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1 Introduction 

1.1 Context 
Microfluidics is a field of research, which handles liquids at scales where one of the  
flow-path cross-sectional dimensions is shorter than a millimeter [1]–[3]. A peculiar fluid 
dynamic is reached when the flowing liquid volume and mass become small enough that 
forces independent of mass such as viscosity, surface tension and channel wettability 
become the dominant forces in flow behavior [2]. Thus, when inertial forces have been 
made insignificant in comparison [4], [5], liquid can be made to flow in a predictable, 
layered form, without turbulence – a phenomenon referred to as laminar flow [6], [7], 
where flow lines do not break. The most notable advantage gained from this, besides 
higher process accuracy and resolution, is the drive to design tools and methods to 
managing and thereby requiring smaller and smaller sample sizes [2], [8]. In efforts to 
highlight these benefits, since the 1990s, microfluidic research has been seeking ways to 
shrink biochemical process volumes in laboratories [2], [8]–[12] for the purposes of 
efficient use of resources [13]–[16], single-cell precision [17], [18], and automation [5], 
[11], [13], [19], [20]. 

In early 2000s [12], a method was developed to try and isolate cells and bacteria from 
a larger liquid body (i.e., blood sample) into compartments or droplets to behave as 
individual, easily separable units in following tests [21]. This separation gave the ability 
to monitor each cell individually and to analyze the content of a biological liquid sample 
at a cellular resolution [6], [21]. The production of microscopic droplets and cellular 
encapsulation into them is finding increasing implementation in biochemical, medical, 
and pharmaceutical research [16], [21]–[23]. This technology has been used to develop 
novel applications in a variety of areas [1], [6], [26], [27], [12], [15], [16], [20]–[22], [24], 
[25]: flow-cytometry, polymerase chain reaction (PCR), drug development, drug delivery, 
cosmetics, nano-material synthesis, etc. 

After generating and collecting droplets containing organic material, similarly to petri 
dishes, the droplets are often transported to incubators [28], [29] to enable biological 
processes to continue separately within each droplet [30]. The transportability of droplets 
is a matter of efficiency for applications observing cellular metabolism, multiplication, 
and/or survival. To preserve the experiment’s viability over time, it’s essential that the 
droplets maintain their integrity [8]. After hours or days of incubation, droplets are 
transferred onto imaging slides (typically by pipetting) or into a microfluidic funnel chip 
where droplets are serialized for optical analysis of their content [29] or further sorting 
[31]. Tools and appliances for droplet transportation and off-chip incubation are 
normally not of microfluidic scale [19], [31]–[33], which allow for the significance of 
gravitational and inertial forces to re-emerge, increasing the potential failure of droplet 
integrity. 

Droplet volume determines the environmental parameters around the encapsulated 
cell(s), thereby making the droplet’s size of critical importance for the experiments [29]. 
To keep the experiments comparable, it is necessary to generate droplets with high 
monodispersity. As such, it has become a core objective to control the droplet size during 
formation. For most biochemical experiments to succeed, a size variance lower than 5% 
is expected [15], [34], 1% is considered excellent [4]. Such droplets are typically formed 
of aqueous liquid where cells and proteins can retain their viability [29]. However,  
 



14 

to achieve highly uniform droplet formation, deterministic flows of two immiscible 
liquids (e.g., oil and water) are made to interact [24] to force a repetitive dispersion of 
one. In microfluidic two-phase flows (e.g., continuous phase – oil, dispersed phase – 
water), there are known channel geometries that are efficient in monodisperse droplet 
formation (Fig. 1). 

 
Figure 1. A selection of widely used microfluidic droplet generation channel geometries. Reproduced 
from [35]. 

Whether the dispersion of droplets becomes predictably repetitive, depends on the 
flow regime (dripping1, squeezing2, jetting3, threading4) of the dispersed phase liquid  [4], 
[36]. While this is largely influenced by the fixed properties of the liquids at specified 
individual flow rates, described by capillary (Ca) and Reynolds numbers (Re), movement 
between the regimes can take place by changing the flow rate ratio between the two 
liquids [4]. Amongst the proposed geometries (Fig. 1), the symmetry in co-flow and  
flow-focusing designs provides better control within the regimes [4]. This in turn extends 
the size range of droplets generated with one fixed set of channel dimensions – 
extending the versatility of a settled chip design. While both have become widely used, 
the flow-focusing design gains an additional advantage over co-flow by being more easily 
fabricable due to its planar design [37], [38], lowering the cost and time spent in setup 
development. 

After the formation of a droplet, a typical microfluidic droplet generation setup  
directs the droplet into a non-microfluidic container for collection and transportation.  
The immiscibility and difference in fluid densities in such containers allows the collected 
droplets to pool together and subsequently coalesce. As prevention, a method of  
droplet coating has been used [8], [10], [22], [27], [28], [39]–[41]. This coating has also 
been used to alter droplet formation and increase the process repeatability [22].  
The coating substance is known as a surface-active agent or surfactant, consisting of an 
asymmetric elongated molecule with one of its ends being polarized while the other 
being apolar [42]. The polarized end is attracted to polarized media such as water and 
thereby called hydrophilic [42]. Surfactant can be mixed into either phase in droplet 
generation. However, to reduce the chance of encapsulating surfactant molecules  
 

 
1 Dripping regime develops droplets which are smaller than the channel they form in. 
2 Squeezing regime develops plug-like droplets with dimensions large enough to become limited 
by the channel they form in.  
3 Jetting regime forms a jet which extends beyond the vicinity of the droplet formation junction. In 
case the droplet-forming channel is long enough for the jet to become unstable, chaotic droplet 
formation can occur.  
4 Threading regime is a form of jetting in which a stable jet extends beyond the microfluidic chip 
and does not result in droplets. 
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together with cells, the surfactant is preferably mixed into the continuous phase. When 
water encounters oil at the interface junction (Fig. 1), the droplet can quickly become 
coated by the surfactant particles (Fig. 2). 

 
Figure 2. Illustration of a flow-focusing type droplet generation geometry, forming droplets from 
oil and water. The oil contains premixed surfactant molecules with a neutral hydrophobic tail and 
a polarized hydrophilic head. Polarized ends of the surfactant are attracted by the polarizable 
water, forming a coating layer at the oil-water interface. Surfactant coating aids in droplet 
formation and mitigates coalescing when coming in contact with other droplets. 

Because microfluidic droplet generation is so reliant on laminar flows, it is important 
to consider that the introduction of microparticles (more so for cells and markers than 
surfactant) can impact droplet formation and encapsulation predictability [22]. Typically, 
cells and other particulates in the dispersed phase flow are spaced irregularly due to 
being sourced from a dynamically changing body of liquid into which the particulates 
were initially mixed. With this irregularity, the success of their encapsulation into 
droplets has been found to follow a statistical Poisson distribution [8], [17], [43]. 
Illustratively, if the percentage of cells sparsely floating in 1 ml of water, compared to the 
number of droplets obtainable from it, is 10%, then about 9% of the produced droplets 
contain one cell, about 0.5% contain more than one and the remaining ~90.5% of 
droplets are generated empty. The passive encapsulation process is largely dependent 
on the number of cells used per volume of liquid media to be split into droplets [43].  
A high initial cell percentage can significantly decrease the number of empty droplets, 
however, this comes at the cost of an increasing number of droplets housing multiple 
cells [43]. This phenomenon detracts from the intrinsic efficiency gained from microfluidics. 
A number of solutions have been devised to counter this setback [17], [43]–[45]: 
increased throughput of droplets by method refinement, geometrically induced 
uniformity in particle spacing, active encapsulation, etc. 

 
 

Surfactant molecule

Hydrophobic tail (neutral)

Hydrophilic head (polarized)

Oil

Water

Surfactant coating
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1.2 Background and Trends 
Along with fluidics related mechanical solutions, the interdisciplinary foundation of 
microfluidics has greatly benefited from the developments in electronics and computing 
[46]. Much support has been found from continuously improving accessibility to 
electronic components, and single-board computers (SBC). Peculiarly, the technology of 
microfluidic (liquified tin) droplet generation has become linked to the shrinking cost and 
scale of microchip circuits through extreme ultraviolet (EUV) lithography [47]–[49]. 
Increased accessibility to electronics allows research labs in various fields around the 
world to quickly explore new actuation, sensing, and feedback methods for microfluidic 
setups. Increases in computing power can be seen as experimental microfluidic models 
are replicated in virtual environments using finite element modeling and computational 
fluid dynamics [50]. Even so, the implementation of multidisciplinary methods requires 
extensive know-how. To reduce the integratory barriers of cost and expertise, more 
attention is continually sought in simplification, modularization, commercialization, and 
automation of microfluidic setups [6], [21], [51], [52]. 

Visualized, the amount of yearly scientific publications in areas of microfluidics, 
microfluidic droplet generation and related automation reveals considerable growth of 
the fields and continued interest in them over the recent decades (Fig. 3). A control query 
“1* OR a*” in Fig. 3 (covering approximately all publications on the Scopus database) 
shows notably a similar growth trend in overall publications. However, the differences 
among the steepness of each line points to a rising interest in microfluidics and droplet 
generation as fields. In contrast, droplet generation and related automation (query: 
microfluidic* AND “droplet generation” AND automation) have yet to break the norm. 

 
Figure 3. Scientific database (Scopus) “ALL” fields search result counts over the past 30 years (1993 
- 2023). Each queried keyword combination (1* OR a*; microfluidic*; microfluidic* AND “droplet 
generation”; microfluidic* AND “droplet generation” AND automation) has been plotted on a 
separate y-axis. Search was conducted in January of 2024. 

While the number of new droplet generation solutions keeps increasing, the absence 
of harmonization and standardization [11], [52] keeps the implementation of the methods 
difficult at the application level. As the adoption rate of a technology is largely tied to the 
success of its applications, this absence is also hampering much of the commercial 
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development in droplet-based technologies. In microfluidics, slow adoption of novel 
methods is apparent and notably linked to the extensive secondary integration steps 
required for the experimental setups consisting of many complex and non-portable 
components [53], [54]. Yet, the primary focus continues to lie in maximizing specific 
performance parameters instead: 

• Throughput (monodisperse droplet generation rate) – since 2021, generation 
rate of bubbles, sized between 2.5 µm and 20 µm, reached 106 units per second 
[55]; generation rate of droplets reached over 105 units per second in 2023 [56]; 
two-phase droplet generation rate has been above 104 units per second since 
2006 [57] and with the help of parallelization above 106 units per second since 
2015 [58], [59]. 

• Droplet size coefficient of variability (CV%) – since 2023, the lowest droplet size 
CV% was recorded at 0.036%, using pressure sources, generating droplets in 
diameters of ~220 µm at a rate of ~32.4 Hz, and utilizing closed-loop control 
with feedback from detecting droplets with integrated electrodes [60]. 

• Range of dynamically adjustable size of generated droplets – since 2021,  
the broadest microfluidic droplet diameter control achieved was recorded to 
range from 6.77 µm to 661 µm, with droplet generation rates at up to 5000 Hz 
and a CV% below 4% [61]. 

• Encapsulation rate (controlled deviation from Poisson distribution) – in 2020, 
selective encapsulation at a droplet formation rate of 125 Hz was demonstrated 
with a pico-injection method using traveling surface acoustic waves (TSAW) 
[62], [63]; in 2022, encapsulation was improved by passive hydrodynamic pre-
focusing and ordering of cells prior to droplet formation, achieving up to 86% of 
single bead encapsulation at a droplet generation rate around 10 kHz [64] – 
limited by being critically dependent on the geometry of the microfluidic 
channels. 

• Sorting rate (managing throughput losses from Poisson distribution) – in 2014, 
nearly 100% sorting rate (at ~29 kHz) was reached with fluorescence-activated 
droplet sorting (FADS) using a dielectrophoretic separation force combined with 
a gap divider in front of diverging sorting channels [65]; in 2019, nearly 100% 
sorting rate (at ~833 Hz) was reached with FADS using focused traveling surface 
acoustic waves (FTSAW) [66]; in 2023, 100% sorting rate at 1 kHz was achieved 
with absorbance-activated droplet sorting (AADS) using dielectrophoretic force 
[67]. 

Introducing automation into the droplet generation process has an inherent potential 
to compensate for the temporal losses caused by droplet throughput (e.g., accepting 
lower throughput to improve the CV%) and regular encapsulation rates (e.g., when 
robustness and simplicity of the setup is of higher importance). Additionally, using 
droplet size as feedback for automation could enable optimization between the variance 
and dynamic range of droplet sizes. Commercially prevalent methods can already offer 
some automation using computer vision with image analysis AI [68], whereas scientific 
efforts lean towards the potential of less complex solutions such as a light intensity 
sensors [69], [70] or integrated electrodes with PID control [60]. Further details on the 
state-of-the-art setups utilizing droplet size as feedback can be found in paper III (see full 
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text in Appendix 3), and in the first sections of each body chapter (see chapter layout in 
Section 1.6). Following the metrics of interest in droplet generation, a general-purpose 
automated platform, applicable for various applications, ought to cover requirements 
complementing flexibility, and portability (Table 1). 

Table 1. Microfluidic droplet generation platform requirements to be on par with the state-of-the-art. 

Specification Property/Range 
Compatible media Liquid (aqueous and non-aqueous) [29] 
Droplet media Aqueous [29] 
Nominal adjustable droplet 
diameter 

< ~1241 µm (1 mm3; 1 µL) [29], [71]–[74] 

Nominal adjustable droplet 
throughput rate 

> 1 kHz (derived from SOTA of AADS) [67] 

Droplet diameter coefficient of 
variability (CV) 

< 5% [4], [15], [22], [34], [71], [75] 

Dimensions (full setup) < 55 x 36 x 23 cm (most carry-on luggage) [76] 
Power consumption < 10 W 
Cost5 < 1000 € 

1.3 Challenges 
Based on the background and trends in Section 1.2, I was able to identify the following 
challenges: 

1. With an expectation for aqueous droplet size CV to remain below 5% for droplet 
generation rates at least above 1 kHz, a challenge was found in the lack of 
examples of droplet generation platforms using transferable flow regulation 
and droplet detection modules. In the context of this work, transferability 
implies portability and affordability, while also encompassing a simple, 
replicable methodology and accessibility to all its components. A flow regulation 
module aimed for flexibility of use (including automation), primarily limited by 
cost and size, is required to prioritize responsiveness – dynamic stability over 
static stability. 

2. Publications of transferable droplet generation which focus on performance 
metrics such as throughput, but even monodispersity, neglect the importance 
of cost-effective scalability and verifiability of the entire output (every droplet 
produced). The challenge lies in cataloguing all generated droplets on a high 
throughput platform using low-cost droplet detection and control loop 
hardware. 

3. Microfluidic droplet generation is still missing easily adoptable, yet flexible 
setups. There are numerous novel methods presented in literature (Appendix 3), 
however being repeatedly hampered by different research groups focusing 
narrowly on specific performance metrics or designs individualized by subjectively 
familiar infrastructure. As there are many potential applications behind the 
barrier of expertise and expensive infrastructure, the challenge lies in expanding 

 
5 Cost of the platform, limited to cover the cost of structural materials and low volume prices of 
COTS electronic and mechanical components; bill of materials. 
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the use of droplet microfluidics by finding a design for a transferable automated 
platform. Automation which includes a focus on real-time adjustable droplet 
generation output values (droplet size and generation rate) with lightweight PID 
controllers. 

1.4 Problem Statement and Research Questions 
The primary problem this thesis focuses on is the development of a transferable 
automated droplet generation platform for research experiments that could facilitate 
novel applications which are otherwise inefficient6 to pursue. In addition to the 
specifications in Table 1, the platform should be accompanied by high repeatability7 that 
can speed up droplet generation experiments by reducing the time taken in finding the 
droplet generation settings when there are otherwise critical changes introduced to the 
test setup such as: 

• Method of droplet generation (microfluidic channel dimensions, shapes) 
• Fluidics (channel surface roughness, hydrophobicity, liquids, additives) 
• Encapsulated sample (content ratio, content type) 

An automated droplet generation platform designed to reduce time in setup 
adaptation will reduce switching time between encapsulation processes of different 
samples. This kind of rapid adaptive system would have open-ended use-cases in a 
variety of fields. 

• Biochemistry (e.g., water/soil content sampling) 
• Medicine (e.g., drug development, personalized medicine) 
• Multidisciplinary microfluidic technology (e.g., sensors, organ-on-a-chip 

(OOC), neuromorphic computing, etc.) 

To make a system flexible for a variety of research fields, portability and cost are 
considered critical development goals. The platform ought to allow for easy transfer from 
lab to lab while maintaining repeatability, which could be achieved by transfer of the 
design or by transportation of the device. Fast technology transfer is not only beneficial 
during development of a multidisciplinary platform, not only efficient by bringing the lab 
closer to the source, but crucial for flexibility in generation, incubation, and analysis 
methods, where experimental parameters are uncommon. 

To increase the appeal of such a platform for research, additional focus was put on 
development goals regarding stability, accuracy, accessibility, and modularity. High 
stability and accuracy ensure comparability of produced droplets. Whereas accuracy 
provides credibility for results, accessibility provides credibility for accuracy. The system 
ought to have easy access to all available sensory data to be able to assess the accuracy 
and improve repeatability. On top of this, a modular system would ensure fast and 
affordable upgradability. Moreover, it would allow for modifications to both generation 
and detection methods to better keep up with the state-of-the-art. 

 
6 In this context, inefficient refers to ideas and methods which result in misallocation of resources. 
7 In this context, high repeatability implies for a platform to have the functionality to produce an 
output with closely matching properties (e.g., droplets of specific size), with or without limited 
modifications to the platform, by relying on criteria with higher level abstraction from inputs such 
as flow parameters – desired outputs achievable more easily across deviations in methodology. 
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Final objectives for the platform were efficiency and a high degree of control. In 
efficiency, the emphasis is put on power consumption and waste reduction to 
complement the advantages of microfluidics and the design for portability. In high 
degree of control, which complements efficiency, the system is to provide rapid launch 
and stabilization of droplet generation regardless of variations in flow characteristics. 

Based on the background, motivation, and challenges of this doctoral dissertation,  
it is possible to formulate the following hypothesis: 

By feedback control of pressure and droplet size in a compact, modular, transferable 
droplet generation platform, it is possible to meet performance metrics of state-of-the-
art droplet microfluidic setups while providing a higher standard of automation focused 
on responsiveness, sensitivity, and replicability. 

Sub-hypothesis: 
Combined closed-loop PID controllers for pressure, droplet size and generation rate 
feedback in a modular, transferable droplet generation platform with pulsatile flow 
characteristics, can pass below the minimum acceptable droplet generation stability 
of 5% CV. 

 
The work was built upon the following research questions: 

RQ1: What is a highly responsive, transferable microfluidic flow regulation method, 
which allows for droplet generation with precise and accurate control, as well as flexible 
configuration for different application use cases? 

RQ2: Can microfluidic droplet parameters be estimated from low-cost brightfield light 
intensity measurements well enough for droplet generation control? 

RQ3: How to automate droplet generation while maintaining repeatability and 
flexibility with piezoelectric micropump actuators, pressure-based flow sensors and  
PD-LED droplet sensor for varying droplet generation parameters, FFD cross-junctions, 
and reagents? 

RQ4: How can the performance of piezoelectric micropumps in droplet generation be 
improved through their driving signal and what effect does it have on control stability in 
droplet generation with pulsatile flows? 

1.5 Contributions of the Thesis 
This thesis is written to cover the primary components, the design process, and results 
in constructing and automating a transferable droplet generation platform. My parts in 
it define its flow regulation, droplet identification methodology, droplet size and 
generation rate control methodology, system design integration process and addressing 
the design limitations. 
 

This PhD thesis makes the following contributions: 

I Contributions relating to RQ1, in publication 1, I focused on enhancing the 
Proportional-Integral-Derivative (PID) pressure control system and refining its 
algorithm. This involved further development of the existing pump communication 
interface. I devised an experimental methodology to evaluate the device’s 
performance in terms of flow stabilization speed and droplet uniformity.  
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This included collecting initial data on PID control, assessing feedback sensor 
feasibility, and examining the effects of the micropump’s pulsatile operation on flow 
dynamics. Followingly, alongside analyzing the results, I prepared the result-oriented 
figures and drafted the manuscript. My additional contributions include the 
evaluation of the device’s battery-powered performance, micropump characteristics 
for droplet generation and the pump and its driver responsiveness for automation. 

Claim no. 1: A novel, portable, low-cost microfluidic flow regulation device, 
using piezoelectric micropumps with audible frequency range pulsations, was 
presented and evaluated as feasible (< 2% CV) for water-in-oil droplet generation. 

II Contributions relating to RQ1, with publication 2, I was able to evaluate the 
transferability of the flow regulation device developed in the first publication. 
The device was transferred abroad as a design to which I provided consultation 
regarding its flow regulation. I provided further consultation in optical and pressure 
sensorics which was used for the development of a droplet flow velocity sensor. 
Lastly, I reviewed the resulting manuscript. 

Claim no. 2: The design transfer and application of a portable, low-cost 
microfluidic flow regulation device, using piezoelectric micropumps with 
audible frequency range pulsations, in optical flow rate sensor as air-water 
segment generator proved its transferability and flexibility as a module. 

III Contributions relating to RQ2 and RQ3, in publication 3, building upon an enhanced 
design and PID control from publication 1, I merged the tested droplet generation 
method with a droplet monitoring method, developed by Kaiser Pärnamets et al. 
[77], into a prototype droplet generator platform. The methods were joined by 
designing purpose-built fluidic pathways and writing the droplet feedback algorithm 
on the primary system controller. A unique feature I added to the sensing method 
was a tiltable microfluidic chip mount, enabling optical droplet measurement from 
varying angles. I developed the control software on the system controller specifically 
for this platform; focusing on automating droplet generation rate and size control; 
incorporating features like calibration and dual-PID algorithms. To estimate the 
droplet size, interpretable from the droplet sensor, I designed a custom image 
intensity visualization program allowing the use of arbitrary pinholes to scan over 
droplet images, imitating droplet movement over the sensor. In regard to platform 
evaluation, I conducted the droplet generation experiments and their subsequent 
analysis. I was responsible for preparing corresponding visual data, analyzing the 
results, and contributing to the manuscript on these aspects. The design in this work 
addressed themes such as cost-effectiveness, energy efficiency, portability, 
flexibility, stability, accuracy, modularity, repeatability, comprehensive control, and 
responsiveness. Additional contributions extended to designing, programming, and 
assembling the electronic components for droplet signal processing and fluidic 
control. 

Claim no. 3: To have sufficient sensitivity and resolution over the low-cost 
brightfield LED-PD light intensity measurements, a band-pass filter, a multi-stage 
amplifier and a digitizing A/D converter are required to obtain sufficient data for 
droplet size and generation rate control. 
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Claim no. 4: A state-of-the-art, PID-controlled, two-phase droplet generation 
platform CogniFlow-Drop was developed, using a low-cost pressure-based flow 
regulation and an optical PD-LED droplet detector. 

Claim no. 5: Using the CogniFlow-Drop platform, a comparison between 90° and 
38.33° flow-focusing cross-junction angle showed higher degree of generated 
water-in-oil droplet parameter control for 90° cross-junction angle. 

Claim no. 6: A two-stage calibration algorithm was devised and used on 
CogniFlow-Drop platform to characterize the specifics of the used fluidics, 
including chip geometry and reagents to be able to keep track of repeatability 
issues. 

Claim no. 7: Using the CogniFlow-Drop platform with an FFD, droplets can be 
generated from mineral and fluorocarbon oil, with and without surfactants,  
in various sizes and generation rates. 

IV Contributions relating to RQ4, in publication 4 (forthcoming), I developed a 
piezoelectric micropump driver that surpasses similarly sized and priced commercial 
alternatives in terms of capabilities and features. I designed the driver to be easily 
interchangeable with the commercial drivers I used in publication 3, for which  
I made necessitated supporting updates to the platform’s electronics, fluidics, and 
sensory components. I conducted the evaluation experiments with the custom 
driver on the modified droplet generation platform. To enhance the piezoelectric 
micropump’s performance in droplet generation, I designed the driver with a focus 
on control over the driving waveform’s amplitude and frequency. I achieved this  
by using two analog waveform sources in Wien Bridge configuration with adjustable 
frequency, whose outputs could be controlled by voltage-controlled amplifiers 
(VCA). Additional key features of the driver included an optional external waveform 
input, compatibility with the commercial driver used previously, a multi-level 
modular design, full control over the boost-converter, and an analog waveform 
summer. In this publication my writing responsibilities included the preparation of 
the methodology and figures, description, and analysis of conducted experiments, 
and writing the manuscript. 

Claim no. 8: A novel, small footprint, low-cost, driver with dual pure tone 
oscillators was developed for dual chamber series piezoelectric micropumps. 

Claim no. 9: Modified CogniFlow-Drop platform can generate droplets in 
adjustable sizes and generation rates with CVs for both below 1%. 

1.6 Thesis Organization 
The thesis is split into six chapters, including an introduction, three body chapters,  
a conclusion, and a separate chapter for future perspectives. The combined focus from 
challenges and research questions posed in the introduction connects to each of the 
respective publications marked with green boxes in the body chapter columns on Fig. 4. 
Each body chapter is based on the results of a first-authored publication, which are 
strongly dependent on each other. The main timeline is illustrated by continuous orange 
arrows, whereas a supportive publication is connected through a dashed arrow (Fig. 4).  
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Figure 4. Illustrative thesis layout showing how the supporting publications tie back to the 
challenges and research questions, and how they connect to each other in this thesis. 

Table 2. Overview of alignment of chapters, research questions and contributions in the thesis. 

Chapter Topic Research 
question 

Contribution 

I Introduction: topicality, appeal, motivation, 
aims, contributions, approach etc. 

- - 

II Module development: microfluidic flow 
control 

RQ1 I, II 

III Platform development: droplet generation 
control 

RQ2, RQ3 III 

IV Upgradability: pulsatile flow utilization, 
droplet generation control improvements 

RQ4 IV 

V Conclusion: thesis summary, resolutions to 
research questions 

- - 

VI Future perspectives: limitations, possible 
solutions, research interests 

- - 

 
- Chapter I – Introduction 

o The introduction into the thesis is split into six sub-sections (topicality, 
appeal, motivation, aims, contributions, approach) used to help the 
reader see the link between the prominent phrasings (such as 
microfluidic, droplet, droplet generation, automation, responsiveness, 
etc.) most often mentioned in the thesis. And be able to build a 
perspective and an expectation of the outcomes. 

Body chapters II, III and IV start with a brief introduction into a chapter-specific context 
and conclude with a chapter overview with observations of open challenges. 

- Chapter II – Module development 

o The first body chapter starts with the design description and 
methodology of a transferable, standalone droplet generation device 
which is aimed to become the flow regulation module on an automated 
droplet generation platform. 

Closed-loop controlled 
piezoelectric pressure 

sources for droplet 
generation

Options for optimizing 
droplet detection and 

generation stability

An optical flow rate 
sensor using 

generated droplets as 
detection variables

Standalone platform 
for closed-loop control 
of droplet generation 

parameters

Transferable droplet 
generation control on 

a modular platform

Utilization of platform -
specific flow 

characteristics for 
extending the range of 

applicable research

Transferable 
microfluidic flow 

control for droplet 
generation

(Chapter II)
Module development

(Chapter III)
Platform development

(Chapter IV)
Upgradability

(Chapter I)
Introduction

(Chapter V)
Conclusion

(Chapter VI)
Future perspectives

Impact and 
limitations of a 

transferable 
controlled variable 
droplet generation 
platform utilizing 

pulsatile pressure -
based flow

Addressing 
limitations and 

extensions of features 
of the modules and 

the platform.
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 Focuses on microfluidic flow control for droplet generation. 
(Closed-loop pressure feedback and PID control) 

o Results in this chapter focus on device parametric evaluation, followed 
by an analysis of its suitability for the next stage. 

o The device’s transferability is then evaluated through a long-distance 
transfer of the device itself and through a use-case, which the device 
was not specifically designed for. 

- Chapter III – Platform development 

o The second body chapter starts with the design description and 
methodology of a transferable, modular, automated droplet generation 
platform. 

 Focuses on droplet generation control for automation. 
(Droplet detection, droplet identification, closed-loop droplet 
size feedback and multi-layered PID control) 

o Results in this chapter focus on platform parametric evaluation, 
behavior against alterations in liquid and flow properties, followed by 
an analysis of the platform transferability. 

- Chapter IV – Upgradability 

o The third and last body chapter starts with laying out the hardware 
limitations found in the results of Chapter III and are contrasted by 
corresponding solutions. 

 Focuses on pulsatile flow utilization for droplet generation 
control. 

 Focuses on hardware and feature additions aimed to improve 
droplet generation control at higher throughput rates. 

o Results in this chapter are focusing on the effects that complex 
pulsatile flows can have on generated droplet size stability. 

- Chapter V – Conclusion 

o Overview of the main outcomes. 

o Listing of notable limitations remaining. 

- Chapter VI – Future perspectives 

o Suggestions for overcoming the notable limitations. 

o Features of the platform yet to be explored. 
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2 Transferable Flow Regulation for Water-in-Oil Droplet 
Generation 
This chapter presents a highly responsive, portable, and affordable microfluidic pumping 
device specifically aimed at droplet generation. The named characteristics are acquired 
to use the described device as part of a transferable automated droplet generation 
platform. Implying both portability and flexibility, transferability of the developed device 
is required for streamlining its implementation as a module, enabling transferability for 
the following stages, and having sufficient control and operability with variations in 
fluidic inputs and outputs. 

The chapter summarizes the evaluation of the performance and transferability of the 
developed flow regulation device as a response to RQ1, relying on the following 
publications: 

Appendix 1: R. Jõemaa, M. Grosberg, T. Rang, T. Pardy, “Low-cost, portable dual-
channel pressure pump for droplet microfluidics,” 2022 45th Jubilee 
International Convention on Information Communication and Electronic 
Technology (MIPRO), IEEE, 2022. 

Appendix 2: N. Prabatama, R. Jõemaa, K. Hegedus, T. Pardy, “Low-cost open-source 
flow velocity sensor for droplet generators,” 2022 18th Biennial Baltic Electronic 
Conference (BEC), IEEE, 2022.  

Other related publications: M. Grosberg, R. Jõemaa, T. Rang, T. Pardy, “Wireless 
microfluidic dual-channel pressure pump,” patent application. Priority number 
P202200009, Estonia, 2022. 

2.1 Background 
As microfluidic droplets are relatively fragile in non-microfluidic environments; to reduce 
the risks involved in their transportation between labs, a portable droplet generator 
design can be considered as mitigation. Such a generator can be furthered in 
transferability by keeping its design compact, affordable and its parts easily replaceable. 
To achieve a coefficient of variability (CV) of generated droplets below 5%, additional 
attention ought to be placed on flow regulation. 

Microfluidic flow regulation leans on two primary tasks: flow actuation and sensing. 
In microfluidic droplet generation, external vibrations, in-line flow disruptors, and fouling 
of the fluidics can decrease the monodispersity of the generated droplets. Sensing the 
flow either by flow rate or by pressure can help to mitigate the effect of undesired flow 
behavior through feedback, prompting an appropriate compensative response from the 
pumps. Such mitigation favors responsiveness from both the sensors and pumps.  
Most commonly used microfluidic pumps, such as syringe pumps, peristaltic pumps,  
and compressed-air systems [78], differ in responsiveness due to their operation 
mechanism. Each pumping mechanism carries a nuanced flow characteristic [79]. 
Positive pressure flow characteristics are categorized as either pulsatile or continuous 
[79] (Fig. 5), often depending on relative comparison. 
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Figure 5. Illustrative distinction between continuous (a) and pulsatile (b) flow characteristics as 
pressure over time and as a gradient through a microfluidic channel. 

Among the popular pumping methods, the valve-regulated compressed-air systems 
and syringe pump are considered stable when compared to a peristaltic pump. However, 
compared to valve-regulated pressure tanks, even syringe pumps are considered 
pulsatile [78]. Syringe pumps coupled with motorized actuators are widely used for their 
calibration-dependent flow-rate feedback and simplicity in connecting to a microfluidic 
circuit [7], [78]. Peristaltic pumps, preferred in microfluidic cell culturing for their ability 
to operate in a closed fluidic circuit, are advantageous for tasks like dialysis [80] and cell 
culture perfusion [79], [81]. Valve-regulated compressed-air systems offer the best 
performance in flow regulation from their inherent source stability [60] but are costly 
[82], [83] and together with the pressure tank also less portable. For a portable, compact 
microfluidic device, the aforementioned pumps are in a disadvantageous position 
compared to micropumps [7], [84]. Specific micropumps which use inverse piezoelectric 
effect for actuation, have the required design focus [85]. However, due to their 
diaphragm-based mechanism, their flow characteristic is pulsatile. 

