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A novel flow sensor is presented to measure the flow rate within microchannels in a real-time,
noncontact and nonintrusive manner. The microfluidic device is made of a fluidic microchannel sealed
with a thin polymer layer interfacing the fluidics and microwave electronics. Deformation of the thin
circular membrane alters the permittivity and conductivity over the sensitive zone of the microwave
resonator device and enables high-resolution detection of flow rate in microfluidic channels using non-
contact microwave as a standalone system. The flow sensor has the linear response in the range of
0-150 ul/min for the optimal sensor performance. The highest sensitivity is detected to be 0.5 ul/min
for the membrane with the diameter of 3 mm and the thickness of 100 um. The sensor is reproducible
with the error of 0.1% for the flow rate of 10 ul/min. Furthermore, the sensor functioned very stable
for 20 hrs performance within the cell culture incubator in 37 °C and 5% CO, environment for detecting
the flow rate of the culture medium. This sensor does not need any contact with the liquid and is
highly compatible with several applications in energy and biomedical engineering, and particularly for
microfluidic-based lab-on-chips, micro-bioreactors and organ-on-chips platforms.

. Microfluidic techniques have been extensively used for efficient manipulation of fluid flow in microscale for bio-

. medical research and analytical chemistry. The control of flow in microfluidic networks is crucial for cell sorting,
cell collection, flow mixing, cell adhesion and culture, droplet manipulation and flow driving'. Moreover, the flow
rate needs to be accurately quantified to determine the concentration of cells?, and production of hollow micro-
spheres?, droplets?, liposomes®, and chitosan microfibers®. A slight change in flow rate may lead to a size variation
in the products. To precisely handle fluids at the microscale, the real-time detection of flow rate in microfluidic
environment is essential and urgently needed though challenging.

Organ-on-a-chip (OOC) technology, in particular, aims to build biomimetic in vitro physiological
micro-organs to compliment animal models in biological systems and benefit the pharmaceutical industry for
drug discovery”®. Many groups including ours have developed OOC platforms made of microbioreactors and
integrated sensors for long-term and real-time monitoring the microenvironment, screening the status of minia-
turized organs, and characterizing the response of micro-tissues to drugs®~'*. The real-time measurement of heat
transfer'®, differential pressure!'®, pH and oxygen!! and biomarkers'® are central to biomimetic performance of
OOC systems. Miniaturized biosensors provide favorable features like low-cost reagents consumption, decreased
processing time, reduced sample volume, laminar flow to cells, parallel detection for multiple samples as well as
portability!>1*1¢. However, the OOC systems still need on-chip integrated flow sensors compatible with their fab-
rication processes and functions'”. The OOC platforms require the design of appropriate systems with controlled
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fluidic conditions for generating in vivo-like flow patterns as well as fluidic circulation systems to interconnect
multiple organs in a physiologically relevant scheme. The flow rate in microfluidic bioreactors is usually con-
trolled by commercially available syringe/peristaltic pumps. However, there is an evident delay from the pumping
site to the target area within the chip, especially with longer channels and tubes and under low flow rates. The con-
tinuous measurement of flow rate can also be instrumental for biosensors integrated to microfluidic bioreactors to
provide in-line measurement of flow fluctuation in microfluidic biosensors and achieve high-resolution detection
of biophysical parameters and biochemical analytes. The flow sensing would be more critical for multi-organ
platforms where the cross-talk of different bioreactors and biosensors changes the fluid flow among components
and affects the accuracy of measurements in microfluidic devices'’. The other challenge is an engineering obstacle
for maintaining a precise fluid volume over each organ model for a certain period while operating at relatively
high fluid exchange rates. Other issues such as the evaporation of culture medium, slight variations in pump
stroke volume, leakage, bubble generation due to the diffusivity through the polymer, and the very low volume
of culture medium in the microfluidic network highlights the necessity of long-term and real-time monitoring
the flow rate over the course of cell culturing and drug testing. Moreover, perfusion systems such as autonomous
capillary action, negative pressure system, gravity flow and micro-pipetting are preferred opposed to positive
hydrodynamic pumping systems because of the small size of channels and the detrimental effect of shear stress
on cell viability. However, the gravity flow system has constraints in proper controlling the dynamic flow which
necessitates real-time and local measurement of flow rate in microfluidic bioreactors'®*. On-chip flow sensors
that are non-invasive, easy to fabricate and integrable would significantly enhance the functionality of microflu-
idic bioreactors and facilitate the development of biomimetic models mimicking the in vivo microenvironment.

The ideal flow sensor for OOCs would measure the flow rate locally in a long-term, continuous and fully
automated manner, with minimal side effects on flow patterns, cells cultured within bioreactors, and functions of
other integrated sensors. Off-chip flow sensors can be integrated to microchips but they cannot measure localized
flow alterations and may interrupt the normal flow patterns in microsystems. Also their integration to microflu-
idics for measuring the flow rate at multiple points of the fluidic system is challenging®-?2. The micro-particle
image velocimetry (micro-PIV) is not suitable for long-term flow rate detection and requires a continuous flow
of particles through the circuit, which is not applicable for microfluidic bioreactors. Also the long-term moni-
toring the flow rate in particle tracing-based flow measurement systems requires an access to a high-resolution
microscope with motorized stages and autofocus function to sequentially record the movement of particles or
liquid - gas interfaces with no Z drift>.

