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a b s t r a c t   

Lab on a Chip (LOC) devices minimize, integrate, automate, and parallelize laboratory functions such as 
mixing, separation, and incubation on a single chip. Droplet generation is one key aspect in LOC devices 
which allows to conduct various chemical and biochemical assays enabling biological cell studies, high 
throughput drug development, and diagnostic screenings. This paper presents, modelling, simulation, and 
experimentation of an active droplet generator that is widely used in LOC devices. The model geometry 
used in this study was based on a flow focusing method of droplet generation. Droplet generation from the 
numerical simulations was observed within flow rate ratios ranging from 0.2 to 4 using optimised droplet 
contraction width of the generator model. Subsequently, a prototype droplet generator was designed and 
developed from Polymethyl Methacrylate (PMMA) material using a layer-based fabrication method. Based 
on the experimental setup presented here, the calculated ratios of flow rates obtained for different voltage 
values have shown that the formation of droplets occur between flow rate ratios of 1.04 and 4.74. In ad
dition, morphological parameters of the droplet images extracted from a digital image processing algorithm 
show that the mean diameter of the droplets decreases with decreasing flow rate ratios. 

© 2021 The Author(s). Published by Elsevier B.V. 
CC_BY_NC_ND_4.0   

1. Introduction 

The evolution of miniaturized fluidic systems and the develop
ment of microfluidic devices over the past decade have been under 
the attention of the biomedical research community [1]. As an in
terdisciplinary area, this rapidly growing field of technology has 
found numerous applications in biomedical engineering including 
pathology, therapeutics, drug delivery, biosensors, and tissue en
gineering [2,3]. One of the pivotal applications of microfluidics is the 
development of Lab-on-a-Chip (LOC) devices as point-of-care diag
nostic tools. 

A typical LOC device includes various functional modules: 
sample transportation and preparation module, separation module, 
and detection and analysis module [4]. The separation modules play 

important roles in preparative applications where samples are pur
ified through separation of biological objects, and are used in ana
lyses where these separated objects are studied thoroughly. In 
addition, size-based sorting of objects in a sample is one of the 
important techniques used in the fields such as industrial, produc
tion, food and chemical industry, environmental assessment and 
chemical or biological research. Therefore, among all microfluidic 
systems, droplet generation systems have inspired many researchers 
leading to various innovations [5,6]. The droplet generation systems 
focus on creating discrete volume with the use of immiscible phases. 
Since, droplet-based microfluidic systems provide independent 
controllability of each drop, these systems are used for individual 
analysis, mixing, and transportation of droplets or fluids [7]. The 
manipulated droplets having volumes in nanoliter or femtoliter 
range can act as isolated reaction containers for biochemical assays  
[8]. In most of the applications, highly uniform droplets are desired 
to ensure constant, controlled, and predictable outcomes. Therefore, 
formation of uniform droplets in a controllable manner is the most 
significant aspect of a microfluidic droplet generation system. 

Flow rate ratio, capillary number, viscosity ratio, interfacial ten
sion between the two immiscible fluids, wetting properties of the 
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channel walls, and the channel geometry are the most important 
parameters which influence the droplet generation process [9]. The 
droplet generation can be divided into two main groups based on the 
specific energy consumption of the droplet: passive droplet gen
erators use hydrodynamic pressure of the flow without an external 
power input, and active droplet generators use external power in
puts to produce droplets. The active droplet generators are further 
categorized into electrically, thermally, magnetically, and mechani
cally operated depending on the working principle. The droplet 
generators that are mechanically operated, involve physical de
formation of the liquid interface using hydraulic, pneumatic, or 
piezoelectric actuation [10,11]. Additionally, transportation of the 
fluid is divided into active and passive depending on the actuation or 
driving force. According to the literature, active transporters have 
better controllability over the passive transporters [12]. 

