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Microfluidic devices are critical components of many biomedical and bioanalytical instruments and
allow for probing chemical and physical phenomena at the micron scale. Most current microfluidic
devices, however, have the inherent functional limitation that the cross-sectional channel geometry,
which determines the fluid flow patterns, is essentially constant at any given point in the channel.
We present microfluidic channels that contain topographical features whose size can be tuned by the
user in real time. We demonstrate that the topographical changes can be used to alter the laminar
flow patterns in microfluidic mixers and to physically trap small fluid volumes. ©2005 American
Institute of Physics. [DOI: 10.1063/1.1850593]

Microfluidic devices have become essential tools in a
wide range of research and commercial applications such as
DNA amplification,1 protein crystallization,2 immunoassays,3

and microfluidic logics,4,5 to name a few. The advent of soft
lithography6 has enabled inexpensive fabrication of fluid
handling devices made of the elastomer polydimethylsilox-
ane(PDMS),7 some even including actuators such as PDMS
microvalves.8,9 Although PDMS microvalves(based on the
mechanical deformation of a PDMS membrane) allow for
constricting flow through the whole channel, the microchan-
nel itself generally has a static cross section, hence its func-
tionality is fixed or can only be changed by changing the
flow rate. Some specialized schemes with a limited range of
actuation such as those based onpH-sensitive hydrogels,10

convection,11 or particle trapping by dielectrophoresis12 are
also possible. Here we present a generalization of the PDMS
microvalve concept8,9 to PDMS membranes(,10–20mm
thickness) that aresmaller than the microchannel width and
length. When pneumatically deflected, the membranes effec-
tively produce microtopographical features of tunable height
on the floor of the microchannel. The tunable features can be
used to modify the flow patterns or to capture small fluid
volumes and can be reversed to their original flat geometry.

Our devices were made in PDMS(Sylgard 184, Dow
Corning) with standard soft lithographic techniques7 by
stacking and bonding four PDMS layers[Figs. 1(a)–1(d), left
column]. One of the layers was the PDMS membrane, spun-
cast on a flat silicon wafer[Fig. 1(b)]; the other three layers
were molded from photolithographically patterned masters
containing ,30- to 50-mm-high features. The top layer,
termed “layer I”[Fig. 1(a)], formed the fluid-carrying micro-
channel(heightH= ,37 mm as measured from the master)
when bonded against the PDMS membrane[Fig. 1(b)]. Via
holes (,100 mm deep) were micromolded by PDMS
exclusion13 in the middle layer[termed “layer II,” Fig. 1(c)],
communicating the PDMS membrane with the pneumatic
lines formed by the bottom layer[termed “layer III,” Fig.
1(d)]. Figure 1(e) shows a schematic of the finished device.
The microchannels(i.e., layer I) were gravity-fed with fil-

tered fluorescein or food-coloring dyes. Pressurizing the
PDMS membrane with positive pressureP via the pneumatic
lines caused a deflectionD of the membrane into the volume
of the microchannel, as shown schematically in Fig. 1(f).
Changes inD vs P could be readily visualized in top-view
optical micrographs such as those in Figs. 1(g) sP=0d and
1(h) sP=5 psid when fluorescein was used to fill the micro-
channels. In the examples shown in Figs. 1 and 2, the micro-
channel had two inlets and the pneumatic lines actuated a set
of four rectangular PDMS membranes 80mm wide and
40 mm long. The flow rates(but not the flowpatterns) were
virtually independent ofD because the change in flow resis-
tance due to changes inD was a small fraction of the total
flow resistance of the whole fluidic network.

