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A Compliance-Based Microflow Stabilizer
Bozhi Yang and Qiao Lin

Abstract—This paper presents a microfluidic device that can
passively reduce fluctuations in an upstream fluid flow and gen-
erate a largely steady flow in a microfluidic system. The device
features a series of compliant membranes that form deformable
walls of a microchannel. For an incoming pulsatile flow, passive
vibrations of the membranes allow the fluid to be accumulated
for an overflow and discharged for an underflow, resulting in
drastically reduced fluctuations in flow rate and pressure. A
lumped-parameter model is developed to simulate the device
characteristics, in which the coupling of membrane vibrations
and fluid flow in individual channel sections associated with a
single membrane is first represented by squeeze-film theory and
inertia-free structural dynamics. The entire device is next repre-
sented as a system by connecting individual channel sections in
series. The model is numerically solved, and the results agree with
experiments. The theoretical and experimental results both show
that a five-membrane device can stabilize a pulsating flow by a
factor of about 20. These results also reveal that smaller average
flow rate, smaller fluctuation, and higher fluctuation frequency
lead to more effective flow stabilization. With these characteristics,
the flow stabilizer can be used to obtain steady flow in microfluidic
systems. [2008-0305]

Index Terms—Compliant membrane, flow rectification, flow
stabilization, fluid-structure interaction, lumped-parameter
model.

I. INTRODUCTION

LAB-ON-A-CHIP systems involve integration and automa-
tion of many individual steps performed in macroscale

biochemical analysis on a small chip that typically contains
fluid flow in a fluidic circuit [1]–[3]. A lab-on-a-chip device
generally uses a host of fluid manipulation tools that are of
different levels of complexity, such as fluid pumping, mix-
ing, valving, gating, and rectification [1]–[3], as well as flow
oscillation [4] and fluid interface control [5]. For many lab-
on-chip systems, the ability to precisely transport reagents
to different locations at steady rate and controlled dosage is
important. To deliver fluid through the fluid circuits, various
micropumps have been developed; however, most micropumps
are mechanical ones, i.e., check-valved or peristaltic pumps,
which typically generate a pulsatile fluid flow. Therefore, it
would be interesting to develop flow stabilization devices to
rectify the pulsatile flow components generated by these pumps.

Manuscript received December 13, 2008; revised March 26, 2009. Current
version published June 3, 2009. This work was supported in part by the National
Science Foundation under Grant CBET-0693274. Subject Editor S. Shoji.

B. Yang is with Infinia Corporation, Kennewick, WA 99336 USA (e-mail:
yangbozhi@yahoo.com).

Q. Lin is with the Department of Mechanical Engineering, Columbia Uni-
versity, New York, NY 10027 USA (e-mail: qlin@columbia.edu).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/JMEMS.2009.2021826

However, microflow rectification devices that can stabilize
flow (and/or pressure) variations have received rather limited
attention although they are important for applications where
constant flow rate is required, such as controlled drug delivery
[6], microreactors [7], and microdialysis [8]. Recently, two
passive microfluidic devices have been reported that can rectify
fluctuating fluid flow or pressure [9], [10]. The first device
uses a series of hydrophobic capillaries along a microchannel
to accumulate liquid during driving pressure oscillations and
works as a “pressure source” [9]. Although not specifically de-
signed for flow/pressure rectification, the device can potentially
be used for the purpose. This device works only with aqueous
solutions and suffers from losing hydrophobicity after a short
time. The second device uses compressible air cushion, trapped
in a side branch of main channel, to dampen pressure/flow
pulse in liquid stream [10]. In both devices, the air/liquid direct
contact can cause contamination, air dissolution, and fluid
evaporation, leading to device malfunction. In addition, the two
devices have relatively low-frequency response because of to
the back-and-forth fluid movement inside the narrow capillaries
or side channels.

