloxane) (PDMS, Sylgard 184) package
was purchased from Dow Corning Corporation (Midland-Michigan,
USA) and was used for fabricating the microfluidic chip.

3.2 Heater and sensor fabrication

A patterned platinum heater and sensor structure was manu-
factured on glass by standard photolithography, a wet-etching
(recess) process, and sputtering. A positive resist (PR) layer
(OiR907-17i, Fujifilm, Japan) of 1.71 � 0.04 mm thickness was
spin-coated on a glass wafer (525 mm thick, Okmetic, Finland)
at 4000 rpm for 30 s, followed by baking on a hot-plate at 95 1C
for 2 min. A layer of a few nanometer-thick hexamethyldisilazane
(HMDS) was spin-coated on the glass wafer before spin-coating
the PR layer. This HMDS layer is used to increase the adhesion of
patterned PR structures with the substrates. The exposure pro-
cess was conducted by using a mask alignment system (EVG620,
EVGroup, Austria) for 3 s at an intensity of 12 mW cm�2 in hard
contact mode. Thereafter, the wafer was post-baked on a hot
plate at 120 1C for 15 s, followed by developing in an OPD4246
developer for 1 min, and rinsing with deionized (DI) water to
complete the fabrication of the pattern for the platinum struc-
tures on a glass substrate. BHF was then been used as a wet
etchant to etch the heater pattern 200 nm deep into the glass
substrate. This process was directly followed by the sputtering of
a 20 nm thick tantalum (Ta) adhesion layer and a 180 nm thick
platinum (Pt) layer, causing the heater to be embedded into the
glass substrate. Lastly, PR layer is lift-off hereby also removing
excess TA/Pt on top of the PR layer.

3.3 Temperature sensor calibration

The temperature sensor calibration was done by mounting the
chip on a Printed Circuit Board (PCB) and wire bonding the
electrodes to the PCB, so the chip can be addressed via external
connectors. The chip was fully immersed in a beaker of olive
oil (AH Olijfolie mild) standing on a hotplate, type IKA RET.
A commercially available thermocouple (Fluke 51 II, Fluke
Corporation, United States), was used as a reference thermo-
meter and measured the temperature of the oil. A magnetic
stirring bead was added to increase the uniformity of the
temperature in the oil. The hotplate was heated from 20 1C to
100 1C while the resistance of the temperature sensor was

measured. The change in resistance with respect to the tempera-
ture measured by the sensors is shown in Fig. S1 (ESI†).

3.4 PDMS device fabrication

Designed microchannel patterns were transferred on a SU-8 layer
spin-coated on a silicon wafer, to serve as master mold using
standard photolithography techniques.35 PDMS pre-polymer and
curing agent were mixed using a stirring machine at a mass ratio
of 10 : 1 and then degassed in a vacuum chamber. The mixture
was then cast onto the master mold to form the channel layer.
Also, a 20 mm thick PDMS layer was made on a glass slide by spin
coating a PDMS mixture at 3000 rpm for 70 s. Then the PDMS on
the master mold and the glass slide with the thin PDMS layer
were thermally cured in an oven at 60 1C for 50 min. The PDMS
replica with designed channel patterns was then peeled from the
silicon master and cut into the predesigned size and bonded with
the glass slide with PDMS layer by thermal bonding in an oven at
60 1C for 15 hours. Before bonding, a liquid reservoir at both the
inlet and outlet of the channel was created by punching holes in
the PDMS using a puncher with 3 mm inner diameter.

3.5 UV-induced surface grafting of PNIPAm on PDMS
mediated by benzophenone

UV-induced grafting of PNIPAm was conducted by UV-initiated
surface polymerization,36 a schematic drawing of the grafting pro-
cess is shown in Fig. S2 (ESI†). Benzophenone–acetone (20 wt%)
solution was introduced into the PDMS channels for 5 min, followed
by a deep wash of the channels with DI water and ethanol. Then the
monomer solution containing NIPAm (10 wt%), NaIO4 (0.5 mM) and
benzyl alcohol (0.5 wt%) was introduced into the channel through
tubing connected to the inlet using manual syringe pumping. The
device was subsequently placed in an oven with UV irradiation
(210 W, 365 nm, IntelliRay 600, Uvitron International Inc., USA) to
graft the PNIPAm onto the PDMS surfaces, and then the channel
was washed extensively with DI water to remove residual monomer
and polymer. An ice-water bath was then used to keep the
temperature of the monomer solution below the LCST of NIPAm.