Computational Fluid Dynamics (CFD) is an area of study in fluid 
mechanics that uses mathematical models and numerical simula
tions to analyze fluid flow characteristics [13]. Therefore, multiple 
techniques to analyze the behaviour of two phase fluid flows have 
been discussed and are applicable in simulating droplet generation. 
In fabricating microfluidic devices, micromachining, lithography, 
embossing and imprinting, injection molding, laser-based, and ad
ditive manufacturing based methods are widely discussed in lit
erature [14]. Laser-based methods are used to fabricate microfluidic 
droplet generators because of the simplicity, versatility, and time 
efficient nature compared to other low volume fabrication methods  
[15]. Polydimethylsiloxane (PDMS) and PMMA materials are used in 
fabricating microfluidic channels because of the biocompatibility, 
transparency, and the comparative low cost [16]. 

Among various sensing methods, vision sensing is emerging as it 
has a wide range of applications such as object detection, abnorm
ality identification, feature extraction, and path planning. Remote 
monitoring, controlling, and analysis are the major advantages 
achieved using vision sensing [17]. Currently, macro and micro 
imaging technologies have been the focus areas associated with the 
application of telemedicine in the literature. Digital image proces
sing includes pre-processing of captured digital images, feature ex
traction, and results analysis. Therefore, digital image processing is 
implemented as the sensing method in droplet based microfluidic 
systems to extract morphological features of the droplets, study the 
system performance, and to control droplet generation in real-time. 
Feedback control based droplet generators provide higher degree of 
controllability for the droplet generation process. In addition, auto
matic feedback control systems consist of closed loop feedback using 
PID control provide real-time controllability, higher accuracy, and 
reliability to the droplet based microfluidic systems [18]. 

Therefore in this study, an active droplet generator with micro
fluidic flow-focusing geometry was designed, developed, numeri
cally and experimentally analyzed in order to optimize the 
contraction channel width and the flow rate ratio in the droplet 
generation of proposed geometry. 

2. Proposed system and the working principle 

As shown in Fig. 1, the proposed active microfluidic droplet 
generation system comprises three (03) stages viz pumping, droplet 
generation, and vision based sensing and data acquisition. 

2.1. Proposed droplet generator 

The proposed design of the droplet generator shown in Fig. 2 is 
capable of injecting two fluids into the microfluidic channel. The 
inlet - A is for the dispersed phase fluid and the inlet - B is for the 
continuous phase fluid. The contraction (as detailed in Fig. 2) where 
the two fluids are touched, acts as the geometrical constraint that 
generates droplets. Then the generated droplets are channeled 
through the cavity that terminates at outlet - C, and is used for 
sensing and data acquisition. 

The dominant parameters of the contraction geometry can be 
identified as contraction channel width (w), contraction channel 
length (l), and fillet radius (R) as shown in Fig. 2. In the proposed 
design, length of the contraction channel is 2.5 mm, fillet radius is 
0.5 mm, channel depths are 1 mm, all the inlet channel widths are 
4 mm, and the outlet channel width is 6 mm. 

2.2. Working principle 

Cross-flow, co-flow, and flow-focusing are the most widely used 
geometries that breakoff droplets with the effect of viscous shear 
forces [19]. In cross-flow geometry, dispersed and continuous phase 
fluids meet at an angle. This is frequently implemented as a T- 
junction where the two fluids meet at 90-degree angle. In co-flow 
geometry, both fluid streams are parallel before mixing. In the flow- 
focusing geometry, two fluids are hydrodynamically focused into a 
contraction. Droplets are formed due to the elongating flows when 
passing through a contraction. The flow-focusing devices are capable 
of generating smaller droplets in a more controllable and stable 
manner compared to aforementioned geometries. 

In flow-focusing geometry, the continuous phase fluid distracts 
the dispersed phase fluid at the entrance of the contraction. When 
the applied shear stresses are greater than that of the viscosity, the 
dispersed phase flow breaks into droplets. This process is divided 
into four main steps such as lagging, filling, necking, and detach
ment. In the lagging step, the dispersed phase is in its inlet where it 
has not reached the contraction. The filling stage is where the dis
persed phase penetrates into the contraction. In the necking stage 
the continuous phase fluid applies shear stress on the dispersed 
phase while it elongates in the contraction. Detachment is where the 
droplets break up, when the applied shear stress is greater than the 
viscosity. The flow-focusing geometry and the contraction used in 
the proposed design are highlighted in Fig. 2. 

