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Abstract 

Flow focusing microfluidic devices (FFMDs) have been investigated for the production of 

monodisperse populations of microbubbles for biomedical engineering applications. High-speed 

optical microscopy is commonly used to monitor FFMD microbubble production parameters, such 

as diameter and production rate, but this limits the scalability and portability of the approach. In 

this thesis, a novel FFMD design featuring integrated electronics for measuring microbubble 

diameters and production rates is presented. A micro Coulter Particle Counter (µCPC), using 

electrodes integrated within the expanding nozzle of an FFMD (FFMD-µCPC), was designed, 

fabricated and tested. Finite element analysis (FEA) of optimal electrode geometry was performed 

and validated with experimental data. Electrical data was collected for 8-20 µm diameter 

microbubbles at production rates up to 3.25 x 105 MB s-1 and compared to both high-speed 

microscopy data and FEA simulations. Within a valid operating regime, Coulter counts of 

microbubble production rates matched optical reference values. The Coulter method agreed with 

the optical reference method in evaluating the microbubble diameter to a coefficient of 

determination of R2 = 0.91.  
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Chapter 1. Introduction 
 

1.1 Introduction to microbubbles 

Microbubbles are gaseous bubbles that are stabilized by a lipid, protein or polymer 

surfactant shell with diameters frequently between 1 and 4 µm.1,2 They are formulated to 

achieve a lifetime within the circulatory system on the order of approximately 10 minutes. 

Thus, their design requires a low solubility gas that is stabilized by a shell material (e.g. lipid 

monolayer) to minimize gas diffusion and prolong circulation. Microbubbles are approved by 

the FDA in the United States as a contrast agent for cardiac and liver imaging applications and 

are under investigation via clinical trials for applications in molecular imaging and therapy.3,4 

Microbubbles exhibit a unique frequency response to acoustic excitation. Acoustic 

excitation causes microbubbles to oscillate at the excitation frequency due to the 

compressibility of the gas core. In response, acoustic energy is emitted from microbubbles at 

harmonic and sub-harmonic frequencies. The acoustic response of microbubbles at non-

fundamental frequencies can be detected to differentiate microbubbles from soft tissue at high 

specificity and sensitivity.5-7 Furthermore, the strongest response a microbubble emits occurs 

at its resonant frequency, which is a function of its radius and the viscoelastic properties of the 

shell material. Often, microbubbles have a resonance frequency between 5 and 10 MHz, which 

overlaps with a broad segment of diagnostic ultrasound imaging frequencies and, thus, makes 

them exemplary contrast imaging agents.5  

In addition to diagnostic imaging applications, many therapeutic applications exist in 

which microbubbles may be beneficial. The same oscillatory behavior that benefits imaging 

applications can also be harnessed therapeutically. Specifically, the incident ultrasound energy 

on a microbubble causes rapid oscillation of the microbubble shell material that perturbs its 
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surrounding environment. Further, larger microbubbles exhibit greater bioeffects.8-12 Borrelli 

et al. reported improved clot dissolution for 3 µm MBs versus 1 µm MBs.9 Despite this finding, 

the diameter of the microbubble remains largely uninvestigated because groups investigating 

therapeutic applications of microbubbles13-21 have been confined to intravenous MB 

administration with commercially available MB formulations.22  

1.2 Introduction to microbubble fabrication techniques 

Microbubbles used for diagnostic imaging applications are conventionally fabricated by 

two batch methods, agitation and sonication. The mixture of a gas-saturated solution 

containing the microbubble shell material can produce in excess of 1 billion microbubbles of 

a polydisperse mix (diameters between 0.5 and 10 µm). The batch production methods are 

compatible with imaging applications because a great number of microbubbles are required to 

withstand intravenous injection, while stability is necessary to complete multiple passes 

through the circulatory system.23 

Alternatively, microbubbles may be fabricated in a serial manner by a microfluidic device, 

most commonly using flow-focusing microfluidic device (FFMD) design.24-27 Within a 

microfluidic device pressurized flows of liquid and gas are conveyed through microchannels 

and combine with high fidelity and repetition to fabricate microbubbles.28 Due to the highly 

precise and repetitive nature of the fluids, microbubbles are produced with diameters that are 

nearly uniform. In imaging applications, a monodisperse population of microbubbles can 

improve SNR of contrast-enhanced ultrasound imaging (CEUS).29 Furthermore, microbubbles 

fabricated using a microfluidic device can be tuned in size and temporal stability based on the 

application. Thus, instead of aiming for long circulation lifetimes, microbubbles can be 

fabricated to achieve transient stability by using higher solubility gases and weaker surfactant 
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shells.30,31. A microbubble with such a composition profile may then be fabricated in a 

microfluidic device at a vascular site only to be active at the intended therapeutic target before 

dissolving downstream and reducing the possibility of off-target effects.32 A core research 

initiative of our lab focuses on fabricating microbubbles via FFMDs that enable in situ MB 

production30,32,33 of large, transiently stable MBs (Ø > 10 um, half-life < 45 s) specifically for 

therapeutic applications, such as sonothrombolysis.   

1.3 Introduction to microbubbles for sonothrombolysis applications 

Sonothrombolysis is the combination of ultrasound and microbubbles, with or without a 

thrombolytic drug (commonly rtPA), to enhance the dissolution of blood clots in patients that 

present with thrombo-occlusive diseases, such as acute ischemic stroke, deep vein thrombosis, 

and pulmonary embolism.34-36 The first mechanism of sonothrombolysis is cavitation. Upon 

insonation, a microbubble that cavitates may undergo a violent collapse that chisels away the 

exterior and interior components of the clot.10,37 Second, microbubbles provide mechanical 

disruption at the clot surface via tunneling through the fibrin mesh of the clot, which enhances 

rtPA transport into deeper layers of the clot and increases the number of available binding sites 

for rtPA to disrupt the structure of the clot.38-43 

Sonothrombolysis was evaluated as a therapy for acute ischemic stroke in clinical trials to 

mixed results.34,35,44 The investigations demonstrated that while sonothrombolysis accelerated 

the rate of thrombolysis versus intravenous administration of rtPA, patients experienced an 

elevated risk of intracranial hemorrhage.  Low frequency (< 750 kHz) ultrasound in 

combination with rtPA increased risk of atypical hemorrhage, possibly due to the creation of 

standing pressure waves.43,45 Where diagnostic (> 1 MHz) ultrasound was used, symptomatic 
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hemorrhage rates were similar to existing therapies.34,35 Still, suboptimal ultrasound and 

microbubble protocols depress in vivo therapy performance.9  

Deep vein thrombosis may be another thrombo-occlusive disease that has the potential to 

benefit from sonothrombolysis therapy. DVT affects approximately 0.1% of adults in the 

United States annually.46,47 Standard treatment of acute DVT includes the administration of 

either unfractionated or low-molecular weight heparin followed by vitamin K antagonists such 

as warfarin (coumadin).48 The goals of anti-coagulant therapy are to prevent the extension of 

the blood clot, lower the incidence of pulmonary embolism and prevent recurrence of the 

disease.48,49 Approximately 25-50% of patients will experience venous dysfunction due to the 

insufficient recanalization of their afflicted vein and develop post-thrombotic syndrome 

(PTS).49,50 An additional approach is catheter-directed thrombolysis (CDT), in which a 

thrombolytic drug is administered locally at the venous thrombus, is effective at lysing the 

thrombus; however, many patients with residual or return thrombi may develop PTS.49,50 

Sonothrombolysis may be a compatible therapy to accelerate the removal of thrombi in DVT.  

