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ABSTRACT

Real-time observation and control of particle size and production rate in microfluidic devices are important capabilities for a number of
applications, including the production, sorting, and manipulation of microbubbles and droplets. The production of microbubbles from
flow-focusing microfluidic devices had been investigated in multiple studies, but each lacked an approach for on-chip measurement and
control of microbubble diameter in real time. In this work, we implement a closed-loop feedback control system in a flow-focusing micro-
fluidic device with integrated on-chip electrodes. Using our system, we measure and count microbubbles between 13 and 28 um in diameter
and control their diameter using a proportional-integral controller. We validate our measurements against an optical benchmark with
R? = 0.98 and achieve a maximum production rate of 1.4 x 10°/s. Using the feedback control system, the device enabled control in micro-

bubble diameter over the range of 14-24 um.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0005205

I. INTRODUCTION

Microbubbles (MBs) have been developed and widely studied
in medical ultrasound applications. For example, MBs can be used
for contrast enhancement,”” therapy,™ localized drug and gene
delivery,”” and sonothrombolysis to promote recanalization in
ischemic stroke.””'* The most widely employed method to produce
MBs involves agitation or sonication of gas-saturated surfactant dis-
persions and results in polydisperse MB populations that must often
be size sorted prior to in vivo intravenous administration."'’"
However, microfluidic designs such as T—junction,zo coflow,”’ and
flow-focusing are capable of producing monodisperse populations of
microbubbles without the need for size sorting, although at signifi-
cantly reduced production rates relative to agitation and
sonication.””™*” MBs produced by microfluidic devices also have the
advantage of real-time tunability in terms of size, production rate,
and temporal stability.”>*>*>*° Flow-focusing microfluidic devices
(FFMDs), in particular, focus a gas thread between two liquid flows,
and monodisperse MBs are released from an outlet port at a produc-
tion rate that is typically between 10* and 10° MBs/s.>**

As a practical matter, the limited production rate and the low
stability of microfluidic generated MBs have precluded the
approach’s adoption for most applications. However, in the context

of sonothrombolysis, the combination of large MBs, low produc-
tion rate, and low stability is advantageous. This combination
provides an optimal design in terms of potential efficacy and
safety.”” However, real-time production of MBs would, logically,
require close monitoring of the number and diameter of MBs in
order to provide adequate quality control and assurance of clini-
cal efficacy and safety. A measure of MB count, diameter, and
conclusive verification of no fault condition(s) being present
(e.g., a “blow through”) must be considered.

Additionally, other microfluidic applications may also benefit
from real-time control and measurement during the production of
on-chip particles. Bubble size determines the ultrasound resonance
frequency as well as the selection of imaging frequency. In drug
delivery and therapeutic applications, larger MBs are associated
with greater bioeffects.”” For reactions and mixing in microfluidic
devices, droplet size is significant to the reaction rate.”® In this
context, real-time monitoring and control of production parame-
ters is crucial for further adoption of microfluidic devices in
various applications.

At high production rates in FFMDs, a feasible way to measure
the nonconductive particle size in microfluidics systems is by a
resistive method using the Coulter principle.”’™** Coulter counters
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are widely used in sizing and counting cells and colloidal parti-
cles.”””* The sensor detects the resistance perturbation that is pro-
portional to a particle’s volume while the particle passes through
the sensing zone. Miniaturization and integration of the Coulter
counter within the microfluidic device result in what is referred to
as a micro-Coulter particle counter (CPC),” enabling real-time
particle measurement in a lab-on-a-chip environment.””> Previous
studies proposed a new FFMD design with integrated CPC that
succeeded in offline characterization of MB diameter and produc-
tion rate.”” This measurement utilized a compensation method that
required a priori knowledge of the device’s operating parameters,
but the approach can be modified to enable real-time MB diameter
control in FFMDs.

