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Frequency references are fundamental to most digital systems,
providing the basis for process synchronization, timing of outputs,
and waveform synthesis. Recently, there has been growing interest
in digital logic systems that are constructed out of microfluidics
rather than electronics, as a possible means toward fully integrated
laboratory-on-a-chip systems that do not require any external control
apparatus. However, the full realization of this goal has not been
possible due to the lack of on-chip frequency references, thus re-
quiring timing signals to be provided from off-chip. Although micro-
fluidic oscillators have been demonstrated, there have been no
reported efforts to characterize, model, or optimize timing accuracy,
which is the fundamentalmetric of a clock. Here, we report pneumatic
ring oscillator circuits built from microfluidic valves and channels.
Further, we present a compressible-flow analysis that differs funda-
mentally from conventional circuit theory, and we show the utility of
this physically based model for the optimization of oscillator stability.
Finally, we leverage microfluidic clocks to demonstrate circuits for the
generationof phase-shiftedwaveforms, self-driving peristaltic pumps,
and frequency division. Thus, pneumatic oscillators can serve as on-
chip frequency references for microfluidic digital logic circuits. On-chip
clocks and pumps both constitute critical building blocks on the path
toward achieving autonomous laboratory-on-a-chip devices.

fluid dynamics | digital computing

The complexity of microfluidic systems has exploded over the
last decade, achieving highly multiplexed, automated oper-

ations by integrating up to thousands of pumps and valves onto
a single chip (1–4). Typically in microfluidic large-scale integration,
valves are actuated by an off-chip pneumatic source gated by me-
chanical solenoid valves under computer control. Thismodular and
intuitive approach has seen great success, but the complexity of the
off-chip components and connections are detrimental to cost and
reliability, posing a barrier to widespread adoption outside of lab-
oratory settings. In particular, size and portability are important for
applications such as point-of-care diagnostics. Next-generation
microfluidic systems are envisioned to contain embedded controls,
enabling self-contained devices that can autonomously execute
a set of preprogrammed operations (5).
An elegant solution would be to perform digital logic oper-

ations within the microfluidic circuits themselves, thus obviating
the need for machinery to interface between the electrical and
fluidic realms. Using elastomeric valves as transistor analogs,
various groups have demonstrated fundamental building blocks
such as Boolean logic gates (6–10), memory latches (6, 8–10), and
frequency-sensitive valves (11, 12), as well as more complex sys-
tems such as shift-registers (7, 8, 10) and adders (7). Digital logic
operations have also been demonstrated by using microfluidic
droplets to represent binary information (13–15).
Although a number of digital components have been achieved,

the lack of on-chip timing references has remained a key barrier to
achieving fully autonomous microfluidic systems. Previous reports
have generally required off-chip timing signals to provide syn-
chronization between different circuit blocks (7, 8, 10), drive peri-
stalticpumping (1, 16, 17), and coordinate the timingofbiochemical
reactions (12, 18, 19). Recent demonstrations of self-oscillating

hydraulic (20, 21) and pneumatic (8, 10) circuits represent an im-
portant step forward, but there have been no reported efforts to
ensure the frequency stability of these circuits. Here, we chara-
cterize, model, and optimize timing accuracy in microfluidic
oscillators and thus achieve a microfluidic clock reference. An
important step in this process is the development of an analytical
model for describing the behavior of pneumatic circuits, which
are governed by compressible flow and therefore unsuitable for
analysis by conventional circuit theory. In addition, we demon-
strate digital logic circuits under the control of integrated clock
oscillators. In particular, we successfully demonstrate self-driving
peristaltic pumps. We thus achieve clock oscillators and peristaltic
pumps that operate without off-chip controls, constituting two
critical components for the realization of autonomousmicrofluidic
systems.

Results and Discussion
We use a similar approach to microfluidic logic as that pioneered by
Grover, Jensen, Mathies, and colleagues (6, 7, 17) using pneumatic
membrane valves that are closed at rest and opened by applying
vacuum to the gate input (Fig. 1A). This three-terminal device can
be thought of analogously to an n-type metal-oxide-semiconductor
(NMOS) field effect transistor, as both are normally-off devices.
Pneumatic logic gates and circuits can be constructed by mimicking
the NMOS logic family of electronics, with transistors replaced by
valves, wires replaced by channels, and resistors replaced by long,
narrow channels (Fig. 1B). Instead of being powered by a voltage
differential as in electronics, these circuits are powered by a pres-
sure differential. We define vacuum to be the supply and atmo-
spheric pressure to be the ground; vacuum represents binary 1, and
atmospheric pressure represents binary 0. This convention main-
tains the analogy to NMOS logic, because the membrane valves
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open with an input of 1. All of the fundamental Boolean operations
are possible in this technology (6, 8). In the case of a binary inverter
(Fig. 1B), an input of 1 opens the valve and pulls down the output to
0, whereas an input of 0 closes the valve, allowing current through
the pull-up resistor to bring the output to 1.
Vacuum-driven pneumatic logic gates exhibit high nonlinear