Fig. 1. Proposed overview of the system.  
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3. Modelling and simulation 

The level set technique presents the significant advantage of 
having a smoothing function in identifying the regions of the two 
phases resulting a minimum error in determining the location of the 
interface which is critical to calculate the surface tension force. 
Therefore, the level set technique is used in simulating droplet 
generation using microfluidic flow focusing geometries. Simulations 
were conducted by varying the width of contraction channel in the 
flow-focusing geometry (shown in Fig. 2) which was designed in the 
former stage of the research [20] to obtain the optimum contraction 
width. The level set method in COMSOL Multiphysics was used for 
the analysis. 

3.1. Numerical modelling 

In this study, the conservative level set method was used to si
mulate the droplet generation of the proposed microfluidic flow- 
focusing geometry. The conservative level set method addresses the 
drawback of conventional level set method being non-conservative  
[21]. The level set equation Eq (1) is: 

+ =
t

u (1 ) ,
(1)  

where, the level-set function ϕ is in the range of 0–1. ϕ = 0 indicates 
the phase 1 fluid and ϕ = 1 indicates phase 2 fluid. ϵ is the thickness 
of the interface, and it varies with the phase change. Iteration 
number of the level set function reinitialization is given by γ and the 
velocity of the phase field is given by u . 

As both fluids used in this study were assumed to be in
compressible and Newtonion, Navier-Stokes equation Eq (2) was 
used as the governing equation to describe the flow behaviour. The 
Navier-Stokes equation establishes the equilibrium between mo
mentum and shear forces acting on a control volume. Furthermore, 
density and the dynamic viscosity of water and coconut oil were 
assumed to be constant in the analysis. Continuity equation Eq (3) 
was also used to describe the flow as the total inflow of liquids is 
equal to the total outflow. 

µ+ = + +u
t

u u P u f( ) 2
(2)  

=u 0 (3)  

P, μ, and ρ denotes pressure, dynamic viscosity, and the density of 
the fluid. Left hand side of the Eq (2) describes the rate of change of 
momentum and right-hand side ∇P term represents the pressure 

force, µ u2 term expresses the viscous force and the term f for 
other body forces acting on the particles such as gravitational force 
and surface tension force. 

The surface tension force acting on the interface between the 
fluids is calculated as shown in Eq (4). 

=F n̂ (4)  

Interfacial tension coefficient is σ and κ is the curvature which is 
calculated as in Eq (5) where, δ is the Dirac delta function which is 
acquired by a smooth function determined as in Eq (6). n̂ is the unit 
normal vector to the interface Eq (7). 

= =n̂ 0.5 (5)  

= 6 (1 ) (6)  

=n̂
(7)  

The density and viscosity of the flow varies smoothly over the 
interface, which are described in Eqs. (8) and (9). 

= + ( )1 2 1 (8)  

µ µ µ µ= + ( )1 2 1 (9)  

ρ1 and ρ2 are the density of phase 1 and phase 2 whereas, μ1 and 
μ2 are the dynamic viscosity of phase 1 and phase 2, respectively. 

3.2. Numerical simulations 

COMSOL Multiphysics 5.5 software was used for numerical si
mulation of the microfluidic flow focusing geometry of the proposed 
droplet generator geometry in section 2. In general, laminar flow 
behaviour is observed due to the characteristic length scale of mi
crofluidic devices. Therefore, the simulation was conducted in a two- 
dimensional domain in laminar two-phase level set method under 
CFD module in COMSOL Multiphysics. As two immiscible fluids are 
required for droplet generation, water and coconut oil were selected 

R
l

w

Detailed geometry 

of  the contraction

Inlet - A

Inlet - B

Outlet - C

Fig. 2. Droplet generation geometry.  
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as dispersed phase and the continuous phase fluids respectively. The 
physical properties of the selected fluids are show in Table 1. The 
selected fluids were considered as incompressible, Newtonian and 
the walls were defined as wetted walls in the simulation. The si
mulation was conducted with both phase initialisation and time 
dependent studies providing constant flow velocities for two fluid 
inlets and setting the outlet pressure to zero. 