The primary microfluidic-integrable flow sensors are micro electromechanical systems (MEMS)-based sen-
sors with high-resolution sensing performance. However, the MEMS flow sensors have the constraint in com-
plexity of fabrication processes and the drawback of contact-based measurement?***. Other types of integrable
flow sensors are thermal anemometers®, optical devices, and electrical admittance sensors”. These flow sensors,
however, have limitations such as the complexity of integration and multi-steps stacking, fiber tapering as well as
time-consuming and costly fabrication. Also for achieving high sensitivity, their performance is affected by flow
fluctuations induced by thermal energy and bubble generation at high power sources®.

The In-situ deformable elements such as deformable springs, beams, cantilevers and membranes with a highly
controlled mechanical behavior provide a direct indication of flow rate?”. Some of these cantilever-based flow
sensors such as polydimethylsiloxane (PDMS) microcantilevers are easily integrable with lab-on-chip systems?*
but they require integration of additional sensing components such as chrome-coated surface®, fluorescent parti-
cles®, micro-sized silver powder?, ionic liquid®*%, or measurement of deflection with optical photo-diode (PSD)
or piezoresistive read-out, which make their integration to bioreactors very complex®*-. Also these deformable
elements are sensitive only within a limited range of flow rates due to the limitation in their detection system like
the reflection of laser beam on the detector®. The flow sensors made of pillars containing iron nanowires were
developed from polymers with a high stability and silicon with a high sensitivity. While the detection system is
microscope-free (magnetic-based), the fabrication process is not compatible with the multilayer, soft-lithography
processes of OOCs>. Also the pillars embedded within the microchannels may interrupt the flow and block
the channels during the flow of single cells. Moreover, nanocomposite materials may release into the culture
medium and circulate through the system, interrupting the normal cells function. The large magnetic fields may
also impact the cells cultured within microbioreactors at the vicinity of sensing components’.

Recently, microwave planar resonator devices have demonstrated promising results for sensing applications.
They operate based on the interaction of electric fields with materials in the sensor’s near soundings. The dielec-
tric properties of materials (permittivity and conductivity) affect the electric field and consequently electrical
properties of the resonator such as the resonant amplitude, resonant frequency and quality factor**-*2. The planar
structure, simple fabrication process and robustness of microwave resonators make them attractive for a variety
of different applications, such as liquid monitoring in oil-sand****, gas sensing for environmental monitoring*
and studying nanomaterials and nanostructures*. These microwave and impedance-based measurement systems
have also measured the flow rate within channels and tubes but they have used the flow discontinuity in form of
droplets or particles transported with respect to the support fluid. The utilization of such discontinuity is chal-
lenging for bioreactors and OOCs due to their harmful impact on cultured cells. All above, the existing on-chip
integrated flow sensors are not suitable for miniaturized bioreactors and OOCs. There are yet challenges for the
development of flow sensors compatible with complex microfluidic bioreactors and the long-term and real-time
monitoring the flow rate with minimal limitations in system-level integration and full automation.

In the present work, a robust, portable and scalable flow sensor relying on microfluidic and microwave tech-
nologies is presented for the real-time, long-term, noncontact and nonintrusive detection of flow rate in micro-
fluidic environment. The flow sensor detects the flow rate with the resolution of 1 ul/min, with the detection limit
of 0.5 ul/min, within the detection range of 0.5-300 ul/min. The high performance of this sensor is sourced from
the high sensitivity of the integrated thin circular membrane to the pressure change resulted from the fluid flow;
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Figure 1. The microwave-microfluidic flow sensor. (a) Schematic design of the flow sensor integrating the
microfluidic chip with the microwave resonator. (b) The flow through the microchannel deforms the thin
polymer layer detectable by the change of permittivity of the environment measured by the resonator placed
underneath. (c) The fabricated microwave-microfluidic resonator. Scale bar: 5 mm.

the specific design of microwave platform; and the presence of the thin membrane interfacing the electrodes
and the fluid. Compared to other lab-on-chip compatible flow sensors, this novel flow sensor has the advantages
of (a) providing a noncontact mode for integration to measure a wide range of flow rates in a reasonably linear
response, and (b) high sensitivity and non-intrusiveness performance that can be highly beneficial for OOCs. The
flow sensor demonstrated its long-term performance for monitoring the flow rate of cell culture medium stably
and with compatibility with the environment of cell culture incubators. The simulation results confirmed that the
flow rate functions noninvasively within micro-bioreactors, making it a harmless flow sensor for OOC platforms.
While we focused on the flow sensing specific for OOCs, the accurate and high-speed measurement of complex
permittivity of fluidics such as ethanol and water is also demonstrated to show its broad applications for biomed-
ical and energy sectors with the potential of in-line assembly to microfluidics of any kind.

Results and Discussion

Deflection of the membrane and measuring the fluid flow. The flow of liquid through the micro-
channel passing over the thin circular membrane deforms the membrane and alters the effective permittivity of
the medium above the sensor (Fig. 1).

The Reynolds number remains below 0.1 within the flow range of 1-300 ul/min tested in this work, there-
fore the laminar flow condition remains valid for the flow simulation purposes. Based on the simulation of
Navier-Stokes and continuity equations as well as the force applied to the membrane under constant pressure, the
deformation of the 3mm diameter membrane with the thickness of 100 um is presented in Fig. 2a. Given the small
gap of 400 um devised between the electrodes surface and the circular membrane in the non-deformed state, the
deformed membrane bulges freely for the flow rate range of 0-300 ul/min, where the deflection remains below
400 um (Fig. 2b). The deformation of the large membrane at the flow rate of 100 ul/min is shown in Fig. 2a. For
the flow rates of above 330 ul/min with the minimum deflection of 400 um at the center of the large membrane,
the membrane is subjected to an upward force resulted from the interaction of the membrane and the electrode
surface.

