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A Planar Compliance-Based Self-Adaptive
Microfluid Variable Resistor

Bozhi Yang and Qiao Lin, Member, IEEE

Abstract—This paper presents a self-adaptive microfluidic vari-
able resistor that accomplishes passive control of liquid flows by
exploiting the large compliance of elastomeric polymers such as
polydimethylsiloxane. The device features a compliant microstruc-
ture embedded in a microchannel that consists of a flexible thin
flap and a stiff stopper located in close proximity. The shape and
size of the gap between the flap and stopper vary with the applied
pressure, resulting in small resistance with respect to forward flow
and large resistance with respect to reverse flow. The variable flow
resistor shows an interesting diode behavior because its flow re-
sistance is drastically different for different directions of applied
pressures and is self-adaptive in the sense that its flow resistance
varies with reverse pressure in such a way that the resulting flow
rate remains a constant. That is, the flow resistor can be used as a
check valve and, more importantly, a passive flow regulator. Pro-
totype devices have demonstrated regulation of nearly constant
water flow rates from 0.21 to 1.2 ml/min, with variations less than
3%, under driving pressures that vary significantly from 100 to
over 200 kPa. Three-dimensional fluid-structure interaction simu-
lations have been performed to investigate the interactions between
the fluid flow and flap deflection. The simulation results agree with
the experimental data and provide insight into the device charac-
teristics. Based on its single-layer planar configuration, passive op-
eration over a large pressure range, and use of a flexible and in-
expensive polymer, this self-adaptive variable flow resistor is well
suited to flow control in lab-on-a-chip systems. [2006-0129]

Index Terms—Flow regulator, fluid structure interaction (FSI),
fluidic resistor, microfluidics, valve.

I. INTRODUCTION

ICRO flow control devices, such as those that guide,
Mgate, drive, and regulate fluid flows, are important
building blocks for miniaturized lab-on-a-chip systems [1],
[2]. Such devices can be actively driven by on-chip or external
actuators; alternatively, they can operate passively without
actuation. Passive flow control devices do not require con-
sumption of power or use of control circuitry, and hence, when
compared with their active counterparts, are in general simpler,
more reliable, and less expensive. For this reason, they are often
preferred in practical lab-on-a-chip applications.
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Devices whose behavior distinctly depends on the character-
istics of applied pressures comprise an important class of pas-
sive flow control components. Check valves, which allow uni-
directional fluid flow, are a prominent example. The behavior
of check valves is mainly determined by the direction of the
applied pressure. Analogous to an electric diode in function,
check valves are desired to have small flow resistance in one
direction and orders-of-magnitude larger flow resistance in the
other direction. Micro check valves have been fabricated using
either solid-state materials [3]-[5] or various polymers such as
parylene [6], SU-8 [7], and polydimethylsiloxane (PDMS) [8].
In general, polymers are attractive because of their low cost
and flexible fabrication techniques. While some existing check
valves use a planar geometry [9]-[12], most of them are non-
planar, which is not amenable to integration and generally re-
quires complicated fabrication processes [3]-[5], [8].

Variable microfluidic resistors, whose flow resistance is a de-
sign-specified function of the applied pressure, are another type
of pressure-dependent flow control devices. While the flow re-
sistance of a fluid resistor can be actively adjusted by varying
the cross-section [13] and length [14] of fluid channels, pas-
sive variable flow resistors, whose internal resistance changes
with applied pressure by flow-induced changes of device ge-
ometry, have been scarce. Such devices, due to their passive,
pressure-dependent flow resistance, can be used in fluidic logic
circuits [15] or producing a desired relationship of the flow rate
to the applied pressure. A particularly important instance of the
latter case is flow regulation, i.e., maintaining flow rates at con-
stant set points in the face of variable applied pressures. Flow
regulators are of great utility for applications where constant
flow rates are critical, such as controlled drug delivery systems
[16], micro reactors [17], and microdialysis devices [18]. Pas-
sive flow regulation by variable resistors [19]-[23], whose resis-
tance changes with pressure to produce a constant flow rate, is
in general more attractive than active flow regulation [24]-[27].
It, however, has been rather challenging to design because the
flow resistance must increase with the applied pressure in an
approximately linear manner. One type of passive flow regula-
tion device uses a flexural membrane covering a spiral-shaped
channel etched in glass or silicon [19]-[21], wherein the channel
cross-section diminishes under increasing pressure, thus leading
to a largely steady flow rate. However, these devices are fragile
and have relatively large dead volumes due to their complex ge-
ometry. A PDMS-based device has been recently reported for
passive flow regulation, although it requires a three-dimensional
configuration as well as a significant dead volume [22]. A planar
PDMS device has also been reported, which is capable of main-
taining largely constant flow rates of a polymer solution [23].
Since flow regulation is based on the polymer solution’s vis-
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coelasticity, the device functions only in applications that allow
the use of polymer additives and non-Newtonian fluids. For the
existing passive flow regulation devices [19]-[23], it is worth
noting that there are significant variations in the regulated flow
rate from the desired set point (over 15%), while the pressure
range over which the regulators function is relatively small (less
than 65 kPa of pressure variations).