gain (Fig. 1C), which is critical for noise suppression in digital
systems and allows for fan-out and cascading (22). It is likely that
gain occurs because the adhesion of the membrane to the valve
seat dominates over the mechanical elasticity of the membrane,
thus causing the valve to remain fully closed below a threshold
pressure and to snap fully open quickly once that threshold is
exceeded and adhesion is broken. This intrinsic nonlinear gain is
characteristic of all vacuum-driven pneumatic logic technologies
(7, 8). In contrast, pressure-driven hydraulic technologies require
additional engineering to achieve gain (9, 10, 23, 24).
We constructed ring oscillator circuits by connecting an odd

number of pneumatic inverter gates in a closed loop (Fig. 1D),
creating stable oscillatory behavior on the application of vacuum
power (Fig. 1E and Movies S1 and S2). Circuit dynamics were
characterized by measuring laser deflection off of the surface
of the gate membrane of a single valve (Fig. 1 F and G). Ring
oscillators are highly useful in semiconductor process control, as
the output frequency is easy to measure and gives insight into a
number of physical device parameters (25). Likewise, our pneu-
matic ring oscillators proved useful as a characterization tool in the
development of an analytical model for pneumatic circuits.
Previously, Mosadegh et al. presented an analytical model for

a hydraulic microfluidic oscillator (26). Because water is in-
compressible, this analysis was similar to conventional electrical
circuit theory. In contrast, compressible flow in pneumatic circuits
requires a different analytical approach. Let us consider the dy-
namics of a single valve in the ring oscillator as it switches from
closed to open. Once the previous stage switches closed, air begins
to be drawn out from the gate input of the valve, thus gradually
decreasing the pressure over the valve membrane (Fig. 2A). The
rate of airflow is limited by the resistance of the channel between
the vacuum supply and the valve chamber. Let us calculate the
time required for the pressure to reach the threshold vacuum

pressure to open the valve. We will make the approximation that
before reaching the threshold pressure, the membrane does not
deflect, and thus the volume of the valve chamber, Vo, remains
constant.
We begin with Poiseuille’s equation for compressible fluids

QðtÞ=
�
Pv − pðtÞ

Ro

��
Pv + pðtÞ

2
×

1
pðtÞ

�
;

where Pv is the supply vacuum pressure, Ro is the pneumatic
resistance, and pðtÞ is the pressure in the valve chamber. For
a compressible fluid, the volumetric flow rate QðtÞ is not the
same as the molecular flow rate. Using the ideal gas law, the
molecular flow rate IðtÞ at the entrance to the valve chamber
can be expressed as

Fig. 1. Pneumatic inverter and ring oscillator. (A) Normally off elastomeric valve (cross section). The sealed channel is opened when vacuum is applied to
deform the valve membrane. (B) Pneumatic inverter gate (Right) is analogous to NMOS inverter (Left). Vdd, voltage supply; GND, ground; VAC, vacuum
supply; ATM, atmospheric pressure. (C ) Inverter transfer function reveals high nonlinear gain. (D) Ring oscillator circuit is formed by an odd number of
inverter gates connected in a closed loop. (E ) Video microscopy of valve actuation pattern in ring oscillator (22 ms between frames). (F ) Oscillatory
waveform of a single valve, captured by measuring the deflection of an incident laser beam. (G) Fourier transform of a 10-min time course. The quality
factor Q is ∼100.