Against all channel-suspended cantilever-based flow sensors, this membrane flow sensor is embedded at bot-
tom of the microchannel, where the flow rate right at the surface of the membrane is zero and therefore its defor-
mation is independent from the parabolic nonlinear flow profile over the circular membrane?.

The electromagnetic field of resonator and the flow rate. According to the field distribution in
proximity of the resonator, any deflection (bulging) of the thin membrane changes the effective permittivity
experienced by the resonator, and as a result, alters the effective capacitance of the resonator and the electrical
parameters of the sensor such as resonant frequency and resonant amplitude. Since the microwave planar reso-
nators are operational based on the dielectric properties of the medium over the sensitive region of the micro-
wave sensor, the type of liquid inside the microfluidic channel impacts the frequency response of the resonator
(Fig. 3a,b). HFSS electric field simulation is performed to demonstrate the field variation along the axis perpen-
dicular to the surface of the resonator device. According to the results, the electric field is 10 times smaller at
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Figure 2. The numerical simulation of the membrane deformation. (a) The pressure distribution within the
channel and the deformation of the large membrane (3 mm diameter) under the flow rate of 100 ul/min. The
flow rate of 100 ul/min produced a flow pressure of 6 KPa over the membrane, resulted in a maximum deflection
of 260 um. (b) The numerical simulation of the membrane deformation (diameter: 3 mm, thickness: 100 um) in
response to different flow rates in the range of 10-300 pl/min.

3 mm distance from the resonator sensor than its value on the resonator surface (Fig. 3c). Therefore, the HFSS
simulation confirms that the sensor can measure the flow rate noninvasively within micro-bioreactors, making
it a harmless flow sensor for OOC platforms. A simulation is also performed for two different liquids of water
as the base material and ethanol as an arbitrary liquid, where water (¢ =79, tand=0.02) and ethanol (e = 16,
tand=0.02) are introduced into the microchannel. Also HFSS simulation illustrates that as the bulging increases,
the variation for both liquids shows decreasing linear behavior (Fig. 3d,e inset). As expected, as the bulging
increases, the effective permittivity increases and therefore the resonance frequency reduces.

The performance of the flow sensor is examined from several aspects, such as sensing range, accuracy,
response to flow fluctuation, leaking, reproducibility and long-term detection within the incubator, applicable
for further integration into microfluidic-based bioreactors. Applying a pressure to the membrane results in its
downward deformation. The release of pressure over the membrane leads to an upward movement to its iso-
volumetric relaxation, which is demonstrated by the electrical signal of the sensor (Fig. 4). Two circular-shape
membranes with the thickness of 100 um and different diameter sizes of 3 mm and 1.5 mm are tested in flow range
of 0-250 ul/min. The size of the membrane can be, however, customized based on the flow-rate range to achieve
the highest precision and accuracy. As shown in Fig. 4a, the measured resonant amplitude is scattered and not
reliable and repeatable for the large membrane (3 mm diameter) in the flow range below 12 ul/min whereas very
repeatable and stable results are observed for flow rates higher than 12 ul/min. The transient measurements are
repeated for 5 times and results with associated error bars are presented in Fig. 4c. The instability at low flow rates
may be sourced from the high aspect ratio of the membrane (diameter: thickness is 60:1) as this instability is not
detected for the smaller membrane (1.5 mm diameter). The small membrane demonstrates reliable performance
with clearly distinguishable results at flow rates below 50 ul/min (Fig. 4 b,d). The microwave senor demonstrates
areal-time and linear response with both membranes at the desired flow ranges.

Both resonant amplitude and frequency of the sensor demonstrate variations during the flow against the
zero-flow condition. As shown in Fig. 5a and b, the results are repeatable, robust and reliable for the membrane
with 3mm diameter. The flow range is set to 1 to 300 ul/min. The settling time constant is extracted for resonant
amplitude and resonant frequency response of the sensor using a curve fitting to the first order exponential equa-
tion for each flow rate. During the relaxation period (flow is zero), the time constant is 3+/— 0.2 min. The time
constant of the sensor response for the duration when the flow is set to a constant value is flow dependent which
is an increasing function of flow rates.

Under the flow experiment, the sensor can detect a maximum flow of 300 ul/min and a minimum flow rate
of 0.5 ul/min. The sensitivity of the sensor is defined as the frequency shift over flow variation and determined
to be 169 kHz/(ul/min). This sensor demonstrated the ability to detect abrupt flow changes and monitor the flow
inside the fluidic network. In the case of priority to the actuation time, the sensor’s respond time could be further
improved by modifying the physical properties of the membrane. The 100 times reproducibility testing of the
sensor under the flow rate of 5ul/min in a 20 /20 s (on/off) manner showed that this flow sensor could accurately
and reliably measure the flow rate with the variation of less than 5%. The deformation of the membrane did not
generate any bubble during the long-term performance of the sensor which demonstrates its non-disruptive per-
formance to the normal flow of fluids within the channel. Also the membrane in its free standing condition (in
absence of the resonator) withstands the deformation of about 1.2 mm under the flow pressure before any occur-
rence of membrane breakage or leakage at the inlet. This demonstrates that the membrane thickness of 100 pm is
a reliable thickness for the effective performance of sensor within the flow rate of 1-300 ul/min.

