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ABSTRACT 

In this study, a computational fluid dynamics approach is implemented to investigate the 

dynamic behavior of continuous-flow droplet microfluidics. The developed approach 

predicts both droplet generation and manipulation in a two-step process. Firstly, droplet 

formation was studied in a flow-focusing junction through an Eulerian-Eulerian 

approach. Surface tension and wall adhesion were used in the model. The effect of the 

flow rates and geometrical characteristics of the device on droplet size and dispensing 

rate was investigated. Secondly, post-generation, droplets were treated as point-like-

particles, and their deflection across a millimeter, multi-laminar flow chamber with five 

parallel streams was modeled using an Eulerian-Lagrangian approach, thus improving 

computational efficiency. Flow rates and magnet location were optimized. Our simulated 

droplet trajectory inside the chamber was contrasted against experimental data and good 

agreement was found between them. This two-step computational model enables the 

rational optimization of continuous-flow droplet processing and it can be readily adapted 

to a broad range of magnetically-enabled microfluidic applications. 
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1. INTRODUCTION 

The use of droplet-based microfluidics has increased in the last decade as it enables the 

precise handling of minute amounts of fluid, e.g. nano- and picoliter-sized microreactors. 

These systems possess multiple advantages such as high interfacial areas and short 

diffusion distances which facilitate mass and heat transfer at the microscale. Moreover, 

they are compatible with many chemical and biological reagents, are also capable of 

performing a variety of “digital fluidic” operations that can be rendered programmable 

and the repeatability of operations can be achieved.1 This not only allows the 

miniaturization and integration of existing chemical and biomedical protocols, but also 

paves the way for the development of completely new strategies for research in multiple 

areas.2  

In order to facilitate the implementation of this technology, the precise generation and 

manipulation of these small vessels should be exploited. Droplet actuation in digital 

microfluidics is usually obtained by electrical potentials, i.e. “electrowetting on dielectric 

technology” (EWOD). This involves the application of an electrical potential to an array 

of electrodes patterned on a hydrophobic surface that causes variation in surface 

wettability.2 Other actuation mechanisms have been reported as well for digital 

microfluidics like the magnetic and the surface acoustic wave (SAW) technologies.3,4 

In contrast, droplet microfluidics or emulsion microfluidics employ specific channel 

geometries (T-junctions and flow-focusing junctions) to generate the droplet emulsions 

that are then transported in a pressure-driven flow. This approach presents multiple 

advantages due to its simplicity, ease of channel fabrication and high throughput.2 Once 

the droplets are generated in a pressure-driven flow, different strategies have been 

implemented in order to guide the droplet trajectory within continuous-flow channels. For 

example, SAW technology has been used in microfluidics for generating an acoustic 
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radiation force on droplets with multiple applications such as mixing, separation and 

droplet sorting, but this technology suffers from the limitation that a high performance 

piezoelectric substrate can be expensive.5 Dielectrophoresis has been also applied but 

suffers from similar limitations since a complex electrical system is required.6,7 Other 

methods such as optical and mechanical have been reported,6 but these require complex 

channel configurations and additional expensive, high precision, peripheral equipment 

(e.g. lasers). On the other hand, magnetic techniques can be considered as the most useful 

and elegant method for manipulating droplets inside continuous, pressure-driven flows. 

Droplet-based magnetic separation techniques in continuous microfluidic devices were 

originally proposed in 2010 by Pamme et al. and Lombardi et al.2,8,9 The main advantage 

of this actuation method is that it does not require complex and costly channel fabrication 

methods and it does not require an external power source when permanent magnets are 

employed. This is not only an important consideration for point-of-care applications in 

resource-limited environments (where electricity is scarce) but it is of paramount 

importance for applications in life sciences, in which the interaction between the 

biological samples and the actuation force is a major problem.10 Furthermore, this 

actuation method is not affected by surface charges, pH level, ionic concentration or 

temperature.11 Moreover, different magnetic materials can be used as support for the 

separation. In fact, it does not strictly require the use of particles (either ferromagnetic, 

paramagnetic or superparamagnetic) as ionic droplets (i.e. droplets with dissolved 

paramagnetic salts) or diamagnetic droplets manipulated from magnetic fluids (i.e. 

negative magnetophoresis where the continuous phase is a ferrofluid) have recently been 

reported as well.12-14 Nonetheless, the use of magnetic supports inside the droplet volume 

is beneficial as they may act as magnetic stirrers to improve the mixing of the droplet 

content which will improve the system performance for several applications.2  
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With the maturity of this platform technology, sophisticated and delicate control of 

magnetic droplet generation, motion and transport across different flowing streams is 

needed to address increasingly complex applications. Numerical models provide a useful 

tool to further explain, understand and design the generation process and the behavior of 

ferrofluid droplets as they are deflected into different streams. Different authors have 

addressed the modeling of droplet generation, mostly by passive control by using 

different flow rates for the continuous phase (CP) and dispersed phase (DP),15,16 but active 

ferrofluid droplet formation has been reported as well.17,18 Numerical studies have also 

been developed for studying magnetic droplet splitting or breakup at T-junctions,19 

including magnetic droplet transport on a digital microfluidic platform.20 Still, a 

significant part of numerical studies on ferrofluid droplets are devoted to the investigation 

of the motion and deformation of a single droplet under the influence of magnetic fields21-

28  or electric fields.29,30 Other numerical studies have reported coalescence of two 

ferrofluid droplets when they are exposed to magnetic fields.31,32 Although these studies 

are important and reflect the complexity of the problem (complex dynamic interaction of 

magnetic, surface tension and viscous forces), they are limited to a discrete number of 

droplets that are placed inside small fluidic structures, and for most of them, under 

uniform magnetic fields. 

On the other hand, modeling big reaction chambers is a challenge due to the length scales 

involved in the problem. Reported numerical studies where droplets move and interact 

between them inside fluidic structures have required several hundreds of mesh cells 

across the diameter of each droplet in order to precisely track the droplet interface.31 

However, modeling droplet processing inside relatively large fluidic chambers with this 

mesh quality would be computationally very expensive. In fact, very few numerical 

studies have reported droplet processing inside millimeter sized fluidic channels, and 
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none of them have addressed droplet transport across multi-laminar flows. For instance, 

Ray et al.33 modeled a circular channel geometry of 1 mm in diameter and 150 mm in 

length in order to describe ferrofluid droplet generation and coalescence due to an external 

magnet. Although their mesh had only approximately 500 cells, the simulated results were 

contrasted against experimental data and found to be in reasonable agreement. Varma et 

al.34 modeled droplet generation, deformation and merging in the presence of a uniform 

magnetic field in a microfluidic channel with several millimeters in length employing a 

mesh of 35,000 elements. Apart from these studies, and to the best of our knowledge, no 

numerical study has yet reported the magnetic transport of ferrofluid droplets across 

millimeter-sized reaction chambers where different fluids co-flow in parallel. 

