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Development of a Rapid-Response Flow-Control
System Using MEMS Microvalve Arrays

John Collier, Donald Wroblewski, and Thomas Bifano

Abstract—A method for providing high-resolution gas flow
control using microelectromechanical systems (MEMS) has been
developed and tested. The micromachined component consists of
an array of 61 synchronized microvalves operating in parallel.
A number of tests were conducted on microvalves of various
designs to characterize their operation. The best performing of
these was used with a prototype flow controller. Additionally,
a mathematical model of the flow system and controller was
derived to predict the response of the system to various changes in
operating conditions. This paper describes the design, modeling,
and testing of a compact, stand-alone mass flow controller (MFC)
to demonstrate high resolution, fast response flow control using
MEMS microvalves. The device consists of a microvalve array
packaged with a micro flow sensor and a microprocessor-based
control system. The high bandwidth of microvalves allows an
atypical flow control architecture. The controller regulates a
pulsewidth-modulated (PWM) signal sent to the valve array and
is capable of both open- and closed-loop control. A mathematical
model was also developed to predict the dynamic performance
of the system under various operating conditions. Additional
advantages of the MEMS flow-control system include low-power
consumption, low fabrication costs, and scalable precision. [1119]

Index Terms—Closed-loop systems, fluid flow control, microelec-
tromechanical devices, pulsewidth modulation (PWM), valves.

I. INTRODUCTION

THE primary motivation of this paper is to evaluate the
performance of microelectromechanical systems (MEMS)

microvalve arrays ( valves) used as gas flow control devices.
This led to the development of an apparatus which, when com-
bined with a valve, would comprise a robust mass flow control
system. It will be shown that the valve flow controller exhibits
fine resolution, wide flow range, and fast response.

Early generations of the valve devices were previously re-
ported by Vandelli [1], [2]. Hodge [3], [4] incorporated im-
proved valves into a flow system and conducted a number of
experiments to evaluate their performance. A single microvalve
is composed of a thin film silicon plate anchored along two
opposite edges. The plate is fabricated using surface-microma-
chining processes and is positioned several micrometers over
a bulk-micromachined orifice extending through the substrate.
Electrostatic attraction is used to deflect the plate and seal off
the corresponding hole. The valves operate in a binary fashion;
each microvalve is either fully open or fully closed.
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Fig. 1. Microvalve cross section. Note that the gap height dimension is
exaggerated for clarity.

A cross-sectional view of a single microvalve is shown in
Fig. 1. The device consists of a polysilicon plate anchored over
a hole in a silicon substrate. The plate is separated from the
substrate by a 2 m gap. Plate sizes vary from 300 to 400 m.
Gas flow enters the device through the substrate inlet (250 m
square) and exits through the sides of the valve (perpendicular to
the page in Fig. 1) and through the etch holes. The valve is closed
using electrostatic attraction; applying an appropriate voltage to
the plate, with the substrate grounded, causes it to deflect down-
ward and seal the hole. A thin layer of silicon nitride between
the plate and the substrate prevents direct contact during actua-
tion (which would cause a short circuit). A polysilicon routing
wire on the substrate connects the valve plate to a peripheral pad
near the edge of the chip, where it can be attached to external
driver circuitry.

When the valve actuates, the electrostatic force increases
quadratically as the gap decreases. If the actuation voltage is
not sufficient to close the valve, an equilibrium exists between
the electrostatic applied force and the mechanical restoring
force acting on the plate. When the voltage is increased to a
critical point, however, the electrostatic force overcomes the
restoring force. This causes the center of the plate to collapse
against the substrate, sealing the hole. This phenomenon is
known as snap-through, and the critical voltage is referred to as
the snap-through voltage.

Given the small dimensions of the gap, blockage of the valves
by particulate matter could pose problems. However, use of fil-
ters upstream of the valves has proven to be highly effective in
mitigating this effect, as evidenced by the repeatability of flow
versus pressure curves and the lack of evidence of fouling in vi-
sual inspection of valves.

The mechanical and fluidic design approach for the valves
has been reported by Vandelli [1], [2]. Based on characteriza-
tions of different valve types by Hodge [3], [4], the valve ac-
tuator design for this paper was chosen to be a plate fixed along
two edges (designated as double-cantilever or “DC” in subse-
quent illustrations), with three different plate sizes: 300, 400,
and 500 m. Fig. 2 displays the size variations of the design.
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Fig. 2. Optical microscope photos of various sizes of double-cantilever valve
(with dimples). (a) 300 �m. (b) 400 �m. (c) 500 �m.

