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1 Introduction  
As the field of biomedical research continues to evolve, Lab on a Chip (LOC) has emerged 
as a ground-breaking technology combining various laboratory functions on a single 
microchip. As a result of this remarkable integration, new opportunities have been 
opened up for diagnostics, healthcare, and research. It is common for traditional 
laboratory techniques to require time-consuming processes, bulky equipment, and large 
quantities of samples. By miniaturizing and automating laboratory processes, LOC 
addresses these challenges by increasing efficiency, reducing costs, and improving 
portability. With LOC, researchers and healthcare professionals are able to perform 
complex analyses using minute samples, resulting in more accurate and faster results.  
It is possible to detect and monitor diseases such as infectious diseases, cancers, and 
genetic disorders using LOC devices in clinical diagnostics. In resource-limited settings, 
these portable devices facilitate point-of-care testing (POCT) and facilitate diagnostic 
capabilities for underserved populations. 

There are many areas of interest and trends within LOC, but recent research has 
identified three major objectives: developing POCT, increasing the number of tests per 
microfluidic chip, and developing portable applications. A growing emphasis is being 
placed on the development of POCT devices that could be utilized in doctor’s offices, 
clinics, and even at home. This trend aims to provide rapid and accurate diagnostics, 
eliminating the need for sending samples to centralized laboratories and enabling 
immediate decision-making and treatment initiation. Furthermore, ongoing research 
efforts seek to incorporate additional functions into a single microchip, enabling diverse 
analytical processes to be performed seamlessly on the same device, including sample 
preparation, amplification, separation, and detection. Lastly, the shrinking size of LOC 
devices allows for greater portability, which makes them suitable for use in remote or 
resource-limited areas. Moreover, with the addition of wireless connectivity, portable LOC 
devices can transmit data in real time, enabling remote monitoring and data analysis. 

LOC’s most important objective is to provide access to advanced diagnostic capabilities 
to make healthcare more accessible and equitable. LOC also allows laboratory processes 
to be optimized, resulting in improved patient outcomes, reduced healthcare costs,  
and early detection and intervention of a wide range of diseases. 

1.1 Background and motivation 
The concept of Micro Total Analysis Systems (µTAS), also known as LOC devices, has been 
of interest to scientists for almost four decades [1]–[7] The field of LOC started to emerge 
with the advancement of microelectromechanical systems in the beginning of the 90s 
based on the developments in microfabrication techniques developed for the silicon 
microprocessor industry in the 80s [1], [8]. Those technologies enabled to develop and 
manufacture microfluidic chips with channels sizes in the range of 10 to 100 µm [1].  
As a result of miniaturization of LOC devices, it became evident that vast quantities of 
expensive reagents could be saved by reducing the size of the devices. The lower volume 
of reagents allows the sample to be heated and cooled more rapidly, and the reaction 
times are greatly improved. Moreover, LOC devices can now be miniaturized to a smaller 
form factor, leading to the possibility of producing more compact μTAS devices and 
opening the market for home medical devices (and more generally for in-the-field 
devices), which are known as POCT, a term first used by Dr Kost in the early 1980s [9]–[12]. 
Such approaches, or combinations thereof, are particularly interesting because they enable 
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the results of an analysis to be obtained substantially more rapidly than conventional 
laboratory experiments. Some of the most commonly known microfluidic POCT devices 
on the market are pregnancy tests and blood glucose tests that usually provide answer 
to the experiment under 30 minutes and are approved for home use [13]–[15].  

Despite the fact that there are already POCT solutions available that can provide 
analysis to some extent [15], [16], there is a need for more. A prime example surged in 
2020, when there was a rapidly increasing interest and need for POCT solutions that can 
detect COVID19 quickly and easily, especially in the case of home use [10], [11], [17], 
[18]. There is no doubt that this type of solution is of great interest, as it gives results 
within minutes, is portable, is cost-effective, and is easy to use by non-qualified personnel, 
which is exactly what is required for rapid testing in order to contain an outbreak.  

Out of many sub-fields in microfluidics (paper-based microfluidics, digital microfluidics, 
droplet-based microfluidics, open microfluidics and continuous-flow microfluidics), 
droplet-based microfluidic solutions are increasingly gaining attention for a variety of 
reasons, including their ability to handle droplets as single-cell incubators and create a 
high numbers of droplets per second (dps) [19]–[21]. There are multiple benefits 
associated with using droplet microfluidics in biological experiments. First, the sample is 
packed into small droplets with a volume in the range of microliters to picolitres, allowing 
a significant reduction in the required sample volume, which is often limited and costly. 
In addition to its ability to separate droplets from each other, droplet microfluidics is also 
capable of generating large numbers of dps (high-throughput), allowing virtually a 
multitude of experiments to be conducted simultaneously. Droplet microfluidics has 
numerous applications, but it is particularly popular in biomedical research, particularly 
drug discovery [22], [23]. Droplet-based detection devices incorporate some form of 
electronic readout circuitry in their final configuration.The droplets are detected either 
using optical, mechanical or chemical methods, whereas the optical method is most 
widely used due to excellent sensitivity [24]–[29] A wide variety of tasks can be 
addressed with the optical technique, including counting droplets, detecting droplet size 
and speed, and analysing the morphology of droplets to detect multiple parameters 
simultaneously [30]–[32]. The wide range of applications, the high sensitivity, and the 
capability to analyse multiple parameters simultaneously make the optical technique an 
attractive detection option in comparison to other available options.  

The droplets serve as individual microreactors and there is a clear motivation to 
generate a large number of droplets in order to increase the statistical significance of the 
experiment. However, it is not just about generating a large number of droplets, but also 
to produce as many droplets containing only a single cell as possible. During the 
encapsulation of the droplets, the percentage of encapsulated cells is completely 
random, but real-life experiments indicate a typical rate percentage of 10% [33], [34].  
It has been demonstrated that droplet detection systems can detect up to a million dps, 
but these applications heavily depend on the parallelization of the microfluidic chip [35], 
[36]. Using a single channel approach (or when parallelization is used, then performance 
per channel), it has been reported that the number of droplets generated can reach 
upwards of 2000 dps [35], [37]–[44]. Due to the high quantity of droplets generated, 
methods of detection with ever-better performance are required to handle the increased 
demand. In the case of high-throughput droplet applications, the collected dataset can 
include tens to hundreds of thousands of individual images of droplets per experiment. 
It is inevitable that such a large volume of data needs to be analysed with potent 
approaches. A number of approaches have been described in the literature that rely on 
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artificial intelligence (AI) to analyse a large number of droplets captured in images, 
videos, or electrical signals. [45]–[49]. 

In microfluidics, there are two possible optical detection approaches: imaging and 
non-imaging. When employing an imaging approach, a camera is used as a detector and 
the result is an image or video which is then analysed. For such imaging approaches, 
there are two types of sensors, either charge couple devices (CCDs) or complementary 
metal oxide semiconductors (CMOSs) [25], [50]–[52]. Regarding the light sources for 
imaging approaches, early microfluidic devices used water-cooled light sources such as 
mercury arcs, xenon arcs, and lasers as light sources [53]–[55]. These bulky light sources 
have since been replaced by solid state lasers and LEDs, enabling the devices to be 
compact, energy efficient, and portable [56]–[59]. Non-imaging approaches capture light 
intensity as an electrical signal via photodiodes or photomultiplier tubes (PMTs) [30], 
[50], [60]. For analysis, artificial intelligence and machine learning can be applied to both 
imaging and non-imaging detection approaches.  

1.2 Challenges in Lab-on-a-Chip 
The LOC’s objective is to provide a device that works according to the principle of “sample 
in – answer out” or also known as “sample-to-answer” [15], [16], [61], [62] and would 
cover all required steps, from sample preparation to detection and analysing the earlier 
section, droplet microfluidics was discussed as an area of great interest to researchers. 
Due to the requirement for portable high-throughput systems, there are challenges that 
must be addressed. These challenges are highlighted in bold.  

In order to perform high-throughput analysis in droplets, a microfluidic setup is 
needed, which enables both high-speed generation of droplets as well as detection of 
the massive number of droplets that are generated. The microfluidic setup usually 
includes a droplet generator with adaptive pumping, and a high-speed fluorometer, 
which together form a droplet microfluidic flow cytometer (Figure 1). It is important to 
note that one of the critical components of a flow cytometer is either a non-imaging 
detector, or an imaging detector combined with a light source, usually a laser or an LED; 
however, xenon and mercury arc lamps with filters or monochromators may also be used. 

Figure 1. Overview of droplet microfluidic flow cytometer. The system contains a droplet generator, 
to which an illumination source and an imaging detector are added. Droplets are generated by 
pumping water and oil into the microfluidic chip using syringe pumps. The detector and pumps are 
controlled by the personal computer (PC) and the images of the droplets can be seen on the screen. 
In case a non-imaging sensor is used, additionally an oscilloscope may be used to capture the 
electrical signal from the detector. 
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While LOC has been used for many decades, there is a limited number of ready-made 
devices available on the market that follow the aforementioned approach, especially in 
a portable form-factor [63]. In the past, equipment capable of performing this task was 
of the size of a desk (e.g., Coulter Epics V from 1979–1985) [64]. A state-of-the-art flow 
cytometer can be used on a desktop and is expected to cost between 100 000 euros and 
500 000 euros [63], [65]. Although a desktop flow cytometer is well suited for biological 
experiments and analyses in laboratories, there is a need for a portable, user-friendly, 
and affordable device, particularly for use in non-laboratory environments [13], [16], 
[19], [66]–[68]. However, this has not been possible until recently due to the absence of 
commercially available mobile embedded platforms with sufficient computing power 
[53], [69], [70]. The present day offers a wide range of portable cost-effective devices 
with affordable computing power in a small form factor, such as mobile devices, 
embedded platforms, and other portable devices. Based on the aforementioned devices 
or platforms, some portable microfluidic applications have been proposed, which use 
some combination of detector and illumination [67], [69]–[71]. There were several  
high-power, air- or water-cooled light sources available in the early days, including lasers, 
mercury arc lamps, and xenon arc lamps. However, today, a wide array of powerful LEDs 
and solid state lasers are also available as an alternative to these light sources that are 
affordable and portable [53]. Embedded hardware platforms can often be used to solve 
portable microfluidic applications with minimal computational requirements; 
however, light sources and detectors may not always be suitable for portable 
applications; this is still an open research issue.  

During the last decade, much research has been conducted on the advancement of 
LOC microfluidic systems, especially on sample preparation and detection. The focus is 
now shifting to digital and automated sample analysis. Some recent papers in the field 
of LOC have shown the use of some form of automated analysis of the detected results, 
whether using AI-based approaches, such as machine learning (ML), deep learning (DL) 
[13], [46]–[49], [61], [72]. From the perspective of analysis, this clearly sets the direction 
for the research, however the need for lower costing, portable and perhaps even 
disposable devices has not diminished [20], [47]. However, this poses a challenge to 
existing preparation and detection methods in terms of their suitability for use in 
automated systems, i.e. whether they are capable of being automated themselves. In 
addition, since AI based tools enable the analysis of very large numbers of droplets, the 
portable platform must be capable of integrating with DL, AI, or ML methods.  

Microscopes are often used to detect droplets, since they are available in laboratories, 
provide good built-in illumination, magnification, and detection capabilities, but they 
can’t be automated as they require manual settings to adjust the focus, brightness and 
are not portable. In addition, since microscopes are widely used in microfluidic 
experiments, the illumination and detection they provide are a benchmark for portable 
applications’ illumination and detection [73]–[79]. The current illumination and 
detection methods using microscope, however, are not capable of being adopted by ML. 
Two challenges arise from this. First, the performance of illumination and detection in 
portable platforms should be on par with that for microscopes. In addition, the proposed 
combination of detection and illumination should facilitate easy integration with 
machine learning, if necessary.  
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1.3 Problem statement and Research questions 
The above paragraphs about background and motivation, and challenges in Lab-on-a-Chip, 
present a brief overview of the current focus of research in the field of microfluidics. 
Although these paragraphs identify the challenges in the field, they do not identify any 
potential research gaps, questions, or hypotheses that could lead to solutions to those 
challenges.  

From the scientific literature, it is clearly seen that there is a pressing need for  
cost-effective and portable solutions, especially such solutions that could be used at 
home or in the non-laboratory environments [3]. Some of the already existing solutions 
work well for certain use cases, but there is certainly a need to make more sensitive tests 
or microfluidic solutions [16], [80]. Some papers show that the issue of sensitivity could 
be solved by using high throughput droplet microfluidics with a properly selected set of 
illumination, detection and sample handling mechanisms as optical detection methods 
are the most sensitive compared to other existing solutions [39], [81]–[84].  

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

 
“A portable, cost-effective droplet-based cell analysis platform can be built using an 

optimal combination of readout frequency, excitation, and sensing to detect cell 
fluorescence. Furthermore, the same platform will, by design, be compatible with 
machine learning for automated droplet analysis.”  

 
The goal for this thesis is to focus on the illumination and sensorics aspects; thus,  

the other parts of MF setups are not thoroughly analysed. 
Before advancing to the specific microfluidic solution stage, one must clearly understand 

the currently existing illumination and imaging options and propose a suitable 
combination of technologies suitable for cost-effective, portable MF setup. This leads to 
the first research question (RQ1). Upon identifying the types of sensors that have been 
used, it is wise to determine how the selected sensors will perform. This leads to the 
second research question (RQ2). In all likelihood, the sensors have some limitations in 
terms of detection rate. In cases where droplet generation rate is half or more the sensor 
framerate, it is not possible to visually differentiate if droplets are generated or there is 
a continuous flow of liquids instead. Additionally, as the droplet generation rates can be 
experimentally determined, it is often time consuming, requires multiple experiments 
and is not cost-effective due to the excessive volume of expensive reagents wasted.  
It would be valuable to mathematically represent the droplet generation rate in the 
microfluidic chip by observing the behaviour of the droplet generation at lower droplet 
generation speeds, enabling to estimate droplet generation rate at other speeds.  
This leads to the third research question (RQ3).  

 
RQ1 – Three types of sensors are mostly used in microfluidics – optical, mechanical 

and chemical, whereas optical sensor is the most frequently used due to high sensitivity. 
Although optical sensors are widely used it might require different approach for  
high-throughput droplet applications. This brings up the question, what are the 
capabilities of optical sensors for droplet detection and how does high-throughput  
limit sensor selection i.e. what are the sensitivity and sensor speed requirements for 
reliable droplet detection? Also, are the sensor requirements different for droplet 
detection if the droplets are fluorescently labelled or not?  
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RQ2 – In microfluidics, non-imaging and imaging sensors are used as optical sensors, 
the latter of which provides more details about the droplets (size, morphology,  
velocity etc.) and is thus an attractive choice for droplet detection in the early  
stages of development of microfluidic devices. The question arises as to what  
possible cost-effective and open-source solutions exist that could be suitable for  
high-throughput droplet detection with and without fluorescence. Also, what could be 
the suitable lighting solution, i.e. are LEDs sufficient or should lasers be used instead? 
How to evaluate the quality of captured images, i.e. which tool to use and which 
parameters to monitor (sharpness, resolution)? 
 

RQ3 – Droplet generation experiments can be performed by experimentally finding 
suitable oil and water flow rates that produce stable droplet generation at a measurable 
rate. However, in high-throughput applications, the droplet generation rate exceeds the 
capabilities of the detection camera, and thus the camera may no longer distinguish the 
droplets, and therefore it is unknown whether droplet generation continues to be stable. 
The question arises, is it possible to model droplet generation to predict stable steady 
state of generation at high flowrates by knowing the system behaviour at lower flow 
rates? 

 
RQ4 – Is it possible to find a new approach to achieve non-imaging high-speed droplet 

detection without requiring the use of conventional microscope lenses, while still 
achieving a sensitivity comparable to state-of-the-art solutions? Most of the current 
state-of-the-art microfluidic solutions rely on precise focusing of illumination, detector, 
or both, to the microfluidic channel.  

1.4 Contributions of the thesis 
This PhD thesis makes the following contributions:  

1. Contributing to RQ1, a comprehensive study of illumination and detectors was 
carried out. A thorough review of illumination sources for biomedical applications 
is presented, as well as identification of which of the sources is particularly 
suitable for cost-effective and portable droplet microfluidic applications.  
In addition, a similar review is provided for imaging and non-imaging sensors used 
in biomedical applications with a focus on which of these are suitable for  
cost-effective and portable droplet microfluidic applications. 

2. Contributing to RQ2, an analysis and evaluation of cost-effective imaging sensors 
is presented. A comprehensive study evaluates the maximum performance of 
each imaging sensor in order to determine the maximum detectable droplet rate. 
An assessment of the suitability of LEDs and lasers is made, as well as the 
detection of droplets containing and without fluorescein. 

3. Contributing to RQ3, a mathematical model is developed based on empirical 
research data; the model is capable of determining the droplet generation rate in 
microfluidic chips based on continuous and dispersed flow rates.  

4. Contributing to RQ4, a novel method for the non-imaging detection of droplets is 
presented by incorporating a pinhole into the measurement setup. Compared to 
state-of-the-art measurement setups, the proposed setup is more compact and 
provides comparable performance. In addition, it outperforms the current  
state-of-the-art measurement setups by providing a solution that does not require 
the precise alignment of the microfluidic chip with the measurement electronics. 
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Table 1 summarizes the above-mentioned contributions in relation to research papers 
(listed in Appendices A-D).  

Table 1. Publications containing the thesis’ contributions. 

Contributions Publication I Publication II Publication III Paper V (under 
review) 

1 – Review ✓ ✓   
2 – Comparison 

of imaging 
sensors  ✓   

3 – Compact 
empirical model   ✓  

4 – Non-imaging 
approach    ✓ 

 

1.5 Thesis organization 
The following is an outline of the remainder of this PhD thesis. Figure 2 shows the 
workflow of the chapters from mapping out the state-of-the-art all the way to proposing 
a novel non-imaging detection technique. 

 

Figure 2. Workflow of the thesis. 

• Chapter 2: Based on Publication I, this chapter provides an overview of optical 
detection methods used in high-throughput fluorescent droplet microflow 
cytometry. A discussion of imaging and non-imaging sensors used in biomedical 
applications and droplet microfluidics is presented in this chapter as well as a 
discussion of different illumination options. In conclusion, this chapter highlights 
the contributions of my research to the positioning of this PhD dissertation. 

 

 

Literature search and 
proposal of suitable 

illumination and detection 
methods for portable and 

cost-effective droplet 
microfliuidic application 

(Chapter 2)

Investigation and 
evaluation of 

imaging sensors 
(Chapter 3)

Compact 
empirical model 

for droplet 
generation 

speed 
estimation 
(Chapter 4)

A proof-of-concept 
of a compact non-

imaging droplet 
detection technique 

(Chapter 5)
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• Chapter 3: Based on Publication II, this chapter examines three cost-effective 
imaging sensors that are suitable for open-source applications, and their 
performance is evaluated for high-throughput droplet microfluidic systems.  
In addition to measuring the dps performance for brightfield illumination,  
the sensor performance is also evaluated for fluorescent stained cells. 
Furthermore, different use scenarios are discussed. 

 
• Chapter 4: Based on Publication III, this chapter proposes a mathematical model 

that can be used to estimate droplet generation rate in microfluidic channel. 
Based on a series of real-life experiments, an empirical model is developed for 
flow focusing microfluidic chips.  

 
• Chapter 5: Based on Publication V, and as an extension of Chapter 3, this chapter 

presents a proof-of-concept setup and method to microfluidic droplet  
detection that eliminates the need for microscope lenses by a pinhole addon. 
The non-imaging setup is evaluated in comparison to the imaging setup in 
Chapter 3 for measuring droplet generation rates. The proposed setup is more 
cost-effective, and due to its placement with rough tolerances, it may be 
suitable for use in portable applications, for example, point-of-care diagnostic 
equipment.  

 
• Chapter 6: This chapter gives a summary of the thesis, presents the conclusions, 

and outlines possible directions for future research. 
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2 Evaluation of imaging and illumination options in biology 
and microfluidics 
This chapter discusses imaging and non-imaging sensors for high throughput fluorescent 
droplet microflow systems. In addition, light sources for high-throughput fluorescent 
droplet microfluidic applications are discussed. 

This chapter is based on the following publication:  
• K. Pärnamets et al., “Optical Detection Methods for High-Throughput 

Fluorescent Droplet Microflow Cytometry,” Micromachines 2021, Vol. 12,  
Page 345, vol. 12, no. 3, p. 345, Mar. 2021, doi: 10.3390/MI12030345. 

2.1 Overview of Lab-On-a-Chip 
The fields of LOC, μTAS, microfluidics and droplet microfluidics all share something in 
common – most of the experiments conducted involve some type of biological sample. 
An important component of any biological experiment is the sample itself, but in order 
to analyse it properly it is necessary to use the proper combination of illumination and 
detection methods. In many state-of-the-art papers, the sample is typically analysed 
using only an optical microscope [73]–[79]. Optical microscopes are suitable, as the 
sample under test is often very small, especially in cases of droplet microfluidics where 
droplets have diameters around 100 μm, and a microscope provides the necessary 
magnification. Moreover, optical microscopes have built-in light source that provides a 
good source of illumination, making it a readymade tool with the necessary combination 
of illumination and detection. In conventional optical microscopes, the detection is 
performed through the eyepiece, where a human is required to observe and analyse the 
sample. Although this method may be convenient for most tests and analyses, it cannot 
be automated and relies heavily on human perception. Furthermore, if the sample is 
moving rapidly (for example, hundreds or thousands of droplets are generated within a 
second), it is impossible to detect them using the human eye. Newer optical microscopes, 
however, come with an additional eyepiece for connecting a camera, making it possible 
to use them in automated systems.  

Using an optical microscope to analyse biological samples, three key modules emerge, 
illumination, sample handling, and detection [20], [25], [50], [85], [86]. Microfluidic 
setups (droplet or otherwise) that give some analytical answer to the sample under test 
can also be divided into three modules, i.e. a. droplet generation, b. droplet detection, 
and c. data processing, as shown in Figure 3. 

The description of the droplet generation module contains information about the 
design of the microfluidic chip, pumping parameters, and liquid parameters [73], [87]–[89]. 
The droplet detection module is concerned with all aspects of detecting the droplets or 
other substances in the microfluidic chip, including some form of detector and a light 
source for illumination [71], [90]–[92]. The final module focuses on data processing.  
In this module, the electronic signals captured in the droplet detection module are 
converted into readable data and sometimes the data can also be analysed [77], [93]–[96].  
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Figure 3. Microfluidic system modules. The modules are (a) a droplet generation module where 
droplets are produced, (b) a detection module which is employed in the same system, typically 
imaging or non-imaging detectors are employed, in combination with some form of illumination, 
(c) data collected by the detector will be analysed by using either a personal computer or an 
embedded system. Figure reproduced from: [97]. 

The focus of this PhD thesis is on the detection module in order to find the most 
appropriate combination of lighting and detection for portable applications, as well as to 
provide input for machine learning based data processing to operate on the selected 
technology. A thorough understanding of the illumination and detection technologies 
that are already being used in the field of biology is essential before proposing an 
appropriate combination for portable platforms. Additionally, as the final application of 
the illumination-detection combination will be used in droplet microfluidics, it is crucial 
to understand the working principles of droplet generation and mapping possible 
limitations of using the illumination-detection combination in droplet microfluidic systems. 
The above issues are discussed in what follows. 

2.2 Principles of flow cytometer used in LOC applications  
The optical excitation and detection system that is at the core of every droplet 
microfluidic setup works similarly to that of a flow cytometer [58], [90], [91], [98]–[100]. 
A cytometer is a device used in biology to measure the properties of cells. The operation 
of a flow cytometer is no different, with the exception that the cells suspended in a liquid 
are moving through the measurement device with the help of sheath fluid (Figure 4).  
It is important to distinguish between cells and droplets. A cell is the smallest form of life, 
whereas a droplet is the result of pushing two immiscible fluids together (for instance, 
when oil is poured on water, large oil droplets form). In flow cytometry, sample cells are 
focused using hydrodynamic focusing into a stream of single cells within a microfluidic 
channel.  

An illumination and detector combination is used to detect the cells. A flow cytometer 
typically uses a laser as an illumination source and a non-imaging sensor as a detector 
(e.g., a photodiode, an avalanche photodiode, a photomultiplier tube). Instead of  
non-imaging sensor, an imaging sensor (e.g., a CCD or CMOS camera) can be used, 
resulting imaging flow cytometry [72], [99], [101], [102]. Laser illumination is frequently 
used because of its narrow beam, which is further narrowed by using lenses to focus on 
a single cell [58], [91], [103]–[105]. Moreover, lasers are optically powerful and have a 
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Figure 4. Overview of flow cytometer. The cells are suspended in a liquid sample, which is added to 
the flow cytometer's inlet. With the aid of a hydrodynamic focuser and sheath fluid, the sample is 
hydrodynamically focused, resulting in the flow of cells in a flow cell. In order to illuminate one cell 
at a time, a laser beam must be focused. Excitation light emission is collected at a 90-degree angle 
with respect to illumination. As the cells exit the flow cell, they form droplets and are then sorted. 
Figure reproduced from: [44]. 

narrow spectrum, making it possible to incorporate multiple lasers into one flow 
cytometer and to use multiple fluorophores simultaneously [103], [104]. However,  
the number of lasers that can be used is limited, as each laser must be focused on  
the flow cell separately and be spatially positioned in order to avoid overlapping 
fluorescence emission. The current state of the art flow cytometer is able to detect up to 
17 fluorophores using a combination of three lasers [104]. A number of high efficiency 
and optically powerful LEDs have also been developed over the past two decades that 
are suitable for flow cytometry applications, despite lasers’ narrow spectrum and potent 
optical power [106]. Due to their ease of use, these illumination sources are often used 
in smartphone-based flow cytometry [66], [70]. In addition to the light source, lenses and 
filters are often used to focus the light on a flow cell. It is common to use filtering with 
light sources that have a wide spectrum of wavelengths (e.g., xenon lamps or LEDs) to 
narrow down the excitation wavelength to a desired range. LEDs are single colour 
devices, but their single colour spectrum can range from 20 to 40 nanometres, which 
may require the use of optical filters [107]. The optical parameters of each light source 
are discussed in more detail in the next section. 

2.3 Light source specifications for this PhD work  
In order to determine the most appropriate combination of lighting and detection for 
portable applications, a set of specifications is formulated that seem suitable for portable 
applications. It would be possible to conduct experiments with droplets labelled with 
fluorescein (e.g. FITC) if the suitable light source had a spectrum of 488 nm. Additionally, 
a white light source is required in order for droplets to be clearly visible to the human 
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eye. Due to its portability, the system is intended to work off grid and on batteries, 
so the power consumption of the light source should be lower than 10 W. It is also 
expected that the price of the light solution will not exceed 100 €. To eliminate the need 
to replace the light source, it should have a lifespan of at least 10000 hours. Since the 
lifespan criterion is fairly high and the light source is unlikely to require replacement, 
it would still be beneficial if no alignment is required when a bulb or light module is 
replaced. In portable applications, it is also important that the light solution is robust, 
which means that it can withstand smaller shocks and vibrations. In addition, it would be 
preferred if the light source’s power supply was relatively simple and could be operated 
from a battery (e.g. low voltage, low current, DC regulator). Portability is also improved 
if the module’s overall dimensions are less than 10 cm x 10 cm x 10 cm and is lightweight, 
e.g. 100 grams or less. The requirements for the light source are outlined in Table 2.

Table 2. Requirements for light source for portable droplet microfluidic detector. 

Property Value 
Spectrum Peak at 488 nm for detection of droplets 

containing fluorescein (e.g. FITC) and 
white for detecting empty droplets 

Power consumption <10 W 
Price <100 € 
Battery operated Yes 
Lifespan >10k hours
Light output Immediate (no warmup needed) and 

adjustable  
Alignment Flexible 
Power supply architecture (in terms of 
circuitry) 

Simplest possible 

Handling Robust for portable operation 
Size Maximum of 10x10x10 cm 
Weight <100 g for light source 

2.4 Light sources for biological experiments 
Every scientific measurement in the field of biomedical application requires appropriate 
illumination, and it is essential to fully understand the advantages, drawbacks, and 
technical specifications of each type of lighting. Given the focus of this thesis on optical 
sensors for droplet microfluidics, a sensible approach would be to investigate the light 
sources used in microfluidics, particularly in droplet microfluidics. However, since 
experiments in the field of microfluidics share many characteristics with experiments in 
biology, it therefore seems appropriate to examine how illumination is used in biology, 
with possible references to microfluidics as a field of application. In addition, since the 
thesis focuses on portable applications, light sources suitable for these applications are 
thoroughly investigated, whereas other light sources are only briefly examined.  As was 
discussed in earlier paragraphs, a microscope is often used to observe microfluidic and 
biological experiments in order to avoid the development of a complicated optical setup 
[73]–[79]. Therefore, the analysis of light sources are primarily focused on those that are 
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used in microscopes, but also on those that are used in microfluidic experiments without 
the use of a microscope.  

A microscope can image a sample in a variety of ways (brightfield, darkfield, confocal 
microscope, etc.); however, knowing this does not clearly indicate the type of light source 
type that is used. For brightfield and darkfield illumination, light sources with white 
colour are favoured [50], [108]–[110]. In such experiments, either tungsten, mercury arc, 
xenon arc, metal halide or LED light sources are typically used. Other experiments may 
require a specific wavelength of light, such as those involving fluorescent dyes, which 
require a narrow spectrum of light for excitation. As a result, lasers are usually preferred 
due to their narrow spectrum, although it is also possible to use white light with a broad 
spectrum by adding either filters or monochromators to the setup in order to narrow 
down the broad spectrum [54], [111]. 