Where uniformity of produced droplets is of high priority, the choice of a pumping 
method with pulsatile characteristics, particularly a diaphragm type micropump,  
is unconventional. However, there are a several examples to demonstrate piezoelectric 
pumps to be sufficiently stable for the monodisperse droplet generation [86]–[88].  
The inherent responsiveness of a piezoelectric element [89] makes them highly favorable 
in flow control where relevant timescales range from several milliseconds down to 
microseconds (droplet formation time). Unlike valve-regulated compressed air, which 
offers stability and arguably enough responsiveness, but falling short in terms of cost and 
size, a piezoelectric solution can provide the needed balance between performance and 
accessibility.  

Pulsatile flow have their place in biomimetic microfluidics [90], [91] but due to the 
increased flow complexity are generally avoided in two-phase fluidics where an interface 
between different media is forced at the cross-junction. However, what makes the 
pulsatile flow generated with piezoelectric micropumps more manageable is their low 
pumping volume, and the directly proportional relationship between the actuation 
voltage across the piezo element and the following physical motion [92]. Despite the 
inherent complications, using pulsatile flow has been shown to be feasible and even 
taken advantage of in droplet formation [56], [61], [93]. 
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2.2 Design Considerations 

2.2.1 Fluidics 
To facilitate a highly controllable, high-throughput droplet generation [24], [27],  
a microfluidic polydimethylsiloxane (PDMS)-glass chip with a flow-focusing geometry 
was used (Fig. 6). Channels formed of PDMS can be advantageous for its low fabrication 
price, low curing temperature, optical transparency, and biocompatibility [15], [24].  
In principle, a flow-focusing device (FFD) uses a passive fluidic pinching point where at a 
specific flow rate the “continuous” oil flow will pinch and disperse the water flow into 
droplets with a consequential interval as the shearing force overcomes the interfacial 
tension [16]. Obtained droplet size is determined primarily by shear stress (viscosity), 
channel characteristic size and flow rates [11], [16], [22], [24], [39]. 

 
Figure 6. Flow-focusing device channel design used for droplet generation. Junction dimensions are 
125 µm x 100 µm (width x height), Appendix 3 [94]. 

In this chapter, the droplets were generated from deionized water (DIW); separated 
using mineral oil (MO) mixed with Span® 80 surfactant (widely used; adds comparability) 
with a mixing ratio of 2% w/w. Actuators and sensors were fluidically connected to the 
chip through 0.5 mm internal diameter (ID) Polytetrafluoroethylene (PTFE, Teflon®) tubing. 

2.2.2 Actuators 
Considering the requirement for the device components to be commercially available, 
numerous producers of microfluidic devices such as Bartels [95], Takasago [96], NITTO 
KOHKI [97], and TTP Ventus (acquired by The Lee Company in 2022 [98]) [99] were found 
to offer a range of piezoelectric micropumps. Most of the available micropumps, priced 
at around 100 EUR consist of a single-diaphragm actuator. To determine the direction of 
the flow through a diaphragm pump, the pumps incorporate check valves [100].  
Piezo-electric micropumps are known to diverge into single (SCP) and multi chamber 
pumps (MCP) [85]. With a comparatively small, low-cost design, Bartels Mikrotechnik 
offers a multi chamber series pump (MCSP) allowing for higher backflow pressure at 
smaller size (Fig. 7). Moreover, the smaller diameter piezoelectric discs and pumping 
chambers in Bartels’ design translate into reduced pulsation amplitudes in pressure 
generation. 
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Figure 7. Flow generation diagram in a Bartels’ dual diaphragm micropump design. Reproduced 
from [101]. 

In a piezoelectric micropump, applying a changing voltage difference across the 
opposing faces of a thin disc of piezoelectric material, acting as the diaphragm, deforms 
and alternates the deformation direction of the disc [100]. Depending on the direction 
of disc deformation, an increase or decrease in pressure can be generated in the 
diaphragm housing. In Bartels’ design, two series diaphragms are operated in antiphase 
with alternating signals in the audible frequency range, enabling to produce an output 
pressure of up to 50 kPa. With the antiphase operation of the two diaphragms, a rocking 
effect is inadvertently caused across the pump. Such vibrational forces lost to the pump’s 
exterior can diminish the output pressure and its stability, which in droplet generation 
can reduce the droplet uniformity. Hence, the pumps ought to be fixed in place with 
contact surfaces ideally padded with sound dampening material like foam or rubber. 

The Bartels piezoelectric pumps require high voltages to operate at their maximum 
capability, up to several hundred volts, alternating with a repetitive waveform pattern – 
for which a specialized electronic circuit is required. As manufacturers of piezoelectric 
micropumps often patent their pump designs [102]–[104], unique driving methods 
become implied. Because of this, manufacturers tend to develop their own dedicated 
drivers. Typically, these drivers come minimally equipped with frequency and amplitude 
control capabilities, allowing users to access the full output pressure range of their 
pumps. Some drivers also provide limited control over the waveform shape among 
options like sinusoidal, trapezoidal, and square wave. It is common for the waveforms to 
be generated digitally, formed of voltage steps following an equation or a precalculated 
lookup table stored in memory. In this work, digital mp-Highdrivers from Bartels were 
selected to accompany the mp6-liq micropumps from Bartels. These drivers can operate 
at frequencies ranging from 50 – 800 Hz and amplitudes from 10 – 250 V (0 V when turned 
OFF). The frequency step resolution varies with the frequency range, and the operational 
amplitude is divided into 32 levels with a size of about 8 V at the expected capacitive load 
of the mp6-liq piezoelectric element. 

2.2.3 Sensors 
For a two-phase microfluidic process, two separate liquid flows need to be monitored. 
This sets the minimum requirement of pressure sensors at two. A third pressure sensor 
was introduced to decouple the pressure control response from any fluctuations and 
accumulating deviations at the end of the setup’s output (e.g., when the output tube, 
settled at the bottom of the droplet collector container, sees a rising output pressure 
due to an increasing column of liquid on top of it). A three-sensor configuration allows 
for the droplets to continue flowing into other mechanisms such as active sorting, mixing 
or multi-layered encapsulation which is the main to limiter of open-loop droplet 
generation.  
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To measure pressure quickly and accurately, we can use resistive or capacitive 
pressure sensors. Commercial electronic pressure sensors are nowadays primarily 
piezoresistive and designed with a digital output – meaning that the pressure sensor, 
after detecting and measuring the voltage produced by a pressure acting on a 
piezoelectric diaphragm, will use an integrated A/D converter (ADC) to convert it further 
into a binary message. For a proof-of-concept design, the choice of the pressure sensor 
is made based on price-to-feature performance and its compatibility with different liquid 
media. For the functionality and evaluation tests, low-cost pressure sensors with  
food-grade silicone coating were used (further detailed in Table 3). 

Table 3. Revision 1, droplet generation device, pressure sensor specifications. 

Component 
name 

MPRLF0006KG0000SC  Output 
resolution 

14-24 bits 

Sensor type Gage  Typical polling 
frequency 

~204 Hz 

Pressure range 0 - 6 kPa 
(max. -2 - 8 kPa) 

 Typical power 
usage 

10 mW 

Communication 
protocol 

SPI  Liquid 
compatibility 

+ 

Unit Price (Q1 
2024) 

14.10 € (VAT excl., 
Mouser) 

 C° compensated + 

 
To optimize the sensor communication for responsiveness, the least significant byte 

was discarded, leaving 16-bits of data to work with. This was permitted on the basis that 
the ever-present ripple produced by the piezoelectric pumping (typ. >> 0.1 Pa) was 
significantly greater than the sacrificed finer decimals of the measurement (< 0.1 Pa).  
As there were three pressure points of interest, this optimization allowed to poll and 
process the data from all three sensors after every ~5.3 ms (~189 Hz). Aside from 
detecting the pump’s flow characteristics and possible artifacts introduced by the droplet 
formation process, the sensor responsiveness was important for updating the pressure 
level produced by the pumps. Moreover, the pressure data can be a valuable indicator 
for the device’s evaluation. 

2.2.4 Controller 
For data extraction/interpretation from the pressure sensors and controlling the pumps 
through their drivers by using the pressure data as feedback, a microcontroller 
development board ESP32 DevKitC-32U was used. Additionally, this development board 
provided options for all necessary communication protocols (SPI, I2C, serial, Wi-Fi).  
The ESP32 was used to communicate with the sensors using SPI, with the pump drivers 
using I2C and with the user via USB or Wi-Fi. The advantage of the ESP32 DevKitC over 
other low-cost, low-power microcontroller boards is its two independent processing 
cores with a relatively high clock rate of 240 MHz. A dual-core processor enables one 
core to focus solely on handling the hardware behavior and leaves the other available to 
focus on responding to user controls. In this way, one does not interrupt the other,  
which is critical in ensuring stable droplet generation. 

In combination with the chosen pumps, chip geometry, liquids, sensors, and their 
positions, the full fluidic setup can be illustrated (Fig. 8). 
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Figure 8. Illustration of the droplet generation setup – including three inline pressure sensors (P1, 
P2, P3), an FFD, DIW as the disperse phase, MO with Span® 80 as the continuous phase, 
droplet/waste collector, and two inline PZT pumps. 

To control the pumps for oil and water flows, pressure feedback was measured from 
three points (Fig. 8 – P1, P2, P3), with pressure differences calculated cyclically on the 
first core of the ESP32 for either pump. To control the oil pump, a corresponding pressure 
difference was calculated from the FFD’s outlet pressure (Fig. 8 – P3) being subtracted 
from the pressure measured between the oil pump and the FFD’s oil inlet (Fig. 8 – P2). 
Analogously for the water pump, the outlet pressure (Fig. 8 – P3) was subtracted from 
the pressure between the water pump and the FFD’s water inlet (Fig. 8 – P1). These 
continually updated differential pressures were used as inputs for calculating the errors 
from the individual pressure setpoints specified for the water and oil Proportional-
Integral-Derivative (PID) control loops. Using a PID algorithm meant that the respective 
coefficients (K-values: Kp, Ki, Kd) and an update cycle duration also needed to be found. 
To acquire the cycle duration, a cyclically resetting timer was added into the code 
managing the pressure data acquisition and pump control. This provided a dynamic cycle 
duration for every PID calculation. For PID coefficients, the K-values were explored 
heuristically. However, to not be left with an excessively sensitive pump control, one 
more coefficient was necessary for the PID error calculation. Namely, the binary sensing 
data read by the ESP32 was translated into pressure units (Pascals), yet the generation 
of pressure was controlled through voltage, applied over the piezoelectric actuators. 
Hence, the measured pressure needed to also be mapped into voltage. From the datasheet 
of Bartels micropumps, the relationship between the pumped pressure and the change 
in amplitude of the driving waveform showed a predominantly linear, positive correlation. 
Followingly, the maximum output pressure of the pump was measured with a pressure 
sensor in a blocked fluidic circuit. By blocking off the flow, the pressure at the sensor was 
allowed to build up as high as the pump could produce. The pressure-to-voltage 
coefficient could then be found by dividing the used voltage by the measured pressure. 
This process was performed separately for oil and water due to the pump’s performance 
being linked to the pumped media [95]. 

2.2.5 Device Exterior and Fluidic Joints 
Using a 3D filament printer, Original Prusa i3 MK3, housings for the controller, pumps, 
and sensors were printed from Polylactic Acid (PLA) [105]. Using a 3D resin printer, 
Anycubic Mono X, microfluidic T-junctions were printed from Anycubic Standard clear 
resin [106]. 
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2.2.6 User Interface 
To operate the droplet generation device at a component level without a complex 
physical interface, using wireless communication enabled by the ESP32 DevKitC,  
a graphical user interface (GUI), loaded onto the ESP32, was transferred to a connecting 
computer. Using ESPAsyncWebServer library [107], an ESP32 could be made to operate 
as a local server, to which a nearby smart phone or laptop could directly connect to via 
Wi-Fi. The GUI could then be loaded using a web browser by connecting to a set IP 
address. 

The GUI was designed to allow numeric access to variables such as PID K-values, target 
pressure levels for each pump, operation timer, sensor polling loop delay and lastly the 
mp-Highdriver settings, including driving waveform amplitude, frequency, and shape. 

2.2.7 Design Overview and Connections 
Inter-component links inside the device and with the user can be seen on Fig. 9.  
The design choice summary is explained in Table 4. 

 
Figure 9. Block diagram of the device components and communication methods, Appendix 1 [108]. 

Table 4. Dual-channel, portable pressure pump design criteria. 

Category Field-specific needs 
(based on section 2.1-2.2) 

Explanation 

Nr. of pumps 2 To control both oil and 
water independently. 

Pump type Piezoelectric; water and 
oil compatible 

Compact, low-power, 
highly responsive. 

Nr. of sensors 3 To monitor both pumping 
pressures involved in 
droplet generation. 

Sensor type Pressure; non-reactive, 
liquid compatible coating 

Easier to correlate to 
pressure-based pumping. 

Table 4 continued on the next page 



32 

Table 4 continued from previous page 
Category Field-specific needs 

(based on section 2.1-2.2) 
Explanation 

Closed-loop feedback Yes For translating pumping 
pressure target to voltage. 
For flow stabilization. 

Control type PID Fast and lightweight 
Commercial availability of 
components 

All To ensure design 
transferability. 

Target CV% < 5% [4], [15], [22], [34], [71], 
[75] 

Portable Yes [109] 
Wireless communication Yes [110] 
Battery life > 10 h [111] 
Cost8 < 500 € [109]–[112] 

2.3 Performance Evaluation 
The following section presents the methodology leading to and the outcomes gained 
from publication I, focusing on the performance of aspects such as battery-powered 
operation, pumping with PZT micropumps, droplet generation with pulsatile flows and 
feedback control in a setup example on Fig. 10.a. 

2.3.1 Methodology 
Following aspects were tested for the evaluation of this proof-of-concept droplet 
generation device (ambient temperature was measured at 25 °C for all tests): 

I. Duration of operations on battery support at nominal power use. 
In consideration of portability, for battery selection, the nominal device 

power consumption was calculated using documented nominal rates for its 
active components. 

As for defining conditions for the nominal power use, both pumps were set 
to operate with a switching frequency of 100 Hz with the maximum peak-to-peak 
pumping voltage of 250 VPP. Both pumps were connected in separate closed-loop 
flow paths, to continuously circulate DIW. To monitor proper device operation, 
the device controller was connected to a laptop over Wi-Fi, with cyclic updates 
of pressure sensor data at a rate of 1 Hz. 

II. Observations of the impact on the pumping pressure caused by pump’s 
operation frequency. 

With pulsatile characteristics expected from reciprocating diaphragm 
micropumps, an open-ended flow path with two in-series pressure sensors was 
connected after one of the PZT micropumps. The flow path included three parts 
of 0.5 mm ID PTFE tubing, each with a length of 200 mm, separated with a  
T-junction for every sensor. 

 
8 Cost of the pumping device, limited to cover the cost of structural materials and low volume 
prices of COTS electronic and mechanical components. 
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The pump was operated with a sinusoidal waveform with an amplitude of 
~111 VPP (250/255 * 113) to hold the pressure within the sensor’s compensated 
pressure range of 0 - 6 kPa. Pumped pressure data was collected over 1 minute 
at each frequency (50 Hz, 100 Hz, 200 Hz and 400 Hz) and compared after a 
stabilization period of 40 seconds.  

III. Testing droplet generation feasibility without pressure feedback control. 
A fixed pumping frequency of 200 Hz and 50 Hz for water and oil respectively 

together with driving voltages set to 100 VPP and 90 VPP for water and oil 
respectively, were used to generate droplets in a setup illustrated in Fig. 9. 

The FFD was positioned between a high-speed camera (acA640-750uc, 
Basler) and a brightfield LED to record images of generated droplets while still 
flowing inside the FFD. A 20x microscope lens was connected to the camera to 
limit the area of interest. Using ImageJ software and the known channel width 
of 125 µm as a reference point, the recorded area of 640 by 480 pixels was 
estimated to cover 1250.0 by 937.5 µm of the microfluidic chip. After stabilization 
of about a minute after droplets began forming, a series of images were 
captured from the flow-focusing junction at 750 frames per second (FPS) over 
100 ms. Obtained frames were used to estimate the droplet generation rate by 
counting frames from the formation of one droplet to the formation of another. 

To get the first overview of the uniformity of the generated droplets,  
the camera was moved to capture the 625 µm wide portion of the outlet 
channel to record as many droplets per frame as possible from inside the chip. 
This was deemed necessary as the used surfactant and its amount in the oil did 
not prevent the droplets from merging when exiting the FFD. Followingly,  
a 25 second video was recorded of generated droplets. From the video, frames 
were extracted at various timestamps. The frames taken were separated with 
enough time in-between to prevent taking frames containing the same droplets. 
The extracted frames were analyzed using ImageJ. Droplets could be separated, 
and their cross-sectional areas measured by pixel translation to physical 
dimensions (tied to the known channel dimensions on the images) and counting. 

IV. Gauging flow regulation responsiveness heuristically with an unoptimized PID 
control. 

In the device firmware, the PID was enabled for both pumps with matching 
conservative K-values for oil and water of 0.5, 0 and 0.1 for Kp, Ki and Kd, 
respectively. The pumping device was connected to a laptop through a USB 
connection to log the pressure data and to eliminate any possible effects the 
Wi-Fi routine could have on the expected feedback loop durations and noise 
from the wireless communication could have on the sensors. During USB 
connection, the battery was disconnected and the power for device operation 
was received from the laptop. Reliable pressure data collection was necessary 
to compare the effects of differing rates of responsiveness (minimum achieved 
~5.3 ms; +5 ms; +50 ms) have on the pressure stabilization in two-phase 
microfluidics. For the artificially slowed responsiveness (+5 ms; +50 ms) each 
with 3 repetitions, the time taken to reach stable pressure levels was measured. 
For these tests, the pressure targets were set to 4.30 kPa for water and 5.95 kPa 
for oil. To keep both the stabilized and the initial overshot pressure levels within 
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the compensated sensing range, for nominal feedback delay of ~5.3 ms, water 
and oil pressure targets were set at 3.80 kPa and 4.80 kPa, respectively. 

2.3.2 Results 
For the tested points, following results were obtained: 

I. Duration of operations on battery support at nominal power use. 
With an estimated continuous power requirement of 1.33 W, a 14.8 Wh  

Li-Po battery (LP805080, Cellevia Batteries) was used to reach the specified 
battery duration. The device became inoperable after ~11 hours of nominal 
continuous use when the wireless connection with the laptop and the pumping 
stopped. 

II. Observations of the impact on the pumping pressure caused by pump’s operation 
frequency.  

The tests showed relatively slow periodic pulsations with varying rates 
between 1 to 20 Hz (Fig. 10.b). From the in-series dual-diaphragm design of the 
micropump, pumping frequency transfer to the pump’s exterior and translation 
into a slower resonant rocking motion was hypothesized to be propagating 
along the tubes. As there were two points at which pressure was monitored, the 
up- and downstream pressures were following the expected pressure drop, 
leaving all downstream pressure values below their upstream counterparts. 
However, the average pressure levels compared among pumping frequencies 
came with unexpected deviations – as the maximum pressure level was 
obtained with pumping water with 200 Hz driving frequency (Fig. 10.b), the 
pressure levels were expected to drop as the frequency became more distant 
from it; however, 50 Hz driving signal produced a slightly larger pressure than 
the 100 Hz driving signal (Fig. 10.b). 

From analogous tests with mineral oil, the pressure level generated 
decreased with the increase in pumping frequency. As for following evaluation 
tests, the water pumping frequency was set to 200 Hz, oil pumping frequency 
was left at 50 Hz – the minimum frequency available for the mp-Highdriver. 

III. Testing droplet generation feasibility without pressure feedback control. 
With the fixed driver settings, pressures of 5.82 kPa and 6.87 kPa were 

produced across the FFD for water and oil, respectively. Empty water droplets, 
measured with average cross-sections of 28 517 µm2 (Fig. 10.c) were generated 
into mineral oil at an estimated continuous rate of ~30 Hz. From a prolonged 
droplet generation video, a randomized sampling of 85 unique droplets yielded 
a coefficient of variation (CV) of less than 2%, including outliers deviating from 
average by -4.58% to +4.74%. 

IV. Gauging flow regulation responsiveness heuristically with an unoptimized PID 
control. 

With a +50 ms added feedback delay, the PID controller managed to stabilize 
the pressure levels at 4.07 kPa and 5.74 kPa for water and oil respectively, after 
~25 seconds. In contrast, the pressures stabilized within ~8 seconds when the 
total feedback delay was reduced to ~10.3 ms. At nominal feedback delay of 
~5.3 ms, the pressure levels stabilized at 3.86 kPa and 4.61 kPa for water and oil 
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respectively, in ~7 seconds (Fig. 10.d). Considering the decrease in targeted 
pressure levels, the gain in responsiveness was marginal. 

With an increasing pressure sampling rate, the pump control noise started to 
emerge (Fig. 10.e). This was attributed to the pump’s driving signal’s amplitude 
step size of ~7.5V – trying to stabilize at a pressure level optimally generated 
with amplitudes between limited available steps. 

The repeated stabilization of pressure levels at a distance from the setpoints 
was attributed to the PID controller not utilizing the accumulation of such 
deviations by having had the Ki value as zero. 

 
Figure 10. a) Piezoelectrically regulated microfluidic droplet generation setup, connected to an FFD; 
b) Graphed water pressure readings during pump operation characterization at varying pumping 
frequencies; c) Sample image from a high-speed camera of water droplets flowing in mineral oil in 
a 625 μm wide channel. d) Graphed oil and water pressure readings of feedback-controlled pressure 
stabilization; e) Closeup of water pressure readings from nominal feedback control delay of  
~5.3 ms, Appendix 1 [108]. 

a c

b

d
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2.4 Case study of Transferability 
The following section focuses on the inputs and outcomes of the transfer and flexibility 
of the piezoelectric droplet generation device. 

2.4.1 Context 
To demonstrate transferability, the device designs and firmware were given to a student 
unfamiliar with the device. The student’s work was aimed at developing an open-source 
flow velocity (mm/s) sensor for microfluidics which contained a flow of intermittent 
media such as droplets or bubbles distinguishable through differences in spectral 
absorption. 

The sensor was non-invasive and could be positioned around a translucent tubing at 
any point with an OD smaller than 3.6 mm. With a known tubing cross-sectional area, 
from flow velocity, flow rate could be calculated. To devise a setup to benchmark the 
developed flow velocity sensor, the portable pumping device played the role of 
generating a segmented flow of water and air (Fig. 11). 

 
Figure 11. Flow velocity sensor benchmarking setup using the dual-channel droplet generator to 
pump air and colored water into a 3D printed T-junction to produce a segmented flow of air and 
water, distinguishable by the developed flow velocity sensor, Appendix 2 [113]. 
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The developed sensor type was optical, an amalgamation of previously reported 
methods (Appendix 2), using two phototransistor (spectral range above 90% relative 
sensitivity: 820 – 950 nm, 860 nm peak, SFH309, OSRAM) and infrared (IR) emitter  
(890 nm, OP298A, TT Electronics) pairs placed perpendicularly to the observed 
translucent food-grade silicone tubing (1 mm ID, 3 mm OD) and to each other, spaced  
3 mm apart along the tube. To measure flow velocity from a segmented air-water flow, 
the length of both the droplet and the bubble could not be as small as to fit multiple of 
each between the 3 mm sensor gap as it would cause the two optical detection points to 
decouple. For this reason, the segmentation could be simplified for the testing phase, 
using a 3D printed T-junction to join the water and air flows together. 

For benchmarking the developed optical sensor, consultation was provided for the 
student to utilize fast commercial calibrated pressure sensors to mathematically 
calculate the flow velocity over a known tubing volume (Fig. 11. A). 

The student developed their own interface for the sensor and the portable pumping 
device and joined their communication over Wi-Fi, making the pump controller an 
integral part of the setup. The pumps were operated in open-loop control without the 
designed pressure sensors, controlled only by commands directly affecting the pump 
drivers. The commands covered the driving waveform shape, frequency, and voltage.  

2.4.2 Results 
With comparable flow velocity measurements obtained from the developed sensor and 
an alternative measurement method using commercial, calibrated pressure sensors, the 
pumping device was deemed sufficient for the experiment as seen from the graphed 
results in Fig. 7 of Appendix 2 [113]. 

To drive the mp6-liq (Bartels) piezoelectric pump to generate pressure for air input, 
the effective driving frequencies needed to reach closer to 400 Hz and above. With the 
mp-Highdriver (Bartels) pump driver, enabling driving waveform frequencies up to  
800 Hz, the necessary pumping capability was available, demonstrating the suitability of 
the pumping device for applications utilizing both gaseous and liquid phases. 

The inclusion of Paper II in this thesis serves to support the flexibility of the pumping 
device for different experimental setups. Successful design adaptation underscores the 
primary prerequisite for the envisioned automated droplet generation platform. 

2.5 Chapter Summary 

2.5.1 Discussion 
In this chapter, the design criteria and the methodology of component selection were 
laid out for the construction of a portable, comparatively affordable, and highly 
responsive droplet generation device. The pumping device included a closed-loop PID 
pressure controller, enabling uniform droplet generation in pulsating flow conditions. 

The device was evaluated feasible for stable droplet generation with preliminary 
monodispersity measurements at less than 2% CV. Additionally, the device shows 
sufficient responsiveness for automation with two-phased flow stabilization speeds 
reaching below 10 s. Moreover, with the ability to function through both battery-powered 
wireless connection and direct USB connection, the device design is flexible enough for 
use as a module on a larger system. Lastly, the affordable, simple design and wide 
availability of its components proved successful for the device transferability to a 
different lab and application. 
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2.5.2 Device Specifications 

Table 5. Standalone, transferable pumping device specifications. 

Category Value 
Number of independent pumps 2 
Pump description Bartels, mp6-liq, 

PZT, dual diaphragm,  
Number of pump drivers 2 
Driver description Bartels, mp-Highdriver, 

10-250 VPP, 50-800 Hz 
PZT pumping frequency (water) ~200 Hz 
PZT pumping frequency (oil) ~50 Hz (limited by driver) 
Number of sensors 3 
Sensor description Honeywell, MPRLF0006KG0000SC, 

pressure-based, max. range (-2 kPa to 8 kPa) 
Controller ESP32 DevKitC-32U 
Feedback rate ~189 Hz 
Battery performance >10 h @ Wi-Fi update rate of 1 Hz; pump 

operation settings: 100 Hz, 250 VPP 
Estimated max. power consumption 1.33 W 
Device dimensions (excl. sensors) 120x60x30 mm 
BOM Cost (Q1 2023) ~250 € 

 

2.5.3 Considerations for the Next Stage 
When transferring the designed pressure-based flow regulation device onto an 
automatable droplet generation platform, there are several aspects that need to be 
considered. 

I. The ESP32 DevKitC controller will not be able to manage droplet generation 
automation due to insufficient cores, memory, and I/Os. Thereby, with the 
assumption of another controller for the automated system, the pump 
controller does not benefit from the use of its Wi-Fi routine, as the proximity to 
the higher-level controller allows for direct USB connection. In which case,  
as the pumping device’s main PCB was designed to be operational by both 
battery and USB connection, the device-specific battery can be excluded from 
the transfer. To operate this pumping device through an intermediary control 
module over USB, on top of increased communication reliability other benefits 
can be gained: with the Wi-Fi module on the ESP32 in sleep mode, power 
consumption is reduced; with Wi-Fi non-operational, the EMI is reduced; with 
reduced EMI the pressure sensors can be brought closer to the ESP32 – further 
compacting the pumping device. 

II. To utilize the full potential of the piezoelectric micropumps, the sensor’s 
pressure range ought to be above but in proximity of the maximum pumping 
pressure (~50 kPa), to get the most resolution out of the sensor’s integrated 
ADC. The 6 kPa rated pressure sensors are not sufficient to cover the full range 
of the pumping pressure available with Bartels micropumps. 
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III. By testing the pumps inherent vibrational mode transfer into the flow at 
different liquid pumping frequencies. Higher pulsation amplitudes in the 
measured pressure feedback were considerably more prevalent in the denser 
water as opposed to the thinner, mineral oil, when tested separately. When 
tested together, it was observed that the oil absorbed some of the vibrations 
carried by water. 

IV. For a specific liquid density and viscosity there is an optimal pumping frequency 
for the piezo elements. This implies a possibility that the effect can apply for 
liquids altered by particles such as surfactants and particles to be encapsulated. 

V. The pumps are audible and considerably more-so when driven by a square-wave. 
VI. As droplets generated in mineral oil with 2% w/w Span 80 surfactant were 

observed to not preserve initial separation after exiting the FFD, another more 
stable type of oil and surfactant ought to be tested. 
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3 Transferable Droplet Generation Platform Design and 
Automation 
This chapter proposes a modular design for a microfluidic droplet generation platform 
and a method to attain its process automation. For automation, the developed platform 
relies on the integration of highly responsive and robust, yet easily accessible and 
inexpensive actuation and sensing modules. In addition to organizing the platform design 
around a compact, portable form, the transferability of the developed platform is 
demonstrated and further evaluated through its operability with different input liquids, 
fluidic setup configurations, and a range of user-specified droplet generation parameters. 

The chapter details the functionality and the integration process of the modules, and 
the overall performance of the automated droplet generation platform as a response to 
RQ2 and RQ3, relying on the following publications: 

Appendix 3: R. Jõemaa, N. Gyimah, K. Ashraf, K. Pärnamets, A. Zaft, O. Scheler,  
T. Rang, T. Pardy, “CogniFlow-Drop: Integrated modular system for automated 
generation of droplets in microfluidic applications,” IEEE Access, IEEE, 2023. 

Other related publications: K. Pärnamets, K. Ashraf, N. Gyimah, R. Jõemaa, T. Pardy, 
“Integrated modular system for automated generation of droplets in microfluidic 
applications and method thereto,” patent application. Priority number P202300024, 
Estonia. 2023. 

3.1 Chapter Overview 

3.1.1 Background 
For a droplet generation platform, automation comes in the form of being able to initiate, 
hold and recover consistent droplet generation against sudden or periodic disruptions, 
and gradual changes in the setup – i.e., sudden pressure shocks from downstream valves; 
periodic pressure waves from pulsatile flow generators; gradual degradation and fouling 
of the fluidics. Against the disruptions, automated stabilization enables generating 
uniform droplets over extended periods, adding to replicability and throughput.  
To automate and attain the subsequent benefits, knowledge of the following is implied: 

• A target parametric point at which droplets ought to be produced, by their size 
and/or generation frequency. 

• A model, representative of platform fluidics, which links flow parameters 
together with the resulting droplets. 

• Latest droplet generation parameter(s) (droplet size; generation frequency) 
during the generation process. 

In principle, when a desired stabilization point is given, the platform ought to know at 
least roughly, how to get there. Moreover, it needs a way to verify that it is indeed 
approaching the objective and how well it is doing so. If any distance remains from the 
stabilization point, the platform ought to know in which direction and to what degree to 
reconfigure its flow generators. To have an idea how to respond to dynamic changes in 
generation parameters, static properties of the platform can provide the initial reference 
through a model. By varying the inputs, the outputs change characteristically how the 
static fluidic properties act on the dynamic properties. This relationship can range from 
a simple best fit line equation obtained through empirical testing [114] to a set of neural 
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network weights obtained through training on recorded [115], [116] or simulated data 
[117]. While a pretrained neural network may not impose considerably more on the 
available computational resources on the platform, the training process itself becomes 
the bottleneck if anything changes in the static properties. Additionally, with the fouling 
of the fluidics inherent to microfluidic processes, unless there is a fouling model, active 
error correction can be realized by monitoring the droplet generation parameters. There 
are many active error correction methods to choose from, such as PID control, fuzzy logic 
control, a neural network with backpropagation and others. However, with the focus on 
transferability, the available computational resources are expectedly limited. Therefore, 
methods leaning towards simplicity and computation speed ought to be chosen. 