A possible control scheme for MB diameter involves real-time
measurement of the MB diameter in situ and the use of a feedback
controller to adjust flow and/or pressure conditions and thereby
produce MB of a desired diameter.”**® In this method, the input
parameters are adjusted by comparing the diameter and production
rate of the produced MB to the desired diameter. Miller et al. dem-
onstrated that the implementation of a proportional-integral (PI)
control system enabled droplet production of a required size, mea-
sured by a high-speed camera, with limited knowledge of the fluid
material properties.”® Similarly, Fu et al. verified electrical detection
to be effective for droplet size measurements in a T-junction.’®
However, the production rates in these systems were less than 50
particles per second,’>”® which is several orders of magnitude less
than the MB production rate of FFMDs.

In this study, we propose a real-time measurement method
and a closed-loop feedback system to control the diameter of MBs
produced at the expanding nozzle of an FFMD with an integrated
CPC. In addition to enabling real-time control over the operating
parameters of the FFMD, the control system monitors the produc-
tion of MBs and detects abnormal operational states of the FFMD.
Ultimately, this monitoring system provides real-time feedback
regarding the operation of the FFMD, which is required to meet
the anticipated safety and efficacy requirements of future clinical
translation.

Il. METHODS
A. Device fabrication and microbubble production

The FFMD was composed of a microfluidic channel and a
500-um thick glass wafer with 11 electrodes. The microfluidic
channel was fabricated by a custom SU-8 (3025, MicroChem,
Newton, MA, USA) developed mold. The channel pattern was
developed to be 20 um in height, and cast with polydimethysilox-
ane (PDMS) (Sylgard 184, Dow Chemical, Midland, MI, USA), as
previously described.”® A glass wafer served as a substrate and stan-
dard liftoff techniques were used to fabricate the electrodes.’”*”
Photoresists LOR10B and AZ4110 (MicroChem, Newton, MA,
USA) were applied on the glass wafer, which was later patterned
with a transparent photomask. An electron beam evaporation
system was used to sputter 20 nm titanium (Ti)/100 nm platinum
(Pt) on the substrate. After deposition, the extraneous metal was
removed by a standard lift-off technique. The PDMS microfluidic
device channels were aligned with the electrodes patterned on the
glass wafer by a custom 3D positioning stage (Thorlabs Inc.,
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Newton, NJ, USA), and the PDMS channel and the borosilicate
glass wafer substrate were plasma bonded and immediately heated
at 70°C for 1 h.

MBs were produced using a liquid phase of bovine serum
albumin (4% weight/volume BSA) and dextrose (10% weight/
volume) dissolved in isotonic saline (0.9% NaCl) and a dispersed
phase of 99.995% purified nitrogen (Praxair Inc., Danbury, CT,
USA). The liquid phase was administered by a syringe pump (PhD
2000, Harvard Apparatus, Holliston, MA, USA), and the dispersed
phase was supplied by an electronic regulator (PC-series, Alicat
Scientific, Tucson, AZ, USA). Both phases were introduced to the
FFMD channels by microbore PTFE tubing of 762 um outer diam-
eter. The FFMD was operated within the field of view of an IX51
microscope (Olympus, Center Valley, PA, USA) and continuously
observed in real time.

B. Finite element analysis

Finite element analysis (FEA) was performed using COMSOL
4.4 (Burlington, MA, USA) to estimate the impedance between elec-
trodes in the expanding nozzle when excited by a 4 V,,, 1 MHz
signal. The FEA setup was based on the measured geometry from the
FFMD image under the microscope. Figure 1(d) depicts the electrode
setting of the device. The proximal electrode was 9 um wide and
18 um away from the expanding nozzle. The distal electrode was
10 um wide and 34 um away from the expanding nozzle. The distance
between electrodes was 15um. The detection region was 20 um tall
with an expanding nozzle that expanded 65° with respect to the
nozzle. The electrode design was optimized for MBs between 8 and
25um, so the electrode output was sensitive to MB diameter when
using an excitation signal of 1 MHz excitation frequency.”>” The
design was fabricated and verified in a previous study.””

