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Abstract

Precise monitoring of fluid flow rates constitutes an integral problem in various lab-on-a-chip applications. While off-chip
flow sensors are commonly used, new sensing mechanisms are being investigated to address the needs of increasingly
complex lab-on-a-chip platforms which require local and non-intrusive flow rate sensing. In this regard, the deformability
of microfluidic components has recently attracted attention as an on-chip sensing mechanism. To develop an on-chip flow
rate sensor, here we utilized the mechanical deformations of a 220 nm thick Silicon Nitride membrane integrated with the
microfluidic channel. Applied pressure and fluid flow induce different modes of deformations on the membrane, which are
electronically probed by an integrated microwave resonator. The flow changes the capacitance, and in turn resonance fre-
quency, of the microwave resonator. By tracking the resonance frequency, liquid flow was probed with the device. In addition
to responding to applied pressure by deflection, the membrane also exhibits periodic pulsation motion under fluid flow at a
constant rate. The two separate mechanisms, deflection and pulsation, constitute sensing mechanisms for pressure and flow
rate. Using the same device architecture, we also detected pressure-induced deformations by a gas to draw further insight into
the sensing mechanism of the membrane. Flow rate measurements based on the deformation and instability of thin membranes
demonstrate the transduction potential of microwave resonators for fluid—structure interactions at micro- and nanoscales.

Keywords Flow rate sensing - Microwave sensors - Microfluidics - Membranes - Fluid—structure interaction - Deformable
microfluidics - Nonlinear microfluidics - Nanomembrane flow sensing

1 Introduction

Local flow rate measurements on different fluidic chan-
nels constitute a need for various microfluidic applications.
With the information provided by flow rates, one can con-
trol nutrient and cell concentrations in microscale chambers
(Wu et al. 2008; Mehling and Tay 2014), modify cellular
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adhesion rates on a substrate (Christ and Turner 2010),
and sort particles of different sizes (Zhou et al. 2019). In
organ-on-a-chip systems, cells need to be supplied with an
optimal flux of nutrients to maintain their vitality (Harink
et al. 2013). Furthermore, finely controlled doses of drugs
should be administered to test the response of cells from
tumor biopsies (Stevens et al. 2016; Cetin et al. 2017). In
digital microfluidics, droplets with well-controlled sizes
and compositions can only be generated by an exquisite
and local control of different flow rates (Ward et al. 2005;
Garstecki et al. 2006; Glawdel et al. 2012). In most biomedi-
cal reactors, syringe or peristaltic pumps are used to set the
flow rates; however, these devices have inherent delays and
fluctuations that negatively affect the controllability of such
platforms. Commercial flow sensors are readily available,
but naturally they are not integrated at the chip scale, imped-
ing their utility for local flow sensing. Robust on-chip flow
sensors appear to be the most efficient solution for flow rate
measurements for microchannels.
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Many different mechanisms have been used to develop
flow rate sensors for microfluidic applications (Nguyen
1997; Ejeian et al. 2019; Cavaniol et al. 2022). These mecha-
nisms are classified as active and passive sensors depending
on whether the sensor supplies energy to the fluid (Cavaniol
et al. 2022). Active sensors, based on thermal conductivity
and Coriolis force, constitute the majority of the commer-
cial devices. Thermal flow sensors work by heating a region
along the channel and the heat transfer rate along the chan-
nel is measured to infer fluid speed (Dijkstra et al. 2007;
Kuo et al. 2012; Lin and Burns 2015; Baldwin et al. 2016;
Kim et al. 2019). Thermal flow sensors do not require any
moving parts and are relatively easy to fabricate. However,
their operation depends critically on the knowledge of the
heat capacity of the fluid, and their accuracy is degraded
when the composition of fluid is complex whereby unac-
counted channels for heat transfer arise. This dependency
could create problems for application where flow composi-
tion changes over time. Coriolis flowmeters work by detect-
ing the force perpendicular to the flow direction through an
oscillating channel (Enoksson et al. 1997; Haneveld et al.
2010). While these flowmeters attain large dynamic range,
they are more complex and expensive compared to thermal
flow sensors. In general, active flowmeters have the short-
comings of inducing heat on the liquid and requiring a small
fluidic channel diameter to operate.