The experimental results show that the flow sensor with the large membrane (3 mm diameter) functions lin-
early within the flow rate of 1-150 ul/min, while the linear range response of the small membrane is within the
1-100 pul/min. The nonlinear response of the PDMS material under large deformation and nonuniform change of
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Figure 3. Changes in electric field of the resonator versus bulging of the circular thin membrane. (a) The
implemented microfluidic-microwave sensor in HFSS. (b) The electric field distribution in front of the
resonator in the sensitive region at the resonant frequency. (c) The HFSS simulation confirms that the electric
field is 10 times smaller at 3 mm distance from the resonator sensor than its value on the resonator surface.
Therefore, the flow sensor can measure the flow rate noninvasively within microchannels. (d) The resonant
profile (S21) for different deflection of the membrane with water content (e =79, tand=0.02). (e) The resonant
profile (S21) for different deflection value of the membrane with ethanol content (¢ = 16, tand=0.02).
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Figure 4. The response of the flow sensor to different flow rates. (a) The behavior of large membrane (3 mm
diameter) integrated to the microwave resonator sensor in response to flow-rates versus time. The resonant
amplitude is presented in blue and the flow rate is presented in red. (b) The behavior of small membrane

(1.5 mm diameter) integrated to the microwave resonator sensor in response to flow-rate versus time. (c) The
variation of resonant amplitude according to different flow-rates in large membrane-integrated microwave
resonator (3 mm diameter). (d) The variation of the resonant amplitude with respect to different flow-rates in
small membrane-integrated microwave resonator (1.5 mm diameter).
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Figure 5. The response of the flow sensor with large membrane (3 mm diameter) to different flow rates
following reset condition. (a) The transient response of resonant amplitude variation with respect to the flow
rate change. (b) The transient response of resonant frequency variation with respect to the flow rate change. (c)
The resonant amplitude against flow rate associated with a fitting curve. (d) The resonant frequency against flow
rate associated with a fitting curve.

permittivity above the sensing site may contribute in nonlinear response of the resonator signal for the flow rates
of above 150 ul/min. Moreover, the pick and place testing is also performed to assess the sensitive sensitivity to the
alignment of microfluidic over that of resonator. The results showed that the pick and place testing has the error
below 2% as long as the width of microchannel is less than the gap between the two electrodes.

It is noteworthy to mention that the delay on the response might be due to the fluidic damping factors of the
fluidic network from the syringe site to the local sensing point as well as the damping properties of the detection
system including the membrane and the electronic system. While the membrane deformation in this work is used
for flow sensing, with some modification on the design and incorporation of several circular membranes along
the channel, this membrane-based flow sensor can be used for non-contact and non-intrusive measurement of
pressure and viscosity of fluids within microchannels. The dielectric constant of the media resulted from the iron
concentration, polarization charge and double layer thickness may affect the measured microwave profile and
parameters of the flow sensor. Incorporation of two resonators in series or parallel for differential measurements
can compensate the dielectric constant of the media, as demonstrated somewhere else***’. The first resonator
can measure the liquid permittivity in no bulging site of the channel while the second resonator can measure the
microwave parameters right over the bulging membrane. The difference between the measured signals of these
two resonators is related only to the bulging effect of the membrane and can measure the flow rate independent
from the dielectric constant of the media.

Long-term performance of the flow sensor in cell culture incubator.  The flow sensor is placed
inside the cell culture incubator (ThermoFisher) to examine its stability for long-term monitoring the flow rate in
microbioreactors in 37°C, 5% CO, environment and 100% relative humidity, and the flow rate is monitored for 15
hrs continuously. The results show that the signal is stable with 2% error. The small signal drift at a few minutes of
the detection might be due to the effect of humidity fluctuation on the sensor performance. The initial flow rate
is set to 10 pl/min for 100 min and then changes to 50 ul/min for 100 min. To demonstrate the repeatability of the
measured results, the flow is set back to 10 pl/min for the rest of experiment (~11hours). The transient response
of the microwave sensor for two flow rates is presented in Fig. 6.

While the flow sensor performance is validated for the flow rates of 1-300 ul/min, the flow sensor can be
further modified by changing the dimensions of the membrane or coating stiffer materials like poly(methyl
methacrylate) (PMMA) over the thin PDMS membrane to enable detection of much higher flow rates for high
pressure liquid and gas detection. The thin layer made of PDMS material in the present study can be fabricated
from other biocompatible polymers. However, changing any of these parameters may lead to a different operating
flow ranges, and sensor resolution and sensitivity. Also incorporation of several of these membranes at different
positions of microfluidic network or high-throughput fluid system enables time to time detection of flow rate
and possibly the pressure at any desired channel network using the pick and place method. When designing the
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Figure 6. The response of the sensor to two different flow rates of 10 and 50 ul/min in the incubator (37 °C, 5%
CO,, 100% RH). (a) transient response of the resonant amplitude variation with respect to flow rate change. (b)
transient response of the resonant frequency variation with respect to flow rate change.

microsystem, users can decide the position on which the detection zone is placed to measure the localized flow
by leaving the membrane along the desired channel. Also the detection range and sensitivity of the flow sensor
developed in this work meet the requirement of OOCs but further improvement can be implemented to enhance
the sensitivity and possibly reach the high-resolution sensing within the range of tens of nl/min achieved by SiN
or SU8 cantilevers®.