This paper presents a passive microfluidic variable resistor
that exploits compliant microstructures inside a microchannel in
a planar configuration. The self-adaptive variable resistor shows
a diode behavior because its flow resistance is drastically dif-
ferent for different directions of applied pressures. More im-
portantly, it is self-adaptive in the sense that its flow resistance
varies with reverse pressure to result in a nearly constant flow
rate. Thus, it can be used not only as a check valve but also
as a passive flow regulator. The variable resistor is structurally
similar to a recently reported PDMS-based check valve [12] in
the use of a compliant vertical flap. However, our device af-
fords a much simpler single-layer fabrication process and is ca-
pable of the important function of passive flow regulation. To
our knowledge, this is the first planar device for passive regula-
tion of constant flow rates under varying applied pressures with
no restriction on fluid constitutive properties. While our device
can be optimized for either check valving or flow regulation by
choice of material, structural shape, and dimensions, we have
chosen to use a simple PDMS-based compliant structure, con-
sisting of a flexible vertical flap near a stiff block, to demonstrate
the variable flow resistor principle. Using PDMS as a structural
material also offers the advantage of easy integration of the de-
vice within PDMS-based lab-on-a-chip systems. In addition to
demonstrating the device’s pressure-dependent flow resistance,
we present the characterization of the device’s compliant be-
havior under the action of the fluid flow, as well as initial results
from the device simulation, which involves three-dimensional
fully coupled fluid-structure interaction (FSI).

This paper is organized as follows. We will first describe
the design and fabrication of the self-adjustable flow resistor
(Section II). The modeling methodology, compliance character-
ization, microfluidic testing, and modeling results are then pre-
sented in Sections III-VI, respectively. A summary and a dis-
cussion of future work are given in Section VII.

II. DESIGN AND FABRICATION

The microfluidic variable resistor has a single-layer planar
configuration and consists of a passive, compliant structure em-
bedded in a microchannel (Fig. 1). A thin compliant diaphragm,
hereafter called a flap, is located perpendicular to the flow in
close proximity to a stiff block. The block, of rectangular or
other shapes, limits the deflection of the flap in one direction
and is therefore called a stopper. The gap between the flap and
stopper, which have the same height as the channel, restricts the
passage of flow. Both the top and bottom of the flap are anchored
to the respective channel walls, although this can be changed by
choice of fabrication methods.

In response to a flow, the flap will be deflected either away
from the stopper if the flow occurs in the forward direction or
toward the stopper if the flow occurs in the reverse direction
(Fig. 1). The flow resistance of the device depends on the size

of the flap-stopper gap, which in turn depends on the flap deflec-
tion caused by the applied pressure. Under forward flow, the gap
widens so that the flow resistance is small. On the other hand,
under reverse flow, the flap approaches and eventually comes
into contact with the stopper, leading to drastically increased
flow resistance. It follows that the device possesses the charac-
teristics of a diode and can be used as a check valve.