1.4 Introduction to micro Coulter particle counters1 

The Coulter counter spurred a rapid evolution in the ability to quantify and differentiate 

cell populations.51,52 The Coulter Principle states that as a particle suspended in an electrolyte 

passes through a sensing zone (typically an orifice in the case of classical Coulter counters), 

the particle displaces the electrolyte within the sensing zone, giving rise to an impedance 

perturbation proportional to the particle volume.53-55 The impedance perturbation is measured 

                                                           
1 This section contains content from the following peer-reviewed conference and journal publications: 

JMR Rickel, AJ Dixon, AL Klibanov, JA Hossack. “A flow focusing microfluidic device with an integrated micro coulter particle counter for 
sequential production and characterization of size tunable microbubbles”. Lab Chip, 2018, 18, 2653 – 2664.  
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by applying a potential across two electrodes near the detection region and sensing the 

perturbation in electrical current flow. The fields of microfabrication and microfluidics56,57 

have provided a pathway to a miniaturized Coulter counter that is now frequently referred to 

as micro Coulter Particle Counters (µCPC).58-60 

Particles characterized by resistive pulse sensing include a variety of cell types, such as 

leukocytes and red blood cells, DNA, RNA, viruses, polystyrene beads, and oil-in-water 

emulsions.61-64 Applications range across diverse fields within biomedical research from whole 

blood counting65,66 to DNA sequencing through nanopores.62  
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Chapter 2. Investigation of micro Coulter particle counter geometries2 
 

2.1 Introduction 
 

Top-and-bottom electrode detection regions provide enhanced sensitivity to investigate 

particles;58 however, they require fabrication equipment that is not ubiquitous. Conversely, 

coplanar electrodes feature two electrodes on the same substrate. From an engineering perspective 

this design is easier to fabricate; however, the tradeoff is a larger detection region that inherently 

is less sensitive.58  

Most applications that use µCPCs investigate characteristics of solid particles that are 

conveyed through a microfluidic device.61-64,67,68 Few groups use µCPCs to investigate the 

production of microparticles produced by a microfluidic device.63,69-71 Design criteria are 

important to implementing a suitable detection region. First, the overall volume of the detection 

region needs to be considered. Second, the space between the electrodes and the width of 

individual electrodes. The overall impedance in the channel is important to obtaining a detectable 

impedance change.  Finally, the size of the particle to be interrogated is of utmost importance to 

achieving suitable performance. 

Conventionally, microbubble fabrication by microfluidic devices is monitored using high-

speed microscopy, which limits the scalability and portability of using microbubbles produced by 

an FFMD to a laboratory benchtop.  This thesis demonstrates the ability to fabricate an integrated 

FFMD-µCPC to characterize populations of microbubbles in situ by electrical impedance 

spectroscopy. 

                                                           
2 This chapter contains content from the following peer-reviewed conference and journal publications: 

JMR Rickel, AJ Dixon, AL Klibanov, JA Hossack. “A flow focusing microfluidic device with an integrated micro coulter particle counter for 

sequential production and characterization of size tunable microbubbles”. Lab Chip, 2018, 18, 2653 – 2664.  
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2.2 Materials and Methods 
 

2.2.1 Finite Element Analysis 

The microbubble used in this simulation was formed by creating a sphere of given diameter 

and using the difference feature to subtract the sphere from the simulation environment. Thus, the 

simulated microbubble is rigid, hollow, and does not feature a shell. A step size of 2.5 µm was 

used to advance the microbubble down the channel. The step size was determined to be an 

equitable compromise between fine spatial resolution and computational speed.  

The simulated geometry featured free tetrahedral mesh elements constrained to a user-

controlled setting of ‘extra fine’, in which the minimum element size was 0.54 µm and maximum 

element size was 12.6 µm. Electrodes were designed to be offset ~ 500 nm from the edges of the 

simulation environment to avoid internal errors and premature breakdown of the simulation caused 

by the minimum element size not being able to ‘fill’ that area. The walls of the simulation 

environment were all defined as insulating except for the electrodes which were identified as either 

the ground or terminal electrode. The study aimed to solve the following domain equations:  

𝛁 ∙ 𝑱 = 𝑸𝒋,           Equation 2.1 

𝑱 = 𝝈𝑬 + 𝑱𝒆,     Equation 2.2 

𝑬 = −𝛁 ∙ 𝑽,     Equation 2.3 

A numerical solution was determined with an iterative solver that used conjugate gradients 

method to solve the differential equations. Convergence to a given tolerance of error was used as 

the termination technique for each step.  
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FEA was performed using the AC/DC module of COMSOL Multiphysics (v. 4.4, 

Burlington, MA). Two discrete segments of the FFMD geometry (Figure 2.1A,B) were 

simulated – the detection region of the expanding nozzle defined by the detection region 

electrodes and the straight channel of the liquid inlet defined by the reference arm 

electrodes. The dimensions of the detection region were 20 µm tall with a 5 µm nozzle that 

expanded 65° with respect to the nozzle. The reference arm dimensions were 20 µm tall, 

50 µm wide and 100 µm long. All simulations used a 3 Vpp, 1 MHz sinusoid applied in a 

medium resembling 0.9% physiologic saline (σ = 1.6 S m-1; εr = 80).    

Three sets of simulations were designed to investigate various conditions encountered 

within the flow focusing microfluidic device. Simulations were designed to determine (i) 

the impedance magnitude at a defined frequency in the detection region and reference arm 

without the presence of a microbubble (Figure 2.1A,B); (ii) the impedance magnitude 

perturbation in the detection region caused by the passage of a single microbubble of 

selected diameters (Figure 2.1C) and (iii) the impedance magnitude perturbation in the 

detection region caused by a train of four microbubbles of various diameters and various 

centre-to-centre spacing (Figure 2.2D). 

Simulations were performed that quantified the impedance magnitude perturbation for 

microbubbles of various diameters against combinations of electrode widths and spacings 

(Figure 2.2 and Table 2.1). The first sets of simulations were devised to match the 

impedance magnitude in the detection region to the impedance magnitude in the reference 

arm. For example, the two detection region electrodes (ELD) were 10 µm wide and extended 

the width of the channel. The electrodes were spaced 15 µm apart from one another. The 

closest edge of the first electrode was 20 µm downstream of the nozzle. The simulation for 
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this design determined that the impedance magnitude is 30 kΩ in the detection region. After 

deriving the impedance magnitude in the detection region, a complementary electrode 

configuration was designed for the reference arm such that its impedance magnitude was 

also 30 kΩ. This electrode configuration was chosen specifically for its ability to interrogate 

15 µm diameter microbubbles and for its availability to be printed on a transparent 

photomask (discussed below) offering 10-fold cost savings and 50-fold time savings versus 

a chrome-on-quartz photomask providing an efficient way to add µCPC functionality to the 

FFMD.    

For the second set of simulations, a microbubble, modelled as a rigid, hollow sphere, 

was introduced and incrementally moved through the detection region (Figure 2.1C). The 

centre of the microbubble was positioned at the midpoint of the channel height, or z = 10 

µm, and at the middle of the expanding nozzle, y = 0 µm. The microbubble was moved 

through the detection region and the magnitude of impedance perturbation due to the 

movement of the microbubble was evaluated from the results.  