When using an FFD for droplet generation, it ought to be taken into account that the 
range of stable generation points is not just limited by flow rate ratio, but also by the 
intercept angle between the continuous and disperse phases [118], [119]. Approaching 
the limits of the available stable droplet formation range, results in droplets with ever 
increasing parametric variance. The impact from variance to re-stabilization is worsened 
at higher throughput. As a solution, together with flow control, the feedback ought to be 
oriented towards responsiveness, to extend the range of experiments without needing 
to redesign the static components of the system. In consideration of the requirements 
of transferability, modularity, and responsiveness, an optical in-flow9 droplet detection 
and quantification method was used. An optical sensor allows it to keep a distance from 
the fluidics, preserving the option for using different microfluidic chips. For the sensor to 
‘understand’ what can be classified as a droplet, it needs to distinguish between  
flow-phases. An optical method can do so either by detecting the differences between 
spectral absorption of the different liquid media, or by changes in captured light 
intensity, produced by refraction that occurs at the curved phase-transition interface 
surrounding the droplet. In state-of-the-art optical examples phase-differentiation 
characteristics are created either with an infrared (IR) laser [55], whose wavelengths are 
known to be absorbed well by water, or with a light emitting diode (LED) in the visible 
spectra [70], used to create droplet ‘shadows’ through refraction. To register these 
optical characteristics, the most prevalent detection options include a high-speed camera 
[70], a phototransistor [120] or a photodiode (PD) [55], [70], [121]. A complementary 
metal-oxide-semiconductor (CMOS) camera sensor consists of an array of photodiodes 
and is thereby in principle always less responsive than a single photodiode. Even so, the 
acquisition and polling speeds of a high-speed, compact CMOS camera can easily exceed 
the aimed droplet throughput. However, a significant temporal drag occurs during image 
processing, more so on a limited computational budget. 

To be defined as a platform for droplet generation, the design needs to demonstrate 
performance parameters and features to be applicable for a wide range of droplet 
related applications. This implies flexibility, extended periods of continuous operability, 
and high degree of control over droplet generation parameters. With control over both 
the droplet size and generation rate, the platform allows for fast empirical 
characterization of the fluidics. A platform capable of self-characterization can improve 
the replicability and standardization that is prevalent in droplet generation. 

A detailed overview of state-of-the-art platforms comparable to the one proposed in 
this chapter is shown in paper III (Appendix 3). 

 
9 In this context, in-flow refers to droplets detected in the droplet generation stream, in proximity 
of the droplet formation point. 
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3.1.2 Design Criteria 
With the context behind the available design choices in mind: 

 
• The transferability of the platform can be improved by focusing on simple, 

widely available, and cost-effective hardware; by using a system-descriptive 
model that can be produced on the platform. 
 

• Modularity of the platform can be maintained by choosing a droplet sensor type 
that can operate without making contact with the fluidics. 

 
• Responsiveness of the platform can be ensured by using a droplet sensor which 

outputs a minimum number of variables per measurement; by using a feedback 
control method that balances simplicity, speed, and adaptiveness. 

 

Table 6. Transferable, modular, droplet generation platform design criteria. 

Category Value Additional details 
Module: 
Flow regulation 

Dual-channel, pressure-
based pumping device 
(from Chapter 2). 

Has built-in closed-loop 
pressure feedback. 
Uses pulsatile 
piezoelectric pumps. 
Controllable via USB. 

Module: 
Microfluidics 

Flow-focusing type chip, 
PDMS-glass 75x25 mm 

In-house master mold 
available with different 
cross-junction channel 
widths and intercept 
angles. 

Module: 
Droplet sensor 

Optical, 
Brightfield LED-PD 

An LED-PD droplet sensor, 
capable of detection rates 
>>1 kHz, was developed 
and rigorously tested by 
K. Pärnamets et al. [77]. 

Module: 
System controller 

Raspberry Pi 4B Popular, low-cost, high-
performance multi-core 
single-board-computer 
(SBC) with Wi-Fi. 

Closed-loop feedback Yes For translating droplet 
generation parameter 
targets (droplet size and 
generation rate) to 
pressure values for the 
flow regulation module. 
For droplet generation 
stabilization. 

Table 6 continued on the next page 
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Table 6 continued from previous page 
Category Value Additional details 
Control parameters Droplet size. 

Generation rate. 
Droplet size control allows 
for monodisperse droplet 
generation. Droplet 
generation rate control 
allows for synchronization 
with the pulsatile flow 
generation. 

System modelling method Best fit line. 
Common regression 
models. 

Fast and simple. 
Requires minimal 
computational resources 
for re-calibration. 

Commercial availability of 
components 

All To ensure design 
transferability. 

Target CV% (size) < 5% [4], [15], [22], [34], [71], 
[75] 

Portable Yes See Table 1 
Wireless communication Yes No examples exist for this 

particular application. 
Cost10 < 1000 € See Table 1 

3.2 Design Considerations 

3.2.1 Layout and Fluidic Circuitry 
As previously established, the flow circuitry required for droplet generation includes 
pumps, flow-descriptive sensors, a controller, and a microfluidic chip with a droplet 
generation specific channel geometry. By defining automation for droplet generation as 
a system capable of self-configuring its actuators to generate droplets at specified sizes 
with specific intervals, droplet generation parameters would need to be observed.  
An actuator module, capable of multiscale droplet generation, was put together in 
Chapter 2. A droplet sensing setup, focused on responsiveness and simplicity, was 
devised in parallel by K. Pärnamets et al. [77], which needs to be embedded onto the 
planned platform as a module. To coordinate the required modules a unifying control 
module is required. To structure the platform categorically, a first revision design  
(Fig. 12) included a droplet sensor column to primarily accommodate the brightfield  
LED-PD detector setup; an electronics column to accommodate both the flow controller 
and the system controller. The fluidics module, including the pressure pumps, the pressure 
sensors, the microfluidic chip, the connective T-junctions, and the tubing were spread 
over the platform for better accessibility for the pump controller and the droplet sensor. 
Due to the intrinsic vibrational nature of the micropumps, the pumps and the droplet 
sensor were placed with the greatest distance available on the platform. The proof-of-
concept platform was assembled on top of a wooden baseplate for its rigidity and 
workability for modifications. 

 
10 Cost of the platform, limited to cover the cost of structural materials and low volume prices of 
COTS electronic and mechanical components; bill of materials. 
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Figure 12. Revision 1 – placement of droplet generation modules on 330 x 220 mm base platform. 
(“Lx” – Layer x) 

Preliminary testing on the first revision of the platform covered the functionality of its 
modules. Namely, the system controller was given commands to produce fixed oil and 
water pressures at levels known prior to producing droplets. The system controller would 
then need to transfer these commands to the pump controller. To verify the production 
of droplets the droplet sensor was connected to both an analog-digital-converter (ADC) 
(Fig. 12 E-L2) communicating with the system controller and an oscilloscope, to get an 
understanding of how a passing droplet would represent itself in voltage. In the aftermath, 
the first design revealed notable problems with both the droplet sensor and the pressure 
sensors. The pressure sensor placement on the platform required extending the power 
and communication wires, which with the added length started to accumulate more of 
the surrounding electromagnetic interference (EMI) and cause noticeable noise to be 
measured by an ADC inside the pressure sensor. The droplet sensor column, however, 
showed significant difficulty in the process which required the PD, the LED, and the 
microscopic cross-junction in the microfluidic chip all to be brought in alignment, for any 
change in voltage to be detected. However, even with a satisfactory alignment the PD 
signal reached slightly above the noise level. Whilst a poor signal-to-noise ratio (SNR) was 
largely attributable to the low signal intensity from the PD, the relatively high noise level 
was attributed to relying on power sent to both the pumps and the droplet sensor 
through the system controller which was bound to add its own EMI to the mix. 

A second revision was devised, shown on Fig. 13. To address the SNR from the signal 
side of the droplet sensor, additional processing was added in front of the signal digitizing 
ADC (further detailed in Subsection 3.2.2.1). Addressing the noise side of the sensor,  
the electronics column was raised to fit two switch-mode power supplies (ECS45US05, 
XP Power) with a pair of 5V outputs on E-L1 (Fig. 13). Having two allowed powering the 
system and pump controller separately from the LED-PD sensor and the PD signal 
processing board. The power lines were joined over a single grounding wire between the 
system controller and the PD signal processing board, acting as a star connection to 
minimize ground noise transfer. Having a 5V output, the power supply units (PSU) could 
be simply replaced with widely available battery banks for further noise mitigation.  

Pressure sensor PCBs  &  T-junctions

Droplet sensor column (D)

Electronics column (E)

PZT micropumps

E-L1

E-L2

D-L1

D-L2

1 DoF microfluidic chip holder
&  FFD

1 DoF light source (LED) holder

Raspberry Pi 4B  &  PZT pump controller PCB

ADC

Light sensor (PD), TIA, microscope lens

D-L3
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To address the noisy pressure sensor wiring, the pump controller and the sensor PCBs 
were modified to be able to join with board-to-board connectors. This enabled both to 
be positioned on E-L2 (Fig. 13) which contributed to the shortening of the fluidic circuitry 
(further detailed in Subsection 3.2.3.1).  

 
Figure 13. Revision 2 – placement of droplet generation modules on 330 x 220 mm base platform. 
(“Lx” – Layer x) 

Lastly, a mechanical, mitigative, solution was found for the droplet detector alignment 
problem. The droplet sensor column was reworked to have its 2nd and 3rd layers tiltable 
with custom removable holders with 3 degrees of freedom (DoF; height, roll, pitch) for 
both the FFD and the LED PCB. While the cross-junction on the FFD still required most of 
the alignment with the fixed PD to be done by eye, the fine errors could now be corrected 
using the added dimensional freedom. Likewise, the directional light from the LED could 
more easily be directed at the cross-junction. From the work of K. Pärnamets [77] a thin 
metal plate with a micro-drilled pinhole was added between the FFD holder and the FFD. 
This both minimized the background noise around a passing droplet and redirected the 
LED light along its alignment instead. 

The final design in CAD view can be seen on Fig. 14.  

T-junctions

Droplet sensor column (D)

Electronics column (E)

PZT micropumps

E-L1

E-L2

D-L1

D-L2

D-L3

3 DoF light source (LED) holder

Switch Mode Power Supply

PZT pump controller PCB  &  Pressure sensor PCB

E-L3

Photodiode signal filter, amplifier, leveler, ADC
&  Raspberry Pi 4B

3 DoF microfluidic chip holder
&  FFD

Light sensor (PD), TIA, microscope lens
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Figure 14. Revision 2 – platform CAD model. An exploded view of the setup, Appendix 3 [94]. 

The fluidics of the platform ended up consisting of three regions, whose placement 
aimed to keep the lengths of the tubing and wiring to a minimum. The piezoelectric 
micropumps were separated from each other (3)a) on Fig. 14), mainly due to their 
intrinsic vibrational and switching noise which typically did not match in frequency.  
To reduce the transfer of their vibrational noise to other parts of the platform, they were 
attached to the baseplate via L-shaped 3D printed mounts. Additionally, the pumps were 
enclosed with a 3D-printed box (3)b) on Fig. 14), with its walls padded with vibration 
dampening rubber. The box had small holes for the incoming and outgoing tubing, and 
the wiring for the pumps. Additionally, the box preserved space on the baseplate,  
as three liquid containers (water, oil, waste) could be placed on top of it (3)c) on Fig. 14). 
The liquid containers were 100 ml GL-45 type glass lab bottles. The caps of these bottles 
were replaced with custom 3D-printed variants which had barbed ports designed for  
the attachment of silicone tubing. A ~12 cm length of silicone tubing was connected to 
the inside of the cap, leaving the loose end of the tube to lie at the bottom of the bottle. 
Another ~20 cm piece of tubing was attached to the outside of the cap, which for  
the case of water, headed into the pump enclosure box, attaching directly to the inlet of 
the piezoelectric pump dedicated for pumping water. From the outlet of the pump, 
another ~20 cm silicone tube headed back out of the box into the second fluidic region – 
the T-junctions (placement marked on Fig. 13). The T-junctions were clamped into a 
custom 3D-printed “wall” which directed one of its ports towards the pressure sensors 
in the electronics column (1)b) on Fig. 14). Out of 3 ports on the T-junction, 2 male barbed 
variants connected the pumps and the pressure sensors with silicone tubing, 1 female 
HPLC variant lead the flow through a Teflon™ tube to the third fluidic region – 
microfluidic chip (2)b) on Fig. 14). The microfluidic FFD was first clamped into the 
removable chip holder, aligning its region of interest (ROI) with the centers of the pinhole 
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and the holder. The holder was then placed into its mount in the droplet sensor column, 
where the tubes from T-junctions were connected to the inlets and outlet of the FFD, 
completing the fluidic circuitry. 

The electronics column was made of three layers, the first of which housed the power 
supplies, powering everything on the platform (1)a) on Fig. 14). The second layer housed 
the flow regulation module PCBs. The pressure sensor PCB was attachable to the pump 
controller PCB vertically, allowing its inlets to face the pressure sensors directly at the  
T-junctions, further reducing fluidic dead volume between them. The topmost layer in 
the electronics column housed the system controlling Raspberry Pi (RPI) and the droplet 
sensor signal processing (DSSP) PCB (1)c) on Fig. 14). Power for the RPI and DSSP was 
provided by 5V supply wires from the first layer. The flow regulation PCBs were powered 
from a USB connecting with the RPI. The DSSP was connected to the RPI’s general 
purpose input-output (GPIO) header with separate wires to receive a regulated 3.3V 
supply for the ADC and to send over the processed readings from the droplet sensor. 

The droplet sensor column was also made of three layers. Every layer beside the 
lowest were height adjustable with vertical threaded rods reaching ~20cm off the 
baseplate. The stages were 3D printed to enable easy design modifications to the tilting 
mechanism for the microfluidic chip. The current-to-voltage converting transimpedance 
amplifier (TIA) circuit for the PD, provided by Kaiser Pärnamets et al. [77], was fixed to 
the lowest level in the column (2)a) on Fig. 14), with the PD centrally aligned, facing up. 
A C-mount with a C-mount to RMS connector ring was attached to the PD-TIA PCB. A 20x 
microscope lens was attached to it with an RMS connection. The second stage in the 
droplet detector column was the 3 DoF (vertical, pitch, roll) microfluidic chip mount.  
The chip mount included a detachable chip holder, with clamps at each corner for 
fastening and loosening of the microfluidic chip and a 2x2mm hole at the center for the 
monitorable microfluidic channel to be transparent for the optical sensor and to allow 
for a range of unobstructed visibility when tilting. The chip’s ROI was reduced further 
with a thin sheet metal (~200 µm thickness) placed to the bottom of the microfluidic chip 
before being clamped to the chip holder. The sheet metal had a ~150 µm diameter 
pinhole drilled into it which was aligned with the FFD’s channel region where newly 
forming droplets could be seen passing over individually. The topmost stage in the 
detector column held the light source – LED (2)c) on Fig. 14). To simplify the design 
process, but to also allow for configurable light source alignment to the centers of the 
previous stages, the light source was mounted to an analogous 3 DoF tilt-bed as was the 
microfluidic chip. The light source was an LED PCB, obtained from the thesis work of  
K. Pärnamets [77], which included a cold-white LED with a fixed current supply circuit 
using an LED controller. Both the PD and the LED PCBs were powered by the 5V supply 
from the electronics column. 
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3.2.2 Integration of the LED-PD Droplet Detector 
A design of a microfluidic droplet detector shown on Fig. 15, acquired from the work of 
K. Pärnamets et. al [77] showed promise in fulfilling the platform requirements in terms 
of throughput, simplicity, and cost. 

 
Figure 15. Cross-section of the aligned microfluidic droplet detector setup, Appendix 3 [94]. 

The design required a microfluidic chip to be sandwiched between an illumination and 
sensor stage. To boost the potential droplet detection rates, while prioritizing simplicity, 
a fast-acting non-imaging type sensor was used – a photodiode. The illumination and the 
sensor stages (a, c, respectively – Fig. 15) were fabricated by K. Pärnamets in conjunction 
with the development of the droplet detector column design. The sensor circuit was 
compacted onto a small PCB, that had an input for a 5 VDC supply and an output  
for a voltage level, dependent on the light intensity collected by the PD. Likewise,  
the illumination circuit was compacted onto a PCB in the same dimensions as a generic 
microfluidic chip in order to fit into the same holder as was used for the microfluidic chip. 
As the light source was a low-cost 1 W wide-beam LED, to concentrate more light on the 
ROI, a focusing lens was added over the LED. 
 

The following sub-sections will cover: 

1) How does the detector work? 
2) How is the detector signal processed? 
3) How is the droplet found from the signal? 
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3.2.2.1 Operation Principle 
In order to ‘see’ with a photodiode type sensor, there needs to be a source of 
illumination. The source could be the ambient Sun light or a ceiling lamp, however,  
to preserve continuity between experiments, the source must be able to precisely hold 
its illumination strength. With a dedicated LED and a current limiting driver, the light 
source was known, fixed, and mountable to the platform, maintaining its transferability. 

While a non-imaging sensor, a photodiode, offers just a single pixel resolution of what 
is seen, its sensitivity is not binary. A photodiode produces a measurable current 
depending on the captured light intensity, in principle, with a resolution of a photon. 
Even though there is just one pixel to work with, a photodiode can still be used to 
characterize the morphology of a droplet from its ‘shadow’. As explained before,  
the ‘shadow’ of a droplet in a brightfield setting is produced by the refraction of light at 
its edges, particularly those which are close to being or parallel to the light rays. To limit 
the number of ‘shadows’ on the photodiode to 1, a pinhole was placed underneath  
the microfluidic chip’s ROI. In this way, a passing droplet’s morphology will be 
characterizable by its ‘shadow’ as it passes through the photodiode viewport and etches 
a waveform of current values into a temporal plot. To estimate the possible waveforms 
produced with a pinhole, a simple pixel color summation application was made. Within 
the application, a rectangular pinhole could be adjusted around an imaged droplet 
flowing inside a microfluidic channel. The defined pinhole area is then moved across the 
image horizontally to imitate a moving droplet and map an estimated waveform that the 
measured droplet could produce (Fig. 16). 

 
Figure 16. Pixel color summation application measuring the possible light intensity differences 
produced by a droplet passing through a photodiode viewport, narrowed with an arbitrary pinhole, 
Appendix 3 [94]. 

To characterize a droplet’s morphology with a single PD, the droplet needs to be in a 
stable continuous motion. As the droplet is moving in the view of the PD, the PD develops 
a change in its current output, which is converted to voltage with the help of a TIA. 
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3.2.2.2 Signal Processing 
A TIA with an amplification of 106, the produced signal is prone to carry considerable 
noise which may be insignificant at first. To separate as much of the original signal from 
the noise as possible, the signal from the TIA was led into a filter circuit. As most of the 
EMI originated from the high-frequency (~50 kHz) SMPS, with estimated droplet 
generation rates much lower, a steep 2nd order Sallen-Key low pass filter (LPF) was used 
to limit frequencies higher than ~7.26 kHz. Following that, a first-order capacitor-resistor 
(CR) high pass filter (HPF), with a cutoff frequency at ~67.7 Hz was used. With the 
expected droplet generation to typically exceed 100 Hz, the HPF did not impose on the 
platform expected functionality but helped to mitigate the detection of low frequency 
vibrations from the PZT pumps if any were to reach the detector column. 

Because the default current level from the PD was dependent on the light collected 
from the LED, with an adjustable distance and alignment, that amount was not constant. 
If the available light was not enough to saturate the PD, the default level floated between 
the available 0 to 5 V window enabled by the TIA. To eliminate this unknown, the AC 
coupling capacitor from the CR HPF removed the DC component from the signal. 
However, to maximize the signal in various detector configurations and to detect 
droplets of differing sizes, another coupling capacitor was needed as additional 
amplification was required. The band-pass filter (BPF) was followed by an operational 
amplifier (OPA) in an inverted configuration allowing to produce an actively stabilized DC 
bias of ~2.5 V. At the end of the droplet sensing circuit, the signal is led to the ADC 
(ADS8681, Texas Instruments) which results in a digitized value, made understandable 
for the system controller. The detection and processing method are depicted in Fig. 17. 

 
Figure 17. Illustrated acquisition of droplet’s ‘shadow’ from a LED-PD detector with its signal 
processing circuit diagram. 
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3.2.2.3 Signal Interpretation 
While droplet ‘size’ alone could provide one updating pressure target, there is a valid 
option to fix the other and allow the system to adjust the droplet size produced within a 
limited pressure range away from the fixed one. However, the broad variability of setup 
inputs (liquids, microfluidic chip designs, size targets, etc.), among possible research 
experiments, lessens the likelihood of producing any droplets, let alone reaching the 
target droplet size. To improve the odds of finding a combination of pressures for 
successful generation, both flows ought to be adjustable. To better visualize the 
relationship between flows inside an FFD, in case we have a fixed water stream,  
an increase in oil flow will pinch the water stream with more force causing the water 
stream to split more often – increasing the droplet generation rate at the cost of droplet 
size. Alternatively, if the oil flow were to be fixed, increasing the water flow would push 
more water into a forming droplet before being pinched off – increasing droplet size at 
the cost of droplet generation rate. However, if the flow pressures are too low or too 
high for a specific chip geometry, the water flow stays in the threading or jetting regime 
causing droplets to either not form at all (parallel flow) or form with no stability in either 
size or frequency (jet termination due to flow instability) [122], [123]. Followingly,  
to produce pressure targets for both liquids, two droplet parameters are required to 
form respective relationships for proper droplet generation control. The simplest two 
parameters are droplet size and droplet generation rate. Both of which could be derived 
from optical sensor data, observing every possible moment of a passing droplet, 
identifying the key moments and signal extremes. 

The data received from the ADC was a voltage value between 0 and 5 volts, describing 
the light intensity absorbed by the PD and light intensity lost to a passing droplet. Having 
used a level shifting OPA in an inverting configuration, caused the droplet ‘shadows’ to 
be interpretable as voltage spikes instead of troughs – instead of light intensity,  
the change in voltage was positively correlated with the size of the shadow. Because of 
the inversion, a voltage increase detected above the hardware-defined offset or 
midpoint11 (MP) of 2.5 V and a margin for hysteresis specified in software, +0.1 V (2.6 V), 
ought to be set as the condition to raise a flag in the system controller to indicate a 
possible appearance of a droplet. As long as the flag remains raised, following ADC 
measurements ought to be collected into a temporary buffer, each attributable to that 
specific droplet. The next relevant event ought to be registered after the measured 
voltage falls below the MP and a chosen margin for hysteresis, -0.1 V (2.4 V). Between 
these two MP-crossings, the highest peak (VHP) is expected to represent the moment 
when the droplet, in its entirety, reaches visibility over the PD. However, because the PD 
signal is actively being level-shifted, it can be misleading to assume that the amplitude, 
between the MP and VHP, reflects the real size of the ‘shadow’, at least for every droplet 
besides the first. As the droplet waveform is rapidly averaging around the MP,  
the attainable peak voltage is always going to end up with an offset closer to the MP. 
Trying to predict this offset would not be advantageous due to its dependence on 
frequency. As the frequency of droplet generation was not expected to be fixed, the 
required prediction process would have made the interpretation unnecessarily complex. 
Moreover, this process could not afford preventable losses in responsiveness. Instead, 
through active balancing, it could be expected that the droplet waveform would start 

 
11 Midpoint refers to a voltage level around which the photodiode signal was re-coupled to in the 
electronic circuit using the inverting level shifter. 
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oscillating around the MP. To resolve the issues with an arbitrary VHP, the measurement 
ought to continue until the oscillation returns the waveform a third time through the MP. 
As with the first detection point, the event would be detected 0.1 V above the MP, during 
which, the lowest peak (VLP) could be found. 

With the highest and lowest peaks captured, a droplet interpretation algorithm could 
calculate a more accurate representation of the size of the droplet. Additionally, from 
the timings of the first and third MP-crossing events (incorporating the hysteresis 
margins specified in software), the algorithm could infer the droplet generation 
frequency, as the implication of a second upward MP-crossing is expected to indicate the 
detection of the next droplet. The process could be visualized as shown on Fig. 18. 

 
Figure 18. Illustration showing how the PD signal could be captured and measured over time, 
resulting in quantifiable parameters of droplet size and generation frequency. 
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3.2.3 Integration of the Developed Flow Regulation Device 
The transfer of the pumping device was relatively straight forward. To address the 
concerns brought up in Chapter 2 and Subsection 3.2.1, following design modifications 
were made: 

• The pressure sensors were upgraded to a higher-pressure range (0 to ~103 kPa, 
MPRLS0015PG0000SA, Honeywell) to exceed the pressure output of the PZT 
micropump. The upper limit was large enough to accommodate two pumps in 
series for further upgradability. The cost of the PCB was minimal as the new 
sensors had the same footprint and pin layout as the previous. 

• Because the pumping device would now rely on commands and power coming 
from the system controller, the Wi-Fi code was omitted from the firmware on 
the pump controller (ESP32 DevKitC) and the battery could be omitted from 
transfer. The pump controller connected to the system controller with a USB 
cable. 

• To mitigate noise and improve signal integrity on the communication lines 
between the pump controller and the pressure sensor PCBs, the three sensors 
were brought onto a single, more compact PCB and together with the pump 
controller PCB, were modified to be able to connect with board-to-board pin 
headers and connectors. 

• The pressure feedback PID controllers (K-values) received the needed 
optimization, firstly by computational means (Appendix 3 – Fig. 13) using 
genetic algorithm (GA) tuning [124], and later heuristically adjusted for the 
setup. For water pump drivers, the PID K-values were 10.5, 17.5, and 5.81e-5, 
respectively and 40.0, 18.0, 4.78e-4 for oil pump driver [94]. The approach and 
stabilization of pressures at given targets was significantly improved, enabling 
droplet formation from cold start in ~10 seconds. 

3.2.4 System Controller 
To accommodate the conversion of optically obtained droplet parameters into pressure 
targets for the pump drivers, a control layer above the pumping module was required. 
The system control consists of two functions: managing communication with the user 
and communication between the droplet detection and flow regulation modules. With 
an increased computational demand, an SBC was chosen as the system control board 
instead of a microcontroller. With a good price to performance ratio, a Raspberry Pi 4B 
ended up as the final option. Its quad-core CPU allowed for multiple tasks to be split up 
into separate cores for operational speed improvement, as some tasks, such as droplet 
sensing, needed to be much more responsive than others. 

A Linux-based operating system (OS) was installed on the Raspberry Pi (RPI) – Ubuntu 
Desktop version 21.10. The automation program was written in Python 3.9. The RPI 
interfaced with the actuator module via USB, with its speed limited on the pump 
controller end (ESP32 DevKitC, UART-to-USB converter – 3 Mbps max.). It interfaced with 
the ADC on the DSSP PCB via 4-wired SPI. The RPI was communicable with a remote user 
via eCAL network API. 
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The operational tasks of the system controller could be categorized into four 
components, split onto separate CPU cores using Python’s multiprocessing library  
(Fig. 19): 

1) (CPU core 1) Communication with the user 
2) (CPU core 2) Communication with the pump controller 
3) (CPU core 3) Communication with the droplet detection ADC 
4) (CPU core 4) Managing tasks and controlling droplet generation parameters. 

 
Figure 19. System controller diagram of its connective links and operational tasks split among its 
CPU cores, Appendix 3 [94]. 

3.2.4.1 Task 1 
The RPI communicated with the user over a Wi-Fi connection, which was sourced from a 
mobile hotspot. Communication took place on an open-source cross-platform enhanced 
communication abstraction layer (eCAL, v5.9.5) [125]. The middleware was addressable 
from the RPI’s Python code through dedicated eCAL libraries. 

eCAL operates on a subscriber-publisher model, but to manage operational and 
droplet data logs wirelessly, a bidirectional approach was necessitated, requiring devices 
to function as both publishers and subscribers simultaneously. During regular operation, 
with minimal data being shared, communication with the user was not expected to be 
frequent, a 0.1 s artificial delay was added to the task’s loop duration with the priority 
on reducing CPU load. The messages were encoded with a Google Protobuf serialization 
structure, which could be extended without much effort. The Protobuf message  
included a unique device name, microfluidic chip name, generation rate, droplet size, 
transmission/reception status, flag for different process activation, and message ID.  
To catch any broadcast data, both communication participants required cyclical polling 
of eCAL subscriber’s listening function. 

As the 4th task/core played the role of the middleman between all tasks, simpler user 
commands, such as start and stop of droplet generation, were passed from task 1 to 4 
through an inter-core argument passing multiprocessing “queue” – a communication 
pathway between two tasks in the main code. 

3.2.4.2 Task 2 
Pump controller task managed the data exchange between the pump controller board 
and the RPI over serial protocol. The message structures had slight variances on either 
end. The structure from the pump controller board included readings of PZT driver 
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voltages, water and oil pressures, and a binary indicator if the flow-regulation PIDs were 
enabled. The structure from the RPI, however, included targets for PZT driver voltages, 
water, and oil pressures, and an 8-bit message containing PZT pump driving waveform 
shapes, frequencies, driver start and stop command flags, and flow-regulation PID 
enabling flag. In principle, the data coming from the ESP32 DevKitC was mostly used for 
setup characterization or as extra data points of the droplet generation process. The data 
being sent originated from the 4th task/core, which calculated new pressure targets 
based on the droplet generation parameters. 

3.2.4.3 Task 3 
The droplet identification and measurement algorithm operated semi-independently on 
the 3rd task/core on the RPI. This task had to continuously poll for a 16-bit resolution ADC 
reading of the PD-TIA signal, interpret it and update the main task about each measured 
droplet. It had to have a high degree of independence to minimize reliance on slower, 
more dependent processes which could cripple the stabilization of any automated 
process. Because this task had to prioritize responsiveness above all else, the SPI 
messaging between the RPI and the ADC was written into a C-module – a separate 
custom function, written in C programming language, to be called from within the main 
Python code. The C-module, using the RPI’s low-level Broadcom GPIO library, was coded 
to poll the ADC data, achieving an average update speed of ~2.3 microseconds.  
The polling rate was bottlenecked by a limited clocking rate of 24 MHz, beyond which 
the SPI communication became unstable. 

A typical sequence of rapid updates from the ADC revealed a sinusoidal waveform,  
to represent a series of droplets. As explained in Subsection 3.2.2.3, three MP crossing 
points would be enough to detect a droplet from such a sinewave. The algorithm, 
however, could not avoid becoming more complicated as during preliminary testing,  
it was noticed that generated droplets were not fully opaque at all sizes. When the 
produced droplet diameter exceeded the height of the microfluidic channel, the droplet 
was flattened against the top and bottom of the channel. As most of the ‘shadow’ of a 
water droplet, in brightfield lighting, is not caused by absorption but by refraction along 
its curved oil-water interface, the more flattened surfaces, parallel with the photodiode 
created a pathway for light to pass through with minor deviations. In some scenarios,  
the droplet even behaved analogously to a magnifying lens. This meant that such 
droplets, when fully aligned with the PD, would produce a valley in the ‘shadow’ intensity 
at an expected peak (Appendix 3 – Fig. 16 (c)). A significant exacerbation of the effect 
was observed when fluorinated oil was used instead of mineral oil (Appendix 3 – Fig. 18). 
To the detriment of the amplitude of the measurable voltage, water droplets formed in 
oil, ~50% denser than water, had noticeably thinner phase-transition regions as the  
flow-aligned faces of the droplet would perceive comparatively more pressure. Because 
of the increased relative pressure on the flow-aligned faces, the droplet was forced to 
increase the area of its interface with the channel walls, increasing the region of 
transparency and thereby the observed valley in the waveform. In extreme cases,  
a passing droplet in fluorinated oil would not produce just one sinusoidal wave but 
imitate two. This meant that in order to not miss droplets consisting of two pulses, 
the droplet identification algorithm had to be extended to monitor five MP-crossing 
events at a time. 