More importantly, the flow resistance is a function of the pres-
sure drop over the device, and it is particularly interesting to
observe this dependency when the device is subjected to a re-
verse flow. When the reverse pressure drop is sufficiently large,
the flap comes into contact with the stopper. As the thin flap
is anchored at three of its edges to the top, bottom, and one
vertical wall of the channel, the flap-stopper gap effectively be-
comes two orifices, respectively, above and below the contact
area, respectively (Fig. 1). As the pressure increases, the orifice
size decreases, leading to an increased resistance to the flow. By
proper choice of device design parameters, the tendency of this
increased flow resistance to weaken the flow can cancel out the
tendency of the increasing pressure to enhance the flow. As a
result, the flow rate can remain a constant over a certain range
of pressure drop. This self-adaptive variation of flow resistance
thus allows the device to regulate a constant flow under variable
pressures.

It is advantageous to fabricate the variable flow resistor from
polymers for their excellent compliance properties. In partic-
ular, we chose to use PDMS, a highly compliant elastomeric
polymer. Standard replica molding techniques [28], [29] were
used to fabricate the PDMS prototype devices. The molding
master, with inverted microchannel features, was first fabricated
from a negative-tone SU-8 photoresist (SU-8 2100, MicroChem
Corp., Newton, MA) on a silicon wafer using photolithography.
Then a curing agent and PDMS prepolymer (Sylgard 184 Sili-
cone Elastomer Kit, Dow Corning, weightratio A : B =1 : 10)
was thoroughly mixed and degassed to remove entrapped air
bubbles. A 1-min trimethylchlorosilane vapor treatment was ap-
plied to the molding master to facilitate later PDMS retrieval
from the master mold. The mixture was next poured onto the
mold and cured for 3 h at 100 °C in oven. The resulting PDMS
sheet with resistor features was peeled off the master and bonded
to a flat PDMS sheet or glass cover slip after plasma treatment
of the bonding surfaces. This assembly was placed inside an
isothermal oven at 60 °C for 30 min to enhance the bonding
strength. The micrograph of a fabricated device is shown in
Fig. 1(b).

III. NUMERICAL SIMULATIONS

Numerical simulations are performed to understand the be-
havior of the microfluidic variable resistor. We describe the sim-
ulation methodology here; the simulation results will be pre-
sented in Sections IV and VI. When a pressure drop is applied
to the device, the fluid flow will cause the flap to deflect. The
deflection of the flap, as well as its contact with the stopper, will
then further alter the flow field inside and near the flap-stopper
gap. We perform numerical simulations of this highly nonlinear
problem of FSI when the device is subjected to forward or re-
verse flow. Note that under reverse flow, the flap will come into
contact with the stopper at sufficiently large pressures, and the
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Fig. 1. Microfluidic variable resistor: (a) schematic design and (b) micrograph of a PDMS sheet with the resistor features.
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Fig. 2. (a) Three-dimensional schematic and (b) top-view optical micrograph of a device used for characterizing the flap compliance.

size and shape of the contact area is pressure-dependent. Sim-
ulation of fluid-structure interactions in the presence of flap-
stopper contact is an extraordinarily difficult problem. There-
fore, we will focus on the interaction of the flap deflection and
the reverse fluid flow at pressures that are sufficiently small to
not cause contact to occur. This significantly simplifies the sim-
ulation problem yet still allows us to observe those characteris-
tics of reverse-flow device operation that are qualitatively dif-
ferent from forward flow mode.

The fully coupled interactions between fluid flow and flap de-
flection are simulated using the ANSYS® multifield solver [30].
The simulation involves a three-dimensional domain consisting
of the fluid as well as the structure, with their interfaces con-
stantly deforming because of the flap deflection. In addition,
the nonlinear elasticity of the structural material (PDMS) and
the large strain involved in the flap deflection are considered.
During simulations of the device under either forward or reverse
flow, the pressure drop between the device inlet and outlet is ap-
plied in small increments, as is necessary for solution of non-
linear continuum mechanics problems. At each pressure incre-
ment, three-dimensional simulations of computational fluid dy-
namics (CFD) and structural deformations are iteratively carried
out to compute flow field and flap defection. These simulations
are based on the following assumptions. The fluid, taken to be
water, is incompressible and Newtonian with constant density
(1000 kg/m?) and viscosity (10~3 Pa -s). The flow is laminar
as the Reynolds number is estimated to be less than 1000 for all
devices over pressure ranges of interest. PDMS is modeled as
an isotropic, incompressible hyperelastic material [31]. Such a
material is nonlinearly elastic with its constitutive law given in
terms of a strain energy density function W = C1I; + Cs 15,
where /7 and [5 are the first and second invariants of the Finger
deformation tensor [32]. For PDMS, we choose C; = 70.9
and Cy = 45.5 kPa, which correspond to a nominal Young’s

modulus of £ = 6(Cy + C2) = 700 kPa [32], defined as the
derivative of uniaxial stress with respect to uniaxial strain at zero
strain.