In passive flow sensing, optical, mechanical and capaci-
tive (electronic) sensors have been predominantly investi-
gated. When direct measurements of flow rates in the chan-
nel are required, optical systems could be used. Optical flow
meters can be divided into two main categories: particle or
Doppler velocimetry. Tracking a microparticle (Salipante
et al. 2017) or a microbubble (Chen et al. 2019; Tang et al.
2019) with a microscope and measuring how far the objects
move within a certain time-period enables the measurement
of flow velocity. In Doppler velocimetry, the moving particle
modulates interference fringes with a rate proportional to its
velocity (Czarske et al. 2002; Campagnolo et al. 2013; Stern
et al. 2014). Similarly, interference patterns arising from two
closely spaced cantilevers was fabricated for an optofluidics-
based flow sensor (Cheri et al. 2014). Optical sensors gener-
ally suffer from the large size and cost of microscope-based
imaging systems.

Within passive sensors, mechanical sensors can be meas-
ured by compact setups; they also have the advantage of
circumventing the need to introduce extra particles into the
flow. For mechanical flow rate sensors, cantilevers (Gass
et al. 1993; Wexler et al. 2013) and spring-like structures
(Attia et al. 2009) were used to measure the drag force in
microfluidics channels. A cantilever-based sensor with var-
iable-sized holes was manufactured and flow rate changes
were correlated with cantilever deflection (Noeth et al.
2014). This sensor worked by passing the fluid through a
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perforated cantilever structure: the deflection of the canti-
lever was then used to quantify the flow rate. While this
system achieved 1 nL/min sensitivity, the flow needs to pass
through the delicate mechanical structure which can create
an impediment for lab-on-a-chip applications where cells
and microparticles are carried by the flow.

In typical capacitive sensing scenarios (Oosterbroek
et al. 1999; Temiz and Delamarche 2018; Wissman et al.
2019), the pressure difference between two points along
the channel is measured, which is then converted into flow
rate. While capacitive sensors offer the advantage of com-
pactness and low-cost due to electronics-integration, they
require the knowledge of channel’s hydrodynamic resist-
ance to relate the pressure difference to flow rates. Numer-
ous types of electrical flow sensors operating in the radio
frequency have been reported (Zarifi et al. 2018; Maenhout
et al. 2019; Weglarski et al. 2020). Recently, Zarifi et al.
(Zarifi et al. 2018) have developed a non-contact flow rate
sensor that exploits the deflection of a thin polydimethylsi-
loxane (PDMS) layer and measured this deflection using a
microwave sensor placed in close proximity. This sensor has
reached a sensitivity of 0.5 uL/min, however, the relaxation
timescale of the elastomeric PDMS layer resulted in long
recovery times (several minutes).

While deformable components were used before for flow
sensing in microfluidics, the use of nanoscale-thick mem-
branes along the flow direction (i.e. as a part of channel wall)
has not attracted significant attention. This approach has the
advantage of simpler fabrication compared to introducing 1D
cantilevers within a channel. In this work, we investigated
the deformations of a 220 nm Silicon Nitride membrane as
it interacts with a fluid (Fig. 1a). The fluid pressure and flow
over the membrane creates various types of deformations
on the membrane opening up ways for indirect and direct
measurements of flow rates. The membrane is embedded in
a microfluidic system and forms part of the bottom wall of
the microchannel. As the membrane material, we chose Sili-
con Nitride owing to its desirable mechanical qualities com-
pared to elastomers such as PDMS; this way, we expected to
build a robust sensor, which was still compliant owing to its
small bending stiffness. The ceramic nature of the membrane
increases the sensor durability and enhances its mechanical
qualities, such as the ability to measure liquid flow within
the microfluidic channel and reaching fast mechanical recov-
ery rates. The deformations of the membrane are probed
by microwave electrodes directly placed on the membrane
as described below. The liquid flow induces first a sudden
deformation on the membrane as the pressure is applied,
followed by a periodic instability of the membrane dynam-
ics at a constant flow rate. The initial, sudden deflection
of the membrane due to the applied pressure can be used
as an indirect means to obtain flow rate for a fixed fluid
path geometry. The second effect, periodic instability of the
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Fig. 1 Experimental Configuration. a The chip was placed under
a microscope to observe membrane deflections independent of the
microwave sensor. Microfluidic tubing was connected first to a refer-
ence flow sensor, and then to the inlet port of the device. A circu-
lator was employed to measure the microwave resonator via single
port. CPW: coplanar waveguide microwave resonator b Top view of
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membrane, serves as a direct means to obtain flow rates.
In this case, the interaction of fluid flow with a membrane
can result in nonlinear effects, such as oscillations under
constant flow as reported optically in various systems before
(Lammerink et al. 1995; Gervais et al. 2006; Ducloux et al.
2007; Kim et al. 2012; Xia et al. 2012, 2014; Stoecklein and
Di Carlo 2018; Battat et al. 2022). Here instead of using
optical means, we used an integrated microwave transducer,
to electronically detect pulsations of the thin membrane, the
period of which depends on flow rate. Finally, we tested
the same system under applied gas pressure to draw further
insight about the transduction mechanism and dynamics of
membrane.