2.4.1 LED 
For many years, light emitting diodes were not considered to be suitable light sources for 
microscope illumination due to their limited optical power and spectrum [106], [112], 
[113]. As LED technology has improved over the past few decades, there is a wide variety 
of power LEDs available that can compete with traditional microscope illumination 
sources.  

LEDs are attractive option for fluorescence microscopy for many reasons. In the first 
place, LEDs are available with a spectrum ranging from ultraviolet to infrared, with various 
single colour options to choose from. Below are visible two graphs, showing the 
spectrum of white LEDs and single colour LEDs from blue to red (Figure 5 (a) and Figure 
5 (b)). It may be possible to eliminate the need to use optical filters by using single-colour 
LEDs instead of broad-spectrum lights that require optical filters or monochromators for 
selecting single colour for excitation [54]. A single colour light source’s performance can 
be evaluated in terms of the full width half maximum (FWHM), which indicates the width 
of the spectrum at half the optical power maximum. Due to the broad spectrum of light, 
FWHM does not apply to broad spectrum light sources. Although LEDs are single colour 
light sources, their FWHM is typically around 20–40 nm, making them suitable for use 
without optical filters. However, if the excitation and emission wavelengths are relatively 
close, filtering may still be necessary. Furthermore, LEDs are compact, although power 
LEDs require some form of cooling, which usually involves adding a radiator and a fan, 
making them less compact. Two examples of LEDs are shown below, one LED has 
mechanical dimensions of 3.5 mm times 3.5mm (Figure 5 (c)), while is other LED is intended 
to be used in a compact design, having mechanical dimensions of 1.6 mm by 1.6 mm 
(Figure 5 (d)). 

While it is true that metal halide lamps are compact, and some of the low-power  
(less than 50 W) lamps could also be used for mobile applications, there remains the 
requirement for a complex supply capable of producing high voltage arc. This is where 
LEDs have a distinct advantage over metal halide lamps, as LEDs only require a low supply 
voltage and a suitable current, thus making them more suitable for mobile applications. 
In addition, LEDs can be easily controlled in terms of light output by adjusting the output 
current of a supply. Light is produced immediately after LEDs are turned on, eliminating 
the tedious cycle of turning on and turning off associated with mercury arc (HBO), xenon 
arc (XBO) or metal halide bulbs. LEDs have a lifespan of up to 50000 hours, and their 
optical power does not decrease with time. Moreover, compared to HBO, XBO or metal 
halide lamps, the LED are more cost-effective. The initial cost of single LED is 10–100 times 



23 

lower. When multiple LEDs are used in a light source, it makes the overall light source 
slightly more expensive. However, since LEDs have a lifetime of up to 250 times longer 
than conventional light sources, the overall operating cost is significantly lower. 

Due to the benefits discussed above, manufactures have developed light sources that 
are direct replacements for xenon arc lamps, e.g. Zeiss Hal 100 light source or Zeiss Colibri 
[114], [115]. Typically, these light sources have multiple single colour LEDs covering the 
full spectrum. Below is a comparison graph of Zeiss Calibri 7 LED illumination compared 
to common mixed gas lamp (the type is not mentioned in Zeiss documentation, but the 
spectrum is similar to that of a metal halide lamp (Figure 8)). LEDs cover a wide range of 
wavelengths and are even capable of reaching near infrared wavelengths. Additionally, 
LED light sources exhibit greater intensities in some cases than a typical mixed gas lamp.  
As an attractive light source, LEDs have also been incorporated into a number of 
biomedical applications. [111] have written an extensive review about analytical devices 
based on LEDS. Another thorough review was conducted by [116] where LEDs are used 
in analytical chemistry. When LEDs were first introduced in the early 21st century, 
custom setups began to emerge using LEDs as alternative light sources [118]–[120]. 
While commercial solutions weren’t available at a time [121] successfully used a 
combination of blue and infrared LED to provide illumination for widefield Olympus 
microscope. As LEDs are fairly easy to drive and use, they are also used in custom 
microfluidic setups. [57] developed a multi-LED light source to be synchronised with 
custom acousto-optical spectral imaging module added to microscope for biomedical 
imaging. [106] presented a LED based imaging cytometer prototype to detect bead-based 
immunoassay samples. In their previous experiments lasers were used, LEDs nowadays 
provide required optical power to be on par with lasers. 
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Figure 5. Spectrum and an element of light emitting diode. In figure is seen: (a) white LED spectrum 
and (b) spectrums of blue, green, amber, red-orange, red and high efficiency (HE) red LEDs. (c) is a 
single LED with size of 3.45 mm by 3.45 mm from Cree Xlamp XP-E series and (d) is a single LED for 
compact designs with size of 1.6 mm by 1.6mm from Cree Xlamp XQ-E series. Figures reproduced 
from: [107] and [117]. 
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Figure 6. Spectrum of Zeiss Colibri 7. The illumination consists of 7 LEDs, which spectrum is compared 
to typical mixed gas lamp. Image reproduced from: [115]. 

2.4.2 Laser 
Another important light source for biomedical applications is laser which is popular for 
the monochrome and powerful optical output. In the early days of flow cytometry only 
either air cooled argon laser with 488 nm wavelength or water-cooled krypton-ion laser 
with wavelength configurable from 400 to 700 nm were available [103], [122]. In spite of 
their superior optical performance, such light sources were ineffective since only a small 
portion of input electrical power was converted into optical power (about 0.01% to 
0.0001%) [103]. There are four types of lasers: gas lasers, liquid lasers, solid lasers, and 
semiconductor lasers [123]. Two types of lasers that offer a compact and power efficient 
alternative to existing wide spectrum light sources have recently emerged – solid state 
lasers and semiconductor lasers [103], [124]. This work is not intended to discuss how 
lasers operate, however, [123] has published a book on principles of lasers, which may 
be of interest to those who wish to gain a deeper understanding of lasers’ principles of 
operation, types, etc. Here only a brief overview of solid-state lasers and semiconductor 
lasers is provided.  

As the name implies, solid state lasers emit light from solid materials. The majority of 
solid state lasers use crystals as the medium, which are composed of yttrium, aluminium, 
and garnet, commonly referred to as a YAG laser [123]. An external light source is used 
to excite the crystal, such as another laser, a xenon arc lamp, or some other source 
suitable for excitation of laser crystals (Figure 7 (a)). There are two reflectors at the ends 
of the crystal, one of which is a full reflector, and the other is a partial reflector, through 
which the laser beam can be emitted. After the beam exits the crystal, some beam 
forming optics are used. In semiconductor lasers, the operation is similar to that of LEDs, 
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except that the light emitting intrinsic layer is sandwiched between n-type and p-type 
materials (Figure 7 (b)). The intrinsic layer starts to emit photons, if current is applied to 
the n-type and p-type material. Typically, the layer has a thickness of only a few microns. 
The sides of the layer are polished, which allows photons to bounce multiple times within 
it. The intrinsic layer’s small size prevents photons from easily escaping, so they bounce 
multiple times within it and interact with incoming electrons to produce even more 
photons, resulting in an amplification of the light output. [123], [125]. Due to the length 
and narrowness of the intrinsic layer, the majority of the photons are emitted as parallel 
beams of light from the end. Additionally, such beam shapes are useful for flow 
cytometry, where a small area needs to be illuminated by the excitation light. By using 
beam forming optics, it is possible to narrow the beam to less than 1 mm in diameter. 

Lasers are attractive light sources due to the fact that their spectrum is narrow and 
they produce a monochrome light (Figure 7 (c)). This is especially relevant to fluorescence 
microscopy, where the excitation of biological samples requires a single-colour light with 
a narrow spectrum. While a wide spectrum XBO light source and a monochromator can 
achieve a similar spectrum of light, using a laser here has several advantages, including 
the fact that it does not require additional filters and is low power and compact in 
comparison to HBO and monochromator setups. Compared with HBO, XBO and metal 
halide lamps, which had lifetimes in range of 200 to 2000 hours, solid state lasers lifetime 
is in the range of 5000 to 10000 hours [103], [123], [124] It is relatively easy to drive 
semiconductor lasers, although a specific driving circuit that accurately drives the laser’s 
current may be required. 

Since the time lasers have been available, they have been considered as suitable 
sources of light for fluorescence microscopy; the first commercial flow cytometers 
utilized lasers as a source of illumination. [124] and [103] conducted reviews of the use 
of lasers for flow cytometry, including information on laser characteristics, the types of 
lasers, wavelengths, and other factors. [126] proposed a design and construction of a 
microfluidic workstation that is high-throughput and uses multiple lasers to excite 
fluorescence. Three lasers with wavelengths of 405 nm, 473 nm and 561 nm are used, 
which are focused to droplets using an array of dichroic mirrors. 
An optical microscope with a photomultiplier tube was used for detection. [127] 
described the use of integrated pneumatic valve droplet microfluidic chips in the sorting 
of single cells. Droplets containing fluorescent dye were illuminated with a laser of 
wavelength 473 nm in their setup. Fluorescence emission was filtered by a 525 bandpass 
filter and collected by a photomultiplier tube. Additionally, a digital high-speed camera 
was added to the setup to capture images of the generation and screening of droplets. 
[128] proposed an analysis of the real-time interaction between triglyceride digestion 
and lipophilic micronutrient bio accessibility using droplet microfluidics. To detect the 
fluorescence in the droplets, a laser with wavelength of 488 nm was used. The emission 
from fluorescence was filtered between 500–530 nm. [43] proposed a method to 
virtually freeze the movement of droplets by syncing the laser movement with the 
scanning speed of the imaging sensor. In the setup, two lasers were used having 
wavelengths of 488 nm and 560 nm. For imaging, a charge coupled device sensor (CCD) 
camera sensor was used, that employs a time delay and integration (TDI). TDI can be 
used to move the collected photo charge along with the channel and thus be able to have 
multiple exposures of one droplet. The virtual freezing enabled to move the focused 
illumination from laser in the same phase as droplet and sensor exposure, resulting in 
better detection performance. 
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Figure 7. Construction and spectrum of solid-state laser. In figure is seen: (a) solid-state laser and  
(b) a semiconductor laser. Additionally (c) a relative output over the spectrum of Osram PLT5 488nm 
cyan laser is shown. Figures reproduced from: [125], [129] and [130]. 

2.4.3 Other type of light sources commonly used in biological experiments 
In spite of the fact that LED and semiconductor laser light sources seem to be suitable 
illumination options for portable droplet microfluidic applications, there are other light 
sources that have historically been widely used in microscope illumination. Such light 
sources are: mercury arc lamp, xenon arc lamp, tungsten lamp and metal halide lamp.  

Mercury arc lamps were historically one of the first electronic lights used in microscopy; 
so, many fluorescent markers were developed to respond to the light spectrum of such 
lamp [54], [112]. Using these light sources for fluorescent experiments have demonstrated 
excellent response. The lamp's spectrum ranges from 200 to 800 nanometres, covering 
both the visible spectrum and portions of the ultraviolet spectrum. Since half of the 
lamp's optical power lies in the UV region, special precautions must be taken when 
operating the lamp in order to protect the eyes as well as the living cells from UV 
radiation [131]. Although the bulb has a good spectrum and is suitable for a wide 
variation of experiments in biology, there are several hazards and precautions to be 
considered. It should be noted that the bulb contains mercury - in the event that the bulb 
is to break, the room must be ventilated for at least 30 minutes to air out the mercury 
and collect the remains of it [132]. Additionally, the lifetime of the bulb is around  
200 hours and to get the bulb operational, there is a 30-minute warmup time. Before the 
next turn-on time, the bulb has to cool down, which also takes roughly 30 minutes and 
the total number of turn on cycles the bulb can withstand is half the maximum operating 
hours (100 times for a bulb with a maximum operating time of 200 hours) [133] [132]. 
Although mercury arc lamps use a direct current (DC) power source, they require 
complicated power supplies that can produce a pulse at start-up reaching tens of 
kilovolts to ionize the gas in the arc gap. In spite of the fact that the bulb itself measures 
82mm in length and 10mm in diameter, it requires a special housing, which is usually 
larger than 10cm x 10cm x 10cm as required [132]. Moreover the lamp module itself 
consumes 155 W of power [132]. 
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Despite the shortcomings, there are numerous examples of usage of the lamp in the 
literature for biological experiments. [73] used Zeiss HBO100 Mercury vapor short-arc 
lamp with a set of excitation and emission filters to illuminate the microfluidic setup, 
which was used to evaluate event based cameras as cost-effective alternative to particle 
detection and tracking using microbeads ranging in size from 1 μm to 10 μm. [134] used 
fluorescence imaging with an inverted microscope (Olympus IX71) equipped with a 
130 W mercury arc lamp and a set of filters to detect Escherichia coli cells trapped in 
droplets at 105 dps using a high frame rate camera (Phantom V210). 

Another light source that is often used in microscopes and for biological experiments 
is the xenon arc lamp that produces white light output. Since xenon gas is not poisonous, 
if the bulb were to break, there would be no imminent danger to the personnel in the 
room, however, since the bulb is made of quartz, sharp quartz shards might be present. 
Since xenon arc lamps have a relatively linear visible spectrum, they are ideal for 
fluorescence microscopy, where the excitation of multiple fluorophores is needed. In the 
IR spectrum, the bulb has multiple peaks, so it may be necessary to use some IR filters to 
eliminate that portion of the spectrum. The lifetime is also improved compared to HBO 
lamps, where in some cases it is up to 400 hours or more [54], [113]. Although the bulb 
has similar size as HBO lamps, XBO lamps include high pressure bulbs and must only be 
used in lamp housing to protect the surroundings in case of bulb explosion. Additionally 
such light sources are greater in size than 10 cm x 10 cm x 10 cm as required [135]. It is 
expected that XBO lamps will last approximately 400 to 600 hours [136], [137]. A XBO 
lamp can be reignited while still hot, whereas HBO bulbs require about 30 minutes to 
cool before they can be used again however when the lamp is frequently turned on and 
off, the electrodes are subjected to accelerated wear, which shortens its lifetime.  
The spectral output of a xenon lamp remains the same as it ages (even at the end of its 
lifespan), and unlike mercury arc lamps, the entire emission profile is visible when the 
lamp is switched on [137]. Despite this, it takes some time for the xenon gas to reach its 
maximum brightness. As with HBO lamps, XBO lamps are powered by DC power supplies 
and require a pulse reaching several kilovolts to ignite [137].  

Xenon arc lamps have been used as light sources in a variety of applications, some of 
which are highlighted here. A study by [138], used fluorescence anisotropy imaging to 
monitor insulin production from a small number of islets simultaneously. A Nikon Eclipse 
Ti-S inverted microscope equipped with a xenon arc lamp and a set of filters was used to 
illuminate the microfluidic system. [139] proposed an approach for the synthesis of 
spectrally encoded polymer beads containing multiple lanthanide nanophosphors through 
programmable microfluidic synthesis. A custom microfluidic setup was constructed, which 
included a xenon arc lamp of 300 W and a set of filters that could be selected by a filter 
wheel. [140] proposed a high-throughput droplet microfluidic system for absorbance 
measurements in microfluidic droplets. To conduct experiments, a custom measurement 
platform was proposed, that included microfluidic platform, camera with monochromator 
and a xenon arc lamp with adjustable power of 150 W to 600 W. Droplets with volume 
in the picolitre range are always difficult to detect by detection systems. To improve the 
performance of the droplet analysis using picolitre droplet volumes, [141] used a  
broad-band spectrum and high-sensitivity absorbance spectroscopy. In order to perform 
measurements, a custom-built setup was proposed which included a medium power 
xenon arc lamp which was focused on a microfluidic channel via a combination of lenses 
and collimators. By using additional lenses and mirrors, light was collected and focused 
on the spectrometer. 
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One of the most common sources for illumination currently used in microscopy is 
tungsten lamp (sometimes also called tungsten halogen, quartz-halogen quartz iodine 
lamps). Such lamps are also commonly found in households, where the filament is  
sealed into glass bulb, that is usually filled with inert gas. Microscopes use either a regular 
type of bulb or a bulb with a reflector. There are several advantages to using tungsten 
lamps, including ease of use, flexibility regarding the power supply, and a relatively  
long lifetime (up to 2000 hours) [142]. The bulb emits white light, however most of  
the spectrum is in the range of infrared[142]. Similarly to XBO lamps that also had  
intense IR spectrum, using a tungsten lamp might require the use of IR filter. Moreover 
it has quite poor performance below 400 nm, so it is not suitable for experiments 
requiring UV.   

Tungsten is one of the most common light source used in microscopy, it is often not 
noted in the literature itself, as it is part of the microscope. It was reported by [143] that 
an ultra-high efficiency droplet microfluidic platform was developed, where experiments 
containing droplets were imaged with an optical microscope. There is no mention of  
the light source in the paper, but according to the specification on the manufacturer’s 
webpage it is a 50 W halogen light source [144]. Furthermore, [145]proposed the use of 
neural networks to detect microfluidic droplets and compared it to conventional  
image analysis methods using the optical microscope model Ti/Ti2-U by Nikon. There is 
no mention of the light source in the paper, but according to the specifications on the 
manufacturer’s website, it is a 100 watt halogen bulb [146]. [41] proposed a method for 
sorting droplets using fluorescence activated sorting (FACS). However, the sorting of 
droplets was done using laser as illumination source, they also used a white halogen  
light source incorporated into microscope to monitor droplets moving in the microfluidic 
channel. The make, model and power was not provided. From the physical perspectives, 
a metal halide arc lamp is similar to tungsten halogen reflector lamp; however,  
instead of a tungsten filament, a high-discharge bulb is used and built together with 
reflector. Although it has similar peaks in the visible spectrum to mercury arc lamps,  
the advantage lies in the off-peak areas, where the optical output is greater than that  
of HBOs. Higher off-peak intensity makes this light source suitable for fluorescence 
experiments. After the bulb was installed in HBO and XBO lamps, it was necessary to 
perform a tedious alignment process. Contrary to this, metal halide lamps are designed 
to have the beam focus always in the same place with respect to the bulb housing,  
which is precisely aligned at the time of bulb manufacturing [147]. While HBO and  
XBO lamps had lifetimes from 200 to 400 hours, the metal halide lamp has typical  
lifetime up to 2000 hours [147]. Even though there are some notable advantages  
over HBO and XBO lamps, an arc lamp requires a power supply that is capable of creating 
a high voltage impulse in the range of several tens of kilovolts in order to ionize the 
starter gas. Such a lamp contains mercury, takes up to 5 minutes to heat up, vaporizes 
mercury and other metal halides and produces stable spectrum output. Before turning 
off a lamp, it is important to allow it to reach the operating temperature, since 
prematurely turning off a lamp may cause mercury or metal halides to leave black marks 
on the envelope or worse, may deposit on the quartz envelope walls, resulting in a  
non-operational lamp.  

The metal-halide lamp has been used in numerous experiments as an important 
source of light, particularly for imaging fluorophores. [148] developed a method for 
photolithographically patterning cell-laden hydrogels into freely standing, free-standing 
structures on a microfluidic chip. A Zeiss AxioZoom upright microscope equipped with a 
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metal halide lamp HXP 200C was used to image the experiments together with a set of 
filters for fluorescent imaging. [149] develop an integrated, high-sensitivity, low-cost, 
truly compact LOC quantitative fluorescence measurement system by filtering out 
excitation light from the emission signal. As part of the experiments, an Olympus IX 71 
microscope equipped with a 100 watt metal halide lamp was used in conjunction with a 
filter cube in order to conduct fluorescence experiments. [150] proposes a method of 
determining single-cell intrinsic structural and electrical parameters using microfluidic 
flow cytometry. A metal halide lamp (X-Cite 120Q, Excelitas, Canada) was used to excite 
the cells and a photomultiplier tube limited by a bandpass filter was used to detect the 
fluorescence results. 

2.4.4 Comparison of the spectrums of HBO, XBO, and metal halide lamps 
Fluorescence experiments in biology are commonly performed using HBO, XBO, and 
metal halide lamps. In spite of the fact HBO and metal halide lamps have prominent 
peaks in their spectrums, it is often necessary to utilize multiple fluorophores when  
the excitation for some may lie in off-spectrum areas. Xenon arc lamps may be a  
suitable option for this purpose because they maintain a constant intensity and are more 
efficient in the off-peak spectrum than XBO and HBO lamps. What follows is a 
comparison of HBO, XBO, and metal halide lamps over the wavelength range of  
300 to 800 nm (Figure 8).  
 

Figure 8. Comparison of the relative intensity of HBO, XBO, and metal halide lamps. The intensity is 
measured over the spectrum from 300 nm to 750 nm. Figure reproduced from: [54]. 
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2.4.5 Evaluating the suitability of light sources for portable application 
The specifications for the light source were previously outlined in Table 2. As a result of 
the previous overview of light sources, a comparative table of parameters is presented 
in Table 3 based on the specification table. There were six different light sources 
compared, with the parameters that met the criteria highlighted in bold. Because of their 
high power consumption and complex power supply requirements, HBO, XBO, and 
tungsten arc lamps cannot be used for battery-operated portable applications. The two 
most suitable options are LED and laser, both of which provide suitable spectrums in the 
required range. The laser emits monochromatic light that is generally suitable for 
fluorescence experiments (e.g. Sharp’s 488 nm laser diode [151]), whereas LEDs offer 
both single colour options (e.g. LEDs with 480 nm wavelengths) and white LEDs for the 
illumination of droplets. It is important to note that both options consume less than 10 
watts of power and require fairly simple power supply solutions. It is also possible to 
modify the light output of both light sources by modifying the output current of the 
supply. Both solutions are priced below 100 euros (included in the price are the LED or 
laser, and power supply). LEDs have an excellent lifespan of 50000 hours, whereas lasers 
have a lifespan of 10000 hours. They are both lightweight and offer maximum light 
output as soon as they are turned on. There is a possibility that some alignment will be 
required when a laser light source is used. It is important to note that both solutions are 
lightweight and offer excellent resistance to minor vibrations, making them suitable for 
portable applications. 
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Table 3. An overview of the light sources as compared to the specifications previously established. 

Property LED Laser HBO XBO Tungsten Metal 
halide 
arc lamp 

Spectrum 
(488nm + 
white) 

350-
750nm 

400-700 nm 200-800 
nm 

200-1100 
nm 

400-2500 
nm 

300-700 
nm 

Power 
consumption 
(<10 W) 

Yes Yes No No No No 

Price (< 100 
€) 

Yes Yes No No Yes No 

Can be 
battery 
operated 

Yes Yes No No No No 

Lifespan 
(hours) 

50k 5k to 10k 200 400-600 2000  2000  

Light output 
(immediate 
and 
adjustable) 

Yes Yes No (needs 
warmup) 

 No 
(needs 
warmup) 
 

Yes  No 
(needs 
warmup) 
 

Flexible 
alignment 

Yes Somewhat No No Yes Yes 

Power 
supply 
architecture 
complexity 
(+ = simple; 
++ = 
complex) 

 +  +  + + + +  + +  + + 

Handling 
(++ = 
suitable for 
portable 
operations; + 
= somewhat 
suitable;  - = 
not suitable 
for portable 
operations) 

++  ++ - - + + 

Size 
(envelope 
within 
10x10x10 
cm?) 

Yes Yes No No Yes Yes 

Weight 
(<100 g) 

Yes Yes No No No No 

 



33 

2.4.6 Conclusion about light sources for LOC 
The previous chapters provided an overview of light sources used in biomedical 
applications or in microfluidic applications. The following six light sources emerged: 
mercury arc lamps, xenon arc lamps, tungsten halogen lamps, metal halide lamps, light 
emitting diode-based lamps, and lasers based light source, where lasers and LEDs 
seemed to suit the best for portable droplet microfluidic application. Analysing the 
aforementioned light sources was necessary in order to gain a better understanding of 
why and how these light sources are used in the field, as well as their advantages.  
A thorough overview was also required to determine which of these could be suitable 
for portable droplet microfluidic applications that have limited power supply capabilities 
and require compact light sources. Furthermore, the choice of the appropriate light 
source cannot solely be influenced by supply limitations, but also by its optical 
performance and suitability for droplet microfluidics.  

Even though HBO, XBO, and metal halide lamps are historically some of the most 
commonly used light sources in the field of biomedical imaging, LEDs and semiconductor 
lasers are emerging as a competitive alternative, offering lower operating costs, longer 
lifetimes and lower power supply requirements. The selection of the light source, 
however, is only half of the solution because the light source must be compatible with 
the selected sensor technology. These technologies are discussed in the next section. 

2.5 Sensor setup and technology 
Sensor technology can be analysed using the same methodology as for light sources, i.e. 
only consider sensors used in microscopes or biological experiments. By considering just 
the microscope, only imaging sensors can be identified, because when a human uses the 
microscope, it is usually an image that is viewed thus imaging sensors are used with 
microscopes. For flow cytometry and droplet microfluidics either imaging or non-imaging 
sensor approaches are used.  

A chart of optical sensors used in microscopy and droplet microscopy is provided in 
Figure 9. Sensors can be divided into two major classes – imaging and non-imaging.  
An imaging sensor produces an image as an output, while a non-imaging sensor produces 
an electrical signal (such as a sine wave). Sub-classes of these sensors are further 
analysed in what follows. 

 

Figure 9. Map of imaging and non-imaging sensors used in biomedical applications. Figure reproduced 
from: [51]. 
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2.5.1 Imaging sensors 
For fluorescence microscopy, imaging sensors are most advantageous, since they allow 
not only the detection of fluorescence but also the determination of a cell’s size and 
shape. Additionally, imaging sensors are widely used, as most microscopes include a third 
optical viewing port to which a camera can be attached, also known as a trinocular port. 
One of such microscopes is previously viewed Nikon LV100N which is equipped with a 
universal mounting system known as a C-mount [144]. One of such systems is seen in 
[52], where microscope with trinocular port is used to image droplet microfluidic setup 
(Figure 10 (a)). Many microscope cameras are equipped with the C-mount out of the box 
[152], [153]. Often, cameras that do not utilize C-mounts offer a special mounting 
adapter that can be used to convert the camera mount to C-mount, thus expanding  
the available selection of microscope cameras. Microscope lens mounts have a diameter 
of 20 millimetres, while C-mount camera mounts have a diameter of 1 inch or  
25.4 millimetres. An adapter ring can be used to connect a microscope lens directly to a 
C-mount camera.  

In the heart of every imaging sensor is a photosensitive area that converts photons 
into electrons. Electrons collected, sometimes amplified, and then transferred out from 
the sensor. For each imaging sensor, two indicators are important – frames per second 
(fps) and exposure time. The fps indicator determines how many frames a sensor can 
capture and send out in one second. Exposure time sets the maximum time per frame 
that photons are collected and converted to electrons. Typically, the exposure time is an 
inverse of framerate, but in cases of high light intensity it can be lowered to avoid the 
saturation of imaging sensor. 

In the past, CCD sensors were used as imaging sensors since they were developed the 
earliest. With a CCD camera, photons are converted to electrons and collected as charge 
underneath each pixel. The charge is then transferred from the sensor to the readout 
electronics, which converts it into a digital image. Since the data from CCD sensors is read 
out in series, it hinders the frame rate performance, making it undesirable for droplet 
detection systems that require high throughput (1000+ dps) [43], [154]. With the 
increase of readout speed, increases the readout noise. The problem could be somewhat 
mitigated by the addition of a cooling system [155]. An intensified CCD sensor or ICCD 
was proposed in order to increase the sensitivity of the imaging sensor. In this system, 
an image intensifier is attached in front of the CCD sensor in order to enhance its 
sensitivity. Despite offering better sensitivity, the add-on increased noise, increased the 
complexity of sensors, and made them more expensive. Another CCD sensor is electron 
multiplying CCD sensor or EMCCD sensor, where after the readout circuitry a special 
electron multiplier is used to intensify the signal. The gain of the amplifier can be set so 
the sensor is able to detect single photons [155] [156]. There is a report in [157] which 
describes a setup using an EM-CCD camera to generate microdroplets filled with 
fluorescent dye at a rate of 30 Hz. The block diagram of such setup is shown in  
Figure 10 (b). However, as was discussed earlier, CCD sensors are not suitable for  
high-throughput applications requiring high frame rates. Although there are cases of 
some CCD sensor based cameras running at high framerates. [33] used Phantom V7.3 
camera, that uses CCD sensor and was configured to run at 30000 fps to detect the 
microbeads in the microfluidic droplets. 
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Figure 10. Charge Coupled Device (CCD) sensors are used as detectors in droplet microflow 
cytometry (DMFC). (a) an example of a microscope-based microfluidic measurement setup. 
Microfluidic chips are viewed and zoomed using a microscope with an integrated camera. Two 
syringe pumps are controlled by a controller to provide continuous flow of the fluid within the 
sheath (carrier) and sample. It is also possible to detect fluorescence-induced droplets at the rate 
of 30Hz with an electron multiplying charge coupled device (EMCCD) sensor system. Figure 
reproduced from: [51]. 
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Figure 11. Demonstrated ultrahigh-throughput detection methods in the droplet microfluidic flow 
cytometers. (a) a compact LED-CMOS system capable of detecting fluorescent droplets at a rate of 
254,000 dps. This system utilizes an optical path that is simple and compact as well as microfluidic 
channels that branch out into 16 parallel channels to maximize throughput  [158]. (b) the second 
type of system is a laser-CMOS system, which was capable of detecting droplets at a throughput of 
184,000 dps. By dividing microfluidic channels into 64 parallel branches, an 8x8 zone plate array 
was used to image the microfluidic channels. On the right, you can see the resultant image [40].  
(c) the system consists of an LED-CMOS detector that can detect droplets at a rate of 1,000,000 
droplets per second. In order to accomplish this, the microfluidic channels were divided into 120 
parallel branches. To prevent droplets from overlapping due to CMOS camera framerate 
limitations, pseudorandom maximum length sequences (MLS) were used for excitation [39]. Figure 
reproduced from: [51]. 