This paper presents a novel passive flow stabilization device
that consists of a series of compliant membranes forming walls
of a microchannel. As a pulsatile fluid flows through the chan-
nel, it induces passive vibrations of the compliant membranes.
Such vibrations allow the fluid to be stored by an outward
membrane deflection to reduce an overflow, and discharged by
an inward deflection to compensate for an underflow. Thus, the
fluctuation of fluid flow emerging from the device is drastically
stabilized. A lumped-parameter model was developed to predict
the device flow stabilization performance. The model considers
not only the interactions of membrane vibrations and surround-
ing fluid flow for individual membranes but also the coupling
of such fluid-structure interaction associated with multiple
membranes at system level. The model predicts a characteristic
frequency of the device, i.e., the minimum frequency for the
device to function efficiently. It also simulated the impact of
device geometry, fluctuation frequency, average flow rate, and
fluctuation amplitude, on the device stabilization performance.
By proper design of membrane vibration characteristics, flow
stabilization can be achieved over a wide range of fluctuation
frequencies, including those at which micropumps commonly
operate. The microflow stabilizer is robust due to a simple
geometry and passive operation. The compliant membranes
eliminate the risk of contamination, fluid evaporation, or air
dissolution into fluid. In addition, the device principle is ap-
plicable to both liquid and gas, and can be used to remove flow
fluctuations in conventional large-scale fluidic systems also.

This paper is organized as follows. The design and fabri-
cation of the microflow stabilizer will first be described in
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Fig. 1. Principle of flow stabilization using a one-membrane device as an example. (a) Overflow forces the membrane to move downward, leading to fluid
storage. (b) Underflow causes the membrane to move upward, leading to fluid discharge. Thus, a steady flow rate is achieved downstream.

Section II, and the experimental method will be presented in
Section III. The stabilizer model and its solution method will be
discussed in Section IV. Finally, the modeling and experimental
results are presented and compared in Section V.

II. DESIGN AND FABRICATION

The microflow stabilizer uses the large compliance of poly-
mer material to achieve passive flow stabilization. The device
consists of a microchannel, whose sidewalls are formed by
thin compliant membranes. These membranes can be arranged
in series or in parallel along the fluid channel. Fig. 1 shows
the flow stabilization principle using a one-membrane device,
in which a compliant membrane forms the floor of a fluid
channel. During operation, an incoming pulsatile flow forces
the membrane to vibrate about its equilibrium position at the
frequency of flow fluctuations. For an overflow, the hydrody-
namic force pushes the membrane to move downwards and
some liquid is stored. For an underflow, the membrane moves
upwards under membranes’ spring force and the stored fluid is
discharged. The compliant membrane in the fluid circuit can
be thought of as a “fluidic capacitor,” analogous to a capacitor
in an electrical circuit, for fluid storage and discharge in the
face of an unsteady flow. Therefore, the upstream fluctuations
in flow rate and pressure can be filtered as the fluid passes
through the device. Note that the device works passively with
a robust and simple configuration. It is designed with a large
ratio of membrane diameter to channel height. Therefore, the
squeeze film effect is significant, leading to heavily overdamped
membrane vibrations. This ensures that resonance of membrane
vibration, which is undesirable for flow stabilization, will not
occur.

In this paper, a simple design was chosen that could be easily
fabricated to demonstrate the fluid stabilization principle. The
design, shown in Fig. 2, consists of three different layers. The
top layer is fabricated from polydimethylsyloxane (PDMS) and
bears microfluidic features. The bottom layer is a glass cover
slip through which holes are drilled to define the compliant
diaphragms, which are formed by the middle layer, a thin
PDMS sheet.

Fig. 3 shows the fabrication process for the microflow sta-
bilizer, in which three separately fabricated structural layers
were bonded together. The top PDMS sheet bearing channel
features was fabricated by replica molding [11], [12]. SU-8
2100 (MicroChem, Newton, MA) was patterned on a silicon
wafer to serve as the master mold, which was then exposed
to trimethylchlorosilane vapor for 1 min to facilitate the later
release of PDMS. Next, a PDMS prepolymer and curing agent
(Sylgard 184 Silicone Elastomer Kit, Dow Corning) were
mixed in 10 : 1 weight ratio, degassed and poured onto the
mold. After curing, the top PDMS sheet was retrieved, and fluid

Fig. 2. Schematic of the stabilizer design. (a) Side view and (b) isometric
view of a device with five membranes, where a thin PDMS sheet is sandwiched
between a PDMS layer bearing a microchannel and a glass cover slip drilled
with holes that define the deformable membranes.