Fig. 2. Definition of variables. (A) During valve opening, air is drawn out of
the chamber with volume Vo, through resistance Ro, thus decreasing the
pressure, p(t), over the valve membrane until the threshold pressure for
valve opening, Pto is reached. Q(t) is volumetric flow rate, and I(t) is molec-
ular flow rate at the entrance to the valve chamber. We define I(t) to be
positive for flow into the valve chamber and negative for flow out of the
chamber. (B) During valve closing, air flows into the chamber with volume
Vc, through resistance Rc, until the threshold pressure for valve closing, Ptc, is
reached. Vc < Vo because there is less volume in the valve chamber with the
membrane deflected.
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IðtÞ= N
Vo

QðtÞ= pðtÞ
kT

�
Pv − pðtÞ

Ro

��
Pv + pðtÞ

2
×

1
pðtÞ

�
:

The rate of pressure change in the valve chamber can be ex-
pressed by differentiating the ideal gas law with respect to time

p
dVo

dt
+Vo

dp
dt

= kT
dN
dt

:

Because we assume that the valve membrane remains stationary,
the first term in the above equation is eliminated. We then set
dN=dt= IðtÞ to give

Vo

kT
dp
dt

=
pðtÞ
kT

�
Pv − pðtÞ

Ro

��
Pv + pðtÞ

2
×

1
pðtÞ

�
;

which can be rearranged to give the following governing equation:

Pv
2 = 2RoVop′ðtÞ+ p2ðtÞ: [1]

This derivation assumes laminar flow, which is valid because the
moderate gas velocities (∼10 m/s) and small channel dimensions
(50 μm diameter) of our circuits result in a maximum Reynolds
number of 28 (SI Text). In addition, the mean free path of gas
molecules is 0.4 μm at the minimum pressure of 2.5 psia, giving
a maximum Knudsen number of 0.016 (SI Text). As dimensions are
reduced for circuit scaling, adjustments to Ro to account for slip
flow may be required for channel diameters of ∼10 μm. At channel
dimensions of ∼1 μm, continuum assumptions will break down and
our model may no longer be valid. However, this is a worst-case
estimate for the highest flow rates and lowest pressures.
Eq. 1 is a first-order nonlinear ordinary differential equation.

Although our system is similar to an electrical resistor-capacitor
(RC) circuit, the electrical analog is governed by a linear differential
equation, whereas compressible flow in our pneumatic circuit results
in a nonlinear equation. Nevertheless, an analytical solution exists.
We start with the special case where Pv = 0 (i.e., perfect vacuum
supply), giving

0= 2RoVop′ðtÞ+ p2ðtÞ:

Solving this ordinary differential equation with an initial condition
of pð0Þ=Po gives the solution

pðtÞ= 1
t

2RoVo
+

1
Po

: [2]

Thus, the solution has a form 1=t, in contrast to the exponential
form that would be obtained with incompressible flow or elec-
trical RC circuits. Solving for the characteristic time to decay to
a value of PO=2, we obtain a time constant

τ1=2 =
2RoVo

Po
:

The special case solution gives simple relationships that are helpful
for gaining intuition into system behavior. However, the solution to
the full governing equationwill prove to be necessary in some cases.
Solving Eq. 1 (SI Text) with initial condition pð0Þ=Po gives

pðtÞ=
PvPo +Pv

2 tanh
�

Pv

2RoVo
t
�

Pv +Po tanh
�

Pv

2RoVo
t
� : [3]

Notably, Eq. 3 reduces to Eq. 2 by taking the limit as Pv → 0, using
a Taylor series expansion of the hyperbolic tangent terms (SI Text).
Using Eq. 3, we can solve (SI Text) for the time τo required to

draw the valve chamber from atmospheric pressure Pa down to
the threshold pressure Pto for opening the valve (Fig. 1C)

τo =
2RoVo

Pv
tanh−1

"
PvPto −PvPa

Pv
2 −PaPto

#
: [4]

In a similar manner, we can solve for the time τc required to fill
the valve chamber from Pv up to the threshold closing pressure
Ptc (Fig. 2B)

τc =
2RcVc

Pa
tanh−1

"
PaPtc −PaPv

Pa
2 −PvPtc

#
: [5]

Thus, the oscillation period T of a ring oscillator composed of n
inverter stages is given by

T = nðτo + τcÞ: [6]