Thanks to advancements in microelectronics, active-pixel sensors based on CMOS 
technology were developed. CMOS sensors are called active pixel sensors, due to the fact 
that the voltage generated by photodiode is amplified by the circuitry within the pixel. 
Although CCD cameras initially offered better sensitivity because of the larger active area 
of the pixels, CMOS sensors were providing faster readout times and higher frame rates 
(up to 10 times higher) due to the parallel readout scheme. In addition, CMOS sensors are 
cheaper, require less power, and are therefore more suitable for portable applications.  
It is therefore more appropriate to use CMOS sensors for portable high-throughput 
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droplet detection systems. In order to further improve low level detection, a special 
CMOS sensor has been developed, which improves the detection and amplification of 
signals in a pixel. This type of sensor is referred to as a scientific CMOS sensor, or simply 
sCMOS. However, while CMOS sensors are presently dominating the market, CCD 
sensors are still available, since they are sometimes more sensitive, especially when 
detecting low levels of fluorescence is needed.  

As imaging sensors provide a great deal of information about the experiment, they are 
also very popular in the scientific literature. Compared to CCD sensors, it is more suitable 
to use CMOS sensors for high-throughput applications. There are many high-throughput 
applications found in the scientific literature. [43] proposed a novel virtual freezing 
method for droplet detection, that improved the typical high-throughput droplet 
detection rate of 1000 dps to 10000 dps. By using a polygon scanner, they were able to 
excite and track the droplets in the microfluidic chip, and droplets were imaged using 
scientific CMOS camera. In [158] it was possible to achieve a 100,000 events/s detection 
rate by spin coating a filter onto the CMOS sensor and bonding a 16-channel PDMS 
droplet generator chip to it (Figure 11 (a)). An LED with a peak wavelength of 490 nm was 
used as an excitation source. As a result of the filter blocking most of the excitation light, 
only a 4-pixel wide area of the sensor aligned with the chip was used for detection.  
The CMOS camera was operated at a speed of up to 2150 fps. In another demonstration, 
the chip and the camera were integrated (Figure 11 (b)). In [40] an sCMOS camera running 
at 16,000 frames per second was demonstrated to count cells at 184,000 droplets per 
second using a zone-plate array of 64 output channels. According to [39], a smartphone 
camera could detect up to one million fluorescent events per second (Figure 11 (c)). 
Using this setup, an ultra-bright LED was flashed in a pseudorandom sequence to excite 
droplets that would otherwise overlap. Additionally, a 120-channel massively parallelized 
droplet generator structure was used. 

2.5.2 Non-imaging sensors 
Another type of sensor that is used in biomedical applications is non-imaging sensor. 
Though imaging sensors provide a lot of information about droplets, non-imaging are not 
less useful and have other advantages. As a starting point, non-imaging sensors are 
capable of acting more rapidly than imaging sensors and provide information regarding 
the number and size of droplets. Non-imaging sensors can be divided into two categories 
– Photomultiplier tube (PMT) based solutions and photodiode-based solutions. It is 
important to note that there are three types of PMTs: conventional PMTs, microchannel 
plate photomultiplier tubes (MCP-PMT), and silicon photomultipliers; the latter combines 
photomultipliers and photodiodes.  

Typically, a photomultiplier tube consists of a window containing a photocathode,  
an electron multiplier, focusing electrodes, and an anode that produces a current 
proportional to the amount of incident light. PMT-s have relatively quick response times, 
typically in range of tens of nanoseconds, making them suitable for fast droplet counting 
applications [159]. Another interesting photomultiplier tube microchannel plate 
photomultiplier tube, which is an advancement of conventional PMT, but where the 
dynode is replaced with microchannels in range of micrometres. In addition to improving 
the sensitivity of the PMT, such a microchannel add-on speeds up the detection speed of 
the photomultiplier to a range of picoseconds [160]. Although PMTs are sensitive devices, 
they require supply voltages that are in the range of several kilovolts, making them 
difficult to use in portable and mobile devices. Moreover conducting experiments that 
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requires multiple parameters to be detected at once have proven to be challenging with 
PMTs. By switching on multiple lasers separately, the excitation and detection wavelengths 
can be varied without the need for filters or multiple sensors [161]. An illustration of such 
a system can be found in Figure 12 (a). It is also possible to modulate the laser frequency 
by means of frequency-division multiplexing and to employ single-sensor setups [30]. 
Figure 12 (b) illustrates such a setup. For both sets-ups, PMTs, lasers, optical fibbers, and 
microfluidic chips were used as their optical components, which is the minimal number 
of components possible with PMTs. 

 

 
Figure 12. Photomultiplier tubes are used as detectors in droplet microflow cytometry. Using 
multiple lasers coupled to the microfluidic chip, a measurement system can be developed. A single 
PMT tube can be used to analyse multiple droplets when the flow speed is known [161]; (b) the use 
of a measurement setup consisting of a PMT capable of measuring four parameters simultaneously, 
with a laser light source, beam combiner, and lock-in amplifier to compute the results [30]. Figure 
reproduced from: [51]. 
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A good semiconductor alternative to PMT is an avalanche photodiode (APD), which 
offers similar sensitivity and performance, but is more compact and requires lower 
supply voltages. Although it operates at a lower voltage, it is still within the range of few 
hundreds of volts, thus it is not an attractive option for battery operated portable 
applications [162], [163], though mechanically it is more compact compared to PMTs. 
The gain of APD is sensitive to temperature and in some cases internal temperature 
stabilization might be required [162]. The diode can be operated beyond the breakdown 
voltage, and it is capable of detecting single photons, although the output is not  
linear with the incident photons in such a mode. To overcome that issue, silicon 
photomultipliers were proposed, where an array of parallel avalanche photodiodes 
working after breakdown voltage is used and the output is summed [164]. In applications 
where high sensitivity is not needed a simple photodiode could be considered that has 
lower sensitivity, but also lower operating voltages.  

In one experiment, APD was used to detect fluorescence emission from droplets, 
unfortunately the droplet detection rate was not reported. Additionally, a CCD camera 
was used to verify droplet generation [165]. The droplet detection setup can be seen in 
Figure 9 (a). A second experiment used an argon-ion laser, two sets of dichroic mirrors, 
two APDs, and a 50 Hz droplet generation rate to detect two fluorescent signals.  
A diagram of the droplet detection setup can be found in Figure 9 (b). 
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Figure 13. Droplet microflow cytometry detector setups utilizing photodiodes or avalanche 
photodiodes. (a) Microfluidic measurement system utilizing a laser for excitation and an APD for 
detection [165]. In addition, light is focused on the sample using optics. (b) A microfluidic 
measurement system which utilizes differential detection photothermal interferometry and a lock-in 
amplifier to collect data, which is then analysed on a personal computer [42]. Figure reproduced 
from: [51]. 

2.5.3 Performance and sensitivity requirements for droplet microfluidic flow 
cytometer setups 
There is an analysis of the performance of currently available droplet microfluidic setups in  
[51] and a summary table is presented in Table 4. Detection setups utilizing fluorescence 
detection are examined as fluorescence experiments are commonly conducted in droplet 
microfluidics. The study further examines imaging as well as non-imaging methods.  

Based on the literature, the following key metrics for sensors have been identified:  
a maximum throughput of droplets per second (dps), a sensor frame rate (fps), a sensor 
exposure time, and, if lenses are used, typically, lens numerical aperture is included as 
well. Numerical aperture defines the maximum angle of light that can be captured by the 
lens. Despite the fact that some papers specify high dps counts, this can be somewhat 
misleading since in such applications multiple parallel microfluidic channels are often 
employed, which does not define sensitivity requirements for a single channel (e.g. [39], 
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[102], [158] A single channel’s dps can be calculated by dividing the maximum DPS by the 
number of parallel channels. Further, in some cases, only the detection of droplets is 
important, which implies that such an approach is not feasible for detecting droplet 
shape or morphology (e.g. [158]). It is common for papers to focus exclusively on the fps 

Table 4. Detection setups used in droplet microflow cytometry are compared in terms of complexity 
and performance. 
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metrics of imaging sensors and the maximum dps is determined experimentally (e.g. 
[166] [167], [158], [169], [40]). It can be however concluded, that typically for single 
channel high speed detection a camera sensor with high framerate (1000+ fps) is needed. 
Also, it is mentioned that the droplet detection rate is limited by the frame rate, and dps 
cannot exceed fps since then droplets cannot be distinguished (e.g. [158]). Detection 
sensitivity and frequency are stated for non-imaging sensors, but no numerical values 
are provided (e.g. [30]). 

For illumination, two types of light sources are commonly used, LEDs and lasers,  
with lasers being commonly used for fluorescence experiments. Following is a summary 
of the key metrics for light sources identified in the literature: wavelength, optical power, 
beam shape. One of the most important parameters that is always defined in the 
literature (e.g. [165]), is the wavelength of the illumination source, since it is essential to 
select the correct wavelength for proper fluorescence excitation. In addition, an optical 
power is provided. For lasers used for fluorescent experiments, the optical power has 
ranged from 1 milliwatt to hundreds of milliwatts (e.g. [165], [167]). For white colour LED 
an optical power of 440 mW is mentioned in [166] and for 490 nm (blue) LED an optical 
power of 250 mW is mentioned in [158]. What is additionally important for light sources 
is the beam pattern. LEDs have relatively wide beam pattern and usage of beam focusing 
lens is needed, however it can be omitted if the LED has relatively narrow beam shape 
(i.e. +- 10° as was in [158]).  

2.5.4  Conclusion about sensors for LOC 
The previous sections provided an overview of imaging and non-imaging sensors in 
biomedical applications or in microfluidic applications. In terms of imaging approaches, 
CCDs and CMOS sensors have emerged, while in terms of non-imaging approaches PMTs 
and photodiodes have emerged. By analysing the aforementioned sensors, it was 
possible to gain a deeper understanding of why and how these sensors are used in the 
field, as well as their advantages. A thorough overview was also required to determine 
which of these could be suitable for portable droplet microfluidic applications that have 
limited power supply.  

2.6 Combination of light sources and imaging sensors 
As one possible combination of excitation and detection, a laser light is focused on a 
microfluidic channel droplets are excited, and the scattered light is collected by the 
detector (Figure 14 (a)) [44], [173]. Laser light is typically focused on microfluidic 
channels using either a single lens approach or a multi-lens approach in these solutions. 
Another, more widely reported method is to focus illumination onto a microfluidic 
channel and collect emission light through the use of a microscope lens (Figure 14 (b)) 
[42], [165]. Fluorescence experiments are often conducted with this approach, which 
requires additional components to separate the excitation light from the emission light 
[174]–[176]. As a result, this is often preferred, since it allows illumination of droplets 
from the same side from which emission can be detected. An alternative approach is to 
use optical fibre cables, which are attached to a microfluidic chip, and which are used to 
guide the illumination from light source to microfluidic channel and guide the emission 
light to the detector (Figure 14 (c)) [30], [161], [177], [178]. Such an approach enables 
multiple optical fibres to be used, enabling multiple excitations and detections; however, 
it increases the complexity of the chip design. Additionally, there exist a methodology 
where microfluidic chips are directly bonded to sensor. Most often, such an approach is 
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employed when imaging sensors are used, but there are some examples in which  
non-imaging sensors are utilized (Figure 14 (d)) [60], [179], [180]. 

Currently, the state-of-the-art approach in the literature which performs the best in 
terms of droplet detection rate relies on photodiodes and is capable of detecting droplets 
in a single channel at a frequency of 10.3 kHz [82]. However, such an approach is 
somewhat cumbersome, since the optical detection method (illumination plus detection)  
 

 

Figure 14. Overview of existing droplet detection systems. The systems are employing: (a) laser light 
focused to microfluidic channel and emitted light collected at an angle; (b) laser light source that is 
focused to microfluidic channel using microscope lens and where the same lens is used to collect 
the emission light; (c) using a set of optical fibres to provide a combination of different illumination 
and detection for microfluidic chip; (d) a PDMS chip directly bonded on top of non-imaging sensor, 
aligned with microfluidic channel; and (e) dual microscope lenses for excitation and emission 
collection reaching the droplet detection rate up to 10.3 kHz. Reproduced from – (a) [44], (b) [42], 
(c) [181] , (d) [179], and (e) [82]. 
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employs a microscope lens in conjunction with photodiode detectors. Additionally, 
it requires a PC connected to a lock-in and transimpedance amplifier (Figure 14 (e)).  

All of the approaches described previously have two significant technological 
shortcomings. A common feature of these setups is the incorporation of microscope 
lenses, which make them cumbersome and uneconomical for portable or cost-effective 
applications, as compared to approaches that use a single lens or a lens-less design. 
A second disadvantage is that the microfluidic channel must be precisely aligned with 
either the illumination source or the detector, or both, making it difficult to set up and 
use for experiments and potentially unsuitable for POCT applications. As part of the novel 
detection methodology presented here, a pinhole made out of a thin stainless steel sheet is 
combined with a photodiode and microfluidic chip. As a result, the pinhole was used 
instead of a lens, and it has been fitted between the microfluidic chip and the photodiode, 
whereas the photodiode is situated close to the pinhole.  

2.7 Commercial cytometer platforms 
There are multiple commercial flow cytometers available on the market; however, it is 
not reasonable to review all of them. To remain focused, a selection of the top 10 flow 
cytometer manufacturers were selected based on the market analysis published online 
[182], [183]. Then a Boolean search was conducted using the following 
keyword: “Manufacturer” AND flow AND cytometry. There were four manufacturers 
that were most frequently referenced, starting with the most popular: BD 
biosciences, Bio-Rad, Thermo Fisher, and Beckman Coulter. 

A brief overview of the capacities and performance of the aforementioned 
manufacturers of top-of-the-line flow cytometers is provided below. In spite of the fact 
that some manufacturers offer more than one model, it is not feasible to review all of 
them in order to gain a comprehensive understanding of the state of the art. This is 
why only top-of-the-line instruments are examined. Table 5 summarizes the type of 
detection sensor, type of excitation light source, number of maximum detectable 
parameters, and weight of each flow cytometer. 

Table 5. Comparison of commercial flow cytometer parameters. 

Manufacturer Model Detection 
Excitation 

light 
source 

Number of 
parameters 

Events in 
second 

Weight 
[kg] 

BD 
Biosciences 

BD 
FACSymphony 

A5 
PMT Laser 50 40000 215 

Bio-Rad ZE5 Cell 
Analyzer PMT Laser 30 100000 110 

Thermo 
Fiscer 

Scientific 
Attune CytPix PMT Laser 34 65000 33 

Beckman 
Coulter CytoFlexLX APD Laser 23 30000 80 
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2.7.1 BD Biosciences 
In the area of flow cytometers, BD Biosciences (New Jersey, United States) offers a 
variety of commercial devices, including clinical cell analysers, research cell analysers, 
and research cell sorters. One of the company’s most advanced research cell analysers 
(BD FACSymphony A5) is capable of detecting up to 50 parameters. An optical filter set 
and a PMT are used for the detection, while lasers are used for the excitation. It is 
possible to choose between 25 solid state lasers, which range in wavelength from 355 nm 
to 980 nm [184], [185]. Using microbeads, 40000 events can be acquired per second 
[186]. In addition, it is important to note that the device weighs 215 kilograms. The price 
of the device is not publicly available as it is dependent on its configuration. 

2.7.2 Bio-Rad 
The company Bio-Rad (California, United States) offers only one flow cytometer, a ZE5 
cell analyser, that is intended for research use only. [187]. The flow cytometer can be 
equipped with up to five water-cooled lasers and can detect up to 30 parameters using 
PMT tubes from Hamamatsu [188]. The flow cytometer is capable of detecting up to 
100000 events per second [187]. Additionally, the device weighs 110 kilograms. The price 
of the device is not publicly available as it is dependent on its configuration. 

2.7.3 Thermo Fisher Scientific 
Thermo Fisher Scientific (Massachusetts, United States) offers a wide range of tools for 
scientists. The company offers two flow cytometers, with the Attune CytPix being the 
top-of-the-line model intended solely for research purposes [189]. These devices are 
equipped with 2 to 4 lasers and are able to detect up to 34 parameters. The system is 
capable of detecting as many as 65000 events per second or as many as 6000 images per 
second. Unfortunately, the type of imaging sensor is not specified, but the resolution can 
be set between 96 x 96 pixels and 248 x 248 pixels. When a non-imaging detection 
approach is utilized, a PMT with a set of filters is used. Among all flow cytometers viewed 
here, the Attune CytPix is the lightest, weighing only 33 kilograms [190]. There is no 
information publicly available about the price of this flow cytometer.  

2.7.4 Beckman Coulter 
As for the final commercial flow cytometer under investigation, the device is manufactured 
by Beckman Coulter and is intended for research purposes only. The CytoFlexLX is the 
top-of-the-line model, capable of detecting up to 23 parameters. In order to detect 
events, up to six lasers can be used for excitation, and a set of APDs can be used for 
detection [191]. It is capable of detecting up to 30000 events per second. In terms of 
weight, the cytometer can weigh up to 80 kilograms, depending on the selected options. 
As for the previous devices, there is no information regarding the price of the device 
since it is dependent on the final configuration. 
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2.8 Conclusion on the State-of-the-Art and positioning of this PhD 
thesis 
The purpose of this chapter was to provide an overview of existing imaging and 
illumination devices used in biomedical applications, flow cytometry, and droplet 
microfluidics. In addition to analysing each component separately, an examination of 
existing illumination and detection combinations was also conducted where applicable.  

The analysis of the state-of-the-art clearly showed that though historically arc lamps 
are used for illumination, a rapid development of high-power LEDs and semiconductor 
lasers is clearly driving the research as more and more arc light sources are being 
replaced by LEDs and lasers. Furthermore, these solutions can be used in portable 
applications due to high energy efficiency and compact mechanical form. This is also 
supported by the examination of commercial devices that used semiconductor lasers as 
an illumination source.  

Clearly, imaging sensors provide more information than non-imaging sensors, but many 
solutions still use a non-imaging approach. While the reason for this is not clearly explained, 
even when looking at the most advanced commercial flow cytometers, only one of the 
devices used an imaging approach in conjunction with a non-imaging approach. The best 
assumption is that if an automated “sample-in-answer-out” device is needed, there are 
few existing tools to achieve automated image analysis. According to recent papers, 
novel machine learning methods have been applied to analysis in microfluidics, although 
this approach is still relatively new. Moreover, the existing illumination and detection 
hardware does not provide inputs that can be controlled by machine learning, making 
the integration of tools challenging.  

2.8.1 Positioning of this PhD thesis 
While the previous sections provided an overview of the state-of-the-art in biomedical 
applications and droplet microfluidics in general, they did not elaborate upon how such 
technologies could be used in a portable and cost-effective way. During the past few 
years, there has been a clear market demand and need for portable and cost-effective 
tools for virus detection and analysis, especially for applications in the field of POCT. 
Currently proposed analytical devices and methods are bulky or have low accuracy and 
could be improved by utilizing droplet microfluidics. This section highlights the 
positioning of this thesis as compared to the corresponding state-of-the-art. 

After reviewing the existing detection methods, it became evident that commercial 
devices, but also other works in the state-of-the-art, lean towards non-imaging 
approaches. However, more informative imaging approaches are also employed, 
especially during the early stages of microfluidic setup development. To accommodate 
the need for a high frame rate for detecting a high number of dps, these setups tend to 
use expensive and high-performing camera solutions. In many cases, these cameras are 
limited to closed-source user interfaces and hardware, which makes it difficult to 
integrate them into a customized microfluidic system. High-speed cameras are clearly 
needed, but there has been little research into cost-effective solutions and their 
performance. It would also be beneficial if the solution were open source, allowing it to 
be customized to meet microfluidic setup needs. Unlike existing research, this PhD 
thesis examines the use of open-source and cost-effective imaging sensors to detect 
microfluidic droplets on microfluidic chips. To evaluate the detection performance of 
sensors, two approaches are examined. The first one uses illumination from white 
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LEDs, while the second one uses a laser to excite fluorescein in the droplets and detect 
their fluorescence. Furthermore, the use of open-source code is demonstrated, which 
allows for an increase in the maximum frame rate and a larger number of droplets to 
be detected at a time. 

In the state-of-the-art, a number of tools and models have been proposed from the 
perspectives of science and technology to determine the size of droplets in microfluidic 
chips based on flows of continuous and dispersed phases. The current state-of-the-art 
for counting droplets relies either on imaging or non-imaging approaches. It is possible, 
however, that there might exist a case where the microfluidic chip starts jetting and the 
output looks as if the droplet generation rate exceeds the capabilities of the imaging 
solution. It would be possible to estimate the rate at which droplets are generated with 
the aid of a mathematical model, enabling one to determine if the rate at which droplets 
are generated exceeds the frame rate of the sensor. Therefore, and in contrast to other 
studies, this thesis considers the possible situation where the microfluidic chip might 
start jetting and the output look as if the droplet generation rate exceeds the 
capabilities of the imaging solution; we hypothesize that it is possible to estimate the 
rate at which droplets are generated with the aid of a mathematical model, enabling 
one to determine if the rate at which droplets are generated exceeds the frame rate of 
the sensor. Thus, this thesis proposes a mathematical model to estimate the droplet 
generation rate in a flow-focused microfluidic chip using the flow rates of continuous 
and dispersed phases. 

As mentioned earlier, large portion of the state-of-the-art devices use non-imaging 
approach for detection. Additionally, often cumbersome optical solutions are used for 
droplet imaging or non-imaging detection. Most typical solutions are to use either 
microscope or microscope lenses and such approaches are not portable nor cost-
effective. This PhD thesis presents a novel non-imaging detection approach which is 
competitive with the state-of-the-art non-imaging methods in terms of droplet rate 
detection level, reaching detection rates up to 10 kdps (10000 dps), but with the 
advantage that it is a lens-less approach, making it less cumbersome compared to the 
existing methods; since it does not require the use of microscope lenses, it is both cost-
effective and portable.  

This chapter presented the state-of-the-art of light sources and sensors used in droplet 
microfluidics. The next chapter is about analysing and evaluating three open-source and 
cost-effective imaging sensors for portable microfluidic application.  
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3 Imaging sensors for high-speed droplet microfluidics using 
embedded platform  
In this chapter, camera solutions for portable and low-cost droplet microfluidic 
applications are reviewed and their performance is evaluated for droplet microfluidic 
applications. 

This chapter is based on the following publications:  
• K. Pärnamets et al., “Optical Detection Methods for High-Throughput 

Fluorescent Droplet Microflow Cytometry,” Micromachines 2021, Vol. 12, Page 
345, vol. 12, no. 3, p. 345, Mar. 2021, doi: 10.3390/MI12030345. 

• K. Parnamets, A. Koel, T. Pardy, and T. Rang, “Open Source Hardware Cost-
Effective Imaging Sensors for High-Throughput Droplet Microfluidic Systems,” 
Proc. 2022 26th Int. Conf. Electron. Electron. 2022, 2022, doi: 
10.1109/IEEECONF55059.2022.9810383. 

3.1 Overview of droplet microfluidic setups using imaging sensor 
As mentioned in the previous chapter, microscopes are often used for experiments in 
droplet microfluidics as they provide adequate optical magnification and illumination, 
and in some cases also include an input for a camera. Using a microscope in the early 
stages of microfluidic setup development can be beneficial; however, the user will be 
restricted to the magnification and illumination provided by the microscope as these 
parameters are rarely configurable. For the purpose of this thesis, it is evident that a 
microscope is not an appropriate tool, and a tailored setup must be used instead.  
As a result of the tailored setup, it should be possible to evaluate a combination of 
imaging and non-imaging sensors using a variety of light sources (laser or LED). 
Moreover, the setup must be able to accommodate microfluidic chips, and since the 
channels of a microfluidic chip are in the range of a few hundred micrometres, it must 
be able to provide a mechanism for positioning the chip or camera on a microscale level. 

Aside from the overall setup, the detection setup or camera itself is also essential since 
it is the eyes of the entire system. In the early stages of the development of microfluidic 
devices, it is wise to rely heavily on imaging sensors since these provide the most 
information about the droplets and the microfluidic chip itself. The use of imaging 
sensors allows the user to examine the magnification provided by the lens, observe the 
droplet channel closely, and detect any defects in the microfluidic chip. Moreover, this 
allows the measurement of important parameters related to the operation of the 
microfluidic chip, such as the size, speed, and shape of the droplets.  

A camera sensor can be purchased as a standalone component, as part of a camera 
module, or as part of a ready-made camera solution. It is not feasible to develop an 
imaging platform from a standalone sensor in the early stages. The use of ready-made 
camera solutions provides a suitable interface and enables the user to get started rapidly, 
but does not fall into the category of cost-effective and portable since a PC is still needed 
to operate the system. Another option would be to use an embedded system with a 
camera interface, which would provide a standalone operating system, be cost-effective, 
and be portable.  

Out of many available solutions, one of such embedded platforms is Raspberry Pi –  
a microcomputer with camera interface. Despite the fact that there are similar alternatives 
available which operate similarly to Raspberry Pi, at the time of system development and 
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experiments, there was a shortage of chips on the global market, which significantly 
reduced the range of available platforms. Raspberry Pi is also an attractive option due to 
the fact that the platform offers three different camera modules with different 
resolutions and lenses. Raspberry Pi cameras, however, enable to capture images up to 
120 fps only. An alternative, a Basler Ace [192] camera system was considered, as its 
framerate can reach up to 750 fps at full resolution (640 x 480 px) and can be extended 
when lowering the resolution. However, the Basler camera (in its entirety) does not meet 
the criterion as a camera running on an embedded platform because it requires a PC to 
operate. However, as the sensor of this camera is deemed suitable, a custom hardware 
system, incorporating the same sensor as in the Basler Ace camera is being prepared1 to 
be used on a custom embedded platform. To date, a ready-made camera system has 
been considered equivalent to hardware of the same performance level. 

3.2 Experimental setup for droplet detection and imaging sensor 
evaluation 
To evaluate and analyse various combinations of imaging sensors and illuminations,  
a custom set-up has been developed for droplet microfluidics in accordance with the 
principles of flow cytometers discussed in earlier chapters. In terms of technology,  
the most important aspect of the setup is the fact that it can easily be configured with 
respect to sensors, lenses, illumination, and sensor alignment to the microfluidic chip.  

The experimental setup can be seen in Figure 15 (a). In this setup, a part of a photo 
enlargement device is used to provide an arm to which a holder (I) of microfluidic chip is 
added (II). With the help of the arm, the chip holder can be moved on a relatively large 
scale, which is beneficial when testing different lenses (III) for the camera (IV), as each 
lens has a different focusing distance. It is also stable enough to allow the microfluidic 
chip to remain in place so that the channel with a width of 100 μm can be imaged without 
any major movement or shaking. An arm is attached to a photo enlarger suitcase that 
forms a table to which an adjustment table is attached (V). The adjustment table is directly 
under the chip holder, which allows very fine movements on the X, Y, and Z axes, enabling 
the camera to be positioned relative to the microfluidic chip and also adjust the focusing. 
The size of the experimental setup is not of importance at this stage, but the ability to 
customize it to a great extent is. The illumination is provided either by LEDs (VI) or by 
lasers (VII). In addition to the microfluidic measurement station, is shown one of the two 
syringe pumps (VIII), to which a syringe (IX) is attached, using a polytetrafluoroethylene 
(PTFE) tubing (X) to pump liquids to the microfluidic chip. A block diagram of the 
measurement setup is shown in Figure 15 (b), while a closeup of the microfluidic chip is 
shown in Figure 15 (c). 

 
1 This part of the work has been supported by several BSc and MSc theses conducted in the 
framework of the PRG620 project.  
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Figure 15. A custom microfluidic setup for camera comparison. In figure is seen: (a) a custom 
experimental setup comprising a mechanical arm for holding the microfluidic chip and a light 
source. Furthermore, there is a micromovement table to which a camera is connected, allowing for 
precise alignment of the camera with the microfluidic chip. (b) a block diagram of the same setup 
and (c) a close-up image of the microfluidic chip. Figures reproduced from: [193]. 

3.3 Microfluidic chip and droplet generation 
An essential component of the setup is the microfluidic chip itself. This thesis does not 
focus on the design and manufacturing of the chip itself, but it is imperative that the 
basic parameters of the design are covered. The importance of this is heightened because 
every design of microfluidic chip behaves differently. By knowing the parameters, one can 
compare the results with other works and repeat the experiment if necessary. Note that 
for this part of the work, the microfluidic chip, liquids, and the initial flow rate parameters 
were provided by another workgroup in our department, whose research subject is 
manufacturing and working with microfluidic chips. 