Finally, after simulating a single microbubble passing through the detection region, the 

simulation was adapted to accommodate multiple microbubbles passing in a single file line 

through the detection region. Centre-to-centre distance between successive microbubbles 

was varied to represent microbubbles generated at differing production rates.  
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2.3 Results 

2.3.1 FEA results from detection of a single microbubble  

FEA provided theoretical performance of the device for a single microbubble passing 

through the detection region. Figure 2.3A illustrates the FEA simulation environment used to 

determine in situ impedance magnitude modulation in the detection region and was previously 

described in Section 2.2.1. Figure 2.3B describes the impedance magnitude modulation as a 

Figure 2.1 Schematic of simulations performed. A) Combinations of the variables electrode space (kerf), ELSpace, and 

electrode width, ELWidth, in the expanding nozzle were simulated to determine impedance in the detection region 

without the presence of an MB. B) Combinations of the variables electrode space (kerf), ELSpace, and electrode width, 

ELWidth, in the reference arm were simulated to determine impedance in the reference detection region. C) Single MB 

investigation was performed by varying MB diameter, DMB. D) Multiple MB investigation was performed by varying 

MB diameter, DMB, and centre-to-centre distance, C2C.  
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function of microbubble position with respect to the nozzle. Each curve represents a microbubble 

of a given diameter between 7.5 and 17.5 µm incremented along the channel by 2.5 µm step sizes. 

The range of diameters simulated was determined by the physical constraints of the FFMD. 

Microbubbles larger than the height of the channel (> 20 µm) exhibit a deformed cylindrical shape 

and deviate from the characteristic spherical shape of microbubbles investigated in this study. 

Additionally, microbubbles produced in the geometrical controlled regime of the FFMD exhibited 

a minimum diameter of 8 µm, as determined by the nozzle width. Therefore, the study investigated 

the production of microbubbles between approximately 8 and 20 µm in diameter. The range of 

microbubble diameters investigated coincides with our intended application of improved 

sonothrombolysis.  

The cube root of the amplitude modulation provides an estimation of microbubble 

diameter. Thus, the electrical diameter, DE, is determined by the following equation:72  

Figure 1.2 Numerical studies simulating maximum impedance perturbation for single microbubbles traversing 

various electrode configurations. A maximum impedance perturbation is plotted as a percent change across a range 

of electrode kerfs. Electrode width is provided in the upper left of each subfigure. Each curve represents a single 

microbubble of a given diameter (5, 7.5, 10, 12.5, 15, 17.5 µm). 
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𝐷𝐸 = 𝐺𝐴𝑉𝐺∆𝑉1/3,           Equation 2.4 

Equation 1 depends on the following parameters: gain, GAVG = 23.4 µm V-1/3 (determined 

in silico for this experimental setup, see Table 2.2) and voltage modulation, ∆Vpp. The 

equation holds for the case when a single microbubble passes through the detection region 

without interference from adjacent microbubbles.   
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Table 2.1 Impedance change (%) for microbubbles across a range of diameters given different combinations of 

electrode width and spacing.  

Impedance change (%) for MBs transiting at midheight of channel (z = 10) 

Electrode Dimensions (µm) Microbubble Diameter (µm) 

Width Space (kerf) 5 7.5 10 12.5 15 17.5 

2.5 

5 1.01 1.50 2.53 4.89 9.34 21.60 

7.5 0.83 1.62 2.79 5.56 10.93 23.61 

10 0.84 1.35 2.72 5.88 11.60 23.73 

12.5 0.81 1.60 3.25 6.23 12.09 23.80 

15 0.57 1.43 3.24 6.01 12.00 23.19 

17.5 0.84 1.45 2.88 5.77 11.66 22.37 

20 0.66 1.36 2.81 5.82 11.46 21.93 

5 

5 0.92 1.95 2.97 5.91 11.61 24.78 

7.5 1.07 2.00 3.12 6.47 12.76 25.30 

10 0.85 1.72 3.36 6.73 12.81 24.80 

12.5 0.80 1.79 3.51 6.66 12.66 24.09 

15 0.92 1.68 3.44 6.58 12.49 23.33 

17.5 0.75 1.32 3.12 6.41 11.87 22.50 

20 0.72 1.63 3.31 6.22 11.74 21.77 

7.5 

5 1.70 2.34 3.94 7.08 13.00 24.92 

7.5 0.87 1.84 3.53 6.98 13.04 25.15 

10 1.01 2.00 3.55 7.16 13.35 24.10 

12.5 0.72 1.61 3.32 6.84 12.42 23.25 

15 0.97 1.60 3.32 6.59 12.40 22.42 

17.5 0.77 1.60 3.25 6.42 11.86 21.47 

20 0.81 1.62 3.20 6.29 11.36 20.40 

10 

5 1.73 2.45 3.93 7.11 12.57 23.79 

7.5 1.09 2.21 3.40 7.10 12.82 23.93 

10 1.22 1.82 3.36 6.86 12.40 23.00 

12.5 0.94 1.68 3.46 6.58 12.17 21.88 

15 1.05 2.06 3.39 7.04 11.90 21.15 

17.5 0.84 1.73 3.34 6.27 11.52 20.35 

20 0.71 1.37 2.91 6.04 10.57 19.22 
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Table 2.1 (continued) Impedance change (%) for microbubbles across a range of diameters given different 

combinations of electrode width and spacing. 

Impedance change (%) for MBs transiting at midheight of channel (z = 10) 

Electrode Dimensions (µm) Microbubble Diameter (µm) 

Width Space (kerf) 5 7.5 10 12.5 15 17.5 

12.5 

5 1.85 2.60 4.18 6.82 12.21 22.98 

7.5 0.90 1.89 3.64 6.75 12.35 22.77 

10 1.40 2.22 3.67 6.83 12.25 21.87 

12.5 0.98 2.05 3.68 6.73 11.91 20.94 

15 0.87 1.70 3.35 6.16 11.05 20.22 

17.5 0.89 1.49 3.19 6.01 10.86 18.86 

20 0.56 1.52 2.81 5.54 10.07 17.79 

15 

5 1.58 2.29 3.97 6.67 11.76 21.47 

7.5 1.41 2.04 3.57 6.59 11.73 21.72 

10 1.31 2.26 3.89 6.87 12.18 21.24 

12.5 1.06 1.84 3.43 6.36 11.15 19.70 

15 0.98 1.71 3.17 6.05 10.77 18.81 

17.5 0.89 1.67 3.10 5.74 10.27 17.72 

20 0.93 1.72 3.13 5.60 9.89 16.90 

17.5 

5 1.76 2.70 4.34 7.00 11.74 20.73 

7.5 1.14 1.88 3.51 6.56 11.27 20.57 

10 1.68 2.41 4.26 7.32 11.78 21.02 

12.5 2.06 2.37 3.60 6.72 11.20 19.29 

15 1.70 2.42 3.79 6.16 10.75 18.11 

17.5 0.82 1.52 2.97 5.47 9.44 16.72 

20 0.81 1.58 2.87 5.19 9.36 15.86 

20 

5 1.87 2.60 4.05 6.70 11.10 19.72 

7.5 3.10 3.48 4.71 7.28 12.03 20.92 

10 2.06 2.80 4.43 6.80 11.49 19.54 

12.5 1.10 1.91 3.38 6.06 10.33 17.65 

15 0.98 1.73 3.01 5.49 9.51 16.65 

17.5 0.83 1.48 2.80 5.24 9.22 15.58 

20 0.66 1.36 2.61 4.77 8.54 14.54 
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Figure 2.3 Single microbubble FEA investigation. (A) Microbubble (MB) through the expanding nozzle and passing 

over active and ground electrodes of a FFMD-µCPC – Modeled using COMSOL. (B) Normalized Ratio of impedance 

change for microbubbles of various sizes passing through the FFMD-µCPC. The red and black pairs of vertical lines 

denote the width and position of the active and ground electrodes in the expanding nozzle.  