The impedance between electrodes was simulated using the
following procedures: (1) the newly produced MBs passed through
the detection region, while the adjacent MB stayed still; and (2) the
simulation was designed to model MB aggregation as they flowed
through the expanding nozzle. MBs were modeled to exit the
expanding nozzle at a constant rate. The center of the MB were at
10 um height, the center of the channel. The diameter of MBs was
varied from 14 to 26 um, and the location of the center of the adja-
cent MB was set above both edges and the center of the distal elec-
trode. For MBs of 14-20um diameter, a newly produced MB
traverses the detection region and collides with another MB at
three different locations [Fig. 3(a)]. For MBs of >20um diameter,
only one MB passage was simulated because MBs of such diameter
are larger than the detection region and channel height. The
maximum impedance change is associated with the total conduc-
tivity in the detection region, so the diameter of the MB dominates
this value. The location of the adjacent MB also affects the total
nonconductive volume. However, its contribution to the impedance
should be less significant than the newly produced MB because it is
farther from the proximal electrode.”

C. Signal acquisition and signal processing

The impedance difference between electrodes in the expanding
nozzle was detected by a Wheatstone bridge excited by a 4 V,,
1 MHz sinusoidal waveform. One branch of the Wheatstone bridge
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FIG. 1. Schematic of the closed-loop control FFMD system. (a) Working principle of the control system. A PI controller regulates input gas pressure based on the
measured diameter. (b) The output of the Wheatstone bridge is amplified and connected to a data acquisition system. (c) Image of a benchtop FFMD with uCPC.
(d) Produced MBs traverse the detection region of electrodes. The other electrodes monitor the flooded situation inside the PDMS channel.

included electrodes within the expanding nozzle and a 30 k<2 resis-
tor. The other branch consisted of a potentiometer and a 30kQ
resistor to balance the impedance ratio. The bridge was prebalanced
at each initialization when only the liquid phase passed through
the detection region. The output of the bridge was amplified by an
LM6171 (Texas Instruments, Dallas, Texas) differential amplifier
with a 4-fold gain.

The output of the circuit and the reference excitation signal
were sampled using LabVIEW (National Instruments, Austin, TX,
USA) by a data acquisition system (ATS460, Alazar Technologies
Inc., Pointe-Claire, QC, Canada). The data were acquired at 10M
samples/s for a 32 768-sample-point record and coherently demod-
ulated using quadrature demodulation in LabVIEW to extract the
impedance signal.””***" This signal was filtered using a 10th-order
Butterworth low-pass filter with 300 kHz cutoff. Subsequently, the
maximum voltage in each microbubble transit period was selected
by a peak detection algorithm written in MATLAB (Mathworks,
Natick, MA, USA) and averaged over the record. The voltage after
processing was denoted as time-average maximum voltage (V pax)-
The MB production rate was calculated using the time difference
between maxima in each record,

. No. of maxima — 1
production rate = —————, @
tlast — tﬁrst

where f1,; is the time of the last maximum signal and ¢ is the
time of the first maximum signal. After collection of both electrical
signal and images for five flow rates (Q,), a cubic polynomial func-
tion of diameter vs time-averaged maximum voltage was computed
in MATLAB to permit future monitoring and control of MB

diameter. At the same time, we contend that the MB count is accu-
rate. So long as the signal associated with the MB transit is detect-
able, there is no plausible error and no ideal reference standard is
available. For example, when using optical observation of MB pro-
duction, the limited frame count in high speed photography (24
frames in our case) is a more serious limitation to accurate count-
ing than exists with continuous Coulter-based measurement of
the same production instance.”> The comparison between our
electrical method and optical method is included in Fig. S4 in the
supplementary material.