3.3.1 Design and manufacturing of microfluidic chip 
The purpose of the microfluidic chip is to generate a stable flow of droplets with specific 
speed and size. Here is a brief description of the microfluidic chip, describing its design 
and manufacturing steps. To generate droplets two immiscible liquids must be pumped 
together.  It  is  possible  to  configure  microfluidic  chips  in  a  variety of ways, including  
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Figure 16. Design of a flow focusing microfluidic chip. Additionally, is shown an image from a 
camera from the junction of the chip where the formation of droplets can be observed. 

changing junction configurations (i.e. co-flow, T-junction and flow focusing), varying the 
width and length of the droplet generation area, incorporating filters, etc. The design of 
a microfluidic chip can be seen in Figure 16, and it is configured to have a flow focusing 
junction, along with a droplet generation junction of 90 μm which widens to a 600 μm 
channel. In addition, filters are added to the continuous phase (oil) inlet, but not to 
dispersed phase (water) inlet. AutoDesk Inventor is used to design the chip, from which 
SU8 photoresist is used to create a positive master mould for polydimethylsiloxane 
(PDMS). The PDMS is bonded to a microscope glass slide (75 mm x 25 mm), holes are 
punched for inlet and outlet tubing, and thus the microfluidic chip is complete [194].  
The SU8 photoresist has a height of approximately 100 μm, which also determines the 
channel height of the microfluidic chip to be also around 100 μm. 

3.3.2 Pumps and tubing 
The liquid handling apparatus consists of two syringe pumps, each mounted with a 3 ml 
syringe, one for oil, one for water. The pumps and the control software are both 
manufactured by the company SpinSplit [195]. The control software (SpinStudio) enables 
to set the flow rate in microliters per minute, which determines how rapidly the liquid is 
pumped out of the syringe. The syringes are made of polypropylene and have a Luer-lok™ 
connector, to which a needle with 0.63mm (23 gauge) outer diameter (O.D.) is attached.  
In order to connect the syringes to the microfluidic chip, a polytetrafluoroethylene (PTFE) 
tubing with an inner diameter (I.D.) of 0.5 mm and an outer diameter (O.D.) of 1 mm is 
used. Oil and water syringe tubing are connected to the oil and water inputs of the 
microfluidic chip, respectively. For oil, a mineral oil (Sigma Aldrich, 330779, viscosity cSt 
14,2-17) is used, which is mixed with 2% surfactant (Span 80, Sigma Aldrich, S6760-250). 
For aqueous input, deionized water is used. In cases of fluorescent experiments,  
a fluorescein isothiocyanate (FITC) is mixed with water (Sigma Aldrich, FDS10S) [196]. 
Two different concentrations of FITC are used, 1 μg/ml and 10 μg/ml – a common 
background dye in biological experiments, which makes the results of this work 
comparable with what is already reported in the scientific literature [197]–[201].  
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3.3.3 Parameters for droplet generation 
For the purpose of evaluating the performance of sensor and illumination combinations, 
a microfluidic chip that produces droplets is required since one of the most important 
performance indicators for a camera system is the number of detected droplets per 
second. The provided flow rates were 100 μl/min for water (QW) and 190 μl/min for oil 
(QO), with the expected droplet generation rate to be around 1000 droplets per second. 
The ratio of water to oil is 1:2, as the chip has flow-focusing design, which means that at 
the junction there is a single input for water and two inputs for oil. Conducting the first 
experiments with the provided flow rates and liquids, unfortunately the microfluidic 
chips started to leak after 10–15 seconds of operation. Multiple similar design chips 
were used to exclude issues with chip manufacturing or bonding. As a result of some 
investigation, it was found that the flow rates given were for fluorinated oil, HFE-7500, 
and not for the provided mineral oil, which is approximately 20 times more viscous than 
HFE-7500 [202]. The reason for using mineral oil instead of the HFE-7500 oil was purely 
economical, as the latter oil with suitable surfactant is considerably more expensive, 
whereas the droplets look similar or identical to the mineral oil droplets [203].  

3.3.4 Finding flow speeds for droplet generation using mineral oil 
The leakage of the chips indicated that the proposed flow rates were too high, and that 
new experiments were needed in order to find the appropriate parameters for mineral 
oil flow rates. According to the parameters previously provided by another workgroup 
(100 μl/min for water and 190 μl/min for oil), as a start, the oil-to-water ratio should be 
maintained at 1:2. The pump control software allows for setting the flow rate of liquids 
in μl/min, although it is possible to go below 1 μl/min, it was decided to begin pumping 
water at a rate of 1 μl/min, and oil at a rate of 2 μl/min. During the initial stages, only a 
stable flow of droplets was observed using the Basler Ace camera module, and neither 
the size nor the rate of droplet generation was of particular interest. The Basler Ace 
camera was set to a frame rate of 1000 fps, and it was assumed that the droplet generation 
rate from lower flow rates would be well below 1000 dps and easily detectable by 
camera. The first test was using flow rate of 1/2 μl/min (QW/QO) and resulted in stable 
flow of droplets, at frequency around 9 dps. 

As individual still frames were exported from the captured video, it became evident 
that the highly compressed video and current lens magnification were not sufficient for 
performing morphology analysis of the droplets at this stage, which indicates that either 
video quality should be improved, or lens magnification should be increased to capture 
more detail. Nevertheless, the experiments demonstrated that for more viscous oils, 
lower flow rates were required, and the experimentally determined numbers showed 
great success with no leakage of the microfluidic chip. In the early stage the droplet 
generation frequency was not determined, as the goal was to solely test if the chip 
handles the flow speeds and if the droplets are generated. At later stages the droplet 
generation frequencies were also extrapolated from the recorded data and are shown in 
table below (Table 6). Additionally, still images are shown below (Figure 17 (a)–(f)).  

Table 6. Frequencies of droplet generation for flow speeds ranging from 1/2 to 16/32 μl/min of 
water or oil. 

Flow speeds [QW/QO] 1/2 2/4 4/8 8/16 16/32 
Dps 9 30 67 190 670 



53 

 

Figure 17. Still images of droplets saved from recorded videos using Basler Ace camera. Flow rates 
were varied for water and oil in microliters per second in the following steps (water/oil): 1/2 (a), 
2/4 (b), 4/8 (c), 8/16 (d), 16/32 (e). For the last flow rate of 16/32, the droplets are generated at a 
frequency of 670 per second, and a camera running at 1000 fps is no longer capable of detecting 
the droplets. For the last experiment, the acquisition rate has been increased to 2000 fps (f). A scale 
of 100 μm is represented by the white horizontal bar at the bottom of the image. 

It is evident from the results that the chip is capable of generating up to 670 dps 
without any signs of leakage, using flow rates of 16 μl/min for water and 32 μl/min for 
oil (Figure 17 (e)). Though as can be seen, the droplets are hardly distinguishable from 
the extracted image. As countermeasure, the camera framerate was increased to  
2000 fps (Figure 17 (f)), but in order to achieve that, the resolution of the sensor has to 
be lowered – a common technique among high-speed cameras, in which only a portion 
of the full sensor is used as a sensor, improving the readout speed, and allowing for 
higher framerate performance [204]. With the resolution lowered to 400 x 200 pixels, 
the camera frame rate reached 2000 fps, resulting in more discernible droplets than 
before (Figure 17 (f)). 

At a later stage during the research, the video format was changed to capturing images 
instead to increase the quality of droplet images (Figure 18 (a) and Figure 18 (b)).  
In addition to providing images with a much higher quality than previously captured 
videos, such an approach has also been incorporated into industry standard high 
framerate cameras [205]. Moreover, in view of a potential droplet morphology analysis, 
the lens was upgraded from 10x to 20x magnification (Figure 18 (c)). Eventually,  
the resolution of the captured images was further reduced in order to achieve a higher 
frame rate, up to 3000 fps (Figure 18 (d)). As a result of aforementioned modifications to 
the imaging system, the droplet generation was deemed to be successful at new 
flowrates reported in Table 6. 
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Figure 18. Still images captured instead of videos that provide higher image quality. In figure is 
seen: (a) and (b) the droplet is being detected similarly to how it was captured using videos and less 
distortion can be viewed from the images; (c) the lens is changed from 10x magnification to 20x 
magnification; (d) image resolution is decreased so only droplet is imaged and camera framerate 
can be pushed up to 3000 fps. A scale of 100 μm is represented by the white horizontal bar at the 
bottom of the image. 

3.4 Open-source camera sensors 
The introduction section of this chapter underscored the fact that imaging sensors are 
available as standalone components, as components of camera modules, and as 
component parts of ready-made camera solutions. Two possible solutions were 
considered, a Raspberry Pi and a Basler Ace camera system. The Raspberry Pi camera 
line-up consists of three different camera modules, the Raspberry Pi camera V1,  
the Raspberry Pi camera V2, and the Raspberry Pi HQ camera. The differences between 
camera versions 1 and 2 are not significant, so evaluating only the version 2 and the HQ 
cameras are considered. Additionally, the Basler Ace camera module is considered. 
Although the camera module itself is not open source, the sensor found in the camera 
module is used in separate BSc and MSc projects, resulting in custom hardware similar 
to Raspberry Pi. 

3.4.1 Lens selection for C-mount 
On the market, there is a myriad of lenses available for photography, microscopes, 
security cameras and so on, all having different optical parameters, but also different 
mounts. The most reasonable mount to be used appears to be C-mount; as there is a 
wide variety of small form factor lenses available, the microscope lenses can easily be 
adapted to C-mount using small adaptor ring; moreover, the Raspberry HQ and Basler 
Ace cameras have C-mount lens mount. There exist some camera modules that do not 
require external lenses (Raspberry V2), while others do require external lenses 
(Raspberry HQ and Basler Ace). In order to use the Raspberry V2 camera, the lens that 
was installed in the factory must be removed and a custom mount for the camera lens 
must be attached in place. 
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Figure 19. Raspberry Pi version 2 camera with a 5mm C-mount extension. As Raspberry Pi V2 
camera does not have the mount for C-mount lenses, an extension tube was modified to fit to the 
camera board to create a mount for lenses. The extension tube was glued to the board using hot 
glue – a sturdy enough solution to keep the lens in place for experiments. The factory fitted lens 
was removed from the camera. 

The factory lens is removed because it does not provide the necessary magnification 
for microfluidic chip imaging. Using a modified 5 mm C-mount extension tube and some 
notches machined to the extension tube, it is possible to attach it to the Raspberry V2 
camera board, forming a suitable C-mount holder for lens (Figure 19 (a)). The holder is 
aligned so that the sensor would be centred within the holder as precisely as possible 
(Figure 19 (b)). The extension tube is attached to the board using hot glue – this approach 
is sufficient for the very first prototype.  

A variety of lenses were tested in order to select a suitable lens, including some lenses 
used for security camera systems that also have a C-mount. These lenses, however, have 
a low magnification, which makes them only suitable for droplet counting applications. 
There are several different types of microscope lenses available, some of which offer a 
wide range of magnification (e.g. 5X, 10X, 20X, 40X 60X) and are therefore more suitable 
for imaging droplets. 

3.4.2 Raspberry camera framerate limitation 
The Raspbian operating system allows the Raspberry Pi to communicate and control the 
camera in order to take still photographs and to record videos, using the raspistill and 
raspivid commands, respectively. In previous chapters it was discussed that using videos 
is not suitable for droplet analysis due to the high compression rate of video resulting in 
low quality images. By switching to capturing images, the quality of droplet images was 
significantly improved. Using the raspivid command, one can capture videos up to  
200 fps, and it would seem reasonable to expect that single images could also be 
recorded at a similar rate. Unfortunately, this is not true, as the raspistill command does 
not allow for such speed. Fortunately, there are some publicly available approaches on 
Github known as raspiraw wherein a similar approach to high-speed cameras has been 
applied, i.e. raw sensor data is captured to an onboard memory after which image 
processing is performed and single images are saved as a result [206], [207]. Using the 
raspiraw approach, the maximum framerates of raspberry sensors for capturing images 
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were pushed to 665 fps for V2 camera and to 200 fps for HQ camera. Both results could 
be obtained by reducing the image size, which is also a widely used approach for  
high-speed cameras. It was expected for HQ camera to reach similar performance range 
compared to Raspberry Pi camera version 2 and Basler Ace cameras at resolutions of  
640 x 480 pixels, however the software was not able to set the resolution of the sensor 
below 1020 x 760 pixels and at such resolution, only a maximum of 200 fps was achieved. 
A comparison of sensors is provided in Table 7.  

Table 7. Comparison of Raspberry Pi camera modules with Basler Ace camera. 

Camera Sensor 
manufacturer 

Maximum 
resolution 

Maximum fps 
@ resolution 

Achieved dps 

Raspberry 
V2 

Sony IMX219 3280x2464px 200 @ 640x 
480px 

665 @ 640 x 480 px 

Raspberry 
HQ 

Sony 
IMX477R 

4056x3040px 120 @ 1332x 
990px 

200 @ 1020 x 760 px 

Basler 
Ace 

Onsemi 
Python 300 

640x480px 750 @ 640x 
480px 

Up to 3000 @ 400x 
100px 

 

3.4.3 Additional sensor parameters (global shutter vs rolling shutter and 
exposure vs fps) 
The imaging microfluidic system captures moving objects, such as droplets. It is already 
inherent from photography that sometimes the moving objects will be blurry when 
imaged. A moving object’s sharpness is determined primarily by its exposure time and its 
rate of movement over the exposure time – the faster the object, the shorter the 
exposure time should be. An exposure time is defined as the length of time during which 
the sensor pixels were collecting photons. The shorter the exposure time, the less 
movement there is in the object and the less motion blur is introduced to the captured 
image. The exposure time (𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒) is always shorter or equal to the inverse of the framerate 
(𝑓𝑓𝑓𝑓𝑓𝑓), which can be expressed as: 
 

 𝑡𝑡𝑒𝑒𝑒𝑒𝑒𝑒 ≤
1
𝑓𝑓𝑓𝑓𝑓𝑓

 (1) 

In addition to exposure and framerate, there is another factor that affects how the 
image is captured. Many commercial cameras utilize a mechanical shutter to control the 
exposure time of the sensor. Mechanical shutters work by moving a shutter blind from 
one edge of the sensor to the opposite edge, and then moving another shutter blind in 
the same order. The time between the movement of two shutter blinds is defined as the 
exposure time. As a result, when photographing moving objects, the effect known as 
rolling shutter is introduced, causing the imaged object to be skewed.  

The imaging solution of a microfluidic system consists only of a sensor, optics, and 
processing hardware, without any mechanical shutter. There are two types of readout 
methods available for imaging sensors without mechanical shutters: a rolling shutter and 
a global shutter. The rolling shutter operates similarly to a mechanical shutter, except 
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that the data from the sensor pixels is shifted out row by row. The global shutter sensor 
captures and transfers all pixel values simultaneously so that no rolling motion will occur. 
Although global shutter has its benefits, it does not render rolling shutter sensors useless. 
However, the system designer must be aware of the effects, so as to avoid getting a false 
impression regarding droplets size and shape.  

3.5 Camera sensors experiments and evaluation  
Previously in this chapter, the droplet generation setup has been demonstrated to be 
capable of generating droplets at a frequency as high as 670 dps, allowing the 
performance of various sensors to be assessed by capturing images of droplets. Three 
possible aqueous liquids can be used, i.e. i) deionised water, ii) FITC with concentration 
of 1 μg/ml, and iii) FITC with concentration of 10 μg/ml. When using deionizing water as 
an aqueous liquid, the principles of brightfield illumination are employed, whereas when 
using fluorescence, the principles of flow cytometry are employed, in which the 
illumination and detector are positioned at an angle, typically at a 90-degree angle.  
In the first case, the illumination is provided by four white high-power LEDs, while the 
laser light is produced by a solid state laser from Sharp with a peak wavelength of  
488 nm [151]. 

Furthermore, there are three different camera configurations available, with the 
highest performing camera able to reach a frame rate of up to 3000 fps. The objective is 
to evaluate three camera sensors, first and foremost to determine the highest possible 
frame rate for each sensor and furthermore to determine the frequency at which 
droplets can be detected using the aforementioned sensors. 

3.5.1 Imaging sensor performance with 200 fps limitation 
First, experiments with deionized water are conducted so as to gain a better 
understanding of how sensors perform in terms of fps. Using deionized water and 
brightfield illumination, an image of the droplet can be obtained with a reasonably well 
discernible outline, allowing comparison of image quality as well as of droplet shape and 
size between different sensors. In order to maintain comparability between different 
sensors, the frame rates of all cameras are set the same value, choosing the frame rate 
of the sensor with the highest frame rate of its own. In the comparison table (Table 7),  
it can be seen that the Raspberry HQ sensor had a maximum frame rate limit of 200 fps. 

A frame rate of 200 fps corresponds to a maximum exposure time of 5 ms based on 
Equation 1. On the basis of previous experiments with mineral oil flow rate experiments, 
it was determined that the camera framerate had to be 3 or more times higher than the 
droplet generation rate in order to provide discernible droplets. In this respect, it was 
expected that with a framerate of 200 fps, droplets with a frequency of up to 67 droplets 
could be detected without issues. As a first experiment, the droplets were generated at 
the frequency of 30 dps, using flow rates show in Table 6. 

In Figure 20 (a), droplets are generated at 30 dps and detected with a camera running 
at 200 fps. Although the camera frame rate is six times faster than the droplet generation 
rate, some motion blur can still be observed (Figure 20 (a)). To further improve the 
quality of images and reduce the motion blur, the exposure time of the sensor was 
reduced by factor of 10, i.e. from 5000 μs to 500 μs. Using the same droplet generation 
speed, a much sharper and higher quality image of the droplet can be observed (Figure 
20 (d)). 
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Figure 20. A comparison of droplet shapes and image quality captured with different cameras. The 
exposure times and framerates were kept constant between experiments and cameras. Droplets 
were generated at rate of 30 dps. The images (a) through (c) were captured with an exposure time 
of 5 ms. The exposure time for images (d)-(f) has been lowered to 500 μs. The images (a) and (d) 
were captured using the Raspberry HQ camera, the images (b) and (c) were captured using the 
Raspberry V2 camera, and the images (c) and (f) were captured using the Basler Ace camera. A 
scale of 100 μm is represented by the white horizontal bars at the bottom of the images. 
Reproduced from: [193]. 

It is evident that lowering the exposure time will result in sharper images. As a result 
of the shorter exposure time, the sensor has less time to collect photons, resulting in a 
darker image. Raspberry Pi cameras (Figure 20 (d)–(e)) were compensated for the shorter 
exposure time by increasing the illumination intensity, so that the exposure of the image 
would be with previous experiments (Figure 20 (a)–(b)). Just to illustrate, what happens, 
when the exposure time is not compensated and illumination intensity is kept same 
throughout the experiments, Basler Ace camera with shorter exposure time shows 
clearly a darker image (Figure 20 (f)) compared to experiment with longer exposure time 
(Figure 20 (c)). There is the possibility of lowering the exposure time even further (e.g., 
the Basler Ace exposure time can be set as low as 59 microseconds), however, it is 
important to find balance between illumination intensity, exposure time, and droplet 
sharpness. If a satisfactory level of detail for droplets has been achieved, it is not reasonable 
to increase the light output of illumination.  

3.5.2 Rolling shutter distortion 
As mentioned previously, Raspberry cameras have rolling shutters, but it is unclear how 
this might affect the capture of droplets. The effect of rolling shutter on droplet shape 
was investigated by comparing a rolling shutter sensor (Raspberry V2) with a global 
shutter sensor (Basler Ace). Although both the Raspberry V2 and Raspberry HQ cameras 
have rolling shutters, only the Raspberry V2 camera was used, since the effects of rolling 
shutter are similar between different rolling shutter sensors. 
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Figure 21. The effects of rolling shutter to the captured image of droplet. The shape of the droplet 
is affected by sensors with rolling shutters as opposed to sensors with global shutters. Using two 
droplet flow rates, the generation rate of droplets was 30 dps in (a) and (b), and 67 dps in (c) and 
(d). Using rolling shutter, droplet is skewed as the droplet generation frequency along with flow 
speeds increases. Global shutter sensors introduce only some motion blur with an increase in 
droplet generation frequency and flow speed, whereas the droplet has the expected bullet-like 
shape. A scale of 100 μm is represented by the white horizontal bars at the bottom of the images. 
Figure reproduced from: [193]. 

It is clearly visible, that the rolling shutter sensor will distort the final image, making 
droplets looking tilted (Figure 21 (a)). Images of droplets captured with global shutter 
sensor show no such issue (Figure 21 (b)). With an increase in flowrates and droplet 
generation frequency, the faster moving droplet (Figure 21 (d)) exhibits a bit more blur 
than the slower moving droplet (Figure 21 (b)). For the rolling shutter, the tilting effect is 
exacerbated as the droplet velocity increases with an increase in flowrates and droplet 
generation frequency (Figure 21 (c)). This is not a major issue, as long as the system 
designer is aware of the effect. Moreover, the image can be tilted in reverse using 
imaging software, making the droplet appear as if it were captured with a global shutter 
sensor (Figure 22). 

 

Figure 22. Modified image of the droplet after accounting for rolling shutter effect. The droplet 
presented in Figure 21 (c) was reoriented and tilted in the reverse direction to make it appear as if 
it was captured using global shutter, thus resembling its actual shape and size in the microfluidic 
channel, resembling size and shape of droplets captured with global shutter cameras. A scale of 
100 μm is represented by the white horizontal bar at the bottom of the image. 
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3.5.3 Imaging sensor performance at higher framerates 
As part of previous experiments, the framerates for all three sensors were set to 200 fps 
due to the limitation of the Raspberry HQ maximum framerate. However, the Raspberry 
V2 and Basler Ace can be configured to work at 665 fps and 750 fps, respectively.  
The framerate of the Raspberry V2 camera can theoretically be increased to 1000 fps, 
but this approach requires a significant reduction in the active area of the sensor, which 
renders the captured images to be very small and only a small portion of the droplet is 
visible. Using the Basler Ace, the framerate can be increased up to 3000 fps by reducing 
the sensor active area and preserving the ability to image droplets in full size.  
The Raspberry V2 camera was pushed to 665 fps while maintaining the ability to image 
full droplets, and the Basler Ace camera was operated at 750 fps at full resolution.  

Each sensor has a 500 μs exposure time setting, which is similar to what was used in 
previous experiments to reduce motion blur. For the experiment, two flow rates were 
used: 4 μl/min for water and 8 μl/min for oil, resulting in 67 dps, and 8 μl/min for water 
and 16 μl/min for oil, resulting in 190 dps. First and foremost, the images clearly illustrate 
the heavy influence of rolling shutter for the Raspberry V2 camera (Figure 23 (a)), 
especially at higher flowrates (Figure 23 (c)). In addition, there is a noticeable motion 
blur, however the droplet is still well visible. By visually inspecting the droplets captured 
with the Basler Ace camera, the droplets have no visible skewing (Figure 23 (b)); 
however, for higher flow rates, the droplets have noticeable motion blur (Figure 23 (d)). 
In spite of the blurry droplets, both cameras captured droplets that were being generated 
at a rate of 190 dps. Comparing the droplet sizes of the Raspberry V2 sensor and the 
Basler Ace sensor for the same flow rate, they appear to be relatively similar. 
Additionally, it is interesting to note that as flow rates increase, the droplet generation 
frequency also increases and the droplet sizes decrease. 

 

Figure 23. Size and shape of droplets when imaged with a rolling shutter and global shutter, as well 
as their effects at high droplet generation frequencies. Droplets are captured using two cameras, 
(a)(c) a Raspberry Pi V2 camera that utilizes a rolling shutter, and (b)(d) a Basler Ace camera that 
utilizes a global shutter. Two different flow rate configurations are used, that result in a droplet 
generation frequency of (a)(b) 67 dps and (c)(d) 190 dps. A scale of 100 μm is represented by the 
white horizontal bars at the bottom of the images. Reproduced from: [193]. 
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3.5.4 Experiments with fluorescein isothiocyanate–dextran 
Thus far, the capabilities of each sensor have been explored in terms of their capability 
to detect droplets when backlight illumination with LEDs have been used. The droplets 
in those experiments only contained deionized water; however, in droplet microfluidics, 
fluorescence experiments are often performed, and the droplets may contain 
fluorescent dyes (e.g. FITC, Alexa Fluor 488, green fluorescent protein (GFP)). Although 
the performance with back illumination is known, the light intensity for these 
experiments is expected to be considerably greater than that produced by droplets 
labelled by fluorescent dye. As the performance of the cameras was assessed by 
determining the maximum framerate, it is reasonable to believe, that lower intensity 
from fluorescence labelled droplets is more difficult to detect, thus it is reasonable to 
lower the camera framerate to 200 fps.  

Since fluorescein requires a specific excitation wavelength that is specific to the 
fluorescein used, special consideration must be given when selecting illumination for 
fluorescent experiments. In the experiments, FITC is used, which has an excitation 
maximum of 490 nm [196]. A possible option would be to use LEDs; however,  
as discussed in Chapter 1, LEDs have an inherently wide spectrum in terms of FWHM. 
LEDs may still be a viable option, but a filter that blocks the spectrum above 490 nm 
would be needed. Since LEDs typically have a wide viewing angle, a focusing lens is 
required in order to focus most of their optical power on the microfluidic chip. Another 
approach is to use a laser that has a very narrow spectrum, resulting in monochrome 
light output, thus eliminating the need to use optical filters on the illumination side. 
Additionally, laser modules are equipped with some beam forming optics. Although the 
complexity of lasers is somewhat similar to that of LEDs, their advantages are their 
narrow spectrum and already included optics, which speak in favour of their use. As FITC 
has a maximum excitation wavelength of 490 nm, a solid-state laser with a peak 
wavelength of 488 nm has been chosen [151]. While the laser emits monochrome light, 
an optical longpass filter from Thorlabs with a cut-off wavelength of 495 nm is placed 
between the microfluidic chip and the detector optics in order to eliminate the excitation 
spectrum of 488 nm. 

FITC at 1 μg/ml has a very low fluorescence intensity, and droplets are barely visible 
on the images. The camera sensor exposure time has been set to 5000 μs in order to 
collect as much light as possible. This is the maximum setting that is possible when using 
a framerate of 200 fps. In the case of the Raspberry V2 camera, the most visible droplet 
is observed (Figure 24 (a)). In the case of the Raspberry HQ camera, the droplet is very 
difficult to discern; however, when the droplets are moving, the contour lines stand out 
better compared to still images (Figure 24 (b)). The Basler Ace camera shows the lowest 
droplet intensity, but compared to other sensors, the droplet is best discernible (Figure 
24 (c)). There appears to be some noise on the image, but when compared to the other 
images, it is relatively minor. It is important to note that the brightness of the images has 
been enhanced by equal amount for each image so that the droplets are more visible on 
print. The enhancement of brightness, however, always introduces some noise into the 
images.  
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Figure 24. A microfluidic droplet containing FITC at a concentration of 1 μg/ml. The droplets are 
illuminated using laser light with a wavelength of 488 nm. The images were captured using (a) a 
Raspberry Pi V2 camera, (b) a Raspberry Pi HQ camera, and (c) a Basler Ace camera at a framerate 
of 200 fps. The droplets are generated at a frequency of 30 dps. A scale of 100 μm is represented 
by the white horizontal bars at the bottom of the images. Figure reproduced from: [193]. 

The images captured using 10 μg/ml FITC are more pronounced. The sensor settings 
are unchanged, which means the frame rate is kept at 200 fps and the exposure time is 
kept at 5000 μs. Furthermore, the droplets are generated at a rate of 30 dps, which 
matches the flow rate settings for 1 μg/ml FITC experiments, so that the droplet size and 
shape remain the same throughout. There is already a clear indication that the droplets 
 

Figure 25. A microfluidic droplet containing FITC at a concentration of 10 μg/ml. The droplets are 
illuminated using laser light with a wavelength of 488 nm. The images were captured using (a) a 
Raspberry Pi V2 camera, (b) a Raspberry Pi HQ camera, and (c) a Basler Ace camera at a framerate 
of 200 fps. The droplets are generated at a frequency of 30 dps. A scale of 100 μm is represented 
by the white horizontal bars at the bottom of the images. Figure reproduced from: [193]. 
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Figure 26. High framerate detection of a microfluidic droplet containing FITC at a concentration of 
10 μg/ml. The droplets are illuminated using laser light with a wavelength of 488 nm. The images 
were captured using (a) a Raspberry Pi V2 camera, and (c) a Basler Ace camera at a framerate of 
665 fps and a 750 fps, respectively. The droplets are generated at a frequency of 67 dps. A scale of 
100 μm is represented by the white horizontal bars at the bottom of the images. 

are more prominent at higher concentrations of FITC. As a result of not increasing the 
brightness of the images, there is also less visible noise in the images. In the case of the 
Raspberry V2 sensor, the edges of the droplet are more visible, and the effects of rolling 
shutter are even visible to some extent (Figure 25 (a)). According to the Raspberry HQ 
camera, the channel edges are also visible, indicating some contamination, likely caused 
by the fact, that before droplet formation the FITC was flowing through the channel 
(Figure 25 (b)). As for the Basler Ace camera, the droplet shape and size are similar to 
those previously captured using back illumination (Figure 20 (f)). In addition, the Basler 
Ace camera has one of the lowest levels of noise among all the sensors used (Figure 25 (c)). 

The previous experiment was conducted at 200 fps, but the Raspberry V2 and Basler 
Ace cameras are capable of higher fps, and it is important to know whether the 
fluorescence can still be detected at higher fps, where the exposure time is reduced. 
For this purpose, a similar experiment was conducted, in which Raspberry V2 and 
Basler Ace cameras were configured to run at frame rates of 665 fps and 750 fps, 
respectively. Taking into account that only fluorescence detection was of interest, flow 
rates of 4 μl/min for water and 8 μl/min for oil were chosen which resulted in a 
droplet generation frequency of 67 dps.  