3.6 Contact angle measurements

A single water drop of small volume (2–12 mL) was dripped
gently on the PNIPAm-g-PDMS substrates. An interfacial tension
meter OCA 15 Pro (Dataphysics, Germany) was used to measure
the static contact angle or dynamic contact angle. The water
wetting process on PNIPAm-g-PDMS below the LCST (22 1C) and
above the LCST (37 1C) including the advancing, wetting, and
receding states were investigated by increasing/decreasing the
volume of the water droplet. Each substrate was measured for
five times at different positions to obtain the average value of
wetting contact angles.

3.7 Capillary filling measurement procedure and data processing

The glass chip with platinum heater and sensor was placed into
a Polyoxymethylene chip holder. A Peltier element was placed
underneath the chip to ensure steep temperature gradients
around the heaters to prevent elevating the temperature of the
entire glass chip. For control of the heaters, a Labview PI controller
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was written and executed on the myRIO-1900 (National Instru-
ments, USA). Details of the controller were reported in previous
work of our group.37 The temperature sensors fabricated in the glass
chip thereby provide the feedback temperature for a programmed
control loop. In all experiments, the temperature of the Peltier
element was set at a constant of 20 1C. Before the filling process,
PDMS chips were grafted with PNIPAm. After drying by air blow, the
chip was then used to study the filling process. For this purpose,
6 mL of DI water was pipetted in the reservoir. The filling behavior of
the channels was observed using a Leica DM 6000 M microscope
with a Leica DFC 420 digital camera (Wetzlar, Germany). Captured
pictures and videos were analyzed using MATLAB R2019a and
ImageJ (version: 2.0.0-rc-69/1.52p) to calculate the location and
velocity of liquid contact lines in the channel. For the data proces-
sing, we first used ImageJ to convert each frame to grayscale and
determined the frame rate, frame number, and pixel size. Then we
used MATLAB to track the liquid meniscus movement by compar-
ing differences between frames. The absolute difference between
successive frames was used to divide an image frame into changed

and unchanged regions. Since only the liquid meniscus moves, we
expect the changed region to be associated only within the channel
area. We thus obtained the liquid meniscus movement in pixel
numbers. Subsequently, location, time, and velocity were calculated
from the pixel number and known frame rate, and pixel size. The
motion of the contact line was then filtered by a Gaussian filter.
Then meniscus location (filled length) and liquid velocity were
plotted against time. To show the periodical oscillation of the
contact line, firstly, the middle part of the channel was cropped
from the movie by ImageJ; secondly, the contrast of the frames was
adjusted to the maximum value; finally, we calculated the percen-
tage of the black area of the total area of the entire frame as
changing in time was calculated.

4. Results and discussion
4.1 Surface characterization of PNIPAm-g-PDMS

Fig. 4a illustrates the chemical properties and wetting behavior
of the initial PDMS surface and the PDMS with the grafted