Nonetheless, ferrofluid droplets have interesting applications as supports for reactions 

and droplet manipulation in continuous flow has recently received great attention.8,35 

Therefore, it is necessary to address this issue in order to efficiently design complex 

processes where droplets are guided through relatively big chambers/channels. 

The goal of the present study is to systematically study the dynamics of ferrofluid droplet 

generation in an immiscible, non-magnetic Newtonian medium, and the later 

manipulation when actuated by spatially non-uniform magnetic fields in a millimeter-

sized chamber. Oil-based ferrofluid and aqueous solutions worked as DP and CP, 

respectively. First, we numerically predict the droplet size, shape and dispensing rate in 

a flow-focusing device. For this droplet generation, the numerical model assumes the 

ferrofluid as non-magnetic. Surface tension and wall adhesion were implemented in the 

flow equations, while the Volume-of-Fluid (VOF) method was used to track the interface 

between the ferrofluid and the aqueous CP. The simulated results were compared with 

experimental data in order to validate the generation model. After droplet generation, their 

manipulation in a millimeter reaction chamber was numerically predicted. For this model, 
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analytical expressions for calculating the magnetic force acting on the droplets were 

implemented in the model whereas the droplets were treated as Lagrangian particles, with 

no volume. The advantage of this model in comparison to previous works is the reduced 

computational cost since we are not tracking the ferrofluid interface across a millimeter-

sized chamber. Both experimental and simulation results display the same droplet 

trajectory along the multi-laminar flow chamber. Also, detailed hydrodynamic analysis 

during both formation and deflection was carried out, including the deformation of multi-

laminar flow depending on the applied magnetic force, a key distinguishing feature of 

this work. Moreover, we demonstrate for the first time that a full modeling approach 

including surface tension contributions can be avoided to simulate the magnetophoretic 

transport in relatively large devices, thus improving computational efficiency. 

 

2. COMPUTATIONAL MODEL 

2.1. Modeling approach 

Our study begins with the generation of droplets in a flow focusing device. The theoretical 

description of the generation, which is important to calculate the effect of the flow rate 

ratio and the geometrical characteristics of the flow focusing generation device on the 

droplet size and dispensing rate, is described in the first subsection. The second subsection 

describes the magnetically induced transport of ferrofluid droplets treated as point-like 

particles with a fixed volume derived from the generation studies. Their motion was 

calculated as a balance between fluidic and magnetic forces when rectangular permanent 

magnets are used for droplet actuation.  

The model was developed by customizing a commercial multiphysics Computational 

Fluid Dynamics (CFD) software package, FLOW-3D from Flow Science Inc. (version 

11.2, www.flow3d.com). Specifically, custom magnetic field and force algorithms were 

Page 7 of 43

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

http://www.flow3d.com/


7 
 

integrated into the program to predict the field distribution from various field sources and 

the resulting force on the ferrofluid droplets. 

 

2.2. Droplet generation 

In this subsection we describe the CFD approach employed to study ferrofluid droplet 

generation. The main challenge in modeling multiphase systems is describing the 

interface movement.17 There are different techniques to predict the interface location, 

being the most popular ones the level set (LS) and VOF methods.15,17,31  In the LS method, 

the interface is the zero contour of a smooth function; it allows precise computation of 

the interface geometrical properties (i.e. its normal and curvature), however, the volume 

conservation is poor.36 In this work, we employ the VOF method to calculate interface 

location at every time step through a phase function that describes which fluid occupies 

each computational cell. Although this method may lead to inaccurate curvature 

estimates, it naturally conserves volume accurately.36,37 

Fluid configurations are defined in terms of a VOF function, F, which satisfies the 

following equation:38 

∂F
∂t

+ 1
VF

[∇(F𝐀𝐀𝐀𝐀)] = 0                                                                                                                    (1) 

where VF and A represent the fractional volume and fractional area open to flow for each 

mesh cell, and v is the fluid velocity. The VOF function, F, represents the volumetric 

fraction of the incompressible phase 1 (oil-based ferrofluid) and the complementary 

region with volumetric fraction 1-F, represents the volumetric fraction of a second fluid 

in every computational mesh cell (fluid 2, which is the aqueous CP). The specialty of this 

method is that it allows modeling two inmiscible fluids by solving a set of momentum 

equations (by using a volume-fraction-weighted density (ρ) and viscosity (μ)) while 
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tracking the F function through the entire flow domain.18 The fluid velocity field is 

governed by the mass continuity and momentum equations, which are solved under the 

assumption that the fluids are incompressible, i.e.: 

∂𝐀𝐀
∂t

+ 1
VF

(𝐀𝐀𝐀𝐀∇𝐀𝐀) = −∇P
ρ

+f                                                                                                 (2) 

∇ · (𝐀𝐀𝐀𝐀) = 0                                                                                                                     (3) 

where P is the pressure and f represents the viscous accelerations that can be written as: 

𝐟𝐟 = 1
ρVF

[𝐰𝐰𝐰𝐰 + ∇(𝐀𝐀 ∙ 𝛕𝛕)]                                     (4) 

where ws is the wall shear stress (for mesh cells that contain a solid boundary) and τ is 

the shear stress tensor.  

One of the advantages of using the fluid fraction of F is that is enables the simple 

identification of cells that may contain a sharp interface. Only for computational cells 

where a sharp interface is present (0<F<1), the surface tension force is added as an 

equivalent pressure contribution to the right hand side of Eq. 2. These surface tension 

effects are calculated by defining the surface tension coefficient, a property that depends 

on the nature of the two phases that are in contact. Surface tension between the ferrofluid 

and aqueous continuous phase was determined to be approximately 5 mN·m-1 (this value 

was determined in our previous work35 for a CP containing a surfactant via tensiometer). 

On the other hand, for the calculation of wall adhesion, it is necessary to define the contact 

angle, i.e. the angle between the wall tangent and the fluid surface tangent, a property that 

depends on the nature of the two phases and the surface on which their interface is located. 

The contact angle was measured from experimental photographs with the open source 

program Meazure 2.0 (C Thing software) reaching a value of 140° ± 15°. Hence, in the 

present model, a mean contact angle of 140° was specified initially. 