Fig. 3. Layout of 61-Valve Array.

Additionally, actuator plates were made both with and without
a dimpled area around the center of the plate; this was intended
to prevent stiction (a condition where the valve plate does not
immediately release when power is removed).

The valves were arranged in an array of 61 on a 1 cm chip
(Fig. 3). The valve arrays were manufactured for Boston Uni-
versity by Cronos Integrated Microsystems, and the fabrication
process was detailed by Vandelli [1], [2]. Prior to testing, the ar-
rays were mounted and wire-bonded to a ceramic chip carrier.

To take advantage of the valves high speed response,
pulsewidth modulation (PWM) was used for control. PWM
involves actuating the microvalves with a high frequency
square wave and varying the duty cycle to regulate flow rate.
The use of PWM for fluid flow control is not unique. PWM is
commonly used for atomizers and with solenoid control valves,
since it provides a means for a highly linear way to control
flow with a constant inlet pressure. However, these types of
systems utilize PWM for open loop control (not closed loop),
and in many cases the overall response rates are limited by the
valve response times. The unique aspect of the system reported
here is the use of PWM combined with ultrafast microvalves
(actuation times on the order of 10 s) for closed loop control
to provide for high dynamic range and precision with fast
response times.

II. SYSTEM DEVELOPMENT

A. Valve Characterization

A number of tests were conducted to investigate such factors
as flow rate and pressure capability, leakage, and response time.

The ideal valve would combine such qualities as low
snap-through voltage, high flow rate, low propensity for stic-
tion, low leakage rate, and the capability of high pressure
operation. Some performance attributes can be optimized by

Fig. 4. Layout of microvalve testing apparatus.

modifying certain valve dimensions, but more often, competing
effects require a design trade-off. For example, stiction can be
reduced by stiffening the valve plate and thus increasing the
mechanical restoring force. However, this results in a higher
snap-through voltage. (Minimizing the actuation voltage is ad-
vantageous because it allows for more compact and economical
electronics.)

The 300- m size proved difficult to actuate, even under appli-
cation of high voltages ( V), and was therefore eliminated
from testing.

The remaining valve sizes (400 and 500 m) were tested to
evaluate two of the most important valve characteristics—flow
rate and snap-through voltage. Compressed air (Medical Air
USP) was used in all tests and the valve pressure was controlled
using a pressure control system from MKS Instruments (con-
sisting of a Model 220C Pressure Gauge, a Model 248A Control
Valve, and a Model 250E Pressure/Flow Controller). Flow rate
measurements were obtained with a Model 358C Mass Flow
Meter. The upstream pressure of the system was preregulated
using an OMEGA PRG101-25 pressure regulator. Fig. 4 dis-
plays a schematic of the test apparatus. Single valve chips, not
arrays, were used in these tests. Since the range of the mass flow
meter is only 50 sccm (standard cubic centimeters per minute),
the use of single valves allowed the flow rate versus pressure re-
lationship to be investigated at higher pressures. For each valve
under test, the flow rate was measured at varying pressures, with
the valve actuated at each step to verify closure. Pressure was in-
creased until the device failed or would no longer actuate.

Fig. 5 presents flow rate versus pressure results for unener-
gized valves with and without dimples. Each valve was tested
to failure, and it can be seen that valves with dimple reinforce-
ments were able to withstand higher pressure than those without.
Fig. 6 presents the voltage required for closing the valves as a
function of pressure. The data show, as expected, that valves ac-
tuating against increased differential pressure require increased
voltage to induce snap-through. The higher actuation potential
has a negative effect on valve reliability. After snap-through oc-
curs, higher voltages cause the valve to be susceptible to short
circuits with the grounded substrate in the region around the
through-hole. The placement of dimples around the center of
the plate, however, stiffens the valve and supports it in this crit-
ical region near the hole, reducing the chance of failure. Thus,
valves with dimples were operable to higher pressures.

Flow leakage—small amounts of gas passing through a
closed valve—was observed in all valves tested. This is likely
due to the imperfect seal formed between the substrate and the
dimples As will be shown, the leakage limits the maximum



914 JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 13, NO. 6, DECEMBER 2004

Fig. 5. Measured flow versus pressure results for single valves with dimples
(D) and without dimples (ND).