Due to the shorter exposure times of the sensors (1500 μs for Raspberry V2 and 
1330 μs for Basler Ace camera), it was expected that the droplet intensity would be lower 
than when 5000 microseconds exposure time was used. It is noteworthy that the 
Raspberry V2 camera performs similarly in both experiments (Figure 26 (a)), but in the 
case of the Basler Ace camera there is a significant reduction in the brightness of the 
image (Figure 26 (b)). 

3.5.5 Evaluation of image quality using MATLAB PIQE function
So far the images presented in publication [193] and in Figure 20, Figure 21, Figure 24, 
and Figure 25 have been assessed visually. Evaluation criteria are subjective – they are 
primarily determined by the sharpness of the objects, the brightness of the image, 
and the distortion of the object’s shape. The criteria have been developed based on 
previous experience with image processing, especially edge detection. As the aim of the 
current work was preliminary assessment of open-source camera solutions for droplet 
microfluidics applications, a neural network-based image detection process, along with 
objective image quality assessment, was not used in the experiment.  

MATLAB’s function PIQE (Perception-based Image Quality Evaluator) was also used to 
evaluate the quality of the images. In addition to being opinion-unaware (requiring no 
prior training on manually rated datasets), the algorithm is also unsupervised  (no training 
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of models is required).  Because the quality score calculation relies on block-wise 
distortion estimates based on the local variance of perceptibility distorted blocks 
(the smaller the score, the better), it may not produce the best estimates in neural 
network-based image processing, where the models are trained on manually rated 
images. 

 The PIQE function in MATLAB evaluated three different images captured with 
different cameras. The score for the Raspberry Pi V2 camera is 8.9607, the score for the 
Raspberry Pi HQ camera is 30.9641, and the score for the Basler Ace camera is 9.422. 
As can be seen from the images, the results for the Raspberry Pi V2 camera and the Basler 
Ace camera appear to be of similar quality.  

Figure 27. Images of droplets used for MATLAB PIQE function analysis. The results from left to right 
are 8.9607, 30.9641, and 8.9607 for Raspberry Pi V2, Raspberry Pi HQ, and Basler Ace cameras 
respectively, where smaller number indicates better image quality. 

The MATLAB PIQE function was used in Figure 28 to compare the results from a 
Raspberry Pi V2 camera recording at 665 fps with a Basler Ace camera recording at 
750 fps. The results were 21.24 and 8.8089, respectively. The Raspberry Pi V2 camera’s 
image appears to be blurrier than the Basler Ace camera’s image when compared to the 
two results. 

Figure 28. Images of droplets used for MATLAB PIQE function analysis. The result on the left is for 
Raspberry Pi V2 at 665 fps and resulting PIQE score of 21.24. On the right is the result of Basler Ace 
camera running at 750 fps and resulting PIQE score of 8.8089. 

The MATLAB PIQE function is used in Figure 29 to compare the results of FITC with a 
concentration of 1 μg/ml and a sensor framerate of 200 fps. The PIQE results are 22.804 
for Raspberry Pi V2 camera, 48.2489 for Raspberry Pi HQ camera and 26.7236 for Basler 
Ace camera. Based on the PIQE function, Basler’s results are deemed to be the best and 
when comparing all three images, it is clear that it is the image with the least amount of 
noise. However, it may be argued that the Raspberry Pi V2 camera provides the greatest 
level of detail for the droplet. 



65 

Figure 29. Images of droplets containing FITC used for MATLAB PIQE function analysis. The results 
from left to right are 22.804, 48.2489, and 26.7236 for Raspberry Pi V2, Raspberry Pi HQ and Basler 
Ace camera respectively. 

The MATLAB PIQE function algorithm is used in Figure 30 to compare the results of 
FITC at a concentration of 10 μg/ml and at a sensor framerate of 200 frames per second. 
The results are 19.1907 for Raspberry Pi V2 camera, 47.4599 for Raspberry Pi HQ camera 
and 25.323 for Basler Ace camera. Here again, the algorithm evaluates the results from 
Basler to be the best and one can see that there is considerably less noise on the image. 
Looking at the details of the droplet (brightness and edge contrast), the results from 
Raspberry Pi V2 camera seems better compared to others. 

Figure 30. Images of droplets used for MATLAB PIQE function analysis. The results from left to right 
are 19.1907, 47.4599, and 25,323 for Raspberry Pi V2, Raspberry Pi HQ, and Basler ace cameras 
respectively. 

3.6 Summary of the imaging sensor performance 
The experimentation and evaluation of the droplets provided valuable understanding in 
both the droplet generation parameters, microfluidic chip operation, but mostly 
provided good understanding about imaging sensor performance. It was interesting to 
see how it was possible to configure the inexpensive Raspberry Pi camera to work as a 
high-framerate camera and capture droplets with a width of 90 μm and a generation rate 
of up to 190 dps. It was disappointing to find that the Raspberry HQ camera performed 
the worst, as it was unable to go beyond 200 fps and caused the most noise to appear in 
the images. Basler Ace appeared to perform the best framerate-wise out of all the 
cameras, however, this was to be expected as the maximum framerate of the camera is 
750 fps out of the box. In terms of framerate performance, the Basler Ace camera had 
the best performance, but when using the most advanced Raspberry Pi 4 B board with 
the V2 camera, the combination is about five times more affordable than the Basler Ace. 
While Raspberry platform offers affordability and customization to some degree, 
the high framerate is not achievable out of the box and the Raspberry V2 lacks a lens 
mount. Microfluidic applications can also benefit from the Raspberry HQ camera module 
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when lower framerates are required. In addition, it is compatible with C-mount lenses, 
which might make it an attractive choice. Furthermore, a MATLAB PIQE function was 
used to analyse the picture quality of captured droplets, and the results confirmed that 
previously given subjective results were supported by the MATLAB PIQE function.  

This chapter presented a comparison between three open-source and cost-effective 
imaging sensors and evaluated their performance for droplet microfluidics. The next 
chapter introduces a novel mathematical model that enables to estimate droplet 
generation rate based on the flow rates of dispersed and continuous flow. 
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4 Empirical model for evaluating the droplet generation 
speed for flow focusing microfluidic chips 
In this chapter, a mathematical model is proposed for flow focusing droplet microfluidic 
chip, that enables to evaluate the droplet generation rate based on the flow rates of 
dispersed and continuous phases. 

This chapter is based on the following publications:  
• Pärnamets, K., Udal, A., Koel, A., Pardy, T., Gyimah, N., & Rang, T. (2022). “Compact 

Empirical Model for Droplet Generation in a Lab-on-Chip Cytometry System”. IEEE 
Access, 10, 127708–127717. https://doi.org/10.1109/ACCESS.2022.3226623 

 
The previous chapter showed that when using imaging sensors, there is a clear limit 

on how many dps can be detected in a microfluidic chip. It is important to distinguish 
whether the flow of droplets is running at high-speed exceeding the capabilities of the 
camera sensor or is the flow of liquids jetting when designing a custom setup [88].  
For an imaging camera, both of these conditions appear the same. Differentiating the 
two conditions is important – on the one hand, it is important to know the droplet 
generation rate, but on the other hand, it could also assist in determining if something is 
wrong with the chip (e.g., a clog, leak, incorrect flow rate, etc.). 

A mathematical model could be used to estimate the droplet generation rate by taking 
two variables from a microfluidic chip (oil and water flow rates) as inputs. Chip design 
(channel configuration, channel width and height) also plays an important role, but these 
values only change when a different chip design is used. Similar research has been 
conducted in the past, but the focus of previous papers has been primarily on the 
estimation of droplet sizes [208]. It is true that droplet size is an important parameter, 
but it does not provide much information in terms of droplet generation rate and camera 
framerate.  

To further emphasize the need for a mathematical model, a specific use case can be 
considered. When a new chip is introduced to a microfluidic setup, the droplet generation 
rate of such chip is not known. In order to determine the performance of the chip, one 
approach would be to conduct a number of experiments and find the droplet generation 
rate by trial-and-error. It is important to note that while such an approach may be fruitful, 
it wastes a lot of reagents, some of which can cost in the range of thousands of euros  
per ml, not to mention the excessive time needed to conduct the numerous experiments. 
One may use the proposed mathematical model to conduct at least three experiments 
at different flow rates to estimate the droplet generation rate based on the flow rates of 
dispersed and continuous phases.  

4.1 Evaluation of droplet size based on flow rates 
Previously, only droplet length analysis based on the flow rates has been published. It is 
important to evaluate the existing work and to see how well the droplet size can be 
estimated based on the existing mathematical formulas. The mathematical formula 
(Equation 2) is proposed in [208] and requires the input of dispersed and continuous flow 
rates (Qd and Qc). Often water is used as for dispersed phase and oil is used for continuous 
phase, and their flow rates are represented as QW and QO, respectively. 



68 

Figure 31. Droplet size of the microfluidic chip used in this work (green dots), plotted against the 
previously reported works. Figure reproduced from: [208]. 
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where D is channel width, α, and β are fitting parameters and Ca is the capillary number. 

For the microfluidic chip that was used in this work, the fitting parameters in Equation 2 
were determined by trial-and-error to be the following: α = 0.1, and β = 0.68. The capillary 
number (Ca) was determined to be 0.05 based on the graph presented in [208]. 
The results of our model are shown as green dots and are superimposed on the existing 
graph and show a similar behaviour to previous studies as is seen on Figure 31.  

4.2 Analysis of experimental results 
The purpose of this study is to develop a compact model for estimating droplet 
generation rates (dps). To develop a mathematical model, a number of experiments were 
conducted focusing on recording droplet generation rate and droplet sizes based on the 
flow rates of continuous and discontinuous phases. For continuous phase mineral oil 
(Sigma Aldrich 330779) was used and for discontinuous phase deionized water was used. 
Water flow speeds of 4 μl/min, 8 μl/min, and 12 μl/min were used, and for each water 
flow speed the ratio of water to oil was changed from 1:2 to 1:8 in steps of 4 μl/min. 
During the experiment, one-second-long datasets of droplets were recorded at 3000 fps 
for each flow rate, and the results are presented below (Figure 32). In Figure 32, only 
single droplets are shown, but other parameters, such as the distance between droplets 
and the number of droplets generated in one second were extracted from the datasets.  
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Figure 32. Images of the droplets using different water and oil flow rates. The flow rates used for 
water were 4 μl/min, 8 μl/min, and 12 μl/min and for oil the flow rates were ranging from 8 μl/min 
to 88 μl/min. Figure reproduced from: [209]. 

The droplet generation rate of microfluidic system is determined by manually 
counting the number of droplets in a dataset containing 3000 frames. The droplets are 
counted on frames on one tenth of the dataset instead of on the entire dataset,  
as counting droplets on full datasets is very time-consuming. To obtain the droplet 
generation rate for one second, the found droplet count was multiplied by 10, resulting 
in a dps. In order to evaluate and verify this methodology, the dps counts for the full 
dataset and the tenth of the dataset multiplied by 10 were randomly compared.  
An accuracy range of +-5% was observed between the results. Such accuracy was 
accepted as sufficient, as in the literature up to +-8.5% variation in droplet generation 
rate is reported [210].  

 



70 

 
Figure 33. Representation of measurement results plotted against the proposed model of the 
droplet detection rate. Figure reproduced from: [209]. 

4.2.1 Proposed mathematical model and application to our system 
An in-depth description of the mathematical model can be found in the publication [209] 
(included in full in Appendix 3 of the thesis). Based on the analysis of experimental 
results, a mathematical model can be proposed that describes the predicted droplet 
generation rate (dpsi) (Equation 3). Due to the fact that three different flow rates of water 
were used, an index i was used to distinguish between the experiments. Though the 
proposed mathematical model should only rely on the flow rates of water and oil (QW 
and QO), it needs three additional fitting parameters (E8,i, QE,i, and QD,i). Droplet ellipticity 
E can be expressed as droplet length divided by droplet width. Parameter E8,i represents 
droplet ellipticity at its lowest water to oil ratio (i.e. QW = 8 μl/min and QO = 16 μl/min). 
The results indicate that the ellipticity decreases with increasing oil flow rates and 
variable QE,i is introduced to account for this change (Equation 5). Moreover a change in 
droplet diameter is viewed and a variable QD,i is introduced to account for this change 
(Equation 4).  
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The manual count of droplets is mapped on a graph in Figure 33 for each water flow 
rates. Moreover, the droplet generation rate predicted by the model (Equation 3) is 
plotted on the same graph. It can be seen that the model does not follow the 
experimental results exactly, but comparing the two, the accuracy is within a range of  
+-10% and is deemed accurate enough. It is important to emphasize that it is not 
expected for the model to work with utmost accuracy, because being able to predict 
droplet generation rate with an accuracy of +-10% provides a good starting point for 
further system fine tuning.  

Based on empirical investigation, a mathematical model was developed to estimate 
the droplet generation rate with an accuracy of +-10% using flow rates of dispersed and 
continuous phases (water and oil). Following this chapter, a novel approach to  
non-imaging droplet detection is presented, which exceeds the droplet detection 
performance of imaging sensors.  
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5 Proof-of-concept of non-imaging droplet detection  
As an extension of Chapter 3 of the thesis, this chapter proposes a low-cost non-imaging 
setup and method for droplet tracking. Proof-of-concept droplet detection performance 
evaluation of the setup entails droplet generation rate measurement.  

This chapter is based on the following publications:  
• Jõemaa, R., Gyimah, N., Ashraf, K., Pärnamets, K., Zaft, A. W., Scheler, O., Rang, 

T., Pardy, T., “Cogniflow-Drop: Integrated modular system for automate 
generation of droplets in microfluidic applications”. Submitted to IEEE Access by 
May 2023 - Forthcoming. 

5.1 Background about the non-imaging methods used in droplet 
microfluidics 
A set of experiments was conducted in the previous chapter using a Basler Ace camera, 
which was capable of recording frame rates up to 3000 fps and detecting droplets at a 
rate up to 1500 dps. At higher droplet generation rates, it becomes difficult to distinguish 
whether droplets are being generated at all, or whether the generation has reached a 
state called jetting [88], [211]. When droplet generation frequency is half or more than 
the framerate of the camera, the effects of jetting and detecting droplets are remarkably 
similar. One suitable option would be to switch to even higher performing imaging 
camera, but sooner or later this approach is not economically viable. Additionally, if only 
droplet size, speed, and generation frequency are of interest, such a method may not be 
appropriate. The use of a non-imaging detector could provide a cost-effective alternative 
to imaging sensors when only the size and speed of the droplet are of concern. 

In a typical microfluidic setup, three key components have to be present for droplet 
generation: the microfluidic chip together with pumps, a source of illumination, and a 
detector, as illustrated in Figure 3. It is possible to utilize a different combination of 
illumination and detectors for the same microfluidic chip. In the case of non-imaging 
detection, a variety of sensors are available (Photomultiplier tube (PMT), avalanche 
photodiode (APD), photodiode (PD)); however, due to its simplicity of use, a photodiode 
is frequently chosen (see Section 2.4). A variety of light sources are available for 
illumination, but due to their low power and ease of use, solid state lasers or LEDs are 
often preferred (see Section 2.3). 

A pinhole is commonly used in confocal microscopy to set a focal plane; however,  
in the present application, its purpose is different from that in confocal microscopy  
[212], although it is similarly positioned between the detector and the optical signal coming 
from the microfluidic chip. The sole purpose of the pinhole is to block out unwanted stray 
light from uninteresting areas of the microfluidic chip, improving the signal to noise ratio 
for non-imaging detector. When it comes to non-imaging droplet microfluidic applications, 
microscope lenses are used primarily to provide optical magnification; however, as 
magnification increases, the field of interest narrows, preventing the lens from capturing 
unwanted stray light. When focusing is of interest, often the pinhole is used in photography 
to provide near infinite focus distance or depth of field. As part of this work, the effects of 
using a pinhole as a focuser have not been thoroughly explored, but rather the working 
principles and performance for droplet detection have been evaluated empirically.  

It is possible to simplify the overall detection setup by removing the microscope lens 
from the optical setup and replacing it with the pinhole. As a result, the overall setup 
becomes less cumbersome and more cost-effective. In addition, it is possible to attach 
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the pinhole to the microfluidic chip at the time of its manufacture, which will ensure a 
precise alignment of the pinhole with the microfluidic channel. The use of a photodiode 
with a relatively large detection area would also make this approach suitable for POCT 
applications, because alignment of the microfluidic channel to the detector would no 
longer have to be precise and would no longer be critical.  

It is sensible to use readymade modules as much as possible in the very early  
stages of development, since they allow a quicker evaluation of the overall system.  
The selection of photodiodes along with the necessary support circuitry should, however, 
be designed and analysed here. Firstly, it enables the system to be highly customizable, 
and secondly, the illumination and detection circuits are not overly complicated that 
would require months of research. It is also necessary to take a closer look at the topic 
of specialized transimpedance amplifiers for photodiodes when considering the need for 
high-throughput. It is also essential to select a photodiode that will respond appropriately 
to both white light and green fluorescent light signals. 

5.2 Selection of photodiode 
Photodiodes are electronic components that convert photons from incident light into 
electric current, also known as photocurrent. Diodes are selected primarily based on 
their spectral range, spectral range of sensitivity, photocurrent, junction capacitance, 
and architecture. In the non-imaging droplet detector, the photodiode plays a key role, 
so it is imperative to select the right one. It was indicated in the previous paragraph that 
for a non-imaging detector based on photodiode to be on par or better compared with 
current state-of-the-art, as far as droplet detection frequency is concerned, the detector 
should be capable of detecting droplets at a rate of at least 10 kdps.  

In the literature, photodiodes are widely reported to be used for the detection of 
droplets; however, the manufacturer and model of the diode are often not specified. 
Furthermore, there is a lack of information about the supporting electronics that are 
required to convert photocurrent into voltage, making it difficult to replicate and 
evaluate existing solutions. The evaluation process is further complicated by the fact that 
different microfluidic chips behave differently with regard to flow rates, droplet size, and 
frequency of droplet formation. Therefore, it is justified to go through the analysis of 
selecting a photodiode, aiming for the performance to reach the detection frequency to 
10 kdps.  

5.2.1 Key parameters for photodiode 
The first and foremost consideration when selecting a photodiode is its spectral range, 
which defines in which range the photodiode can be operational. For droplet microfluidic 
applications, the choice of a photodiode is primarily determined by the spectrum of the 
illumination source. In order to count droplets, a white light source can be used. A white 
power LED with a colour temperature of 3000 K was used to illuminate the setup. Lower 
colour temperature was preferred as the spectrum has higher red colour intensity 
around 600 nm. It is possible, however, that droplets that contain FITC may need to be 
detected. According to chapter 3.5.4, FITC has an excitation spectrum of approximately 
490 nm and an emission spectrum of approximately 510 nm. There is a wide variety of 
photodiodes available that have the spectral range suitable for infrared spectrum 
(typically around 800–900 nm). In microfluidic droplet detection applications, infrared 
photodiodes can be used, but they must have a spectral range that also covers 
wavelengths between 510 nm and 600 nm. 
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Due to the fact that a photodiode is not a linear component, the previously discussed 
spectral range of sensitivity does not adequately address how well the photodiode 
performs over the spectral range. For that, most photodiodes’ datasheets include a graph 
expressing relative spectral sensitivity, which describes how much photocurrent is 
generated at a specific wavelength within the spectral range. It is typical for photodiode 
sensitivity spectrums to have only one peak and to have almost linear increases before 
and linear decreases after the peak wavelength sensitivity. It is possible to use this metric 
if experiments are conducted using fluorescent emissions, since it allows comparison 
between different photodiodes operating at a specific wavelength, such as at 510 nm. 
Photodiodes are also measured by their output current, which is typically defined at a 
light intensity of 1000 lx and expressed in microamperes. With higher output currents, 
less gain is required from the amplifier, and therefore, the amplifier design is less 
challenging. Junction capacitance (Cj) of a photodiode is also important metrics, as it 
somewhat defines the speed of the detector. An effective way to reduce the junction 
capacitance is to reverse bias the photodiode (photoconductive mode), however, 
photodiodes with large photosensitive areas have a large junction capacitance by nature, 
and reverse biasing only reduces this capacitance to a limited extent. A final factor to 
consider is the architecture of the photodiode, which may be one of four types, PD, PIN, 
Schottky or APD, although Schottky and APD-s are not considered as the former have 
spectral ranges suitable for ultraviolet (UV) and the latter require a high voltage power 
source. For example, for APD-s the working voltage is considerably higher compared to 
PD and PIN, reaching tens of volts, posing a challenge to the design or selection of the 
power supply. Furthermore, they are not as cost effective as PD and PIN. APD-s, on the 
other hand, provide exceptional sensitivity. As compared to PD and PIN diodes, whose 
spectral sensitivity ranges from 0.1–1 A/W, APDs have a relative spectral sensitivity of 
0.5 to 100 A/W. 

5.2.2 The selection of photodiode for droplet microfluidic droplet detection 
While there is a wide selection of photodiodes available that meet some or all of the 
previously mentioned technical criteria, it is not feasible to order and test all of them.  
A set of photodiodes was selected in order to provide a combination of different 
parameters in a microfluidic droplet detection application, since it is uncertain how each 
individual photodiode will perform in a droplet microfluidic droplet detection application. 
A number of photodiodes are listed in Table 8, each covering all the parameters discussed 
previously.  

To enable evaluation of the photodiodes for fluorescence experiments, a relative 
spectral performance has also been provided for wavelength of 510 nm. The two 
parameters that perform best in terms of spectrum, relative spectral sensitivity, 
photocurrent, and junction capacitance are highlighted in bold. It can be seen that in terms 
of photocurrent and junction capacitance, the Osram BPW24R has the best performance; 
however, it has relatively low performance in terms of spectral sensitivity for 510 nm 
wavelength. The SFH 2240 by Osram is the most sensitive for 510 nm wavelengths and 
has a peak in spectral range at 620 nm. It has, however, a relatively high junction 
capacitance, as well as a modest photocurrent. It is also important to note that PIN 
diodes exhibit a higher level of relative spectral sensitivity than PD diodes. The two 
photodiodes discussed could possibly be selected for further experiments; but in the end 
the Osram SFH 2240 was chosen for its very good response at wavelengths of 510 nm 
and 620 nm. 
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Table 8. Selection of photodiodes based on the spectral range, relative spectral sensitivity for  
510 nm. In the table is also provided the manufacturer, photocurrent, junction capacitance and 
architecture.  

Photodiode Spectral 
range 

Relative spectral 
sensitivity [A/W] 

Photo-
current 
[μA] 

Junction 
capacitance 
Cj [pF] 

Architecture 

Ablic S-5420 250-1000, 
pk@365nm 

0.17@365 nm, 
0.13@510 nm - - PD 

MARKTECH 
MT03-023 250-1100, 

pk@950nm 

0.22@365 nm, 
0.38@633 nm, 
0.3@510 nm 

- 8-20 PD 

MARKTECH 
MTD5052N 

410-580nm, 
pk@522 

0.3@525 nm, 
0.275@510 nm 4.5 100 PD 

MARKTECH 
MTD5052W 

410-580nm, 
pk@525 

0.3@525 nm, 
0.275@510 nm 

4 500-700 PD 

OSRAM 
BPW24R 

400-
1100nm, 
pk@900nm 

0.6@870 nm, 
0.12@510 nm 45-60 2.5-11 PIN 

OSRAM BPX 61 400-
1100nm, 
pk@920nm 

0.62@850 nm, 
0.18@510 nm 55-70 72 PIN 

OSRAM BPX 65 350-
1100nm, 
pk@850nm 

0.55@850 nm, 
0.25@510 nm 10 11 PIN 

OSRAM SFH 
2240 

400-690nm, 
pk@620nm 

0.37@550 nm, 
0.32@510 nm 6.6 135 PIN 

VISHAY 
BPW21R 

420-675nm, 
pk@565nm - 9 400-1200 PD 

 

5.3 Design of transimpedance amplifier 
The current that a photodiode generates is in the range of up to 100 μA. Such current is 
very small and requires an amplifier. Furthermore, most devices (such as microcontrollers 
and analogue to digital converter (ADCs)) require voltage as an input. It is common to 
use a transimpedance amplifier (TIA) for such a task, which converts the current from the 
photodiode into an amplified voltage. Transimpedance amplifier is also preferred as the 
design is relatively simple, containing only one operational amplifier, resistor and some 
capacitors. Despite the simplicity of the schematic’s design, there are a number of 
necessary calculations that must be completed before a stable application can be 
achieved. Fortunately for designers, the TIA design is supported by a wide range of tools 
that can assist in getting started with TIA design.  

5.3.1 The schematic and PCB of transimpedance amplifier 
The schematic of the TIA is based on a reference design published by Texas Instruments, 
which is a photodiode amplifier with a bandwidth of 1 MHz [213]. For the photodiode, 
an Osram SFH 2240 photodiode is used, having maximum photocurrent of 6.6 μA and 
junction capacitance of 135 pF. It was previously discussed that the non-imaging 
approach should achieve the droplet detection rate of up to 10 kdps. Accordingly,  
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the TIA should also have a bandwidth of at least 10 kHz, but if possible, even higher.  
The photodiode current of 6.6 μA is specified for a light intensity of 1000 lx (lux), which 
is roughly equivalent to the light intensity at overcast daylight. The expected 
photocurrent for the droplet detection system is expected to be less than that, however 
the exact value is not known. In all cases where photocurrent is required for calculations, 
the current specified in the datasheet for 1000 lx is used. 

The schematic with component values can be seen in Figure 34. Following the previously 
discussed parameters, the feedback resistor and compensation capacitor were calculated 
to provide the photodiode amplifier with bandwidth of 40 kHz and with gain of 100 kV/A, 
meaning for photocurrent of 6.6 μA an output voltage of 0.66 V will be produced.  
In order to maintain some degree of comparability between the calculations presented 
here and those presented in the application note, similar operational amplifier 
(OPA2320) is used as is reported in the application note (OPA320). The performance of 
this device is similar to that of the OPA320, however, there are two operational 
amplifiers instead of one. To prevent unwanted use or noise in the other operational 
amplifier, the unused operational amplifier has been configured as a unity gain amplifier. 

 

 
Figure 34. The transimpedance amplifier used non-imaging detection of droplets. The design of the 
amplifier is based on industry standard transimpedance amplifier design presented in a Texas 
Instruments application note [213], but with feedback and supporting components calculated in 
accordance with the gain and bandwidth requirements for current work. Moreover, a RC filter is 
added to the output, to supress noises above 15 kHz. 
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Figure 35. Custom PCB with installed photodiode and transimpedance amplifier. On the board there 
is (a) a photodiode, (b) a transimpedance amplifier, and (c) connectors for power and output. 

It is common for the amplifier to be built separate from the sensor and the photodiode 
to be connected to the TIA via shielded cable. Keeping portability in mind, it is more 
reasonable to build the TIA right next to the photodiode. The PCB was manufactured 
using Protomat, a tool meant for producing prototype PCBs, which is suitable to use here 
as the circuit is fairly simple. It is also important to note that attaching a photodiode to a 
PCB and keeping the other components and circuitry close to each other improves 
mechanical rigidity and minimizes noise induced by otherwise long wires. To even more 
supress the unwanted noise, a first order RC filter, tuned to 15 kHz cut-off frequency, 
was used at the output of TIA. The constructed PCB can be seen in Figure 35. 

5.3.2 Evaluation of the performance of TIA 
As a preliminary step before incorporating a photodiode into the measurement setup,  
it is sensible to investigate the maximum frequency that the photodiode detector setup 
will be able to detect. To achieve this, a custom LED light source is assembled, which is 
capable of switching on and off with rise and fall times of a few μs, and is driven by a 
signal generator. Rather than evaluating a sensor’s performance to a very high level of 
accuracy, the objective is to determine what order of magnitude of frequency the sensor 
is capable of detecting. To shield unwanted light from the outside and maintain stable 
positioning of both PCBs, both the detector and LED were mounted inside a black case 
(Figure 36).  
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Figure 36. The setup for PD speed determination. The setup contains: (a) the photodiode board, (b) 
a LED board and (c) a black case to block out external illumination. 

An N-channel MOSFET transistor switch was constructed to drive the LED. To limit the 
LED current, series resistors were used; however, since only one 10 μs pulse is generated 
in each second, these resistors are not necessary. The LED in this setup is a white power 
LED (LTW-3030) from Liteon with a colour temperature of 3000 K [214]. It is suitable for 
this setup as its spectrum peaks at 600 nm wavelength, which is where the Osram SFH 
2240 has the highest sensitivity. Due to the fact that this setup is intended only for 
evaluating the speed of a photodiode, a laboratory power supply is used and pulses are 
generated by a signal generator in the Keysight DSO-X 2012A oscilloscope. In Figure 37, 
the oscilloscope channel no 1 (orange) shows a 10 μs pulse from signal generator, while 
channel no 2 (green) shows a response from the transimpedance amplifier output.  
The signal rise and fall times can be seen to be around 3 μs. Results indicate a bandwidth 
limitation of approximately 100 kHz, which is sufficient for a first implementation and 
should be able to detect droplets at a frequency of 10 kHz. 
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Figure 37. LED driving signal from signal generator and the response signal from photodiode 
detector. A 10 μs signal from signal generator (orange) is used to drive the LED switching MOSFET. 
A LED signal is captured by photodiode and the response from the transimpedance amplifier can 
be seen (green). 

5.4 Pinhole add-on for measurement setup 
In terms of illumination and detection, it is clear how they will be handled, but once all 
components have been assembled, the number of detectable droplets will be relatively 
low (10–20 dps). This is due to the fact that the active area of the Osram SFH 2240 is 
2.65 mm x 2.65 mm, while the microfluidic channel has a width of 90 μm. Droplets 
generated by the generator are estimated to be in the range of 100 μm in size, thus 
generating a relatively small shadow in comparison with the overall size of the sensor.  