D. Closed-loop feedback control

Feedback from the real-time diameter measurements of
MBs was used to adjust the input pressure of the dispersed phase
[Fig. 1(a)]. A proportional-integral (PI) controller program written
in LabVIEW was used to calculate the adjusted amount of pressure
based on the difference between the measured diameter and the
setpoint diameter. The following equation can be used to parame-
terize the control schematic:

u(t) = K, (e(t) + % Jt e(r)dr) N (2)

iJo

where e(t) is the difference between a setpoint diameter Dieypoine
and a measured diameter D,eq5ured> K. is the proportional gain, T;
is the integral time constant, and u(t) is the adjustment value. To
adjust the parameters of the PI controller, the commonly used
Ziegler-Nichols method was applied to determine the PI control-
ler’s proportional gain K, and integral time T;."” A range of K.
values were applied on the proportional-only feedback control
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system to determine the ultimate gain K, at which the output
started to have a stable oscillation with a oscillation period T,,.
After the P-only evaluation, the PI controller parameters can be
calculated by

K. = 0.45K,,, (3)

T = T,/1.2. 4

In the feedback control system, the electrical signal responsive to
instantaneous MB diameter was sampled and the input gas pressure
was adjusted every 200ms in real-time experiments. The step
response of MB electrically determined diameter from 18 to 20 um
was recorded using different PI parameters. Another test was per-
formed to ascertain the system response of the feedback control
system with different step sizes. MBs stabilized at an electrically
determined diameter of 18 um were increased to between 19 and
24 ym at an interval of 1 um, repeating three times for each step size.

Finally, MB diameters were adjusted in a stepwise fashion
across a large diameter range (Q. = 20uL/min). To assess the
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precision of our system in specifying MB diameter, diameter was
stepped between 18 and 24 um at a step size of 0.5um every 30s.
To determine the maximum possible range of specified MB diame-
ters, diameter was stepped between 14 and 24 um at a step size of
2 um every 30s.

Ill. RESULTS
A. Microbubble production by FFMD

MBs generated by FFMD are shown in Fig. 2(c), and electrical
signals collected by the detection circuit are illustrated in Fig. 1(b).
The height of the channel in the FFMD was between 20 and
22 ym, and the width of the nozzle was approximately 6 um. The
input gas pressures and flow rates were varied from 51 to
103 kPa and from 16 to 28 uL/min, respectively. The MB diame-
ters ranged between 13.2 and 28 um at production rates between
45 x 10* and 140 x 10> MBs/s. The MB production rate was
limited by (i) the strength of adherence of PDMS to the glass
wafer substrate and (ii) the need to produce monodisperse MBs,
as significant jumps in pressure would lead to MBs with notice-
ably polydisperse populations.
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FIG. 2. (a) Modulated MB signal and (b) a high-speed optical image of MBs were captured simultaneously. (c) Demodulated MB signal were acquired by the absolute
value of quadrature demodulation. The peaks of the demodulated signal were selected and averaged over the sampling. (d) Optically determined diameter vs

time-averaged maximum voltage.
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B. FEA results

The schematic of an FEA simulation is illustrated in Fig. 3(a).
The FEA results in Fig. 3(b) reveal that the maximum impedance
measured for a given MB is affected mostly by the MB diameter
and less so by the locations of adjacent MB. The maximum imped-
ance occurs when the center of an MB enters the inner region
between the electrodes and matches our previous findings.”> The
total conductivity is associated with the addition from the volume
of the adjacent MB, but the adjacent MB being far from the proxi-
mal electrode reduces its contribution to total conductivity.

The maximum impedance with varying locations of adjacent
MB was simulated from a diameter of 14-20um. MB from 22 to
26 um was simulated without an adjacent MB, since MBs of these

(a)
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FIG. 3. FEA results of MBs travel through detection electrodes. (a) The traverse
of an MB through the detection region and moved close to the adjacent MB at
three different locations. (b) The impedance of 16 and 20 um MB passage as
previously described. (c) The impedance maxima of 14-26um MBs were
plotted.
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dimensions were larger than the detection region. The simulation
result was plotted in Fig. 3(c) to display the relation between MB
diameter and maximum impedance induced by MB. As depicted in
Fig. 3(c), the diameter-impedance relationship is nonlinear. To
compute the diameter in real time, a cubic polynomial was used to
represent the relation in practical measurements as the change in con-
ductivity is a function of the volume of liquid displaced by the MB.