Fig. 6. Snap-through voltage versus pressure measurements for single valves
with dimples (D) and without dimples (ND).

obtainable dynamic range. Experiments were performed in
which the valve was operated using a reverse-flow configura-
tion in an attempt to reduce leakage. In this arrangement, fluid
flows first through the actuator plate gap and then out through
the substrate port. The pressure differential acts to assist
electrostatic actuation forces on the membrane, rather than to
oppose them. This configuration should, in principal, decrease
the leakage rate. This hypothesis was tested using a 400- m
double-cantilever valve with dimples, and the leakage results
are shown in Fig. 7. It is clear from this plot that reversing the
direction of flow does in fact reduce the leakage rate. However,
it comes at the expense of significantly reduced flow rate when
the valve is open. Pressure versus flow tests for the DC-400
valve indicated that a pressure differential of approximately
7 psi was sufficient to force the valve completely shut in the
reverse-flow configuration, absent any electrostatic actuation.
Even at lower pressures, the flow was significantly restricted,
compared to forward operation, by a factor of 5 to 10.

Fig. 7. Leakage rate versus pressure of DC-400 single valve (with dimples).
Flow in reverse and forward directions.

The dynamics of microvalve actuation were investigated. As
will be shown later, these dynamics play a significant role in the
performance of the flow control system. Measurements with a
laser vibrometer indicated a valve closing time (with no pressure
differential across the valve) of s, and a valve opening
time of s. The time required for closing is dominated by
the dynamics of the drive electronics for the actuator, whereas
the time required for opening is dominated by the mechanical
dynamics of the valve itself.

B. Valve Actuation

To take advantage of the valves’ exceptionally high speed
(14 kHz), a PWM actuation scheme was used. This method in-
volves connecting all the valves of an array together so they op-
erate synchronously, then driving them with a square wave. The
flow rate is varied by adjusting the duty cycle of the square wave.
The duty cycle is defined as

(1)

where is the period of the wave and is the high time of the
period, as shown in Fig. 8. Ideally, PWM actuation provides a
flow rate equal to

(2)

where is the full-scale flow rate (at 0% duty cycle).
The PWM technique provides a high degree of linearity over

most of the flow range. Additionally, it allows for very high res-
olution. A change in duty cycle, no matter how small, will pro-
duce a proportional change in flow rate. This effectively allows
the controller to exploit the inherently fast response time of the
valves to achieve very high precision. The PWM method also
provides scalability for the valve array, meaning that the number
of valves can be increased or decreased without a significant
detriment to performance, and without the need for large num-
bers of electrical leads and connections.
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Fig. 8. Representation of PWM.

Fig. 9. Interior view of MFC.

C. Mass Flow Controller (MFC)

A system was developed to use the MEMS microvalves to
provide high-resolution gas flow control. The layout of compo-
nents used in the MFC can be seen in Fig. 9. The gas to be con-
trolled is connected to the inlet and passes through a flowmeter
before reaching the microvalve array. Both the flowmeter and
valve array are monitored by the microcontroller on the system
control board.

The valve array chip carrier is placed in a stainless steel fix-
ture and held in place with a toggle clamp. The clamp is mounted
on a moveable plate which allows the clamping force to be ad-
justed. A Honeywell AWM3150V was chosen as the mass air-
flow sensor. This device features a fast, linear response, which
simplifies the control software.

The system is controlled by a custom-designed circuit in-
cluding a Motorola HC12 microcontroller, a high-voltage power
supply, and a high-speed analog amplifier.

Fig. 10. Electric circuit representation of flow system.

III. MATHEMATICAL MODELING

The use of both open- and closed-loop control systems called
for the development of a mathematical representation of the
MFC. This allows prediction of the system’s dynamic response
to changes in user setpoint or input pressure. Additionally, pa-
rameters of the closed-loop controller could be optimized using
the model, resulting in improved performance.

A. Model Development

Modeling the system as a whole requires determination of
the time constants of the individual components. These include
the pressure regulator, flowmeter, microvalves, and the fluidic
response. The latter is of particular interest because it is difficult
to determine experimentally.