 

2.3.2 FEA results from detection of multiple microbubbles  

The impedance magnitude curve for a train of four microbubbles of a given diameter 

and centre-to-centre spacing is presented in Figure 2.4A, in conjunction with a schematic 

explaining the centre-to-centre spacing variable. Figure 2.4B illustrates how the relative 

and absolute impedance magnitude changes as a function of spacing between consecutive 

15 µm diameter microbubbles. The absolute impedance magnitude increases as consecutive 

15 µm diameter microbubbles simultaneously traverse the detection region and, 

consequently, the signal is perceived as a larger microbubble rather than two smaller 

microbubbles. As shown in Figure 2.4C, the constructive interference between two 

microbubbles simultaneously passing through the detection region consumes greater than 
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90% of the sensors dynamic range as the centre-to-centre spacing approaches the diameter 

of the microbubbles.  

2.3.3 FEA model to correct for centre-to-centre distance dependant impedance change 

During instances of microbubbles impinging on one another’s electrical signal, the 

relative change in measured impedance magnitude attributable to each individual 

Figure 2.4 Multiple microbubble FEA investigation. (A) Top – Schematic detailing derivation of centre-to-centre (C2C) 

distance between microbubbles. Bottom – representative result of 15 µm microbubbles with 47.5 µm centre-to-centre 

spacing between each microbubble.  (B) Simulation results from multiple microbubbles of a given diameter passing over 

the electrodes highlight the signal dependence on centre-to-centre spacing between microbubbles. (C) Top – Simulation 

results indicating the impact of microbubble centre-to-centre spacing for different diameter microbubbles. Bottom – 

Normalized curve depicting the simulated data follows a cubic relationship.  
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microbubble is attenuated, and the formula for determining electrical diameter in the case 

of a single microbubble is no longer valid (Equation 2.4)). However, as shown in Figure 

2.4C, when the relative impedance magnitude curves for each microbubble diameter are 

normalized to their maximum value, a cubic relationship exists (red curve) between the 

relative scaling effect and the centre-to-centre distance (R2 = 0.99). Critically, the scaling 

effect is independent of microbubble diameter, which means Equation 2.4 can be modified 

by a scaling correction factor that accounts for the constructive interference caused by the 

presence of multiple microbubbles within the detection region. Thus, a corrected electrical 

diameter may be determined by the following equation: 

𝐷𝐸,𝑐𝑜𝑟𝑒𝑐𝑡𝑒𝑑 = 𝐶𝐹(𝑥)𝐺𝐴𝑉𝐺∆𝑉1/3,        Equation 2.5 

where 𝐶𝐹(𝑥), the corrective term, is a function of 𝑥, the centre-to-centre spacing, and is 

derived from a linear regression of curvilinear data relating the normalized impedance 

magnitude to the centre-to-centre distance between microbubbles, as shown by the red 

curve in Fig. 2.4C.  𝐶𝐹(𝑥) takes the form of, 

 𝐶𝐹(𝑥) = 𝑐1𝑥3 + 𝑐2𝑥2 + 𝑐3𝑥 + 𝑐4,         Equation 2.6 

where values for c1, c2, c3, and c4 can be found in Table 2.2 and fit the simulated curves in 

Figure 2.4C. Values of 𝐶(𝑥)range between 1 and 20 (unitless) and are valid for production 

rates between 0 and 3.25 x 105 MB s-1 as determined empirically. The correction factor and 

compensation method presented in this work is analogous to a compensation method 

correcting for the positional dependence of particles traversing a channel with coplanar 

electrodes proposed by Errico et al.72 This regression will be described in the ‘calibration 

method’ section of the methods (denoted as ‘2.’ in Figure 3.3) and will be further 

characterized in section 3.3.4.  
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Table 2.2 Values of coefficients that determine the curves produced by Equations 2.6 and 3.1. The curve in the top 

subplot of Figure 2.4C uses the 10 – 17.5 µm microbubble (MB) coefficients. The curves in the bottom subplot of 

Figure 2.4C and Figure 3.7B use the normalized value ‘c’ coefficients. The surface plot of Figure 3.7A uses the ‘b’ 

coefficients. 

 

 c1 c2 c3 c4 

10 µm MB -1.498 x 10-4 

-3.487 x 10-4 

-7.965 x 10-4 
-1.184 x 10-3 

1.428 x 10-2 

3.283 x 10-2 

7.649 x 10-2 

0.1132 

-0.3208 

-0.7598 

-1.938 
-2.755 

2.149 

5.463 

15.58 

21.30 

12.5 µm MB 

15 µm MB 
17.5 µm MB 

normalized value -5.437 x 10-5 5.144 x 10-3 -0.1183 0.8366 

 b1 b2 b3 b4 

value 33.224 -1.1904 x 10-4 -7.4976 x 10-2 6.223 x 10-12 

 

2.4 Discussion 
 

A limitation of the FEA simulations is that a constant spacing is maintained between the 

microbubbles as they flow through the expanding nozzle, which does not account for the 

reduction in speed out of the nozzle of microbubble approximately 40-50 µm downstream 

of the nozzle. The observed decrease in velocity by the microbubble occurs while it is 

within the detection region, specifically over the ground electrode, and thus still imposes 

and consequently interferes with the modulated electrical signal detected. It is possible to 

mitigate this effect by shortening the width of the coplanar electrodes, thereby decreasing 

the length of the detection region. Interestingly, simulation results predict detection does 

not improve by an appreciable amount due to the change in coplanar channel geometry; 

however, the pulse width does narrow as expected. One would expect an enhanced ability 

to distinguish production rates < 3.25 x 105 MB s-1 and, consequently, a decreased 

dependence on applying a production rate correction factor. 
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2.5 Conclusions 
 

Simulations informed the design of the electrode detection region and established the 

theoretical performance of the FFMD-µCPC device. Single microbubble simulations 

established the maximum impedance magnitude modulation within the detection region. 

Multi-microbubble simulations established the anticipated impedance magnitude 

modulation for microbubbles of a given diameter at variable production rates and 

established a relationship to relate the simulated centre-to-centre distance between 

successively produced microbubbles to a correction factor. Further, a finite element 

analysis model was developed to be one component of a calibration method that accounted 

for the interference resulting from the presence of multiple microbubbles in the detection 

region simultaneously.  
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Chapter 3. Development of a benchtop flow focusing microfluidic 

device with integrated electrical characterization of monodisperse 

microbubbles3 
 

3.1 Introduction 

µCPCs enable the analysis and size measurement of single particles of interest in a lab-on-a-

chip environment using electrical or optical methods of measurement.67,68 Optical methods 

incorporate waveguides and optical fibers to detect light-scattering or light-blocking during the 

passage of a particle through the detection region.73,74 Methods of electrical interrogation of 

particles and cells include impedance-based approaches using DC or AC excitation to measure 

volume.58,75,76 Capacitive sensors have been employed to measure two-phase flow in microfluidic 

devices.77,78 The resistive pulse sensor is the dominant practical approach.53,61,79  

Many impedance-based spectroscopic devices have developed diverse methods to 

enhance particle sensing by electrode configuration,58,80 hydrodynamic focusing,58,59,66,81,82 

physical noise reduction techniques83,84 and signal processing.85-87 Innovation has also 

occurred with respect to enhancing throughput of the devices by utilizing multiple 

apertures60,88 and radiofrequency transmission.89 Reasons for relatively low throughput 

include the need for dilute suspensions of particles for individual detection through micron-

dimensioned channel constrictions to avoid coincident particle detection and device 

clogging. However, pressure-driven flow allowed Fraiken et al. to achieve detection of > 5 

x 105 nanoparticles s-1 through a nanopore constriction.90  

                                                           
3 This chapter contains content from the following peer-reviewed conference and journal publications: 

JMR Rickel, AJ Dixon, AL Klibanov, JA Hossack. “A flow focusing microfluidic device with an integrated micro coulter particle counter for 

sequential production and characterization of size tunable microbubbles”. Lab Chip, 2018, 18, 2653 – 2664.  