C. Electrical detection of MB diameter

The electrical signal was collected [Fig. 2(a)] and demodulated
[Fig. 2(c)] as described above. The dashed line in Fig. 2(d) depicts
the fitting function to be used in monitoring MB diameter. Region
I is an unstable zone, where there are no MBs but the demodulated
signal is larger than 0V, whereas region II is the measurable range.
A cubic polynomial fit was performed between optically deter-
mined diameters and corresponding Vimax. The fitting result is
illustrated in Fig. 2(d) and is described by the following equation:

Ditectrical = —457.75V> +271.55V7_ + 37.86V nay
+12.99, ®)

where Dejeciricat i the MB diameter in um. The equation applies
when 0.020 < Vppex < 0.165 V.

Validation data were also collected to test the accuracy of the
model. Eleven high speed images and corresponding electrical
signals were collected with the same method as a validation set.
The electrically determined diameters calculated by Eq. (5) were
compared to the optical diameters in Fig. 4. The root mean
squared error of the electrically determined diameters to the optical
diameters was 0.53 um, while the R? value was 0.98.

The model fit of MB diameter vs time-averaged maximum
voltage was used to attain an equation relating the electrically deter-
mined MB diameter and electrical measurement of impedance
change. The system acquired measurements of MB diameter every
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FIG. 4. Validation data of electrically determined diameter vs optically
determined diameter. R? = 0.98.
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0.2 s, enabling real-time implementation of a feedback controller to
adjust the setpoint diameter.

D. Characterization of FFMD feedback control system

A PI controller was implemented as in Fig. 1(a). When K, was
increased to 0.1, the system reached ultimate sensitivity** and oscil-
lated as shown Fig. S1 in the supplementary material, with a period
of approximately 4s. From Egs. (3) and (4), K. and T; were esti-
mated to be: K. = 0.045 and T; = 3.3s.

MBs were produced from 18 to 20um under three sets of
parameters in Fig. 5. Initially, the electrically determined MB diam-
eter was stabilized at 18um and the setpoint diameter was
increased to 20 um; therefore, the input gas pressure was adjusted
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FIG. 5. Step responses of closed-loop control FFMD system with three different
sets of parameters. (a) Increase from 18 to 20 um. (b) Decrease from 20 to
18 um.
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by e(t). With increasing integral time in the PI controller, the over-
shoot decreased as anticipated and the system settling time was
short (<20s) in Fig. 5(a). When the integral time constant was too
small (1.8s), the system exhibited a larger oscillation and longer
settling time. The result was different when it came to reducing the
MB diameter. The time required to reduce MB diameter was short-
ened by releasing gas pressure of the regulator. The regulation of
increasing and decreasing pressure is achieved by different motions
of mechanical parts within the regulator, so the control of diameter
in Figs. 5(a) and 5(b) behaves differenﬂy.43 It takes longer to
reduce the inner pressure of the gas channel than it does to inflate
the channel by the same pressure. As expected, the rate of pressure
loss in Fig. 5(b) using different parameters was basically the same.

Figure 6(a) demonstrates the response of the system at varying
setpoints. The difference between the original and the destination
setpoint diameter determined the requisite gas pressure change and
the settling time. The destination setpoint diameter was associated
with the pressure that was needed to maintain the MB diameter.
As observed, when the MB diameter was changed from 18 to
24 um, the electrically determined diameter took longer to settle
and demonstrated more obvious fluctuations than cases in which
the destination diameter was closer to the setpoint diameter.