The fluidic component of the model, in this case, refers to flu-
idic resistance and inertance effects due to the flow path through
the microvalves and through tubing and fittings in the system.
The system to be modeled is shown in Fig. 10. It begins at the
pressure regulator, modeled as a constant pressure source. The
flow passes through a length of tubing to the flowmeter, then
through another tube to the valve array, and finally, through
another tube where it is vented to the atmosphere. Each tube
length is modeled as a resistance in series with an inductance,
and the flowmeter and valve array are each represented as single
resistances.

The differential equation describing the system is

(3)

where represents the flow rate (i.e., current) of the system, and
and represent fluid resistance and inertance components,

respectively.
To account for excluded items such as fittings and tube bends,

the resistance values were determined experimentally. There-
fore, the tube and flowmeter resistances were combined into one
value . The resistance of the valve array, since it changes
with duty cycle of the PWM wave, is expressed as

(4)

where DC is the duty cycle of the PWM signal and
is the resistance of the valve array when all valves are open
(measured experimentally as the inverse of the slope of the flow
versus pressure curve, like those shown in Fig. 4, but for the en-
tire 61 valve array). This expression ensures that the total valve
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resistance will be equal to at 0% duty cycle, and in-
finity at 100% duty cycle.

The individual inertance components cannot be determined
empirically, so they were combined into one value, , and
approximated using the equation for fluid inertia through a con-
stant-area pipe segment [5]

(5)

where is the fluid density, is the pipe length, and is the
pipe area.

The final form of the fluidic model equation is therefore

(6)

B. Duty Cycle Adjustment

The high linearity of the PWM scheme relies on an ideal
square wave for actuation. In practice, however, it is difficult
to generate a perfect square wave, given the capacitive nature
of the microvalves. Instead, the input square wave consists of
finite rise and fall times. This system limitation, along with the
mechanical dynamics of the valves, results in a duty cycle that
differs slightly from the ideal. The actual duty cycle can be more
accurately modeled by including the valve actuation and release
times. Specifically

(7)

where and are the valve actuation and release times,
respectively, and is the frequency of the PWM wave. This
analysis assumes that the flow rate through a valve is constant
until the valve is completely actuated or released. In practice,
however, the flow rate changes with the deflection of the plate.

A more accurate version of the fluidic model from the
previous section can be obtained by substituting (7) into (6),
yielding

(8)

C. Open- and Closed-Loop Solution

Obtaining a solution to the system model involves combining
the various components: the fluidic model, the time response of
the flowmeter, and the dynamic response of the valves (repre-
sented by the duty cycle correction previously discussed). With
respect to the output and input , the fluidic model
described above is a nonlinear differential equation. A numer-
ical solution was developed using Simulink, a MATLAB soft-
ware package for modeling, simulating, and analyzing dynam-
ical systems. Both the open- and closed-loop behaviors of the
flow control system were examined.

Simulink allows systems to be drawn in block diagram form.
The primary component of the flow control system is the flu-
idic model (the “plant”), represented by (8). Fig. 11(a) shows

this model in Simulink form. The block “DC Frequency Ad-
justment” adjusts the input duty cycle in accordance with the
valve response time.

The fluidic model was integrated into the open-loop system as
shown in Fig. 11(b). The input to the system is a step change in
open-loop setpoint. (In this context, setpoint is defined as 100%
minus the duty cycle.) After being converted to duty cycle, the
input signal enters the fluidic model, where the predicted flow
rate is calculated. The triangular block at the output rep-
resents a gain factor for unit conversion. Two sets of data are
recorded: one directly from the plant and another affected by the
delay of the flowmeter. The flowmeter is modeled as a first-order
system with a transfer function of the form

(9)

where is the time constant of the flowmeter (measured ex-
perimentally).

The block diagram of the closed-loop control system is illus-
trated in Fig. 11(c). In this case, the input is a step change in
target flow rate. After being converted to base units, the system
feedback is subtracted and the result enters the block which
implements the control algorithm. A proportional-integral (PI)
control model is used [6], which is defined by

(10)

where and are the controller proportional and integral
gains, respectively.

The transfer function of the PI control model is given by

(11)

Before entering the fluidic model, the output from the PI con-
troller passes through the actuator. This block is a means of
translating the controller output, in units of flow rate, to a corre-
sponding duty cycle. This is accomplished by manipulating the
steady-state form of (8),

(12)

The output from the plant is recorded and fed back to the
summing junction through the flowmeter. As with the open-
loop system, both the direct and flowmeter-affected outputs are
recorded (controller output versus controller feedback).