Conclusion

A highly sensitive, noncontact and non-intrusive flow sensor based on integrated microwave- microfluidic tech-
nologies is presented. The deformable membrane is fabricated in PDMS and is simply designed as part of the
microfluidic network design. The integration of thin film membrane enables monitoring of fluid behaviour. The
membrane is designed such that different bulging occurs depending on the flow rate. Consequently, this behav-
iour is monitored using planar microwave ring resonator. The influence of membrane thickness and diameter on
the device performance is characterized. The flow sensor has a linear response in the range of 0-150 ul/min for the
optimal sensor performance. The highest sensitivity is detected to be 0.5 pl/min for the membrane with the diam-
eter of 3 mm and the thickness of 100 um. Further optimization on the membrane diameter and thickness can
enhance the sensitivity and detection limit. To the best of our knowledge, this is the first microfluidic-microwave
flow sensor that uses the thin layer interfacing for high-performance flow sensors enabling the flow detection
without any need to a discontinuity phase like particle or droplet in the flow. Compared to other on-chip flow
sensors, this novel flow sensor is non-contact with no interference with the main flow through the microchannels,
easy to fabricate, compatible with the multilayer soft lithography fabrication process of OOCs, without requiring
much space. It also has the capability of integrability to high-throughput systems to measure the flow rate at
several different points of interest with no extra complexity to the chip design or incorporation of bulky optical
systems. The membrane remains in deformed state under the flow and does not block the flow pathway, therefore
opposed to microcantilever sensors, it introduces minimal fluid noise to the circulatory network. As the primary
application, the flow sensor developed in this work is highly well-suited to be integrated with micro-bioreactors
and OOC:s for long-term detection of flow rate in real-time. This sensor, however, could be useful for a variety
of other applications including flow cytometry, cell sorting, nanoparticle synthesis and droplet control within
microfluidics.

Materials and Methods

Structure and sensing principles. The flow sensor demonstrated in this work consists of a circular
membrane that is integrated with a microchannel and placed on top of the sensitive region of the stand-alone
microwave resonator (Fig. 1). The flow of the liquid over the PDMS membrane deforms the membrane and
alters the effective permittivity of the medium above the sensor. A microstrip ring resonator structure is chosen
for the microwave sensor due to its planar configuration and producing a single sensitive spot at its slit. The
resonator operates in its half wavelength resonant mode and is coupled to input/output port capacitively. The
effective permittivity variation in microfluidic channel is then traced as the frequency shift of the microwave
resonator. The PDMS material is chosen for the microfluidic system due to its exclusive features related to bio-
medical applications including biocompatibility, gas permeability, deformability and chemically inert function.
Also PDMS can easily attach to glass and other PDMS layers to make multilayer complex microfluidic devices.
It is also a user-friendly material due to is adaptability for creating any type of geometries and thicknesses using
replica molding and soft lithography technologies. PDMS is also a low-loss microwave transparent. The device
is fabricated with a hybrid low-cost technique which combines the PDMS soft lithography and the printed
circuit board (PCB) fabrication processes. The permanent deflection of the membrane deflection under the
flow condition in combination with the low stiftness of the PDMS membrane result in a high-performance flow
sensor with low power consumption and capability of noncontact detection of the flow rate. No extra on-chip
integration of optical or electronic components is required which simplifies the miniaturization, integration
and handling.
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Microfluidic chip. The microfluidic chip is fabricated by plasma bonding of the two PDMS layers. The fluidic
layers are fabricated by molding the PDMS material (10: 1 weight ratio of prepolymer: curing agent) on SU8 mold
using the established protocols*. The thick PDMS layer that contains the microchannel design is cast on the mold
and baked in an oven for 3 hrs at 80 °C. After curing, the PDMS replica is peeled off from the SU8 mold. The
thin PDMS layer that contains the thin circular membrane design is fabricated by spinning a PDMS precursor
(10: 1) on a silanized glass slide and cured for 3 hrs at 80 °C. The spinning rotation speed is adjusted to achieve
desired thickness of the coated PDMS layer. The inlet and outlet of the microchannel on the thick PDMS layer
are punched (ID 1.5 mm) to generate holes for connecting the chip to metal connectors and tubing seals. The two
PDMS layers are then aligned irreversibly and bonded with plasma treatment (Plasma Etch PE25) for 45 s at the
power setting of 15 W. The assembly is then heated in the oven for 1 hr at 80 °C to strengthen bonding.

The width of the target microchannel for which the flow rate is measured can be independent from the diam-
eter of the circular membrane flow sensor. This enables a high flexibility to integrate the sensor along with a wide
range of channel sizes and opens up an avenue for measuring potentially the flow rate at several measurement
points in a microfluidic network, applicable to estimate the pressure in the channels. For our experiments, the
size of microchannel is fixed to 500 um x 40 um x 2 mm for width x height x length. Two different circular mem-
branes with diameters of 1.5 mm and 3 mm are tested. Various thicknesses of PDMS ranging from 10-200 um are
examined but the membrane thickness of 100 um is determined to be optimal as it is thin enough for high sensi-
tive resonator function and thick enough to withstand the flow pressure generated for the desired range of flow
rate. The microchannel is connected to a fluidic inlet linked to the syringe pump while the outlet is connected to
the atmospheric pressure. The thin PDMS layer seals the microchannel and acts as an insulator layer between the
electronic layer and the fluid to avoid the galvanic contact. The insulator layer also prevents issues associated with
double-layer capacitances while preventing the degradation of electrodes and offering benefits for the measure-
ment repeatability and sensor lifetime*®.

Simulation of membrane bulging versus flow rate. To determine the effect of fluid-structure inter-
action on the deformation of circular PDMS membrane in a laminar Newtonian regime, three-dimensional,
incompressible Navier-Stokes and continuity simulations are implemented using Comsol Multiphysics as
follows:*

pg—‘t‘ + plu. V)u = — V. [pI + 7(Vu + (Vu)")]

—V.u=0 (1)

Where p, 1, u, and p are the fluid density, dynamic viscosity, velocity vector field and pressure, respectively.
Generally, the structural deformation and deflection of the circular membrane resulting from the moving fluid
can be calculated by the displacement-force relationship of an elastic membrane shown in equation (2)*.