Having five MP-crossings, the algorithm observed 5 timestamps and 4 peaks in 
between (VHP and VLP – 2 of each). Since the possible valley in ‘shadow’ intensity, caused 
by the transparent region of the droplet, will appear in the middle of two darker regions 
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at the beginning and end of the droplet, it becomes expected to appear between the 
second and third crossing. In theory, the algorithm could ignore the lowest peak 
measured there, and the next highest peak measured afterwards, however, a further 
complication needs to be considered. Namely, variation in droplet sizes caused by 
stabilization fluctuations in flow parameters and/or the gradual increase in droplet sizes 
at the start and gradual decrease at the end of droplet generation, it became plausible 
that a smaller pulse between two larger ones does not necessarily indicate a transparent 
region in the droplet. It could simply be a change in the droplet generation process.  
The distinction between these scenarios was aided through another complication 
noticed during observation of generated droplets over a camera. Rapidly flowing 
droplets were deforming into bullet-like shapes, aimed in the direction of the flow. This 
bullet-like shape caused a recognizable change in how the shadow was represented in 
the waveform. As the front of the droplet was elongated, the phase-transition region 
extended with it. The resulting voltage slope, of a droplet entering the view of the 
photodiode, was thereby slower. This extra averaging time subsequently lowered the 
achievable VPH. This created a unique combination between the measured peak-to-peak 
voltage (VPP) and single-pulse period. For a droplet with an inconsiderable transparent 
region, without complicating the algorithm, the bullet-like shape was expected to go 
unnoticed, as there was no separation event of the flow-aligned faces detectable at the 
MP. This meant that unlike double-pulse droplets, single-pulse types would have a positive 
correlation between its duration and amplitude. For example, a small single-pulse 
droplet would produce a short duration pulse with a relatively small amplitude, whereas 
the first pulse of a double-pulse droplet, with the same amplitude, would have a 
comparably longer duration. The duration of the first pulse of a double-pulse droplet was 
generally longer than its second pulse, which had a noticeably larger amplitude. Having 
considered the observed complications, each of the 4 peaks and 2 periods (time between 
timestamps 1 and 3, 3 and 5) were compared in the algorithm as soon as they were 
detected. 

Once a droplet was identified and measured, its parameters, such as arbitrary size in 
voltage and generation frequency, were put into a Python’s multiprocessing queue.  
The queue was read by the droplet size control task whenever possible, and to the 
benefit of droplet identification task, the queuing function helped to keep the loop 
schedules uncoupled. The multiprocessing queue function was known to be safe for 
parallel access for any task by making copies of its buffer for incoming and outgoing data. 
However, due to this duplication process in combination with the different access speeds 
of the tasks, the faster droplet identification task would inevitably build up a considerable 
backlog before being read and cleared. Because of this, the buffer would regularly 
overflow and cause losses in droplet data. To mitigate this problem, a second queue was 
added between the 3rd and 4th task. As one queue was being read, the other queue would 
be accessible for writing. To avoid having to monitor the sizes of the queues, to discern 
which queue to read, a third separate queue was used to provide an indicative flag.  
This queue dynamic can be seen illustrated in Fig. 20. Using a simple Boolean flag, the 
droplet identification task knew which queue to write into, expecting the other to be 
read in the meanwhile. On Fig. 20, time 𝑡𝑡0 indicates to an arbitrary time when Task 4 sees 
that the first queue (Q1) has something in it. Until 𝑡𝑡1, a delay (Fig. 20 - ∆𝑡𝑡𝐴𝐴) of a maximum 
of one full cycle of Task 3 takes place before it sees the indicator for queue switching on 
Q3. As this takes place through the function of multiprocessing queues, while Task 3 has 
not yet seen the indicator on Q3, both tasks can access the same queue without causing 
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blocking delays. On Fig. 20, ∆𝑡𝑡𝑩𝑩 determines the delay of when Task 3 must switch the 
queue buffer into which it can push new droplet data. This delay forms from how quickly 
Task 4 can clear the queue, to which Task 3 previously wrote. 

 
Figure 20. Data exchange queues and their access relationship between Tasks 3 and 4. 

3.2.4.4 Task 4 
The final task, being the main control task, was used to launch the other three tasks and 
was in control of shutting them down. After initiating communication with the user 
through the 1st task, the 4th task started to wait for commands alluding to different 
operational modes: 

• Droplet generation mode “with PIDs disabled.” 
• Fluidics characterization/calibration mode. 
• Droplet generation mode “with PIDs enabled.” 

The primary use-case for droplet generation without feedback was to be able to 
observe forming droplets on the platform with a camera instead of the PD. Being able to 
disable the droplet generation PIDs, gave the ability to prime the fluidics, and to 
characterize the fluidics procedurally with custom pressure patterns. During any mode, 
the 4th task prioritized looping speed to avoid missing information coming from other 
tasks, which made it ideal for producing logs populated with every captured droplet. 
Lastly, the 4th task was in charge of calculating the pressure targets from measured 
droplet generation parameters using two independent PID controllers. 

3.2.5 Droplet Size and Generation Rate Control Algorithms 
With an ability to measure both droplet size and generation rate, the acquired data could 
be combined to characterize the setup considering unique tolerances of each of its 
components, nuances in behavior with new liquid or gaseous media, unusual phase 
combinations, surfactants, and particles to be encapsulated. A characterization method, 
made repeatable and replicable, could support the empirical evaluation of new 
components and media introduced into the droplet generation setup, making it more 
flexible for research. 

3.2.5.1 Algorithm to Find System-Representative Model Coefficients 
As the only control vectors in the system were pressure-driven oil and water pumps, 
droplet data, reaching the droplet generation control task, could not be used as  
direct feedback. Unlike PZT pump driver PID control, relying on a linear coefficient,  
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the relationships between droplet size, generation rate and pressures, were not as 
straightforward. Moreover, since droplet generation rate and size were generally 
interdependent, to control them as independently as possible, the coefficients needed 
to be derived from unique combinations of the available feedback data. To figure out 
these combinations, a setup characterization algorithm was designed. 

The purpose of this algorithm was to run procedurally through water and oil 
pressure combinations within set ranges and log the obtained droplet generation sizes 
and rates. The resulting pressure and droplet data log was used to graph multiple 2D 
combinations to spot surface level relationships. With no signs of linearity, some 
combinations indicated approximate exponential or logarithmic behavior. Not only for 
minimizing the droplet generation control loop for operation speed, higher than 3rd order 
polynomial relationships could not be relied on due to their uncharacteristic behavior at 
the edge conditions. Final relationships were chosen based on a combination of high 
coefficient of determination (R-squared) values and the complexity and number of 
calculation steps, to provide a separate trendline coefficients for droplet size control and 
droplet generation rate control: 

• Droplet size (x) vs. oil-to-water pressure ratio (y) – 3rd order polynomial 
• Droplet frequency to droplet size ratio (x) vs. oil pressure (y) – logarithmic 

regression line 
The setup characterization algorithm was run at the start of every modified setup 

configuration, to incorporate the changes in chip geometry or its positioning in the 
droplet detector column. Whereas the changes in chip geometry would alter the 
pressure relationship with the resulting droplet sizes and generation rates directly,  
its position in the droplet detector column would not only alter the relationship between 
the droplet’s ‘shadow’ and the amplitude it produced, but also the shape of the resulting 
waveform. Regardless, the polynomial and logarithmic behaviors remained. At the end 
of each characterization, the obtained polynomial and logarithmic regression line 
coefficients were set into their respective equations used to calculate the base reference 
points for cold starting droplet generation of desired size and generation rate. 

3.2.5.2 Algorithm to Control Droplet Generation 
After calibration, the main control algorithm on the RPI gains a set of functions that give 
the first approximate description of the relationships between pressure targets and the 
resulting droplet sizes and generation rates available for the setup. Before droplet 
generation correction and stabilization could activate, any droplet reading is required. 
The first signal could be produced from an initial steady-state pressure combination the 
results in the formation of droplets with parameters anywhere on the observed 
detectable range. To determine such an initial steady-state, pressure targets for the 
pumps are calculated by finding the user defined droplet generation parameters on the 
calibration curves, respective to each parameter (size and rate). As the pumps stabilize 
at the initial pressure levels, and the microfluidic chip starts to produce droplets 
relatively close to the desired size and generation rate, after a few seconds, depending 
on the target generation frequency, the droplet parametric feedback control becomes 
operational. The small delay, before becoming operational after the first droplet signal is 
caused using an initial buffer of 150 droplets, which when collected, can indicate a 
reasonable stability in droplet formation. Any additional stability is critical in droplet 
generation control, as sudden changes caused by the PID controllers can throw the 
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droplet generation out of stability, and each attempt to recover will add another delay 
and produce more waste in the meanwhile. 

Droplet generation parameters were controlled via two separate PID loops – one to 
control the size of the droplet, the other to control the generation frequency. 

3.3 Platform Evaluation Methodology 
To test the platform flexibility with different FFD designs, oils, and surfactants, two 
variations of FFDs (Table 7) and two different oil-surfactant mixtures (Table 8) were used. 

Table 7. Geometric properties of the FFD variants used for the evaluation of the droplet generation 
platform, Appendix 3 [94]. 

Chip variant B C 
Junction width [µm] 125 280 

Junction angle of entry [°] 90 38.33 
Oil inlet width [µm] 380 

Water inlet width [µm] 620 
Outlet width [µm] 620 
Number of filters 2 

Channel height [µm] 100 

Table 8. Liquid properties and combinations used for evaluation of the droplet generation platform, 
Appendix 3 [94]. 

Liquid combination B C 
Disperse phase Deionized water (DIW) Deionized water (DIW) 

Continuous phase Sigma-Aldrich 33079 mineral 
oil + 2% w/w surfactant 

(Span® 80, Sigma, Aldrich) 

HFE 7500 fluorocarbon oil 
(FO) + 2% w/w surfactant 

(perfluoropolyether (PFPE)-
poly(ethylene glycol) (PEG)-

PFPE triblock) 
 

• The following descriptions of methodologies and results will use the FFD variant 
and liquid combination naming schemes from Tables 7 and 8. 

• By using oils of different densities and viscosities, the oil pumping frequency for 
mineral oil was kept at 50 Hz, while for fluorocarbon oil (FO), the frequency, 
showing largest generable pressure levels, was at 320 Hz. 

• The droplet generation parameter PID controllers received K-values heuristically, 
0.05, 0.05, and 0.0005, respectively for both droplet size and generation rate 
controllers. 

3.3.1 Computational Performance 
After all modules were integrated onto the platform, a demo droplet generation was 
conducted using both chip variants with liquid combination B. Multiple test runs were 
conducted consisting of droplet generation sets, each with a duration of 90 seconds. 
After 45 seconds into every test run, a ~3 second period of ADC data was logged to be 
analyzed at higher detail. In the same period a sample image was taken of the generated 
droplet signal captured with an oscilloscope (DSO5014A, Keysight), with a probe 
connected to the circuit right before the ADC. 
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3.3.2 Module Calibration 
To initiate the droplet generation control, the setup-specific model required calibration. 
The calibration algorithm relies on three given parameters: 

1) Water pressure [kPa]   (Range: 3.0 – 12.0 kPa) 
2) Arbitrary droplet size [V]   (Range: 0.2 – 4.8 V) 
3) Arbitrary droplet generation Rate [kHz] (Range: 0.1 – 1.0 Hz) 

A 4th parameter (oil pressure) was derived from parameter 1 with a multiplicative ratio 
of ‘A’ (a value reached heuristically from a ratio of 1 and starting to increase oil pressure 
in relation to water pressure until the emergence of the dripping regime). This calibration 
included two phases as illustrated on Fig. 21. 

 
Figure 21. Water and oil pressure characteristics in calibration phases 1 and 2, during which to 
collect pressure and droplet data to find the 3rd order polynomial and logarithmic relationships, 
respectively – used for droplet size and generation rate control. 

Using the water and oil pressure targets (Fig. 21 – 𝑥𝑥 and 𝐴𝐴𝑥𝑥, respectively) given for 
calibration, the pumps were commanded to reach and stabilize at these levels. In phase 1, 
once stabilized (Fig. 21 – 𝑡𝑡𝑠𝑠), the oil pressure was incrementally updated on every cycle 
of the pump control task on the RPI. The oil pressure was set to climb until reaching either 
a pressure level of 18 kPa or a ratio of ‘B’ (heuristically found to be around 1.7) with water 
pressure. Both droplet size and generation rate were logged during the process. From 
the collected pressure ratio and the resulting droplet size relationship, coefficients 
corresponding to a 3rd order polynomial were calculated. Using the obtained formula,  
a new pressure coefficient could be found which relates to the 2nd given parameter. 

By keeping the water pressure at the initially given value, the oil pressure was 
returned to oil-to-water pressure ratio ‘A’. To start the second phase, the pumps were 
commanded to reach and stabilize at the set levels (Fig. 21 – 𝑥𝑥 and 𝐴𝐴𝑥𝑥). After stabilization 
(Fig. 21 – 𝑡𝑡𝑠𝑠), both oil and water pressures were set to incrementally update on every 
pump control task cycle, while preserving the ratio. This would last until the oil pressure 
reached 18 kPa. The pressure limit was set close to the droplet formation limit, which 
came from the design of the used FFD. After completion, a second formula was calculated 
from the logarithmic relationship between the oil pressure and the droplet generation 
frequency. 

The calibration concluded by adding the coefficients connecting the oil-to-water 
pressure ratio with the droplet size and the coefficients connecting the oil pressure level 
with the droplet generation frequency into the droplet size and generation rate error 
calculations in their respective PID algorithms. When the system is commanded to 
generate droplets with given relative size, using the 3rd polynomial model equation and 
coefficients, the RPI can calculate an oil-to-water pressure ratio which in a specific 
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pressure range can result in the desired droplet sizes. By including a target for droplet 
generation rate in the command, using the logarithmic model equation and coefficients, 
the RPI can calculate a complementary level for oil pressure. With the oil pressure and 
the oil-to-water pressure ratio, the level for water pressure can also be found. 

3.3.3 Parametric Control of Droplet Generation 
To evaluate the droplet generation PID controllers on varying FFD designs, both chips B 
and C were used for the control accuracy and monodispersity tests. In all tests, the liquid 
combination was B. 

To measure the accuracy of reaching set combination of droplet generation 
parameters, two groups of target series tests (size and generation rate) were done for 
either of the two chip variants (Tables 9 – 12). The test series consisted of multiple 36 
second stages where one parameter was held constant. This period was split into two, 
allocating 15 s to stabilization of droplet generation and the remaining 21 s for error and 
CV% calculation. As the different chip types were quick to show large differences in 
feasible droplet generation parametric combinations, each series was limited to 
combinations which were more likely to produce droplets. Additional longer 75 second 
(30 s stabilization; 45 s measurement) single-stage tests were done for finding the CV% 
for larger droplet generation sets. 

Table 9. Chip B – Voltage target series over fixed generation frequency targets, Appendix 3 [94]. 

 Fixed 
Generation 
Rate Target 

Voltage Relative 
to Size Target 1 

Voltage Relative 
to Size Target 2 

Voltage Relative 
to Size Target 3 

1 200 Hz 2.0 V 2.8 V 3.6 V 
2 400 Hz 2.0 V 2.8 V 3.6 V 
3 600 Hz 2.0 V 2.8 V 3.6 V 
4 800 Hz 2.0 V 2.8 V 3.6 V 

Table 10. Chip B – Frequency target series over fixed voltage (size) targets, Appendix 3 [94]. 

 Fixed Voltage 
Relative to Size 
Target 

Generation 
Rate Target 
1 

Generation 
Rate Target 
2 

Generation 
Rate Target 
3 

Generation 
Rate Target 
4 

1 2.0 V 200 Hz 400 Hz 600 Hz 800 Hz 
2 2.8 V 200 Hz 400 Hz 600 Hz 800 Hz 
3 3.6 V 200 Hz 400 Hz 600 Hz 800 Hz 

Table 11. Chip C – Voltage target series over fixed generation frequency targets. Target size and 
frequency combinations which did not result in stable droplet generation are marked with gray 
highlights, Appendix 3 [94]. 

 Fixed 
Generation 
Rate Target 

Voltage 
Relative to 
Size Target 1 

Voltage 
Relative to 
Size Target 2 

Voltage 
Relative to 
Size Target 3 

Voltage 
Relative to 
Size Target 4 

1 200 Hz 3.2 V 3.4 V 3.6 V * 
2 300 Hz 3.2 V 3.4 V 3.6 V 3.8 V 
3 400 Hz 3.2 V 

* No droplets generated with these parameters. 
4 500 Hz 3.2 V 
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Table 12. Chip C – Frequency target series over fixed voltage (size) targets. Target size and 
frequency combinations which did not result in stable droplet generation are marked with gray 
highlights, Appendix 3 [94]. 

 Fixed Voltage 
Relative to 
Size Target 

Generation 
Rate Target 
1 

Generation 
Rate Target 
2 

Generation 
Rate Target 
3 

Generation 
Rate Target 
4 

Generation 
Rate Target 
5 

1 3.2 V 200 Hz 300 Hz 400 Hz 500 Hz 600 Hz 
2 3.4 V 200 Hz 300 Hz 400 Hz 500 Hz 600 Hz 
3 3.6 V 200 Hz 300 Hz 400 Hz No droplets generated with 

these parameters. 4 3.8 V 200 Hz 300 Hz 400 Hz 
 
To gain some reference to voltages obtained from the droplet detector, claimed as 

corresponding to droplet size, real-world measurements were taken of generated 
droplets under a trinocular microscope (BX61, Olympus). The microscope setup was able 
to record images with a camera (DP70, Olympus) through a 4x/0.16 microscope lens 
(UPLSAPO, Olympus. For the measurement setup, the droplets were deposited into a Cell 
Counting Chamber Slide (Countess™, ThermoFisher) with a channel height of 100 µm. 
For calculating the imaged droplet cross-sectional diameters, ImageJ software was used. 
On ImageJ, the droplet outlines were mapped, filled, and measured by pixel summation. 
The pixels were referenced to the scale bar attached to the image from the microscope 
image acquisition software. 

3.4 Performance Evaluation Results 

3.4.1 Computational Performance 
A fully assembled platform can be seen on Fig. 22. 

 
Figure 22. Photo of the assembled droplet generation platform. 
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From the ADC data collected from a test with chip variant C (Fig. 23) generating 
~500 droplets per second, every other missing peak indicated that the droplet generation 
parameter calculation and transfer from task 3 to 4 after every 5th MP crossing 
(Fig. 23 – arrows indicate every 5th midpoint crossings, where every 5th crossing becomes 
the 1st for the next droplet), causes ~100 µs delay on task 3 which halts the ADC polling. 
Furthermore, it became apparent that the median voltage between the waveform peaks 
could shift away from the MP, which could cut off and disregard the real VLP. 

Figure 23. ADC data of droplets generated at 500 Hz with chip variant C and liquid combination B, 
Appendix 3 [94]. 

From the ADC data collected from a test with chip variant B (Fig. 24) generating 
~500 droplets per second, the droplet waveform changed considerably. With less sharp 
features, the ~100 µs measurement and communication delays on task 3 were less 
impactful in regard to droplet size. However, a long multi ms delay was captured, whose 
emergence was not traceable to any one function in the code. More of these lengthy 
delays were noticed in longer ADC datasets. It was noted that they occurred rarely, 
sporadically, but continuously, which indicated towards hardware-level task management 
delays possibly caused from using a non-real-time OS. 

Figure 24. ADC data of droplets generated at 500 Hz with chip variant B and liquid combination B, 
Appendix 3 [94]. 
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To not shock the system falsely with an erroneous set of measured parameters in case 
of an OS latency delay, a moving window averaging sized for 15 values, was added after 
the PID controller outputs. 

By the end of the last 90 second test, the loop duration parameters were collected,  
as shown in Table 13. 

Table 13. System control software task loop durations, Appendix 3 [94]. 

 Core 1 – User 
interface 
coms. 

Core 2 – 
Pumping 
system coms. 

Core 3 – 
Droplet 
interpretation 

Core 4 – 
Droplet PID 
calculations 

Maximum [ms] 203.4370 215.0430 20.25914* 21.05400* 
Average [ms] 102.0334 18.98948 0.006515 0.169749 
Minimum [ms] 100.6310 14.74400 0.002861 0.104000 
Loops counted 1005 4 758 14 640 000 530 200 
Total [s] 102.54 90.35 95.38 90.00 

From the loop durations (Table 13) it can be seen how the bottleneck in droplet 
generation control lies with task 2, controlling the pump, showing the minimum loop 
duration at ~15 ms. Furthermore, the maximum ADC sampling speed of ~2.3 µs has 
stretched to an average of ~6.5 µs with the addition of the droplet interpretation 
algorithm. Additionally, it can be seen how the OS latency has similarly impacted the 
maximum recorded loop duration in tasks 3 and 4. 

3.4.2 Module Calibration 
The calibration process took ~5 minutes to complete, resulting in two .csv type logs of 
captured droplet and pressure data and the coefficient results of both the 3rd order 
polynomial (Fig. 25 – Left) and the logarithmic regression line (Fig. 25 – Right). 

 
Figure 25. Characteristic 3rd order polynomial (left graph; red dotted line) and logarithmic (right 
graph; red dotted line) regression lines calculated using droplet relative size, generation rate and 
pressure data acquired during droplet PID calibration stages. 

The resulting regression lines show good matching with the data, with R2 value for the 
3rd order polynomial 0.9795 and 0.9846 for the logarithmic regression. 
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3.4.3 Parametric Control of Droplet Generation 
For all the test sets from Tables 9 – 12, average droplet size error percentages were 
plotted to Fig. 26.a, and average droplet rate error percentages to Fig. 26.b. Fig. 26 is 
formatted to give a comparative overview of the ranges of CV% values for all configurations 
used – demonstrating the robustness of the droplet generation control. In comparison 
to chip C, both the averages and variation ranges of accuracy related droplet size errors 
were leaning in favor of chip B, indicating that the 90° cross-junction angle manages 
wider droplet size control better. It is also noticeable that the voltage (V) and frequency 
(F) series maintain similar spread. In the case of droplet generation rate errors, the variation 
between chips B and C had shrunk, however, in terms of averages, still favoring chip B. 

 
Figure 26. Droplet size and generation rate test series collective average size error graph (a), 
generation rate error graph (b), droplet size CV% graph (c) and droplet generation rate CV% graph 
(d) for different FFD cross-junction angles, Appendix 3 [94]. 

For all the test sets from Tables 9 – 12, average droplet size CV percentages were 
plotted to Fig. 26.c and average droplet generation rate CV percentages to Fig. 26.d. 
While the lowest droplet size CV% values of all test sets reach below 5%, the averages 
remain above it, moreover, with the highest values reaching slightly over 10%. The CV% 
variance over the test set combinations is relatively broad, showing the droplet size CV% 
being less dependent on the cross-junction angle and the junction width. In the case of 
droplet generation rate CV%, variance by chip type is clear. Since the averages on  
Fig. 26.c and Fig. 26.d are from the same data sets, the significant difference gives 
credence to the notion that through channel geometry, it is possible to decouple the 
droplet size and the generation rate. 
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The CV% measurements of prolonged single parameter combinations typically yielded 
better monodispersity. This improvement can be linked to longer stabilization and larger 
sample sets. Graphs on Fig. 27.a and Fig. 27.b depict the droplet size and generation rate 
control at targets of 4.4 V and 400 Hz, respectively. This combination, contrary to the 
expectation that 200 Hz generation rate would result in optimal performance as it would 
synchronize with the water pump, gave the best result for monodispersity (1.77% – 
droplet size, 6.67% – droplet generation rate). 

 

 

Figure 27. Droplet relative size in voltage (a) and generation rate (b) datapoints collected from a 
target droplet generation parameter combination of [4.4 V; 400 Hz] with chip B. Blue vertical line 
at the 45 s mark, indicates the point after which the generated droplets were used in the CV% 
calculation, Appendix 3 [94]. 

Lastly, droplets were generated on the platform with droplet generation control PIDs 
disabled with multiple combinations of fixed pressure targets, collected, and then 
measured under a microscope. Using chip B with oil B, the best monodispersity was 
measured for water and oil pressures set to 9 and 12 kPa, respectively. An oscilloscope 
measured the generation rate at ~1.24 kHz, which posed difficulties for the platform to 
correctly identify droplets, indicating that the identification process needed a better 

a

b
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solution. Droplets were generated for about ~75 seconds. Estimating with the measured 
frequency obtained from the oscilloscope, around 90 thousand droplets were generated. 
A random sample of 6429 droplets were imaged manually and measured. This pressure 
combination, resulted in droplets with planar diameters of 131.4 µm with a CV of 7.7% 
when the droplets were slightly flattened in the droplet imaging slide, revealing yet more 
room for improvement. 

3.5 Chapter Summary 

3.5.1 Discussion 
In this chapter, the design criteria and the methodology of module integration, system 
unification and droplet generation parametric control were laid out for the construction 
of a transferable, automated droplet generation platform. In addition to the system 
controller and PSUs, the platform housed three modules – fluidics, droplet detector, and 
flow regulator. The flow regulator consisted of the previously developed dual-channel 
piezoelectric pumping device. The flow regulator was configured to be controllable by 
the system controller and improved for a more reliable and fitting pressure feedback 
control. The droplet detector consisted of a separately developed LED-PD non-imaging 
sensor, which was integrated to the platform as a 3-stage tower. The 2nd and 3rd stage, 
prepared for the microfluidic chip and the LED, respectively, could be adjusted in 3 DoF. 
The complex signal obtained from the PD fixed to the 1st stage on the bottom of the 
tower, was filtered of noise, levelled, and amplified. The cleared signal was digitized 
before being sent over to the system controller. The fluidics on the platform consisted of 
water and oil bottles as source containers for the pumps, T-junctions joining together 
pumps, pressure sensors and the microfluidic droplet generation chip, the chip itself, and 
the waste bottle as the output container of the setup. Lastly, the system controller was 
a quad-core SBC whose cores were split among 4 system control tasks. Tasks such as 
controlling the pumps, interpreting the droplet signal, calculating the droplet generation 
feedback parameters, and communicating with the user. The droplet generation was 
controllable both by droplet size and by generation rate. With the ability to specify a 
target for droplet formation frequency, the available feedback rate, limited to 
accommodate low-power operation and portability, could be maximized. Moreover,  
the formation rate could be synchronized with the actuation rate of the piezoelectric 
micropumps, thereby minimizing the influence of the pressure pulsations on droplet size 
CV%. During evaluation, this effect was most noticeable instead at the first harmonic of 
the pumping frequency, reaching the lowest recorded CVs of 1.77% and 6.67% for size 
and generation rate, respectively. 

Overall, the platform satisfied its given CV goals, with droplet sizes reaching below 5% 
and for generation rates below 10%. While the values were indeed reached, the average 
CVs collected over multiple droplet size and generation rate combinations were not 
within those limits, leaving much room for improvement. Additionally, while the 
generation rates were evaluated up to ~800 Hz, during calibration the system showed its 
capability in reaching much further beyond. 

Having kept the designs simple, low-power, affordable, consisting of widely available 
commercial components, and easily replicable 3D printed structural parts, the platform 
maintained the aimed properties of modularity and transferability. How the final 
platform compares to other controlled droplet generation setups documented in the 
literature is summarized in paper 3 (Appendix 3 – Table 1). 
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3.5.2 Platform Specifications 

Table 14. CogniFlow-Drop (2023) specifications. 

Category Value 
Module 1: Flow regulation 

Number of pumps 2 
Pump description Bartels, mp6-liq, 

piezoelectric, dual diaphragm 
Number of drivers 2 
Driver description Bartels, mp-Highdriver, 

10-250 VPP, 50-800 Hz 
Pumping frequency 
(water) 

~200 Hz 

Pumping frequency 
(oil) 

~320 Hz (HFE 7500) 
50 Hz (Mineral oil) (at mp-Highdriver limit) 

Number of sensors 3 
Sensor description Honeywell, MPRLS0015PG0000SA 

pressure-based, typ. range (0 to 103 kPa) 
Controller ESP32 DevKitC-32U 
Feedback rate ~166 Hz 

Module 2: Droplet sensor 
 Illumination Cold white, 

1 W LED, driven with ~150 mA @ 5V 
Light detector Osram SFH 2240, 

photodiode 
Detector signal 
amplification 

x10e6 (1 MV/A) 
(Transimpedance amplifier circuit) 

ROI focusing zoom 20x (microscope lens) 
Signal filter 
parameters 

~7.26 kHz (generation frequency cutoff), 
2nd order Sallen-Key LPF 

Processed signal 
properties 

Capacitive DC decoupling (~50 Hz HPF), 
2.5 V DC offset, inverted, 
extra 5 - ~46 times adjustable amplification, 
within 0 – 5 V output range 

ADC Texas Instruments, ADS8681, 
1 MHz max. sampling rate, 16-bit, SPI 

Module 3: System Controller 
 Processing unit Broadcom BCM2711 (Raspberry Pi 4B) 

OS Ubuntu desktop, ver. 21.10 
Code Python 3.9, ~150 KB (main algorithm), 

C++, ~28 KB (SPI communication module) 
UI Wi-Fi, Python GUI (eCAL, v5.9.5) 

Estimated max. power consumption ~8.0 W 
Platform dimensions (footprint) 330x220 mm 
BOM Cost (Q2 2023) ~650 € 
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3.5.3 Considerations 
During the evaluation phase, while not impeding operation, several issues crept up which 
ought to be addressed in any upcoming versions of the platform. 

I. With the feature to tilt the microfluidic chip in the droplet detection 
column, shifting the droplet slightly out of alignment was made possible. 
Cutting off some of the visible edges from a passing droplet could still result 
in a good enough signal. The change in the droplet signal shape allowed for 
mischaracterization of the oil type that was used. 
 

II. While some size and generation rate combinations reached below 2% size 
monodispersity, the typical CV was closer to 10%. This could be tied to the 
FFD favoring certain combinations by design or how effective the liquid 
recipes are, but there are more contributors that could be investigated          
– such as the OS latency on the RPI: 
a. Impact of the OS latency to the droplet identification task, made 

significant by high monitoring rates of the writable queue flag, could 
be reduced by replacing the queue flag with an indicator closer to 
hardware – an external GPIO connection. One pin on the Raspberry Pi 
header could be dedicated to the system control task, which would 
control its digital output value to be HIGH or LOW. A second pin, wired 
to the first, could be dedicated for the droplet identification task, which 
when read, could significantly reduce memory overhead and thereby, 
possibly the OS latency. 

b. Another option could be to reduce the required loop speed for the task 
allotted to droplet detection on the RPI. This could be done by 
transferring the communication with the droplet detection ADC to an 
external standalone processing unit. With less emphasis on the loop 
speed, typical inter-task communication delays of ~100 µs could seem 
unnoticeable in comparison. 

–  such as the relatively slow pump controller task (avg. ~19 ms): 
a. The pump controller (ESP32) and system controller (RPI) communication 

method over USB was already inherently slower than other tasks 
because of the pressure sensor sampling rate. 

c. The serial communication algorithm itself on the pump controller task 
was unoptimized as it had to hold communication with another task, 
which calculated the new target pressures, in equally high priority. 

–  such as the unoptimized droplet size and generation rate PID controllers. 
–  such as the large PZT pump driver waveform amplitude step size. 
–  such as the unmatched PZT pump driving frequencies. 

III. As droplets were relatively gauged in the units of volts, converting them to 
units of physical dimensions proved difficult without a general reference 
point. When the characterization of the fluidic setup was completed,  
any slight change in the height or orientation of the microfluidic chip, in 
reference to the aligned sensor, caused the loss of any known links between 
them. In a dynamic setup as such, a single PD is not enough to identify the 
droplet’s physical measurements without a calibrated reference. 
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IV. While the pumps are generally inert to many liquids, with smooth plastic 
interiors, the danger of clogging the pumps with organic material, such as 
surfactant or cells, is slim. However, contamination is a more likely scenario. 
In mitigation, the pumps could be made to instead push a liquid that is both 
clean and immiscible with the target liquid. This method adds an additional, 
significant pressure load, which may need multiple PZT micropumps placed 
in series to overcome. 

V. As the droplet detector was sensitive to mechanical vibrations from the 
nearby environment, the setup ought to be placed away from known 
vibration sources. Additionally, preferably, placed on vibration dampening 
material. 

VI. With a capacitively AC coupled droplet signal balancing over a fixed 2.5 V 
DC bias in the DSSP circuit, the extreme ends of generable droplet sizes 
would produce signals with short duration peaks on different sides of the 
bias level. The recorded waveforms become top or bottom-heavy, leading 
the median voltage between the signal’s maximum and minimum values to 
shift away from the bias level. If the amplitude of the signal is large enough, 
in the scenario of a shifted median, one side of the signal will cross the 
available voltage rails in the 0 to 5 V window, causing droplet readings to 
become misleading. 

 
With less serious considerations, the platform shows potential in the following 

aspects: 

I. With an ability to observe droplet generation parameters, the degradation 
of the fluidics could be gauged also in a pressure-based closed-loop system. 
This could enable estimating the lifetime of the fluidic device. Furthermore, 
sudden changes could be used as indicators for possible clogging. 