Fig. 3. Fabrication of the prototype device, consisting of: (a) top PDMS
sheet containing microchannel features by replica molding; (b) PDMS mem-
brane by spin-coating; (c) holes drilled through the bottom glass plate; and
(d) bonding the three layers together and making the micro-to-macro-world
interconnections.

interconnection holes were punctured using syringe needles.
The thin middle PDMS membrane was fabricated by spin
coating and in situ curing PDMS on a silicon wafer. Microscope
slide glass was used as the bottom substrate, where through-
holes were drilled with diamond-coated drill bits and a regular
drill press. The three layers were bonded after oxygen plasma
treatment of the bonding surfaces. The bonding sequence is crit-
ical to achieving good bonding quality. During the fabrication,
the fabricated top PDMS sheet was first bonded onto the thin
PDMS membrane, and then the two bonded layers were peeled
off together from the underlying silicon wafer using methanol
as surfactant. The two bonded PDMS layers were then diced
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Fig. 4. (a) Testing setup: two syringe pumps were used to generate the average and fluctuating flow components, respectively, at the device inlet. (b) Photograph
of a fabricated prototype device with five circular membranes. (The first and fifth membranes are only partially visible due to the presence of adhesive for the
fluidic interconnect tubings.)

and bonded to the bottom glass plate. Fluid interconnections
were finally made. Fig. 4 shows images of a fabricated flow
stabilizer.

III. EXPERIMENTS

Flow stabilization experiments were performed using the
setup shown in Fig. 4(a), with a prototype device with five
circular membranes [Fig. 4(b)]. Experiments were conducted at
room temperature (20 ◦C) using deionized water. Two syringe
pumps (NE-1000, New Era Pump Systems, Inc., Farmingdale,
NY and KDS-210, KD Scientific, Inc., Holliston, MA) were,
respectively, used to generate the constant and varying compo-
nents of the inlet flow rate. Therefore, a sinusoidally fluctuating
flow with a constant average flow rate was applied at the device
inlet, i.e.,

Q0 = Qavg + ΔQ cos(2πft). (1)

A digital flowmeter (L-1CCM-D, Alicat Scientific, Tucson,
AZ was connected to a personal computer on which LabVIEW
7.0 (National Instruments, Austin, TX) is installed to automate
flow rate measurements at the device’s inlet and outlet. The
pressure at the outlet is considered constant at atmosphere pres-
sure, as it was connected to a water tank open to atmosphere.
The pressure drop along the Fig. 4(b) device is estimated less
than 100 Pa at the typical flow rate, e.g., 100 μL/min. As it
is very difficult to supply such a small fluctuating pressure at
device inlet, only the device’s flow rate stabilization ability was
tested, which is characterized by the flow stabilization ratio
Rf , i.e., ratio of amplitude device inlet and outlet flow rate
fluctuation Rf = ΔQin/ΔQout.

The KDS-210 syringe pump was used to generate the time-
varying inlet flow rate component via reciprocating plunger
movement. While forward flow rate fluctuations could be fairly
easily generated by forward plunger movement (i.e., pushing),
it was more difficult to produce reverse flow rate fluctuations of
comparable amplitudes by backward plunger movement (i.e.,
withdrawal). This is because the plunger withdrawal would
lead to a low-pressure region in the syringe, making small air
pockets existing in the fluid to drastically expand. In addition,
the negative gauge pressure during withdrawal was limited
to 1 atm. These difficulties were overcome as follows in the
experiment. First, degassed water was used as the testing fluid

Fig. 5. (a) Model for an individual channel section approximated as a thin
fluid film between a stationary rigid plate and a rigid plate attached to an elastic
spring with displacement δ. (b) Model is used to represent each channel section
of an n-membrane microfluidic stabilizer. These channel section representa-
tions are concatenated to form a model for the entire device. RL is the flow
resistance of a microfluidic load.

to eliminate entrapped air bubbles in the syringe and tubing.
Second, the syringe barrel flange was securely clamped so it
could move in both forward and reverse directions at amplitudes
defined by the motor. Third, stiff fluid tubings were used to
minimize volume expansion. The testing setup thus allowed
generation of fluctuating flow rates with amplitudes up to
25 μL/min at frequencies up to 4 Hz.