In Figure 1, the generation device that was modeled is shown. It consists of a flow-

focusing generation device and a T-shaped outlet, although it should be noted that droplet 
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behavior at the outlets is not considered for this study. The dimensions are 150 µm in 

width for the inlets and the main channel and 100 µm wide for the outlets. The length of 

the main channel is 2.5 mm. Different channel depths (i.e. 25 µm, 30 µm and 40 µm) 

were studied. 

 

Figure 1. Schematic view of the flow-focusing droplet generation device employed in 

this study. 

 

Fluid 1 represents the oil-based ferrofluid (DP), which is introduced into its inlet at a fixed 

flow rate of 10 µL·h-1. This fluid has a density of 1104.5 kg·m-3 and a viscosity of 4.5 cP. 

On the other hand, fluid 2 represents the aqueous CP, which is injected into the channel 

through the inlets perpendicular to the DP inlet, as seen in Figure 1. The CP fluid is 

modeled as water with a density and a viscosity of 1000 kg·m-3 and 1 cP, respectively. 

Outflow boundary conditions were applied for the outlets and symmetry boundary 

conditions were applied at both limits of the y direction (i.e. 2D simulations). Finally, a 

uniform grid was employed for the droplet generation simulations (20,000-30,000 cells). 

The time step was approximately 10-6 s for all the simulations, which took approximately 

1 day to run in a multicore workstation. 
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2.3. Droplet deflection in millimeter-sized reaction chambers 

After studying droplet generation in flow-focusing devices, their later manipulation inside 

reaction chambers when actuated by spatially non-uniform magnetic fields was 

addressed. In order to construct the physical model for describing the deflection across 

the chamber, certain assumptions and simplifications were necessary. This is due to the 

fact that a droplet has a deformable interface making its dynamic behavior more 

complicated than the magnetophoretic transport of magnetic solids. For modeling the 

generation, the theoretical description of the surface tension forces is necessary, as was 

stated in the previous section. However, for the deflection, the different length scales 

involved in the process make such description computationally prohibitive. As an initial 

test, the transport of 200 µm ferrofluid droplets across the millimetric chamber employed 

in this work was modeled. The runtime of that simulation (mesh size: 2·10-5 m) was 

approximately 1 day when resolved in a modern multicore workstation and without 

including the magnetic force acting on the droplets. When the drop size was reduced to 

100 µm, the expected runtime increased to about 1 month (mesh size: 10-5 m; mesh cells: 

1,009,206). The increasing runtimes are due to the necessity of reducing the mesh size as 

the droplet size decreases in order to accurately track the interface. When trying to model 

magnetophoresis, the expected runtimes were assumed to be prohibitive with this fluidic 

domain as it would be necessary to include a subroutine that evaluates each individual 

mesh cell and apply the force when F≠0 (i.e. in ferrofluid volumes). 

Therefore, we opted for using a Lagrangian particle model for the description of droplet 

dynamics across the reacting chamber. The most important advantage of this model is 

that the droplets are now treated as discrete, point-like particles and their trajectories can 

be described independently of their size, although it should be noted that their size is taken 

as an input variable for the calculation of the forces acting on them. By treating the 
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droplets as discrete particles, a coarser computational mesh can be used, thereby 

decreasing runtimes and improving simulation efficiency. As this model employs 

particles of a fixed size, this information should be previously known (through the 

generation model developed in section 2.1).  

For this part of our study, the Lagrangian approach is used to model droplet dynamics 

and the fluid transport is calculated with an Eulerian approach by solving the governing 

equations of fluid flow. In this study, droplets were assumed to have sizes of 

approximately 50 μm and a density value of 1104.5 kg·m-3. These values were selected 

based on the properties of the DP and the flow rates employed in the experiments. The 

droplet deflection model was developed based on the following assumptions: (a) droplets 

are modeled as points and the effect of their volume into the CP displacement is neglected 

as well as the droplet deformation under applied magnetic fields, (b) droplets have a linear 

magnetization curve with saturation, (c) droplet-droplet interactions are negligible, (d) 

the field source is an ideal 3D rare-earth permanent magnet, and (e) there are no other 

magnetic materials present in the computational domain that would otherwise perturb the 

magnetic field. This last assumption is important as it allows for the use of analytical 

expressions for the magnetic field distribution and force, which greatly simplify the 

analysis and reduce simulation time. The aforementioned assumptions led us to 

simulation runtimes lower than 1 day for droplet sizes of around 50 µm, which is an 

improvement with regard to conventional models. 

According to the Lagrangian approach, droplets are treated as discrete objects and their 

trajectories are predicted in accordance with classical Newtonian dynamics: 

md
d𝐀𝐀𝐝𝐝
dt

= ∑𝐅𝐅ext                                                                                                                (5) 

Here, md and vd are the mass and the velocity of a droplet and Fext represents all external 

force vectors exerted on it. In this work, only the dominant magnetic and fluidic forces 
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are taken into account and their formulation can be found in our previous works.39,40 

Briefly, we modeled the magnetic force Fm acting on a droplet using the “effective” dipole 

moment method in which the droplet is replaced by an “equivalent” point dipole with a 

moment mp,eff at its center as described by Furlani.41,42 Fm is given by: 

𝐅𝐅m = µ0�𝐦𝐦p,eff · ∇�𝐇𝐇a                                                                                                     (6) 

where µ0 represents the permeability of the free space (4π·10-7 H·m-1) and Ha is the 

applied magnetic field intensity at the center of the drop. The moment mp,eff can be 

determined using a magnetization model that takes into account self-demagnetization and 

magnetic saturation: 

𝐦𝐦p,eff = Vd,mf(Ha)𝐇𝐇a                                                                                                      (7) 

where the function f(Ha) is calculated as follows: 

f(Ha) =

⎩
⎨

⎧  3(xd−xf)
3+(xd−xf)

                                    |Ha| < �(xd−xf)+3
3(xd−xf)

�
 

Ms,d
  

          Ms,d
|Ha|

                                         |Ha| ≥ �(xd−xf)+3
3(xd−xf)

�Ms,d   
                                (8) 

where Vd,m is the magnetic volume of a ferrofluid droplet, and χd and Ms,d are the 

susceptibility and saturation magnetization. There exist different magnetization models 

for modeling ferrofluids with monodisperse magnetic particles. The most common one is 

the Langevin formulation, which is extensively employed in the specific 

literature.23,26,30,34 However, we opted for using the model presented in Eq. 8, which has 

been successfully employed in the past for describing the magnetization of magnetic 

particles, and it is similar to other models employed in the literature for describing 

ferrofluids.18-20 In this case, the magnetic properties of the DP (χd=6.79 and Ms,d= 5.25·104 