2 Experiments

We fabricated flow sensors by fabricating a coplanar wave
guide (CPW) microwave resonator overlapping with a
220 nm thick membrane (Fig. 1). The microwave resonator
can be modeled as an RLC circuit where the capacitance is
determined by the distance between the signal and ground
electrodes, as well as the amount and composition of die-
lectric material between the electrodes. In the case of the
CPW geometry used in this work, the gap between the signal
and ground electrodes was 400 um which narrows down to
20 um on the membrane, defining an active sensing region
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the membrane taken under an optical microscope and cross-sectional
schematics (not-to-scale) of the fabricated device. The signal (SGN)
and ground (GND) electrodes of the microwave resonator extend
toward each other and overlap with the membrane for capacitive
detection of deformation

which overlaps with the thin membrane (Fig. 1b). When
applied pressure or fluid flow deform the thin membrane, the
distance between the two electrodes, as well as the amount
of matter in the proximity of the electrodes changes. These
changes in turn modify the capacitance—and consequently
the resonance frequency—of the microwave resonator. The
changes in the resonance frequency can be tracked by a cus-
tom electronic circuit based on phase-locked loops (Kelleci
et al. 2018).

The experimental setup consisted of two major subsys-
tems: a microfluidic flow controller and an electronic meas-
urement system (Fig. 1). The chip was placed under a micro-
scope stage to directly observe the mechanical deformations
of the membrane. To fabricate the device (Fig. 1b), we began
with a commercially available wafer, consisting of 500 um
Si substrate, a 2 um SiO, middle layer and a 220 nm Silicon
Nitride top layer. The topmost Silicon Nitride eventually
formed the membrane of interest (Figure S1a). Photolithog-
raphy was performed on the backside of the wafer to define
an etch window. The window was etched via inductively
coupled plasma (Figure S1b) and left overnight in KOH wet
etching (Figure S1c). KOH etched through Si and SiO,, and
a 220 nm thick membrane formed on the front surface. Sen-
sors with different membrane sizes were utilized to monitor
fine and coarse flow rates. The typical dimensions for the
fabricated membrane are approximately 600—1500 pm in
length and 300-500 um in width.
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Gold paths for defining the CPW microwave resonator
were patterned on the front side of the wafer. Photolithog-
raphy was performed with a mask aligned with respect to
the thin film membrane (Figure S1d). Then, a 100 nm gold
layer was deposited to form the signal and ground electrodes
(Figure Sle). Coplanar waveguide resonator was designed
to have a 50 Q impedance to match the impedance of the
electronic measurement system.

To fabricate the microfluidic channel, a negative photore-
sist (SU-8, Sigma-Aldrich) was used to fabricate the molds.
Cured PDMS (ratio 10:1) was poured onto these molds and
left to bake at 80 °C. Microchannels, typically having dimen-
sions of 300 um in width and 150 um in depth, were peeled
off from the mold. Through plasma cleaning process, the
micro-channels were bonded on top of the chip and aligned
with the membrane and gold electrodes (Figure S1f).