The relative input gas pressure to the initial pressure at t = 0's
was recorded in Fig. 6(b). The change in pressure was related to the
destination setpoint. A linear fit was performed for pressure vs
time when the electrically determined diameter became stabilized
(>155). The rate of pressure change was linear with respect to the
setpoint diameter (R? = 0.99). This suggests that to maintain a
stable diameter in an FFMD, the input pressure should change
with a constant rate for a fixed flow rate.

E. Multiple step changes of diameter

The multiple setpoint experiments used a PI controller with
K. =0.045 and T; = 3.3s. Electrically determined diameters of
MBs and corresponding input gas pressure were recorded, in Fig. 7(a),
with an increment of 0.5 um and also in Fig. 7(b), with an increment
of 2um. The video of Fig. 7(b) is provided in the supplementary
material.

With different step sizes, when the MB diameters were large
(>20um), the variation of the electrically determined diameters
was significantly higher than those of smaller MBs. The oscillation
in larger MBs was caused by the oscillation in input pressure. As
discussed before, the pressure rate of change for larger MB was
greater than for smaller MBs.

IV. DISCUSSION

The FFMD was designed to optimize the detection of imped-
ance changes induced by the passage of large MBs (10-25um)
through the Coulter sensing zone. The electrode spacing and excita-
tion frequency was optimized in silico for peak sensitivity when
sensing MBs of diameter between 8 and 25 um, permitting real-time
control of MB diameter using a closed-loop feedback control system.
Remote monitoring and control of MB diameter within these ranges
was successfully demonstrated across MB setpoint values between 14
and 24 ym with effective settling times of less than 10's.
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FIG. 6. Step responses of feedback control FFMD with various destination set-
points at a flow rate of 22ul/min with K; =0.045 and T; =3.3s. (a)
Measured diameter of different setpoint diameters from 18 um. The dashed line
is the setpoint diameter. (b) Relative measured input gas pressure over time.
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Change rate of relative pressure 15-36 s vs setpoint diameter.

The use of a control system to maintain a constant MB diame-
ter is essential. As suggested in Figs. S2 and S3 in the supplementary
material, when the input pressure of the gas regulator remained
constant after disabling the controller, the production of MBs drifted
to the steady state and the oscillation of MB diameter tended to
increase. These undesirable effects were mitigated by the introduction
of the controller, which actively adjusted the input gas pressure to
maintain a constant MB diameter.

Unexpectedly, the gas pressure and the liquid flow rate required
to maintain a specific MB diameter are not static parameters, but

ARTICLE scitation.org/journal/bmf

rather must be modified dynamically to maintain stable MB produc-
tion. In the FFMD design studied, maintaining MB production at
large diameters (>18um) required a continuously increasing gas
pressure. This may be due to material compliance along the length
of the gas tubing and the gas channel within the FFMD, in addition
to a pressure drop when the electronic regulator delivers gas into the
microfluidic device’s gas orifice. As a result, while MB diameter
remained fixed, the MB production rate varied with increasing gas
pressure, suggesting that both MB diameter and MB production rate
cannot be controlled by only modulating the gas pressure. A poten-
tial consequence of continuously rising pressure is that it may lead
to either the failure of the FFMD or the inability to exert input gas
pressure beyond regulator’s range. When designing these systems,
the material properties are critical factors to consider. The bond
strength of the PDMS and glass wafer is weakest near the metalized
electrodes, which can result in bond failure and leakage of liquid and
gas near the electrodes. To improve the robustness of the design and
to potentially mitigate the need to continually adjust the gas pressure
in order to maintain a stable MB diameter, it may be worthwhile to
consider alternative materials for liquid/gas phase delivery and
FEMD construction. In particular, fused silica capillary tubing exhib-
its minimal elastic deformation in response to increased pressure, as
has been used as conduit in high-pressure FEMD applications.’
Similarly, the FFMD channels may be etched in glass or silica to
yield a rigid, noncompliant design with high bond strength.