At first, numerical simulations were conducted to observe the ef
fect of expansion ratio for droplet generation in a flow-focusing geo
metry. Expansion ratio is defined as the ratio between contraction 
width and downstream (outlet channel) width. The analysis was car
ried out for 1.0 mm, 1.5 mm, 2.0 mm, and 2.5 mm contraction channel 
widths, having the downstream width as a constant. Droplet genera
tion pattern was observed for a fixed flow rate for all geometries. The  
Fig. 3 shows simulation results for the four different contraction 

widths considered in this research. A significant variation was ob
served in droplet generation for different contraction widths. The 
geometry with the contraction width of 2.0 mm that has an expansion 
ratio of 1/3 was able to perform the droplet breakup preferably 
compared to other discussed geometries. From the simulations con
ducted for the selected contraction widths, the geometry that has a 
2.0 mm contraction width showed the minimum time to breakup 
droplets. Therefore, it was identified that the geometry which has a 
contraction channel width of 2 mm is suitable for the design. 

After finalising the contraction width of the geometry, numerical 
simulations were conducted to identify the suitable ratios for the 
flow rates in order to generate droplets. Flow rate ratio was defined 
as the ratio between the flow rate of the dispersed phase fluid (QD) 
and the flow rate of the continuous phase fluid (QC). The results were 
used to identify the range of flow rate ratios (QD/QC) for droplet 
generation. According to the simulation results, flow rate ratio 
ranges from 0.2 to 4.0 is suitable for droplet generation in the se
lected flow-focusing geometry. Omid et al. [22] conducted a similar 
numerical analysis to study the effect of channel geometry and fluid 
velocity on droplet generation in flow-focusing geometries. The  
Fig. 4 shows the simulation results obtained for different flow rate 
ratios. 

Table 1 
Physical properties of the selected liquids.      

Description Liquid Density (kg/m3) Dynamic Viscosity (cP)  

Dispersed phase Water 1000 1.01 
Continuous phase Coconut oil 900 55 

Fig. 3. Droplet breakup for different contraction widths: (a) 1.0 mm; (b) 1.5 mm; (c) 2.0 mm; (d) 2.5 mm.  

Fig. 4. Simulation results of generated droplet for different flow rate ratios: (a) QD/QC = 0.5; (b) QD/QC = 1; (c) QD/QC = 2; (d) QD/QC = 4.  
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4. Fabrication and assembly 

4.1. Fabrication of the droplet generator 

The droplet generator design was split into four (04) layers 
(shown in Fig. 5), layer 1 (top) and layer 4 (bottom) act as sealings for 
fluid flowing channels, whereas layer 2 and 3 together produce the 
channel geometry. 

Four layers were proposed to increase fabrication simplicity than 
using complex mask fabrication methods. PMMA was used as the 
fabrication material because it has the advantages of biocompat
ibility, easy to clean, and is reusable in multiple instances. Laser 
cutting technology was used to fabricate individual layers using 
PMMA sheets with 1 mm thickness because of the advantages such 

Layer 1 

(Top)

Layer 2

Layer 3

Layer 4 

(Bottom)

Fig. 5. Exploded view of the droplet generation assembly.  

Fig. 6. PMMA layers fabricated using laser cutting technology: (a) Layer 1; (b) Layer 2; (c) Layer 3; (d) Layer 4.  
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as less time consumption and cost effectiveness compared to other 
fabrication techniques. The fabricated PMMA sheets after laser cut
ting are shown in Fig. 6. 

In order to bond the PMMA layers together a simple and solvent 
assisted method was used [23]. At first, isopropyl alcohol was used to 
remove dust and other particles deposited on the surface of all PMMA 
layers and also isopropyl alcohol was used as the binding medium. 
After applying isopropyl alcohol on the binding surfaces, PMMA layers 
were clamped together and heat-treated. The treatment was con
ducted at a temperature of 60∘C for ten minutes for proper bonding 
without any leakages, deformation or air bubbles between the layers  
[24]. The Fig. 7 shows the steps followed in fabrication. 