A·m-1) were specified by the manufacturer. For this study, it is assumed that the 

susceptibility χf of the fluid phases is essentially that of free space. The magnetic field 

and gradient inside the reaction chamber is provided by a Samarium Cobalt (SmCo) 
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rectangular magnet. This magnet has dimensions L x H x W equal to 7.3 x 4.8 x 3 mm3, 

respectively, and a saturation magnetization of approximately 106 A·m-1. To determine 

the 3D field distribution of the magnets, we employed an analytical model developed by 

Furlani.43 

The other dominant force acting on the droplets is the hydrodynamic force Fhd which is 

predicted numerically using the following expression:  

𝐅𝐅hd = −Vd∇P + Madded �
d𝐀𝐀
dt
− d𝐀𝐀d

dt
� + 𝐅𝐅drag                                                                    (9) 

where Vd is the volume of a ferrofluid droplet and Madded is the added mass, i.e. additional 

resistance for an accelerating or decelerating body, which is equal to Madded=0.5ρVd.44 

Fdrag is the drag force that can be obtained using a modified form of Stokes’ approximation 

for the drag on a sphere: 

𝐅𝐅drag = 1
2
ρ(𝐀𝐀 − 𝐀𝐀d)|𝐀𝐀 − 𝐀𝐀d|AdCd                                                                                 (10) 

where Ad is the droplet cross sectional area. CD is the drag coefficient for steady-state 

flow around a sphere and can be calculated from: 

CD = 24
Rep

+ 6
1+�Rep

+ 0.4                                                                                               (11) 

where Rep is the particle (i.e. droplet) Reynolds number. For droplet deflection, the fluid 

velocity field was predicted by using the Navier Stokes and continuity equations for 

incompressible fluids, including droplet-fluid interactions (i.e. a two-way coupling model 

with momentum transfer from the droplet to the fluid and vice versa) as follows: 

d(ρ𝐀𝐀)
dt

= −∇P + div(𝛕𝛕) + 1
V
𝐅𝐅P                                                                                         (12) 

∇ · (𝐀𝐀) = 0                                                                                                                     (13) 

where the div(τ) term represents the viscous accelerations and V is the volume of fluid in 

the cell. The last term in Eq. 12 represents droplet induced fluid accelerations and FP can 

be written as: 
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𝐅𝐅P = −∑ �𝐅𝐅drag + Madded �
d𝐀𝐀
dt
− d𝐀𝐀d

dt
��                                                                          (14) 

Regarding the fluidic domain, Figure 2 represents the reaction chamber modeled for 

droplet deflection. The main chamber has dimensions of 8 x 4.1 x 0.1 mm3. It has five 

inlets with different widths (0.3 mm, 1 mm, 1 mm, 1 mm and 0.8 mm, for inlet 1, 2, 3, 4 

and 5, respectively) through which multiple aqueous solutions can be injected, as seen in 

Figure 2. 

 

Figure 2. Schematics of the reaction chamber in which ferrofluid droplets are deflected 

across multi-laminar flow streams. 

 

Droplets are injected through inlet 1 (a fixed diameter of 50 µm was set as mentioned 

above) along with the aqueous CP. The dispensing rate was selected as a function of the 

DP and CP flow rates. Inlets 2-5 were used to inject aqueous water solutions. In order to 

distinguish the co-flow of the 5 laminar flows across the chamber, scalar solutes were 

added in streams 2 and 4, an approach useful to evaluate fluid-droplet interactions. A no-

slip condition (zero velocity) is applied along the microchannel walls, and at the outlet, 

an outflow boundary condition is employed. Symmetry boundary conditions are applied 

Page 15 of 43

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



15 
 

at both limits of the z direction (i.e. into the page). Although the force balance for each 

droplet is solved within a 3D analysis (the magnetic field distribution and magnetic force 

is calculated in x, y, and z directions), the governing equations for the flow along the 

width of the channel (z axis) are not considered. The droplet trajectory was calculated as 

a function of the flow rate of the streams and the magnetic field conditions inside the fluid 

domain (provided by different magnet positions with respect to the main chamber). The 

flow rates of streams 2-5 were varied, and took the values of either 300 µL·h-1 or 600 

µL·h-1. The flow rate of stream 1 (CP) was varied from 150 µL·h-1 to 300 µL·h-1. Four 

magnet positions were tested. For each position, the distance between the top of the 

magnet and the bottom of the chamber (d1), and the distance between the center of the 

magnet and the center of the chamber in x direction (d2), took a different value (see Figure 

2). Table 1 shows the value of these distances for each of the magnet positions tested. 

 

Table 1. Magnet positions tested in this study 

Magnet position Distance d1 (mm) Distance d2 (mm) 
1 5.5 0 
2 5.5 7.65 
3 0 7.65 
4 5.5 4 

 

Finally, a mesh independence study was carried out in order to optimize the total number 

of cells used in the simulations. Simulations were performed with different mesh sizes, 

i.e. the grid was progressively refined and the difference in the obtained flow patterns was 

calculated. Four mesh sizes were tested: i) G1: 100·10-6 m; ii) G2: 50·10-6 m; iii) G3: 

20·10-6 m and iv) G4: 10·10-6 m mesh sizes. It was found that a mesh refinement beyond 

G3 did not report an appreciable improvement of the results, and therefore, for droplet 

deflection simulations the mesh was composed by approximately 250,000 cells with a 

Page 16 of 43

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



16 
 

size of 20·10-6 m. The time step was around 10-4-10-3 s for all the simulations, which took 

less than 1 day to run in a multicore workstation. 

The model was developed by customizing FLOW-3D (version 11.2). Custom magnetic 

field and force algorithms were integrated into the program to predict the field distribution 

generated by the SmCo magnet, and the corresponding magnetic force on the ferrofluid 

droplets (with Visual Studio version 2013). MatLab version 2015 was also used for the 

analysis of the magnetic field and magnetic force exerted on the droplets inside the 

reaction chamber. 