IV. LUMPED-PARAMETER MODEL AND SOLUTIONS

A lumped-parameter model was developed to understand
the device dynamic characteristics. The model considers the
dynamic interaction between vibration of individual membrane
and surrounding fluid flow, as well as coupling of such interac-
tion associated with multiple membranes. Coupling of mem-
brane vibration and fluid flow in each individual membrane
section is first represented by squeeze-film theory and inertia-
free dynamics [13]. The entire device is then represented as a
system, in which individual channel sections are connected in
series and interact with each other [14]. Fig. 5 shows the model
for a n-membrane device. In Fig. 5(a), individual channel sec-
tion associated to a single membrane is modeled as a thin fluid
film (thickness h) between a channel ceiling (represented by a
stationary rigid plate) and a flexible membrane (represented by
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a rigid plate attached to an elastic spring with displacement δ
from equilibrium position).

If the membrane mass m is small and vibration frequency is
much smaller than natural frequency fn, the membrane inertia
is negligible. As damping on the air side is also negligible, the
spring-attached plate undergoes quasi-static vibration governed
by the following algebraic equation:

Kδ = Fh. (2)

To obtain a closed-form expression of the hydrodynamic
force Fh, the fluid film is approximated as a square plate with
the membrane area A. The pressure p is assumed uniform
across the film thickness. At low-vibration frequencies, the fluid
inertia is negligible, which is justified by a small reduced fre-
quency of the device ωρh2/μ, where ω is the angular vibration
frequency, h the channel height, and μ the fluid viscosity [15].

The 1-D Reynolds equation then adequately describes the
hydrodynamics of the liquid film [16]. In the coordinate frame
shown in Fig. 5(a), this equation takes the form

∂

∂x

(
(h + δ)3

∂p

∂x

)
= 12μδ̇ (3)

subject to boundary conditions p|x=0 = pi−1 and p|x=L = pi,
L is the effective channel section length, pi−1 and pi the
pressures upstream and downstream of the ith channel section.

The fluid pressure along the membrane can be calculated
from (3) under boundary conditions. Assuming membrane
length L =

√
A, the hydrodynamic force is obtained by inte-

gration of pressure

Fh = −μA2δ̇i/(h + δi)3 + (pi−1 + pi)A/2. (4)

Substituting this expression into (3) yields

Kδi + μA2δ̇i(h + δi)3 = (pi−1 + pi)A/2. (5)

The flow rate at the channel section inlet and outlet Qi−1

and Qi can be calculated from pressure gradient assuming
Couette channel flow [16], and the following two relations can
be obtained:

Qi−1 + Qi = (h + δi)3(pi−1 − pi)/6μ (6)

Qi−1 − Qi = Aδ̇i. (7)

Equation (7) is also justified as the continuity equation.
Therefore, (5)–(7) describe the fluid flow and membrane vibra-
tion for the ith channel section.

In an actual fluid circuit, a flow resistor RL, i.e., the total load
resistance of the downstream fluid circuit, is usually connected
at the device outlet, as shown in Fig. 5(b). Equations (8) and (9)
define the model for such flow resistance RL

Qn =Qn+1 (8)

pn − pn+1 =RLQn+1 (9)

where RL = Δp/Q = 8μlt/(πr4) for a tubing of length lt and
inner diameter r [16].

Concatenating the n individual channel sections and the
outlet flow resistor RL, a system-level model is obtained for
an n-membrane device connected to an outlet load resistor
[Fig. 5(b)]. The lumped-parameter model is described by a
system of ordinary differential equations (ODEs) that can be
numerically solved given suitable inlet/outlet boundary condi-
tions. Note that the system-level model in Fig. 5(b) does not
include an inlet flow resistance, because the flow rate applied
at the device inlet is known in the model. Including an inlet
flow resistance will only lead to a known pressure drop across
it without changing the device’s stabilization performance.