IV. CHARACTERIZATION OF COMPLIANCE

This section discusses measurements and simulation of the
flap deflection under both forward and reverse pressures to gain
insight into the device compliance. Challenges in observing
flap deflection arose mainly from the three-dimensional curved
shape of the deflected flap. In particular, the maximum deflec-
tion occurred near the center, rather than the top, of the flap.
Thus, any attempt to observe the maximum deflection with
the chip plane perpendicular to the microscope optical axis
would be severely impeded by optical focusing difficulties.
The decrease in image contrast due to the motion of the fluid
also hinders deflection observation. These challenges were
overcome by viewing the flap deflection from one side of the
channel, allowed by a specially designed prototype device, in
which a side-view observation window was placed near the
flap’s free end (Fig. 2). The device’s channel width and height
were 300 and 275 pm, respectively. The channel wall asso-
ciated with the side-view window was 125 pum thick and was
considered sufficiently stiff when compared with the compliant
flap, which was 266 pm wide and 55 pm thick and was located
at a distance of 30 um from the stopper. The stopper channel
had a width of 40 ym and a length of 500 pm.

The flap deflection under various pressures can be observed in
the device’s side-view micrographs as shown in Fig. 3, in which
dashed lines have been added to guide the eye in viewing the gap
and contact surface between the flap and the stopper. In the ab-
sence of an applied pressure, the flap is undeformed, and there
is a straight gap between the flap and the stopper Fig. 3(a). In the
case of forward flow, the deflection of the flap is not limited by
the stopper and consistently increases with the applied forward
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(d)

Fig. 3. Side-view micrographs showing flap deflection under various pres-
sures. (a) Original flap shape. (b) and (c) Flap deflection under forward pressure.
(d)—(f) Flap deflection under reverse pressure. (a) Ap = 0 kPa (0 psi), (b)
Ap = 68.9 kPa (10 psi), (c) Ap = 206.8 kPa (30 psi), (d) Ap = —13.8 kPa
(—2 psi), (e) Ap = —34.5 kPa (-5 psi), and (f) Ap = —137.9 kPa (-20 psi).

pressure [Fig. 3(b) and (c)]. Thus, the flap-stopper gap widens
with increasing forward pressure. As a reverse pressure is ap-
plied, the flap is initially deflected toward the stopper [Fig. 3(d)].
As the reverse pressure increases to about 34.5 kPa (5 psi), the
flap is deflected significantly such that it starts to contact the
stopper [Fig. 3(e)]. In general, the critical pressure at which the
flap contacts the stopper depends on the dimensions of the flap
and the flap-stopper separation distance. As the reverse pressure
further increases, the flap-stopper contact extends over a sur-
face [Fig. 3(f)]. The bright area in Fig. 3(f) corresponds to the
curved three-dimensional shape of the contact surface, which
indicates that the stopper is actually also deformed due to the
large compliance of PDMS. These observations confirm that the
flap-stopper gap decreases with increasing reverse pressure. For
sufficiently large pressures, the flap effectively forms two ori-
fices above and below the contact area, respectively.

The measured maximum deflection at the tip of the flap, along
with that obtained from the simulations, is plotted as a function
of the applied pressure in Fig. 4. In the simulations presented
here as well in Section VI, the inlet and outlet channels each had
alength of 2 mm and equal cross-sectional dimensions to the de-
vice; the pressure drop over these channels is typically less than
1% of that over the flap-stopper section and hence negligible.
It can be seen from Fig. 4 that the simulation and experimental
results agree within 15% flow for forward flow and 20% for re-
verse flow. The deviations are perhaps caused by errors in the
device dimensions and, more importantly, in the elastic proper-
ties of PDMS, used in the simulations. From the experimental
and simulation results, we can clearly observe a nonlinear re-
lationship between flap deflection and applied pressure, which
is consistent with the fact that the flap deformations are in the
large-deflection regime [33]. For example, at a forward pressure
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Fig. 4. Measured and simulated flap deflection under (a) forward and (b) re-
verse flow.