Our oscillator circuits typically use a large pull-up resistor and
a short path from the valve to ground, hence, Ro » Rc and τo
dominate over τc. Thus, the oscillation period is predicted to vary
linearly with Ro. To test this prediction, we constructed a set of
oscillators with a range of different pull-up resistor sizes. As
shown in Fig. 3A, frequency scaled linearly with 1=Ro as pre-
dicted for larger resistors, but the increase in frequency pla-
teaued at around 5 Hz, even as resistor size continued to
decrease. We hypothesized that this resulted from resistance in
the circuit separate from the explicit pull-up resistors. This par-
asitic resistance may begin to dominate in circuits with smaller
pull-up resistors, such that the resistors contribute negligibly to
the total Ro. When the circuit was redrawn to minimize parasitic
resistance by reducing interconnect length (Fig. 3B), higher os-
cillation frequencies were achieved, reaching nearly 50 Hz. As a
point of comparison, hydraulic microfluidic oscillators that were
recently reported are slower by roughly an order of magnitude
(10, 20, 21, 26). The difference in viscosity between air and water
likely plays an important role in this difference in speed.
Oscillation period is also predicted to vary linearly with Vo,

which we tested by the addition of reservoirs of different sizes in
series with the inverter valve. As shown in Fig. 3C, frequency
scaled linearly with 1=Vo as predicted. Because the volume of
only one inverter was varied, the delay of the other two inverters
began to play a significant role for smaller volumes, leading to
a deviation from linearity at higher frequencies.
Frequency stability is one of the most critical qualities of a fre-

quency reference, but this metric has not been previously in-
vestigated in microfluidic oscillators. To characterize frequency
drift, we recorded oscillator frequency over 400 min of continuous
operation, revealing a shift from 2.6 to 3.2 Hz, or 4%/h (Fig. 3F).
To understand the physical basis for this drift behavior, we
returned to Eq. 4. Resistance, Ro, and volume, Vo, are structural
parameters that would not be expected to change significantly over
the course of hours. Likewise, vacuum supply pressure, Pv, and
atmospheric pressure, Pa, were maintained to better than 2% (0.2
psi) over the entire time course and thus ruled out as causes. That
leaves only Pto, the threshold pressure for valve opening. Exami-
nation of Eq. 4 reveals that a drift toward higher oscillation fre-
quencies would occur if the threshold shifted such that weaker
vacuum pressures became sufficient to open the valve. A possible
mechanism for such a shift in threshold is a change in the ad-
hesion of polydimethylsiloxane (PDMS) to glass at the valve seat.
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Eddington et al. previously reported that PDMS surface prop-
erties can change over time due to the diffusion of low molecular
weight chains from the bulk of the PDMS to the surface (27).
Importantly, this same report indicated that the PDMS surface
can be stabilized by accelerated aging through thermal curing
(27). Consequently, we attempted thermal curing of assembled
ring oscillators before operation, at 85 °C or 120 °C for 15 h.
Both treatments resulted in notably reduced frequency drift (Fig.
3F), with the 120 °C treatment reducing drift to less than 1%/h.
This level of timing accuracy is suitable for controlling typical
biochemical reactions for point-of-care diagnostics and many
other laboratory-on-a-chip applications.
In addition to long-term frequency drift, another figure of merit

for frequency references is short-term variation, also known as
jitter. As shown in Fig. 3D, a three-inverter ring oscillator ex-
hibited a number of fluctuations away from the baseline frequency
over a 10-min span, with an SD of 1.4%. In contrast, a 13-inverter
ring oscillator exhibited much more stable behavior, with an SD of
0.1% (Fig. 3E). This improvement is likely related to the fact that
in the larger ring, the switching of a single inverter occupies
a smaller duty cycle, giving more opportunity for transients to
settle before it comes time to switch again. Importantly, oscillator
period scales with the number of inverter stages (Eq. 6); hence,
similar frequencies can be achieved by either a few large inverters
or by many small inverters. Therefore, frequency jitter can be
reduced in ring oscillators by adding inverter stages without
needing to sacrifice a large amount of additional chip real estate.
Up to this point, we assumed that the vacuum supply pressure

does not vary; however, this assumption may not be valid for some
vacuum sources. Thus, it is valuable to characterize frequency

variation as a function of supply pressure. We measured a de-
crease in oscillator frequency as the supply vacuum strength was
decreased (Fig. 3G). Interestingly, the greatest frequency drop
occurred between 4 and 8 psia. Below 4 psia, the frequency change
was relatively small, which is beneficial because the oscillator is
thus somewhat robust against small to moderate deviations in
the supply vacuum pressure. Insight into the shape of this fre-
quency-pressure curve can once again be gained by returning to
our compressible-flow circuit model. Eq. 4 predicts a relationship
between oscillation period, τ, and supply pressure, Pv ; however,
the shape of this function does not reproduce the slow initial
drop off that was experimentally observed. It is only when con-
sidering both Eqs. 4 and 5 together that key characteristics of the
measured curve can be reproduced. The fitted curve in Fig. 3G is
produced by plotting Eq. 6 with a 4:1 ratio between RoVo and
RcVc. As the strength of the supply vacuum decreases from 2
psia, the opening time, τo, increases, whereas the closing
time, τc, decreases; thus, the two effects partially counteract
each other. Decreased vacuum supply results in decreased drive
current, resulting in slower opening time. However, during
closing, decreased vacuum supply means that the valve starts out
closer to the threshold, thus resulting in faster closing. At lower
levels of vacuum supply, the opening time dominates and the
oscillation frequency drops off rapidly.
A possible advantage of microfluidic logic systems is that they