Another noticeable phenomenon observed when modifying
the MB diameter was the difference in the system’s step response
when enlarging or shrinking the MB diameter. When using a step
of same size (2 um), the settling time when enlarging the MB diam-
eter was approximately three times less than when reducing the
MB diameter. The observed difference in settling time is due to the
working principle of the pressure regulator, which depressurizes
much slower than it pressurizes. To rapidly reduce the MB diame-
ter, a quick drop in pressure is required. Therefore, it is possible to
insert an electronically controlled pressure-relief valve to accelerate
depressurization. However, this scheme requires the coordination
of two actuators, and the pressure-relief valve should only be acti-
vated when the setpoint diameter is lower than the previous set-
point. This is a feasible extension of the system studied in this work
and may be required for some applications.

During MB production, a large change of input gas pressure
led to instability of the system. An immediate jump in gas pressure
larger than 2kPa or multiple jumps of pressure larger than 5kPa
resulted in the production of polydisperse microbubbles or gas
thread blowing through the nozzle. To avoid the production of
polydisperse MBs or gas blow-through, multiple small step
increases or decreases in MB diameter (Fig. 7) were implemented
to address the problem. A more sophisticated control method, not
implemented here, could be a ramped transition of MB diameter,
rather than a stepped transition. A feasible way to achieve this is to
linearly update the setpoint diameter at each measurement.
Notably, the demodulated signal is an appropriate indicator of
abnormal FFMD operation. The V.x value and its deviation are
useful to determine whether the FFMD is producing monodisperse,
polydisperse or no MBs. If the FFMD enters into an abnormal
state, one possible recovery method would be to constrain the gas
and liquid supply and reinitialize the system.
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Alternative on-chip measurement approaches exist for detecting
and measuring particle size, including optical techniques based on
light-scattering or light-blocking in the detection region of an
FFMD.*>** However, the advantages of using an electrical method
are that it enables: (1) miniaturization beyond that which is possible
for optical-based approaches, (2) robust operation without depen-
dence on precise optical alignment, and (3) facile integration into
medical catheters to enable remote operation for intravascular treat-
ment. Additionally, Coulter-based methods are likely lower-cost and
more reliably manufactured than optical-based approaches.

We elected to use an electronic gas regulator as the actuator of
the feedback control system. Feedback by adjusting the liquid flow
rate is an alternative method that was not studied in this work, but
is likely equally as effective. Although the motivation for the devel-
opment of a feedback control system stems from our target applica-
tion of sonothrombolysis, the method can be implemented in any
on-chip setting that requires real-time monitoring and control over
microfluidic particle production.

V. CONCLUSION

In the present study, a closed-loop feedback control system was
implemented in a benchtop FFMD with an integrated CPC. The
device was fabricated using micro-fabrication methods and demon-
strated production of MBs between 13 and 28 um. The CPC detected
the passage of MBs and the electrical signal was captured simultane-
ously with optical images. Simulation informed the relation of the
MB diameter and the maximum impedance, so that the time-
averaged maximum voltage was extracted from the electrical signal
and fit into a cubic polynomial with an optically determined diame-
ter. The empirical relationship between electrically and optically
determined diameters was measured and validated, enabling the real-
time measurement of MB diameter. A PI feedback controller was

160

70
180

incorporated into the system and adjusted the input gas pressure to
control the MB diameter. Different parameters were implemented
and the responses were characterized. The recorded pressure indi-
cated that the MB diameter from the FEMD design was associated
with the change rate of pressure. Further, by a multiple setpoint
scheme, MB diameters were varied from 14 to 24 um. The imple-
mentation of this method provides the advantage of blind operation
without a microscope.

SUPPLEMENTARY MATERIAL

See the supplementary material for the system response with a
proportional controller (Fig. S1), without a controller (Figs. S2 and
S3), and an example of the optical and electronic methods utilized
for counting MBs (Fig. S4).
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