To numerically solve (5)–(7), define ψi−1 and ψi as the
volume flux in and out of the ith channel section from the
starting moment of simulation. The membrane deflection and
flow rate can then be written as

δi = (ψi−1 − ψi)/A and Qi = ψ̇i. (10)

Therefore, (5) and (6) take the form of the following
equations:

K · (ψi−1 − ψi)
A2

+
μ

(h + δi)3
(ψ̇i−1 − ψ̇i)

=
1
2
(pi−1 + pi) (11)

6μ

(h + δi)3
(ψ̇i−1 + ψ̇i)

= pi−1 − pi. (12)

Given inlet flow rate Q0 and outlet pressure pn+1, the ODE
system can be numerically solved by MATLAB for volume flux
ψi, membrane vibration δi, fluid flow Qi and pressure pi, at
any location within the device. The numerical results can be
used to study the impact of geometry (i.e., membrane diameter,
thickness and channel height, etc.) and material properties (i.e.,
membrane stiffness, fluid viscosity, etc.) on flow stabilization
characteristics. For example, they can be used to calculate the
flow and vibration characteristics at any locations of the device,
and can predict the impact of the inlet flow rate (i.e., average
flow rate, fluctuation amplitude, and frequency) and outlet flow
resistance on device performance.

Assuming small membrane deflection, i.e., δ << h, (5) can
be linearized and a characteristic frequency fc = ω0/2π =
Kh3/2πμA2 can be defined, which represents the minimum
fluctuation frequency for the stabilizer to function efficiently.
Flow and pressure stabilization occurs when the fluctuation fre-
quency (f) is much larger than the characteristic frequency, i.e.,
membrane vibrations are dominated by viscous damping. The
characteristic frequency is determined by the device dimension,
membrane stiffness, and viscosity of the fluid. To achieve a
small characteristic frequency so that the device is applicable to
relatively low-frequency flow fluctuations, it is desired that the
device has a small channel height and small membrane stiffness
as attainable by thinner, larger, and softer membranes.

V. RESULTS AND DISCUSSION

In this section, the modeling and testing results will be pre-
sented for the five-membrane device shown in Fig. 4(b) with the
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following dimensions: membrane radius R = 2.5 mm, thick-
ness hm = 48 μm, edge-to-edge separation s = 0.5 mm, mi-
crochannel height h = 110 μm high, width w = 5 mm wide,
and length lch = 30 mm. The outlet tubing has an inner radius
r of 0.4 mm and length lt of 50 mm. Thus, the device itself
has a nominal flow resistance of Rch = 12μlch/(w · h3) =
4.96 × 1010 Pa/(m3/s) (assuming no membranes deformation)
and the outlet tubing corresponds to an outlet flow resistance
RL of 8μlt/(πr4) = 4.98 × 109 Pa/(m3/s). The pressure drop
Δp along the device and the outlet tubing was estimated
about 80 and 8 Pa, respectively, at a typical flow rate of
100 μL/min. Other parameters in the simulation include the
following: Young’s modulus of PDMS E = 750 kPa, Poisson’s
ratio ν = 0.49, density ρPDMS = 920 kg/m3; viscosity of water
μ = 0.001 Pa · s, density ρw = 1000 kg/m3. The characteris-
tic frequency of the device fc = Kh3/2πμA2 was estimated
∼0.01 Hz.

As the in-plane stress of the PDMS membranes is negli-
gible due to its large compliance, the membrane deflection
can be approximated assuming a uniformly loaded circular
plate with large deflections [17], i.e., δ = 0.662R 3

√
qR/Ehm.

This corresponds to a nonlinear spring coefficient K(δ) =
Ahmδ2E/(0.6623R4) to be used in (11). Assuming a clamped
circular membrane, the undamped natural frequency of the
membrane (fn = 10.2158

√
D/(ρhm)/R2) is about 120 Hz

[18] where D is the flexural rigidity of the membrane. Since
the fluctuation frequency f(< 5 Hz) is much lower than fn

and typical operating angular frequency ω ∼ 30 is much lower
than μ/(ρh2) ∼ 100, the previous assumptions that both the
membrane and fluid inertia can be ignored are justified.