Fr=—n. (—pl + n(Vu + (Vu))) (2)

where Fr is fluid loading that consists of pressure and viscous forces and n is normal vector of the boundary. The
first term on the right side of equation (2) is the pressure gradient extracted from the fluid simulation results.
The second term is the viscous component of the force that depends on the dynamic viscosity and velocity of the
fluid. However, given the large deformation of the PDMS membrane under the flow rate of 1-300 ul/min and
viscoelastic properties of PDMS material for large deformations, the deflection of the membrane follows the large
displacement equation experimentally validated for PDMS material (equation 3)*%.

(1o

w= 0.474 ,
Eh

3)

where w is the maximum deflection of the membrane, r is the membrane radius, E and v are the Young’s modulus
and the Poisson’s ratio of the membrane material, respectively, and h is the thickness of the PDMS membrane. The
PDMS thin circular membrane is considered isotropic with estimated E and v values of ~800 kPa and 0.45*4%4,
The velocity on the walls is zero in a laminar flow regime due to the dominant viscous force. The flow rate has a
maximum value in the middle of the microchannel and is zero at the walls including the region next to the circu-
lar membrane since it is located at the bottom wall of the microchannel. The viscosity of ethanol, water and cul-
ture medium is 0.001 Pa.s, 8.9 x 10~ Pa.s, and 0.001 Pa.s, respectively. The viscosity of culture medium remains
constant in ambient and culture incubator temperature.

Microwave flow sensor fabrication. The microwave sensor structure is an open-ended half wavelength
ring resonator, fabricated on a high-performance microwave substrate from Rogers (RT/duroid 5880). The sub-
strate has a thickness of 0.79 mm and electrical permittivity and loss factor of 2.2 and 0.0009, respectively. The
microwave substrate has copper layers on the top and bottom surfaces as conductive layers with thickness of
35um. To transfer the resonator pattern onto the substrate, conventional low-cost printing circuit board tech-
nique using chemical etchant is used in room temperature. The implemented resonator has a microstrip struc-
ture with two input microstrip signal lines which are coupled electrically to the resonator loop. The microstrip
structure has the width of 1.5 mm, the resonant loop of 29 mm and with the coupling gap of 0.3 mm between
the signal line and the loop. The fabrication error is less than 5% for minimum features of 0.3 mm. The micro-
wave resonator operates at the resonant frequency of 4 GHz with quality factor of 200 where no PDMS layer is
in its near vicinity.
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Simulating the change of electric field of the resonator in response to flow change. To charac-
terize interaction of the electric field of the resonator with the flow inside the microfluidic channel and the bulg-
ing of the membrane, a three-dimensional (3D) model is implemented in high frequency structural simulation
(HFSS©) software (Fig. 3a). The cross section of the implemented sensor in HFSS is shown in Fig. 3b. The deflect-
ing membrane is placed in the most sensitive region of the resonator, where the electric field is intense and has its
maximum value. The electric field in front of the sensor and in a plane vertically aligned with the sensor surface
is presented considering no liquid (¢, = 1) within the microfluidic channel. The microfluidic channel layer is con-
sidered 400 um above the sensor surface, where the electric field can interfere with the membrane deflection. The
simulation parameters in HFSS software are set as: the maximum number of passes for adaptive solution equal to
30; maximum Delta S of 0.001; and a fast sweep type with the frequency span of 3-4 GHz with 2001 number of
points. The simulation is performed in a vacuum box with the boundary condition of radiation for its walls. 50
lumped excitation ports are defined for two signal lines.

Flow testing. To evaluate the sensing dynamic range and the accuracy of the measurement, a step flow pro-
file is applied with the flow rate of 10-50 ul/min and 200-400s of holding time (Fig. 4). To test the response of
the sensor to flow fluctuations, flow pulses are induced in an increasing, decreasing or on/off manners using a
syringe pump. The electrical signal for on and off states are recorded continuously to investigate the response
time of the sensor to flow changes. The microwave frequency response is recorded for different flow rates follow-
ing a zero-pressure (pump off). The data is automatically collected every 10 seconds using a LabView equipped
vector network analyzer form National Instruments (VNA NI PXIe-1075). Although the response time of our
flow sensor is much smaller than the 10 second collection period we were limited by the data acquisition time
required for the VNA and LabVIEW for high precision measurements. All experiments are carried out at room
temperature unless otherwise mentioned. To assess the performance of the flow sensor for biological applications,
the Dulbecco’s modified eagle medium (DMEM) is flowed into the microchannel over the membrane, and the
coupled microfluidic-microwave system is placed inside the cell culture incubator with 37 °C and 100% relative
humidity (RH). The flow rate is altered within the corresponding flow range of 1-20 ul/min as used in majority of
microbioreactors and OOCs. The liquids are injected into the flow sensor by syringe pump (Harvard PHD 2000).