of 206 kPa (30 psi), the maximum deflection is 155 pm, nearly
three times the flap thickness. This can also be seen from the rel-
atively large values of the equivalent strain [32], which reaches
about 0.2 under 30 kPa forward pressure near the flap’s top and
bottom edges where the flap is anchored to the channel ceiling
and floor. We can also observe from Fig. 4(b) that the maximum
deflection under reverse flow reaches 29.6 yum at a pressure of
30 kPa. As the initial flap-stopper distance is 30 pm, this implies
that the flap tip is only 0.4 ym away from the stopper. That is,
flap-stopper contact is imminent at this pressure.

V. MICROFLUIDIC TESTING

Microfluidic testing was carried out using a setup in which
pressurized argon was used to drive deionized water through
the microfluidic device [Fig. 5(a)]. The device was held in a
custom-designed package, which provided fluidic connection to
the macro world Fig. 5(b). Pressure was measured upstream of
the water tank and was either kept constant or allowed to vary
with time using a voltage-controlled pressure regulator (SMC
ITV 2000 series, Indianapolis, IN). Based on our calculations,
the total pressure loss in the test setup and the microchannels
leading to the compliant flap-stopper structure was on the order
of hundreds of pascals, which was negligibly small compared
to the driving pressure. Therefore, the pressure gauge readings
gave the pressure drop across the flap-stopper structure. To mea-
sure flow rates smaller than 1 ml/min, a digital flowmeter (Al-
icat Scientific: L-1CCM-D, Tucson, AZ) was used. For flow
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rates larger than 1 ml/min, a laboratory flowmeter (Gilmont In-
struments: GF-1160, Barrington, IL) was used. Flow rates were
manually recorded.

Two prototype devices, referred to as devices A and B, were
tested for their microfluidic characteristics. The devices were
both based on a microchannel 300 ym wide and 275 pm high
(as was the device used for compliance characterization above),
and both had a flap 275 pm high and 266 ym wide, as well as
a stopper channel 275 pm high, 40 ym wide, and 500 pm long.
The flap in device A was 75 pum thick and located 25 pm from
the stopper, while the flap in device B was 60 pm in thickness
and located 36 pm from the stopper. The testing results obtained
from these devices under forward and reverse flow are shown
in Fig. 6. It can be seen that the forward flow rate increases
consistently with the applied pressure and the reverse flow rate
is very small under all pressures tested. This confirms that the
device has the characteristics of a diode and can be used as a
check valve. As expected, the size of the flap-stopper gap plays
a key role in the device characteristics: a small gap will reduce
the reverse flow rate although it also increases the forward flow
resistance. Specifically, as the gap decreases from 36 um (device
B) to 25 um (device A), the maximum leakage rate under reverse
pressure is reduced by a factor of 6 from 1.2 to 0.21 ml/min, even
though device A had a thicker flap than device B. Therefore,
proper choice of the shape and dimensions of the flap-stopper
structure can allow the device to function as check valves with

desired performance specifications such as the leakage rate and
diodicity [1], [2].

From the nonlinear functional relationship between the flow
rate and pressure shown in Fig. 6, we can clearly observe the
pressure-dependent flow resistance of the devices. In the case of
forward flow, the flow resistance decreases with pressure, which
can be attributed to the widening of the gap between the flap and
the stopper as a result of the flap’s being increasingly deflected
away from the stopper. More importantly, the reverse flow re-
sistance increases with pressure because of the narrowing and
orifice formation in the flap-stopper gap. Thus, the reverse flow
rate initially increases significantly with pressure and then be-
comes saturated. The pressure at which saturation occurs ranges
approximately from 60 and 90 kPa for both devices. Upon sat-
uration, the reverse flow rates remain nearly constant, respec-
tively, at 0.21 ml/min (device A) and 1.2 ml/min (device B),
with variations smaller than 3% at pressures up to more than 200
kPa. This compares favorably with existing micro flow regula-
tors, for which the flow rate varies by 15% in a smaller pressure
variation range (smaller than 65 kPa) [19]-[23].