4.2. Assembly of the active droplet generation system 

Active droplet generation requires an external energy for actua
tion. Therefore, two fluids were pumped to the droplet generator 
using two submersible type pumps attached to both dispersed phase 
and continuous phase separately. Operating voltage of the sub
mersible pumps are 2.5–6 V while the rated current is 0.18 A. It 
generates the fluid flow by converting rotary energy into kinetic 
energy which is then converted to pressure energy. At first, the fluid 
is pulled into the pump due to the generated fluid pressure differ
ence and then the rotating impeller pumps the fluid through a dif
fuser. The flow rate of the submersible pump is varied by changing 
the supply voltage. Compared to the peristaltic pumps which are 
widely used in microfluidic applications, submersible pumps pre
sent minimum cyclic fluctuations in the flow rate. Submersible 
pumps have a lower response time and the ability to provide con
tinuous pumping, to increase the controllability with respect to 
syringe pumps. Additionally, submersible pumps do not require 

priming which minimise the failure of the pumps due to dry run  
[25,26]. The schematic diagram of the assembly is shown in Fig. 8  

In addition to the two submersible type pumps, a ATmega328P 
based microcontroller development board, H-bridge motor con
troller, and a power supply was used to vary flow rates and generate 
droplets in a controlled manner. The circuitry used with the active 
droplet generation system is shown in the Fig. 9. 

5. Vision based sensing and data acquisition 

Image acquisition, pre-processing, and data acquisition are iden
tified as the major steps in morphological feature extraction of dro
plets. Depending on the droplet sizes, micro or macro imaging 
methods are used to acquire images of droplets. Camera with a 
complementary metal oxide semiconductor (CMOS) image sensor was 
used to capture macro scale images the outlet channel of the droplet 
generator. Images of the outlet channel were acquired having the 
camera placed above the droplet generator, therefore images were 
captured with the plan view. Initially, images captured using the ex
perimental setup were pre-processed in three stages which are crop
ping, enhancing, and marking. Depending on the original image, 
several enhancing methods were used as necessary to increase the 
visibility of droplets. Droplets which were not deformed were marked, 
and a square was marked in between the channel as the reference 
geometry because the outlet channel width is a known parameter. 

Length of a side of the reference square was used to calculate the 
dots per millimeter (dpmm) value Eq (10). 

=dpmm
Length of a side in square pixels

Channel width mm
( )

( )
,

(10)  

Fig. 7. Bonding process of two PMMA layers.  

Fig. 8. Schematic diagram of the active droplet generation system.  

Fig. 9. Circuitry used with the active droplet generation system.  
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Area and perimeter of each droplet were calculated using the 
image processing algorithm and then, an average diameter was 
calculated Eq (11). 

= +
Diameter d

Diameter Area Diameter perimeter
( )

( ) ( )
2

, (11)  

Average diameter values were obtained in pixels, and were 
converted to millimeter using the dpmm value. 

6. Experiments 

6.1. Experimental procedure 

Initially, experiments were conducted on each fluid to assess the 
flow rates at different voltage values. This was carried out for the pur
pose of producing reference graphs to obtain the flow rates under dif
ferent voltage values. During the experiment, fabricated droplet 
geometry and pumps heads were maintained at the same level. The 
experiments were conducted to generate droplets for different flow rate 
ratios and acquire data related to the generated droplets. During the 
experiments, morphological properties (i.e. droplet diameter and shape) 
as well as content and concentration details of the generated droplets 
were observed. The setup used for experiments is shown in Fig. 10. 

6.2. Calculating droplet diameter based on image processing 

Diameters of droplets in each image were calculated based on 
digital image processing using MATLAB software. Resulting images 

of a sample image in cropping, enhancing, and marking stages are 
shown in Fig. 11(a–c), respectively. 

Reading a marked image, converting to a grayscale image, object 
identification, and extracting features of the droplets are the main 
steps in the image processing algorithm developed for calculating 
the droplet diameter. Aforementioned steps are shown in Fig. 12. 

7. Results and discussion 

Flow characteristics obtained with reference to different voltage 
values during separate experiments for two different phases, are 
shown in Figs. 13 and 14. In obtaining the flow characteristics, water 
and coconut oil were separately pumped by providing different 
voltage values to the submersible pumps. The experiments were 
conducted repeatedly for three times and the flow rates were aver
aged in determining the flow rate curves. The obtained flow char
acteristics were used in the droplet generation experiment. 