II. With a tiltable microfluidic chip mount in the droplet detection setup,  
the angle of the chip also tilts the angle of the channel and thereby the 
motion of a passing droplet. Since the illumination source is a brightfield 
LED, the droplet is essentially transparent. Anything encapsulated in the 
droplet ought to leave its own detectable shadow. By using a microscope 
lens with a fixed focal distance, the angled motion of a passing droplet 
allows for the focal distance to ‘scan’ through the droplet, possibly 
increasing the signal from the encapsulated particle enough to be detected. 

III. Piezoelectric pumping frequency has already shown hints of having a 
secondary influence on droplet generation. There is potential in altering the 
piezoelectric element driving waveform shape and frequency components 
– possibly altering its interactions with droplet generation or other 
processes such as passive particle encapsulation rates. 

IV. When characterizing a fluidic setup on this platform, it could be possible to 
estimate a preferred droplet size and/or generation frequency of the setup. 
Combinations leading to optimal CV% could be found for various chip 
designs.  
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4 Explorative Platform Modifications to Extend the Utility of 
PZT Diaphragm Micropumps in Droplet Generation 
This chapter addresses several of the more impactful issues brought to attention at the 
end of Chapter 3 regarding the relatively high average CV% of the generated droplets. 
Among the suggested solutions, a piezoelectric micropump driving methodology is 
proposed, with features to increase its control resolution and explore possible benefits 
in the pulsatile characteristics of the pumps. 

The chapter describes and evaluates the hardware upgrades made to CogniFlow-Drop 
to improve its CV% in response to RQ4, relying on the following publications:  

Forthcoming (Publication IV): R. Jõemaa, T. Pardy. “Modular, dual-tone piezoelectric 
micropump driver for low cost, portable droplet generation,” 2024 19th Biennial 
Baltic Electronic Conference (BEC), IEEE, 2024. 

Other related publications: R. Jõemaa, T. Pardy, “Integrated modular multi-tone 
piezoelectric element driver and method of driving modular multi-tone piezoelectric 
element driver for pressure generation,” patent application. Priority number 
P202400014, Estonia, 2024. 

4.1 Chapter Overview 

4.1.1 Motivation 
In Chapter 3, a modular, low-cost, actively controlled droplet generation platform was 
developed. Droplet generation rate and droplet size were regulated using PID controllers 
running on a Raspberry Pi 4B (RPI) single-board computer (SBC). The 4 cores of the RPI 
were allocated separately to four tasks. Running in parallel using Python’s 
multiprocessing library, the tasks were to communicate with a droplet sensor module,  
a pumping and pressure sensor module, a remote user interface and to update the PID 
controllers together with inter-process communication task. Droplets generated with 
this platform were detected and measured from the shadows produced by light 
refraction at their phase-transition regions. This method introduced an offset between 
platform-measured and the actual droplet size. This offset adhered largely to the 
densities of the selected immiscible phases (e.g., oil and water) which determined the 
size of the phase-transition region and thereby the relationship between the measured 
shadow and the real cross-sectional area of the droplet. The preliminary results of the 
CogniFlow-Drop platform did not show the median coefficient of variability (CV%) of 
generated droplet sizes below 5%. As to why, several problems were identified. A few 
possible causes were linked to limitations in sensory data acquisition – of both optical  
(a, b, c) and pressure (d) data. 

a) The most significant limitation in optical data acquisition stemmed from using a 
non-real-time operating system (OS) running on the RPI, resulting in data 
acquisition rates becoming unstable. With latency in the CPU task-scheduler, 
occasional delays of up to several milliseconds would irregularly recur during a 
droplet measurement. The resulting data loss could occur anywhere along a 
droplet ‘waveform’, able to cause errors in both droplet size and droplet 
generation rate calculations. This issue was partially mitigated in software,  
by discarding droplet readings where the delay between data points exceeded 
a third of the droplet period – being updated by a moving average period.  
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As the cutoff delay was a static percentage, the filter was bound to be leaky. 
Unfiltered false readings would proceed to affect the PID controllers and cause 
instability spikes in the droplet generation process. The transfer of the instability 
spikes through the PIDs to the pumps was lessened with a set of additional 
moving parameter windows, set to average the outputs of the PID controllers. 
With optimizing the size of the moving average window and the data loss delay 
cutoff percentage, or making them dynamic, the impact of the erroneous 
droplet readings could theoretically be reduced enough to achieve a stable CV% 
less than 5%, however, this would come at an increasing loss of tracked/logged 
droplets. 
 

b) A secondary limitation in the optical data acquisition was using a fixed 
amplification on the PD-TIA signal before arriving at the ADC. In scenarios  
where generated droplets would need to change over a wide range of sizes,  
the amplification rate would be set by the largest generated droplet, to fit its 
absorption waveform into the available measurable window. Yet, this would 
also fix the lower limit to droplet sizes that are above the detection levels (safely 
above the noise floor). Moreover, as the droplet and its subsequent absorption 
waveform amplitude shrinks in the measurable window, so does the relative 
resolution. 
 

c) A tertiary limitation in the optical data acquisition was the usage of a fixed DC 
offset of the PD-TIA signal. Because the level of illumination was not always 
easily determinably, the baseline voltage of the PD-TIA during inactivity settled 
at different levels for different optical setups – either by use of different 
microscope lenses, pinhole diameters and even LEDs. To spot smaller droplets, 
knowing the PD-TIA baseline voltage was critical, as set lines had to be crossed 
for detection to be possible. To avoid having to explicitly measure the baseline 
voltage before each experiment, the settling level was decoupled from the  
PD-TIA and fixed to a known constant. However, as droplets can be generated 
with different liquids and illuminated by different spectrums, the resulting 
absorption waveforms are often non-symmetrical, non-sinusoidal, and rather 
made of spikes with irregular shapes and with irregular spacing. For a capacitor-
decoupled level-shifted signal, such irregularities produce a weighted real 
average (point at equal distance of the measured minimum and maximum) that 
does not align with the fixed baseline. In edge case scenarios, the weighted 
waveform can shift one of its peaks across the limits of the measurable window, 
resulting in lost data and the ensuing inaccuracies in droplet size control. 
 

d) The main limitation in the acquisition of pressure data was related to its 
maximum achieved sampling rate of ~166 Hz. This sampling rate was not only 
slower than the typical droplet generation rate, but also slower than the used 
pumping frequencies of ~200 Hz and ~320 Hz, for water and fluorinated oil, 
respectively. On one hand, in a pulsatile pumping system, this slack in 
measurement speed could improve stability – by not sending every pumped 
pressure spike into the pressure control PID. Yet without the reaction to 
pumping pressure spikes, the pressure stabilization would be superficial. 
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Another possible cause for unstable droplet generation was linked to the piezoelectric 
pump drivers. The COTS drivers used digitally generated waveforms. In contrast to analog 
waveform generators at comparable scale and cost, digitally produced waveforms are 
more stable, predictable, and reproducible, as they are influenced less by thermal drift. 
But it also has a critical downside – the accompanying low resolution digitized amplitude. 
In the case of the used Bartels Highdriver the amplitude control resolution was split 
across just 32 steps. With the piezo pump driving waveform ranging up to ~255 V in 
amplitude, the size of each step was close to 8V. Considering a common scenario where 
the pumped pressure target happens to correspond to an amplitude level residing 
between two of amplitude steps, to stabilize at the requested pressure level, the driver 
must repeatedly alternate the waveform amplitude with the minimum 8V jumps. 

When considering addressing the concern of point d), another bottleneck was present 
in the system algorithm on RPI. Namely, the cycle rate of the pump control loop on RPI 
averaged around 50 Hz, well below the pressure sensor sampling rate. In combination, 
solutions could be found in the form of faster pressure sensors and methods that reduce 
the computational load on the RPI such that task could be reorganized to be more equally 
weighted. An option to reduce the computational load on RPI could be to integrate an 
additional MCU to the platform. With an additional dual-core MCU, such as the ESP32, 
tasks most vulnerable to OS latency such as SPI communication with the ADC and its data 
analysis (droplet identification), could be transferred to from the RPI. 

All CV% optimization problems stem from the Electronics column and require the 
modification of all modules besides fluidics (Fig. 28). 
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Figure 28. CogniFlow-Drop (2023) platform problems and their origin hierarchy. 

4.1.2 Background of Piezoelectrically Produced Pulsations for Droplet 
Manipulation 
A piezoelectric ceramic material such as PZT is a crystallized structure of dipolar unit cells. 
At the center of each unit cell lies a positive Titanium or Zirconium ion. By pulling the ions 
off center the unit cell becomes elongated, unsymmetrical, and forms a dipole, which is 
used to produce a static electric field over the material. During material synthesis,  
the deposition and placement of the central ions is chaotic. The resulting dipoles are 
randomly aligned, forming a net neutral polarization over the ceramic. When making the 
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material applicable as a piezoelectric transducer (PET), it’s heated and poled in a strong 
electric field [126]. The externally applied electric field pulls on the central ions, 
elongating the unit cells into dipoles in alignment throughout the material body. After 
cooling, the ceramic stabilizes into an elongated shape with a desired directional polarity. 
When an electric field is re-applied across the material, the central ions are forced to 
move, resulting in longitudinal expansion and transverse contraction or longitudinal 
contraction and transverse expansion of the ceramic with a counter- or codirectional 
alignment with the dipole direction, respectively [126]. 

In microfluidics, PETs are commonly used as sound or pulsatile pressure generators as 
they physically deform under an alternating electric field [127]. The transfer of produced 
kinetic vibrations into liquid is facilitated through direct or indirect contact between the 
liquid and the actuator. For indirect contact, the actuation is performed near a 
microfluidic channel, vibrating its walls to introduce pressure waves into the flow – a field 
known as acoustofluidics [128], [129]. Acoustophoresis, a subset of acoustofluidics, 
focuses on particle and droplet manipulation with acoustics [130]. To interact with 
particles in a microfluidic flow, a common method entails oscillations with wavelengths 
small enough (e.g., ~30 µm in water at ~50 MHz) to fit in multiples across the channel 
width to create standing waves and pressure nodes, used to attract and influence the 
flow trajectory of a particle [131], [132]. This effect is often used in active droplet sorting 
[66], [131], [132]. In case of direct contact, actuation consists of PETs used as diaphragm 
pumps where the diaphragm is the ceramic itself, typically in the shape of a disk. With 
an alternating voltage generated across the piezo actuator, the diaphragm deforms to 
pull and push small volumes of liquid or gas into and out of a compartment housing the 
diaphragm. This motion produces pressure waves which propagate longitudinally 
through the tubing and microfluidic channels with the velocity of sound, specific to the 
pumped media. 

For DIW at 20 °C in atmospheric pressure (~0.1 MPa) soundwaves propagate at ~1483 
m/s [133], whereas in HFE-7500 oil, the propagation speed is about 673.7 m/s [134].  
At such velocities, a piezoelectric micropump (e.g., Bartels mp6-liq) operating at rates of 
200 Hz for DIW or 320 Hz for HFE-7500, produces wavelengths that well exceed the 
length of the entire platform’s fluidic pathway. However, in contrast to acoustophoresis, 
where waves need to be small enough to form standing waves across the channel width, 
in piezoelectric pumping, the periodically generated pressure waves need but to travel 
through the flow path to interact with droplets, more specifically droplet formation.  

To illustrate an electronic equivalent of the fluidics involved in pulsatile droplet 
formation, a piezoelectric micropump behaves as an AC power source, its valves as a 
halfwave rectifier, the tubing and microfluidic channels as resistors, and the chip’s outlet 
as ground [135]. Additionally, when tubing or channel walls are made of silicone or 
PDMS, the structural material exhibits compliance to deformation. As pressure rises, part 
of the kinetic energy is stored in the deforming structure which in essence behaves as a 
capacitor [136]. Due to flow channel dimensions typically shrinking from tubing to the 
microfluidic chip and differently sized channel segments within the chip, a significant 
portion of the kinetic energy from the traveling pressure wave is reflected – analogous 
to impedance mismatch. What can be measured across the FFD (RC equivalent) becomes 
a smoothed pressure level with relatively small pulsations remaining [137]. 

At the cross-junction of an FFD, where pulsatile flows of water and oil join to generate 
droplets, the crossing pressure waves, due to differing pumping frequencies and 
propagation speeds, interfere dynamically on top of the smoothed pressure level.  
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This interference appeared to have a significant impact on droplet formation. As shown 
in Chapter 3, the smallest average CVs were achieved with a droplet generation rate 
control target set to 400 Hz – a harmonic of the DIW pumping frequency. The rate control 
target preference was also noticeable at 200 Hz. Similar influence to generated droplet 
size has been observed in steady-type flows with deliberately added vibrations 
introduced into the dispersed phase flow [93], [138], [139]. Pulsations directed to the 
cross-junction of an FFD have also been shown to correlate with the droplet/bubble size 
[140]. Deliberate pulsations have been demonstrated to enable control of droplet size, 
generation rate, and spacing directly with the pulsation frequency [141]. 

While relying on inherently pulsatile flow generators, pumping frequencies optimized 
for specific liquid media, ought to remain fixed as primary pulsations. However, as PETs 
can be driven with practically any complex waveform, the pumping waveform could be 
modified to introduce additional layers of control to the droplet generation process. 
Based on observation, without eliminating the primary pumping frequency of 200 Hz and 
320 Hz for DIW and FO respectively, a secondary pumping frequency could be introduced 
into the mp6-liq micropump driving waveform to move towards matched pumping 
pulsations with droplet formation rate. As the previously used mp-Highdriver driving 
waveform selection is insufficient, a different driver is required. To maintain the 
objectives of the droplet generation platform, the driver ought to be of similar cost and 
compact enough to retain the portability of the pumping module. Such commercial 
drivers, however, typically lack on-board custom signal generation and/or focus on 
driving SCPs [142]–[144]. Likewise with available commercial reference designs, 
waveforms are fixed and rectangular [145], [146]. Rectangular spikes carry odd-numbered 
harmonics which tend to produce complex pressure oscillations [147] and can be less 
power efficient compared to sine waves [148]. As such oscillations could interfere with 
the effects of a controlled superimposition of a secondary wave, purer driving signals 
ought to be used. 

4.1.3 Design Criteria 
To address the problems raised, notable changes were introduced to the electronics 
column, on PCBs henceforth referred to as PS-B (Pressure Sensor Board), FRC-B (Flow 
Regulation Control Board), PPD (Piezo Pump Driver) and DSSP-B (Droplet Sensor Signal 
Processing Board). Modified hardware is indicated on Fig. 29. 
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Figure 29. Exploded view of the CogniFlow-Drop platform’s electronics column, highlighting PCBs 
affected by the required hardware modifications. 

Table 15. PS-B update criteria. 

Category Value Additional details 
Sensor type Pressure; non-reactive, 

liquid compatible coating; 
differential 

Correlating to the need to 
calculate the differential 
pressure, pumping type, 
and liquid media. 

Nr. of ports per sensor 2 Differential design. 
Nr. of sensors >= 2 To measure differential 

pressure from each liquid 
phase inlet T-junction to 
the outlet T-junction. A 
third differential can 
monitor the difference 
between inlet pressures. 

Commercial availability of 
components 

All To ensure design 
transferability. 

 

 

Upgraded PS-B
• Faster sampling rate
• 2 ports per sensor 

(differential)

Custom PPDs
• Higher amplitude resolution
• Analog oscillators
• More waveform options

Modified FRC-B
• Traces/components to enable

interchangeable operation of 
both the Custom drivers and 
the Bartels mp-Highdrivers

Upgraded DSSP-B
• Dedicated controller
• Option to identify droplets 

and measure droplet 
generation parameters

• Higher order LPF
• Dynamic midpoint offset 

and photodiode signal 
amplification
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Table 16. Criteria for custom PPD. 

Category Value Additional details 
Driver for Piezoelectric actuators  
Targeted actuator 
compatibility 

mp6-liq, Bartels, 
dual diaphragms in series 

Diaphragms need equal 
anti-phase high voltage 
waveforms: 
Up to 400 Hz and 250 VPP 
(from +200 V to -50 V) 

Targeted driver 
interchangeability 

mp-Highdriver, Bartels, 
5V supply, DIP18 

Minimized differences in 
overlapping input/output 
pins. 

Design limited by Price point of 
mp-Highdriver, Bartels. 
(72 €, excl. VAT, Q1 2024) 

 

On-board driving 
waveform source type 

Analog Potentially less noise and 
smoother actuation 

On-board waveform 
generator 

Wien-Bridge oscillator 
(sinewave) 

Minimal design, relatively 
low distortion. 

Nr. of generators 2 Primary and secondary. 
Primary waveform 
characteristics 

20 - 800 Hz 
0 - 250 VPP 

Minimum operational 
requirements for different 
liquids. 

Secondary waveform 
characteristics 

100 - 5000 Hz 
0 - 150 VPP 

Minimum operational 
requirements for different 
droplet generation rates. 

Frequency control Digital potentiometer (DP) Enables digital control 
Nr. of potentiometers >= 4 At least 2 for each 

oscillator 
DP control method I2C Minimum pin count scales 

better than SPI, and I2C 
pins are already required 
by mp-Highdriver. 

Amplitude control Voltage controlled 
amplifier (VCA), external 
control signal 

High control resolution. 
External control broadens 
options to upgrade. 

VCA control method 0 – 2.1 V DC  
Nr. of VCAs 2 Primary and secondary. 
Output waveform 
amplification 

High voltage (200 V) 
operational amplifier (OA) 

4 amplifiers required for 
+/- pins of 2 actuators. 

High voltage supply Boost converter (BC), 
4.4 – 5.5 V DC input, 
>= 240 V DC output 

To generate enough 
stable voltage for the OA. 

Boost converter control On-board ~240 V limit 
Shutdown pin 
Feedback pin (max. 3.3 V) 

 

Commercial availability of 
components 

All To ensure design 
transferability. 
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Table 17. FRC-B necessary modifications to accommodate PS-B update and custom PPDs. 

Category Value Additional details 
Additional traces required 
from ESP32 DevKitC to 
Custom PPDs 
(2 drivers) 

1x BC shutdown pin 
2x BC feedback pin 
2x BC PWM clock pin 
2x secondary VCA control 

Secondary VCA control is 
provided by on-board 8-bit 
DAC that is passed through 
a voltage divider and a 
buffer OA. 

Custom PPD primary VCA 
control signal source 

2x 14-bit DAC, 
SPI communication 

Output passed through 
buffer OA. 

PS-B communication Largely unchanged 
SPI communication 

Due to limited number of 
GPIOs on ESP32 DevKitC, 
pin connections unrelated 
to SPI were cut back. 

Table 18. DSSP-B re-work criteria. 

Category Value Additional details 
Tasks Signal filtering, 

AC coupling, 
Level shifting, 
Amplification, 
Signal digitization, 
Droplet identification*, 
Droplet gen, parameter 
measurement*, 
Data transfer over SPI 

Added features require a 
dedicated controller. 
* Optional features 

Controller ESP32 DevKitC 2 cores, 200 MHz clock, 2x 
SPI, I2C, low-cost 

Accommodating 
* Optional features 

2x DIP switches (1x4) 
on SPI lanes 

Allows to choose DSSP SPI 
output between the ESP32 
DevKitC and the ADC 

Level shifting Dynamic (0 – 5 V), DP, I2C  
Amplification Dynamic (1 – 20x), DP, I2C  
Commercial availability of 
components 

All To ensure design 
transferability. 

4.2 Design Components 

4.2.1 Upgrading Pressure Sensors in Flow Regulation Module 
To detect and be able to respond to the pumping pressure pulsations, previously missed 
due to slow sampling rate, MPRLS0015PG0000SA sensors were replaced with 
ABPDRRV015PDSA3. The switched sensor has more than 10 times higher sampling rate; 
however, at the cost of maximum pressure sensing resolution. To reduce possible  
sensor-to-sensor errors and eliminate a few lines of calculation, instead of gage type 
sensors, differential ones were chosen. Regardless, the number of sensors on the PS-B 
were kept at three as shown on Fig. 30. 
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Figure 30. Updated flow regulation sensor board (PS-B) with three high speed differential 
piezoresistive pressure sensors. 

To be able to connect all (3x2) ports of the added differential pressure sensors into 
the fluidics, 3D printed T-junctions were modified to enable connecting more sensor 
ports. Sensor 1, connected to outlet T-junction and oil input T-junction, obtained the 
differential pressure for oil pump feedback. Sensor 3, connected to outlet T-junction and 
water input T-junction, obtained differential pressure for water pump feedback. Sensor 
2, however, was available to measure the pressure difference between water and oil inlet 
T-junctions.  

The updated sensor communication differed from previous by using a 3-pin SPI, 
excluding MOSI, outputting its 14-bit measurement when the controller pulled low its 
chip select (CS) and transmitted a clock of 800 kHz. With a 0.46 ms response time,  
the sensors promised polling rates close to 2 kHz. 

4.2.2 Developing Piezoelectric Micropump Drivers for Flow Regulation 
Module 
To reach the required performance and extensive set of features with a custom driver on 
a footprint no larger than used by the previously used driver (mp-Highdriver, Bartels),  
at a similar or better price point, required the design to make use of the vertical space. 
The PPD was designed to consist of layers, connected with board-to-board pin headers, 
for the additional advantages of modularity and ease of disassembly. Functions were split 
across three layers: 

• Layer 1 (L1) – Waveform generation 
• Layer 2 (L2) – Waveform phase and amplitude adjustment 
• Layer 3 (L3) – High voltage supply generation 

L1 was designed with two analog oscillators using Wien-Bridge configurations, 
stabilized with a pair of diodes in the feedback loop. The bridges used fixed temperature 
stable X7R ceramic capacitors. To be able to adjust the frequency of the oscillators, each 
oscillator bridge used a quad 8-bit 100 kΩ digital potentiometer (MCP4451-104E/ML, 
Microchip Technology). Due to dimensional, communication, and cost restrictions,  
the commercial selection was limited, for which both the thermal stability and number 
of resistive steps suffered in consequence. With four digital potentiometers, in rheostat 
configuration, per Wien-Bridge oscillator, each resonant RC pair received two 
potentiometers. The potentiometers were set to be in parallel to significantly increase 
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the number of possible resistive steps (2562). Each oscillator produces a sine wave with 
harmonic distortions < 2%. The generated primary (WF1) and secondary (WF2) waveforms 
differed primarily in available frequency range, where the minimum objective range for 
WF1 was 0.01 – 1 kHz and 0.1 – 10 kHz for WF2. The primary waveform needed to cover 
frequencies available with mp-Highdriver and frequencies previously not attainable, 
below 50 Hz, which showed better performance with pumping mineral oil [ref RP]. WF2, 
however, needed to operate in a frequency band where droplet generation was aimed 
to be. L1 of the PPD also included a voltage-controlled amplifier (VCA) for WF2, produced 
from a transistor-based differential amplifier (DA). The VCA was adjustable by providing 
the PPD with a voltage level between ~0.2 to 2.2 V, from an external source. With the 
analog nature of the amplifier, the resolution of an external voltage level could easily be 
brought above the previously available 5-bit amplitude control on mp-Highdriver. After 
WF2 amplitude control, WF1 and WF2* were level shifted for merger without DC 
components. L1 operation concludes by outputting a summed WF(1+2*) signal for L2. L1 
PCB can be seen on Fig. 31. 

 
Figure 31. Top (left) and bottom (right) view of the 1st layer PCB of the custom PPD. 

L2 of the PPD was designed with 3 quad operational amplifiers (QOA) to form a single 
WF(1+2*) into four sine waves for the dual-diaphragm piezoelectric micropumps. 
Considering that the mp6-liq micropumps operate with amplitudes up to 250 VPP, a high 
voltage and high slew rate QOA was used (HV264TS-G, Microchip Technology). Because 
the mp6-liq piezoelectric actuators have a 50 V polarization offset (+200 V upper, -50 V 
lower electrode), a single anti-phase waveform generation was not sufficient. For each 
of the actuators a positive and negative output was required (P1+, P1-, P2+, P2-). 

After WF(1+2*) generation on L1, the wave was connected to an analog switch 
(ASWCH). The custom PPD was given a feature to allow custom waveforms (WF_EXT) to 
be used as the pump driving signal. WF_EXT could be connected to a trace leading to a 
pin on L1 which passed it straight through to L2. On L2, WF_EXT was connected to a 
comparator (CMP), whose purpose was to detect the presence of WF_EXT and with it, 
control ASWCH’s selection between WF_EXT or WF(1+2*). The selected waveform (WFx) 
continued onto another externally controlled VCA with a transistor-based DA. The DA 
emitter junctions on L1 and L2 were offset with a resistor to operate with only a positive 
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rail. After the VCA, WFx* continued through an attenuator OA, labelled as WFxA, to be 
reduced to an amplitude corresponding to 50 VPP after final amplification. To create 
signals for two actuators, WFxA was passed through an inverting OA, resulting in -WFxA. 
Both + and – WFxA were individually through level shifter OAs, followingly labelled as 
WF_C and WF_B, respectively. Level shifting enabled bringing the waveform Vmin close 
to 0.05 V which was the lowest detected input level for the high voltage QOA (HV264). 
At this stage, two anti-phase sine waves were ready to drive the two negative electrodes 
of the mp6-liq micropump (P1-, P2-). To generate waveforms for the positive electrodes, 
conveniently, as WF_B (P1-) and WF_C (P2-) corresponded to 50 VPP at the output, 
multiplying them by 4 would produce the missing 200 VPP the waves. To reach a 
combined 250 VPP differential for the actuator, the WF_C for (P2-), amplified by 4, 
labelled as WF_A, was used to drive the positive electrode of the other actuator (P1+). 
Analogously, WF_B for (P1-), amplified by 4, labelled as WF_D, produced the wave for 
(P2+). L2 concludes by amplifying WF_A, WF_B, WF_C, and WF_D by a gain of ~67.67 and 
passing the produced waveforms (P1+, P1-, P2-, P2+) down, through L1 to the FRC-B. L2 
PCB can be seen on Fig. 32. 

 
Figure 32. Top (left) and bottom (right) view of the 2nd layer PCB of the custom PPD. 

To supply the high voltage QOA on L2 with a DC level above 200 V, a boost converter 
was fitted onto L3. L3 contained a simple boost converter circuit, with an inductor,  
a diode, a smoothing capacitor, and an active switch. To generate voltages beyond  
200 V, with the source voltage of 5 V obtained from the FRC-B, very fast and high current 
switching would be required. Efficient high-speed switching could be achieved with a  
N-type MOSFET, typically driven with a pulse-width-modulation (PWM) signal, with a 
varying duty cycle. However, because most gains in efficiency come from the MOSFET’s 
die size, limited space on L3 imposed a limit. Moreover, the larger the discrepancy of ON 
and OFF time of the boost controller switch (BC-SWCH), the higher the requirements are 
set for the N-MOS switching speeds. To balance resistive efficiency, switching efficiency, 
and high voltage requirement, an SMD N-type MOSFET with 100 V drain-source voltage 
(VDS), ~3 mΩ internal resistance (RDS) @ 10 V of gate-source voltage (VGS), and ~5 ns 
rise/fall times, was chosen (ISC030N10NM6ATMA1, Infineon Technologies). Switching 
efficiency was satisfied with a ~5 nF input capacitance and a total gate charge of ~55 nC. 
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With a VDS of 100 V, the boost converter output was multiplied with a voltage multiplier 
circuit, easily capable of reaching above 200 V DC. To drive the BC-SWCH, a gate driver 
(BC-SWCH-GD) was used. To drive the BC-SWCH close to optimal performance, the gate 
driver was supplied with ~9 V generated from the 5 V supply with a charge pump driver 
(BC-SWCH-GD-CPD). Both BC-SWCH-GD and BC-SWCH-GD-CPD were operated with a 
single externally supplied 48 kHz PWM. Having opted for a basic boost converter 
configuration, a single insulated inductor, in series with the source voltage, was used as 
the energy storage. To balance high magnetic capacity, at low series resistance and small 
form factor, the saturation current level reduced in compensation. In scenarios where 
the BC-SWCH would fail into a short circuit, causing current to continue pouring into and 
through the inductor, quickly exceeding the saturation level, an additional externally 
controllable switch was added to the circuit. A P-type MOSFET was placed in series before 
the inductor as the boost converter short circuit control switch (BC-SCC-SWCH). 
Additional safety features were introduced to the boost converter in the form of over 
voltage limiting (BC-OVL) and buffered output feedback (BC-OFB-B). BC-OVL was fixed to 
disable BC-SWCH-GD when the output voltage exceeded ~240 V, a level chosen to 
accommodate providing maximum supply levels for the high voltage QOA on L2, with 
sufficient headroom for ripple. BC-OFB was led down to FRC-B through L2 and L1, for the 
external PWM provider to adjust its duty cycle. L3 PCB can be seen on Fig. 33. 

 
Figure 33. Top (left) and bottom (right) view of the 3rd layer PCB of the custom PPD. 

To further take advantage of the layered design of the drivers, the high voltage boost 
converter output was not only shared from L3 to L2, but also onto FRC-B through L1.  
This allowed connecting an external high voltage source to FRC-B or by just relocating L3 
to a different position on FRC-B. Additionally, because the nature of these drivers is to 
use high voltage with low current, the high voltage source from one driver could be led 
to other drivers with insignificant losses to resistances between, reducing the average 
driver cost. 

For the custom PPD to be interchangeable with mp-Highdriver, the pinout of L1, 
making contact with FRC-B, required additional modifications. As the custom driver 
would sit in the same socket as an mp-Highdriver, most of the pin functionalities had to 
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remain the same to not introduce too many hurdles when using either driver. The layout 
comparison is shown on Table 19. 

Table 19. Pinout comparison between custom PPD and mp-Highdriver. 

PPD 
pin 

mp-
Highdriver 

pin 

Driver 
Top view 

mp-
Highdriver 

pin 

PPD 
pin 

 

BC-O NC NC BC-OFB 
BC-SCC NC NC 3.3 VDC 

GND GND VDD 5 VDC 
PWM CLK /RESET WF_EXT 

VCA (WFx) CLK_INT SDA (I2C) SDA (I2C) 
VCA (WF2) (VCA) AMP SCL (I2C) SCL (I2C) 
WF(1+2*) (I2C) ADDR ADDR (I2C) ADDR (I2C) 

P1+ P1+ P2+ P2+ 
P1- P1- P2- P2- 

  
 
Functions for custom PPD, which could not find analogues in mp-Highdriver, such as 

3.3 VDC supply, BC-O, BC-OFB, and BC-SCC, were placed to pins unconnected on  
mp-Highdriver. Other safe alterations included pin 4, 5, and 6 (Table 19). On pin 4, a clock 
signal was expected by mp-Highdriver. As it was previously provided by a PWM-capable 
source from the flow regulation controller (ESP32 DevKitC), changes other than in name 
were not necessary. CLK_INT on pin 5 of mp-Highdriver was typically not utilized, which 
left it open for a signal which could be driven on to 0 V when required. Thus, it became 
the input for the external DAC for WFx VCA without complications. On pin 6, mp-Highdriver 
expected an adjustable voltage level up to 1.3 V. As it was previously produced by passing 
an 8-bit DAC (on-board ESP32) output through a voltage divider, without additional 
hardware changes, it fulfilled the amplitude driving range for secondary waveform 
(WF2). As what is produced on pin 7 of L1 of the custom PPD is a complex alternating 
voltage instead of a typically fixed value suitable for an I2C address, the L1 pin 7 was 
mechanically cut short after assembly, to not connect with FRC-B. For pin 15, as the 
/RESET pin on mp-Highdriver expected to see VDD or GND, a particular design choice on 
FRC-B left it manually selectable with a pin header and a jumper. The open pin header 
offered a point of connection outside of the flow regulation module. To operate the 
custom PPD without WF_EXT, using the on-board oscillators, WF_EXT ought to be 
connected to GND. 

4.2.3 Facilitative Modifications Accompanying the Changes in Flow Regulation 
Module 
To be able to fully utilize the capabilities of the custom PPDs and the faster, differential 
pressure sensors, FRC-B required updates in both hardware and software. 