Thus, the devices are self-adaptive in the sense that their flow
resistance varies with the pressure to result in a constant flow
rate over large pressure variations, achieving passive flow regu-
lation.

The data presented in Fig. 6 were obtained from static mea-
surements in the sense that the flow rate was measured at a series
of fixed values of the reverse pressure. It will be interesting to
investigate if the device is indeed capable of self-adaptive resis-
tance variation and constant flow regulation when the pressure
varies with time. For this purpose, we tested device A under
time-dependent pressure variations. The capability of the mi-
crofluidic variable resistors functioning as a constant-flow reg-
ulator can be clearly seen in Fig. 7. The time-varying sinusoidal
pressures had an average value of 155 kPa with fluctuation am-
plitude of 51.7 kPa and time periods of 4 and 2 min, respectively.
The resulting flow rate under both pressure variations was nearly
aconstant, with an average value of 0.21 ml/min, consistent with
results from fixed-pressure static measurements (Fig. 6). The
standard deviation of the flow rate was 0.003 ml/min, or less
than 2% of the average flow rate, for both time-varying pressure
measurements.

These testing results have demonstrated the capability of the
microfluidic variable resistor in regulating steady flow rates.
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Fig. 7. Tested flow rate versus sinusoidal varying applied pressures for device
A, where the period is (a) 7 = 4 min and (b) 7 = 2 min, respectively.

While the measurements were limited to relatively low pressure
variation frequencies as flow rates were manually recorded, it is
believed that the device is capable of flow regulation for pres-
sure variations at considerably higher frequencies. This can be
seen from an order-of-magnitude analysis. While this analysis
holds for microfluidic variable resistors in general, specific nu-
merical values will be calculated for concreteness based on the
dimensions of device A. Here we note that if the flap vibration is
quasi-static, then variations in the device’s flow resistance will
keep up with applied pressure variations to ensure flow regula-
tion. In quasi-static flap vibrations, the effects of flap and fluid
inertia, as well as hydrodynamic damping, are negligibly small
compared with the effects of flap compliance. In this case, the
flap deflection resulting from an applied time-varying pressure
is predominantly determined by the flap compliance. The flap
inertia is negligible if the pressure variation frequency f is small
compared with the natural frequency of the flap f;,, which can be
estimated by assuming the flap to be a flexural plate clamped at
the three anchored edges [34]. The fluid flow in the flap-stopper
gap can be approximated, for order-of-magnitude estimation
purposes, as occurring between two rigid plates. One plate is
fixed, representing the stopper. The other plate is attached to a
spring with an elasticity constant k = m(27 f,)? (where m is
the flap mass), representing the compliant flap. The plates are
nominally separated by hg, which represents the flap-stopper
gap associated with the dc component of the time-varying pres-
sure. From lubrication theory [35], the fluid inertia is negligible

if the pressure variation frequency f is small compared with
fs = v/ (27rh(2)). In addition, the hydrodynamic damping ef-
fects are small compared with the flap compliance if f = f. =
k/(2mc), where ¢ = pH wi’c /h3 is the hydrodynamic damping
coefficient [36]. Here, 1» and v are, respectively, the fluid’s dy-
namic and kinematic viscosity and w; and H are, respectively,
the flap height and width. Taking hq to be one-third of the un-
deformed flap-stopper gap, and using typical material proper-
ties of water and PDMS [29], we can estimate, for device A,
that f,, ~ 35 kHz, fs ~ 2 kHz, and f. ~ 4 kHz. It follows
that if the pressure variation frequency is much lower than these
characteristic frequencies—say, on the order of a few hundred
hertz—the flap vibration will be quasi-static in nature and the
device will be capable of flow regulation.

VI. SIMULATED FLOW AND PRESSURE CHARACTERISTICS

The flow and pressure characteristics of the microfluidic vari-
able resistor obtained from the three-dimensional FSI simula-
tions will now be presented. We focus on device A, and the nu-
merical simulation model includes inlet and outlet channels of
the same dimensions as those for the device used in compliance
characterization.