As a proof of concept, we tested the ability of the simple
device in Fig. 1 to work as a tunable “T-mixer” device.3 A
traditional T-mixer features two inlets(each with a different
solution) and produces a smooth diffusion gradient at the
output as predicted by classical diffusion theory when the
parabolic laminar flow profile typical of microchannels is
taken into account.3 For our tunable mixer, we introduced
fluorescein and water through separate inlets at equal flow
ratess,12 mL/mind, so as to yield substantial lateral diffu-
sion of fluorescein at 0 psisD=0d during the 5.3 s average
residence time of the fluid above the whole length of the
membraness40 mmd, as shown in Fig. 2(a). This balance in
flow rates positioned the water/fluorescein interface approxi-
mately in the middle of the microchannel. Since the camera
used for these studies(Hamamatsu Orca-ER, 12 bit cooled
CCD) is highly linear under nonsaturating conditions(for
our low fluorescein inlet concentrations,,2 mM, and expo-
sure times,,150 ms), the average grayscale intensity at any
area in the image(after background correction to compensate
for inhomogeneities in illumination) is a linear function of
the number of fluorescein moleculesN in the fluid volume
under that area. In an arbitraryX axis [dashed arrow in Fig.
2(a), 10 pixels wide], Nsxd is in turn proportional to the fluo-
rescein concentrationCfsxd at that point. As an internal cali-
bration point, the fluorescence intensity of a PDMS back-
ground area(arbitrarily definingx=0) was assignedCfs0d
=0 becauseNs0d=0. The traces in Fig. 2(d) were normalized
relative to the highest fluorescence intensity at the leftmost
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edge of the microchannel forP=6 psi [Fig. 2(d), black
trace]. At this pressure, the membranes contacted the micro-
channel(see the following), effectively forming five inde-
pendent lanes; since fluorescein could not diffuse out of that
lane, Cfsxd for this whole lane is likely very similar to the
left inlet concentration,,2 mM. The measurements ofD
corresponding to selected pressure values are shown in Fig.
1(i) and were obtained after flooding the whole microchannel

with fluorescein;D was calibrated by assigningD=0 to the
areas between the membranes(where fluorescence intensity
was maximum) and D=H=37 mm to the areas outside the
microchannel(where fluorescence was minimum). For P
ù6 psi, the fluorescence values at the center of the mem-
branes reached the same background value as the areas out-
side the microchannel, indicating thatD was contacting the
roof of the microchannel, i.e.,D=H=37 mm [Fig. 1(i), black
trace]. We have reported elsewhere a thorough characteriza-
tion of the deflections of pneumatically actuated PDMS
membranes for a range of pressures and membrane widths
and thicknesses.14 The resolution of the method depends on
the thickness of the membrane and the desired deflection;
typically, rectangular membranes can be deflected by at least
1
2 of their width (yielding semi-spherical profiles) if the ap-
propriate thickness is chosen.14 For the microfluidic applica-
tion reported here, where it was desirable to have membranes
that reached the microchannel roof, we found that a safe
design rule of thumb was to build membranes whose small-
est dimension was,2 times the microchannel height—
hence we used 80-mm-wide membranes for a 37-mm-high
microchannel—and to adjust the membrane thickness(here,
11.5mm) accordingly using tabulated values.14

The concentration profile clearly changed with the pres-
sure applied to the membranes. At 0 psi[Fig. 2(a)], a smooth
diffusion profile was measured at the end of the membranes
[Fig. 2(d), yellow curve], in agreement with previous work
on two-stream laminar-flow diffusion profile measurements

FIG. 1. (Color online) Assembly and operation of a tunable microfluidic
device.(a)–(d) Microfabricated masters(right column) and resulting PDMS
replicas(left column). The features were defined by standard photolithogra-
phy using the negative photoresist SU-8(Microchem Co., Newton, MA) and
the processing parameters recommended by the SU-8 manufacturer to obtain
,30- to 50-mm-high SU-8 features(spin speeds 2000–3000 rpm, expo-
sures 200–300 mJ/cm2); the four layers of the device were stacked and
bonded as indicated by the Roman numerals I, II, and III, resulting in pneu-
matic lines at the bottom and a microchannel at the top.(e) Schematic cross
section of an assembled device with no pressures0 psid applied to the pneu-
matic lines; the pneumatic lines(i.e., layers II/III) were manually filled with
filtered water(the high gas permeability of PDMS allows for displacing the
air trapped in dead-end channels) prior to being connected to filtered
compressed-gas bottles through 0–5 psi or 0–100 psi pressure gauges.(f)
Schematic representation of a device after pressurization(red arrows). (g)
Top-view fluorescence micrograph of a fluorescein-filled device featuring
four rectangular membranes with no pressure applied to the pneumatic lines;
the edges of the pneumatic lines are indicated by white dashed lines.(h)
Same device as in(g) after pressurization(5 psi applied to the pneumatic
lines); note the increased darkness in the membrane areas revealing upward
deflection of the membrane.(i) Plot of the membrane deflections vs micro-
channel positionX [X axis defined by the dashed arrow in(g)] for the range
P=0–6 psiobtained from micrographs such as those in(g) and (h).