DI water was driven by a controllable pressure pump
(MFCS-EZ, Fluigent) and passed through a commercial,
thermal flow sensor (FRP, Fluigent) before reaching the
microfluidic channel on the chip. The commercial flow sen-
sor has a 430 um ID borosilicate capillary and measures the
flow rate by combining two different temperature readings
obtained from two different locations inside the capillary.
In between these two temperature sensors, there is a micro
heater, and the flow rate value is calculated by the dissi-
pation of the heat. The range of this commercial sensor,
calibrated with water, is 0—120 uL/min, with an accuracy
of 5% above 2.4 uL/min and a 0.12 pL/min deviation below
2.4 pL/min. PTFE tubes were used to deliver the DI water
to the micro channel.

Data acquisition was conducted with a custom-built Lab-
VIEW program where the electronic data and flow rate val-
ues from a commercial sensor were simultaneously recorded
every 50 ms. To increase the sensitivity of the microwave
sensor, we utilized a narrow-band detection scheme which
was centered around the first resonance frequency of the
CPW structure. Phase-sensitive detection was performed
with a lock-in amplifier (Zurich Instruments, MFLI). Due
to the upper frequency limitation of the lock-in amplifier,
we constructed an external heterodyne circuitry (Ferrier
et al. 2009; Nikolic-Jaric et al. 2009; Afshar et al. 2016)
to continuously track the resonance frequency (Figure S2).
With a phase-locked loop (PLL), the phase of the resonator
was locked to O degrees with a PI controller (Kelleci et al.
2018). Any deviation from O degrees emerged as an error
signal, updating the frequency of the signal generator. With
this method, we could effectively keep track of the shifts in
the resonance. A similar sensor without the membrane was
utilized in different experiments which did not exhibit any
of the fluid-related dynamics reported in this work (Secme
et al. 2023). This work serves as a control experiment, indi-
cating that the thin membrane is at the origin of the response
to the applied pressure and fluid flow.
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3 Experimental results
3.1 Liquid sensing

First, we characterized the membrane-based sensors using
DI water. In this case, two different mechanisms emerged
as a result of the interaction of the membrane with the
liquid pressure/flow. These mechanisms are summarized
in Fig. 2. When the pressure was first applied, the mem-
brane responded immediately: this deformation produced
a large frequency change, Af,., in the microwave reso-
nator (e.g. 60 kHz for a set flow rate of 10 uL./min). If the
pressure/flow rate on the membrane was kept constant,
the membrane did not merely stay at the same equilib-
rium position. Rather, it exhibited quick pulsating motions
that repeated with a periodicity T,,: this period depends
strongly on the flow rate. As a result of these pulsations
(which are typically visible under optical microscope as
detailed below), the microwave resonance frequency also
underwent resonance shifts, Af;... These frequency shifts
Afpuse exhibited a weak dependency with respect to the
flow rate/applied pressure in contrast to the frequency
shifts caused by the initial deformation. Below, we will
first report the observations on the initial deformation as a
set flow rate is applied, then we will investigate the mem-
brane pulsations.

3.2 Indirect flow rate sensing by membrane
deformation

In the first experiments, we investigated the response of
the device from the reset condition (where there was no
fluid flow) to the target flow rate while monitoring the
resonance frequency of the microwave sensor. When the
pressure was first applied, the flow rate quickly climbed to
the target value as observed by the commercial flow meter.
At the same time, the membrane deformed (Fig. 2 b—c),
and a sharp shift was observed in the resonance frequency
(Fig. 3). Each of these shifts depended on the magnitude of
the flow rate (Fig. 3b) through applied pressure, indicating
that the amount of frequency shift can be used as a sensing
parameter for the target flow rate.

The baseline frequency fluctuations were about ~ 1 kHz,
from which one can extrapolate a short-term sensitivity
level of 0.5 uL/min. However, as shown with the error bars
of Fig. 3b, repeating the experiment with the same flow
rates resulted in a dispersion in the frequency shifts with
a standard deviation of 5.5 kHz which was larger than the
baseline frequency noise. The sensor demonstrated here
exhibited a time resolution of only several seconds when
the flow rate was increased stepwise (Fig. 3c—d). When
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Fig.2 Response of the device as a function of time. a Schematic
illustration. b—d Micrographs of the membrane area at approxi-
mately at the same times with the time axis. When the pressure is first
applied, a large deformation occurs (compare b with ¢) which induces
a frequency shift in the microwave domain which strongly depended
on the applied pressure. As the pressure is kept constant, the mem-
brane undergoes periodic pulsations. While the duration between

the flow was stopped, we observed a downward frequency
drift that lasts for approximately 50 s (Fig. 3a), however,
additional flow rate measurements can still be conducted
during recovery period either using successive frequency
shifts (Figure S7) or by directly working with the phase
shift of the resonator (as in Fig. 3c—d).