JMR Rickel, AJ Dixon, AL Klibanov, JA Hossack. “A flow focusing microfluidic device with an integrated micro coulter particle counter for 
sequential production and characterization of size tunable microbubbles.” IEEE International Ultrasonics Symposium (2017), Washington, 

DC, USA. 
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Driven by application-specific requirements, most µCPCs process particles from off-

chip sources (e.g. blood), convey them into an inlet, through the detection region, and out 

of the device. However, µCPCs have also been applied to the detection of particles 

produced in situ (i.e. on-chip), such as droplets and air-slugs produced by the controlled 

mixing of two-phase microfluidic flows.63,69 Niu et al. demonstrated by capacitive sensing 

the detection and sorting of 50 µm aqueous droplets produced by a T-junction.63 

Additionally, capacitive sensing using interdigital electrode geometry has been 

demonstrated for the detection of 900 µm water-in-oil emulsions produced by flow 

focusing.71 Yakdi et al. reported detecting and sizing oil droplets greater than 50 µm in 

diameter generated by a T-junction by measuring impedance fluctuations.70   

Further improvements in µCPC throughput and detection sensitivity are required to 

sense smaller particles produced in situ, especially microbubbles and microdroplets with 

diameters less than 20 µm produced at rates often exceeding 1 × 105 particles / s.24,28,91 

Microbubbles with diameters between 1 – 20 µm, in particular, have broad utility in 

biomedical engineering. Notable applications include their use as diagnostic ultrasound 

imaging contrast agents to enhance echocardiograms71,92 and as therapeutic agents for gas 

embolotherapy,93,94 localized drug and gene delivery via sonoporation,95,-97 and accelerated 

dissolution of thrombus to promote revascularization in ischemic stroke.34,35,91,98 

Microbubbles are most commonly produced in large, polydisperse batches via either 

sonication or agitation;99-100 however, they can be fabricated in monodisperse populations 

using a variety of microfluidic device designs. These designs include: T-junction,28 co-

flow101 and flow-focusing.24-27 Microbubbles produced by microfluidic devices have the 

advantage of being tunable in terms of size and temporal stability.8,24-27,102 Conventionally, 
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microbubble fabrication by microfluidic devices is monitored using high-speed 

microscopy, unfortunately limiting the scalability and portability of the technique.  In this 

work, we demonstrate the ability to fabricate a FFMD with integrated µCPC (FFMD-

µCPC, Figure 3.1) functionality to characterize populations of microbubbles immediately 

after production by electrical impedance spectroscopy. Simulations informed the design of 

the integrated electrode detection region, established the theoretical performance of the 

device, and were validated by experimental data.   
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3.2 Materials and Methods 

3.2.1 Device Fabrication 

The microfluidic device consisted of two pairs of coplanar electrodes integrated within 

a flow focusing microfluidic device. A schematic detailing the fabrication steps is provided 

as Figure 3.2. The electrodes were fabricated using standard microfabrication lift-off 

techniques.8,32,58,60,91,102 Bi-layer photolithography, using positive photoresists LOR10B 

and AZ4110 (MicroChem, Newton, MA), was performed to pattern the electrode design on 

a glass wafer. For this photolithographic procedure, a transparent photomask (CAD 

Art/Services, Inc, Bend, OR) at 20,000 DPI was used. Electron beam evaporation deposited 

Figure 3.1 (A) Schematic of Benchtop FFMD-µCPC. G = Nitrogen Gas, L = Liquid Phase, MBs = Microbubbles.  

(B) Three-dimensional view of FFMD-µCPC with blown up nozzle where microbubbles are produced and traverse 

electrodes.  ELR = Continuous Phase Channel Reference Electrodes, ELD = Expanding Nozzle Detection Region 

Electrodes. (C) Image of Benchtop FFMD-µCPC. (D) Benchtop FFMD-µCPC producing 15 µm microbubbles under 

20x magnification. (E) Schematic of electrical detection circuit. 
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20 nm Titanium (Ti) / 100 nm Platinum (Pt) on the substrate. Finally, bi-layer lift-off was 

performed to remove extraneous metal from the substrate.  

Separately, microfluidic channel fabrication consisted of photolithography using SU-8 

3025 (MicroChem, Newton, MA) to develop 20 µm tall microfluidic channels on a silicon 

wafer and soft lithography to cast the microfluidic channels in polydimethylsiloxane 

(PDMS) (Sylgard 184, Dow Corning, Midland, MI). For this procedure, a chrome on quartz 

Figure 3.2 Microfabrication techniques used to fabricate the FFMD-µCPC. The fluidic channels are formed by (A) 

applying a negative photoresist, SU-8 3025, to a silicon wafer and (B,C) performing photolithography. Subsequently, 

(D,E) soft lithography is performed using PDMS. The electrodes are constructed by (F) applying positive photoresists 

LOR 10B and AZ 4110 sequentially to a glass wafer, followed by (G,H) photolithography, (I) electron beam 

evaporation and (J) bi-layer lift off. The PDMS mold containing the fluidic channels (E) is then aligned to the 

electrodes contained on the glass wafer and they are (K) bonded to create the end device.
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photomask (Applied Image, Inc., Rochester, NY; spot size = 0.1 µm) was used to transfer 

the FFMD pattern to the substrate. Together, these processes yielded the two components 

that form the device.   

The two components were then loaded onto a custom 3D micro positioner (Thorlabs, 

Inc., Newton, NJ) for alignment. The micro positioner was held in a custom 3D printed 

adapter placed on an IX 51 microscope stage (Olympus, Center Valley, PA). The PDMS 

microfluidic channels were precisely aligned to the electrodes on the glass wafer using the 

aforementioned microscope supported with micro-manager software v. 1.4 and ImageJ. 

After alignment, the micro positioner was placed in an oxygen plasma oven for 30 seconds 

at 150 W (PE-50, Plasma Etch, Carson City, NV) to activate the PDMS surface and 

facilitate a bond to glass.    

3.2.2 Microbubble production 

Microbubble production using a FFMD has been achieved previously in our 

laboratory.8,32,91,102 The microfluidic device is illustrated schematically in Figure 3.1A,B.  

There are two inlets through which the continuous phase enters the device. The continuous 

phase is 3% (weight/volume) bovine serum albumin dissolved in a solution of isotonic 

saline (0.9% NaCl). A third input exists through which the dispersed phase, 99.9998% 

purified nitrogen gas (GTS Welco, Richmond, VA), enters the system. The aperture of the 

expanding nozzle (5 µm wide on mask, 8 µm wide after photolithography) creates a flow 

constriction of the gas and liquid that causes a high shear zone due to a high velocity 

gradient and enables the gas cone pinch off and microbubble creation. The output orifice 

allows microbubbles to exit the device directly. The continuous phase was controlled by a 

syringe pump (PHD2000, Harvard Apparatus, Holliston, MA) and ranged between 10 – 30 
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µl / min during experimentation. The dispersed phase was controlled by a two-stage 

pressure regulator (VTS 450D, Victor Technologies International, Inc., St. Louis, MO). 

Gas pressure was verified at the inlet to the device using a digital manometer (06-664-21 

Fisher Scientific, Pittsburgh, PA) and ranged between 40 – 100 kPa during 

experimentation. After each manipulation of gas pressure and liquid flow rate the device 

was allowed time to equilibrate. 

3.2.3 Electrical Detection 

The electrical detection circuit was comprised of two stages – a Wheatstone bridge 

and a differential amplifier (Figure 3.1E). One branch of the Wheatstone bridge included 

the electrodes in the expanding nozzle and the reference continuous phase channel. The 

other branch was comprised of a potentiometer and a 30 kΩ resistor to match the ratio of 

impedance magnitudes of the former branch such that the Wheatstone bridge was manually 

balanced prior to differential signal amplification. Differential amplification was achieved 

using a LM6171 (Texas Instruments, Dallas, Texas) operational amplifier with 4-fold gain. 