At a given pressure, FSI simulations yield the velocity field
throughout the channel, which can be integrated to obtain the
flow rate through the device. Thus, the flow rate can be com-
puted as a function of the applied pressure. This calculated func-
tional relationship, along with the experimental data, is shown
in Fig. 8. Simulations are performed over the entire experimen-
tally investigated pressure range (0—180 kPa) for forward flow
Fig. 8(a) and for pressures ranging from 0 to 35 kPa, which is a
pressure at which flap-stopper contact is imminent, for reverse
flow Fig. 8(b). It can be seen that the simulations correctly pre-
dict the trend of both the forward- and reverse-flow experiments
and agree with the experimental data within 15% for forward
flow and 17% for reverse flow. The errors are likely caused by
imprecise knowledge of device dimensions and PDMS’s elastic
properties (similar to Section IV), as well as deformations of the
PDMS stopper and microchannel walls, which are not consid-
ered in the simulations.

To gain further insight into the device, we examine the cal-
culated pressure distributions for both forward and reverse flow
along a characteristic flow path defined by the serially connected
segments A-B-C-D-E-F-G-H. Here, A, B, G, and H are located
on the center line of the main channel, with A and H, respec-
tively, 2 mm to the left and right of the flap-stopper structure and
B 20 pm to the left and G 25 pm to the right of the structure. The
segment C-D-E-F is the center line of the flow path formed by
the flap and stopper and the main channel walls. The segments
B-C and F-G are normal to the main channel’s center line. The
pressures along this path are normalized with the total pressure
applied over the device (gauge pressure 50 kPa for forward flow
and 35 kPa for reverse flow) and are shown in Fig. 9, where the
abscissa corresponds to the path length measured from point A.
It can be seen that in both forward and reverse flow cases, the
pressure variations in the main channel (along the segments A-B
and G-H) are very small, not exceeding 1% of the total pres-
sure drop applied over the device. This is mainly because the
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Fig. 8. Comparison of simulated and measured flow rates for device A: (a)
forward flow and (b) reverse flow.

cross-section of the main channel is much larger than that of the
stopper channel and flap-stopper gap.

Simulation results show that pressure drops in the
flap-stopper gap and the stopper channel are significant. In
the case of forward flow, as the hydrodynamic force causes
the flap to deflect away from the stopper, the pressure drop in
the flap gap is considerably smaller than that occurring in the
stopper channel. That is, the pressure drop along D-E is 17% of
the total pressure drop, compared with 71% for that along C-D.
As indicated by the small negative normalized pressure values
along F-G, the pressure outside the flap is slightly less than the
outlet pressure as the fluid exits the flap-stopper structure. This
arises from the recirculating flow associated with the sudden
expansion of the flow passage at the exit of the flap-stopper
gap [37]. It can also be seen from the simulation that since
the pressure downstream from the flap-stopper structure, i.e.,
pressure along F-G-H, is very close to zero outlet pressure, the
flap defection is largely determined by the pressure inside the
flap-stopper gap, i.e., along D-E.

In the case of reverse flow along H-G-F-F-E-C-B-A, the rel-
ative significance of pressure drop in the flap-stopper gap and
the stopper channel is reversed. That is, the pressure drop along
E-D is 70% of the total pressure drop, compared with 29% for
that along D-C. This indicates an increased flow resistance asso-
ciated with the flap-stopper channel E-E for reverse flow com-
pared to that for forward flow due to the narrowing of the flap
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Fig. 9. Simulated normalized pressure distribution (plocal / Ptotal) along de-
vice A under forward (psota1 = 50 kPa) and reverse flow (piotar = 35 kPa).
(Ptotar 1S the total pressure applied across the inlet and outlet of the device).

gap under reverse flow. Similarly, the simulation shows that the
pressure upstream from the flap-stopper gap is largely uniform
and close to inlet pressure 50 kPa. Therefore, it is believed that
the flap defection is essentially determined by the pressure in-
side the flap-stopper gap, i.e., along D-E.