3.3 Direct flow rate sensing by periodic membrane
pulsations

After the initial deformation due to applied pressure, keep-
ing the pressure constant induces further dynamical effects
in the form of dynamical instability. The interaction of thin
membranes with microfluidics channels can result in dynam-
ical bistability: indeed, oscillations of a flexible membrane
under a constant input flow as demonstrated in numerous
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these pulsations depended strongly on the applied pressure, the size
of microwave frequency shift only had a weak dependence (Figure
S5). Part of the membrane shuttled between different deformations
states (full membrane motion can be seen in the Supplementary
Video 1). The duration of these transitions depended on the fluid flow
inside the microchannel. This device, device 1, has membrane dimen-
sions were 1.5 mm length, 0.3 mm width, 220 nm thickness

earlier work (Lammerink et al. 1995; Gervais et al. 2006;
Ducloux et al. 2007; Kim et al. 2012; Xia et al. 2012, 2014,
Stoecklein and Di Carlo 2018; Battat et al. 2022). In our
experiments at constant liquid flows, we observed periodic
deformations of the membrane under optical microscopy as
shown in Fig. 2 bottom panel, and Supplementary Video 1.
These optical observations were also picked up electroni-
cally by the microwave sensor which acts as an integrated
transducer on the membrane (Fig. 4). Two different con-
figurations of the same channel were used to deduce the
origin of the oscillations. In the first configuration, the out-
put port of the microfluidic channel was kept open, so the
applied pressure induced a continuous fluid flow through
the channel and over the membrane. In this case, periodic
pulsations clearly emerged (Fig. 4, blue trace). In the second
configuration, the channel was blocked at the output port
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Fig. 3 a Frequency response of the device from the reset fluid flow. b
Frequency shifts versus the target flow rate. The shifts show a mono-
tonically increasing behavior. ¢ Phase response of the data depicted in
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Fig.4 The effect of flow versus pressure on the pulsation mechanism,
when the output end of the microfluidic channel is kept open (blue
trace) and blocked (red trace). In both cases, a pressure of 79 mBar
was applied. The device used here is device 2
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a from the reset fluid flow condition. d Close-up view shows fast set-
tling time for phase response. This device, device 2, has dimensions
of 0.8 by 0.35 mm membrane area, and 0.25 mm channel width

to prevent fluid flow. Repeating the same experiment at the
same pressure, does not induce any such periodic behavior
(Fig. 4, red trace). These observations, repeated for three
different pressure values (65, 72 and 79 mBar) suggest that
the periodic pulsations are induced by the flow of the liquid,
rather than the applied pressure.

The period of the modulations depends on the fluid flow
rate as illustrated in Fig. 5. The figure shows the relation
between the phase response of the resonator and the effec-
tive flow rate. The commercial flow rate sensor was placed
in the experimental setup (as in Fig. 1a) to set the flow rate
at a constant value. In this way, the desired flow rate values
were set within the limit of sensitivity of the flow meter.

In Fig. 5a, two different flow rates, 10 and 5 pL/min, were
tested. For a given constant flow rate, the time between two
consecutive pulses, called the pulse interval (Ti), remained
constant. As the flow rate was set to a different constant
value, the pulse interval changed as well. When the flow
rate was set to 10 uL/min, pulse interval 7| was approxi-
mately 7 s, whereas at a 5 pL./min flow rate, pulse interval 7,
increased to approximately 14 s. Small peaks in the flow rate
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Fig.5 a An example time-trace of the pulsation behavior of the sen-
sor. The microwave response and the flow rate obtained from the
reference flow sensor were measured and recorded simultaneously
by LabVIEW. The pulsation periods depended on the set flow rate.
b Close-up view of an event sequence. First, the membrane starts to

(as measured by the commercial sensor) were observed after
each pulsation (Fig. 5b). Since a deflected membrane results
in an enlarged channel, the fluidic resistance decreases
which in turn results in a temporary increase in the flow rate.
Supplementary video 2 shows the simultaneous optical and
microwave recordings of the pulsating membrane.