A pinhole addon is proposed, which is aligned with the microfluidic channel. Using the 
pinhole addon, stray light around the droplet generation channel was blocked out, 
thereby increasing the detection signal to noise ratio. In addition, a lens (Optosupply 
OEHW2045GF) was added to the LED PCB to narrow the overall wide beam of the LED 
and increase its intensity at the droplet generation area (Figure 38.). Since the LED board 
was originally designed to evaluate photodiode performance, it has been modified to 
operate continuously, by removing the driving transistor, series resistor, and replacing it 
with a linear constant current LED driver. Section 3.2 has previously evaluated imaging 
sensors using a microfluidic setup containing LEDs, microfluidic chips, and imaging 
sensors. In order to install the non-imaging sensor, the imaging sensor was removed from 
the experimental setup and the LEDs were replaced with the design discussed in this 
chapter (Figure 39). 
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Figure 38. Closeup of microfluidic chip with pinhole add-on. In figure is seen: (a) water and (b) oil 
are pumped to microfluidic chip via PTFE tubing, resulting in droplets being generated at (c) the 
junction of microfluidic chip. Right beneath the microfluidic chip is a (d) pinhole add-on, which is 
aligned with the junction of microfluidic chip. The generated droplets are transported to container 
via (e) PTFE tubing. 

Figure 39. Construction of non-imaging droplet detection setup. The non-imaging detection setup 
consists of: (a) a microfluidic chip that produces droplets and to where a pinhole addon aligned 
with microfluidic channel is added, (b) a white LED as light source, (c) a photodiode as a detector, 
(d) batteries as power supply, and (e) a BNC cable that connects the output of the photodiode sensor 
to oscilloscope. 
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5.4.1 Pinhole attached to microfluidic chip 
A key component of the proposed microfluidic setup is the pinhole, which aligns with the 
microfluidic chip channel and serves as a means of blocking out stray light (Figure 40). 
The microfluidic setup is constructed as follows. On top, there is an illumination source, 
for which the previously mentioned LED board consisting of LED, lens, and driver is used. 
An LED illuminates a microfluidic chip beneath which is adhered a pinhole add-on, 
formed from stainless steel sheet metal with a thickness of 150 microns. A 100 μm hole 
is laser cut into the sheet metal. A photodiode with a transimpedance amplifier is located 
directly beneath the pinhole. Compared to previous methods described in the literature, 
such an approach is much more versatile in terms of alignment. 

Figure 40. Cross section of the non-imaging microfluidic detection system. The droplets are 
generated in microfluidic chip, the droplets are illuminated by LED and detected by photodiode. At 
the centre of the figure is microfluidic chip made out of PDMS, where fluid inputs (for water and oil) 
and output are represented. The chip is made out of PDMS and is bonded to microscope slide  
(75 x 25 x 1mm). On top of the chip is a simple illumination board that consists of single LED solution 
with current limiting resistors. Directly underneath the microscope slide is the pinhole attachment, 
that is made out sheet metal and the pinhole is laser cut to a size of 100 μm. Directly underneath 
the pinhole is detector setup, consisting of a photodiode and transimpedance amplifier. 

5.5 Performance of droplet detection with the pinhole add-on 
The droplet generation rate was previously determined using a camera and counting 
droplets in images captured over a period of 100 milliseconds and multiplying the 
number of droplets by 10 to represent dps. As a result of this approach, dps with 
reasonable accuracy was obtained; however, as mentioned earlier, counting the droplets 
was time consuming and provided an accuracy of +-5%. In that sense, the non-imaging 
approach should provide the answer quicker and be more precisely. In current state,  
an oscilloscope is used to measure the output signal of the transimpedance 
amplifier. An oscilloscope is preferred at this stage, as it allows the signal to be easily 
measured by means of amplitude and frequency. Due to the fact that TIA has voltage 
output, it can be routed to an ADC (separate or internal to the microprocessor) and thus 
the proposed solution can be implemented on embedded platforms reasonably well.  
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Based on the droplet count determined using imaging sensors (Table 6), it would be 
logical to verify the droplet generation rate using non-imaging sensors and compare the 
results with those determined using imaging sensors. Based on the experiments 
conducted in Chapter 3 and Chapter 4, it is evident that as the flow rate of oil and water 
increases, the rate of droplet generation increases, and the size of droplets decreases.  
It is also necessary to use both imaging and non-imaging approaches for the same 
experiment in order to obtain the most accurate results. The frequency of droplet 
generation was first verified using a non-imaging approach after the droplet generation 
had started. The stable flow of droplets results in a sinewave, whose frequency 
represents the frequency of droplet generation, and from which the number of droplets 
generated per second can be extracted. Within a few seconds, the sensor was switched 
to imaging and a set of images was captured for a period of one second. The camera 
frame rate was set to be at least five times faster than that detected with the non-
imaging approach, i.e. for flow rates of 16/32 (QW/QO) a frequency of 610 Hz was 
detected, so the camera frame rate was set to 3000 fps. A set of 3000 images was 
collected over a period of 1 s. The manual counting of droplets is not viable, so only 1/10th 
of the set is counted to ensure accuracy. To verify that the 1/10th method would be 
effective, the number of droplets for 1 s was counted for flowrates 8/16 (QW/QO) and 
16/32 (QW/QO). 

When imaging and non-imaging methods were compared, similar results were 
observed and an accuracy of +-3.3% was observed (Table 9). As for flow rates of 1/2 
(QW/QO), where there is a detected flow rate of 12–13 dps, the deviation is the highest 
(+8.3%), since it is somewhat difficult to accurately determine the number of droplets 
from the images due to the size of the droplet. For the remaining experiments, the 
counting is more accurate, as the droplets are considerably smaller in length and are 
easier to detect and count. Other flowrates show a deviation in range of +-3%.  

Table 9. Droplet generation frequency comparison between imaging and non-imaging sensors 
using different water (QW) and oil (QO) flow rates. 

Flow speeds [QW/QO], μl/min 1/2 2/4 4/8 8/16 16/32 
Dps with imaging 12 30 67 220 630 
Dps with non-imaging 13 31 69 213 610 
Deviation +8.3% +3.3% +3% -3.2% -3,2% 

 
It was confirmed that the non-imaging method provided similar results to the imaging 

method, and that the droplet count obtained using the non-imaging approach was 
reliable. It was only reasonable to push the system in terms of droplet generation rate in 
order to determine the maximum droplet detection rate it is capable of. This was 
accomplished by gradually increasing the flow rate of oil and water. The proposed 
method must reach a droplet detection rate of 10 kdps in order to be successful.  
The water flow rate was increased to 100 μl/min and oil was increased to 200 μl/min. 
The frequency of droplet generation was observed to be 10.1 kHz. Assuming the system 
to be accurate to +- 3.3% of droplet count, the detected droplet generation rate is  
10.1 kdps +- 333 dps. Compared to the signals captured for droplet generation rates 
ranging from 13 to 610 dps, the output signal amplitude was two orders of magnitude 
lower; however, the oscilloscope has sufficient sensitivity to capture the signal, proving 
the feasibility of the proposed method in principle. 
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Figure 41. The output of transimpedance amplifier at high droplet generation rate. The droplets are 
generated using water flow rate of 100 μl/min and oil flow rate of 200 μl/min, resulting in droplet 
generation rate of 10.1 kdps +- 333 dps. 

5.6 Summary 
The objectives of this chapter are to assess a photodiode-based non-imaging droplet 
microfluidic detection setup, including the design of the support circuitry required for 
the amplification of photodiode signals. 

A significant result of this study is the development of a unique way to detect droplets 
(via the droplet generation rate expressed in droplets/second unit) in microfluidic 
droplet applications through the integration of a pinhole add-on to the microfluidic 
droplet device. In this proof-of-concept setup it was possible to improve the existing 
setup from Chapter 3 by eliminating microscope lenses from the setup, introducing a 
pinhole to the microfluidic setup, and attaining similar droplet detection rate 
performance and reaching 10.1 kdps +- 333 dps per second with droplet detection.  
With the pinhole add-on, the overall detection circuit is less cumbersome, is more  
cost-effective, and allows the microfluidic setup to be portable. It is relevant to note that 
the results of the novel method were compared, where appropriate, with the results 
obtained with the imaging sensors in previous chapters and an accuracy of +-3% was 
observed. The next chapter presents the conclusions and the future directions of 
research.  
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6 Conclusions 

6.1 Summary and key findings 
The purpose of this thesis is to support the development of portable and cost-effective 
analytical device that uses droplet microfluidics for sample handling by exploring  
the existing illumination and detection methods. The focus of this research has been  
on illumination and detection methods used in biomedical applications, with  
particular emphasis on the illumination and detection sources used in droplet 
microfluidics. 

Accordingly, this thesis addressed the following research questions (previously 
formulated Section 1.3):  

1. RQ1 – What are the capabilities of an optical sensors for droplet detection and 
how does high-throughput limit sensor selection i.e. what are the sensitivity 
and sensor speed requirements for reliable droplet detection? Also, are the 
sensor requirements different for droplet detection if the droplets are 
fluorescently labelled or not?  

2. RQ2 – What possible cost-effective and open-source solutions exist that could 
be suitable for high-throughput droplet detection with and without 
fluorescence. Also, what could be the suitable lighting solution, i.e. are LEDs 
sufficient or should lasers be used instead? How to evaluate the quality of 
captured images, i.e. which tool to use and which parameters to monitor 
(sharpness, resolution)? 

3. RQ3 – The question arises, is it possible to model droplet generation to predict 
stable steady state of generation at high flowrates by knowing the system 
behaviour at lower flow rates? 

4. RQ4 – Is it possible to find a new approach to achieve non-imaging high-speed 
droplet detection without requiring the use of conventional microscope lenses, 
while still achieving a temporal resolution comparable to state-of-the-art 
solutions?  

 
The thesis employed the applied research method to address the aforementioned 

research questions. This is, to the best of the author’s knowledge, the first experimental 
study on a suitable combination of detection and illumination in droplet microfluidics 
that can be used in portable and cost-effective platforms. As a result of this PhD thesis, 
the following contributions have been made:  

Contributing to RQ1, a comprehensive study of illumination and detectors was  
carried out. Throughout Chapter 2, an in-depth review of illumination sources for 
biomedical applications is provided, along with identification of the sources that are  
most suitable for cost-effective and portable droplet microfluidic applications.  
In addition, a similar review is provided for imaging and non-imaging sensors used in 
biomedical applications with a focus on which of these are suitable for cost-effective  
and portable droplet microfluidic applications. The results of this study are presented in 
Publication I. 

Having conducted a broad investigation of the field, a more detailed investigation was 
conducted regarding imaging sensors used in droplet microfluidics that can serve as a 
portable and cost-effective platform. Contributing to RQ2, an analysis and evaluation of 
cost-effective imaging sensors is presented in Publication II and discussed in Chapter 3. 
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In a comprehensive study, each imaging sensor is evaluated in order to determine the 
maximum detectable droplet rate. The suitability of LEDs and lasers is assessed, as well 
as the detection of droplets containing and without fluorescein. 

The contribution of RQ3 is an empirical model based on experimental results that can 
be used to determine the droplet generation rate in microfluidic chips by comparing 
continuous flow rates with dispersed flow rates. The results of this study are presented 
in Publication III and discussed in Chapter 4. 

Contributing to RQ4, this thesis proposes an innovative method for non-imaging 
detection of droplets by incorporating a pinhole into the measurement setup.  
The proof-of-concept measurement is more compact than existing state-of-the-art 
setups and provides comparable temporal resolution for droplet generation rate and size 
measurements. Some results of this study have been presented in Publication V and 
discussed in Chapter 5. 

6.2 Perspectives 
The PhD work so far has addressed several challenges and paves the way for further 
research.  

Some of the shorter-term points that directly relate to this topic are: 
• Improvements to the detection circuitry proposed in Chapter 5 so that it will 

provide higher amplification of the output signal. The improved circuitry could 
enable the signal to be more easily detected (via oscilloscope or microcontroller 
+ analogue to digital converter). The amplified signal would be useful for 
investigating whether the single channel droplet detection frequency could be 
advanced even further, as the maximum rate is currently 10 kdps with the setup 
used. 

• A study of illumination sources and their suitability for droplet microfluidics  
was conducted in this study. The study revealed that a novel automated  
method for enhancing droplet imaging could be proposed by synchronizing  
the droplet generation rate with the frequency of illumination flashing.  
The idea did not fit the timeframe of the study but could be investigated as future 
work. 

• In Chapter 1, a droplet microfluidics module was presented, which included a 
droplet generation module, a droplet detection module, and a data processing 
module. This thesis focuses solely on the droplet detection module, while other 
PhD students were working on other modules. Although the current research 
aims to integrate illumination and detection modules with other modules that 
other students are developing, a publication on the full integration is forthcoming 
at the time of writing this dissertation.  

• The current combination of imaging sensors and illumination sources allows for 
the investigation of only the size and shape of microfluidic droplets; however,  
it is also important to capture the morphology of droplets (contents). As of now, 
only a few preliminary experiments have been conducted to verify the concept 
(Figure 42). So far, the experiments have shown that the current state of the 
technology shows promise for observing cells within the droplet, however, 
further research is necessary since the current optical magnification and 
microfluidic chip cannot be used to analyse cells with high accuracy. Further,  
since current hardware has been analysed from the perspective that it can be  
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portable, cost-effective, and ready to be controlled by ML, it would be possible to 
develop a fully functional imaging flow cytometer that is portable, cost-effective, 
and enables automatic results analysis using ML. 
 

 
Figure 42. Microfluidic droplet containing algae cell, marked by black circle. A scale of 100 μm is 
represented by the white horizontal bar at the bottom of the image. 
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Abstract 
Optical detection methods for droplet microfluidic 
applications  
The purpose of the thesis is to investigate cost-effective and portable illumination and 
detection circuits for droplet microfluidics. First, the dissertation examines the current 
state-of-the-art of illumination sources and detectors for biomedical applications, with 
particular emphasis on droplet microfluidics. It is then evaluated and analysed the 
performance of open-source, cost-effective, and portable imaging optical detectors for 
droplet microfluidics. To overcome the limitations of imaging sensor detection 
capabilities in terms of droplet generation rate, a mathematical model is proposed to 
evaluate the theoretical droplet generation rate based on the flow rates of dispersed and 
continuous phases. Lastly, a non-imaging method is proposed which is less cumbersome 
in comparison to current state-of-the-art devices yet has similar performance in terms of 
detection of droplets per second.  

Over the past few years, there has been an increase in the demand for rapid,  
cost-effective, and portable methods of detecting viruses, which could be used by 
untrained personnel and at home (known as point-of-care-technologies). Another trend 
emerging over the past decade or two is to improve single cell handling of flow cytometry 
using droplet microfluidics. Droplet microfluidics enables to encapsulate single cells in 
separate droplets, and enables to do it at high throughputs. Although much research has 
been conducted in both fields, the existing solutions are often cumbersome and not 
portable in fashion. Additionally, some parts of a system may be suitable for portable 
and cost-effective solutions, while other parts may not be. In addition, a large number of 
data collected from high-throughput droplet generation systems cannot be 
automatically detected and analysed, since it is often necessary to use a separate system 
for analysis. This leads to a problem, that it is likely there exists a combination of readout 
frequency, excitation, and sensing technologies that can be combined to detect 
fluorescence of cells using a portable and cost-effective method. In order to investigate 
how such a problem may be resolved, an applied research method is employed. 

In previous state-of-the-art works of droplet microfluidics, that use imaging sensors 
for capturing droplets at high throughputs (ca 1000 droplets per second or more), often 
a high performing camera is used. While such solutions have excellent performance in 
terms of maximum frames per second, they are often expensive and cumbersome, and 
are not suitable for cost-effective and portable solutions. As a comparison with the 
existing state of the art, a set of open-source, cost-effective, and portable sensors is 
compared, and their performance and suitability for droplet microfluidic applications is 
analysed. Once the rate of droplet generation reaches half the maximum frame rate, the 
droplets are no longer visible in the image and the captured images resemble an effect 
found in microfluidic chips called jetting. However, based on the captured images, it is 
not possible to determine whether the droplets are being produced or if the microfluidic 
chip is jetting. It may be possible to overcome this issue by applying a mathematical 
model that estimates the theoretical droplet generation rate. In current state-of-the-art 
literature, droplet sizes are being estimated based on flow rates of oil and water.  
An innovative mathematical model is proposed in this work to estimate the rate at which 
droplets are generated based on the flow rates of water and oil. In contrast to 
approaches that use imaging sensors, a non-imaging approach may be utilized.  
For such an approach, typical state-of-the-art solutions utilize either a photodiode or a 
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photomultiplier tube. In order to focus the excitation and emission wavelengths to and 
from the microfluidic chip, a microscope is usually used, which provides a suitable optical 
magnification and a proper illumination. It is also possible to use a set of microscope 
lenses to achieve the desired magnification. By using such an approach, state-of-the-art 
solutions become cumbersome and expensive. In this study, a novel approach is 
proposed in which a pinhole is attached to the microfluidic chip in order to block stray 
light and focus the sensor on only one droplet at a time. This system is evaluated and 
found to be on par with current state-of-the-art setups, with a detection rate of 10000 
droplets per second.  
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Lühikokkuvõte 
Optilised tuvastamismeetodid tilkade mikrofluidiliste 
rakenduste jaoks 
Lõputöö eesmärgiks on uurida tilkade mikrofluidika kuluefektiivseid ja kaasaskantavaid 
valgustus- ja tuvastusahelaid. Esiteks uuritakse lõputöös biomeditsiiniliste rakenduste 
valgusallikate ja detektorite hetkeseisu, pöörates erilist tähelepanu tilkade 
mikrofluidikale. Seejärel hinnatakse ja analüüsitakse tilkade mikrofluidika jaoks mõeldud 
avatud lähtekoodiga, kulutõhusate ja kaasaskantavate optiliste pildidetektorite 
toimivust. Kujutise anduri tuvastamise võimaluste piirangute ületamiseks tilkade 
tekkekiiruse osas pakutakse välja matemaatiline mudel, mis hindab teoreetilise tilkade 
tekkekiiruse hajutatud ja pidevate faaside voolukiirustel. Lõpuks pakutakse välja 
mittepildistamismeetod, mis on praeguste tipptasemel seadmetega võrreldes vähem 
tülikas, kuid millel on samasugune jõudlus tilkade tuvastamisel sekundis. 

Viimastel aastatel on kasvanud nõudlus kiirete, kulutõhusate ja kaasaskantavate 
viiruste tuvastamise meetodite järele, mida saaksid kasutada nii koolitamata töötajad kui 
ka kodus (tuntud kui hoolduspunktide tehnoloogiad). Veel üks viimase kümnendi või 
kahe aasta jooksul ilmnenud suundumus on parandada voolutsütomeetria üherakulist 
käsitsemist tilkade mikrofluidika abil. Piiskade mikrofluidika võimaldab kapseldada 
üksikuid rakke eraldi tilkadesse ja võimaldab seda teha suure läbilaskevõimega. Kuigi 
mõlemas valdkonnas on tehtud palju uuringuid, on olemasolevad lahendused sageli 
tülikad ega ole moes kaasaskantavad. Lisaks võivad mõned süsteemi osad sobida 
kaasaskantavateks ja kulutõhusateks lahendusteks, teised aga mitte. Lisaks ei saa suurt 
hulka suure läbilaskevõimega tilkade genereerimise süsteemidest kogutud andmeid 
automaatselt tuvastada ja analüüsida, kuna sageli on analüüsiks vaja kasutada eraldi 
süsteemi. See toob kaasa probleemi, et tõenäoliselt on olemas lugemissageduse, 
ergastuse ja tundlikkuse tehnoloogiate kombinatsioon, mida saab kombineerida rakkude 
fluorestsentsi tuvastamiseks kaasaskantava ja kulutõhusa meetodi abil. Et uurida, kuidas 
sellist probleemi saab lahendada, kasutatakse rakendusuuringu meetodit. 

Varasemates tipptasemel tilkade mikrofluidika töödes, mis kasutavad pildiandureid 
tilkade hõivamiseks suure läbilaskevõimega (ca 1000 tilka sekundis või rohkem), 
kasutatakse sageli suure jõudlusega kaamerat. Kuigi sellised lahendused on suurepärase 
jõudlusega maksimaalsete kaadrite arvu sekundis, on need sageli kallid ja tülikad ning ei 
sobi kulutõhusate ja kaasaskantavate lahenduste jaoks. Võrdluseks olemasoleva tehnika 
tasemega võrreldakse avatud lähtekoodiga, kulutõhusate ja kaasaskantavate andurite 
komplekti ning analüüsitakse nende jõudlust ja sobivust tilkade mikrofluidilisteks 
rakendusteks. Kui tilkade tekkekiirus jõuab poole maksimaalsest kaadrisagedusest, ei ole 
tilgad enam pildil nähtavad ja jäädvustatud kujutised meenutavad mikrofluidkiipides 
leiduvat efekti, mida nimetatakse jugamiseks. Jäädvustatud piltide põhjal ei ole aga 
võimalik kindlaks teha, kas tilgad tekivad või mikrofluidkiip pihustub. Sellest probleemist 
võib olla võimalik üle saada, rakendades matemaatilist mudelit, mis hindab tilkade 
teoreetilise tekkekiirust. Praeguses nüüdisaegses kirjanduses hinnatakse tilkade suurust 
õli ja vee voolukiiruste põhjal. Selles töös pakutakse välja uuenduslik matemaatiline 
mudel, et hinnata tilkade tekke kiirust vee ja õli voolukiiruste põhjal. Erinevalt 
pildiandureid kasutavatest lähenemisviisidest võib kasutada mittekujundavat 
lähenemisviisi. Sellise lähenemisviisi jaoks kasutavad tüüpilised tipptasemel lahendused 
kas fotodioodi või fotokordisti toru. Ergastus- ja emissioonilainepikkuste fokuseerimiseks 
mikrofluidkiibile ja sealt tagasi kasutatakse tavaliselt mikroskoopi, mis tagab sobiva 
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optilise suurenduse ja korraliku valgustuse. Soovitud suurenduse saavutamiseks on 
võimalik kasutada ka mikroskoobi läätsede komplekti. Sellist lähenemist kasutades 
muutuvad tipptasemel lahendused tülikaks ja kulukaks. Selles uuringus pakutakse välja 
uudne lähenemine, mille kohaselt mikrofluidkiibile kinnitatakse nööpnõelauk, et 
blokeerida hajuvat valgust ja fokuseerida andur korraga ainult ühele tilgale. Seda 
süsteemi hinnatakse ja leiti, et see on võrdne praeguste tipptasemel seadistustega, 
tuvastamissagedusega 10 000 tilka sekundis. 
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Appendix 1  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Publication I 
K. Pärnamets et al., “Optical Detection Methods for High-Throughput Fluorescent 
Droplet Microflow Cytometry,” Micromachines 2021, Vol. 12, Page 345, vol. 12, no. 3,  
p. 345, Mar. 2021, doi: 10.3390/MI12030345. 
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����������	
��
��������� ���������������� ���!��"#���� ������ ���$%� &'()'"�&�##'�*�+&'��,���'�-&� !%&��!.'*%���-&� &�-"�&���-&�"'����&�,.� �-#�-���/&������ ��*%���"����-+���"��0��,%#��"#����%.�-���,��-%�� ��,�--�� -()��-'��#!-�����0����%��"%�� !����#'-� -���1�-'-��,������/"� -���"�'-�&�#!�,� -�� -� !&�-���--��+ � 23�4�54�6()�,�7��&�,"�&��"����.#�-'-��,���#�+��"��&�"�� ���� +�!�#'%-�!.� &���"*%���-&� �*�+&'��,����-��#��� ���1���&� �#����-���"������.#�(8�+�1���+���,���&�,"�&��#��� ���1�-��!!���� �#&��##� ��-� !��-7-��#���!��9�:-�� �#0��0 ��-������9;<=:�9��:-� -���1��'�� !9���:-"����#� !��,"���#��-�#%���  ��!��.��!!��--�!(
>?@ABC�D)'"�&�#-��%"���-�#�0&� ��� �!,�&��*%�!�&-'-��,����&� -�-�-����%�,�E��-�&��� -F,�&��*%�!�&&��"+������'"���,�&��*%�!�&"��&�--�&&%�-9,�/� ��-�"������ ���&%-� ��!��"#���� ������ ���&(:G!���&��� H�"��&�#��#�&���&��,�&�#���,�&�� �&�#!���&��� ,����!-���%-�!��!���&�&�##-� ���,�&��*%�!�&&��"G"�+��-%""#'��"�+�����!�1�&�G&�,,% �&���� H�������!!����-������� �#'I�!� ���!�1�&���&�,,% �&���!��-�"�����!�1�&�(=�"��!%&�!+���"��,�--�� ���,24J6( K�,,� #'%-�!-� -��-� ,�&��*%�!�&�""#�&���� -9.����/"���,� ��#� !&�,,��0&��#:��#'� �"��&�#2�6���#�&���&��,�&�#-� -� �,����!-24L�4M6(N#�&���&��,�&�#-� -��-9�,"�!� &�-� -��-+���&�"#� ����"���##�#�#�&���!�#�'�%�-:&� .�,�!�&�,"�&�� !#�+0&�-��.%���1�#�,���!-"����#��-�#%��� � !�--%�-+���;<=2436(8���0����%��"%�*�+&'��,���'�'"�&�##'��#��-� *%���,���'���&�##&�% �� �� !*%���-&� �,�&��-&�"'����,��� �� �#'-�-��(�(�2��6(O��.���,����!-����&�,,� #'%-�!-��%"-� &#%!�9�:#�-��-�-�/&������ -�%�&�-�9��:� �"��&�#"���&� -�-�� ���+�1��%�!�-�,�����-�#� -�-���&(�� !9���:"����,%#��"#����%.�-9PQ)-:�-!���&���-(R��#����-�-��%"-�����#��.#����-��-� -���1��� !��1�����!-"������,"���#��-�#%��� 9� &#%!� ��,��� ��""#�&���� -:����'����#-�&�,"#�/� !�/"� -�1�9�'"�&�##'S4��7T:2�45��6()���������������-� ��!�����-���&���&%-� �� #�+0&�-��-�,"#���� !,���&�,"�&�!���&��� -��%"-��,�7�,��-%��,� �-��%"-,����1��#�.#�����+�!��"�"%#���� � !U��-"��!%"���� �#'-�-"��&�--2��6(O���/�,"#����#'� �� #����0�,���� �!��!�-9VNW-:�-�/&������ -�%�&�-� !"����!��!�-��K�,"#�,� ���'Q���#X/�!�;�,�&� !%&���9KQX;:&�,���-�-!���&���-�� !�����-�,���,�� &#%!� ���+��#�+0&�-�&�,"� � �-� ����"��&�#"���(R��#����-�-'-��,- ��!�,"��1�,� �-� -� -���1��'��.�&�,"���.#���#�-��0PQ)-��%"-����'&� .�9�:#�+0&�-��9��:��1�-,�##"�'-�&�#!�,� -�� -�� !9���:&� ��-�#'.�,%#��"#�/�!�������#'� &���-����������%��"%�2��6()�%-��"��&�#-'-��,-&� .�,�!�&�,"�����1�&�,"���!���#�&���&��,�&�#-� -��-� &�,"#�/��'�!�,� -�� -�� !&�-�()�!����-�1���#��1��+-��1���&%-�!� .��-� -��-� !!���&��� ,����!-� �� ���#��-+�##�-� �#�&���&��,�&�#� !�"��&�#-� -��-� "����&%#�����.��""#��!� V�.0� 0�0K��"-'-��,-(O��� -�� &��� 24���J6�����0����%��"%��,��� �,�&��*�+&'��,���'�-!�-&%--�!(Y 2�L6!���&��� ��&� �$%�-�""#�&�.#���!��"#��,�&��*%�!�&-�� &#%!� ��#�&���&��,�&�#� !-"�&���-&�"�&,�� -�#� �+����"��&�#� �-�����1��+�!(Y 2�6�"��&�#-� -����&� �#��'�-��1��+�!� !&�,"���!���#�&���&��,�&�#� !,�&�� �&�#-� -��-(Y 2�M6�����&� �#��'.��� !�"��*%�!�&,�&��*�+&'��,���'�-!����#�!9���-