In the following, simulation result of the Fig. 4(b) device
under the fluctuating inlet flow condition (i.e., fluctuating in-
let flow rate Q0 = Qavg + ΔQ cos(2πft) and outlet pressure
p6 = 0) will be first presented. These include prediction of flow
rates, interface pressures, and membrane deflection at different
device locations. Then, the predicted outlet flow rate at device
outlet will be compared with measurements. Finally, the effect
of average flow rate Qavg, flow rate fluctuation amplitude ΔQ
and fluctuation frequency f , on the flow stabilization ratio Rf .
were simulated and compared with testing results.

Fig. 6 shows the calculated time courses of flow rates,
interface pressures, and membrane deflection at different po-
sitions within the five-membrane device under the following
simulation conditions: average flow rate Qavg = 50 μL/min;
flow rate fluctuation amplitude ΔQ = 20 μL/min; fluctuation
frequency f = 2.5 Hz. The numerical simulation results pre-
dict that the flow stabilizer has good capability to stabilize a
pulsatile flow rate. As shown in Fig. 6, the computation result
reaches steady state within about 5 s. After reaching steady
state, the fluctuation fluctuations in flow rate, pressure, and
membrane deflection generally decrease along the flow. This
yields a flow rate stabilization ratio Rf of about 16.4, which is
in good agreement with the measured value of 14.5 (Fig. 7).
The numerically computed pressure stabilization ratio Rp is
about 4.4.

A five-membrane prototype device [Fig. 4(b)] which has the
same dimension as that simulated in Fig. 6 was tested. The
influence of inlet flow rate conditions, i.e., the average flow rate

Fig. 6. Simulated time courses of (a) flow rates, (b) interface pressures, and
(c) membrane deflection at different positions within the Fig. 4(b) device (sim-
ulation condition: fluctuating inlet flow rate Q0 = Qavg + ΔQ cos(2πft),
where Qavg = 50 μL/min; ΔQ = 20 μL/min; f = 2.5 Hz, and outlet
pressure p6 = 0).

Qavg, the flow rate fluctuation amplitude ΔQ and fluctuation
frequency f , on the flow stabilization ratio Rf , were studied.
These factors are significant particularly because of the spring
stiffening effects of the compliant membranes. To facilitate
comparison, the experimental data and numerical results will
be presented in the same figures.

To demonstrate the device’s flow stabilization capability, the
device was first tested under the same inlet flow condition as
used in the numerical simulation of Fig. 6: Qavg = 50 μL/min;
ΔQ = 20 μL/min; and f = 2.5 Hz. Fig. 7 shows the measured
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Fig. 7. Measured time course of inlet and outlet flow rates for the five-
membrane device in Fig. 4(b) (Qavg = 50 μL/min; ΔQ = 20 μL/min; f =
2.5 Hz; flow rate stabilization ratio Rf ≈ 14.5).

time course of the inlet and outlet flow rates of the device
during operation. The resulting flow rate stabilization ratio was
calculated to be Rf ≈ 14.5, which is close to the numerical
calculated value of 16.4 shown in Fig. 6. As shown in Fig. 7,
the fluctuation amplitude at the outlet was drastically reduced
from 20 to about 1.4 μL/min. Relative to the average flow rate
Qavg, flow rate fluctuations ΔQ were reduced from 40% at
the inlet to about 2.5% at the outlet. This demonstrates that
the device is indeed capable of stabilizing fluctuating flow,
and the tested stabilization ratio is in good agreement with the
numerical calculated value.

The flow rate stabilization ability of the device was further
studied by varying the device’s inlet average flow rate Qavg,
inlet fluctuation amplitude ΔQ, and fluctuation frequency f .
The inlet flow rate condition influences the dynamic charac-
teristics of the membrane vibrations, and will thus have strong
impact on the device’s flow stabilization ratio Rf . Fig. 10 shows
the experimental data and numerical results of the influence
of average flow rate Qavg on flow stabilization ratio Rf . The
test and modeling conditions used were the same for the inlet
flow rate: fluctuation amplitude ΔQ = 40 ∼ 50 μL/min and
fluctuation frequency f = 2.5 Hz. Experiments and modeling
results are in good agreement in that the flow stabilization ratio
Rf increases with average flow rate Qavg decreasing. As shown
in Fig. 8, the tested flow stabilization ratio Rf increases from
3.1 to 6.9 as the average flow rate Qavg decreases from 434
to about 53 μL/min. Similarly, the numerically simulated flow
stabilization ratio Rf increases from 2.8 to 8.6 as the average
flow rate Qavg decreases from 450 to about 50 μL/min.