4.2.3.1 Hardware Changes on FRC-B 
As previously, the AMP and CLK pins on mp-Highdrivers were not used, being driven by 
I2C commands, the custom PPDs required the operation of the corresponding pins from 
the MCU, to adjust the amplitude of WF2 and to generate the high voltage supply with a 
high duty cycle switching PWM. The two custom PPDs required the connection of four 
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additional traces for short circuit control and boost control feedback. For droplet 
generation it is imperative that both pumps and thereby both pump drivers operate.  
If one driver is turned off through the short circuit control switch, question whether the 
other driver keeps operating or not, becomes moot. Therefore, the ESP32 MCU can 
operate BC-SCC on all drivers through one pin. Feedback pins, however, required 
individual traces, which were connected to 12-bit ADCs on the ESP32. To be able to 
rapidly adjust the amplitude of the final driving waveforms from each driver, two 14-bit 
DAC chips (DAC70501, Texas Instruments) were placed on the FRC-B. To match the access 
rates of the DACs with the upgraded pressure sensors, the DACs were addressed  
over SPI. All four DACs (2x DAC70501, 2x ESP32 DAC) leading to the bases of BJTs in 
transistor-based differential amplifiers, for additional stability, were passed through a 
QOA implemented as a set of buffers. Lastly for custom PPD accommodation, the high 
voltage boost converter outputs, led onto FRC-B through all PPD layers, from both drivers 
were traced to a 2x2 pin header. This enabled easy wired access from an external  
+200 VDC supply, or to join the high voltage rails together with jumpers. By joining the 
rails together, allowed one of the drivers to operate with just L1 and L2.  

With significantly increased number of pins dedicated to managing two custom PPDs, 
all ESP32 GPIOs without a critical secondary function for boot, memory, or serial 
communication, were utilized. To be able to provide CS signals for the added DACs, two 
less critical pins were vacated. One of such was an end of conversion (EOC) pin for one 
of the previous model pressure sensors (MPRLS0015PG0000SA) on PS-B. The other was 
the shared reset pin for the previous model pressure sensors. 

The updated FRC-B with custom PPDs is shown on Fig. 34. 

 
Figure 34. Updated flow regulation control board (FRC-B) with assembled custom PPDs in pump 
driver sockets. 
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4.2.3.2 Software Changes on ESP32 
To continuously poll the pressure sensors every ~0.5 ms, the code, previously relying on 
FreeRTOS processing, was moved into a regular void loop, as the minimum cycle period 
for FreeRTOS was 1 ms. Within the ~0.5 ms time window, measured differential pressure 
data, along with step states of both external DACs, and two status bytes, were 
transmitted off FRC-B via serial. With serial output starting to gradually produce errors 
beyond 1 000 000 BAUD, to manage with 1 000 000 BAUD within ~0.5 ms period,  
the transmitted data was sent in binary, to be parsed after on the system controller. 
Additionally, every loop, two PID controllers were managing the custom PPD WFx VCA 
DACs, serial input was monitored for possible system control commands, and lastly, the 
boost control PWM duty cycle was operated according to the feedback value. 

Code less time critical, such as the PPD frequency control of WF1 and WF2, were 
managed once at the setup stage over I2C communication, addressing each of the eight 
digital potentiometers per PPD, and again if a command and values were specified from 
the system controller. 

4.2.4 Modified Droplet Detection 
To solve the excessive random and expected delays in the droplet identification process 
on the system controller (RPI), the process was relocated off from the RPI. To communicate 
with the droplet sensor ADC and identify droplet related patterns from the PD-TIA signal, 
a dedicated MCU in the form of ESP32 DevKitC was added onto the DSSP-B, shown on 
Fig. 35. 

 
Figure 35. Updated droplet sensor signal processing board (DSSP-B) with a dedicated MCU for 
droplet identification. 

4.2.4.1 Relocating Droplet Identification Algorithm 
ESP32 being dual core, allowed one to be dedicated for droplet identification, leaving the 
other to communicate with the RPI. To access the second core on ESP32, a FreeRTOS task 
was made for RPI communication. As droplet generation rates were expected at rates 
close to and beyond 1 kHz, the data transmitted to RPI needed to be minimal and to be 
transmitted often enough to not lose droplet data. Among the communication options 
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offered by the ESP32, SPI was potentially the fastest. Moreover, offering two 
independent SPIs, communicating with two devices at random intervals further affirmed 
the choice of communication over SPI. However, in a master-slave configuration, the MCU 
on DSSP-B needed to play the role of the slave device. For RPI to properly converse with 
the ESP32 over SPI, the RPI required an indicator when to poll the SPI lanes. For this, after 
a message became ready for transmission on ESP32, as an indication a GPIO pin was 
raised high, to be pulled low again once the message transmission had ended. As the SPI 
communication with RPI was written into a FreeRTOS task, limited with the lowest cycle 
period of 1 ms, to be able to send data of every droplet when droplet generation rates 
exceeded 1 kHz, after identification, droplet data was placed into a size 4 buffer. This 
placed the fully capturable droplet generation rate limit at 4 kHz. While droplet-like 
patterns were identified on ESP32, distinction between single and double peak droplets 
were made on RPI with computationally lightweight classical logic. 

4.2.4.2 Optical Signal Processing 
Having added an MCU on DSSP-B, provided a convenient solution in solving the static 
design of the signal processing offset and amplifier. The OA responsible for holding the 
offset and signal gain, had its feedback resistor (Rf) and voltage divider in its  
non-inverting input replaced by digital potentiometers, DP_A and DP_B respectively  
(Fig. 36). 

 
Figure 36. Modified droplet sensor signal processing board (DSSP-B) block diagram. 

Using DP_B, the ESP32 was able to adjust the DC bias of the AC coupled PD-TIA signal 
using the droplet patterns it measured. The bias was adjusted to keep the droplet’s Vmax 
and Vmin at roughly equal distances from the OA rails. Using DP_A, the ESP32 was able 
to control the amplitude of the droplet waveform, to maximize the utilization of the ADC 
resolution, spread over the ~5V detection window. Both DP step values were continually 
updated and sent to RPI along with every droplet data message. This provided the RPI to 
calculate the original droplet waveform amplitude. 

PD-TIA signal filter design was modified by excluding the HPF and extending the LPF 
to the 4th order, 10 kHz cutoff frequency. 
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4.3 Custom PPD Performance Evaluation 

4.3.1 Context 
To evaluate the placement of the custom PPD against the commercial driver used in 
Chapter 3 (mp-Highdriver, Bartels), comparisons were done of the following categories: 

• Waveform shapes 
• Waveform frequency and amplitude range 
• Waveform frequency and amplitude control resolution (temperature drift) 
• Cost 

4.3.2 Results 
Bartels mp-Highdriver, with digitally produced driving patterns, offers a selection of an 
approximated sine, square and two variants of trapezoidal waveform shapes. In contrast, 
the custom PPD, with its analog oscillators is primarily focused on sinusoidal waveforms. 
An example of its pumping waveform, at 200 Hz for water pumping, is shown on Fig. 37. 

 
Figure 37. Custom PPD unloaded output waveforms at ~200 Hz and ~250 VPP. 

Fig. 37 shows WF1 processed into C1, C2, C3, and C4, from P1-, P1+, P2-, and P2+ 
driver outputs, respectively. All four waveforms were produced from one source with 
almost identical processing, resulting in minimal differences in amplitude from phase 
shifting. For comparison, an unloaded sinewave output from mp-Highdriver is shown on 
Fig. 38. 
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Figure 38. Mp-Highdriver unloaded output waveforms with highest amplitude at ~200 Hz. 

Mp-Highdriver output, generated digitally, produced the waveform in steps. The signals 
were amplified through transistors and without feedback, the driver output was 
overcompensation for no-load condition, reaching above 300 VPP. When the driver was 
loaded with one mp6-liq micropump, the waveform smoothed out to a degree due to 
the 8 nF capacitance of the piezoelectric transducer (PET). Likewise, the amplitude 
dropped to ~257 VPP. In contrast, the custom PPD showed worsening effect when loaded. 
The noise of the boost converter switching at 48 kHz became noticeable, translating into 
a small high frequency sinewave across the PETs. The noise was significantly reduced on 
the custom PPD which operated without L3 on top, taking the high voltage source from 
the driver next to it. 

By increasing the output of the DAC controlling WF2, a secondary waveform was 
summed over WF1, as shown in Fig. 39. 

Figure 39. WF1 (~200 Hz) and WF2 (~2000 Hz) summed result. 
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By offsetting the Wien-Bridge notch-frequency producing resistances, brought the 
WF2 to clipping, resulting in a trapezoidal waveform, as shown on Fig. 40. 

Figure 40. Custom PPD summed sine waves, with WF2 brought to clipping. 

By having the ability to adjust the Wien-Bridge resistors independently, provided a 
secondary amplifier stage in addition to the VCA following the oscillator. Moreover, 
the clipping range was adjustable, providing many degrees of trapezoidal-like 
waveforms. 

By using 100 kΩ DPs in parallel in the Wien-Bridge oscillator and capacitors of 330 nF 
and 33 nF for WF1 and WF2 respectively, enabled a wide range of frequencies to be 
produced. The oscillation frequency for a Wien-Bridge can normally be determined by 
the RC values (Eq. 1). 

𝑓𝑓 =
1

2𝜋𝜋𝜋𝜋𝜋𝜋 (1) 

As there were two DPs in parallel per Wien-Bridge leg, their values could be changed 
independently to focus in on specific frequency ranges as shown on Fig. 41 – Left. 
Fig. 41 – Left shows a comparison between stepping through one DP values while one is 
fixed (solid line) and while both change simultaneously (dotted line) – indicating that 
more frequencies can be accessed in the step range by having the DPs in parallel. The full 
frequency range for WF1 was calculated to be between 9.65 and 2469.31 Hz and for WF2 
between 96.46 and 24693.13 Hz. In contrast, the mp-Highdriver provided 256 frequency 
options, offering 64 steps for four frequency ranges, shown on Fig. 41 – Right. 
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Figure 41. (Left graph) Wien-Bridge Bridge frequency graphs for RC combinations, using 8-bit digital 
potentiometers in parallel. (Right graph) Mp-Highdriver frequency range over 256 options. 

For mp-Highdriver the frequency steps for the four ranges were as follows: 

• 50 – 100 Hz range, frequency resolution 0.781215 Hz
• 100 – 200 Hz range, frequency resolution 1.5625 Hz
• 200 – 400 Hz range, frequency resolution 3.125 Hz
• 400 – 800 Hz range, frequency resolution 6.25 Hz

In comparison, the parallel DPs in Wien-Bridge provided logarithmic control, allowing 
to scale the resolution below 0.02 and 0.2 Hz around 256 frequencies within the full 
range of WF1 and WF2, respectively. 

During custom PPD loaded operation, temperature increase on L2 radiated to L1, 
warming up the temperature sensitive diodes and capacitors, and causing the Wien-Bridge 
frequency and amplitude to drift until reaching a stable temperature. As the amplification 
stages in the waveform processing path through L1 and L2 were mostly fixed, there were 
two options for compensation. One was to push the VCA control input beyond 2.2 V,  
as the DAC could provide voltages up to 2.5 V. The other option was to offset the  
Wien-Bridge leg resistances and amplify WF1 before reaching the VCA. 

The custom PPD with the PCBs and all components concluded with a one-off unit cost 
of ~67 € (~8 € for PCB; ~15.9 € for L1; ~19.7 € for L2; ~23.4 € for L3; excl. VAT) and a 
projected unit cost of ~35 € (from which ~3.5 € covers the PCB; excl. VAT) for a batch of 
100, in contrast to mp-Highdriver’s 72 € (excl. VAT, Bartels Mikrotechnik, March 2024). 
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4.4 Modified CogniFlow-Drop Platform Performance Evaluation 
In the following preliminary tests, the processing units on FRC-B and DSSP-B were 
labelled simply by ESP1 and ESP2, respectively. Fluidic specifications, listed in Table 20, 
were used in all testing stages. 

Table 20. Modified CogniFlow-Drop platform evaluation fluidic specifications. 

Category Value 
Dispersed phase Deionized water (DIW) 
Continuous phase HFE 7500 fluorocarbon oil (FO) + 2% w/w 

surfactant (perfluoropolyether (PFPE)-
poly(ethylene glycol) (PEG)-PFPE triblock) 

Microfluidic chip type FFD 
Cross-junction dimensions [µm] 125x100 

During all tests, water and oil were connected to the FFD – because of which, when 
only one pump was operated during preliminary driver calibration, part of the pressure 
exited the chip from the liquid input which was not active, thereby being missed by the 
differential pressure sensor being specifically monitored. For all tests, the WF1 for DIW 
was at ~200 Hz and ~320 Hz for FO. 

4.4.1 Context 
To test if and how well the updated methods and modules worked in closed-loop droplet 
generation, the platform was put through the following steps: 

1) To realize PID pressure control on FRC-B, conversion between the input of the
custom PPD’s VCA1 DAC was correlated with the corresponding pressure levels
measured. For this step, a script was added onto ESP1 to perform a DAC
stepwise ramp on command and update the RPI with new pressure readings.
RPI logged pressure readings along with the VCA1 DAC step numbers. Due to
the non-linearities in pressure response at the extremes, linear regression was
mapped over data points starting after pressure had risen above 2000 Pa.

2) Pumping PID pressure control coefficients were calculated on RPI and sent back 
onto ESP1 to use in the PID control test ramp stage. Ramp stages were placed
at [10, 35, 65, 95, 65, 35, 10] % of the maximum pressure reached during 1).

3) In the following step, platform fluidics, including the operation of the new
sensors and pump drivers, were characterized through the setup calibration
process used in Ch 3. Coefficients of the logarithmic and 3rd order polynomial
were obtained and used for the closed-loop droplet generation stability tests.

4) The evaluation concluded with a series of droplet size [V] and generation
frequency [Hz] CV% measurements. Alongside CV%, the test revealed the newly
relevant RPI and ESP1 communication rate, the feasibility of the ESP32 to
manage the droplet identification computational load and more importantly,
the data transfer as a slave unit, while both of its cores were utilized to the
fullest.
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4.4.2 Results 
1) The DAC controlling pump driver’s VCA was ramped up to 88% or step 14418,

to reach ~250 VPP. Before applying a regression line, a largely non-linear region
below 2 kPa was excluded as typical droplet generation pressure targets are not 
implemented below 3 kPa. The resulting pressure to DAC step relationships for
both water and oil (Fig. 42) correlated strongly with linear regression (R2 > 0.99).

Figure 42. (Left graph) FRC-B water pump driver PID coefficient from VCA controlling DAC and 
resulting pressure relationship. (Right graph) FRC-B oil pump driver PID coefficient from VCA 
controlling DAC and resulting pressure relationship. 

2) The coefficients a and b, from y = bx + a, were sent to ESP1 along with K values
for the PIDs. For water, the K values were 2.0, 6.0, and 0.001 for Kp, Ki, and Kd,
respectively. Calculated in percentages of the maximum measured output
pressure of the water pump, water pressure targets (wPa_t) were set
accordingly [3511, 12289, 22823, 33356, 22823, 12289, 3511] Pa (Fig. 43).
The Serial data rate between RPI and ESP1 was measured around 1947 Hz.

Figure 43. Water pump PID control stabilization at fixed pressure targets with a custom PPD. 
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The method was repeated for oil with K values set to 4.0, 6.0, and 0.01 for Kp, 
Ki, and Kd, respectively. Oil pressure targets (oPa_t) were set as [2738, 9583, 
17796, 33356, 26010, 9583, 2738] Pa (Fig. 44). Serial data rate between RPI and 
ESP1 was measured around 1956 Hz. 

Figure 44. Oil pump PID control stabilization at fixed pressure targets with a custom PPD. 

3) The calibration process, unchanged from Chapter 3, captured droplet and
pressure data from which coefficient between droplet size and oil-water
pressure ratio (Fig. 45 - Left) and between droplet generation frequency to
droplet size ratio and oil pressure (Fig. 45 - Right). Measured droplet sizes
(voltages) were divided by their gain (x21.25), now calculable directly from
the DP status in the last stage dynamic amplifier on DSSP-B – illustrating
the scale at which the PD-LED sensor detects droplets. For both relationships,
the respective type correlations were > 97%.

Figure 45. Characteristic 3rd order polynomial (left graph; red dotted line) and logarithmic (right 
graph; red dotted line) regression lines calculated using droplet size, generation rate and pressure 
data acquired during droplet PID calibration stages. 
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4) Comparative droplet size and generation rate target CV% obtained with the
updated platform hardware can be seen on Fig. 46. The best result obtained was 
with operation frequency target at 800 Hz, reaching below 1% with both droplet 
generation parametric CVs.

Figure 46. Droplet generation CV% results with updated CogniFlow-Drop platform. 

Details of each test sample can be seen in Table 21. Column 1 and 3 (droplet 
target and average measured size respectively) show amplitudes derived from 
dividing the ADC-measured amplitudes with the dynamic amplifier gain (x21.25). 
The voltage values represent filtered droplet sensor signal amplitudes. It can be 
seen from Column 3 and 4, that the frequency control was significantly more 
accurate and stable (Columns 5 and 6). Droplet generation reached below 
5% CV with > 2000 Hz generation rate. 

Table 21. Modified CogniFlow-Drop CV% measurements at 500, 800, 1500 and 2000 Hz generation 
targets. 

Size 
T 
[V] 

Freq. 
T 
[Hz] 

Avg 
Size 
[V] 

Avg. 
Freq. 
[Hz] 

Size 
CV 
[%] 

Freq. 
CV 
[%] 

ADC-ESP32 
SPI rate 
[Hz] 

Avg. w 
pressure 
[kPa] 

Avg. o 
pressure 
[kPa] 

0.25 500 0.19 500 1.12 1.44 259826 6.0 7.2 
0.20 800 0.17 804 0.98 0.73 259060 7.8 9.3 
0.15 1500 0.14 1502 3.52 0.64 257407 10.8 13.0 
0.15 2000 0.13 2050 4.17 0.84 256071 12.0 14.4 

4.5 Chapter Summary 

4.5.1 Discussion 
In efforts to improve the responsiveness of pressure PID control in flow regulation 
module, pressure sensors were upgraded with an increased sampling rate of ~2.17 kHz 
enabling cycling rate on the pumping module controller to be raised from ~166 Hz to 
~1950 Hz. To improve the stability of the pressure PID control, piezoelectric micropumps 
received custom drivers with improved amplitude resolution from ~8 V to ~0.02 V. 
To accommodate the updated driver and pressure sensors, pump controller PCB received 
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updates in both hardware and firmware. As the custom drivers housed a boost converter 
capable of generating higher than, but hardware limited to ~240 V, without a clock 
source, the pump controller was responsible for generating the clock for the drivers with 
an onboard PWM and adjust its duty cycle in response to the high voltage DC output 
feedback from the boost converter. The developed driver was designed with three layers, 
connected by board-to-board pins and headers. The lowest layer housed two frequency 
adjustable Wien-Bridge oscillators for the primary and secondary pump driving 
sinewaves, with a VCA for the secondary waveform, summed before heading to the  
high-voltage amplification layer. The second layer housed a VCA for the summed signal 
before being amplified with a 200V QOA, producing two pairs of differential antiphase 
waveforms for the mp6-liq piezoelectric diaphragms. Additionally, the second layer was 
designed with the ability to switch between the driver-generated and a custom externally 
supplied waveform, which is yet to be investigated. The third layer housed the high 
voltage boost converter, using the ~5 VDC obtained via USB as the source. In summary, 
the custom driver was designed to be relatively easily interchangeable with the Bartel’s 
mp-Highdriver, by having the same DIP18 footprint and a similar price point; to have a 
driver that can be easily modified to control different piezoelectric micropumps, single 
or dual diaphragm types; most importantly, to have a driver that can enable experimental 
evaluation of unusual, unique driving waveforms, locally on the CogniFlow-Drop platform. 

As a solution against the OS scheduling latency and inter-process delays on the RPI, 
the droplet identification process and communication with the droplet sensor ADC was 
relocated to the updated DSSP PCB. The DSSP input filter was replaced with a ~10 kHz 4th 
order LPF. The static signal DC bias and potentiometer-adjustable amplifier were made 
dynamically controllable through digital potentiometers. In control of the dynamic offset 
and amplification; SPI communication with the ADC and RPI, was an ESP32 DevKitC.  
The relocated droplet identification process increased the sampling rate of the ADC from 
~153 kHz to ~256 kHz. Following the modifications, droplet identification was able to 
keep up with droplet generation rates of up to 4 kHz – limited by the SPI between RPI 
and ESP32 being implemented in unoptimized custom code. 

In combination, the improvements in operation frequency and higher degree of pump 
control, the CV% numbers were successfully brought down below 5% within the droplet 
generation range of 500-2000 Hz, on occasion even below 1% for both droplet size 
(0.98%) and generation rate (0.73%). 
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4.5.2 Updated Platform Specifications 

Table 22. Automated, transferable droplet generation platform specifications. 

Category Value 
Module 1: Flow regulation 

Number of pumps 2 
Pump description Bartels, mp6-liq, 

piezoelectric, dual diaphragm 
Number of drivers 2 
Driver description Custom, DIP18, 0-250 VPP, 

0.01–1 kHz (Primary), 0.1–10 kHz (Secondary) 
Pumping frequency 
(water) 

~200 Hz 

Pumping frequency 
(oil) 

~320 Hz (HFE 7500) 
~20 Hz (Mineral oil) 

Number of sensors 3 
Sensor description Honeywell, ABPDRRV015PDSA3 

pressure-based, typ. range (-103 to 103 kPa) 
Controller ESP32 DevKitC-32U 
Feedback rate ~1950 Hz 

Module 2: Droplet sensor 
Illumination L128-6580CA3500001, Lumileds, 6500 K, 

Cool White LED, driven with ~360 mW 
Light detector Osram SFH 2240 (photodiode) 
Detector signal 
amplification 

x10e6 (1 MV/A) 
(Transimpedance amplifier circuit) 

ROI focusing zoom 20x (microscope lens) 
Signal filter 
parameters 

~10.0 kHz (generation frequency cutoff), 
4th order Butterworth LPF 

Processed signal 
properties 

Capacitive DC decoupling (~50 Hz HPF), 
dynamic DC offset, inverted, 
dynamic amplification up to ~21.25x, 
within 0 – 5 V output range 

ADC Texas Instruments, ADS8681, 
1 MHz max. sampling rate, 16-bit, SPI 

Controller ESP32 DevKitC-32U 
Max. droplet rate 4000 Hz (limited in software) 

Module 3: System Controller 
Processing unit Broadcom BCM2711 (Raspberry Pi 4B) 
OS Ubuntu desktop, ver. 21.10 
Code Python 3.9, ~117 KB (main algorithm), 

C++, ~42 KB (SPI and Serial com. modules) 
UI Wi-Fi, Python GUI (eCAL, v5.9.5) 

Estimated max. power consumption 
of the platform 

~9.5 W 

Platform dimensions (footprint) 330x220 mm 
BOM Cost (Q1 2024) ~750 € 
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4.5.3 Open Challenges 
With stringent size, cost, and price limitations, to maintain transferability and performance 
of the flow regulation module, several downsides in the custom PPD design ought to be 
considered: 

I. Wien-Bridge frequency control through chosen diodes and capacitors 
introduced temperature dependent frequency drift. For WF1, the impact of it 
was insignificant compared to WF2, as pumping performance for different 
liquids was not as sensitive to pumping frequency as was droplet rate to the 
rate-matching pulsations. 

o Drift mitigation could be improved using thermistors or negative-
positive-zero (NP0) capacitors. 

II. Limited footprint and fully utilized 18-pin connection, did not leave room for BC 
output current feedback, nor could L3 fit a hardware current limiter. 

III. Switching noise from the L2 facing BC-SWCH under L3 coupled into pumping 
waveforms. 

o L3 design ought to be re-worked to reduce EMI, or L3 ought to be 
relocated away from the drivers. 

IV. Due to the limited number of pins connecting to FRC-B and a requirement to 
match mp-Highdriver I2C pins, I2C addresses for four quad DPs on L1 were 
defined with a single pin and an on-board inverter. With just one address pin to 
start with, the number of I2C devices controllable was capped at four, thereby 
limiting the number of controllable PPDs on FRC-B to two. However, the device 
limit was further solidified as a consequence of the used DPs, offering just four 
unique addresses. 

V. Due to limited cost and space on L2, high voltage QOA could not be designed 
with push-pull transistors to increase potential output current and explore 
charge recovery options. Nor was there space for protection diodes in case of 
voltage spike generation from the actuators. 

PPD features yet to be tested: 
I. Performance and stability evaluation of WF_EXT custom complex waveforms in 

encapsulation and droplet generation. 
II. PPD’s summed primary and secondary waveforms could be shared among 

drivers through pin 7 and WF_EXT, for exact frequency matched pumping. 
III. With the output of the used high voltage QOA spanning across 400 VPP (+/- 200 

V), various commercial piezoelectric micropumps could be tested with the 
setup. Moreover, as common micropump designs are single-diaphragm types, 
custom dual-diaphragm designs could be explored. 

Considerations with updated pressure sensors on PS-B: 
I. With the pressure sensor’s differential sensitivity range of +/-103 kPa, one mp6-

liq micropump barely exceeds half of its range, leaving much of the pressure 
resolution unused, providing an opportunity to use two mp6-liq pumps in series. 

II. The third differential pressure sensor, between water and oil inlets, gives an 
opportunity to investigate relationships with droplet generation for improved 
fluidics characterization. 

Lastly, the presented method of droplet data buffering and transmission from ESP32 
on DSSP-B to RPI was limited by the size of the buffer (defined in software) and the 
capability of the ESP32 to perform better at higher SPI clock rates. As is, droplet 
generation rates can exceed 4 kHz; however, not all will be seen by the RPI.  
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5 Conclusion 
This thesis work started from an idea that was to design and construct an automated 
droplet generation platform for the purpose of improving accessibility to automation of 
experiments in biochemical laboratories. Over the course of the work, towards the 
obtained target platform, the perspective of it and thereby the outlook of the thesis 
broadened. Not only does the platform offer a portable, affordable, modular automated 
solution for general droplet generation purposes, the developed platform has made it 
feasible to start exploring microfluidic methods and components that make use of 
dynamic laminar flows. 

The system resulting from this thesis achieved control of the generated droplet size 
and generation rate, both at lower variance than 1%, using pulsatile pressure-based 
micropumps. Using the custom-built micropump drivers, expanded the number of control 
vectors for dynamic flow synchronization evaluation through their product – the droplets. 

Relying on lightweight and fast PID loops, the pumps could be controlled at a rate of 
~2 kHz using a pair of MCUs like the ESP32 and an SBC like the RPI 4B. The droplet 
detection used an ESP32 to bring the optical sampling of droplets to a rate of ~256 kHz 
which allowed for the detectable droplet generation rate to reach 4 kHz. 

With the focus on transferability, managing progress from every front, the research 
questions received the following answers: 

 
RQ1: What is a highly responsive, transferable microfluidic flow regulation method, 

which allows for droplet generation with precise and accurate control, as well as flexible 
configuration for different application use cases? 

 
 Piezoelectric micropumps with piezoresistive pressure sensors, being both 

inherently highly responsive, affordable, and portable. Pressure sensing was flexible in 
working with both flow rate and pressure-based flow actuators. Likewise, piezoelectric 
micropumps, being low-power and compact, showed competitive stability in general 
purpose droplet generation with monodispersity reaching as low as 2%. Piezoelectric 
methods were flexible for generating droplets (Publication I) and bubbles (Publication II) 
– indicating performance metrics suitable for particle encapsulation applications and 
sensor development. 

 
RQ2: Can microfluidic droplet parameters be estimated from low-cost brightfield light 

intensity measurements well enough for droplet generation control? 
 
 In Publication III, the controlled variations in oil/water pumping pressure ratios 

correlated to the expected increase or decrease in measured light intensity – as oil/water 
ratio increases, the water droplets generated become smaller, alongside it the measured 
light intensity decreases. The correlation noticed was not linear, but best described by 
third-degree polynomial. This relationship required the realization of a calibration 
algorithm, as without one, besides directionality, there is no knowable link between the 
scale of the intensity measurement and the scale of the droplet. 
 

RQ3: How to automate droplet generation while maintaining repeatability and 
flexibility with pulsatile micropump actuators, pressure-based flow sensors and PD-LED 
droplet sensor for varying droplet generation parameters, setups, and reagents? 
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 In accordance to how the problems were solved with Publication III, to automate 
droplet generation, control needed to be kept over both the flow and the generated 
droplet parameters, thereby, both values needed to be monitored in real-time. This was 
handled by the pressure-based flow sensors and PD-LED droplet sensor. Their data was 
pooled onto one controller and correlated to calculate pressure targets for the 
piezoelectric micropump actuators through PID controllers. Keeping the flow regulation 
processing unit dedicated to managing the pumps and the pressure sensors directly for 
stability, the workload of pressure and droplet data interpretation and response 
calculations could be left for the system processing unit, Raspberry Pi 4B. With an 
oscillating light intensity pattern observed during droplet formation, droplet generation 
parameters were obtained from it by establishing rules by which pattern repetition 
periods and amplitudes would translate to droplet generation rate and size, respectively. 
Collecting and combining pressure and droplet data revealed relationships, which were 
not continuous over different reagents (oils, surfactants) nor over changes in fluidics (FFD 
geometries). These differences were attributed to setup characteristics, which were 
recorded in a methodical manner in a custom calibration stage, before automated 
control of target droplet generation parameters. Characterization allowed to find a 
starting oil/water pressure combination to cold start droplet formation near the desired 
droplet generation parameters. 

 
RQ4: How can the performance of piezoelectric micropumps in droplet generation be 

improved through their driving signal and what effect does it have on control stability in 
droplet generation with pulsatile flows? 

 
 With upgrades, leading to more reliable sensing of pressure and droplets,  

the CogniFlow-Drop platform from Publication III, was prepared for use and observation 
with a piezoelectric driver, capable of producing atypical driving signals; capable of faster 
responsiveness; capable of higher resolution driving signal amplitude control. The primary 
relevant upgrades for the platform came in the form of higher pressure and droplet 
sensing rates, complementing the driver’s high responsiveness and more intricate 
pressure characteristics. In accordance with Publication IV, a piezoelectric driver, with an 
ability to produce complex piezoelectric micropump driving signals, was developed.  
To improve the performance of piezoelectric micropumps in droplet generation, the 
expected impact of the complex driving signal was analyzed around the high-level 
indicators of droplet generation – droplet size CV% and generation rate CV%. The custom 
driver was designed around improved pressure stability with higher degree of control 
and the effect of resonance within its driving signal. To implement the latter, a secondary 
frequency was added to the pump-driving waveform, adjustable in relation to the droplet 
generation rates. Preliminary results from driving pulsatile piezoelectric micropumps for 
droplet generation, using the custom dual-tone driving signal, accompanied by improved 
closed-loop stabilization-response features, showed indication towards a positive impact 
on the generated droplet monodispersity – less than 5% CV at ~2 kHz droplet generation 
and less than 1% at ~0.8 kHz. Improvements, while observable, the division of contribution 
remains yet inconclusive. 
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6 Future Perspectives 
Much of the future work depends on the platform remaining modular. Meaning that it is 
expected to allow for simple integration of different types of pumps. Keeping the existing 
pressure feedback as flow regulation, the platform could be evaluated by replacing the 
piezoelectric micropumps with syringe pumps, electro-osmotic pumps, and other active 
pumping methods. 

The automated platform could be tested with different media combinations, not only 
water with variations of oil, but different aqueous liquids and gases, to investigate which 
kinds of droplet signals could be detected under brightfield lighting, and thereby 
expanding the droplet identification algorithm. 

In relation to the algorithms, the added control over the pumping frequency could be 
automated for finding the optimal pumping frequency for unfamiliar liquids. 
Additionally, the droplet identification (single/double peak categorization) algorithm 
could find improvements by implementing fuzzy instead of traditional logic. 

With the higher adjustment resolution and more control vectors, the custom 
piezoelectric micropump driver could be used, in conjunction with additional PID 
controllers, for its primary and secondary waveform frequencies to allow me to explore 
the direct CV% control. 

6.1 Addressing Limitations 
Narrowing down on the existing modules on the platform. To find optimal gas pumping 
frequencies, even if expecting to remain below 1 kHz for the Bartels micropumps, 
the pressure sensors limited with 2 kHz measurement rate, may need to be upgraded 
further. Likewise, if different commercial piezoelectric pumps with different effective 
frequency ranges were to be tested. 

The pulsatile nature of the piezoelectric pumps could be reduced by adding air springs 
and controlled pressure relief valves. Furthermore, pulsations could be reduced by using 
piezoelectric micropumps with different diaphragm sizes with different passive valving 
methods, to increase the operation frequency and bring the pumping chamber volume 
close to the droplet volume. 

For the droplet sensing method, the tilt-bed for the microfluidic chip ought to be 
motorized. Motorization would increase the precision in restoring previous positions and 
help to automate the sensor column alignment. Furthermore, a dynamically controlled 
tilt can reduce time between test setups. 