We note that the experiments were conducted without
using any components with cyclical mechanisms such as
syringe pumps: rather, the flow was induced by pressure
driven sources. We also conducted control experiments
where commercial flow rate sensor was removed from the
system and the fluid flow was provided through a vial kept
at constant pressure (as in Fig. 4, and also a separate data set
in SI Table 1). In this case, where only a constant pressure
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deflect inducing a change in the phase of the microwave sensor (dark
yellow trace), and then a follow-up perturbation occurred in the com-
mercial flow rate sensor (dark blue trace). The device used here is
device 2.

source drives the flow, we verified that membrane pulsations
still occur.

After the initial observations, we used three differ-
ent device geometries to span different flow rates. To
enhance the sensitivity of the resonator, a large membrane
(1.5 mm x 0.3 mm) was fabricated and used to resolve the
slight increments in the flow rate. The resonance frequency
of the microwave sensor coupled to the first membrane was
3.66 GHz. As shown in Fig. 6 (blue data points), the flow
rate was set to an interval of O—1 pL/min with an incremental
change of 0.1 uL/min via the reference sensor. Until 0.3 uL/
min, the device did not register any pulsation in the reso-
nance frequency. After reaching a flow rate of 0.4 uL/min,
the device began to exhibit discernible pulses. Then, the

® Membrane: 1.5 x 0.30 mm, Channel Width: 0.25 mm |
® Membrane: 0.8 x 0.35 mm, Channel Width: 0.25 mm|
® Membrane: 3.0 x 1.00 mm, Channel Width: 1.30 mm|
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Fig. 6 Pulsation frequency as a function of flow rates for different geometries. Three different devices were used in the experiments and their
dimensions are provided. In all three experiments, pulsation frequencies were observed to increase monotonically, as the flow rate was increased
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Fig.7 Frequency response of the device from the reset fluid flow of
gas. a The response of the membrane with 1.7 mmX1 mm in size
coupled to a channel of 0.25 mm width. b The response of the mem-
brane with 3 mmx 1 mm in size coupled to a channel of 1.3 mm

flow rate increment was changed to 0.5 uL/min and a range
of flow rate values were tested until 3.5 pL./min. Blue data
points in Fig. 6 indicate an increasing relation between the
flow rand the frequency of the pulsation.

A second device—with membrane dimensions of 0.8 mm
by 0.35 mm, and a microwave resonance frequency of
2.36 GHz—was used to span a higher flow rate range. We
started from 5 pL/min and recorded pulses for 300 s at each
flow rate value. Then, the flow rate was increased with 5
puL/min steps, reaching a flow rate of 50 pL/min (red data
points, Fig. 6). A third device—with membrane dimen-
sions of 3 X 1 mm, and a microwave resonance frequency of
2.08 GHz—was used to operate at higher flow rates. This
device could accommodate higher flow rates, since the width
of the microfluidic channel was relatively large. Starting
with 24 uL/min, we increased the flow rate until 120 pL/
min which is the upper limitation of the commercial flow
sensor. We kept observing a similar trend whereby the pul-
sation frequency correlates with the fluid flow rate (green
data points, Fig. 6).

These results indicate that membrane-integrated micro-
wave sensors can also be used for flow sensing by detect-
ing the period of membrane oscillations. While at high flow
rates, the observed pulsations occur frequently resulting in
rapid update times for flow monitoring; at low flow rates,
the duration between the pulses gets longer. As a result, the
update rate of the device is slow for low flow rates, which
constitutes a shortcoming of this secondary flow sensing
mechanism.