 

3. EXPERIMENTAL METHODS 

The model was experimentally validated by using different microdevices that were 

fabricated in glass using conventional photolithography and wet etching techniques.45 For 

the droplet generation, experiments were performed using a glass flow focusing 

microdevice (Figure 3 a) and b)) with a U-shaped cross-section of 150 µm x 30 µm (for 

the inlets and main channel) and 100 µm x 30 µm (T-outlet). Two different fluid phases 

were pumped into the two inlets. The DP was composed of an oil-based ferrofluid 

(EMG901, Ferrotec), containing a suspension of 10 nm diameter Fe3O4 nanoparticles at 

a concentration of 11.8 vol%, dissolved in ciclohexane (50% v/v) (Fisher Scientific). The 

CP was composed of an aqueous acetate buffer (pH 4, 20 mM) prepared from sodium 

acetate (Sigma Aldrich) and acetic acid (Fisher Scientific), Tween 20 (0.5% v/v) and 

poly(vinylpyrrolidone) (10 mg·mL-1) both purchased from Sigma Aldrich. The effect of 

the flow rate on both droplet size and dispensing rate was investigated by keeping the DP 

at 10 µL·h-1 and varying the CP from 40 to 500 µL·h-1. 

For the deflection studies, the droplets were generated in a flow focusing channel, guided 

through a serpentine and deflected across a multi-laminar flow chamber (8 mm x 4.1 mm 
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x 0.1 mm) as seen in Figure 3 c). This chip consisted of two etched glass plates that were 

bonded together. The top plate featured a droplet generation region that consisted of a T-

junction and was etched to a depth of 20 µm, while the bottom plate with the serpentine 

and the reaction chamber was etched to a depth of 100 µm (Figure 3 d)). This chip was 

mounted into an aluminum chip holder designed and fabricated in-house (Figure 3 e)). 

For the deflection studies, DP was pumped into inlet 1 at 1 or 10 µL·h-1, while the aqueous 

CP was pumped into inlet 2 at flow rates that varied from 150 to 300 μL·h-1. Droplets 

were deflected through alternating streams of red and blue inks (printer refill ink), 

pumped into inlets 3-6 at flow rates that varied from 300 to 600 μL·h-1. A 3 x 4.8 x 7.3 

mm3 SmCo (Magnet Sales, UK) was used for the generation of the magnetic field, which 

was placed on top of the chip at different distances from the chamber. Positioning of the 

magnets was aided by the incorporation of scale bars into the chip designs. 

Fused silica capillaries (150 μm i.d., 375 μm o.d., Polymicro Technologies) were glued 

into the flow focusing device or connected to the inlet/outlet holes of the deflection chip 

through the aluminum holder. The capillaries connected to the inlet holes of the chips 

were connected to 500 μL glass syringes (SGE, Sigma-Aldrich, UK) that were driven by 

three precision syringe pumps (PHD2000, Harvard Apparatus, Biochrom, UK): one pump 

for the DP and one pump for the CP for droplet generation, and one pump for the multiple 

solutions pumped into the reaction chamber for processing the droplets. Droplet 

generation and deflection was observed via an inverted fluorescence microscope (Eclipse 

Ti, Nikon, UK) equipped with a high resolution CCD camera (Retiga EXL, Media 

Cybernetics, UK). ImageJ freeware (https://imagej.nih.gov/ij/) was used for the analysis 

of droplet size. 
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Figure 3. a) CAD design of the flow-focusing droplet generation junction employed for 

validating the theoretical model. b) Experimental micrograph of the section modeled 

(scale bars are in mm). c) Schematics of the glass chip used for the droplet deflection 

studies. The chip is composed of two etched plates: a top layer featuring an 

interchangeable droplet generation junction (20 μm deep, shown in red in the CAD 

design), and a bottom layer featuring a channel structure for the magnetic deflection of 

droplets through reagent and washing streams (100 μm deep). d) An exploded view of the 

two-part chip. e) Aluminum chip holder used to interface the glass chip to inlet and outlet 

capillaries. A magnet was placed at the top of the chip, below the reaction chamber. 
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4. RESULTS AND DISCUSSION 

4.1. Droplet generation studies 

The flow-focusing droplet generation device was employed first to investigate droplet 

formation and validate our Eulerian-Eulerian model. Oil-based ferrofluid DP was pumped 

into the inlet 1 at a flow rate of 10 μL·h-1 while an aqueous CP was pumped into inlet 2 

at a range of flow rates between 100 and 500 μL·h-1. Three chip depth values were 

analyzed, i.e. 25, 30 and 40 µm. In Figure 4, the droplet generation simulation results for 

two of the chip depths are presented (i.e. 25 µm and 40 µm deep channels). The results 

for the 30 µm deep generation device are not shown in the figure due to the small 

differences reported from the three geometries. As it can be seen in Figures 4 a) and b), 

when the value of the CP flow rate is relatively small (100 µL·h-1), the size of the 

generated droplets is relatively large, i.e. droplet diameter varies from 187.84 µm to 

233.21 µm depending on the chip depth. Moreover, due to the low velocity of the CP (and 

high residence time), the separation distance between two consecutively formed droplets 

is small. In Figures 4 c) and d), the velocity vectors during droplet generation are shown 

at the same time as in Figures 4 a) and b). As it can be perceived from the velocity 

contours, ferrofluid droplets are generated at the flow-focusing at a small velocity. 

However, once generated, they travel along the chip straight section at the same velocity 

as the CP phase. In Figures 4 e) and f), the droplet generation simulation results for the 

CP flow rate equal to 300 µL·h-1 are shown. In this case, droplet size decreased 

considerably, i.e. ranging from 159.83 µm to 173.49 µm. This reduction in droplet size is 

due to the large velocity values for the CP at this flow rate. When the CP flow rate was 

further increased to 500 µL·h-1, droplet sizes were reduced to 133.32-150.32 µm, as seen 

in Figures 4 g) and h)). For both chips, as the CP flow rate value increases, droplet size 

decreases and the separation between two consecutively generated droplets increases due 
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to the lower residence time. Finally, as the CP flow rate increases, the difference between 

the droplet sizes reported for both geometries decreases, i.e. very similar droplet sizes are 

obtained for the three geometries under CP flow rates as high as 500 µL·h-1. These results 

are in agreement with previous published works.15,16 

 

Figure 4. Droplet generation studies for different chip configurations. Droplet generation 

for a CP flow rate equal to 100 µL·h-1 for the a) 25 µm deep and b) 40 µm deep channel; 

Figures 5 c) and d) present the fluid velocity vectors at the same time as presented in 

Figures 5 a) and b). Figures 5 e)-h) show droplet generation for CP flow rates equal to 

300 µL·h-1 (figures e) and f)) and equal to 500 µL·h-1 (figures g) and h)). 