The continuous drop of flow stabilization ratio Rf with in-
creasing average flow rate Qavg is due to the nonlinear behavior
of the membrane vibrations. An incoming pulsatile flow rate
forces the membrane to vibrate around a static equilibrium
position that is determined by the average flow rate Qavg. At
larger Qavg, this equilibrium position moves outward more and
the membrane become much stiffer due to large deformation
effects. Thus, membrane vibration amplitudes will be reduced,
resulting in a decrease in stabilization ratio. In numerical simu-
lation, this effect was accounted for by using a nonlinear spring

Fig. 8. Influence of average flow rate on the stabilization ratio (test condition:
ΔQ = 40 ∼ 50 μL/min; f = 2.5 Hz).

Fig. 9. Influence of flow rate fluctuation on flow stabilization ratio (test
condition: Qavg = 90 μL/min; f = 2.5 Hz).

coefficient K(δ) of the membrane deflection. Thus, the model
accurately considers the membrane vibration physics.

Fig. 9 shows the experimental and numerical results of the
influence of the inlet flow fluctuation amplitude ΔQ on the
flow stabilization ratio Rf . The test conditions and the modeling
parameters were the same for the inlet flow rate: average flow
rate Qavg = 90 μL/min and fluctuation frequency f = 2.5 Hz.
Experimental data demonstrate that the flow stabilization ratio
Rf increases from 5.2 to 20.5 as the fluctuation amplitude ΔQ
decreases from 79.5 to 11 μL/min. Numerical results show
a similar trend as the experiment data, where the flow stabi-
lization ratio Rf increases from 7.5 to 15.8 as the fluctuation
amplitude ΔQ decreases from 80 to 10 μL/min.

It is believed that decreasing of flow stabilization ratio Rf

with increasing fluctuation amplitude ΔQ is also caused by
the large membrane deformation effect. As ΔQ increases, the
membrane vibration amplitude will increase consequently, but
the increase in membrane vibration amplitude cannot follow the
increase in ΔQ because the membranes become stiffer. This
phenomenon can also be attributed to the spring stiffening effect
of the membrane. Overall, increasing value of inlet fluctuation
amplitude ΔQ will lead to a reduction in Rf .

The frequency response of the flow stabilizer was finally
studied. The influence of fluctuation frequency f on the flow
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Fig. 10. Influence of fluctuation frequency on the flow stabilization ratio (test
condition: Qavg = 50 μL/min; ΔQ = 30 μL/min).

stabilization ratio Rf is shown in Fig. 10. The testing conditions
and simulation parameters were the same for the inlet flow rate:
average flow rate Qavg = 50 μL/min and fluctuation amplitude
ΔQ = 30 μL/min. Both experiments and simulation results
show that the flow stabilization ratio Rf increases with the
fluctuation frequency f for the specific frequency range. It can
be seen that the tested flow stabilization ratio Rf increases from
4 to 15.1 as the fluctuation frequency f increases from 0.4
to 3.5 Hz. Similarly, the simulated flow stabilization ratio Rf

increases from 6 to 18.6 as the fluctuation frequency f increases
from 0.5 to 3.5 Hz.

It is believed that the device has an optimal operating fre-
quency fopt, corresponding to the maximum Rf under given
Qavg and ΔQ. The device has low flow stabilization ratio at
frequencies close to characteristic frequency fc, at which the
membranes do not respond sensitively to flow fluctuations. At
very high frequencies, the inertia effects of the membrane and
fluid that are neglected in numerical simulation will be signif-
icant, causing the decay of the vibration amplitude. Fig. 10
shows a trend that the device will be optimal at a frequency
higher than 3 Hz, which were not tested due to instrument
limitations.