6.2 Created Research Interests 
With the cost of high-performance surfactants being relatively high in relation to all other 
necessities in a droplet related research, it becomes of interest to either significantly 
improve the cell encapsulation rates during droplet generation or to find a method how 
to recover the surfactant from the empty droplets. There are mechanical methods such 
as centrifugation and filtration, thermal such as open-air drying and distillation, chemical 
methods such as mixing with salts but also electrical such as electrocoalescence. 
Electrocoalescence can be used to merge droplets together more easily with passing low 
current through the unused droplet mass. As the droplets merge into a manageable 
volume, it could be possible to extract the droplet content more easily and recover dry 
surfactant without affecting it chemically. The electric field generated is typically 
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alternating with an amplitude of several hundred volts per millimeter. The custom 
piezoelectric drivers made to control the micropumps could be employed on the platform 
to forcibly merge unused droplets after sorting [149]–[153]. Furthermore, integrating 
electrodes for electrocoalescence beneath any microfluidic chip could be explored for 
extending the generated droplet size range. 

 
With the use of piezoelectric flow regulation, further investigation could be done into: 

I. Active cell encapsulation – by utilizing the piezoelectric driver’s secondary 
waveform to induce particle control in the disperse phase flow. 

II. Droplet formation pressure sensing from piezoelectric resistance – by analyzing 
deviations in the driver signal. 

III. Droplet generation control enhancement – by extending dynamic pump control 
with feedback leading into the driver’s waveform parameters such as the 
frequency and amplitude of both the primary and secondary waves; their 
synchronization for oil and water pumps. 
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Abstract 

Development of a Transferable Microfluidic Droplet 
Generator 
A two-decade old branch of microfluidics, droplet generation, popularized in research 
areas such as biochemistry and biomedicine, is found to be lagging in standardization 
and commercialization. The heavily prioritized performance metrics in generation and 
managing of droplets forms an ambiguous selection of cutting-edge methods. 

In this thesis, to address the lack of focus on accessibility to the technology and 
replicability of the methods, a platform needed to be developed with modularity, 
affordability, and portability in mind. Accordingly, the modules from which the platform 
was assembled included a standalone flow regulation device, droplet detector, setup 
controller and interchangeable fluidics. 

The flow regulation device, specifically designed for two-phase microfluidics, used an 
ESP32 development board to interface with two independently controlled micropumps 
and three pressure sensors. The pumps (mp6-liq, Bartels) used piezoelectric diaphragm 
oscillations to generate independent pulsatile pressure sources for two fluid phases.  
The performance of the flow regulation device was evaluated using a flow-focusing 
microfluidic chip to produce water-in-oil droplets with deionized water and mineral oil 
with 2% w/w Span® 80 surfactant. Using the sensors in a differential configuration across 
the chip, the pumps were managed by closed loop PID controllers at a rate of 166 Hz. 
Formed droplets were imaged and measured while inside the chip, yielding indirect 
coefficients of variability in droplet size of less than 2%. This device was able to operate 
continuously for ~11 h on a 14.8 Wh Li-Po battery. The adaptability of the device into a 
module was tested by transferring its design to a different lab for a different application 
(air-water segmented flow generator for an IR LED-phototransistor flow sensor). 

With a similar operation principle to the flow sensor, an LED-photodiode optical 
sensor was used for the droplet detector module. In addition to the sensor, the detector 
included a multi-stage amplifier, a band-pass filter, and a 16-bit A/D converter. For the 
sensor to detect the droplets, it needed to be vertically aligned to the cross-junction of 
the droplet generation chip. To ease the alignment process, an adjustable 3D printed  
3-stage sensor column was designed. The optical sensor used brightfield illumination 
which largely passed through the liquids and the PDMS-glass chip material, leaving 
mainly the phase-change interface surrounding the droplets to refract light away from 
the photodiode. The algorithm for interpreting the droplet size and generation rate, 
along with flow regulation, droplet feedback PID controllers, and wireless user access 
was managed by the setup controller (Raspberry Pi 4B). The fully assembled droplet 
generation platform (CogniFlow-Drop), costing ~650 € and consuming ~8 W of power, 
was sized to fit into a common carry-on luggage (55 x 36 x 23 cm). The platform 
demonstrated the ability to generate droplets in diameters of ~50-200 µm at generation 
rates between ~200 and 800 Hz with ~5-10% CV. However, < 2% CV was recorded with 
droplet generated from deionized water and fluorocarbon oil with 2% w/w 
perfluoropolyether (PFPE)-poly(ethylene glycol) (PEG)-PFPE triblock surfactant at a 
generation rate control target at 400 Hz (the second harmonic of the disperse phase 
piezoelectric pump oscillations). 

The first published version of CogniFlow-Drop had left several open challenges, such 
as operating system (OS) task scheduler latency, inter-process data transfer delays, 
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inadequate pressure sensor sampling rate, and considerably limited pump driver control. 
As one of the solutions for the computational delays, the droplet sensor signal processing 
was updated by replacing the band-pass filter with an improved low pass filter, by making 
the second amplifier stage and the optical signal leveler adjustable from software, and 
an ESP32 development board to take over the sensor signal interpretation from the 
Raspberry Pi. As for the inadequate pressure sensors on the flow regulation module, 
faster sensors were introduced which brought the flow regulation PID control rate from 
166 Hz up to ~1950 Hz. As a solution to the limited pump driver control, a novel 
piezoelectric pump driver was developed. In combination, the hardware and software 
modifications enabled CogniFlow-Drop to reach below 1% in coefficient of variation (CV) 
in both the droplet size and generation rates at a generation rate target of 800 Hz (the 
fourth harmonic of the disperse phase piezoelectric pump oscillations). Having relocated 
the droplet interpretation off of Raspberry Pi, increased the detector’s A/D converter 
sampling rate from ~153 kHz to ~256 kHz. This also significantly reduced the impact from 
the latency of the OS task scheduler. The modified platform was shown to generate 
droplets with < 5% CVs at generation rates between ~400 and 2000 Hz. In response to 
the need for a generalized droplet generation solution, the upgraded CogniFlow-Drop 
platform fulfilled the design criteria derived from the research challenges and the 
state-of-the-art parameters.  
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Lühikokkuvõte 

Ülekantava mikrovedelik-tilkade generaatori arendus 
On leitud, et kahe aastakümne vanune mikrovedelikundusliku teadusala haru, tilkade 
genereerimine, mille kasutus on levinud valdkondades nagu biokeemia ja biomeditsiin, 
on standardiseerimise ja kommertsialiseerimisega ajast maha jäänud. Rangelt 
prioriseeritud tulemusnäitajad tilkade genereerimises ja haldamises on loonud segase 
valiku tipptaseme meetoditest.  

Et adresseerida fookuse puudulikkust selle tehnoloogia ligipääsetavusele ja 
metoodika reprodutseeritavusele, on käsitletud dissertatsioonis peetud vajalikuks 
arendada välja vastav platvorm, sihiks pidades selle modulaarsust, taskukohasust ja 
transporditavust. Sellele vastavalt, koosnes koostatud seade moodulitest nagu 
eraldiseisev voolu reguleeriv seade, tilkade tuvastaja, süsteemi seadistamise kontroller 
ning modifitseeritav vedeliku süsteem. 

Spetsiifiliselt kahefaasilise mikrovedelikundusliku süsteemi jaoks arendatud voolu 
reguleeriv seade, kasutas ESP32 arendusplaati, et suhelda kahe eraldi juhitava 
mikropumba ja kolme rõhusensoriga. Pumbad (mp6-liq, Bartels) kasutasid 
piezoelektrilise membraani ostsilleerimist, et genereerida eraldiseisvad pulseerivad 
rõhuallikad kahe vedeliku faasi jaoks. Voolu reguleeriva seadme jõudlust evalveeriti 
kasutades voolu fokuseerivat mikrovedelikundusliku kiipi, et toota vesi-õlis tilkasi 
deioniseeritud veest ja mineraalõlist koos 2% m/m Span® 80 pindaktiivse ainega. 
Rakendades rõhusensorid diferentsiaalkonfiguratsioonis üle kiibi, võimaldas juhtida 
pumpasid PID kontrolleritega suletud ahelas 166 Hz-se sagedusega. Kiibis kujunenud 
tilgad talletati ning mõõdeti piltidelt, millest saadi kaudsed tilga suuruse varieeruvus 
koefitsendid madalamad kui 2%. Käsitletud seade suutis 14.8 Wh Li-Po aku peal töötada 
peatamatult ~11 tundi. Seadme kohandatavust moodulina sai testitud läbi seadme 
disaini ülekandmisega teise laborisse aluselisest eristuva rakenduse jaoks (õhk-vesi 
segmenteeritud voolu generator IR LED-fototransistor voolu sensori jaoks). 

Voolu sensorile sarnase tööpõhimõttega, sai tilkade tuvastus moodulis kasutatud LED-
fotodiood optilist sensorit. Sensorile lisaks, hõlmas tuvastaja endas mitmeastmelist 
võimendit, ribafiltrit ja 16-bitist A/D muundurit. Et sensor suudaks tilkasid tuvastada, oli 
vajalik, et see oleks tilkade genereerimise kiibi voolude ristumiskohaga vertikaalselt 
joondatud. Et hõlbustada joondamist, disainiti 3D prinditav reguleeritav kolmeastmeline 
sensori torn. Optiline sensor kasutas helevälja valgustust, mis oli võimeline vedelikest ja 
PDMS-klaas kiibi materjalist suuresti läbi tungima, jättes peamiselt faasimuutva tilga 
pinna fotodioodist valguse eemale murdumiseks. Algoritm tilga suuruse ja genereerimise 
sageduse tõlgendamiseks koos voolu reguleerimise, tilga tagasiside PID kontrollerite ja 
juurdepääsuga juhtmevabalt kasutajale oli hallatud süsteemi kontrolleri poolt (Raspberry 
Pi 4B). Täielikult kokkupandud tilkade genereerimise platvorm (CogniFlow-Drop), 
maksumusega ligikaudu 650 € ja umbes 8 W-se energiatarbega, oli mõõdetud mahtuvat 
tavalisse käsipagasisse (55 x 36 x 23 cm). Platvorm näitas võimet luua tilkasid 
läbimõõduga umbes 50-200 µm genereerimise sagedusvahemikus umbes 200 kuni 800 
Hz koos umbes 5-10% CV-ga. Siiski mõõdeti <2% CV tilkadega, mis tekitati deioonseeritud 
veest ja fluoriidõlist koos 2% m/m perfluoropolüeeter (PFPE)-polü(etüleenoksiid) (PEG)-
PFPE tribloki pindaktiivse ainega, 400 Hz-se genereerimise sihtsagedusega (hajutatud 
faasi piezoelektrilise pumba teine harmoonik). 

Esmasena publitseeritud CogniFlow-Drop versioonil olid mitmed lahtised probleemid, 
nagu operatsiooni süsteemi (OS) ülesannete planeerija latentsus, protsessidevahelised 
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andmeedastuse viivitused, ebapiisav rõhu sensori mõõtmissagedus ja märkimisväärselt 
limiteeritud pumba juhtseadme rakendusulatus. Ühe lahendusena arvutuslikele 
viivitustele uuendati tilkade sensori signaalitöötlust, asendades ribaläbipääsufiltri 
parandatud madalpääsufiltriga, muutes teise astme võimendi ja optilise signaali 
tasandaja tarkvarast reguleeritavaks ning ESP32 arendusplaadi võtmaks üle optilise 
sensori signaali tõlgendamise Raspberry Pi-lt. Ebapiisavad rõhu sensorid voolu 
reguleerivas seadmes said asendatud kiirematega, mis tõid voolu reguleeriva PID 
kontrolleri sageduse 166 Hz-i pealt kuni ~1950 Hz-ni. Lahendusena limiteeritud pumpade 
juhtseadme funktsionaalsusele aretati välja uudne piezoelektriline pumba juhtseade. 
Kombineeritult võimaldasid riist- ja tarkvaramuudatused CogniFlow-Drop platvormil 
saavutada nii tilga suuruse kui ka tilkade genereerimise sageduse variatsiooni 
koefitsendid (CV) alla 1% genereerimise sihtsagedusel 800 Hz (hajutatud faasi 
piezoelektrilise pumba ostsilleerimise neljas harmoonik). Tilkade tõlgendamise algoritmi 
Raspberry Pi pealt ümber asetamisega, kasvas A/D muunduri mõõtesagedus ~153 kHz-i 
pealt ~256 kHz-ni. See vähendas oluliselt OS-i ülesannete planeerija latentsuse mõju. 
Modifitseeritud platvorm näitas tilkade genereerimist < 5% CV-ga genereerimise 
sagedustel vahemikus ~400 kuni 2000 Hz. Vastates laialdaselt kasutatava tilkade 
genereerimise lahenduse vajadusele, täitis täiustatud CogniFlow-Drop platvorm kõik 
uurimisväljakutsetest ja tipptaseme lahenduste parameetritest tulenenud disaini 
kriteeriumid. 
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Appendix 1 

Publication I 
R. Jõemaa, M. Grosberg, T. Rang, T. Pardy. Low-cost, portable dual-channel pressure
pump for droplet microfluidics. In 2022 45th Jubilee International Convention on
Information Communication and Electronic Technology (MIPRO), IEEE, 2022, doi:
10.23919/MIPRO55190.2022.9803371
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Appendix 2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Publication II 
N. A. Prabatama, R. Jõemaa, K. Hegedus, and T. Pardy, “Low-cost open-source flow 
velocity sensor for droplet generators,” in 2022 18th Biennial Baltic Electronics 
Conference (BEC), 2022, pp. 1–4, doi: 10.1109/BEC56180.2022.9935606 
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Publication III 
R. Jõemaa et al., “CogniFlow-Drop: Integrated Modular System for Automated Generation 
of Droplets in Microfluidic Applications,” IEEE Access, vol. 11, pp. 104905–104929, 2023, 
doi: 10.1109/ACCESS.2023.3316726  
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	������������	������������������������������	��������������������������� �!"#$%&'(!)*'+!�,�'-./0../1234456607/78088.9:79;<=>?@A<BCDE<FGH>IJ=EKIJLM<LNAKEOPQIJRS<ETNI<RKIJLUJ>JEKI?<><SDE<FAJIQ?>M?VE<SAN?L?VTFFA?VKI?<>QWXYZ[\]̂ _XX àbaZXcdeXfghd_XìajXZkXlXeiWXc àjXdêWmnWZX_ f̂e ào_pqrpsad̂^̂taXl̂uXZv̂ WwXcf̀a[ffexî l̂Wbaf[[_XeWXZg àbaoepyz{s_pqrpsad̂^̂taXZvfX_|emXWvh àbao_pqrpsad̂^̂t}~������������������������������������������~������������������~����������}����~�����������������������������������������������������~������������������~����������}����~���������������������������� ����¡¢� ���£����¤�� ��¥¦�����§�������¥��̈~���©���©��� ���������������������������������ª�����¤�~ª�̈ ����«����¬¢«������«����®�~¬}��������������� �����������̄�°���±������¢����������²���������¬������ ����«���������³������������~������������������~���������¤~~�̈ �����������¬������¤��}�́����̈ ����¬��¦�����}µ¶����¥µ¥�}¥}�¥��·���������������������¢��������� ����������������� �������������������������������~������������������~���������¥¹̧º»¼̧ ½»������������¾ �������������� ����������������� ������������������������������������¿��������� ����¥ª��������������� ���� ��������� ��������������� �������¿��¿����������������� ����¥� ���������������������������������������������������������©���������������������¥���������� ���������������������� ��� ������¾�©���������������¿���¿���������� �����¥��� ������������ �����±����������������� ��������À������������� ���¥Á������������������������ ������������� ��������Â �� ������������������©���������������������¥~�������������������������������������������������±������� ������ ��¥²�� ������ ����������������©����±��������������� ���¥���������±������������������������������������ ����������Ã��¿������������� �¥~�������������������©����������� �����������������©��� ����©������ ����������������¿��©�������������¥Á�������������������������� ���������©������������������©���������¿������À�������������� �������������������������������¿��¿�������������������Â �� ������������������¥���� �����©����������������� �����©�������������������¥� ������� ��¿��������� ��������Â �� ���������©������������������������������Ä������� ������������������� �� ����·���������¾�©¿��� ����¦ ����������������¥~�����������������������������Å����������������� ���������±���������¤}��̈������������������� ��¿����������������� �¤}���̈¥� ����������¿��������� ������������±��©������������©�������������������������� ���°Æ�Ç³��Ä¬�«¿¬Æ¬���������� ��������¥¢�� ��������������±��©��������������©�������������¥~��������©������������������������������¿��������������������������������©����È����©���³¿}�É�����Ê³�¿���Ë���������������������¥ÌÍÎÏÐ»Ï¼Ñº Ã��¿��¿�¿����������¾ ������ ���������� �������¾�©����������±����������������������������������������������������������� �����������������¿������������©����������� ��������¥ÌÒÌÍ»¼ÓÎÔ½»ÌÓÍ������������¾ �������������� ������������������������� ��������������Å�������������������������������������� ��� �Õ}Ö¥�������������������������������� ������~�������������������������������������©��������� ������������������������ ���������©��×��© Ã�¥ ����������Â �� ���������������������������������� ����������©��������������������������������¥Æ���À��������������������������������������������������������������� ������������������� ������� ���¿�� ����������� ������������������������� ��������������� ����������������������������������Õ�Ö�Õ·Ö¥Á�����������������������}̈���������� ��� ����������������������������������ØÙÚÛÜÝ����� Þß��à��á����������	�����â�������â������������	����ã��Ú�������ä���������������������ß����åææ������������������
æ��������æ�çæã��æ ��ãè�é



�����������	�
�����	�������
�������������	������������������������������������	���̂&/0*%/.'",4$06B$434*')/̂#/,,/.'0/&/"'"=*,*'-;_'",3$",,$430/&,*#"'*$.$>0/32,'3(')23/."=,*.+7*0'2",&"0",,/,,"=3".11*+*'",(0"')/0')".&)-3*#",/̂#)".+/$>0/32,'3".16.$4,/1+/;E$4/7/0("'&0/3/.'(4*1/,-23/13/'2&3"0/"./.3/%=,/$>$>>?')/?3)/,>*.3'02%/.'3("33/%=,/13&/#*O#",,->$0')//̂&/0*%/.'$.)".1(4*'),*'',/'$.$*.'/+0"'*$.CKY[\]F!;K)/,"#6$>*.'/+0"'*$.%/".3')/3/'2&C".10/32,'3#0/"'/14*')*'!#".?.$'=//"3*,-'0".3>/00/1=/'4//.,"=3;_'*3",3$.$'"=,/')"'4)*,/*.%*#0$B2*1*#3*.+/./0",(3-0*.+/&2%&3"0/')/%$3'&$&2,"0#)$*#/12/'$')/*0B$43'"=*,*'-(">>$01"=*,*'-(".1/"3/$>23/(*.10$&,/'%*#0$B2*1*#3(&0/3320/&2%&3"0/",3$7/0-#$%%$.("3')/-1$.$'.//10/O,,*.+;K)/.//1'$0/O,,')/3-0*.+/#"23/3*.'/002&'*$.3*./̂&/0*%/.'",4$06B$43(
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@ABCDCDEFGHIJKLMNMOPQOPJRHOKDESQLIOKTUVAWXYLZCLILHCK[JQOPJRJ\FROS [CLLJRIJDFORQORLC[MJOQJRCLIOKT[CDJ\OKLZJJDLISCLJ\HOKDESQLIOK]̂_ÀZ[CLLJRNMIFJOKCaWWWWSbZcIdIOKQOPJR[CKeYAff&ghijfk#hlmnohpqrq $spoh h rp$tKLZIDDJHLIOK]PJQRJDJKLCDLREHLERCMOuJRuIJPOFLZJHOSdQMJLJQROLOLNQJCDDJS[MNTvJHLIOKttdbY]LZJKIKFOMMOPIKwDJHLIOKDTvJHLIOKttdxLOttdyYOuJRuIJPJCHZDNDLJSSO\EMJIK\JLCIM]IKHME\IKw[OLZZCR\PCRJCK\DOFLPCRJ]FROSCDLREHdLERCMCDPJMMCDFEKHLIOKCMQJRDQJHLIuJTPOReIKwQRIKHIQMJDYAz{|}~�}�~��ZJDNDLJSQROLOLNQJT�IwA��_YPCDHOKDLREHLJ\CDCHOSdQCHL]SO\EMCRCDDJS[MNPILZCKJSQZCDIDOKJCDJOFEDJCK\MOPZCR\PCRJHODLAtKLZIDDJHLIOK]PJOuJRuIJPLZJCDDJS[MNCK\DE[CDDJS[MIJD]CK\MIKeLODJHLIOKDPILZFERLZJR\JLCIMDOK
JCHZA�ZJDNDLJSHOKDIDLJ\OFLZRJJSCIKSO\EMJDTDJJCMDO[MOHe\ICwRCSIK�IwA�YCK\LZJJKHMODERJ�aY�����������������TvJHLIOKttdxCK\�IwA��aY�FEKHdLIOKCMMNRJDQOKDI[MJFORHOSSEKIHCLIOK]IKDLRESJKLHOKLROMCK\DIwKCMQROHJDDIKwA�ZNDIHCMMNPCDHOKdDLREHLJ\CDCDLCHeOFDLCwJDOKLOPZIHZJMJHLROKIHQCRLDPJRJSOEKLJ\�CY������������ ¡¢T�v£YDLCwJT�IwA��a�CY�SOEKLJ\LZJ¤¥_̀ C\CQLJR]LZJQOPJRDPILHZ]LZJSCIKDHOKKJHLOR]CK\LZJ�v£DT¦§v_̀£vẀ]�̈�OPJRYA[Y��©�ª� ¢������« ¬���������� ����¢«�T�IwA��a�[Y�SOEKLJ\LZJQESQHOKLROMMJRIKLJRdFCHJTPILZLZJMOPdMJuJMQESQHOKLROMMJRREKKIKwOKCK¦v���yJu®IL§[OCR\YCK\QRJDDERJRJwEdMCLIOK[OCR\A�ZJDLCwJPCDDZIJM\J\FROSKOIDJFROSC[OuJCK\[JMOP[NHOQQJRQMCLJDCLLCHZJ\°̄±²�³́ µ́¶·¶̧ ·́¹º·»
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̂]SUVY]R_̀ZR[XZTVZVXSV\a]bcdeefghijkhdglidgkmdnljgophqgjnrmdispphgqpkjqstu_Wavwxw]byzSYURZVR[Z{T\|}ZXX~�_��t{��b�XZ\|SU\_}̂Z�SX\~\RZz ]SURXŜ TUV]SzzYU_]TR_SU�TUVR[Z�̂RZX�Tz|̂_�ZX�TUT̂SW�RS�V_W_RT̂]SÙZX\_SUt���b}STXV�SXR[ZS|R_]T̂\ZU\SXavb���������������t�Z]R_SU����TUVu_Wavwvby�YU]�R_SUT̂̂~XZ\|SU\_}̂Z�SXS|R_]T̂�S�XTRZzZT\YXZzZURa�[~\_]T̂̂~T̂\S[ŜV\R[Zz_]XS�Y_V_]VXS|̂ZRWZUZXTRSX][_|TUV]SU\_\R\S�R[Z�Ŝ̂S�_UW\RT]�S�\RTWZ\yTb��dkdosksikdmpkjqstu_WavwvwTbyR[Z|[SRSVZRZ]�RSX���TUVR[Z]SUUZ]R_UWz_]XS\]S|ẐZU\�ZXZzSYURZVRSR[Z}SRRSz|̂TRZa

}bc�hredfgkpkjqstu_Wavwvw}by_U]̂YVZVR[Z][_|zSYUR�_R[�VZWXZZ\S��XZZVSzt�Su�[Z_W[R�XŜ̂�|_R][bTUVTXZzS̀T}̂Zz_]XS�Y_V_]][_|[ŜVZXa]b�hq�kpdfmisedfgkpkjqstu_Wavwvw]by|S\_R_SUZVTRR[ZRS|S�R[Z\ZU\SX_]\zSVŶZ�T\TUTUT̂S�WSY\��SuzSYUR\RTWZ�SXR[Ẑ_W[R\SYX]ZT\�T\�SXR[Z][_|zSYUR\RTWZa�[Ẑ_W[R\SYX]Z�T\TU ¡��\ŜVZXZVRSTv¢zz£¤¢zz\_¥ZV���a�V_��Y\ZXŵZU\�T\TRRT][ZVS̀ZXR[Z ¡�a�̂Yz_UYzSX̂TXWZ]S||ZXTXZTSUR[Z����T\Y\ZV�SX[ZTRV_\\_|TR_SU�XSzR[Z ¡�a�b¦�������������t�Z]R_SU����TUVu_Wavw��u_Wavwxw}�u_Wavwvw}by�YU]R_SUT̂̂~XZ\|SU\_}̂Z�SXWZUZXTR_UWVXS|̂ZR\�XSzR[Z]TXX_ZXzZV_Yz�XZTWZUR\�TUV\Tz�|̂Zt\ba�VV_R_SUT̂̂~XZ\|SU\_}̂Z�SXVTz|ZU_UW\Z]�SUVTX~̀ _}XTR_SUTUV\SYUV|XSVY]ZV}~|_Z¥SẐZ]RX_]z_]XS|Yz|\aTb�feredfgktu_Wavw�wTby}SR[|Yz|\�ZXZzSYURZVSUTU �\[T|ZVzSYURa�[Z|Yz|\�ZXZ�T\RZUZVRSR[ZzSYUR�_R[\[S]�VTz|ZU_UWXY}�}ZX_U}ZR�ZZUa}b§�dï©jgo jfohªhnhk«©ojersghgq rhs¬drfersgindpfmstu_Wavw�w}byv�|TXRZU]̂S\YXZ�_R[XY}�}ZX|TVV_UW�RRZVTXSYUVR[Zz_]XS|Yz|\�SXTVV_R_SUT̂\SYUVT}\SX|R_SUa�[ZRS|S�R[ZZU]̂S�\YXZ�T\VZ\_WUZV�_R[\̂SR\�SXR[XZZxẑ T̂}}SRR̂Z\a]b�h®fhoidgkjhgsmptu_Wavw�w]by_U]̂YVZVR[ZXZTWZURTUV\Tz|̂Z]SURT_UZX\�T\�Ẑ̂ T\R[Z|XSVY]R]Ŝ̂Z]RSXaVb�msppfmspsgpdmptzSYURZVRSẐZ]RXSU_]\zSVŶZu_Wavwxw}bZb n̄fhohii�hrtzSYURZVRS\ZU\SX_]\zSVŶZu_Wavwvw}b�b°��������tu_Wavw�by[ẐVR[Z]Sz|SUZUR\RSWZR[ZX�_U]̂YV_UWR[Z_URZX_SX�T̂̂\}ZR�ZZU]Sz|TXRzZUR\�T\�Ẑ̂ T\R[ZZ±RZXUT̂ZU]̂S\YXZa�[Z}T\Z|̂TRZ�T\T�SSVZU}STXVS�vv]z£��]z£xa²]z�\ẐZ]RZVRS|XS̀_VZzZ][TU_]T̂\Y||SXRRSR[ZT\\Zz}̂~a�URZXUT̂�T̂̂\�ZXZY\ZVRSXSYRZ]T}̂Z\TUVRY}_UW�T\�Ẑ̂T\|XS̀_V_UW\̂SR\�SX��³YU]R_SU\R[TR}X_VWZV]SU�UZ]R_SU\}ZR�ZZUR[Zz_]XS�Y_V_]][_|�R[Z|Yz|\�TUVR[Z|XZ\\YXZ\ZU\SX\a�̂ |̂̂T\R_]]Sz|SUZUR\�ZXZ��|X_URZVa STV�}ZTX_UW]Sz|SUZUR\�ZXZ��|X_URZV�_R[T�XY\T_�z����R[Z��³YU]R_SU\́vµ�_R[TU�U~�]Y}_]�[SRSU¶SUSa¡̂Z]RXSU_]\TUV\ZU\SX_]\zSVŶZ\�ZXZ�T\RZUZVRSR[Z}T\Z|̂TRZ�_R[\RXY]RYXT̂��·¶¸\_¥ZR[XZTVZVXSV\��[S\Z_URZXUT̂]Sz|SUZUR\�ZXZ�T\RZUZVRSŜTV�}ZTX_UW]Sz|SUZUR\�_R[��·¶�\_¥Z}ŜR\tzZRT̂�T\RZUZX\TXZ[_VVZUSUR[ZZ±|̂S�\_SÙ_Z�\�SX}ZRRZX]̂TX_R~ba�[Z|Yz|ZU]̂S\YXZ�T\�T\RZUZVRSR[Z}T\Z|̂TRZ�_R[��·¶�\_¥Z}ŜR\a�[Z][_|zSYUR\RTWZ�T\\ZR}ZR�ZZU\|X_UW�̂STVZV�UYX̂ZVUYR\t��¹ �̧¸¶ b̧RSXZVY]Z _̀}XTR_SUT̂\ZU\_R_̀_R~aº»¼½»¾ ¿ÀÁÂ�ÃººÄÅ»ÅÆ
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{gsihgtrvhqv�tkhktviqgsmjqlm�ki}kks��phgltkimq�k��ig��pqmlkhmkljvmklhkmmnhk��{gntp�k�vpkvm��phgltkimq�k��ig��{gsiqsngnmljvmklhkmmnhk��wpklkspqsugsijkmksmqiqrqi|g~ijkivhukilvhv�kikhigijk�nqpljvmki|lk�����yshk~khks{kiggnhkvhtqkh}gh�wijkxyz{gsihgttkhlvhv�koikhm�q�k�wlhglghiqgsvtuvqswqsikuhvtuvqswvsppkhqrviqrkuvqs�}khkpkhqrkpnmqsuv�kskiq{�tughqij�������jkpnvtoxyz{gsihgtmihviku|wvpvliqsuijk~hv�k}gh�q�ltk�ksikp}qij��� ��w�q�ntqs�qs����w}vm�gpq�kpigqs{tnpkphgltkiukskhviqgs~hk�nks{|{gsihgt~ghijklhkmksikprkhmqgsg~ijkphgltki�q{hg�nqpq{mm|mik�wnmqsux|ijgs�¡̂ ¢£�¢�̀ bc�̀ __d��b�¢�d��£�d�db�̀ ��c��d�jkln�lqsum|mik�k��kppkpqsig�gusqftg}ozhgl}vmvsnlpvikprkhmqgsg~ijksgsovnig�vikppnvto{jvssktlqk�goktk{ihq{ln�lqsupkrq{kpk�gsmihvikpqsgnhkvhtqkh}gh�����w�����¤ktkrvsisgiv�tk�gpq�{viqgsmiggnhmivspvtgskln�lx��m������vhk�ksiqgskpqsijkktk{ihgsq{mnllghiqsuqs~gh�viqgs�¥�y����¦jqtkijk�vmkpkmqus}qijvttqim~kvinhkm}vm{vhhqkpgrkhwmivspvtgskglkhviqgs�}qhktkmm{g��nsq{viqgsvsp�viikh|lg}kh�}vmsgi�¦qhktkmm{g��nsq{viqgs}vmsgisk{kmmvh|vmijkln�l{gsihgttkhk�{jvsukp{g��vspmvspmksmghpvivwvm}kttvmhk{kqrkplg}khwgrkhv§��{v�tk{gssk{iqsuijkln�l{gsihgttkh�¥�x���igijk�vqs{gsihgttkh�¤xy���ppqiqgsvtnlpvikm}khkhk�nqhkpig�k�vpkigijkln�l{gsihgttkh�h�}vhk~hg�ijkkvhtqkh}gh�������}qijhktkrvsisgiv�tkgskm�ksiqgskpqs¥�y���¨̂ �̀ ��£b���c�̀b©�̀ bc�̀ _©�b����b�_¢�̀ �d���b��c��d¤xy}vmmktk{ikpvmijk�vqs{gsihgttkh~ghijkm|mik�pnkigqim�nvpo{ghklhg{kmmghvspk�iksmqrkqsikh~v{qsugliqgsm�yihvs§�nsinpkm�igl�rkh�����ª�}qijqimivm�m}hqiiksqsx|ijgs��«vsp�¬¬�¦qij~gnh{ghkmwijk¤xy}vmv�tkigpkpq{vikgsk~ghkv{jqspklkspksiivm�����g��nsq{viqgs}qijijknmkhwgrkhtg{vtski}gh�wnmqsuijk�kijgpgtgu|pkm{hq�kpqs�k{iqgsyyo�oy����g��nsq{viqgs}qijijkln�ljvhp}vhkpkm{hq�kpqs�k{iqgsyyo�oyy���ysikhlhkiviqgsg~pvivg�ivqskp~hg�ijkgliq{vtmksmghwk�lvspkpnlgsqs�k{iqgsyyo�����vt{ntviqgsg~ln�lqsulhkmmnhkivhukim�vmkpgs�gijijk�kvmnhkplhkmmnhkpviv�g�ivqskp~hg�ivm���vspijkhkmgtrkpgliq{vtpviv�g�ivqskp~hg�ivm���wpkivqtkpqs�k{iqgsyyo�oy��jkqsikhlhkiviqgsg~tqs�m�ki}kksivm�mvspijkqhqsikhv{oiqgsm}qijlvhimg~ijkm|mik�wk�ikhsvt~hg�ijk¤vml�khh|xqwvhkmjg}sqsfqu�®wvspvsk�ltvsviqgs}qij�ghkpkivqtmv�gniijkqsikhsvt�k{jvsqm�g~kv{jivm�qmpkm{hq�kpqs¥�y���¯̂ £�d��bcd����dzvivvspqs~gh�viqgs�g}vhk{hqiq{vtvmlk{im}jks{gsomqpkhqsuijkpkmqusg~vs|�qgvsvt|iq{vtpkrq{k�ysgnh°̀ _£�d]]©¡±¡̈ ]±̄²±²
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̂̀abcdefc_gf̀ _̂̀èhìjkl_km̀fc_glc_bhìn_kibhnà̀hioi_bnǹ_̀jfb_̀p̀eejkikjbei_bqdibchkhjbhlc_mkibchrcfbhickqbckhkpsibtkpj̀abt̀uvwxyzhi{befc_g|f̀ lctdechei_dtid_̀jjkikè_bkpb}kibch~kpchnfbi{m̀ikjkik�debhn�ccnp̀�e�_cicqdlè_bkpb}kibch _̂cictcpuv�xy�bi{i{bem̀i{cj|i{̀ hdmq̀_~khjiŝ �̀clj̀abt̀ebhi{̀ h̀ifc_gtcdpjq̀ �̀ìhj̀jfbi{mbhc_̀jbieici{̀jkikei_dtid_̀eyzhì_o{ceitcmmdhbtkibch fke ^̀_lc_m̀j debhn khh̀{kht̀j�cmmdhbtkibch�qei_ktibch�ks̀_~̀���|a�y�y��mbjjp̀fk_̀uv�xy�{̀ jkik_kìi{_cdn{̀ ���fkêkspckjj̀^̀hj̀hi|khji{̀ m̀̂ pcs̀jjkikot̀hi_bttcmmdhbtkibchk_t{bìtid_̀ cll̀_̀jpcfpkìhtstcmmdhbtkibchfbi{lkb__̀pbkqbpbisy�kikfkeèhiq̀if̀ h̀j̀abt̀ekpchnfbi{kdhb�d̀j̀abt̀z�khjhkm̀|t{b̂hkm̀|rcf_kì|i_khembeebch�_̀t̀ îbcheikide|rknlc_jbll̀_̀hî_ct̀eektibakibch|khjj_ĉp̀ieb}̀~è̀ �̀km̂ p̀bh�bny��k�khjm̀eekǹ z�y�hi{̀ d̂qopbe{̀_�èhj̀_ebj̀|k�_cicqdlm̀eekǹ cq�̀ti~è̀ �̀km̂ p̀bh�bny��q�|fket_̀kìjqkèjchi{̀jkikei_dtid_̀j̀�h̀jkhjè_bkpb}̀jdebhni{̀�_cicqdl̂_cictcp|lcppcf̀jqsq̀bhnq_ckjtkeiickhspbeìhbhnj̀abt̀y�c_khsj̀abt̀ ictkit{
i{̀ q_ckjtkeijkik|kh �̀��edqet_bq̀_�_̀t̀bà_ldhtibchfketstpbtkpps ĉpp̀jy�chtd__̀hips|i{̀ m̀i{cjfkedèjbh_̀à_èici_khel̀_jkikl_cmi{̀ tchi_cpp̀jj̀abt̀ici{̀tchi_cpp̀_y�̀abt̀etcdpjtcmmdhbtkìfbi{̀kt{ci{̀_bhkhà̀hioi_bnǹ_̀jfb_̀p̀eec_fb_̀jmkhh̀_y�{̀ cà_kppjkiki_khel̀_m̀t{khbembee{cfhbh�bny�y�{̀�cnhb�pcfo�_ĉ _̂ciciŝ t̀cdpjq̀tchi_cpp̀jabki{̀n_k̂{btkpdè_bhì_lkt̀~��z|�bny��qsj̀�hbhn̂k_km̀ ì_elc_j_ĉp̀iǹh̀_kibch_kìkhjeb}̀khĵkeebhni{̀mchdebhni{̀kakbpkqp̀ikegê t̀b�tqdiicheyzli{̀t{cèĥ k_km̀ ì_ef̀_̀ hcifbi{bhktt̀ îkqp̀pbmbiec_cli{̀ f_chniŝ |̀kh _̀_c_fkê _̀èhìj|kegbhnlc_k̂ _̂ĉ_bkìtc__̀tibchey�{̀ h̀ì_̀ĵ k_km̀ ì_ef̀_̀è_bkpb}̀jqŝ _cictcpkhjèhiici{̀ci{̀_j̀abt̀bhi{̀lc_mclm̀eekǹey�hp̀eemkhdkpps{kpìjl_cmi{̀��z|ikegef̀_̀{kpìjkdicmkibtkppschi{̀tchi_cpp̀jj̀abt̀klì_tcm̂ p̀ibchy������������������������� ¡��������{̀ jbnbib}kibch��¢q̀lc_̀ebnhkp̂_ct̀eebhnch£�z|fkemkj̀fbi{i{_̀̀ eikǹey¤¥¦§¤¥ �̈�¡��¤¤©ª¥ª«