Wires were connected from the electrical detection circuit to the electrode pads on the 

FFMD-µCPC using silver epoxy (Parker Chomerics, Woburn, MA). A 3 Vpp, 1 MHz 

sinusoid waveform was used to excite the circuit. Microbubbles were produced by the 

device using the technique described in the ‘Microbubble production’ section and an 

amplitude modulated signal was acquired on GageScope (DynamicSignals LLC, Lockport, 

IL) software on a standalone computer and post-processed using a custom MATLAB 

(Mathworks, Natick, MA) script. The MATLAB script used a peak detection algorithm, 

based on the Hilbert transform, to evaluate the magnitude of voltage change of each 
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microbubble pulse as well as the number of pulses during an acquisition, which was 

subsequently converted to a microbubble production rate.   

3.3.4 Compensation Method  

A well-known limitation of micro coulter particles counters is the inability to detect two 

or more particles simultaneously present in a detection region because the systems are not 

capable of discriminating between distinct particle volumes. However, in our application, 

the production of microbubbles in a regular, repeating pattern near the FFMD nozzle 

afforded the opportunity to devise a compensation method to account for the presence of 

multiple microbubbles within the sensing zone.   

An experimental flow diagram, Figure 3.3, describes the salient elements that comprise 

the compensation method. First, (denoted as ‘1.’ in Figure 3.3) raw empirical data were 

acquired and a three-dimensional plot of the data revealed a relationship between two 

explanatory variables, fluid flow rate (FFR) and electrically determined production rate 

(PR), and the predictor variable, optically determined centre-to-centre (C2C) distance. 

Second, (denoted as ‘2.’ in Figure 3.3) FEA simulations demonstrated attenuation in the 

impedance magnitude perturbation caused by a microbubble as a function of the distance 

between sequentially produced microbubbles. Importantly, a correction factor was 

developed to compensate for the attenuation. The correction factor is applied to a modified 

equation (denoted as ‘3.’ In Figure 3.3) that describes the diameter of a microbubble as a 

function of the voltage perturbation caused by that microbubble in the detection region. 

Assuming a robust manufacturing protocol including high fidelity alignment during the 

assembly of devices it is envisioned that only a single calibration would be necessary per 

batch. However, a calibration is required each time the geometry of the detection region is 
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changed or altered appreciably. As a final validation of the compensation method: data 

were acquired through normal operation of the device, the data were post-processed using 

the compensation method to compare the accuracy of the developed electrical 

determination of microbubble diameter to the gold-standard optical microscopy method. 

An in-depth analysis of each element that comprises the compensation method follows.     
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Figure 3.3 The proposed compensation method features three steps: (1) Determine the empirical relationship between 

the fluid flow rate (FFR; µL min-1) and production rate (PR; MB s-1) that yields a centre-to-centre distance (C2C; µm). 

(2) Determine the relationship between centre-to-centre distance and the normalized magnitude of the impedance 

perturbation (∆Z; unitless) that yields a correction factor (CF; unitless). (3) Multiply the correction factor by cube root 

of the voltage change (∆V; mV) and the electronic circuit gain (G; µm V-1/3) to arrive at a corrected electrical diameter 

(DE, corr; µm). Data are collected (upper left) and processed through the compensation method to yield a corrected 

electrical diameter that closely approximates the gold standard optical diameter (bottom right).   
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3.3 Results 

3.3.1 Single microbubble experimental results 

A single microbubble traversing the detection region is presented in Figure 3.4. Images 

acquired with a high-speed camera depict the position of a microbubble as it passed through the 

detection region, framed by the platinum electrodes. The first image of a series of 24 images 

triggers the acquisition of electrical data. Each image was synchronized with recorded electrical 

data to within tens of nanoseconds. Thus, each image taken of a MB provides a corresponding 

position along the amplitude modulated curve. The response from a single microbubble passing 

through the detection region is characterized by an asymmetric envelope in which the rise time is 

faster than its decay, as confirmed by FEA results. The shape of the envelope is explained by the 

asymmetric geometry of the expanding nozzle (resulting in rapid microbubble deceleration 

through the sensing zone) and non-uniform current density. Since the expanding nozzle has an 

asymmetric shape referenced by the position in the middle of the detection region, the electrode 

closest to the nozzle has a smaller exposed region than the electrode farthest from the nozzle.  

Thus, the current density, and consequent impedance change, is higher at the electrode nearest to 

the expanding nozzle because it has a smaller region exposed to solution, whereas the downstream 

electrode has a larger region exposed to the channel, resulting in lower current density.  
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Figure 3.4 Raw voltage modulated signals. (A) A 35 µm diameter microbubble produced at 16,500 MB s-1. A 35 µm 

microbubble is depicted for illustrative purposes but is outside the intended scope of this study. (B) A 15 µm diameter 

microbubble produced at 70,000 MB s-1. i, ii, iii, iv, and v within the amplitude modulated signal correspond to the 

microbubble’s position over the electrodes shown in the respective thumbnail images. Scales bars = 50 µm. 
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The baseline waveform when no microbubbles were produced had a standard deviation in 

the modulation of the waveform of 6.6 mV. The theoretical limit of detection for a single 

microbubble was determined to have a diameter of 2.5 µm by fitting a nonlinear regression 

to the impedance magnitude modulated data attained from FEA. The 7.5 µm diameter 

microbubble, the smallest microbubble produced by our FFMD, resulted in a signal to noise 

ratio of 14.6 dB. 

3.3.2 Counting microbubbles 

The conventional approach for establishing production rates of microbubbles 

produced by microfluidic devices involves measuring the time elapsed between sequential 

microbubble break off events as observed using high speed microscopy.24,25,26,101 

Determining microbubble production rates using this approach is tedious, typically lacks 

fine resolution and is susceptible to temporal sampling artifacts (e.g. aliasing). Using the 

electrical detection strategy presented, if each electrical voltage perturbation is 

distinguishable, then the production rate can be established with greater ease, accuracy and 

confidence. In our studies, data of captured production rates were corroborated with 

optically determined production rates. The optically determined production rates are 

compared to the electrically determined production rates (R2 = 0.98) in Figure 3.5A. The 

residuals are plotted in Figure 3.5B. So long as the impedance magnitude perturbations give 

rise to signals distinguishable from the electrical noise floor, the electrically determined 

rate is considered to be fault-free and consistent with the decades of experience with Coulter 

counters which have long been considered the “gold standard” for this measurement. None 

of the FFMDs that we tested produced microbubbles too small to be counted reliably. 
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However, in rare faulty operation conditions,102 it is possible to observe pairings of large 

and small bubbles. In these cases, the small bubbles will probably not be detectable. 

Practically, the parameters necessary to observe fault conditions are significantly different 

than the parameters required for normal operation such that most fault conditions 

characterized by significant instability are irrelevant.     

 

Figure 3.5 Plots showing the optical production rate (PRO) versus the electrical production rate (PRE). (A) Comparison 

of methods to determine production rate. Optically determined production rate spans the x axis and electrically 

determined production rates the y axis. The black line is y=x and data points on that line demonstrate excellent 

agreement. (B) Residuals of the production rates are plotted.  
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3.3.3 Multiple microbubble experimental results 

The FFMD was operated at varying gas pressures and liquid flow rates required to 

produce microbubbles of 10, 12.5, 15, and 17.5 µm diameters at different production rates.  

Figure 3.6 illustrates how the voltage modulation for a given microbubble diameter changes 

as a function of the centre-to-centre distance between successively produced microbubbles. 