Fig. 4 Wetting properties of a PNIPAm-g-PDMS surface. (a) The static water CA on PDMS, PNIPAAm grafted on a PDMS surface. At 22 1C (T o LCST),
water molecules can form hydrogen bonds with the polymer chain, results in a hydrophilic surface with a static CA of 671. At 36 1C (T 4 LCST), water
molecules in the air are rejected by the shrink PNIPAm surface, results in a hydrophobic surface with a static CA of 931. (b) AFM image of PNIPAm-g-
PDMS surface showing surface roughness Ra (i) and PNIPAm film thickness (ii). The surface was prepared with a UV-irradiation time of 10 min. (c) FT-IR
spectra of the PDMS and PNIPAm-g-PDMS. (d) Wetting behavior of PNIPAm-g-PDMS surfaces at 20 1C, showing the advancing CA (before 5 seconds)
and receding CA (after 35 seconds) and time-dependent wetting behavior to reach static CA on PDMS and PNIPAm-g-PDMS surfaces prepared under UV
irradiation for times of 5, 10, 15 min. The schematic drawing above shows the contact line moving from highly hydrated PNIPAm to less hydrated PNIPAm
dry film in the air during the time-dependent wetting process. (d) Wetting properties of PDMS and PNIPAm-g-PDMS surfaces at 40 1C, which show a
similar advancing and receding angle but no obvious time-dependent wetting behavior which is due to the dehydrated PNIPAm on the surface. The
schematic drawing above shows the absence of obvious contact line movement after deposition of the water drop.
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PNIPAm layer. Before surface treatment, bare PDMS shows a
poor wettability for water with a CA of about 1081. This
hydrophobicity is ascribed to the repeating –OSi(CH3)2– units
on the surface. UV irradiation in a NIPAm-containing solution
induces the generation of free radicals which cause NIPAm
monomers to polymerize on the treated PDMS surface. At
temperatures below its LCST, molecular water in the atmo-
sphere interacts with the PNIPAm chains in the PNIPAm thin
film driven by enthalpy gain,38 and the PNIPAm shows hydro-
philic properties with a static water CA of 671 at 22 1C. At
temperatures above the LCST, PNIPAm chains collapse resulting
in the absence of hydrogen bonds between amide groups and
water molecules. Atmospheric water is rejected by the surface
layer of dehydrated PNIPAm film, resulting in a hydrophobic
surface39 with a static CA of 931 at 36 1C. Schematic drawings of
PNIPAm chain hydration at temperatures below and above the
LCST and the corresponding static CA are shown in Fig. 4a.
Fig. 4b shows the surface roughness of the PNIPAm-g-PDMS
surface (Atomic force microscopy (AFM) microscopy, tapping
mode, Cypher ES Environmental AFM, Oxford Instruments,
UK). A roughness parameter (Ra) of 3.57 nm was obtained on
a surface prepared with a UV-irradiation time of 10 min. The
thickness of the PNIPAm layer, in this case, is around 430 nm.
Fig. 4c presents the FT-IR spectrum (FT-IR Spectrometer
INVENIOs, Bruker, Germany) using a sample cell equipped
with a ZnSe single crystal in ATR mode. The PNIPAm-g-PDMS
surface shows new absorbance peaks at B3300 cm�1, B1650 cm�1,
B1550 cm�1 compared to the spectrum of the bare PDMS surface.
These new peaks can be assigned to the N–H stretching vibration,
amide I (CQO stretching vibration), and amide II bonds (N–H
bending). All features indicate that PNIPAm has been grafted on the
PDMS surface.

The measured wetting behavior of water on PNIPAm-g-PDMS
is shown in Fig. 4d and e. At 22 1C, the PNIPAm-g-PDMS surface
shows an advancing CA of B961 and a receding CA of B331.
This contact angle hysteresis indicates contact line pinning on the
surface. Furthermore, at 22 1C the surface shows time-dependent
wetting, which we ascribe to the slow swelling and hydration of the
PNIPAm chains in water as described above. At 37 1C however, the
surface wetting is practically time-independent, which we ascribe
to the absence of a hydration process of the PNIPAm film. The
non-hydrated PNIPAm at temperatures above the LCST causes a
hydrophobic PNIPAm-g-PDMS surface. At 37 1C, the surface still
shows contact angle hysteresis with the advancing CA of B961 and
the receding CA of B331, resulting from contact line pinning.
Pelton40 described how the hydrophobicity of PNIPAm, as judged
by the contact angle, is a strong function of the properties of the
contacting phase.

4.2 Wetting properties of different channel walls and
corresponding Laplace pressure

Since the thickness of the PDMS layer at the channel bottom
(20 mm) in our experiments is much smaller than that at the top
and side walls (mm scale), the concentration of the photo-
initiator benzophenone diffused in the PDMS before the graft-
ing of the NIPAm will be different at these different locations.

Since the photoinitiator generates radicals that accelerate the
grafting rate of monomers on the PDMS surface, the concen-
tration of benzophenone is a key factor in the grafting process.41

In order to estimate the benzophenone concentration in the
different channel walls, we used the fluorescent rhodamine 6G
at an equal concentration as the photoinitiator in acetone as a
diffusion indicator.42 The results are shown in Fig. S3 (ESI†),
indicating that the concentration of benzophenone in the bottom
PDMS layer is much higher than in the top wall and sidewalls. We
therefore assume that the wetting properties of the top and side
walls are identical but different from the bottom wall, and thus
that yt, yl, and yr in eqn (1) are equal, but that yb differs. We
therefore only need to measure the CA on the top and bottom
wall of the channel.