could be operated without electricity, which might be useful for
limited resource settings or radiation hard applications. We ex-
plored a number of manually operated vacuum sources and char-
acterized how long the system could maintain adequate supply
pressure while running an oscillator. Based on Fig. 3G, we defined

Fig. 3. Oscillator characterization and optimization. (A) Oscillator frequency scales linearly with the inverse of the pull-up resistance, until plateauing at ∼5
Hz. (B) With reduced parasitic resistance, oscillator frequency reaches almost 50 Hz before plateauing. (C) Frequency also scales linearly with inverse volume.
For A–C, error bars denote SD across three devices. (Scale bars, 1 mm.) (D) Frequency variance of three-inverter oscillator over 10 min is 1.4% SD. (E) Frequency
variance of 13-inverter oscillator is only 0.1% SD. (Scale bars for D and E, 5 mm.) (F) Frequency drift averaged 4%/h in untreated oscillators, but thermal curing
reduced drift to <1%/h. (G) Oscillator frequency as a function of supply vacuum pressure. Error bars denote SD across three trials. The fitted curve represents
Eq. 6 plotted with variables chosen as follows: Ptc = 13.92, Pto = 8.8, RoVo = 0.820, RcVc = 0.205, and n = 3.
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5 psia as the maximum supply pressure, because oscillator fre-
quency is maintained within a 10% deviation as long as the supply
pressure is below this threshold.We found that a single pull of a 60-
mL syringe was sufficient to run an oscillator circuit for 1 min (Fig.
S1A and Movie S3). A manual vacuum pump with an integrated
storage container (Topsider MVP 5060; Airpower America) was
able to sustain circuit operation indefinitely with intermittent
pumping (about 6 strokes/min) and continued to maintain ade-
quate pressure for >1 h after pumping ceased (Fig. S1B). A hand
pump (Mityvac MV8500; Lincoln Industrial Corp.) and mouth
suction were also both successful in powering oscillator activity
(Fig. S1 C and D); however, the difficulty in maintaining a steady
vacuum makes both of these methods impractical.
Having developed a quality frequency reference, we next

sought to leverage this component within a digital system. On-
chip peristaltic pumping has been critical in enabling the in-
tegrated microfluidics revolution of the last decade (1, 16, 17).
Pumping requires a set of valves to be rapidly opened and closed
in a highly coordinated manner, which usually necessitates off-
chip control signals. We recognized that the different nodes
within a ring oscillator circuit each follow square wave functions

that are phase-shifted with respect to one another. Peristaltic
pumping was successfully achieved by driving three in-series
liquid valves from the nodes of a three-inverter ring oscillator
(Fig. 4A and Movie S4). The resulting pump pattern is similar to
the “single chamber” pumping sequence recently described by
Stockton et al. (28). In that report, the authors also showed that
more efficient pumping (faster by 70%) could be achieved by
using a pattern that they termed the “double chamber” sequence
(28). Although this sequence is impossible to generate from
a three-inverter ring oscillator, the use of more inverters pro-
duces a greater number of waveforms to choose from. We found
that the double chamber pumping sequence could be readily
generated by properly selecting three nodes from a five-inverter
ring oscillator (Fig. 4B). A significant improvement in pump
efficiency was indeed observed, with the five-inverter system
(Movie S5) pumping at 14.7 μL/min compared with 10.7 μL/min
for the three-inverter system. Peristaltic pumping is a powerful
tool that enables highly versatile routing of liquids on chip, in-
cluding recirculation around closed loops. In a parallel publica-
tion, we leverage on-chip control of peristaltic pumping to
demonstrate metering, mixing, incubation, and washing on an

Fig. 4. Waveform synthesis for peristaltic pumping. (A) Connecting the nodes of a three-inverter ring oscillator to three in-series liquid valves results in an
actuation pattern that achieves peristaltic pumping. (B) The more efficient double chamber peristaltic pump pattern can be achieved by properly selecting
three nodes from a five-inverter ring oscillator. Here, each successive liquid valve is phase-shifted by 72°.