In the experiment, pumping voltage values which generate dro
plets were identified. Obtained pumping voltage values were used to 
find flow rate values with reference to the graphs shown in Figs. 13 
and 14. According to flow rate values obtained using the graphs, the 
respective flow rate ratios (QD/QC) were calculated and shown in  
Table 2. 

Captured images of the generated droplets in the experiment for 
various flow rate ratios are shown in Fig. 15. 

Considering the 6 mm width of the outlet channel, droplet 
diameters in each image were calculated and the variation of the 
diameters with respect to different flow rate ratios are shown in  
Fig. 16. 

Fig. 10. Experimental setup.  

Fig. 11. Image preprocessing: (a) Cropping; (b) Enhancing; (c) Marking.  Fig. 13. Flow rate vs pumping voltage for dispersed phase.  

Fig. 12. Processing sequence of droplet detection and feature extraction: (a) Marked image; (b) Grayscale image; (c) Object detection; (d) Feature extraction.  
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Table 2 
Flow rate ratios against different voltage values.       

Voltage (V) Flow rate (μl∕s) Flow rate ratios (QD/QC) 

Dispersed phase Continuous phase QD QC   

1.65 4.25 65 63  1.04 
2 4 91 53  1.72 
2.05 3.75 94 43  2.18 
2 3.5 91 33  2.73 
1.9 3.25 85 24  3.59 
1.65 3 65 14  4.74    

Fig. 15. Observed droplet patterns for different flow rate ratios: (a) QD/QC = 1.72; (b) QD/QC = 2.18; (c) QD/QC = 2.73; (d) QD/QC = 4.74.  

Fig. 14. Flow rate vs pumping voltage for continuous phase.  
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8. Conclusion 

In this study, an active droplet generator was designed, simu
lated, fabricated, and experimented. Contraction channel width of 
the geometry was optimised by the numerical simulations and it 
was concluded that the geometry which has a contraction width of 
2.0 mm is suitable for droplet breakup. Fabrication of the droplet 
generator was done with reference to the parameters obtained by 
the numerical simulation. Layers based fabrication method was 
presented, and the significant advantage of layers based fabrication 
was that the droplet generator can be fabricated in micro scale using 
micromachining techniques used in microfabrication. Fabrication 
method used in this study, successfully presented proper bonding 
without leakages, deformation or air bubbles between the sheets. 

Initially, flow rates with respective to varying pumping voltages 
for two phases were obtained separately by experiment. Then, 
pumping voltage values which successfully generate droplets were 
identified, and respective flow rate ratios were obtained in a range of 
1.04–4.74. Images were captured for different flow rate ratios within 
the acquired range and were processed to calculate the droplet 
diameter. Hereby, image based morphology identification performed 
satisfactorily in extracting droplet area and perimeter for calculating 
droplet diameter. Results show that the droplet diameter was de
creased with respective decrements of flow rate ratios. Droplet 
diameter decreased from 3.07 mm to 1.28 mm. But, droplet genera
tion was not observed when the flow rate ratio was decreased below 
value 1 using this experimental setup. The observed results for 
droplet diameters show a relationship with the flow rate ratios. 
Therefore, this relation can be utilised to control the droplet dia
meters by using a feedback control method. 

In future, this design can be incorporated as a miniaturised 
system by implementing two micro-pumps, in order to further re
duce the droplet diameter range. Effect of the surface roughness and 
the use of surfactants in surface modification will be evaluated in 
order to improve the uniformity of droplet formation. Furthermore, 
real-time image processing of the droplets can be implemented to 
evaluate the droplet diameter, to control the frequency of droplet 
generation, and can be used as a feedback control method. Neural 
networks, machine learning, deep learning, and artificial intelligence 
based methods can be utilised in image processing to introduce an 
autonomous approach to the droplet generation system. Ultimately, 
an optimised and a miniaturised design can be integrated into a LOC 
device as the droplet generator for biomedical applications. 
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