References
1. Stone, H. A,, Stroock, A. D. & Ajdari, A. Engineering flows in small devices: microfluidics toward a lab-on-a-chip. Annu. Rev. Fluid
Mech. 36, 381-411 (2004).
2. Yang, A. H. & Soh, H. T. Acoustophoretic sorting of viable mammalian cells in a microfluidic device. Analytical Chemistry 84,
10756-10762 (2012).
3. Zhao, X. et al. Injectable stem cell-laden photocrosslinkable microspheres fabricated using microfluidics for rapid generation of
osteogenic tissue constructs. Advanced Functional Materials 26,2809-2819 (2016).
4. Chong, Z. Z. et al. Active droplet generation in microfluidics. Lab on a Chip 16, 35-58 (2016).
5. Conde, A. J. et al. Continuous flow generation of magnetoliposomes in a low-cost portable microfluidic platform. Lab on a Chip 14,
4506-4512 (2014).
6. Meng, Z. J. et al. Microfluidic generation of hollow Ca-alginate microfibers. Lab on a Chip 16, 2673-2681 (2016).
7. Esch, E. W,, Bahinski, A. & Huh, D. Organs-on-chips at the frontiers of drug discovery. Nature Reviews Drug Discovery 14, 248-260
(2015).
8. Capulli, A. et al. Approaching the in vitro clinical trial: engineering organs on chips. Lab on a Chip 14, 3181-3186 (2014).
9. Chen, Y. et al. A microfluidic circulatory system integrated with capillary-assisted pressure sensors. Lab on a Chip 17, 653-662
(2017).
10. Zhang, Y. S. et al. A Multi-Sensor-Integrated organ-on-chips platform for automated and continual in-situ monitoringof organoid
behaviors. Proceedings of the National Academy of Sciences 114(12), E2293-E2302 (2017).
11. Mousavi Shaegh, S. A. et al. A microfluidic optical platform for real-time monitoring of pH and oxygen in microfluidic bioreactors
and organ-on-chip devices. Biomicrofluidics 10, 044111 (2016).
12. Kumar, S. et al. Microfluidic-integrated biosensors: Prospects for point-of-care diagnostics. Biotechnology Journal 8, 1267-1279
(2013).
13. Noh, J., Kim, H. C. & Chung, T. D. in Microfluidics 117-152 (Springer, 2011).
14. Yi, P, Awang, R. A., Rowe, W. S., Kalantar-Zadeh, K. & Khoshmanesh, K. PDMS nanocomposites for heat transfer enhancement in
microfluidic platforms. Lab on a Chip 14, 3419-3426 (2014).
15. Cheri, M. S., Shahraki, H., Sadeghi, J., Moghaddam, M. S. & Latifi, H. Measurement and control of pressure driven flows in
microfluidic devices using an optofluidic flow sensor. Biomicrofluidics 8, 054123 (2014).
16. Zhao, Y. et al. Optofluidic imaging: now and beyond. Lab on a Chip 13, 17-24 (2013).
17. Shao, J. et al. Integrated microfluidic chip for endothelial cells culture and analysis exposed to a pulsatile and oscillatory shear stress.
Lab on a Chip 9, 3118-3125 (2009).
18. Trietsch, F, Snijder, R. J., Kloosterziel, C. & van den Heuvel, D. A. Pulmonary artery embolization for refractory hypoxemia caused
by invasive mucinous adenocarcinoma. Journal of Thoracic Oncology 8, e15-e16 (2013).
19. Ingber, D. E., Levner, D., Thompson III, G., Fernandez-alcon, ]. & Hinojosa, C. D. (Google Patents, 2014).
20. Chen, G., Svec, E. & Knapp, D. R. Light-actuated high pressure-resisting microvalve for on-chip flow control based on thermo-
responsive nanostructured polymer. Lab on a Chip 8, 1198-1204 (2008).
21. Kim, D., Chesler, N. C. & Beebe, D. J. A method for dynamic system characterization using hydraulic series resistance. Lab on a Chip
6, 639-644 (2006).
22. Sessoms, D. et al. Droplet motion in microfluidic networks: Hydrodynamic interactions and pressure-drop measurements. Physical
Review E 80, 016317 (2009).
23. Konig, J., Voigt, A., Biittner, L. & Czarske, J. Precise micro flow rate measurements by a laser Doppler velocity profile sensor with
time division multiplexing. Measurement Science and Technology 21, 074005 (2010).
24. Nezhad, A. S. et al. PDMS microcantilever-based flow sensor integration for lab-on-a-chip. IEEE Sensors Journal 13, 601-609 (2013).
25. Zhu, Y., Chen, B., Qin, M. & Huang, Q.-A. 2-D micromachined thermal wind sensors—A review. IEEE Internet of Things Journal 1,
216-232 (2014).
26. Noeth, N., Keller, S. S. & Boisen, A. Integrated cantilever-based flow sensors with tunable sensitivity for in-line monitoring of flow
fluctuations in microfluidic systems. Sensors 14, 229-244 (2013).

SCIENTIFICREPORTS| (2018) 8:139 | DOI:10.1038/s41598-017-18621-2 9



www.nature.com/scientificreports/

27. Collins, J. & Lee, A. P. Microfluidic flow transducer based on the measurement of electrical admittance. Lab on a Chip 4, 7-10
(2004).

28. Suter, J. D. et al. Label-free quantitative DNA detection using the liquid core optical ring resonator. Biosensors and Bioelectronics 23,
1003-1009 (2008).

29. Attia, R., Pregibon, D. C., Doyle, P. S., Viovy, J. L. & Bartolo, D. Soft microflow sensors. Lab on a Chip 9, 1213-1218 (2009).

30. Kartalov, E. P, Maltezos, G., French Anderson, W., Taylor, C. R. & Scherer, A. Electrical microfluidic pressure gauge for elastomer
microelectromechanical systems. Journal of Applied Physics 102, 084909 (2007).

31. Chung, K, Lee, H. & Lu, H. Multiplex pressure measurement in microsystems using volume displacement of particle suspensions.
Lab on a Chip 9, 3345-3353 (2009).

32. Wang, L. et al. Polydimethylsiloxane-integratable micropressure sensor for microfluidic chips. Biomicrofluidics 3, 034105 (2009).

33. Chen, Y.-A. et al. Generation of oxygen gradients in microfluidic devices for cell culture using spatially confined chemical reactions.
Lab on a Chip 11, 3626-3633 (2011).

34. Liu, M.-C. et al. Electrofluidic pressure sensor embedded microfluidic device: a study of endothelial cells under hydrostatic pressure
and shear stress combinations. Lab on a Chip 13, 1743-1753 (2013).