The CA measurement procedure is described in Section 3.6
and results are shown in Fig. 5. Static contact angles on
PNIPAm-g-PDMS surfaces prepared under 5, 10, 15 min of UV
exposure were investigated after different storage time. From
Fig. 5a, we see that the CA on the bottom wall (thin PDMS layer)
increases quickly in the first week of storage and then more
slowly after around 2 weeks. It remains below 901 even after 23
days. The increase of the CA during storage can be either
ascribed to a slow process of movement of hydrophobic groups
to the polymer surface or of PDMS oligomers from the bulk to
the surface, which processes can be easily influenced by
environmental factors like humidity and temperature.43 The CA
change can also be caused by contamination from the atmo-
sphere. The top wall after two days is less hydrophilic than the
bottom wall and with further storage, the CA of the bottom wall
increases to 901 or higher (Fig. 5b). As mentioned above, we
ascribe this to the lower concentration of benzophenone in the
PDMS of the top and side walls which results in a thinner
PNIPAm layer.44 Fig. 5c and d show the water CA on the bottom
wall and top wall at 37 1C. As this temperature is above its LCST,
the PNIPAm molecules contract to a compact conformation and
form small hydrophobic nano-pockets.45 Such a compact state
makes the surface less hydrophilic or even hydrophobic. In our
experiment, the water CA on a PNIPAm-g-PDMS surface at 37 1C
increased to 901.

Using the measured values of the static water CA on various
channel walls, we can estimate the Laplace pressure in the
channel using eqn (1), to predict whether capillary filling of
the channel will occur. As we can see from Fig. 6, the CAs of
freshly treated channels, using 5, 10, 15 min UV exposure are all
in a negative Laplace pressure range at both low and high
temperature. Freshly treated channels thus will always generate
a capillary driving force, and no valving action can be obtained
by heating above the LCST. The Laplace pressure of the devices
prepared with 5 min UV irradiation becomes positive after
24 days of storage, implying that capillary filling will not occur
anymore at room temperature. Channels prepared under
10 and 15 min UV irradiation show larger Laplace pressure
changes from 20 1C and 37 1C from negative to positive after
14 and 24 days and allow a better stop valve function. As we
didn’t see a significant difference between devices prepared
using 10 and 15 minutes irradiation, and longer UV irradiation
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time may make the surface opaque.42 Therefore, we performed
surface grafting under 10 min UV exposure time.

4.3 Capillary filling behavior and oscillating contact line
velocity in PNIPAm-g-PDMS channel

After grafting the PNIPAm, we observed the liquid filling
process in freshly coated channels. Fig. 7a shows the time-
dependent filling in channels with a length of 2.4 cm and a
width of 300 mm, and various heights of 34, 60, and 100 mm.
The graphs show a constant filling velocity instead of a filling

velocity decaying with the square root of time as predicted by
the classical Lucas–Washburn equation. An average filling
velocity of 160, 217, 240 mm s�1 was obtained in the 34, 60
and 100 mm high channels, respectively. To better analyze the
filling process, Fig. 7b shows double-logarithmic plots of filling
length against time. Thereby the red and blue dashed lines
represent the extreme cases of diffusive hydration-limited
behavior (slope = 1) and Lucas–Washburn behavior (slope = 2),
respectively. Slopes close to 1 were obtained for most filling
processes, indicating that the diffusive hydration process
dominates.

In addition, an oscillating velocity at the contact line in the
middle part of the channel was observed (Videos S1–S3 show
liquid filling behavior in 34, 60, and 100 mm high channels,
respectively). As mentioned in Section 2.2.2, we attribute this
phenomenon to the different wettability of the top and bottom
walls in combination with transient contact line pinning. The
pinning and depinning results in a periodical size change of
the meniscus area, which is microscopically visible as a black
area at the liquid front due to the angle that the meniscus
surface makes with the normally incident light. When pinning
occurs on the slowest moving contact line, the black area
increases in size with the moving contact line on the opposite
wall and reaches its maximum just before depinning of
the slow contact line, followed by a sudden decrease when
depinning occurs (slip jump), then reaching its minimum
value. After a slip jump, the size of the black area increasing
again until the next jump occurs. Since pinning and depinning
are expected to occur randomly on all channel walls causing a
complicated movement pattern, we only studied the size of the

Fig. 6 Calculated Laplace pressure based on Fig. 5 and eqn (1) at 20 1C
and 37 1C for the indicated UV exposure time. PNIPAm-g-PDMS channels
prepared under UV irradiation time of 5, 10, 15 min are represented in
black, red, and blue, respectively. The error bars represent the confidence
interval of Laplace pressure calculated from the CA data from Fig. 5.