�����������	�
�����	�������
�������������	������������������������������������	���

 !"#$%&'()**+,-./0-),-,0123/.1-*451*1,0/0-),67/89/0/:02+.0+213)2();,-<5)=>92)4?@2)4510A-B17@A-B18C*1AA/;1-@C@2)4510;1,12/0-),2/017@2/018CA1,@12A0/0+AD2)51C)412/0-),/5.)**/,@CA1,@12@1E-.1,/*1C/,@A/E1@./5-F2/0-),4/2/*1012A,/*1@=-0G.)221A4),@-,;*-.2)35+-@-..G-467F8-,A0/,.1A)31(HI>F/A1@*1AA/;102/,A*-AA-),A6

 !"#$%J'K*451*1,0/0-),)30G1.)**+,-./0-),-,0123/.1C@/0/02/,A*-AA-),C21.140-),CE12-3-./0-),C/,@/L2/4G-./5MA12K,0123/.13)2/..1AA-F-5-0N6OPQRSTUTUVWQXSQYQZ[Z\WUPQ]QQ̂_VỲTZW\VâZSQYUab]ScdUPQTQ\TcSZYTdĉeaQ̂ QTYSZ_Q̂ Z\fQYUZc\gghiXjVTVk\̂cŜQSfVaaQ\hlQbacjmVTTRaUQSnOPQRaUQSjVT Q̂TZW\Q̂]cŜ QUQYUZc\c]emUcoppp ŜcmaQUTmQSTQYc\̂ jZUPceU

 !"#$%q'r(HIF/A1@L2/4G-./5MA12K,0123/.17();,-<5)=>92)4Es6t86ẐTUcSUZc\TXjZUPVYeUc]]]SQueQ\YbVUvwnkx ỳzV\̂ VueVaZUb]VYUcSc]vpnx{n|ZaUQSZ\WjVT\QYQTTVSbUcSQ̂eYQ\cZTQVYueZSQ̂]ScdUPQTbTUQd}Z\dcTUmVSU]ScdUPQeTQ̂TjZUYPhdĉQ~f�T�n�Q]cSQ̂ZTYSQUZzVUZc\jZUPV\��iXUcdV�ZdZzQUPQZ\]cShdVUZc\WVZ\Q̂]ScdUPQZ\YcdZ\WXRaUQSQ̂cmUZYVaTZW\VaXmQS_ZUXV\V̂�eTUV_aQZ\[QSUZ\WVdmaZRQSTUVWQjVTeTQ̂nOPZTQ\V_aQ̂TYVaZ\Wc]YVmUeSQ̂jV[Q]cSdUcUPQ��i�TV\VacWZ\meUaZdZUTn�̂ ẐUZc\VaabXUPZTRaUQShVdmaZRQSYZSYeZUjVTQ̂TZW\Q̂ Uc ẐTYVŜV\bZ\PQSQ\U�iYcdmc\Q\U]ScdUPQcmUZYVaTZW\VaV\̂ _ZVTZUZ\TUQV̂jZUPkno�XUcmcTZUZc\ZUZ\UPQdẐ̂ aQc]UPQpUco���idQVTeSQdQ\UjZ\̂cjnOPQYc\[QSUQSeTQ̂ jVTV�xh_ZU��i}��f�x��XOQ�VTg\TUSedQ\UT�ng\UPQmSQTQ\UQ̂[QSTZc\c]UPQTbTUQdXUPQ~i�c\jPZYPZUjVTZ\TUVaaQ̂jVTVmQS]cSVUQ̂mScUc_cVŜXjPZYPZ\USĉeYQ̂ V̂ ẐUZc\Va\cZTQUcUPQdQVTeSQ̂ TZW\VâeQUcV\c\hẐQVaTmaZUUZ\Wc]̂ZWZUVaV\̂V\VacWTZW\VaTn����������������������������������������� ���g\ceSmSQ[ZceTjcS̀TXjQ Q̂dc\TUSVUQ̂ YcTUhQ]]QYUZ[QZdVWZ\W¡k�¢V\̂ \c\hZdVWZ\W¡k£¢ ŜcmaQU¤cjTQ\TcS¥�������¦§̈§© �̈ª«��
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̂_TUOTPUT̀QabRXPQYcXOYRdeWRX̀QURfT]]T̀RWgTaTUUWa_Wabĥ _QPT̀Q_Ô R̀UTRYOVWRXX̂WcXTPRXPQYcXOYR]QP̀ ÔRYPWacbPQOiTRUbYPWaccTaTP̂RWQaV̂ÙQaURPỲRTb̂U]QiiQVUjkWcdlmnop iWcXRUQYP̀T Q̀aURPỲRTbQ]^ Q̀ibVXWRTqeVWbTfrT̂_stujkWcdlv̂mdwQibTPTbRQ^xyzVWRXîPcT̀QOOTP̂PT̂U]QPXT̂RbWUUWÔRWQadyYPPTaRfiW_WRTbRQ{q[\_pYUWaĉastubPWgTPdo|XTiWcXRUQYP̀TV̂U Q̀gTPTbVWRX^bW]]YUWaciTaUjkWcdlv̂mRQPTbỲTWRUrT̂_ âciT âbPTbỲTrT̂_WaRTaUWRSĝPŴRWQaU]PQ_U_̂iiTP_WÛiWca_TaRUVWRXRXTUTaUQP̂}WUdopxu~wfcîUU_ẀPQ�YWbẀ X̀WOh]YPRXTPbTR̂WiTbWawT̀RWQa��fujkWcdlvrmdopRXWa_TR̂iOîRThVWRX̂ aQWUTfPTbỲWac_ẀPQfbPWiiTbOWaXQiTjUW�TbOPQOQPRWQâiiSVWRXRXT X̀WO�U�YàfRWQaVWbRXmhOQUWRWQaTbrTaT̂RXRXT_ẀPQ�YWbẀ X̀WORQWàPT̂UTRXTPTîRWgTbW__WacW_Ô R̀Q]̂ ÔUUWacbPQOiTRjkWcdlvrmdo ẑUTbQa|T}̂UWaURPY_TaRU ÔOiẀ̂RWQa��\�hYUWacq̂~� Û]TTbr̂ �̀PTUWURQPWaURT̂bhRQQrR̂Wa ĉ̂WaQ]q~�vp âb^qd�Ok`̂Ô ẀRQP]QPUR̂rWiWRS R̂

XWcXTP]PT�YTàWTUĥ OXQRQbWQbTjxumUTaUQPj�UP̂_wk����\hkWcdlv̀mV̂ÙQaaT̀RTbRQ̂ RP̂aUW_OTb̂àT_̂OiW�TPj|�pmdp�\}_ẀPQÙQOTiTaUV̂U_QYaRTbRQRXTxyzhQgTPRXTUTaUQPh]QPW_OPQgTb]Q̀YUQ]RXTbPQOiTRU�QVWacWaRXT_ẀPQ̀X̂aaTid�UWacRXTbPQOiTR�QVUTaUQPUTRYObTÙPWrTb r̂QgTh^ RXTQPTRẀ̂ibTRT̀RWQa RXPQYcXOYRV̂U P̂WUTb r̂QgTq\\\\bPQOiTRUOTPUT̀Qabd���������������������������|XT̀XWO_QYaRjwT̀RWQa��fpf��fr̂abkWcd�v�vrmV̂UOQUWfRWQaTbrTRVTTaRXTiWcXRUTaUWacxu âbRXTiWcXRUQYP̀ThîiQ]VXẀXVTPTgTPRẀ̂iiŜiWcaTbRQRXTOWaXQiTYabTPRXTQYRiTR�YàRWQaQ]RXT_ẀPQ�YWbẀ X̀WOjkWcdlmdpUcTaTPfR̂TbbPQOiTRUVTPT_QgWacQgTPRXTOWaXQiTĥ UX̂bQVV̂U`̂URRXPQYcXWRhQaRQRXTxud|XT̀ X̂acWac̀ YPPTaRRXPQYcXRXTxuV̂U Q̀agTPRTbRQgQiR̂cTYUWac^XWcXfĉWa|�phÔUUTbQaRQ̂ Q̀aaT̀RTb�iRTPf̂_OiW�TP̀WP̀YWRWaRXTTiT̀fRPQaẀU_QbYiTjwT̀RWQa��fzf� âbkWcd�vqmd|XT�iRTPTbUWcâi_QgTbRXPQYcX̂ uybT̀QYOiTPWaRQ̂aWagTPRWaĉabiTgTifUXW]RWaĉ _OiW�TP̀WP̀YWRd|XTT}RP̂ _̂OiW�̀ R̂WQâ iUQOPQgWbTb̀ Q_OTaÛRWQaVXTaRXTXTWcXRQ]RXTiWcXRUQYP̀TV̂Ûb�YURTbd|XTWagTPUWQaQ]RXTOXQRQbWQbTgQiR̂cT_T̂aRRX̂R̂aSWàPT̂UTWaRXTUX̂bQV Q̀PPTUOQabTbRQ̂aWàPT̂UTWa_T̂UYPTbgQiR̂cTd|XT�iRTPTb̂ab̂ _OiW�TbOXQRQbWQbTQYROYRV̂UbWÙPTRW�TbVWRXRXTpuŷ abUTaRQgTPRQRXT_̂WaQ̀aRPQirQ̂PbYUWacwx�d|XT�x�bTbẀ̂RTbqQ]WRU�̀QPTURQQ̀__YaẀ̂RWacVWRXRXTpuyhTâriWacOXQRQbWQbTgQiR̂cTÛ_OiWacP̂RTUQ]YORQ{��\���jVWRXQYR̂aWaRTPOPTR̂RWQaîcQPWRX_md���� ¡�¡¢£¤¥� �¦§�����������������������|XT_ẀPQ�YWbẀ X̀WObTUWcaUYUTbWaRXWUVQP�VTPT̂b̂ORTb]PQ_RXTcPQYO�UT̂PiWTPVQP�UhaQR̂riSRXT̈ üPQOiTR̀QYaRWacX̀WO��WaRXTtw�Q]��q�d|XTOPWàWOiTbTUWcajkWcdq\v̂mV̂U�̂QVf]Q̀YUWacbTgẀTjkkumîWbQYRQa âw�©_̂U�Wa_YiRWOiT̀ QOWTUVWRXbW]]TPTaR�YàRWQaVWbRXÛabcTQ_TfRPWTUd�a|pzst�RXT̀XWObTUWcaUYUTbWaT}OTPW_TaRUWaRXWUVQP�̂PTUXQVad|XT_̂U�bTUWcaWUQOTaiŜ ĝWîriTQaQYPªWR�Yr����dwWîaW�TbUWiẀQafw�©_̂U�UVTPTOYP̀X̂UTb]PQ_RXTzWQ~t~wcPQYOQ]RXT�YaĉPŴap̀ b̂T_SQ]ẁWTàTU����dxu~wfcîUÙXWOUVTPT]̂rPẀ̂RTb̂U]QiiQVUnqmxu~wV̂U_QibTbQ]]RXT_̂U�jxu~wV̂Û iiQVTb�b̂SU R̂PQQ_ RT_OTP̂RYPTRQ ỲPT âbbTĉUmh�mRXTxu~wV̂UOYàXTbRQ P̀T̂RTOQPRUYUWac^RWUUYTrWQOUSRQQih�mxu~w âbcîUUUYP]̂̀TUVTPT̀iT̂aTb]PQ_bYURh�mUYP]̂̀TUVTPT^̀RWĝRTbVWRXQ}ScTaOîU_̂ cTaTP̂RTbrS X̂̂abXTib Q̀PQâ bWÙX̂PcTUYP]̂̀TRPT̂RTPh[mUYP]̂̀TUVTPTrQabTbh«m̀XWOV̂iiUVTPT̀ Q̂RTbVWRX¬QgT̀qZ�\tiT̀RPQaẀªP̂bTyQ̂RWacd����®�������������������������������|XTPT_QĝriT X̀WOXQibTPjwT̀RWQa��fpf��frmWaRXTUTafUQPẀU_QbYiTjkWcd�v�vrmX̂b̂ �rS�__U�ŶPTXQiT̂RRXT§̄°±§� ²��®��§§³�̄�́
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XYZ[Y\]̂_Y\̀ abXa[aYcY[defed[Yghbijklmǹ b[adfbZâeYd̀ofedXYpjqaYfbZâeỲ docdZrdeesXYZ[\deesdebiZYp̀ b[a[aYotrd\YâeYbZ[aYXabfâepY\judo[es]dp\̂feY[iYZY\d[b̂ZXabf̀ dof̂ob[b̂ZYp̂ Z[aYfbZâeYfed[YdZpvdo[YZYp[̂[aYâepY\jqaYXabf d̀odebiZYp[̂ad_Y[aYfbZâeYmYZYd[a[aYXabfwôr[eY[XadZZYe]xyzz{cdv[Y\[aYX\̂oo|}rZX[b̂Zjĥ\[aYroYpXabfo][abopbo[dZXYcb[bid[YpXdf[r\bZiv̂\c|bZip\̂feY[odZppYv̂\cbZip\̂feY[o~̂ b̀ZibZ[̂[aỲ bpY\oYX[b̂Ẑ v[aŶr[eY[̀ aY\YXdf[r\bZipbo[bZX[p\̂feY[oX̂repmY}Ŷfd\pb�Ypms[aYêoô vidfomY[̀YYZp\̂feY[ojqaYdooYcmes̀ dod[[dXaYp[̂[aY[̂f̂ v[aYy�̂hXabfĉ rZ[g�YX[b̂Z��|�|��|mdZphbij�l�lmnj!!!(%�TV#TS!���%S����V�"��Z[abooYX[b̂Z]̀ Yf\YoYZ[[aYf\̂[̂[sfYoso[YcY_derd[b̂ZcY[âp̂êisroYpv̂\Xad\dX[Y\b�d[b̂ZdZpmYZXacd\�bZîZdoso[Ycdò YeedôZdormĉ preYeY_YejqaY�\o[[Yo[oY\bYog�YX[b̂Z���|�nv̂XroYp̂ ZY_derd[b̂Zv̂oso[Ycormĉ preYô\i\̂rfôvormĉ preYojhbZY|[rZbZio[Yfò Y\Ydeô[d�YZ[̂f\Yfd\Yv̂\[aYoso[YcbZ[Yi\d[b̂ZjqaYoYX̂Zp[Yo[oY\bYog�YX[b̂Z���|�nv̂XroYp̂ ZXad\dX[Y\|b�bZidZpmYZXacd\�bZi[aYbZ[Yi\d[Yposo[Ycf\̂[̂[sfYbZp\̂feY[iYZY\d[b̂Zj

�Zdee[Yo[oY[rfo]p\̂feY[ò Y\YiYZY\d[YprobZi~rbpodopYoX\bmYpbZq��u�yj�Zdee[Yo[oY[rfobZXerpbZidXdcY\d]dabia|ofYYpXdc|Y\dĉ preYgdX���z|��zrX]�doeY\ǹ doroYpjqaYXdcY\dv\dcYò Y\YXdf[r\YpbZ\Yde[bcY Ẑ[aYX̂cfr[Y\robZi�doeY\wofsêZ�bỲY\ôv[̀d\Yj����������������� ¡�¢qaY[Yo[oY[rfroYpghbij££ldnbZ[abooYX[b̂Z̀ dodZYd\esf\̂̂ v|̂v|X̂ZXYf[bcfeYcYZ[d[b̂Z v̂[aYvreeY¤fY\bcYZ[deoY[rff\YoYZ[YpbZ�YX[b̂Z��|�jqaYoY[rf d̀opY\b_Ypv\̂cX̂cf̂ZYZ[opYĉ Zo[\d[YpbZ r̂\Yd\ebY\̀ \̂�og¥�y¦]¥��¦nj�Z[aYoY[rf]��§ d̀oroYpdo[aYpbofY\oYfadoY]b̂e� \̂�do[aYX̂Z[bZr̂rofadoYj�̂[afadoYo Ỳ\YfrcfYpbZ[̂[aYp\̂feY[iYZY\d[b̂ZXabfrobZi r̂\Xro[̂cfrcfbZioso[YcmdoYp̂Z�d\[Yeö b�\̂[YXaZb�cbX\̂frcfogcf�|ebtnj©Yore[od\Yf\YoYZ[YpbZ�YX[b̂Z��|�jª«¬���®��̄����°�±���̄ ��²�³�́ �́µ�qYo[op̂ZỲ b[a[aYv̂eề bZicY[âp̂êisid_Y\Yore[ov̂\¶Xad\dX[Y\b�d[b̂Ẑ vf\Yoor\YX̂Z[\̂e]pY�Zb[b̂Ẑ v_̂e[diY[̂f\Yoor\Y[\dZovY\vrZX[b̂ZodZp[rZYpf\Yoor\YvYYpmdX�·��idbZorobZi[aY[\dZovY\vrZX[b̂Zoj³̧́®�ªª¹º»º¼ ª»½¾ª¼
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 !"#$%&�(�1*22-.1-0*1.-.A1,3-6*A,2,664/5.1*2?-+.F14/55-/-1,+4*/84+7*4?�:�1*2?-+8,65-/-1,+-.,+<:NQ�,,/.<:<Q�,8,+-1,/.*4?21-66F1-61-62-0+4>-?@:�462?,@-..1*2?-+3-,6F1-6I;P;:�L34/?-/5+7,/.8,61-0*1.-.,+;J;NA1,3-62-16-0*/.:�0410F?,1I;�NL3.4,3-+-124/7*?-8,6F6-.F/.-1+7-3401*A?F4.400742D-?*8+7-1-0*1.-.1-54*/+*4321*>-+7->464D4?4+@*A+7-.1*2?-+:,G1-A-1-/0-A1,3-;4/6-14-6=.1*2?-+-/+-14/5+7-24/7*?-,2-1+F1-ODG1-A-1-/0-A1,3-M4/6-14-6=.1*2?-+,221*,074/5+7-0-/+-1*A+7-24/7*?-,2-1+F1-O0G1-A-1-/0-A1,3-�4/6-14-6=.1*2?-+4/+7-34..?-*A+7-24/7*?-,2-1+F1-O.G1-A-1-/0-A1,3-K4/6-14-6=.1*2?-+?-,>4/5A1*3+7-0-/+-1*A+7-24/7*?-,2-1+F1-O-G1-A-1-/0-A1,3-<4/6-14-6=.1*2?-+-B4+4/5+7-24/7*?-,2-1+F1-:b̀UbZ\ebSVWẀSV]TSeV]_Td_̀dT]Za\]TWoWfUTSoV[XZ]̂�Z\��w��jkXVSV_T̀WV[npWbZoVWZ\�sdT]V\_ph�a]Z_V�Tndpda\eVS]̂T\TYVSTeVUTcZÙ Udaab[̀ST]Za\WRaS]̂VSVUTZ\Z\e]TWoWXVSV_T̀WV[np[VdTpWRSaU_aUÙ \Z_T]Za\]VSUZ\T]Za\bSa_V[̀SVWZ\_d̀[V[Z\]̂V]ZUZ\eaR]̂VdTW]daabh�a]Td[̀ST]Za\WaR]TWoWa]̂VS]̂T\]̂Vb̀UbZ\ebSVW�ẀSV]TSeV]_Td_̀dT]Za\]TWomX̂VSV]̂VUTZ\abVST]Za\]ZUVSXTWS̀\\Z\emXVSVda\eVS[̀V]anVeZ\\Z\e]̂VZS]VSUZ\T]Za\bSa_VWWTR]VS]̂V[V�\V[��W]ZUVdZUZ]h�̂VZS[ZRRVSV\_VXTW_T̀WV[npWVùV\]ZTd]VSUZ\T]Za\bSa_VWWfWaUVVc]V\[�Z\eRaSÙ d]ZbdVWV_a\[W[̀V]adTSeVdae�dVeV\VST]Za\khgaS[SabdV]XTYVRaSUZ\]VSbSV]T]Za\]TWom]̂VTYVSTeVdaab[̀ST]Za\Vc]V\[V[]a�qh��WmSVẀd]Z\eZ\TUVT\WTUbdZ\eST]VaR�i��o�th�̂V[ZW_SVbT\_pnV]XVV\UZ\ZÙ Udaab[̀ST]Za\aRb̀Ub_aUÙ \Z_T]Za\]TWof�i�UWkT\[b̀Ub��y �¡ ¢~�£�}��¤¥�¥¦
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̂_̀â bacde_̀a_f̂ga_hijf̂ga_â̂d̂hdklmgnopqeâarstiunvsniwwvxniyzvx{ino|} âh~aq_m�ac�ild̂_̀aqd��~f̂fbc�̂a�]qa�\]kq_mdkfchm�âfkga_̀f_q̀fkkacgad�a_̂�d\q̀m~�d\\âa��_f̂ga_hm�aqdk_̂dc�m�kd_�mac��̂d~ca_hmkfcĉa�]ah_a�hm�ahij̀mhqd]c�cf̂gac�baqdk_̂mb]_a�_dmkqcmkf_mdkhqf]ha�b�_̀aq̀fkkacgad�a_̂�ij̀mhefh�f�aqcaf̂\̂d�m_hfqqd�~fkma�f�âfga�\̂a�]akq�_f̂ga_â̂d̂hd\rx�i��vsniutvxyi{zvxyizy|} âh~aq_m�ac��èmq̀�m�kd_\dccde_̀a~f__âkd\hm�aâ̂d̂hij̀ahaqdk�f̂�qdk_̂mb]_d̂ efhf__̂mb]_a�_d_̀aâ̂dkad]h�̂d~ca_hm�af�âfgmkgqf]ha�b�èf_efhh̀dekdklmginyi�]a_dfc_âf_mdkhmk~âqa~_mdkd\qf~_]̂a��̂d~ca_hm�ah�qfcmb̂f_mdk
\d̂q̀m~�_ah_hâmah̀f�baakhag�ak_fcc�m�~fq_a�è âa�̂d~ca_ef�a\d̂�ha�̀mbm_a�h̀f~ah�d̂a~̂a�mh~dha�_d~af�cdhhahi���m_mdkfcc��f�âfga��̂d~ca_gakâf_mdk̂f_aâ̂d̂h�haakdklmgintpf�fgfmkmk�mqf_a� m̀g̀â fqq]̂fq�\d̂ �̂d~ca_f̂_aqdk_̂dcem_̀q̀m~���d̂ah~aqm�qfcc�em_̀gakâf_mdkf̂_a�l�hâmahèak�f̂�a�d]_cmâhd\�̀m~��lhâmaheâa_f�akmk_dfqqd]k_i�m_̀fkf�âfgaâ̂d̂d\syi�o}��̀m~��lhâmahdb_fmka�f�âfga�gakâf_mdk f̂_aâ̂d̂hba_eaaksziun_dx�iut}i�dk_̂fh_d\fqq]̂fq�ba_eaak_̀abah_fk�_̀aed̂h_qf~_]̂a�hâmahd\̂afq̀mkgf�âfga_f̂ga_gakâ�f_mdk f̂_a�qfkbahaakdk�̂d~ca_qf~_]̂aĝf~̀hba_eaak������ �������������
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ĥ|]r{{gk_rs�̂swĉ�d|rewd|f�xi�qdeegecgj��px�u���x����uxp���ux����uxu����edc_d{|̂}d~��c]gĥsw~̂||~d{geed~r|̂gŝs{gk_rêcgsxl]̂cd�rk_~dc]ghdt~rewd��{|�ar|̂gsĉs_dêgt̂{̂|��z�|ckr~~teg_~d|ĉ�d}rêr|̂gsfĉk̂~re|gb̂wxi�y{jegk\]̂_\a�cdêdcqx������������������������������������������������������������������ ¡¢£¤¥¦§̈ ©ª«§¢¬̈¬¥¢®¤¦̈¬̄ §¢ª©°£§̈ª«§¢±ª̈²²̈§¬¢°³́£¤µ°¤¶©§°·̈ª®§¢£¤¥¦§̈ ©ª«§¬¶¢£́§̧ ·§¶°¹̈ ¬£̄ §̈ ©§£ª§©�rstbcdêdc_dejgekdt̂sºd{|̂gs»�àa»edc�~|dt̂sr}dearwdtteg_~d|ĉ�d\�ced_edcds|dtgsb̂wxi�yrrstr}derwdt������¼¼½�¾�¿ ¼¾ÀÁ�¿
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����mc[gcbZm_̀�__b̀~_̀c[a_̀a_b_[c̀d\b[c̀_̀\|\̂�qbcp_[ca_Z��g���cp_[cadbao\[|~d]e�cgZ\b_|\bZd�d̀\bĉ̂}ro�[̀~_[_�]̂cdb_Zdb����y�ro\[|~d]g�cbZe[_g]_|̀dp_̂}\bhdaijxlccbZhdaijxlm�b�q_[d|Z_̀cd̂gdb����yr�������y�i�_b_[c̀d\b[c̀_efgo\[|~d]e[_p_ĉ_Zm_~cpd\[ĉ\�̀̂d_[g�d̀~̀c[a_̀gd�_cbZ[c̀_|\qmdbc̀d\bgdb[\��\o�����x��~d̂_][\Z�|dbaZ[\]̂_̀gdbcg̀cm̂_qcbb_[�d̀~gd�_efg���{r̀~_o[_��_b|}efg�_[_�_̂̂ cm\p_jw{�i�}\qd̀̀dbà~_�����x[\��efgcbZ��go[\q|\q]c[dg\bm_̀�__b|~d]pc[dcb̀gr̀~_a_b_[ĉ[�̂_\odb|[_cgdba���d̀~db|[_cgdbaa_b_[c̀d\b[c̀_m_|\q_gb\̀d|_cm̂_i�}~cpdba_�|̂�Z_Z[\����gĉg\o[\qcp_[�cadba\o��gr|~d]�cbZea_b_[c̀d\b[c̀_cp_[ca_Z��g����g~\�_Zcbĉ\a\�g̀[_bZgi�\̀~g~\� ~̀_~da~_g̀|\[[_�ĉ̀d\b̀\_�]\b_b̀dĉ[_̂c̀d\bg~d]gi�ZZd̀d\bĉ̂}ro\[m\̀~|~d]}̀]_gr|[\]]_Z��g[_p_ĉ_Z~da~̂db_c[|\[[_̂c̀d\b[_ad\bg�]̀\̀~_g_|\bZ~da~_g̀_̀g̀_Z[_g]_|̀dp_a_b_[c̀d\b[c̀_̀c[�a_̀g�hdaijx��~d|~db̀_[qg\oa_b_[c̀d\b[c̀_g�\�̂Zbc[[\�Z\�b\b̀~_g̀cm̂_o[_��_b|}[_ad\b\o�g_o\[̀~c̀g]_|d�|������������  ��¡¢�£
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