35. Ezkerra, A., Ferndndez, L., Mayora, K. & Ruano-Loépez, J. Fabrication of SU-8 free-standing structures embedded in microchannels
for microfluidic control. Journal of Micromechanics and Microengineering 17, 2264 (2007).

36. Lien, V. & Vollmer, F. Microfluidic flow rate detection based on integrated optical fiber cantilever. Lab on a Chip 7, 1352-1356
(2007).

37. Zhang, Q. et al. A self-bended piezoresistive microcantilever flow sensor for low flow rate measurement. Sensors and Actuators A:
Physical 158, 273-279 (2010).

38. Noeth, N., Keller, S. S. & Boisen, A. Fabrication of a cantilever-based microfluidic flow meter with nL min— 1 resolution. Journal of
Micromechanics and Microengineering 21, 015007 (2010).

39. Alfadhel, A, Li, B., Zaher, A., Yassine, O. & Kosel, J. A magnetic nanocomposite for biomimetic flow sensing. Lab on a Chip 14,
4362-4369 (2014).

40. Su, L., Mata-Contreras, ., Vélez, P. & Martin, F. Configurations of splitter/combiner microstrip sections loaded with stepped
impedance resonators (SIRs) for sensing applications. Sensors 16,2195 (2016).

41. Bou-Maroun, E. et al. Feasibility of a microwave liquid sensor based on molecularly imprinted sol-gel polymer for the detection of
iprodione fungicide. Sensors and Actuators B: Chemical 244, 24-30 (2017).

42. Zarifi, M. H. & Daneshmand, M. Wide dynamic range microwave planar coupled ring resonator for sensing applications. Applied
Physics Letters 108, 232906 (2016).

43. Zarifi, M., Farsinezhad, S., Abdolrazzaghi, M., Daneshmand, M. & Shankar, K. Selective microwave sensors exploiting the
interaction of analytes with trap states in TiO, nanotube arrays. Nanoscale 8, 7466-7473 (2016).

44. Zarifi, M. H., Shariaty, P, Abdolrazzaghi, M., Hashisho, Z. & Daneshmand, M. Particle size characterization using a high resolution
planar resonator sensor in a lossy medium. Sensors and Actuators B: Chemical 234, 332-337 (2016).

45. Zarifi, M. H,, Shariaty, P., Hashisho, Z. & Daneshmand, M. A non-contact microwave sensor for monitoring the interaction of zeolite
13X with CO, and CH, in gaseous streams. Sensors and Actuators B: Chemical 238, 1240-1247 (2017).

46. Zhang, L. et al. Highly sensitive microfluidic flow sensor based on aligned piezoelectric poly (vinylidene fluoride-trifluoroethylene)
nanofibers. Applied Physics Letters 107, 242901 (2015).

47. Zarifi, H. et al. Effect of phosphonate monolayer adsorbate on the microwave photoresponse of TiO2 nanotube membranes mounted
on a planar double ring resonator. Nanotechnology 27, 375201 (2016).

48. Zheng, S., Liu, M. & Tai, Y. C. Micro coulter counters with platinum black electroplated electrodes for human blood cell sensing.
Biomedical Microdevices 10,221-231 (2008).

49. Cheri, M. S. et al. Real-time measurement of flow rate in microfluidic devices using a cantilever-based optofluidic sensor. Analyst
139, 431-438 (2014).

50. Chiou, C. H,, Yeh, T. Y. & Lin, J. L. Deformation analysis of a pneumatically-activated polydimethylsiloxane (PDMS) membrane and
potential micro-pump applications. Micromachines 6, 216-229 (2015).

51. Hung, P. ], Jeong, K., Liu, G. L. & Lee, L. P. Microfabricated suspensions for electrical connections on the tunable elastomer
membrane. Applied Physics Letters 85, 6051-6053 (2004).

Acknowledgements

This work was supported by the Alberta Prion Research Institute, Alberta Innovates BioSolutions, ALS Canada/
Brain Canada, and the Natural Sciences and Engineering Research of Canada. The authors would like to
acknowledge Canada Research Chair program and CMC Microsystems.

Author Contributions

M.Z. and H.S. conceived and designed the experiment. M.Z. and H.S. performed the experiment. M.Z., H.S.,
H. H., M.D. and A.S.N. interpret the results. M.Z. and A.S.N. wrote the manuscript. All authors contributed
to the manuscript.

Additional Information
Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS| (2018) 8:139 | DOI:10.1038/s41598-017-18621-2 10


http://creativecommons.org/licenses/by/4.0/

	Noncontact and Nonintrusive Microwave-Microfluidic Flow Sensor for Energy and Biomedical Engineering

	Results and Discussion

	Deflection of the membrane and measuring the fluid flow. 
	The electromagnetic field of resonator and the flow rate. 
	Long-term performance of the flow sensor in cell culture incubator. 

	Conclusion

	Materials and Methods

	Structure and sensing principles. 
	Microfluidic chip. 
	Simulation of membrane bulging versus flow rate. 
	Microwave flow sensor fabrication. 
	Simulating the change of electric field of the resonator in response to flow change. 
	Flow testing. 

	Acknowledgements

	Figure 1 The microwave-microfluidic flow sensor.
	Figure 2 The numerical simulation of the membrane deformation.
	Figure 3 Changes in electric field of the resonator versus bulging of the circular thin membrane.
	Figure 4 The response of the flow sensor to different flow rates.
	Figure 5 The response of the flow sensor with large membrane (3 mm diameter) to different flow rates following reset condition.
	Figure 6 The response of the sensor to two different flow rates of 10 and 50 µl/min in the incubator (37 °C, 5% CO2, 100% RH).