IV. SYSTEM TESTING AND RESULTS

The completed MFC was tested and the performance results
compared to values predicted by the system model. Obtaining
accurate results from this model required the determination of
a number of system parameters, including the resistance and
inertance constants of the fluidic model and the response time
of the flowmeter.
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Fig. 11. Simulink representation of flow control system. (a) Fluidic model. (b) Open-loop block diagram. (c) Closed-loop block diagram.

A. Fluidic Model Constants

Numerical solution of the fluidic model developed previously
requires the use of three flow parameters: the system resistance

, the valve resistance , and the system iner-
tance . The two resistance values were found empirically
using pressure versus flow rate data measured in two situations:
with no valve in the system , and with a DC-400 valve
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array mounted in the clamp . The required
resistance values were then found from the slope of the pressure
versus flow rate curves to be

Note that the system resistance is much smaller than the valve
resistance. This is the expected result, due to the extremely small
flow area of the microvalves.

The system inertance cannot feasibly be determined through
experiment, and was therefore approximated using (5). For a
tube diameter of in., a tube length of 31.5 cm, and a gas
density of 1.23 kg/m , the system inertance was calculated to be

Note that this analysis treated the distance from the system
inlet to the outlet as one constant-area tube. This is an approxi-
mation, but should be acceptable for the purpose of estimating
the fluidic response time and how it compares to other time con-
stants in the system.

B. Flowmeter Characterization

A number of tests were conducted on the Honeywell
AWM3150V mass airflow sensor to analyze its performance.
The most important investigation was the empirical determi-
nation of the flowmeter time constant. Fig. 12 displays the
flowmeter response curves resulting from the sudden opening
and closing of a control valve. Of particular interest is the slight
increase in flow rate around 0.22 s in Fig. 12(a). This is pos-
sibly due to the much slower response time of the mechanical
pressure regulator, which is located upstream of the flowmeter.

The time constant of the flowmeter was measured by fitting a
curve of the form

(13)

to the data in Fig. 12, where is the time constant of the
response [6] and is the initial flow rate and and is the final
steady state flow rate. This value was found to be 11 ms for the
rising response in Fig. 12(a) and 15 ms for the falling response
in Fig. 12(b). Because the overall system cannot respond faster
than the slowest time constant, the value of 15 ms was chosen
to be used in the open- and closed-loop system models.

Another test performed on the flowmeter involved determina-
tion of the optimal PWM frequency used to actuate the valves.
At low actuation frequencies, where the period of the PWM
wave is much larger than the time constant of the flowmeter,
the output signal from the flowmeter is similar in shape to the
actuation square wave. This fluctuation is undesirable, since it
would require the controller to calculate an average of the signal
(at the expense of speed). However, as the PWM actuation fre-
quency increases, the flowmeter cannot respond completely and
the peak-to-peak fluctuation in flow rate begins to decrease.
Fig. 13 displays the relationship between the amplitude fluc-
tuation of the flowmeter output signal and the PWM valve ac-
tuation frequency. Ideally, the time constant of the flowmeter
should be much greater than the period of the PWM actuation

Fig. 12. Response curves of Honeywell AWM3150V flowmeter, with
upstream pressure of 1 psi. (a) Valve suddenly opened. (b) Valve suddenly
closed. The black lines represent exponential curve fits to the data.

of the valve, but much smaller than the desired time response
of the system. To approximate this situation, it was necessary to
choose the lowest actuation frequency that minimized fluctua-
tions in the output signal. (Higher frequencies reduce the reso-
lution of the controller.) Therefore, 1000 Hz was chosen as the
PWM frequency to be used in system tests of the MFC. Note
that oscillations in the flowmeter signal at this frequency were
still significant enough to require averaging by the controller,
but the averaging time was minimized ( ms).

This shows that the response times for closed loop control
using PWM will be several orders of magnitude larger than the
valve response times, because of the requirement that the period
of the modulation must be much longer than that of the valve re-
sponse time, but much smaller than the desired system response
time (to eliminate oscillations in the sensor output used for feed-
back). The unique feature of this system is the high-speed mi-
crovalves that make fast closed loop response possible.
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Fig. 13. Peak-to-peak fluctuation of flowmeter output amplitude (expressed
as percentage of full-scale flow rate) versus PWM actuation frequency. DC-500
array at 1 psi.