In Figure 3.6, each circular datum point represents the average measured voltage 

modulation for a train of microbubbles as a function of the optically determined centre-to-

centre distance within the train. Note that each datum point represents a distinct set of gas 

and liquid operating parameters for the device and that experimental data was taken such 

that measured diameters were within ±0.5 µm of the stated diameter. The experimental 

results qualitatively agree with the FEA simulations discussed in section 2.3.2, in that the 

relative modulation in voltage is significantly attenuated at production rates in which the 

distance between successively produced microbubbles is less than the end-to-end distance 

of the detection region.  The majority of device operation occurs in this regime, at 

production rates greater than approximately 1 × 104 MB s-1. Below that production rate, 

microbubble production tends to be characterized by doublet or triplet production that this 

device is currently not equipped to handle.  

 To quantitatively compare the experimental results to the FEA simulations, the FEA 

simulations were extended to include PSpice circuit simulations that evaluated the 

magnitude of the voltage modulation for microbubbles passing through the detection region 

using the amplification electronics incorporated within the experimental system. Results 

from the FEA simulations were used as input parameters. The solid curves in Figure 3.6 

are simulated results representing the magnitude of voltage modulation for microbubbles 
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of a given diameter as a function of the centre-to-centre distance between sequentially 

produced microbubbles. As shown, empirically measured electrical estimates of 17.5, 15, 

12.5 and 10 µm diameter microbubbles produced at varying production rates match the 

FEA generated curves for each optically measured microbubble diameter to coefficients of 

determination, (R2 = 0.954, 0.911, 0.907 and 0.773, respectively (Figure 3.6)).    

3.3.4 Compensation method 

To accurately size microbubbles when more than one is located within the sensing 

region, the corrective scaling factor, 𝐶𝐹(𝑥), described in 3.3.4 must be determined from the 

Figure 3.6 FEA simulations (solid lines) with overlaid experimental observations (open circles) of voltage 

modulation with varying centre-to-centre distances for (Top Left) 17.5 µm microbubbles, (Top Right) 15 µm 

microbubbles, (Bottom Left) 12.5 µm microbubbles and (Bottom Right) 10 µm microbubbles.  
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electrically measured voltage traces.  For a given set of operating conditions, 𝐶𝐹(𝑥) of 

Equation 2.5 is determined through a two-step process.  

First, the production rate is measured from the electrical signal using a peak 

detection algorithm. The electrically derived production rate (PR) and the fluid flow rate 

(FFR) are then mapped to a corresponding centre-to-centre (C2C) distance by the three-

dimensional surface fit, as shown in Figure 3.7A. As expected, the centre-to-centre distance 

decreases as the production rate increases. Asymptotic behaviour is observed near a centre-

to-centre distance of 10 µm as the production rate increases beyond 2 x 105 MB s-1. This 

behaviour accounts for the physically limiting case that two sequential microbubbles cannot 

have a centre-to-centre distance smaller than their diameter.  A multiple linear regression 

(mesh surface) was fitted to the data and to establish the relationship between the centre-
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to-centre distance, electrically measured production rate and fluid flow rate. The equation 

takes the form,  

𝐶2𝐶(𝑃𝑅, 𝐹𝐹𝑅) = 𝑏1 + 𝑏2𝑃𝑅 + 𝑏3𝐹𝐹𝑅 + 𝑏4𝑃𝑅2𝐹𝐹𝑅 ,   Equation 3.1  

where values of 𝑏1, 𝑏2, 𝑏3and 𝑏4can be found in Table 2.2. This regression is used in the 

device calibration method, described in 3.3.4. The coefficient of determination for this fit 

was R2 = 0.92.   

Figure 3.7 Description of the compensation strategy. (i) First, the production rate is taken from electrically acquired 

data and is applied to a cubic polynomial equation that relates production rate to centre-to-centre distance between 

microbubbles. (ii) After a centre-to-centre distance is derived, the value is used to calculate the correction factor to be 

applied using a cubic polynomial relationship between the centre-to-centre distance and correction factor. 10 µm and 

12.5 µm microbubble data include centre-to-centre distances between 12.5 µm and 47.5 µm at 5 µm increments. 15 

µm and 17.5 µm microbubble data include centre-to-centre distances between 17.5 µm and 47.5 µm at 5 µm 

increments. 
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Second, this estimate of the centre-to-centre distance is then mapped to 𝐶𝐹(𝑥) using 

the red curve-fit in Figure 3.7B, which relates 𝐶𝐹(𝑥) to the centre-to-centre distance using 

FEA simulated data. Equation 2.6 becomes,  

𝐶𝐹(𝐶2𝐶) = 𝑐1𝐶2𝐶3 + 𝑐2𝐶2𝐶2 + 𝑐3𝐶2𝐶 + 𝑐4,     Equation 3.2 

Note that the first step of this calibration process is device-specific, as the 

relationship between production rate and centre-to-centre distance is based on empirically 

measured data for a single device. We envisage that in a tight, quality-controlled, 

production setting, the calibration results will be generalizable over the device population. 

The second step is generalizable to all devices of a particular sensing geometry because it 

is determined from FEA simulations.  

 This calibration strategy was used to account for the reduced voltage modulation as 

multiple microbubbles passed through the sensing region. The black curve in Figure 3.8A 

shows the expected voltage modulation for single microbubbles of varying diameters 

passing through the sensing region, as simulated by the combined FEA and PSpice model. 

The blue data points are empirically measured voltage modulations from microbubbles 

passing through the sensing region and their accompanying optically-determined 

diameters. Prior to calibration, there exists a significant error between the expected voltage 

modulation (Equation 2.4) and the experimentally determined voltage modulation. 

However, when the experimental data were corrected for the centre-to-centre distance 

between successively produced microbubbles, inversely the production rate, the 

microbubble data tightly follows a cubic approximation as depicted in Figure 3.8B. The 

application of 𝐶𝐹(𝑥) in Equation 2.5 describes the attenuation phenomenon and corrects the 

observed voltage modulation for scaling related to reduced centre-to-centre distances.  
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3.3.5 Estimation of microbubble diameter 

After validating the compensation strategy introduced in Equations 2.4 and 2.5 and 

establishing a correction factor that scales with production rate, microbubbles were 

fabricated at different diameters and production rates and electrical and optical data were 

simultaneously acquired. Figure 3.9 illustrates electrically determined microbubble 

diameter versus optically determined microbubble diameter. The electrically observed 

diameters were corrected using the electrically determined microbubble production rate as 

an input to the compensation method, as described in 3.3.4. The figure illustrates that 

microbubbles of similar diameters and different productions rates still result in electrically 

determined diameters of an equivalent size, which was not achieved prior to the regression-

based calibration operation, and demonstrates the agreement between the optical and 

electrical methods of measurement. A tight grouping along the diagonal line y = x denotes 

Figure 3.8 Plot showing the correlation between the microbubble (MB) diameter and the magnitude of the impedance 

magnitude change. The points along the curve were obtained from PSpice circuit simulations for microbubbles of 

different diameters. The data points were obtained from acquisitions of electrical data varying microbubble production 

rates and diameters. Error bars are not shown for voltage because the variance in voltage is so small that the error bars 

do not appear conspicuously in the figure. (A) Raw data. (B) Corrected data.  
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excellent agreement, R2 = 0.91, between the two methods of microbubble detection. A 

coefficient of determination, R2 = 0.93, follows the line y = 0.91x + 1.04. A plot of the 

residual values comparing optically determined diameter to the electrically determined 

diameter is reported in Figure 3.10. 

 

  

 

Figure 3.10 Residuals of the diameter are plotted.  