3.4 Gas sensing experiments

As mentioned earlier, the change in the capacitance of
the resonator could originate from either the change of
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width. The pressure was increased up to 4 bar and a monotonically
increasing response is observed. Inset show the micrograph of the
membrane and the channel when the gas inlet pressure is at 4 bar

the interelectrode separation (and similar effects of geo-
metric origin), or the inflow of extra material near the
sensing region due to the expansion the material (or out-
flow of material when there is a contraction). To gain fur-
ther insight about the contribution of these two sensing
mechanisms, we conducted experiments with pressur-
ized air. Since the permittivity of the air is close to the
free space, the observed effects originate mainly due to
the change in interelectrode separation or other deforma-
tions in the membrane geometry, rather than the effect of
material flow. For the first air flow experiment, we used a
membrane with dimensions of 1.7 mm length and 1 mm
width within a channel width of 0.25 mm. The resonance
frequency was approximately 2.55 GHz. We spanned the
pressure from 20 mbar until 1000 mbar. We have seen an
almost linear relationship for the higher pressure value
(Fig. 7a), however, at low pressures, the trend deviated
from the linear response slightly.

To work at higher air flow rates, another device was
fabricated with an increased channel width of 1.3 mm
(instead of 0.25 mm, in the previous device). The size of
the membrane was 3 X 1 mm and the resonance frequency
of the microwave sensor was approximately 2.08 GHz.
A monotonically rising frequency response was again
observed as the applied pressure increased (Fig. 7b). The
experiment also demonstrated that the device with 220 nm
Silicon nitride membrane could endure an applied pressure
up to 4 bar (Supplementary Video 3 shows the membrane
deformation as the pressure is suddenly switched between
the reset condition and 4 bar applied pressure).
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4 Discussion

Considering the fact that the visible expansion and defor-
mation of the membrane pressurized by air cause fre-
quency shifts, we conclude that part of the response of
the device originates from change in electrode distance
and geometry. Further experimental studies are required to
carefully quantify and compare the relative magnitudes of
these two effects. The fact that the effective dielectric con-
stant of the material flowing through the channel affects
the resonance frequency creates a limitation for the pro-
posed flow sensor for situations where the flow composi-
tion can change dynamically.

The amount of deformation on the membrane area can be
estimated by measuring the surface topography through opti-
cal profilometry. The optical profilometry result for device
2 (the one used in Figs. 3, 4, 5) indicates dips and peaks
as large as 30 um (Supplementary Sect. 1). We used the
profilometry results to estimate the size of the frequency
shifts of the microwave resonators, by modeling the wrinkles
as hemi-spherical, liquid-filled pocket on the membranes
and conducting finite-element simulations (Supplementary
Sect. 1). The simulations indicate that the expected effect is
close to observed values in membrane deformation experi-
ments (e.g. 56 kHz frequency shift for a hemi-spherical
pocket with 30 um radius). Thus, the effect of extra liquid
that can be accommodated by the large deformations of the
membrane appears to have a significant contribution to the
full response of the microwave resonator.

Large-amplitude wrinkles and deformations of the device
brings about further considerations regarding the use of the
technique in lab-on-a-chip systems. While the bottom wall of
the microfluidic channel undergoes large deformations, the
extended membrane still stays within the volume defining
the lab-on-a-chip device. The use of such large deformations
is typically avoided in conventional engineering designs due
to their nonlinear response of mechanical systems; however,
as seen in the data here, an emergent feature of the dynami-
cal motion—the frequency of pulsation—correlates almost
linearly with the flow rates, thereby providing a robust route
for flow sensing. Large-scale deformability of microfluidic
components can provide further benefits (Xia et al. 2021),
such as the ability to dynamically adjust a constriction size
for efficient cell transfection (Alhmoud et al. 2023).

5 Conclusion

In conclusion, we demonstrated that thin membranes
integrated with microwave resonators can detect flow
rates of fluids. Applied pressure and/or fluid flow induce

deformations on the membrane, which in turn, modulates
the capacitance of a microwave resonator. The capacitance
change can be readily measured by tracking the resonance
frequency of the microwave resonator. The choice of a
sturdy Silicon Nitride membrane as the compliant mech-
anism enables the measurements of both liquid and gas
flow through the same microfluidic architecture. In terms
of mechanical transduction of liquid flow, in addition to
the expected quasi-static deformation of the membrane, a
secondary flowrate sensing mechanism emerges whereby
steady flow induces periodic pulsations on the thin mem-
brane. The pulsation period of the membrane can be sen-
sitively measured by the changes of the phase response of
the microwave sensor. For both sensing mechanisms, the
high sensitivity of microwave resonators serves as a potent
transducer for probing the interaction dynamics of fluid
flow and thin membranes.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10404-023-02640-9.
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