Fig. 14. Variation of actual duty cycle with PWM actuation frequency.
Expressed as the ratio of actual duty cycle to commanded duty cycle (50%).
DC-500 array at 1 psi.

C. Duty Cycle Analysis

The duty cycle correction discussed in Section III-B was
investigated using the mechanical response values found in
Section II-A. These actuation and release times were substituted
into (7), producing the graph in Fig. 14. This plot compares
the predicted duty cycle with actual results for varying PWM
actuation frequencies. Note that the results are normalized by
the input duty cycle (50%). It is interesting to note that the
duty cycle correction model provides the most accurate results
around the PWM actuation frequency chosen for system testing
(1000 Hz). Fig. 15 displays the relation between flow rate and
duty cycle at an actuation frequency of 1000 Hz, comparing the
model correction to experimental results.

The nonlinearities near the extreme ends of the flow rate
versus duty cycle graph in Fig. 15 prompted the determination
of the duty cycle range which could be expected to provide
a linear relationship between flow rate and duty cycle. The
minimum and maximum values of this range were calculated

Fig. 15. Comparison of PWM flow results based on ideal and model-corrected
duty cycles. PWM actuation frequency is 1000 Hz. DC-500 array at 1 psi.

by substituting % and % into (7),
indicating that the linearity of the PWM actuation method at
1000 Hz is valid over the range

% %

which is consistent with the empirical results in Fig. 14.
This range of flow rates corresponds to a dynamic range of

about 23:1. The dynamic range value is limited by the 1 kHz
modulation frequency (needed for reducing flow meter oscil-
lations) combined with the difference in actuation and release
times for the valves. In addition, the 2% leakage rate limits the
maximum possible dynamic range to 50:1. Reducing the mod-
ulation frequency could improve the dynamic range, but this
would likely require longer averaging times to eliminate the in-
creased oscillations in the flow meter output, thus increasing
overall response times. This shows that there is a tradeoff be-
tween dynamic range and system response time.

An important operating limitation, related to duty cycle, is
the resolution of the PWM actuation scheme. In the case of
the system developed for this research, the resolution is lim-
ited primarily by the speed of the microcontroller. The PWM
module of the Motorola HC12 specifies the duty cycle of the
output wave in terms of clock cycles. Therefore, the minimum
duty cycle change is determined by calculating the length of one
clock cycle, and dividing it by the period of the wave. This is ex-
pressed by

(14)

where is the clock frequency of the microcontroller. For
a clock frequency of 8 MHz and a PWM frequency of 1000 Hz,
the theoretical minimum duty cycle change was calculated to be
0.0125%.

D. Open-Loop Results

All results described below were obtained for a DC-400 array
without dimples at a regulated pressure of 1 psi.

The open-loop response of the controller was investigated
theoretically under two conditions: with and without the
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Fig. 16. System response to changes in open-loop setpoint. (a) 50 to 75%.
(b) 75 to 25%. Note the difference in time scales.

flowmeter attached to the output. When the flowmeter is ne-
glected, only the fluidic response time is relevant, and the
model indicated that this value is on the order of microseconds
(1.2 s). With the flowmeter connected to the system, how-
ever, the response is significantly slower. Fig. 16 displays step
changes to the open-loop system with the flowmeter attached,
comparing the model solution to empirical results. It is evident
from these graphs that the open-loop time constant is approxi-
mately equal to the flowmeter time constant from Section IV-B,
indicating that the overall system response is dominated by the
flowmeter.

From a numerical standpoint, the time constant of the
flowmeter is approximately 12 500 times larger than that of the
fluidic model alone. This suggests that the fluidic model may
be ignored when simulating the system dynamics. Note that
this statement is based on results obtained using a simple model
for system inertance (5). However, the time constant associated
with this inertance is four orders of magnitude smaller than
flowmeter time constant; this difference is most likely well
outside any uncertainty associated with the inertance value.

Fig. 17. Ziegler-Nichols method applied to open-loop response (step change
in setpoint from 50 to 75%).