Fig. 5. Frequency divider. (A) Schematic layout of a two-bit counter composed of T flip-flops and edge detectors. The input frequency is divided by a factor of
2 after the first stage and by a factor of 4 after the second stage. The square regions serve as large volumes that function analogously to electrical capacitors.
(B) Fabricated frequency divider circuit. Indicator valves are connected to the output nodes to visualize the state of the circuit. (C) Magnified images of the
output indicator valves show the operation of the circuit. Whereas the input clock signal completes four cycles, the left bit completes only two cycles, and the
right bit completes only one cycle.
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integrated chip with minimal external input (29). Peristaltic
pumping can also be achieved with a shift-register design, but
this approach requires more than twice as many gates and has
only been demonstrated with an off-chip clock (10).
Finally, frequency division is commonly used in digital systems

to generate slower reference frequencies based off of a single
source. We successfully demonstrated one-half and one-quarter
frequency division by using an asynchronous counter circuit (Fig.
5). The input clock signal is first passed through an edge de-
tection circuit (8), which briefly outputs a binary 1 at each rising
edge of the input square wave function. Each binary 1 then
triggers a T flip-flop (8), which toggles its state between 0 and 1
each time that it is triggered. The output of the T flip-flop is thus
a square wave at half the frequency of the input function. Ad-
ditional stages can be added sequentially, with the frequency
being halved again in every subsequent stage. Fig. 5 and Movie
S6 illustrate a two-stage frequency divider, generating f/2 and f/4.
In conclusion, we demonstrated that pneumatic oscillators can

function as stable frequency references for the control of digital
systems. As we have operated such devices for over a million
cycles without failure (>1 wk at 3 Hz), the performance and
robustness of these circuits should be adequate to provide timing
control in digital systems for point-of-care, lab-on-a-chip appli-
cations. Importantly, unlike hydraulic and electrical circuits, the
engineering of pneumatic circuits requires accounting for the
compressibility of air. We demonstrated an analytical approach
to evaluating compressible flow circuits and showed that the
resulting model can accurately predict the behavior of pneumatic
oscillators and successfully guide their optimization. Thus, our
approach represents a valuable tool for the design and modeling
of future pneumatic circuits.

Materials and Methods
Device Fabrication. Pneumatic microfluidic circuits were fabricated in glass as
previously detailed (17). Briefly, a Borofloat photomask blank (Telic Co.) coated

with chromium and AZ1500 photoresist was exposed to UV light through
a printed Mylar mask (Fineline Imaging). After development, exposed chro-
mium was removed by chromium etchant (Transene Mask Etchant; Transene
Co.). Glass etching was then performed using 49% (wt/vol) hydrofluoric acid.
Ports were drilled using a diamond grinding point (4376A11; McMaster-Carr)
on a Dremel tool (400XP; Dremel). Via holes were formed in a PDMS mem-
brane (HT-6240; Rogers Corp.) by coring with a blunt hollow needle. Two glass
layers and one PDMS layer were aligned manually and sandwiched together
with the PDMS in the middle.

High-Speed Microscopy. High-speed microscopy was performed with an XPRI
camera (AOS Technologies) or EX-FH100 camera (Casio Computer Co.). Volu-
metric pump rates were calculated by extracting the speed of a liquid front
within a channel from captured video and combining this data with measured
channel dimensions.

Frequency Measurement. Oscillator frequencies were measured by reflecting
the beam from a 650-nm laser off of a valve membrane onto a photodiode
(TSL-14S-LF; TAOS) connected to a data acquisition system (DI-158U; DATAQ
Instruments). The frequency spectrum of the photodiode voltage was cal-
culated using MATLAB (The Mathworks).

Inverter Transfer Function. Input and output were connected to separate
pressure transducers (PX139-015D4V; Omega) and an Arduino data acqui-
sition system. Input pressure was controlled with a vacuum regulator (V-800–
30-W/K; Coast Pneumatics), and the vacuum supply was provided by an
electrical pump (4176K11; McMaster-Carr). The input was swept from at-
mospheric pressure to 2.7 psia and back to atmospheric pressure. Each point
on the transfer function was measured at steady state.
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