Fig. 10 shows the simulated pressure distribution (over one
half of the device) and velocity profile (shown in the axial plane
of symmetry) for device A under 35 kPa of reverse pressure.
It can be seen that for reverse flow, the pressure drop near the
flap-stopper gap is much larger than the pressure drop along
the stopper channel, mainly because of the narrowed effective
flow pathway of the gap Fig. 10(a). The pressure drops along
the inlet and outlet channels are very small because of the
main channels’ relatively large cross-section. The maximum
velocity in the axial plane of symmetry occurs at the stopper
channel’s center line, and the flow profile is approximately
parabolic across the stopper channel [Fig. 10(b)]. At the exit
of the stopper channel, there is a recirculation zone due to the
sudden expansion of the flow pathway.

VII. CONCLUSION

We have presented the design, fabrication, characterization,
and modeling of a microfluidic variable resistor that accom-
plishes passive flow control by exploiting the large compliance
of polymers such as PDMS. A compliant microstructure is em-
bedded in a microchannel and consists of a flexible flap and a
stiff stopper located in close proximity. The shape and size of
the gap between the flap and stopper varies with applied pres-
sure, resulting in small resistance with respect to forward flow
and large resistance with respect to reverse flow. In addition, the
reverse flow resistance variation is adaptive, in the sense that
the flow rate is almost a constant under a certain range of vari-
able reverse pressures. The variable resistor enables passive flow
control functionalities such as valving and flow regulation. As
a check valve, the self-adaptive resistor can efficiently realize a
unidirectional fluid flow, in particular when the flap-stopper gap
is small. Furthermore, exploiting passive adaptive variations of
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the reverse flow resistance, the device can produce virtually con-
stant flow rates in the face of significant variations in the driving
pressure. The planar single-layer prototype can be fabricated by
the standard replica molding technique from PDMS. Prototype
devices have shown nearly constant water flow rates from 0.21
to 1.2 ml/min, with less than 3% variations, under driving pres-
sures that vary significantly from 100 to more than 200 kPa.
The device is well suited to flow control in lab-on-a-chip sys-
tems due to several significant features. The device is passive
and simple in design, which leads to reduced power consump-
tion requirements and improved robustness and reliability. The
device’s planar single-layer configuration and use of inexpen-
sive polymers would greatly facilitate cost reduction and system
integration. The small variation (less than 3%) in the regulated
flow rate over a large pressure variation range (greater than 100
kPa) makes the device potentially useful even in applications
with demanding flow regulation requirements. A fully coupled
three-dimensional FSI modeling was conducted, which can ac-
curately predict the trend of the flap deflection, flow rate, and
pressure distribution of the devices.

There are several aspects that will be addressed in future
work. First, while we have focused on simulations of fluid-struc-
ture interactions in the device when the flow is steady and when
the flap is separated from the stopper, it will be interesting to
extend these simulations to include the case where the flap and
stopper are in contact with the flow. Flap—stopper contact is a
highly nonlinear problem, and its coupling to CFD simulations
is even more complex. This could be addressed by with numer-
ical simulations that consider full coupling of fluid flow, struc-
tural deformations, and elastic contact. Alternatively, it might be
possible to pursue a simplified approach that models the fluid
flow in the flap—stopper gap using lubrication theory [35] and
determines the flap—stopper gap shape and size using theory of
elastic plates [33], [34]. Secondly, while we chose to use pro-
totype devices with relatively large feature sizes to demonstrate
the passive flow regulation principle, it will be interesting to in-
vestigate devices with scaled-down feature sizes. Such devices
would have considerably increased flow resistance, and there-
fore under the same driving pressure variation ranges would pro-

(b)

Fig. 10. Simulated (a) pressure over one-half the device and (b) velocity distributions in the axial plane of symmetry for device A under 35 kPa of reverse pressure.

duce drastically reduced flow rates compared with current pro-
totype devices. Moreover, decreasing the flap-stopper gap size
should significantly reduce the reverse flow rate, leading to im-
proved diodicity for check-valve applications. It will also be in-
teresting to experimentally measure the frequency response of
such devices using an automated data acquisition system. Fi-
nally, the utility of the passive microfluidic variable resistors
will be ultimately demonstrated by applications to practical mi-
crofluidic systems. For example, such a device could be used in
check-valved micropumps and for flow regulation in such appli-
cations as drug delivery [16], microreactors [17], and microdial-
ysis [18], where the availability of steady flow rates is crucial.
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