E. Closed-Loop Results

Optimizing the performance of the closed-loop control
system required careful selection of the proportional and in-
tegral gain values. For this paper, the Ziegler-Nichols method
[7] was employed, which uses characteristics of the open-loop
response to predict optimal closed-loop gain values. For a
proportional-integral control model, the Ziegler-Nichols gains
are specified as

(15)

(16)

where , and are measured from the empirical open-loop
response, as shown in Fig. 17. The final gain values were calcu-
lated to be

These values were programmed into both the Simulink
closed-loop model and the controller onboard the MFC. The
discretized control model used by the MFC is given by

(17)

where is the discrete sampling interval used by the MFC.
The MFC can operate in remote interface mode, with LabVIEW
used as an interface for control inputs and data acquisition. In
this mode, LabView limited the value of to 10 ms. Use of
smaller values for would not provide improved performance,
since the flow meter time constant (15 ms) is the limiting time
scale for the control.

The response curves of the closed-loop control model are
compared to the actual MFC response in Fig. 18. Fig. 19 dis-
plays the closed-loop performance of the MFC over a 12-s time
period, as it responds to various changes in flow rate setpoint.
The gains calculated by the Ziegler-Nichols method provided a
relatively quick response, with a time constant of approximately
25 ms. The graphs indicate that the Simulink model predicts
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Fig. 18. Closed-loop response of flow control system. (a) 15 to 25 sccm step
change. (b) 25 to 5 sccm.

Fig. 19. MFC closed-loop response to various changes in flow rate setpoint.

the closed-loop response of the MFC system with considerable
accuracy.

The response of the MFC is significantly better than the
Redwood MicroSystems MEMS-Flow™ mass flow controller,
which also is based on a MEMS microvalve. MEMS-Flow™
has a response time of 1.5 s to 2% of the setpoint [8]. Based
on a 25-ms time constant, the response time of this MFC is
about 100 ms to 2% of setpoint, an order of magnitude faster.
MEMS-Flow™ does have a larger dynamic range, 50:1- a value
that may be possible with this MFC if leakage effects could be
reduced.

V. CONCLUSION

This paper documented the evaluation of MEMS microvalve
arrays through the development of a compact, stand-alone
MFC. The microvalve array consists of polysilicon plates an-
chored over holes in a silicon substrate. The individual valves
are closed using electrostatic actuation; applying a voltage to
the plate causes it to snap shut over the corresponding hole.
Prior to the construction of the MFC, a number of experiments
were conducted to evaluate the operating characteristics of the
microvalves and determine if a particular valve design was
more suited for use with the device. Additionally, a mathemat-
ical representation of the system was developed to model the
dynamic performance of the MFC.

Experiments conducted on the microvalves indicated that the
double-cantilever design, in 400 and 500 m sizes, would pro-
vide the best performance for the flow control system; this was
due to its good flow rate versus pressure characteristics, low
leakage rate, and resistance to stiction. Other tests conducted
on the valves included reverse flow and leakage experiments, as
well as mechanical response measurements.

To use the valves effectively for flow control, a PWM tech-
nique was used. This technique, which involves actuating the
microvalves with a high frequency square wave and varying the
duty cycle to regulate flow rate, was found to be superior to
other actuation schemes due to its higher resolution and sim-
plicity. The use of PWM in fluid control is not a new idea. The
unique aspect of this paper is the combination of PWM with
high speed MEMS valves and closed loop mass flow control
to create a rapid response MFC with high resolution and good
dynamic range.

These features were demonstrated through a series of exper-
iments that showed a system time constant of approximately
25 ms for response to changes in setpoint, a value predicted quite
accurately by a mathematical model.

Since flow rate is dependent on the duty cycle of the actu-
ation signal, the resolution of the system is reliant primarily
on the speed and quality of the driving electronics, not the mi-
crovalves themselves. The system developed for this research
contained an 8-MHz microcontroller, which resulted in a min-
imum duty cycle adjustment of 0.0125%. (This corresponds to
approximately 0.004 sccm at 1 psi.)

Another goal of the flow control system, scalability, is related
to this resolution issue. The valve arrays fabricated for this re-
search were comprised of only 61 microvalves, but much larger
arrays could be manufactured to handle wider flow ranges. In-
creasing the range of a flow control device traditionally de-
creases its resolution, but with the gigahertz microprocessors
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available today, the PWM actuation technique would allow high
resolution flow control even with larger flow rate ranges.

The primary obstacle to scalability and dynamic range, re-
gardless of the actuation method, is valve leakage. At an op-
erating pressure of 1 psi, leakage through a 61-element array
was found to be approximately 2% of the full-scale flow rate.
Increasing the number of microvalves in the array would cause
the overall leakage to increase as well. This problem could be
countered by redesigning the dimples on the valve plate, which
serve to aid sealing during actuation.
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