 

In Figure 5 a), the comparison between the theoretical droplet size as a function of the CP 

flow rate is presented for the three geometrical configurations. As it can be seen in the 
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figure, the droplet size is similar for the three geometries modeled in this study. Droplet 

size slightly increases (between 8% and 12% for flow rates between 200 and 500 µL·h-1) 

as the depth of the channel increases. When the CP flow rate decreases to 100 µL·h-1, the 

droplet size obtained with the three chips is similar, and even bigger droplets are reported 

for the 25 µm deep channel. This could be due to the inhomogeneous drops obtained for 

these flowing conditions. As seen in the figure, the error bars are large for this flow rate 

condition. For this CP flow rate value, droplets bigger than 250 µm and smaller than 200 

µm are consecutively generated with each of the devices. This does not happen when the 

CP flow rate increases, as very homogeneous droplets are generated for these flowing 

conditions (see error bars in the figure for CP flow rates greater than 100 µL·h-1). 

In Figure 5 b) the dispensing rate is presented as a function of the CP flow rate for the 

three chips modeled in this study. It can be easily seen that the dispensing rate increases 

as the CP flow rate increases (i.e. it increases from 3.6 drops·s-1 to 6.6 drops·s-1 as the CP 

flow rate increases from 100 to 500 µL·h-1 for the 25 µm deep chip). By comparing the 

three chip designs, the greatest dispensing rate is obtained for the shallowest channel. In 

fact, the dispensing rate obtained for the deepest channel is approximately 55% smaller 

than the value reported for the shallowest channel for CP flow rates larger than 100 µL·h-

1. This is attributed to the relatively high velocity magnitudes achieved inside the 25 µm 

deep channel under the same conditions. These high velocities for the 25 µm deep chip 

are translated into small droplet sizes and high dispensing rates, especially for high CP 

flow rates, as can be seen in Figures 5 a) and b). 

Finally, in Figure 5 c) the experimental droplet size as a function of the CP flow rate is 

presented. It should be noted that the experimental chip has a U-shaped cross section, 

with a maximum depth of 30 µm. However, the simulations assumed rectangular cross-

section chip designs. Therefore, the experimental droplet sizes were compared with the 
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simulated data obtained with the 25 µm deep channel as this design has a more similar 

cross-sectional area (the difference in the reported areas is around 8%). As seen in the 

figure, the experimental droplet size follows the same trend, with droplet sizes between 

136.5 µm and 242.6 µm depending on the CP flow rate value. For the same range, the 

simulated size increases from 133.3 µm to 233.2 µm. Thus, the model results are in good 

agreement with the experimental data, with an average error of 4% for the CP flow rate 

range under study. Once the droplet generation simulations were analyzed, and the model 

was contrasted against experimental data, finding good agreement between the theoretical 

and experimental drop diameters, droplet deflection studies inside the multi-laminar flow 

chamber are evaluated. 

 

Figure 5. Simulation results for the flow-focusing droplet generation device (DP flow rate 

is fixed at 10 µL·h-1). a) Influence of the CP flow rate on the droplet size. b) Dispensing 

rate (i.e. number of droplets generated per second) as a function of the CP flow rate. c) 

Comparison between the experimental and the theoretical droplet diameter obtained with 

the droplet generation model. 
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4.2. Droplet deflection 

In this section, droplet deflection through multi-laminar flow streams is evaluated as a 

function of the magnetic and fluidic drag forces experienced by the ferrofluid drops. It 

should be noted that for this study only the reaction chamber is modeled (i.e. the fluid 

domain consisted of a volume of 8 x 4.1 x 0.1 mm3). Thus, droplets are assumed to enter 

the domain at a constant size and dispensing rate and their trajectories are calculated as a 

function of the magnet position and the flow rates inside the chamber. As mentioned 

above, four magnet positions were tested in this study. In order to correctly analyze and 

understand droplet deflection results, both the magnetic field provided by the magnet 

inside the chamber and the corresponding force exerted on the droplets were first 

modeled. These studies are important in order to perform a quantitative analysis of the 

magnetic conditions provided by the four magnet locations. 

In Figure 6 a) the magnetic field and force field distributions inside the reaction chamber 

are presented for the magnet position 1. The magnetic field ranges from 1 mT to 4 mT, 

and the force from 0.2 nN to 2.2 nN (in the negative y direction), reaching the highest 

field and force values at the bottom wall. For this position, the magnet is centered with 

respect to the x axis, and therefore, the highest force is obtained at x=0. Thus, droplets 

are expected to travel in the negative y direction, being attracted towards the lower wall 

if the magnetic force is not balanced with the fluidic drag force. In order to increase the 

magnetic field and force towards the chamber outlets, other positions with the magnet 

placed off-centered were tested (positions 2, 3 and 4, corresponding to Figures 6 b), c) 

and d), respectively). For these cases, the magnetic field and force distributions change 

significantly. Although the magnitudes of the magnetic fields and forces are similar for 

positions 2 and 4 (and these are similar to the ones observed for position 1), the highest 

force region is not located at x=0 but at x=4 mm (chamber lower outlet). Among the three 
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positions, the highest magnetic force is reached for the position number 3, with forces 

ranging between 10 nN and 60 nN. These high magnetic forces are due to the distance d1 

for this position, which is 0, i.e. the magnet is placed at the bottom of the outlets. 

Page 25 of 43

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



25 
 

 

Figure 6. Magnetic field (left) and force (right) distributions inside the chamber for 

different magnet positions. Positions: a) 1; b) 2; c) 3; d) 4. 
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Once the magnetic conditions inside the chamber have been evaluated through the 

magnetic field and force analysis, droplet trajectories are experimentally and theoretically 

analyzed for the four magnet positions. For this analysis, the flow rates of the ink streams, 

CP and DP were kept at 300, 300, and 10 µL·h-1, respectively. For these flow rates, the 

droplet diameter reaches 50 µm and the dispensing rate was experimentally observed to 

be around 20 droplets·s-1, which were employed as a simulation input parameter. 

Before studying droplet deflection, it is useful to observe the system behavior when no 

magnetic field is applied. The experimental droplet generation and transport inside the 

chamber when no magnetic force is exerted on the templates is presented in Figure 7. In 

Figure 7 a) the experimental droplet generation is shown, followed by the droplet 

transport in the serpentine channel (Figure 7 b)) and the trajectory inside the chamber 

(Figure 7 c)). As seen in the figure, droplets are formed at the generation device that is 20 

µm deep, and then, they are introduced inside the 100 µm deep bottom channel that has 

the serpentine and the reaction chamber. At the generation device, droplets have a 

cylindrical shape but when they are injected into the deeper channel, they acquire 

spherical shapes. Then, they are transported along the serpentine and finally, they are 

introduced into the chamber. When there is no magnetic field externally applied, droplets 

are directed towards the outlet within the CP phase, as there is no magnetic force but only 

fluidic drag force, i.e. they follow the fluid streamlines from the inlet to the outlet. In this 

figure, the white and grey streams are the experimental blue and red inks, which are 

visualized with these colors with the monochrome, high-resolution CCD camera. In 

Figure 7 d), the theoretical trajectory followed by the droplets within the chamber for the 

same flowing conditions is presented. In this figure, the black points represent the 

droplets, the white and grey streams represent the experimental blue and red ink streams 

(modeled as scalar solutes), and the dark blue lines represent the fluid streamlines. As 
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occurs experimentally, the simulation result shows that droplets are guided through the 

chamber following a straight line from the inlet to the outlet. 