FIG. 2. (Color online) A “T-mixer” with pneumatically tunable outputs. This
device consisted of four 80-mm-wide, 40-mm-long PDMS membranes(
11.5mm thick) centered along a 720-mm-wide, 37-mm-high microchannel.
The fluorescence images show the upstream and downstream portions of the
microchannel(position of the walls indicated by the dashed white lines)
after applyingP=0 psi(a), P=2.5 psi(b), andP=6 psi(c) to all four mem-
branes.(d) Relative concentration profiles vs microchannel positionx [X
axis defined by the dashed arrow in(a)] measured for a rangeP=0–6 psi.
Scale bar: 200mm.
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and modeling in classical(i.e., uniform cross section)
microchannels.3 At the other extreme of the pressure range
where membrane deflections contacted the microchannel
roof sP=6 psid, five independent parallel lanes were effec-
tively created[Fig. 2(c)], resulting in a “staircase” concen-
tration profile [Fig. 2(d), red trace]: the two leftmost lanes
carried only fluorescein and the two rightmost ones only wa-
ter, whereas the middle lane carried a relative fluorescein
concentration of,0.47, confirming the observation in Fig.
2(c) that the diffusion interface at the beginning of the lane
coincided approximately with the center of the middle lane.
For intermediate pressures, 0, P,6 psi [e.g., Fig. 2(b)], a
monotonic transition from a smooth to a staircase profile was
observed asP increased[orange, green, and blue traces in
Fig. 2(d)]. An accurate prediction of the diffusion profiles for
these intermediate pressures would require fluid dynamics
computer simulations. Since similar T-mixers have been used
for a rich assortment of applications encompassing
immunoassays,3 cell stimulation,15–17 cell sorting,18 and
grayscale photomasks,19 among others, we envision that
more complex tunable mixers(with more inlets and more
membranes, individually controlled membranes and/or mem-
branes of variable width or different shapes) could be useful
in related applications for generating a customizable range of
experiments with one device.

We stress that the membranes owe their functionality to
the fact that they alter the flow patterns within the micro-
channel when deflected. An extreme alteration of the flow
pattern is the physical trapping of fluids. To illustrate this, we
built a device featuring six doughnut-shaped, individually
addressable membranes(300 mm outer diameter and
100 mm inner diameter, see Fig. 3); in this particular case, it
was possible to build the pneumatic lines in one PDMS layer.
When a doughnut was pressurized so as to contact the roof of
the microchannel(Fig. 3, black arrows), a volume of
,3.1 nL was trapped inside. The sequence of optical micro-
graphs in Fig. 3 was created by(1) filling the microchannel
with orange dye[Fig. 3(a), no doughnuts are pressurized
yet]; (2) pressurizing doughnuts III and IV[Fig. 3(b)]; (3)
substituting the orange dye with a yellow dye in the micro-
channel;(4) pressurizing doughnuts I and V[Fig. 3(c)]; (5)
substituting the yellow dye with a green dye in the micro-
channel; and(6) pressurizing doughnuts II and VI[Fig.
3(d)]. We foresee that similar traps could be used for
trapping/stimulating cells and/or for producing(bio)chemical
reactions in subnanoliter-sized doses or droplets.

In conclusion, we have demonstrated that pneumatically
actuated microtopographies in microchannels can be used to
alter, even sequester, the flow. The flow patterns can only be
tuned within the constraints imposed by the shape and posi-
tion of the unpressurized membranes, by the shape of the
walls and roof of the microchannel, and by the pneumatic
line circuitry, neither of which can be altered in the present
design. Nevertheless, the functionality of the devices can be
adjusted by the user, which has a wide range of potential
applications.
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FIG. 3. (Color) Physical trapping of nanoliter-sized volumes of dye using
pneumatic “doughnuts.”(a)–(d) The optical images illustrate a series of
steps in which the doughnuts were pressurized(as indicated by black ar-
rows) to trap various dyes, after the microchannel was sequentially filled
with each dye(color arrows)
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