The measured flow stabilization ratios Rf are generally in
good agreement with the numerical results. However, both the
experimental and numerical results are much smaller than the
ratios by the analytical prediction. This can be attributed to
the nonlinear behavior of membrane vibrations that was not
considered by the assumptions used in the analytical predic-
tion. The analytical model assumes linear membrane behavior;
however, the fact is, as the average flow rate and fluctuation
amplitude increase, the membranes vibrations become increas-
ingly nonlinear due to the membrane stiffening effect. Thus,
the membrane vibration characteristics are changed, leading
to a lower stabilization ratio. Additionally, errors in outlet
flow rate measurements, due the presence of the relatively
large flowmeter noise (about ±3 μL/min; flowmeter reading
resolution: 1 μL/min), may have led to significant inaccuracies
in the measured flow stabilization ratios. The actual value is
believed to be higher.

From the model, the device geometry can be varied to
improve the performance of the device. For example, the flow

stabilization ratio of the flow stabilizer can be improved by
using thinner and larger membranes, and using channels of
smaller height to allow smaller fc. In addition, the compliant
membranes can be arranged on both floor and ceiling of the
microchannel. These issues and opportunities should be inves-
tigated in future work.

VI. CONCLUSION

A microflow stabilizer has been developed and modeled.
The device utilizes compliant membranes whose vibrations are
able to remove fluctuations of an incoming pulsatile fluid flow.
Experiments have demonstrated that the device can effectively
stabilize a pulsating flow with a flow stabilization ratio up to
20 for a five-membrane device. A lumped-parameter model
was developed to study the dynamic device characteristics. The
model predicts a characteristic frequency of the device, i.e.,
the minimum frequency for the device to function efficiently.
The model can be numerically solved using the experimentally
used device dimensions and material properties to account for
the nonlinear behavior of the device performance. Both test and
simulation results demonstrate that smaller average flow rates,
smaller fluctuations, and higher fluctuation frequencies lead to
improved flow stabilization. The microflow stabilizer can be
used in various lab-on-chip systems that require steady flow
rates, such as microreactors, drug delivery, and microdialysis.
The device can potentially be used along with most mechan-
ical micropumps. Generally applicable to virtually any fluids,
device is passive, highly robust, and has fast time response
without risk of cross contamination. Moreover, the stabilization
concept can be used to produce designs with much reduced
dimensions, since (5)–(7) are based on the squeeze-film model
and inertia-free vibration theory, whose validity is, in general,
enhanced at reduced length scales so long as continuum-based
fluid flow representation is valid.

Devices of other configurations can be designed with the
same principle. For example, the compliant membranes can be
arranged on more channel walls. To this end, a single-layer
replica molding approach could be used to create deformable
thin membranes on the vertical sidewalls of microchannel [19],
[20]. Generally, the larger the area of channel walls this is
formed by compliant membranes (of the same thickness and
material properties), the better the flow stabilization perfor-
mance. The device could even be designed as elastic tubing to
mimic the mammalian artery that can stabilize blood flow and
pressure pulses generated by heart pulsation due to the elastic
deformation of artery tube wall. In addition, the membranes
could be arranged in series or in arrays along the fluid channel
with different size and thickness. This is to account for the
decreasing hydrodynamic pressures along the flow.

There are, however, several issues need to be further ad-
dressed. First, the membranes were modeled as square plates
in applying the Reynolds equation. To improve the current
model, actual geometry should be used in the future work.
A second issue is concerned with the testing of the device’s
pressure stabilization capability, which can be realized by using
accurate pressure transducers and/or controller. Third, it will
also be interesting to characterize the membrane vibrations,
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which will give more insight to the nonlinear behavior of mem-
brane, and verify the membrane stiffening effects. Finally, while
a lumped-parameter model reveals the general trend in the
device’s performance, it does not reveal the exact physics with
each membrane that is simplified as a rigid plate attached to a
spring. To better model the device physics, 3-D computational
fluid dynamics simulation considering transient structure-fluid
interaction is desired. This may be pursued in future work.
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