 

Figure 7. Droplet generation and transport inside the chamber without the influence of 

magnetic fields. a) Experimental droplet generation. b) Droplet transport along the 

serpentine that connects the generation region with the chamber. c) Experimental and d) 

theoretical droplet trajectories inside the chamber when no magnetic field is applied. 
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When the ferrofluid droplets are subjected to the influence of non-homogeneous magnetic 

fields, their trajectories vary inside the chamber. In Figures 8 a1) and a2) the theoretical 

and experimental droplet transport when the magnet is located at the position number 1 

are presented. For this magnetic condition, the highest force is located at the bottom wall 

around x=0 as analyzed above (Figure 6 a)). Under this magnetic condition, droplets are 

slowly deflected across the streams, reaching the lower wall at x locations between 0 and 

2 mm for both the experimental and the theoretical results. In this case, the fluidic drag 

force is around 0.39 nN, which is smaller than the magnetic force due to the magnet. Once 

the droplets reach the wall, the magnetic force exerted on them is very high (around 2.2 

nN), whereas the fluidic drag force goes down to almost zero due to the laminar flow 

regime, i.e. zero velocity values at walls. In fact, for this magnet position, the flow 

alterations caused by the buildup of layers of droplets at the wall change the flow patterns 

inside the chamber. As the droplets are accumulated at the wall, the last ink stream cannot 

flow along its path, and has to flow above the droplet layers. This affects the flow of the 

other fluid streams in the chamber as seen in Figure 8 a2). 

On the other hand, moving the magnet to the position number 2 resulted in the incomplete 

deflection, as seen in Figures 8 b1) (simulation results) and b2) (experimental 

micrograph). For this condition, the magnetic force is low for most of the zones inside 

the chamber, and only at the outlet reaches relatively high values. Thus, droplets are 

slightly deflected through the chamber, but they are not affected by the high magnetic 

force until they reach the outlet region. At this point, although the magnetic force slightly 

increases (Figure 6 b)), the droplets do not have enough distance to modify their trajectory 

and they exit the chip within the first ink stream, as seen both in the simulations and the 

experiments (y ≥ 0 mm). Therefore, higher magnetic fields and forces are required to 

completely deflect the droplets through all the streams. 
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By using higher magnetic fields and forces (obtained after moving the magnet to position 

3), all the droplets are completely deflected (Figures 8 c1) and c2)). As seen in the 

experimental micrograph, the high magnetic fields inside the chamber cause the 

interaction between the droplets (i.e. magnetic coupling) and the high perturbation of the 

flow field. These high magnetic fields and forces are not desirable for the continuous-

flow droplet processing due to several reasons. On the one hand, they cause the droplet-

droplet interactions mentioned above, which minimize the available droplet surface area 

exposed to the fluids as they are aggregated, rendering a lower efficiency. On the other 

hand, the high magnetic forces experienced by the droplets for this magnet position 

(higher than 30 nN) cause strong fluid-droplet interactions as seen in the figures. For this 

magnetic force field, droplets are not only aggregated but also highly accelerated towards 

the outlet, which greatly perturbates the flow field, as shown in Figure 8 c1) where the 

fluid streamlines are presented. This is not beneficial, as the droplets are not in contact 

with the laminar flow streams in a homogeneous manner. In fact, the high magnetic force 

exerted on the droplets causes the change of the flow patterns over time, depending on 

the droplet position inside the channel. Thus, although droplet-droplet interactions are not 

included in the model, the Lagrangian approach employed for modeling droplet deflection 

is able to predict the magnetic field conditions that highly perturbate the flow field due to 

the inclusion of a two-way coupling model.  

Finally, an optimization of the magnetic force necessary to deflect the droplets without 

causing droplet aggregation nor high acceleration was carried out until the correct magnet 

position was found. This magnet position is the number 4, which causes not only the 

complete deflection of the ferrofluid droplets through all the streams, but also their 

homogeneous transport avoiding extreme accelerations, as presented in Figures 8 d1) and 

d2). For this magnet position, the magnetic force exerted on the material is between 1 nN 
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and 2 nN. As seen in the figures, the droplets reach the lower wall at x coordinates higher 

than 2 mm, and then, they are slowly directed towards the outlet. 

 

Figure 8. Trajectory of 50 µm droplets under the influence of magnetic fields provided 

by the magnet located at position: a) 1; b) 2; c) 3; d) 4. On the left side the theoretical 

trajectory is presented whereas the experimental micrograph is shown on the right side. 
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It should be noted that the optimized magnet position depends on the droplet size and the 

flow field conditions. For example, we have simulated the trajectories of 100 µm droplets 

for the same 4 magnet positions and flow rates. These results are presented in Figure 9. 

Since the magnetic force is proportional to the volume of the droplet, and the drag force 

is proportional to the droplet radius (r), the magnetophoretic mobility of larger droplets 

is higher (approximately proportional to r2).46 This issue can be observed in the figure. 

For positions 1 (Figure 9 a)) and 4 (Figure 9 d)), the droplets cross all the streams and 

reach the lower wall approximately at the center of the chamber. For positions 2 (Figure 

9 b)) and 3 (Figure 9 c)), the droplets travel fast from the inlet to the lower outlet, at a 

higher velocity than the one observed for 50 µm droplets. Also, the perturbation of the 

flow is much more pronounced, as seen in all the figures. Thus, larger droplets have a 

larger magnetic mobility, resulting not only in the complete deflection but also in the 

severe perturbation of the laminar flow when the same magnet positions and flow rates 

are used. 

 

Figure 9. Trajectory of 100 µm droplets under the influence of magnetic fields provided 

by the magnet located at position: a) 1; b) 2; c) 3; d) 4. 
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Continuing with the analysis of our base case, where 50 µm droplets are modeled, it can 

be seen that there exists high variability in the trajectories experienced by different 

droplets for our optimized magnet position. The maximum difference in the trajectories 

is around 2 mm in the x direction as seen in Figure 8 d). Therefore, the influence of the 

flow rates on the trajectories of 50 µm droplets is analyzed next. For this analysis, the 

magnet location was kept constant at position 4. 