 

Figure 3.9 Comparison of methods to determine microbubble (MB) diameter. Optically determined microbubble 

diameter spans the x axis and electrically determined microbubble diameter the y axis. The black line is y=x and data 

points on that line demonstrates excellent agreement.  
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3.4 Discussion 

3.4.1 Device Performance 

The results of this study demonstrate a µCPC integrated within the expanding nozzle 

of an FFMD capable of counting microbubbles up to 3.25 x 105 MB s-1 at sizes down to 

approximately 8 µm in diameter; parameters that meet, or exceed, projected needs relevant 

to our application. Measured noise indicates that the µCPC is capable of sensing 

microbubbles as small as 2.5 µm in diameter; however, only microbubbles of ≥ 8 µm were 

investigated in this study. To our knowledge, this is the first demonstration of sequential 

production and characterization of microbubbles by a µCPC integrated within the 

expanding nozzle of a flow focusing device at high throughput (> 1 x 104 MB s-1).  This 

strategy achieves a non-optical method of characterization that is low cost and portable for 

the analysis of benchtop FFMD microbubble production. The method has the potential to 

benefit in vivo research of FFMDs previously limited due to the constraints of high-speed 

optical microscopy. A primary example where this technology can be deployed is as a 

quality control system on a catheter tip measuring microbubbles administered for 

therapeutic benefit in various blood clot dissolution settings.91 Further, this strategy extends 

to research involving the administration of liquid micro-droplets or other more exotic 

particles produced using an FFMD in which a material phase contrast in impedance 

magnitude is present. Ultimately, this strategy may prove clinically useful for 

sonothrombolysis in a blood clot dissolution setting. It achieves a quality control and safety 

assurance solution necessary for real-time control and verification of generated material as 

it is administered to patients.   
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This novel µCPC design benefits from unique features of FFMD-produced 

microbubbles. Foremost, when producing microbubbles at a high production rate, the 

electrical signals within the detection region from individual microbubbles superimpose to 

produce a combined signal that resembles that of a larger microbubble. However, as 

demonstrated by the analysis, individual microbubble signals were decoded from a signal 

featuring multiple microbubbles simultaneously within the detection region by detecting 

the relative, not absolute, change in signal. This compensation strategy is enabled by the 

high degree of similarity between sequentially produced monodisperse microbubbles 

within FFMDs. Under controlled conditions, the gas pinch-off mechanism at the nozzle 

results in the continuous generation of substantially equivalent microbubbles separated by 

equal distances.  The data (Figure 3.8B) support results from Bernabini et al., who reported 

a cubic polynomial change in the impedance magnitude with respect to particles of different 

radii.80 The finding is expected as the volume of a sphere is governed by the third power of 

the radius. Conversely, conventional µCPC analysis of heterogeneous particles requires 

significant dilution of the particle-containing phase to prevent the occurrence of two or 

more multiply-sized particles simultaneously within the detection region. Thus, as a result 

of needing to dilute the particle-containing solution, high throughputs (> 1 x 104 particles 

s-1) are seldom achieved.  

3.4.2 Limitations 

Coplanar electrodes offer a simplified fabrication process relative to top-and-bottom 

electrodes and are commonly used for the fabrication of µCPCs. While coplanar electrode 

devices have been predominant in the literature, they suffer from decreased sensitivity due 

to a necessarily larger detection region than the top-and-bottom electrode configuration.58 
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Additionally, non-uniform current in the detection region causes an impedance magnitude 

modulation dependent on the height of the particle in channel. Spencer et al. recently 

demonstrated a post-processing algorithm to correct for height dependence using coplanar 

electrodes.84  

At higher production rates, multiple microbubbles enter the detection region 

simultaneously and consequently decrease the relative amplitude modulation by interfering 

with each microbubble’s measurement. However, this may be addressed by using a 

compensation strategy that corrects for the production rate or, conversely, the centre-to-

centre distance between successively produced microbubbles. A complementary 

component to further enhance agreement in detection methods would include compiling a 

library of data on the device including liquid flow rates and gas pressures to produce 

microbubbles of certain diameters and production rates. Wang et al. constructed a library 

of microbubble production parameters using a FFMD that preceded this device.102 Liquid 

phase flow rates and gas pressures were varied to encompass the various sizes and 

production rates that were achieved using the FFMD. Using the library of data similarly, 

with a given liquid phase flow rate, gas pressure, and production rate (electrically detected), 

a microbubble size could then be extracted. The study investigated various production 

regimes, including doublet and triplet production of microbubbles that yielded polydisperse 

populations.102 The study presented here is constrained to monodisperse microbubbles 

produced sequentially. Since the proposed method cannot directly determine the presence 

of doublet or triplet formation, it is necessary to ensure that the operating parameters are 

outside of those consistent with the potential for doublet and triplet formation. In practice, 

this condition is easily met. 
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3.5 Conclusions 
 

A benchtop FFMD with an integrated µCPC was fabricated and demonstrated in situ 

production and characterization of microbubbles; however, we envision broad utilization 

for characterization of liquid micro-droplets as well. The µCPC detected microbubbles 

using coplanar electrodes that were electrically excited with an AC signal. The passage of 

microbubbles within the detection region and confined by the electrodes created a 

modulation in the impedance magnitude between the two electrodes that was measurable. 

A calibration method was established that accounted for the interference resulting from the 

presence of multiple microbubbles in the detection region simultaneously. Experimental 

detection of microbubble populations of different sizes (8 – 20 µm diameter) and 

production rates (< 3.25 x 105 MB s-1) were achieved and compared to simulated data and 

optical detection techniques. Results demonstrate excellent agreement (R2 = 0.91) between 

electrical and optical detection. In conclusion, the system counts and measures the diameter 

of microbubbles at production rates as high as 3.25 x 105 MB s-1 and diameters between 8 

and 20 µm. 
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Chapter 4. Conclusions and Future Directions 
 

4.1 Conclusions 

In this thesis, a benchtop FFMD with an integrated µCPC was fabricated and 

demonstrated in situ production and characterization of microbubbles. In chapter 2, 

simulations informed the design of the integrated electrode detection region and established 

the theoretical performance of the device and, in chapter 3, were validated by experimental 

data. Single microbubble simulations established the maximum impedance magnitude 

modulation within the detection region for microbubbles of diameters from 7.5 to 17.5 µm. 

Multi-microbubble simulations established the anticipated impedance magnitude 

modulation for microbubbles of a given diameter at variable production rates and 

established a relationship that was used to relate the optically determined centre-to-centre 

distance between successively produced microbubbles to a correction factor. Further, a 

calibration method was established that accounted for the interference resulting from the 

presence of multiple microbubbles in the detection region simultaneously. Experimental 

detection of microbubble populations of different sizes (8 – 20 µm diameter) and 

production rates (< 3.25 x 105 MB s-1) were achieved and validated against simulated data 

and optical detection techniques. Results demonstrate excellent agreement (R2 = 0.91) 

between electrical and optical detection. In conclusion, the system counts and measures the 

diameter of microbubbles at production rates (< 3.25 x 105 MB s-1) and diameters (8 – 20 

µm) that meet, or exceed, projected needs relevant to our application. 
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4.2 Future Directions 

The work described in this thesis provided a proof of concept for the development of an in situ 

electrical detection system that functioned as a quality control mechanism in a benchtop FFMD-

µCPC. There are two directions in which this project can advance. First, miniaturizing the device 

such that the electrical detection region can be incorporated into a catheter FFMD-µCPC with 

vascular compatible dimensions.  Second, developing a control system for automatic initialization 

and real-time monitoring of operation will permit the use of FFMD-µCPCs in new investigative 

settings, such as in situ intravascular deployment, in the context of sonothrombolysis.   
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