����������	
��
��������� ��������������� !�"� �#�$�%� �&'&!�� �#�() � ����%�!�!�"*+,!-�./������)" "%# �&# '0�!"�!"�#����!�'�10�%#�2 � !1&���& '���2�#2 �3��"�!"�#"�#)��)#��%�#��#�&!����&#&���# "� �"�&!�' � �&� �!"�#��&!�'���#�! �"%�#"%��� 2�+4)#)!��#"�&!� !1 "��&�%#�2 �)"#�2 �3"�&!��1#�)%�� !���3��&��1�# �"567*#�2 �3"��&����)"�!���&!&'0� �&'%�#��#�&!�����8%�# ��!�&'"��)%"�&!�6�*#�2 �3"��&����)"�!���"%�� 9��'���#�! �"&"%���"��"�!"�#����!�'�10+:&%�#" !�&��1�#067*&!&'0;�&!&'0� �&'%�#��#�&!�����# �"6' � ��������� �!6<4=*�"�!" � 2 �0�&!&'0" ""%����"&�%'�'&��'' !1����+*+>��0&'"�� "�)""���� �'�1 �&'&!����� �&'&"%���"������8%�# ��!�&'"��)%6�0%�"��� �'�1 �&'�#1&! "�""�)� ���#�&1�!�")"��*+>��"�%&%�#"�!'0�# �(0� "�)""���"�!"�#"��)%")"��&!�����'���#�! �"&"%���"&#�!��� "�)""�� !���& '+?��3#�2 �3%&%�#"��2�#� �#�(�3�0�����#0�#�#�%'��� �#�() � �"��)�#&#�'0������� !&� �!������3�+:&%�#" !�&��1�#06�*� "�)""������& '"������'���#�! �"�!"�#����!�'�10 !1�!�#&'�)���!��� "�)""��3���0&#�&%%' �� !�8%�# ��!�&'"��)%" !� �#�() � �"�#� �#�(�3&!��#�%'��� �#�(�3�0�����#0+@� '��%� �&'"�!"�#����!�'�10 "� "�)""�� !"�2�#&'%&%�#"�' 1��"�)#��"&!������!"�#)�� �!������%� �&'%&��&#��0% �&''0!��� "�)""�� !���& ' !� ���#�&��1�#0+>��#� "!�#�2 �31 2 !1&�&'&!����2�#2 �3������'���#�! �" �����%� �&'������ �!��#�#�%'��� �#�(�3�0�����#0+,!��!�#&"������&��2�� !�)##�2 �33�6 *� "�)"""�!"�#&!�' 1��"�)#������$!�'�10����)" !1�!�'���#�! �"�&!�6  *� "�)""��3���0&#�&%%' �� !�8%�# ��!�&'"��)%"��������&!�&!&'0;��#�%'��"�3� ���&0��!�& !6&*&"����#�&1�!�"�6�*��''"��#6�*���� !&� �!"����''"&!�#�&1�!�"+@���!��� "�)""���&!&'0� �&'%�#��#�&!����)���2�#�����#�)1�%)�&!���&#&���# ;����&�2&!�&1�"&!���&''�!1�"#�'&������&��� "�)""������!�'�10� !' 1������3���0&#�)"�� !�8 "� !1�8%�# ��!�&'"��)%"+,!>&�'�7�3����%&#���3�)�����& ' "%#�2 ��� !���&��#���!� �!��#�2 �3%&%�#"�!2&# �)"&"%���"�&!���3�)#%&%�# "%�" � �!�����%&#��������+ABCDE�FG��%&# "�!��#�2 �3"�!������ �!����! H)�" !� �#�(�3�0�����#0+>��'�2�'�����& '�����2&# �)"&"%���"� "�)""�� "#&����#��'�3��� 1�6IJIII*+KELF MENOPQAERSNPDPTU VWTSXMPYQREAERSNPDPTU Z[XWRBD\BXS]PNOXQYRXWPN N̂BDUXWRBD\EQLPQ_BNRE Q̀P[DEXaWRQPbYWcWROd-7�/ II I III II e�-�/ II I III II e�-�f/ II II II I e�-�g/ II I III III h�"-�i/ II II II II e�-��/ I I I II h�"-�7/ I II I II h�"4)#%&%�# jjj jj II I h�">��#�"������%&%�# "� 2 ��� !����)#�& !"��� �!"+,!k��� �!��3�1 2�&!�2�#2 �3�������!'0)"���%� �&'%&��" !=lmG������ �!"��)%"+,!k��� �!��3�#�2 �3���' 1��"�)#��")"�� !=lmG"��)%"&!�� "�)""��� #&�2&!�&1�"&!���&''�!1�"#�'&�����=lmG������ �!"��)%+,!k��� �!��3�#�2 �3���"�!"�#����!�'�10)"�� !=lmG������ �!"��)%"� !�����!��8������������ �!"��)%&"3�''&" !��#�"���'���#�! �"+m !&''0� !k��� �!��3�")��&# ;��)#9!� !1"&!�&!0%���!� &'�����#� &'��2 ��"�&!�3��)�' !����#��& ! !1�%�!��&''�!1�"+�FVWTSXMPYQREO>�����)"���� "#�2 �3 "�!"�!"�#"��#=lmGn��3�2�#�&�# ��'��o&�' 1��"�)#��"&!��%� �&'%&��"9#"�%#�2 ��"3�''$!�����&�� � �!&' !��#�&� �!�������#)!��#"�&!������!"�#)�� �!��&��&")#���!�"��)%&!������� �������"�!"�#�0%�+m'�3�0�����#0 !1�!�#&'&!�=lmG !%&#� �)'&#�#�H) #�&' 1��"�)#���� '')� !&�����()�#�%��#�" !���"&�%'�3 ��&!&%%#�%# &��3&2�'�!1��#&!1�&!� !��!" �0-�g/+?���#��!�)�� !1&p��'�&!"�&#�� !q��1'�k���'&#�3���!�')�����&�'&"�#"3�#������"�



����������	
��
��������� ��������������� !�"#$%���&� �'"%$()��%�*+� (&�$& ���%�,-�(� &"�(�"#$%���&� %$(%.&�!�� ������$&��(%"����$ & �%�(�!��"!"& �%"��(��"#$%/��0��1��(2"�#"% 3� �� �%��&�"�#� 4'(5 � �#%$ 3�"%(%"��(�!%$����&6789,:�%$"�& 5" '�' !���%�������%$ ! %("� !.&�. &%" �(�!'�&2"�#.&"��".� ����(� &�,8�&��& ! %("� !"���&�(%"��()��%�(� &��  /����;1,8�&) ��$%�.<�'��%�� % &��(&#��4"��=#(�>�(� &�(& ���������� !=�**��'(5 � �#%$>�)�%%$ "&!&"5"�#�"&��"%&�"����.� 3(�!�(&# /;���+���1,?��5 &��� %$"�����"!4�%(% �(� &�� �. �"(���� �"���!��%�&�(� &���(�) �� !,?$ �(& ��' &���%���(�� &�(�!$(5 � �����.� 3!&"5"�#�"&��"%��'$"�$�(2 �%$ ���& ��"%()� ��&��'4���%(�!.�&%()� (..�"�(%"����(��$�'�"�/;��;���*������1,6� %�%$ "&�����$&��(%"����$ & �%�(�!��"!"& �%"��(��"#$%��(� &�(& ��"%()� �"#$%���&� ���&�(� &4"�!�� !<��& �� �� =@:8>! % �%"��"�6789,A"%$$"#$4%$&��#$.�%�!&�.� %�(&  3�"% !'"%$�"#$%��&����(�&(�%"����(� ���!,?$ "�% ��"%���%$  �"%% !�"#$%�&��<��& �� �� ! . �!���%$ "�% ��"%���%$ "��"! �%�"#$%,?$ �(� &) (�"�#�"! !%�%$ �"�&�<�"!"��$".%$&��#$(��.%"�(�B) &�(�!(� %��!"�$&�"��"&&�&��B�% &��(�!� �� �%�B�% &(�!�����%$  �"%% !�"#$%"�%�;0�.$�%����%".�" &%�) �=C7?>(�!'"����� ��� ��"%��.%"�(�.�' &!� %��.%"�(�.(&%�"�%$ �.%"�(�.(%$'(�,?$ C7?����5 &%%$ �"#$%"�%�(� � �%&"�(��"#�(���&%$ ! % �%"����<��& �� �% 5 �%�=8"#�& �(>,?$"����B#�&(%"��%�."�(���& ���%�"�($"#$4%$&��#$.�%) ��$%�."��%&�� �%,A$"� (��5 &'$ ��"�#�(D�&"%���.(. &��� %$"�(..&�(�$�%$"����B#�&(%"��$(�(��' &.�% �%"(���&�(��"5 .(&(�� �"E(%"��=", ,���& (!��%E�� ��"��& (�"�#%$&��#$.�%>(�!.�&%()"�"%�/;���F���0�+1,G�' 5 &��(� &�%$ �� �5 � �()� �����"�#$"#$4"�% ��"%��"#$%) (��%��(�%4��5"�#!&�.� %�,?$ & ��& �%$ �(& '"! ���� !"�6789(..�"�(%"���,8�& 3(�.� �%$ ��&& �%(�!��%�& %& �!���&�(� &�"�<�'��%�� %&�(& & 5" ' !"�/�*1,-�%$��#$�(� &�.&�5"!  3� �� �%HIJ��&�.%"�(�! % �%"���%$ �(& ��%(�'(��%$ �.%"�(�% �$����#�,:�& � �%� (&���"#$%4 �"%%"�#!"�! �=@K6�>(& ��& ���������� !"��% (!,-�% &���!��%"�#(L��� (�� (&�$"�M��#� H�$��(&�' ������! !%$(%@K6�' & %$ � ���!���%���������� !�"#$%���&� �'"%$()��%;�F� (&�$& ���%�,-��'4���%����.(�%� %�.�(�) (�$" 5 !)���"�#(�@K6��& 3�"%(%"���'"%$(� %��B�% &�(�!� �� �) ��& (�!(�% &%$ �"�&�<�"!"��$".�(�!(.$�%�! % �%�&�&(�(� &(= ,#,�'"%$(97NH� ���&>��&! % �%"��=8"#�& ��>,@K6�(& %$ ���% � &#�4 �B�" �%�"#$%���&� ���%$ �(&2 %%�!(�/�O1,8�&%$ &��& �%$ �(& ���.(�%(�!�(.()� ��.&�!��"�#�����$&��(%"��"#$%) %'  �%$ PQ=�����>(�!�"!4'(5 "��&(& !=�R�>&(�# ��(�!%$ �"#$%��%.�%"��& (� �(�%$ % �$����#�(!5(�� �/����*�����;1,?$"��(2 �%$ ���"%()� (�(& .�(� � �%��&3 ���(&�(�!$(��# ��(�.�/��1,6� %�%$ "&��' � &#�������.%"���@K6�(& '"! ���� !"�$(�!$ �!"��%&�� �%(%"��/��1,:�& � �%� (&��@K6�$(5 ����!��& �� "�6789(..�"�(%"���(�%$ � �()� ! �& (�"�#%$ �5 &(��.&"� (�!�"E ��%$ � (��& � �%! 5"� /��1,8�&%$ &��& �(�@K6���5 &%$ ����5"�")� �. �%&���%$ � �()� �(%�$"�#%$ ()��&.%"��'(5 � �#%$��& ���� ��%�%$ <��&�.$�& %�(�$" 5 �(3"��� 3�"%(%"�� �B�" ���/��1,N�%$ �%$ &$(�!����.(& !%��(� &��@K6�$(5 ��� !"�(!5(�%(# �S%$ �"#$%��%$ @K6"����4����"�(% !�'$"�$�(2 �"%!"�B���%%��������%$ �"�&�<�"!"��$(�� ��'$ & (��(� &����(���$(5 ����"�(% !�"#$%��%.�%'"%$�.�%!"(� % &�"�%$ &(�# ��(� '�"��"� % &�,G�' 5 &�%$"��(�) �5 &��� )���"�#(� ��) %'  �%$ �"#$%(�!%$ �"�&�<�"!"��$(�� �,?$ �. �%&����%$ @K6�"��(&&�'(�!"�) �%! ��&") !)�%$ �(���(�%�& &�. �"B�(%"��������'"!%$(%$(���(3"���=8AG7>,?$ "&8AG7"����(���"�%$ &(�# ����0+���/��1�/�F1,@(� &�$(5 8AG7"�%$ &(�# ���0;���/�+1,6 . �!"�#��%$ <��&�.$�& �� !�%$"��(�� � ��"%(% (!!"%"��(�B�% &�/��1,9��.(& !%��(� &��@K6�(& � ������ .%")� %��5 &��&& �%(�!�"�.� ��&& �%& #��(%"���"&��"%�(& ���B�" �%��&!&"5"�#�"&��"%�,P��(�����"�.� & �"�%�&4)(� !��&& �%�"�"%"�#�"&��"%�(& �� !��&��'4.�' &@K6�/�*1)�%��&$"#$ &!&"5"�#��&& �%�(�'"%�$4��! ����%(�%��&& �%!&"5 &"���& ��"%()� /�*��O1,?$ %�."�(��"� �.(���&@K6�"�������$�(�!! . �!"�#���. &(%"�#���!"%"����(%� (�%������$/F�1,-����%$ � .&�. &%" ��(2 @K6�$"#$��(%%&(�%"5 %�"�.� � �%6789(..�"�(%"���,



����������	
��
��������� ���������������� !"#$%" %$ &�������� !#"������'(���!�'���##� )(��)(� �*"�!" %#"������'(�+�"'#� !,�"%����-.��#�&"/�&0���"� �!1�����231"�#�$ �!1$!!1�)"%1!������4"))#��!��##� )(-�$)$#'��2%2�$#�����(�1��!5$��)$#'67892:��1)$#'�1$0�$4"&��#"��"� �'��!��#��1��!)"��!"#�67��7�9�$ &#$( ��&/)!��" %,�2%2�$ �)!�$0"�)�!,;<./)!��.67�92�")!��" %"��'��"/�$))( ��&�&!���&���!1�;<�#"��"� �1$�#��)!�)"0" %��%$ "�#�67�9231�($��#��!��"!$-)����4"&��'��!��#�*�"!$!"� �-�!&��!�!1�4"&��#"��"� �'��!��#�#� ��1��#$!���$ &/)!���$����+�"��&!���)��!!1�$''��'�"$!��*�"!$!"� 4$0�)� %!1�6������7�92=�#'$��&!�)$������>?@��!1�'�4��������"����$))(1"%10�)!$%�67��7792A" "#$))(�!1���!�' ��&�!�" �)�&�$ �-B��!"0�)� �$ &$#"����-��"&�!1�/)!����!�&"���!$ &�����!1�)"%1!-�$#" !�!1��$#��$���&�!��!"� 67C92D)!�� $!"0�)(�$)$�����1"%15'�4��>?@�$ -����&����*�"!$!"� ���" %$ �-B��!"0�$ &$��!��/)!���$ &�'!"� $))($&&"!"� $))� ���!�/)!��$ &�����!1�)"%1!" !�!1��$#��$���&�!��!"� 6�7�7E9231�'�'�)$�"!(��)$����$ &>?@�"�)"F�)(&��!�!1�"�)� %)"��!"#���$�(1$ &)" %�$ &" 1��� !)(#� ��1��#$!"�)"%1!-�$#��!'�!2

GHIJKL�M3('"�$))"%1!'$!1�� /%��$!"� �$'')"�$-)�" &��')�!#"�����4�(!�#�!�(,@A�=.��!�'����" %)$�����)"%1!5�#"!!" %&"�&��,>?@�.�$ &$��&"��1$�%�)$#'�$�)"%1!�������2:�!�'�$��/ �5!� �&-(!1�$&&"!"� ��/)!���$ &)� �����0$�"���!('��!������$ &/)!���*�"!$!"� $ &�#"��"� -�$#�2,N.3('"�$)�������� !�0� !��� !" %��!�'4"!1$)$���$�!1�)"%1!������$ &�-B��!"0�)� �,O>.$ &!4�&"�1��"�#"�����,@A.!������$ &&"���!�������� !�#"��"� 68����P�792,Q.3('"�$)�������� !#"������'(��!�'��" %$#�����($����1$)�%� )$#'$ &$��!��/)!���!���)��!!1�$''��'�"$!��*�"!$!"� 4$0�)� %!1678�7R92D)!�� $!"0�)(�)$���S>?@�*�"!$!"� �$ -����&4"!1��!�*�"!$!"� /)!��" %6C��C892,T.=�#'$�!>?@5-$��&�������� !"#$%" %S#"������'(��!�'6���C�92O )( $���45-$ &>?@�$����"!$-)�������4"!1��!�*�"!$!"� /)!��" %2U(��#-" " %!1���!�'��1�4 " ,N�Q.�� ��$ " ���$��!1��'$!"$)��!�#'��$)����)�!"� ��!1�"#$%" %�(�!�#2VMWLXLTXHYZ[LXJ\]NẐ _\XHTǸ[LZ]YKaLTbZỲYIc@�!��!"� " ��4�(!�#�!�(!('"�$))(��)"��� �'!"�$)�� �����'�"#$�")(�������� ��5-$��&&�!��!"� #�!1�&�6C�92d !1"����!"� �4�/��!��0"�4!1�!��1 �)�%(-�1" &!1�&�!��!"� ��!�'�&�#� �!�$!�&" @A�=$'')"�$!"� ��$ &!1� 4�&"�����!1��� ����!1�#��)0�����#$ �)��!�� "��'���'��!"0�2d !��#���'�����#$ ��$�&�!��!"� ��!�'��4�$ $)(e�$ &��#'$��!1�!1���%1'�!��&"����� !��!�'�4"!1$�'��"/�������  �0�)�
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x
�x��	y
xz{�|�$�,�! �� (��$%�!%��%��!#�"(,("�"(! � )���}��+��&�%4(��+(!+�!"!�!:(��+(!+./��+(!+%�!%��%��!!� (,�$*�����" '�����'�$�+*#�%("�% '���(  �"0&�:��%��! $(+' (! �!%( *��!" '&%�����%($*���$(��#$� �0&���%��! �(���%���*�)'����%!�!:(��+(!+%�!%��%�!$*"� ��  '���(  �"$(+' (! �!%( *�!"#* '��%�$,�%��!!� #�&%�" ���!% �&� � )�:"(��!%(�!�$(��+�./! '�+��&���(��+(!+%�!%��%� '������ )���}��%�!%�� *��%4?'��+�:?�&�$�"<�,(��1??<2�!"?���$���! ��*=� �$3-("�;��(��!"&� ��1?=3;2.>��!�!:(��+(!+�� (��$%�!%��%� '������ )���}��+��&�%4�'� �"(�"�%�!"�'� ��&$ (�$(�� &#�%1h=7%2.;&# *��%�-(% ���#� '+��&�%.>(+&���%'�)%��$�%%(9�� (�!�'�� �� '�"(�����! �� (��$%�!%��%"(%�&%%�"(! '(%%�� (�!.7�"� ���(!�)'(�'%�!%��%'�,�#��!��% �����!$*&%�"�)��+�(!��!"&� �"�~��$��!%����'&%(!+���+$�;�'�$��.;����'��%&$ %���%'�)!(!>(+&����!"����,��$�("#* '���-(�&� '��&+'�& �����'%�!%�� �����������&$��( *)( '��������!��.7'�%����'(!"(�� �" '� ??<%�!%��%)��� '���% ���&$��15�i��%&$ %2�)'($�h=7%�!%��%����%���!"15�5��%&$ %2.7'����&$��( *��??<%�!%��%(%$(��$*#���&%���% 0&���%��! �(���%����%(! �+�� �)�$$)( '??<������%�!"(!"(�� � '� ��% ����� �"%� &�%)���&%�"���(��+(!+���$(�� (�!%.7'���$� (,�$*'(+'���&$��( *��h=7%)�%$(��$*"&� � '�(�'(+'$(+' %�!%( (,( *��%(%�&� '��"(%�&%%�"#�$�)./! '���$$�)(!+�!�$*%(%�)�"(%�&%% '���������!�������'%�!%��(!����"� �($.���!�$*8� '���������!��(! ���%��152�&�! &���9�(�!�*�1�2��%��!%� (���1�2��%�$& (�!1%�� (�$6 ������$�)'������$(��#$�2��!"1�2%��� ��$��%��!%�.�&�! &���9�(�!�*1�o2(%�!�%%�! (�$��������!���� �(����� (��$%�!%��%��%( �-���%%�% '��� (���(!�("�! �'� �!% �+�!��� �"�$�� ��!%ki��ilm.



����������	
��
��������� �����
������ !"#$%&�'()%�*%+#(,'-.%()�&$�()%�*(,/#0$%'$�+$��+&+�*0%(.,/+�12,&,/$%(2*$/#'3%&,4,&%&,'(�(5�.#6�+/#(%-�+,%$7,.#-,'-#'&'�'8,.#-,'-9:)�(�.20(,*0,%+(23%$�+*)�(�&,�&%$#+%5,&%0;2$%&��+'�'8,.#-,'-&%(%/(,�'$%(2*$,'&+�*0%(.,/+�1�5/;(�.%(+;<=>?@A5)%+%()%;&%(%/(()%0,-)(0%4%09B�.�+*)�0�-,/#0#'&C�+$*#(,#0,'��+.#(,�'#3�2(/%00$,$+%D2,+%&�@)#+-%8@�2*0%&=%4,/%<@@=A�+@�.*0%.%'(#+;>%(#0EF,&%G%.,/�'&2/(�+<@>EGA(;*%,.#-,'-$%'$�+$#+%*+%�%++%&9

������H!G%'$�+(;*%$#'&()%,++%0%4#'/%(�&+�*0%(.,/+�1�5/;(�.%(+;<=>?@A9E'()%4%+(,/#0#F,$�()%+%#+%$%4%+#0+%$20($��+%#/)$%'$�+(;*%3#$%&�'#"��0%#'$%#+/)�+�.I��-0%G/)�0#+9J)%+%&0,'%$)�5$()%.#F,.2.+%*�+(%&()+�2-)*2(��%#/)$%'$�+(;*%9@@=$#+%*�*20#+/)�,/%$��+&+�*0%(.,/+�12,&,/&%4,/%$&2%(�()%,+),-)0,-)($%'$,(,4,(;�#$,'&,/#(%&,'K�L�MMNO�P9Q0()�2-)@@=$%'$�+$#+%5,&%0;2$%&,'=>?@�()%;#+%'�(,&%#0��+),-)8()+�2-)*2(#**0,/#(,�'$9J)%+%#&�2('�,$%��+@@=$%'$�+$,$0�5�32(()%.#F,.2.�+#.%$*%+$%/�'&<�*$A,$0,.,(%&�5),/),'(2+'0,.,($()%()+�2-)*2((�R��NR���&+�*0%($C$,',.#-,'-#**0,/#(,�'$KMR�ORP9@>EG/#.%+#$)#4%R�(,.%$),-)%+�+#.%+#(%$()#'@@=/#.%+#$�#'&()%+%��+%#+%.�+%$2,(#30%��+),-)8()+�2-)*2(,.#-,'-KORP9B'=>?@�@>EG/#.%+#$#+%��(%'2$%&(�&%(%/(()%.�+*)�0�-;#'&(%F(2+#0,'��+.#(,�'��,'&,4,&2#0/%00$KR�P9?2+()%+.�+%�@>EG/#.%+#$#+%%F/%00%'(��+.#$$,4%0;*#+#00%0,S%&#**0,/#(,�'$&2%(�()%,+),-)$*#(,#0+%$�02(,�'#'&),-),.#-,'-()+�2-)*2(9J)%()+�2-)*2(/#'3%,'/+%#$%&�2+()%+3;.,/+�12,&,//)#''%0$*0,((,'-9"%$,&%$()%,+20(+#),-)8()+�2-)*2(�()%$%$%(2*$5%+%#0$�#.�'-()%.�$(/�.*#/(9:>J$#+%()%.�$($%'$,(,4%&%(%/(�+$#4#,0#30%��+=>?@#'&#+%#0$�()%.�$(/�..�'&%(%/(�+$��+),-)8()+�2-)*2(/%00/�2'(,'-#**0,/#(,�'$K�R�O��O�P9T�5%4%+�()%;/#''�('#(,4%0;+%$�04%�=,.#-%$#'&#+%�+#-,0%#'&0#+-%�5),/).#U%$()%.&,�V/20((�,'(%-+#(%5,()#.,/+�/)#''%09J)2$�#/�.*0%F�*(,/#0*#()5,()0%'$%$�V0(%+$�5#4%-2,&%$��*(,/#0V3%+$�%(/9�,$'%%&%&(�&,+%/(#'&��/2$()%0,-)((�()%.,/+�/)#''%09?2+()%+.�+%�()%;/#'�'0;&%(%/(#$,'-0%/�0�+9J�&%(%/(.20(,*0%/�0�+$�(;*,/#00;.20(,*0%$%'$�+$#'&V0(%+$#+%2$%&�5),/).#U%$()%$%(2*/�.*0%F#'&%F*%'$,4%9J)%



����������	
��
��������� ����������������� !"#$%&'()�)#*+%�*)�&'���&,%)'%&*-.������/������'0')�&1&*)2���'&,')�'0')�,��)�*)�%��-*,%�*�)&340%-%),�'�����(*�('&54 67,%)$'�&'(��,�)&���,��*��-.&')&*�*0'�.'�+��',�+�%,�%)(-'&&,�+�-'8('�',�*�)&'���&��%)���&'9*�� !"&:%-%&'����'8,*�%�*�)�%)4 6�%+*,��&,��'�$;',�*0'5$��������,�&*)�'8,*�%�*�)%)(,�--',�*)�'+*&&*�)&7�%)(�9�+*����&<=��>�?3@A�AB���C
DB�EFG
HI
J��
K��
HL
	�����	I��FG
M�����N�OBPM��
M�PQI�RBST-���'&,'),'#$%&'(('�',�*�)*&+�&���'U�')�-.�&'(*),�);�),�*�)9*��(���-'�&<�/?3!*,��2�*(*,,�*�,�%))'-9*(��&%�'*)��'�%)�'����V/��+*,��+'�'�&�%)(����,�&�)2���'&,')�'+*&&*�)&�%-')&&.&�'+*&)''('(�%&&��9)*)<>�?3W%&'(�)��'W��-'%)%)%-.&*&,�)(�,�'('%�-*'�*)X',�*�)����'YY6&')&��*&��'+�&�9*('-.�&'(&')&��*)(���-'�+*,��2�*(*,&3Z�')�'�'��'(��%&%&')&���*�*&'*��'�%,%+'�%9*��%YY6&')&����%&�%)(%-�)'YY6&')&��9*��%((*�*�)%-%,U�*&*�*�)'-',���)*,&3"�,%����'��''+*&&*�)&�',���+���+%+*,��2�*(*,,�%))'-�%+*,��&,��'�$;',�*0'��%&'���-')&'&���'��'�9*��[-�'�&%)((*,���*,+*����&%�'�&'(��[-�'�%)(��,�&��''+*��'(-*����)��'&')&��<>�?3\)��*&�'0*'9�9'(�)����*)��('�%*-�)YY6&')&���',�)�-��.�%&)�+'���&��$-*,%�*�)&�%0'$'')��$-*&�'(�)��%�&�$;',�3X',�)(-.���'&�%�'#��#��'#%����&')&���',�)�-��.*&�����*'�%�.��+%)��%,���'�&%)(-*��-'��)�*)���+%�*�)*&��'&')�%$�����'-%�'&��',�)�-��*'&3!��'('�%*-'(*)���+%�*�)%$���YY6�',�)�-��*'&*&%0%*-%$-'*)<>]?3\)%YY6&')&�����'�'*&%)%��%.��$*%&'( #Y�%))'-!'�%-̂ 8*('X'+*,�)(�,���5 ! X̂7��_#Y�%))'-!'�%-̂ 8*('X'+*,�)(�,���5_! X̂7�����(*�('&�'%,�%,�*)�%&%)*)(*0*(�%-�*8'-����'&')&��3Z�')�����)&�*���'$*%&'(�����(*�('���'�����)&%�'���)'(*)��%)'-',��*,%-,�%��'3T��%)%��%.���*8'-&���'�'%�'�)-.%�'9�'%(���%+�-*['�&�%)(�'�'-*'&�)'����'$*��'&�&����,�+*)�&��&�%)(%�(YY6�',�)�-��.*)�'�+&���*��#����������(���-'�%)%-.&*&3"�'-�9)�+$'���%+�-*['�&�'�&')&��-*+*�&��'+%8*+�+��%+'&�'�&',�)(5��&7��'&')&��,%)%,�*'0'<>=?3!��'�0'����'&')&*�*0*�.����'&')&��*&-*+*�'(����',�%��'#��0�-�%�',�)0'�&*�)���,'&&�%)(��'�'%(���)�*&'*),�'%&'&*���'(%�%*&%,U�*�'(�%&�'�<>�?3"��&���'�'%(����%�'*&-�9'�'(��+*)*+*̀'��')�*&'<>>?3\)%((*�*�)��YY6�*)�')&*['(YY6&')&��5\YY67%)('-',���)+�-�*�-*,%�*�)YY65a!YY67�',�)�-��*'&%�'�&'(��%����'�-*���&')&*�*0*�.(�9)��%&*)�-'�����)-'0'-</���/�/?3\YY6&')&��&�%0'*+%�'*)�')&*['�&*)���)�����'&')&����$��&���')�+$'���*),�+*)������)&</��?3"�*&*+���0'&&')&*�*0*�.*)-�9#-*���&,')%�*�&%���',�&���%�*��'�&���-.0�-�%�'5/bc7%)(�'(�,'((.)%+*,�%)�'</���/��?3a!YY6&')&��&�%0'%&*+*-%��%*)�'����+%),'��\YY63\)&�'%(����'*)�')&*['��%)�)#,�*�'-',���)#+�-�*�-*'�*&�&'(��%,�*'0'��'�%*)<>�?3a!YY6�%&���(&')&*�*0*�.*)����-*���*)���%&-*��-'(%�b,���')��%)($'��'��'%(���)�*&'��%)\YY6�$��%-&�*)�'�*�&)�*&'���+��'%+�-*[,%�*�)�'�*&��.%)(,-�,b#*)(�,'(,�%��'<>��>>?34,�+�%�*&�)����')�*&'�'����+%),'��\YY6�YY6�%)(a!YY6&')&��&*&��'&')�'(*)<>=?3YY6&')&��&%�'�')'�%--.,�%�%,�'�*̀'($.�*��'�-*���&')&*�*0*�.��%)Y! X̂&')&��&�%���',�&���*+%�*)�����������3\YY6%)(a!YY6&')&��&�'����+'0')$'��'�*)-�9#-*���&*��%�*�)&</��V/��?�$��,�&�+��'%)(,�)&�+'+��'��9'�3T*���'�&��9&��',�++�)('�',�*�)&'���&���YY6&')&��#$%&'(+'%&��'+')�('0*,'&3\)�)'('+�)&��%�'('8%+�-'�%���)+-%&'�9%&�&'(���'8,*�%�*�)%)(%)a!#YY6&')&�����('�',�*�)<�>?36���-'�&��%$�������d0�-�+'9'�'('�',�'(*)%��-.(*+'��.-&*�8%)'5 6!X7,�*�%�%$�����è (���-'��')'�%�*�)��'U�'),.3f&*)�%)da6&���$'#-*���'8,*�%�*�)%�0%�*%$-'��'U�'),.�*�9%&��&&*$-'��('�',�(���-'�&%�//��è ��'U�'),.9*�������')''(���%��*��'���%&.),���)*̀'�<=�?34)���'�&*+*-%�&'���9%&�'����'(*)</�>?9�'�'%���)+-%&'�9%&�&'(���'8,*�%�*�)%)(%,%+'�%9*��%)a!YY6&')&��9%&�&'(%&%('�',���3!*,��(���-'�&[--'(9*��2���'&,'),'9'�'�')'�%�'(%�%�%�'����è 3Z�'),�+�%�'(��Y! X̂#$%&'(('�',�*�)&'���&���'����������*&��'+�&�-%,b*)�%&�',�3
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�������k/�g�kCqEB.#�$$d��D�E >;���$���$�AE-E,;��#�9�%$�%��;��&�&#���!� #�F&��� $E��L��
�

��HH���/qg�C�EB.#�$$d��D



����������	
��
��������� �������� ���� �!�"#���$�"#%���&�"'()*)�+�", %-.��,�/�"012��)3)4�25)��)�6�"7)�4�8%�9�3.�:�(;��9�<<()*�:)��;��)�.2:)�(3)*2�=%)9)*;>'2.?).@�A�BC��D�
�E��F���G���HI2�;;J.�KHL%16.9K�� #)�I�"���� �M�"7)�I�4�"#�� �!�"�����!�"#�� �6�N<:)*�(��9.(.*:2�*�.3)*�(9.:.*:)��:.*��)O%.;��2*.((P1�;.93)*2�=%)9)*;-;:.3;�Q	�RST���	�RSC�
�S�

E�UVW����XG���Y�HI2�;;J.�K�� L)2.;�,�6�6�"&�� �/�"Z��5.�[�"Z�)?)5�,�J.*.�:9.?.(�<3.�:;)��<:)*�(9.:.*:)��:.*���(� ).;)�(�1P��P�P*�)<9.?)*.;��21)�;.�;)� �<<()*�:)��;�\
	�����
�]��W�����YG���̂X�HI2�;;J.�KHL%16.9K�� _�3)�;5)�/�$�"$*�.(.2�N�"+�2;:.*5)�L�&2�<(.:3)*2�=%)9)*;��23)*2�1)�(� ->/.*��)O%.;��<<()*�:)��;��9*��((.� .;�A�BC��D�
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�9�<),�((='�><sXỲ '->��� {V+��̀ 0�,�(��.N@&!0&')�1.X(�#0E�/lV10//0&EW0�-'(�"?�0!�Y!'�&!0&'F�//.FZZw'0((l��1.X(�1�E&'/��(X�'-XZ.,0&/Z!0E�/(�X,�'(Z!'-(l.,0&/��/1!_���'(('-�&:̀ �,������a��M� KX0�W�"�$*�X(',�s�)�"&�!N/0��!-'?0�'(Y�('-�&!0E�/l'10//0&E-0�-'(i",'?0' ��/�'(/�/'l��l/�'l�,/�U	�B4y���4U�T��
�8�~p���M;�L�<),�((='�>��� {��X���$s�&�H�$#0�G�$�X�K�$#0X�O�$��&E���$�X�O�$#0�W�$#0X�s�$�X���$'/�!��.'�/,�(��.N�&--0�-'l.X1.'-!�(',�.',�/0�&��s,F#�̀ E"!��@�:�,N(/�!�tAT4��T
�4�
�7�~����;���<),�((='�>�L� n�&W',K,�'�I�*�$��X',!�&-',�c�$q'&-/�̀ �s� ',-,0?',/�.�!�E0'(�&-��&/,�!(��'1'(��,#VW(�+&s,��''-0&E(��/�'"sV)��i% '&/Nl�'��&-"&&X�!+VVV"..!0'-s� ',V!'�/,�&0�()�&�','&�'�&-V�.�(0/0�&�"&��'01�)"�J�"���P'Y,X�,N;�̀ �,������$..����:;������:� q�&E�H�$"!�&(��O�̀�$=X�&���"='?0' ��#VWW,0?',(�&-='!�/'-%'��&�!�E0'(�Qddd���	�4Q	R4dB
�T��	4�
�g��}�����;��M��<),�((='�>M�� *x!w�b�$#0'/�,-�O�$��1�w��̀ �̀�*0E�ls� ',�M�&1Jn#VW`',�X,N",�#�1.='.!��'1'&/��,s��/���'10(/,N�&-)�'10��!s��/�!0/��E,�.�N�UyeeS�T��	4y�
�4d	�4�
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_�Èa����G����HI.���7'�J��U�). ++ �X���":3. *��b�"0'�6������"c�$ X�d�0 �'+ 6'\ ��%'���-I,\,-[��e?L	�]�P�?�
���̀�I������HI.���7'�J��V�I�'�X�f�"g%�h�"I�'��Y�9'� X���$�K�� �'� $ *��.'�*�\+�.�%X��(�$��*�'8��+�2 �2'��4�,.�*''2 �X���+�'h�.2g\7�3�#�66�\7�3���25'%+.��9'+'*+�.,�3� *�gg"d '2'.$'�-��)%.X'.����i�6'��7�)��,�3�'�1����:2��"1,4:j)'$$ �X��6�b��c1�����k"!�$%6'��VU��8��<���k�0��'.I�68��'�+�1 $ *���(�$��*�',��+�2 �2'���(� $�&$'��$ �'j�++8�jllKKK�$��'.*�68��'�+��*�6lm$'�26 �l%�'.n%8$��2l��6'l9�+���''+�l$*l�88$ *�+ ��\.'8�.+�l$*\�82l� \�82��82�o�**'��'2���-�3����p���<�h�6�6�+�%�,9-�2%$'���(� $�&$'��$ �'j�++8�jllKKK���6�6�+�%�*�6l.'��%.*'�l82�l��2l�82n6�2%$'�n/�**<���'�82�o�**'��'2���-�3����p�����5�&'+�)�=��]�̂
]
�]���q��]
���Q�rs
t��
��	̂ AuuQ���]��	�":$�'( '.4�*�j�6�+'.2�6�[�'5'+�'.$��2������"41)5<Vk�Vk����Uk������).%�*� � �I�"h�6%$$'�h�"��+�$�( *�4�-�")%.. �1�"I��.&���:�1 �X$'\8��+���(�$��*�'2 �2' 6�X'.� �& �8��+�� *�j7'( 'K��2�%+$��/�v�w�]R��?AuuQ?�
�B�T��G�k�HI.���7'�J����:�X'$6����:�",�8�(��:�"! ��X.�2�(�1�18�+ �$$3.'��$('22�./*�%�+.�+'��1 ,-��MP�?=�>�?e?x�
�S�FT�HI.���7'�J����5�/�6%.��Y�"Z/%6%.����"[�y 6��h�"Y�6��'�5�"f'� ����I��.�*+'. z�+ ����1 ,-Z8+ *�$I.���+�$/��2 +�9'8'�2'�*'��+�',.�+'*+ ��\b �2�K[� */�'���4�,.�*''2 �X���+�'�+�4�+'.��+ ���$b�./���8��5'K,��+��\9'+'*+�.�o,9�kp�[�/3��i�8����VG�<5�('6&'.���<�HI.���7'�J����W��X�9�W�"#��X�g�"I���1�"W 6�i�Y�":2'$�i�)�"I���X�1�4�"I����i�"9'6'$$����i��99.�8$'+- *.�{% 2 *13�+'6���.h X�\[�.�%X�8%+) �$�X *�$:|8'. 6'�+�+ ���A	�Q?x�
�?�
�C�TF���VV�G��VVk�HI.���7'�J����1%z%/ �Y�"W�&�3��� �W�"b�/ ��/��Y�"9'�X�9�"[���/��1�"h%��X�I�i�"0' �I�"1%��I�b�"0 %�h�"d%y K�/ �Y�"'+�$�0�&'$\�.''*�'6 *�$ 6�X �X{�K*3+�6'+.3&3� X�\�8''26%$+ *�$�.�+ 6%$�+'27�6���*�++'. �X�=���?O�]Q?A��̂?R��?}RA�
�B���̀���k��G��k�k�HI.���7'�J��U�#%��)�"0' �I�"W�&�3��� �h�"4+��[�"Y�$ /%��Y�"i ��X�Y�"[���/��Y�"Zz'/ �Y�"#�2��W�h X�\+�.�%X�8%+�$�&'$\�.''�� �X$'\*'$$�6 *.��$X�$$ 8 2�*.''� �X&36�*� �'\$'�.� �X\';% 88'2�8+�{% 2 *+ 6'\�+.'+*�;%��+ +�+ ('8���'6 *.��*�83�x>]��?=��]A�
�~�����<�G����HI.���7'�J��V�#%��)�"0' �I�"b%�Y�"W�&�3��� �h�"4+��[�"Y�$ /%��Y�"0''�1�"4��z�/ ���"0 �-�"i ��X�Y�"'+�$�Z8+�{% 2 *+ 6'\�+.'+*�;%��+ +�+ ('8���'6 *.��*�83��
]��̂��
�S��D̀���UG����HI.���7'�J��k�1%z%/ �-�"1%z%/ �-�"W%.�2��7�"W%6�X� �Y�"I� &����"- %.��5�"W%. 3�6��5�"1%X�K��1����('.�-�8�X$�&�$��%++'.I-Z1 6�X'�'���.K +��k��.�6'�+�.�X'%� �X('.+ *�$���$�X6'6�.3 �+'X.�+ ���4�,.�*''2 �X���+�'['*�� *�$9 X'�+�4�+'.��+ ���$:$'*+.��9'( *'�-''+ �X�4:9-�1��d.��* �*��I��c1���GV9'*'6&'.���U"88�k����Gk�������<�1%z%/ �-�"1%X�6��Y�"W%.�2��7�"1%X�K��1�Z('.���- $$ ��d.�6'�8'.1'*��2�Ukd.�6'�#$�&�$1�%++'.)%.�+I-Z146�X'1'���.K +�, |'$\K �'[.'�*�I�8�* +�.-'6�.3�..�3�R
	�����
�
������kU�HI.���7'�JH,%&-'2J�����6� �� 46�X'1+.'�6�g-�./ 44��(� $�&$'��$ �'j �++8�jllKKK�$%6 �'|*�.8�*�6l 6�X'�+.'�6|\6/\  l��('.( 'Ko�**'��'2���U-�.*�����p�����d%�X�,������Ud$�KI3+�6'+.3)%3'.��#% 2'j�7'�'�.*�'.��#% 2'+�1'$'*+ �X�d$�KI3+�6'+'.��(� $�&$'��$ �'j�++8�jllKKK�& �*�68�.'�*�6l�kUU�U\���U\d$�K\I3+�6'+.3\)%3'.\�\#% 2'lo�**'��'2����-�.*�����p�����:$('{�KZ8+ *�$7'�2'.��.- *.�{% 2 *��:$('{�K��(� $�&$'��$ �'j�++8�jllKKK�'$('{�K�*�6l6 *.��$% 2 *\�$�K\*��+.�$\�.*� ('�l�8+ *�$\.'�2'.\��.\6 *.��$% 2 *�lo�**'��'2���V�8. $����p�����h�%�� ��[�"I.�6'.�i�"#.�y�6���7�")'$$���'�'�0�"I�$���#�"-�%$'+�h�"- ��'$$��b�",���'+ '.�I�"0'&'..'�-�",$'* ����"'+�$�c$+.����+��'�� + ('��2$�.X'\(�$%6'��\*� 8.'�$\+ 6',I7��.+�'6�$'*%$�.2 �X��� ���&�*+'. �$��2( .�$ ��'*+ ����v��x��u�
�_��̀�����G�����HI.���7'�J�����18�'.'d$% 2 *��I3+�\- �'�[�'1 �X$'I'$$���$3� ���2-���*$���$ +3���%.��*'13�+'6����k��(� $�&$'��$ �'j�++8�jll�8�'.'{% 2 *��*�6lK8\*��+'�+l%8$��2�l���kl��lI3+�\- �'\).�*�%.'\��\8�X'\!'.� ��\Z*+�&'.\���k�82��(���V&k�<�2�2ko�**'��'2���V�8. $����p�����i��'8� 2'��9�"9�(�$ �1�"b� +$'3�b�"7% ��7�"1�$+'.�7�"#�//�3��1�"!�$$'+�-�"-�++�'K��9�")'��zz �#�"1�('+��:�"'+�$�I3+�\- �'j��4�+'X.�+'2�, *�2.�8$'+13�+'6��.h X�\[�.�%X�8%+1 �X$'\I'$$���$3� ��1�.+ �X�9 �8'�� �X���2-���*$���$ +3���%.��*'�RvARN
��	�Q?�
�
��E��VVG�k<�HI.���7'�J��U����@�̂?�����s��uQ
]@
�̂
��	̂ �P�	]�R��]R��]���
L	�]�P�]��	��	P�Q") �\7�2jh'.*%$'��I��c1�����<���V�1����.2�h�7�") �*�'$�h�5�,'.��.6��*'*�68�. �������%.*�66'.* �$$3�(� $�&$'*3+�6'+'.�%� �X{%�.'�*'�+�8�$3�+3.'�'��%&6 *.��\�*�$'&'�2��s�]���?�
�B��a�HI.���7'�JH,%&-'2J



 

131 

Appendix 2  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Publication II 
K. Parnamets, A. Koel, T. Pardy, and T. Rang, “Open Source Hardware Cost-Effective 
Imaging Sensors for High-Throughput Droplet Microfluidic Systems,” Proc. 2022 26th Int. 
Conf. Electron. Electron. 2022, 2022, doi: 10.1109/IEEECONF55059.2022.9810383. 
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BRJN�oFVTOJ��HTG_HTJ�EFXIMnUUJOIQWJ�=SĤQN̂�oJNXFTX�UFT��Q̂PM@PTFV̂PRVI�CTFRKJI�iQOTFUKVQGQO�oYXIJSX��������-���������!��!�)���������!�#�����-����/!�#������,��"�!�/�� ��¡���¢������£�����¤�¥����¦¡��¦��§�̈���¦������©� �������ª��«����¦¬��§� �������­¬©���̈�¦�®�¦��¦���̄©��°±²³©� ������©�̈�¦�����¥́����¦¡��¦��§�µ��¡��¦�¬�����¶��¦�������­¬©� �������ª��«����¦¬��§� �������­¬©���̈�¦�®�¦��¦���̄©��°±²³©� ������©�̈�¦�����¤�����·�����¡�¦�̧ ¦��¦���·���

t�gM[MrrfdMg�b[Mr¹bb¹º�[>jj�»bjbb�=nnn

¼½¼¼�¼¾¿À�ÁÂ¿ÃÄÂÅ¿ÆÇÂÅÈ�É
ÇÂÊÃÄÃÂËÃ�ÌÈÃË¿ÄÇÂÆËÍ�Î�ÏÐ

ÑÒÓÒ¾¾ÔÕÒÑÖ¼ÓÒ¾×¼¼×ØÖÓÙ
½½�Ú¼½¼¼�ÁÌÌÌ�Î�ÛÜÁÝ�Ó½

ÙÓÓ½Ï×ÁÌÌÌÉÜÞßÔÔ½ÔÏÙ
¼½¼¼ÙÏÑÓ½ÖÑÖ

àáâãäåæçèé�êæëèìíèé�áíè�êæîæâèé�âäï�ðñêêæìì�òìæóèåíæâô�äõ�ðèëãìäêäöô÷�øäùìêäñéèé�äì�àáöáíâ���������ñâ���ï��ï���òð	�õåäî�
�����
êäåè÷���èíâåæëâæäìí�ñ

êô÷�



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

���	���
���
������
�	
���	������

�����
���������������	�����
����	�
����������������� ��!"�#�!$�������������������	���	����	�����	���	����
�������
����
��	����
����	�����������
�����%� ���&���'
�����������������������������
�����
��
��	�	�
	�
��	����	���
����(�
�����
���	����	���	 ��
�������
����
�����������	�������
��������	����
�������
����
��	����
���


	����!)���'
������������� ���������������
�������*����+����,�����
�������� ������	���	�������

������	���	�����	�����������-�������������������	�����������

������
��
�����	���	����

���
����	����������
�������	�������	


����������������
�����
��.�������	���	��
�������������/�������	��
��	��
���0	��������1���	������������������������	��������	�

�2�
�������
�
��������������������	���	�������	���	����	�������������������	���	��
��
���	�	�
	�
���/��
����	������������������	������
�����	��������	

���	���	��	��������	���������

���
��
��)3��3%������
��	���������	���	�������
��!�������!�� ��!%��������	���
�������	����
������
��
��	���
���2�	���	�����	���������
����
����
�
�������
�
������	��
��	��
����/����
�
�������
�
�����������	

�������



�������
�4�����
��������������	������
����5��,���
�
��������
����
���
���	�4
�����*����
	���
����������
������
��
��,�	�����,���
�
������	���
��	����
����
���
���
�
��������������������	��
�����(�������	����
���� ����	

��
	�����6	����
�������
����
��
���������������
�������
����	�������"� ��!�� ��!&� ��"�� �����	����
���������������������
���	�������
��	�������������������	��������	���	�������
��	���������5��,�������
����������������
���*78-,�	������
������
�����	�����
������	����	��	(��
����	��
��*���������
������
��
���	�	

���,���,�3%%���
	����
�����	�����9�:�
��
�
����������
���
��	�	��2�����	��*'/�;,�	��	(��
����	��
��*�������
�
�������������������,<����,�3%%���
	����
�����	������9�:�
�'/�;�	��	(��
����	��
��*���
����
�
�������������������,�������
��
���
��
�������������
����������
����	��
��
��
�����
������	���	���*0	��������1�,�	����
���	�����	��������	������	��������������	���	��*6	�
���=��,�	���	����������
��������������
����	����*!�������	���))$����,���	��	������������	�������
��
�����
�����*�!�����,��//��>=�80/=7�=?-�>8�@�-A�BC�DEFGHIEJK�/���������������� ���
��	���
�(�����	������� ��	����	��������	
�
�
��'
���	��� ����
��.����	����������� ��������
���
�����������������������������'/�;��
�������
������������

���
���
������	��
���
����9�:�
�	������9�:�
��'
��
�
������	
�
�
���������������
��
�������
������������	
�������	��������	������
���



���������
���� ���
��A���	�=
������*LA=,5�'/�;2�����	� ������	
�
�
�*�
��5�""��&, �����	��	���*A�	��%� ��
��5�%�3��!", �����
��
����
���� �8�����
�������� ��

��������
��

�	���*1->A,��'�
��-	�����>���
�
�������*'�	���,������



������
��
�����������
��	����5��������� ��

�����	�
�
�
����
����*1�'8,��������	�������
����'�
��'	���

�LM������



������
��
������	���
��	����5�0	��������1��36 �0	��������1��N!��	���	�	���$���N�:�"���=�LA62;��
��������
� �A-��	����'�
��>
�����*LA=,������



������
��
�����������
��	����5�0	��������

1��@����O�	
����*@O,��	���	 �������
����������78-��	�����	����4��
��78-�������6	�
���=����	���	��	��
��	�����������
����
�������	���	������P�����������'�
��8�	��
������
	���
����������



������
��
�����������
��	����5�
	������
���*A�	���3%%���, ��
�������
��
	������
��������
���� 	��� ��	����4 � QR� �
����
����� �	�
�� ���������
	�S���������	�������
��	�����
����
������	�
���
��T�	�������������
	�S����������
���
����
��������
���
������
�������
	����	����	����������������������
�����������
����
��'/�; �	��


�����
	���

��2�	�����
���������3&$�������2
����	��
�������	��
��	�������
����
��
	����A
����
��
������	����
��
���������� ������	������
�������	����
����
�����
	�
�	�
���
�4������
�	
��
�������*1;, ������� ��

���������
� �	���
	�
�	�
����
��������
���UC�VGFFIWX�YZ�V[\F]EHG�\[H�̂E_GHEK����2
�2���2�
��0	��������1��36��
��������
���	��A-��	���	��������
���	����������	����	�������������
���
���
���	���	�	�
	�
���
��0	��������	���������������������������	���������������
��
���
���	���*0	��������1���A,��	������	

�� �������0	��������1��/�	����	�	�
	�
����
�������	���	������������	����"����=����������	
���	���� ��
������
���
������	��
����
�
������
���������/!;�	���;	���	�������	���	�����	�
�����
��0	���������
������	��
����
��	4�� ����� ��	�� �	���	������������
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Appendix 3  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Publication III 
K. Parnamets, A. Udal, A. Koel, T. Pardy, N. Gyimah, and T. Rang, “Compact Empirical 
Model for Droplet Generation in a Lab-on-Chip Cytometry System,” IEEE Access, vol. 10, 
pp. 127708–127717, 2022, doi: 10.1109/ACCESS.2022.3226623. 
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�{[\lW{X}hXyXTh\XZhiXVUhiWXU}SZVWhSi�|V\XmqXiXUVZh�V�WhSiSzW{XmUS}ZXWqXiXUVWhSiUVWXyVZy[ZVWhSizSUVivTVWXUUVWXYVZ[XyVi|X}XUzSUgXm[\hiqXx[VWhSi\o�sVimoksqhYXi|XZSTt�{XgVW{XgVWhyVZzSUg[ZVWhSiSzW{XZhiXVUV}}US�hgV�WhSiThW{gVy{hiXZXVUihiqVm�[\WgXiWzSUW{X�U\WhiWXUYVZ_̂̀a�̂ _� _̂̀jyVi|XTUhWWXiV\���b����̂_̀ �̂�����ja����̂_̀a���ja����̂_̀j��̀�jab _̂̀j� _̂_̂̀j� _̂̀à �jaba��ja o�sVimzSUW{X\XySimhiWXUYVẐ _̀j� _̂� _̂̀nV\���b����̂_̀ �̂�����nj����̂_̀j���nj����̂_̀n��̀�njb _̂̀n� _̂_̂̀n� _̂̀j̀ �njba��nj� oks�{X�WWhiqSzW{XW{UXX}VUVgXWXU\SzgSmXZ\ocsworsWSmXWXUghiXW{X|X\WVqUXXgXiW|XWTXXiW{XgSmXZVimX�}XUh�gXiWVZ}ShiW\hiphq[UX�TV\}XUzSUgXm|v\X}VUVWXZvghi�hgh�hiqW{XUSSW�gXVi�\x[VUXo� ¡smhzzXUXiyX|XWTXXiW{XX�}XUhgXiWVim\hg[ZVWhSizSUW{XW{UXXTVWXUUVWXYVZ[X\t�{XTXhq{W\yVZXU\zSUW{XW{UXXgVhiS[W}[W}VUVgXWXU\l���̀~̀�TXUXj¢\�alj�glVim¢talUX\}XyWhYXZvtuiVmmhWhSilW{XTXhq{W\SzW{XZSTShZUVWXXim}ShiW\zSUW{X{hq{TVWXUUVWXy[UYX\̂ _̀j̀ _̂̀nTXUXhiyUXV\XmWSS|WVhiVUXV\SiV|ZX|VZViyXThW{W{XZSTTVWXÛ _̀ay[UYXt�{XSYXUVZZUX\[ZW\SzW{X�WWhiqVUX\{STihiphq[UXkt�{XYVZ[X\S|WVhiXmzSUW{XgSmXZySXz�yhXiW\VUXZh\WXmhi�V|ZXat£;%¤;¥¦=¥¥;§̈  ̈ ¤ ©©";¦ �;§̈  ># �{XmX�ihWhSiSzW{XV}}ZhyVWhSiVUXVh\Vihg}SUWViWh\\[XhiXg}hUhyVZgSmXZ\t�{XqXiXUVZ}Uhiyh}ZXh\W{VWW{XUXZhV|hZhWvSzW{XUX\[ZW\yViSiZv|XV\\[gXmhiW{XUViqXSz}VUVgXWXUYVZ[X\ySYXUXm|vW{XX�}XUhgXiWVZUX\[ZW\t�{XV}}ZhyVWhSiVUXVSzW{X}US}S\XmySg}VyWXg}hUhyVZgSmXZh\hZZ[\WUVWXmhiphq[UXªtuiVmmhWhSilTXySg}VUXmS[UX�}XUhgXiWVZUX\[ZW\ThW{X�h\WhiqmUS}ZXWZXiqW{X\WhgVWhSigSmXZ\VimzS[imW{VWX�h\WhiqgSmXZ\VUXVZ\S\[hWV|ZXzSUS[UghyUSR[�hmhy\XW[}VzWXU\SgXgSmh�yVWhSi\WSghyUSR[hmhyy{h}�mX}XimXiW}VUVgXWXU\«n�¬l«nr¬l«n�¬l«nk¬tuWh\hg}SUWViWWSXg}{V\h�XW{VW}UXYhS[\\W[mhX\{VYX\SZXZvzSy[\XmSiX\WhgVWhiqW{XZXiqW{SzmUS}ZXW\t­\\{STihiphq[UXklW{XmUS}ZXWUVWXyVZy[ZVWhSiVyy[UVyvSzW{X}US}S\XmySg}VyWgSmXZUXgVhiXmhiW{XUViqXSzj¢®T{XiySi\hmXUhiqW{XVZZ�}VUVgXWXUVUXVt̄STXYXUlhWh\°±²²°³ µ́�¶��°·̧±·±±
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� !"#$K&L,,.-7*+751612+44,5<+7516+*)+12<1/4+<7)/45*5<+,/18),167M)4,+6)12E+7)*+6815,2,1E*+7)->NOPQRSTUSSQVOPWTXNYVSWTSSWVSRVUZXQ[\WTU]VXẐVSQ_TSVRTUZQǸaQ_RTSV\WTU]VX_VRVOQZV̀̀VZ\QRRV\S̀bcdZZNSNQUT̀̀be[QRSWV\VUSRT̀RV]NQUQ[SWVP̀TUUVZQPVRTSNQUTRQ̂UZfghijkklmjkkXnmSWVT\\̂RT\bNXÔ \WoVSSVRTUZNXT̀RVTZbNUSWVjlmkpRTU]VcqQRVQrVReSWNXÛOoVR\TUoVNOPRQrVZobOT\WNUVl̀VTRUNU]TZŝXSOVUSXẐRNU]RVT̀QPVRTSNQUXN[SWVZRQP̀VS]VUVRTSNQURTSVXTRVOVTX̂RVẐXNU]QPSN\T̀OVTX̂RVOVUSXc

tWVRVTXQU[QRSWVOQZVRTSVT\\̂RT\bQ[SWVPRQPQXVZXNOP̀VulPTRTOVSVROQZV̀NXSWVXNOP̀N\NSbQ[OQZV̀̀NU]SWVZRQP̀VSZNTOVSVR̂XNU]SWVXNOP̀VXSmlPTRTOVSVR̀NUVTRZVPVUZVU\VcvNU\VSWVZRQP̀VS[QROTSNQURTSVZVPVUZXQUSWVZRQP̀VSZNTOVSVRT\\QRZNU]SQSWV\̂oN\̀T_eXOT̀̀ZN[[VRVU\VXNUZNTOVSVRXQ[ToQ̂Sup_VRVNU\RVTXVZSQmkp_WVUSWV[QROTSNQURTSVX_VRVSTwVUNUSQT\\Q̂UScxSNXPQXXNòVSQNUSRQlẐ\VTX̂olOQZV̀Q[TOQRVPRV\NXVZNTOVSVRyWQ_VrVReSWVT\\QOPTUbNU]NU\RVTXVNUSWVÛOoVRQ[OQZV̀PTRTOVSVRXOTbRVẑNRVTZZNSNQUT̀\QOP̀V{OVTX̂RVOVUSXc|RQOTSV\WUN\T̀rNV_PQNUSeNSXVVOXOQRVRVTXQUTòVSQ X̂VTXNOP̀VROQZV̀_NSWSWVPQXXNoǸNSbQ[RVT̀lSNOVTZŝXSOVUSc}  &~��~�"� ���QOPT\SOQZV̀XTRVT_V̀̀lVXSTòNXWVZTPPRQT\WNUV̀V\SRQUlN\XTUZON\RQV̀V\SRQUN\XôSTRVUQSbVSX̂[�\NVUS̀bTPPRVl\NTSVZNUSWVRV̀TSNrV̀bbQ̂U]�V̀ZQ[ZRQP̀VSON\RQâNZN\Xcd̀SWQ̂]W[QRZVXN]UQ[TUbSV\WUN\T̀XbXSVOèNwVZRQP̀VS\bSQOVSRbPQRSTòVTPPTRTŜXNUSWVPRVXVUŜXV\TXVeSWVTrTǸToǸNSbQ[\QOPT\SOQZV̀X[QRT̀̀ X̂oXbXSVOXNXTWN]Ẁb������������� ������
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