The influence of the flow rates on droplet transport was carried out by varying the flow 

rates of the ink streams, of the CP and the DP. By increasing the flow rate of the ink 

streams from 300 µL·h-1 to 600 µL·h-1, and by decreasing the DP flow rate from 10 µL·h-

1 to 1 µL·h-1 (keeping the CP at 300 µL·h-1), homogeneous droplet trajectories were 

obtained, as presented in Figures 10 a1) (simulation results) and a2) (experimental 

micrograph). However, for these flowing conditions, complete deflection was not 

achieved because the average drag force increases up to almost 0.8 nN. Therefore, it was 

found that the optimum flow rates for the ink streams should be around 300 µL·h-1 as 

presented before for the magnetic analysis. Nonetheless, the dispensing rate was reduced 

to around 4 or 5 droplets·s-1 for this DP flow rate, which appears to benefit the 

homogeneous trajectory of the droplets along the chamber. Therefore, the DP flow rate 

was kept at 1 µL·h-1 for analyzing the influence of the CP flow rate. 

Finally, the influence of the CP flow rate was studied by using two flow rates: 150 µL·h-

1 and 300 µL·h-1. In Figure 10 b1) the simulated droplet trajectory is presented for a flow 

rate value of the CP equal to 300 µL·h-1. As it can be seen in the figure, droplets follow a 

parabolic trajectory along the chamber, crossing all the streams, and reaching the wall at 

x ≈ 2.5 mm. This trajectory is in agreement with the path experimentally observed (Figure 

10 b2)). This condition can be considered optimum as the droplets are individually guided 

through all the streams and the trajectory followed by them is identical. For these 

Page 33 of 43

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



33 
 

conditions, there is no variation between droplet trajectories as happens when the DP flow 

rate is ten times higher. However, due to the difference in the diameter of the inlets, a 

better optimization of the flow rates inside the chamber could be carried out to obtain the 

parallel co-flow of all the streams.47 Thus, the CP flow rate was reduced to half (i.e. 150 

µL·h-1) in order to keep a better flow patterns within the chamber. The results after this 

optimization process are shown in Figure 10 c1) and c2). For this study, the optimum 

conditions to achieve droplet deflection, perfect flow patterns, and to avoid both droplet-

droplet and droplet-fluid interactions are: magnet position 4, DP, CP and ink streams flow 

rates equal to 1 µL·h-1, 150 µL·h-1 and 300 µL·h-1, respectively. Although for these 

magnetic and fluidic conditions the theoretical droplet trajectory (Figure 10 c1)) is 

identical to the experimental one (Figure 10 c2)), the simulation results regarding the flow 

patterns slightly improve in comparison with the previous CP flow rate. However, the 

experimental data reveal the perfect parallel flow of all the streams within the chamber. 

In fact, the experimental micrograph shows both good deflection and perfect flow patterns 

with all the streams flowing in parallel. The difference between the experimental and the 

simulated results might be due to the influence of the inlet/outlet shapes, which were not 

included in the model in order to simplify the problem. Also, the columns inside the 

chamber (i.e. the 7 rhombohedral pillars that appear in the experimental micrograph, 

which were included in the chamber to provide mechanical stability) are not modeled, 

and their presence might affect the velocity field. Nonetheless, the observed and predicted 

results perfectly match for all the conditions tested in this study (with a difference 

between the theoretical and experimental droplet position of less than ± 1 mm inside the 

8 x 4.1 mm2 chamber), which validates the model for studying complex, LOC droplet-

based applications. 
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Figure 10. a1) Theoretical and a2) Experimental droplet trajectory for DP and ink streams 

flow rates equal to 1 µL·h-1 and 600 µL·h-1, respectively. b1) Theoretical and b2) 

Experimental droplet trajectory for DP, CP and ink streams flow rates equal to 1 µL·h-1, 

300 µL·h-1 and 300 µL·h-1, respectively. c1) Theoretical and c2) Experimental device 

performance when the optimum conditions are employed (magnet position 4, DP, CP and 

ink streams flow rates equal to 1 µL·h-1, 150 µL·h-1 and 300 µL·h-1, respectively). 

 

5. CONCLUSIONS 

In this article, a 2-step CFD approach was implemented to investigate the dynamic 

behavior of ferrofluid droplets for continuous-flow droplet-based microfluidic processes. 

The developed approach predicts both ferrofluid droplet generation and magnetic 

deflection across multi-laminar flow streams. Different variables and parameters were 
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analyzed, both theoretically and experimentally, in order to optimize the device 

performance for its application to the continuous-flow droplet processing.  

Firstly, droplet generation was studied at a flow-focusing generation device. The 

theoretical model includes an Eulerian CFD approach, where the surface tension 

contributions are modeled. For this stage, the influence of the flow rates and the device 

dimensions on both droplet size and dispensing rate was investigated. The results show 

that although the droplet diameter slightly varies with the flow rates and the chip depth, 

the dispensing rate is highly affected when these conditions vary. Furthermore, the 

validation of the model was carried out as the theoretical predictions were found to be in 

good agreement with the experimental observations. 

In the second stage, droplet transport across a millimeter reaction chamber with 5 parallel 

streams under the influence of non-homogeneous magnetic fields was optimized. The 

theoretical model used to describe droplet deflection includes an Eulerian-Lagrangian 

approach, with droplets treated as point-like particles. Different magnet positions and 

flow rates were investigated. The simulated results were compared against experimental 

data, and the results indicated that droplet trajectory, flow patterns and droplet-fluid 

interactions inside the chamber were in good agreement with the model predictions. 

Therefore, a full modeling approach including surface tension contributions can be 

avoided when modeling droplet deflection in relatively large lab-on-a-chip devices, thus 

improving computational efficiency. 

It should be also noted that this is the first two-step computational approach reported for 

modeling droplets in big multi-laminar flow chambers and it should prove useful in the 

design of a high number of applications. The deflection of magnetic droplets across 

parallel streams containing different reagents can be exploited in multiple fields. In fact, 

this technique has been recently reported for the layer-by-layer coating of droplet 
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templates with polyelectrolytes for the continuous-flow assembly of drug delivery 

capsules.35 Furthermore, the use of multiple magnets sequentially placed on top and 

bottom of the chamber allows the magnetic droplets to move back-and-forth through the 

streams in a zig-zag motion, a technique that can be employed for performing bioassays.48 

Thus, we believe that this modeling approach can result very useful for the design of a 

high number of lab-on-a-chip devices in advance of fabrication. 
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