Fig. 5 Static contact angle on the channel walls changes with time at 20 and 37 1C. (a) and (b) are static CA on the bottom and top walls at 20 1C,
respectively. (c) and (d) are static CA on the bottom and top walls at 37 1C, respectively. The error bars represent the standard deviation calculated from 5
measurements from different locations on the surface for each data point.
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black area in the middle part of the channel to reduce the effect
of pinning and depinning on sidewalls. Fig. 7c shows the
variation of the black area in time, the detailed measurement
procedure is presented in the data processing section. Periodical
oscillations were observed with slip jump frequencies around 6.8,
4.4, and 4 Hz. Due to the nonhomogeneous PDMS surface and the
random growth of PNIPAm on the PDMS surface by UV-induced
polymerization, the surface of PNIPAm-g-PDMS is nonhomo-
geneous, resulting in a less regular oscillation pattern during
the filling process. Furthermore, in Fig. 7a we see that a higher
average velocity is obtained in the higher channel, different
from the theoretical prediction of eqn (6) that the velocity is
independent of channel geometry. The reason could be that the
dissipation caused by the distortion of the flow in the smaller
channel is higher, as we see stronger periodical oscillations in
this channel in Fig. 7c.

4.4 Heat-triggered valve action

Due to the temperature response of the PNIPAm-g-PDMS surface,
the channel walls show a wettability change from hydrophilic to

hydrophobic when their temperature changes from 20 1C to
36 1C. By locally integrating a heating element in the bottom of
the channel, a switchable stop valve was obtained, open at low
temperature, and closed at high temperature. Video S4 (ESI†)
shows the valving function. Fig. 8 shows the meniscus position
and velocity as well as snapshots of the filling process. Within the

Fig. 7 Liquid filling behavior in channels with different heights. (a) Filled length against time in channels of 300 mm in width and 34 (i), 60 (ii), 100 (iii) mm in
height. (b) Double-logarithmic plots of filling length against time. Channels were freshly coated, and the bottom walls are 60 mm thick. (c) Percentage of
the black area of the entire frame at the liquid front change in time in channels of 34 (i), 60 (ii), 100 (iii) mm high. The total area of the frames measured for
(i), (ii), and (iii) are 35 100, 46 255, and 21 056 mm2, respectively.

Fig. 8 Controllable and reversible valving by locally varying the temperature
between 20 1C and 40 1C.
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heating area, the liquid can be stopped and triggered by off–on
heating cycles. The stop-valve function can only be obtained in
devices that were stored for 14–24 days, where the Laplace
pressure generated at the transition temperature of around
36 1C was positive, as shown in Fig. 6. A possible disadvantage
of using the devices after storage times of B20 days is, that the
filling velocity is below 10 mm s�1. However, this slow speed
could be beneficial to achieve a homogeneous concentration of
reactants by diffusion in chemical reactor chips23 or to allow
long incubation times when performing immunoassays in
microfluidic systems.46

5. Conclusion and outlook

We developed a PNIPAm-g-PDMS capillary microfluidic device
that is characterized by a constant capillary flow rate and has
integrated stop valves. Water fills the channel automatically by
capillary forces and can be stopped by locally controlling the
surface wettability of the channel walls by changing the temperature
from 20 1C to 36 1C. Constant flow velocities ranging from 1 mm s�1

to 240 mm s�1 can be obtained in dry PNIPAm-g-PDMS and freshly
treated PNIPAm-g-PDMS devices with different channel geometry.
Stop and trigger valve function can be obtained by temperature
control. The constant flow rate, obtained without external equip-
ment or external flow control, was explained by diffusive hydration
of the PNIPAm film. The theory is suitable for more complicated
solutions and different channel geometries. Though it comes at the
cost of a lower rate of filling, the constant flow rate could be
beneficial to achieve a homogeneous concentration of the reactants
by diffusion in reactions.23 Although the change in velocity with
channel height is not well explained, future study of contact line
motion in PNIPAm brush coated microfluidic channel will be done
with Molecular Dynamic simulations. The constant filling rate in
our device can be used for liquid metering to transport a certain
sample volume in a measured unit of time. It can also provide
stable flow conditions during washing and sample addition
steps in immunoassays to obtain accurate measurement and
good reproducibility. At present, the valving did not work in all
devices due to variations in the water CA on the PNIPAm-g-
PDMS surface at the hydrophobic state, sometimes causing an
insufficient positive Laplace pressure. In future work, we aim to
create a valve with a wider wettability change between hydro-
philic and hydrophobic states to solve this problem. For this
purpose, capillary flow control in hierarchical microchannels (a
channel surface with micropillars) will be investigated.
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