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Abstract  
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The use of micro- and nanomaterials with magnetic properties has 

exponentially grown in the last few decades as a consequence of their 
superior properties in comparison to their bulk counterparts. Although novel 
lab-on-a-chip applications have shown the promising role of these materials 
in the development of fast and efficient biochemical processes, their safe and 
reliable manipulation with magnetic fields is less explored, especially at the 
microscale. Thus, the development of innovative tools is required in order to 
enable the rational design of novel separation steps which will facilitate the 
successful integration of these attractive technologies. 

In this doctoral dissertation, novel theoretical approaches are 
developed for the detailed description of different magnetophoretic devices 
in which different fluid and solid magnetic materials are integrated. First, the 
principles of magnetic separations are reviewed in order to establish the basic 
theoretical background. Second, the models to describe magnetophoresis are 
developed. These take into account the dominant magnetic and 
hydrodynamic forces acting on the materials as well as coupled material-fluid 
interactions. For all the models, the governing equations of fluid flow and 
mass transfer are solved numerically, while the magnetic force generated by 
different permanent magnets is predicted using analytical methods. The 
models are later applied for the analysis of continuous-flow magnetophoretic 
devices designed for different applications.  

The first application involves the separation of magnetic beads from 
blood for the development of continuous extracorporeal detoxification 
processes. For this analysis, three different Eulerian-Lagrangian approaches 
are developed to study both particle separation from flowing blood streams 
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and fluid-particle interactions that might compromise the integrity of the 
biofluid during the process. The models are evaluated in terms of 
computational cost and accuracy, and a screening process is carried out in 
order to find the best alternative. The selected model was validated via 
application to a prototype device which was experimentally characterized 
using fluorescence microscopy. The impact of different process variables and 
parameters – flowrates, bead and magnet dimensions and the rheological 
properties of the fluids – was theoretically and experimentally quantified. The 
optimized conditions were finally applied to recover the particles from human 
whole blood without causing blood loss or dilution, and the experimental 
results were found to match the theoretical predictions, showing the 
capability of this model to accurately describe magnetophoresis from 
complex fluids such as blood.   

The second application addressed in this dissertation covers the 
generation of ferrofluid droplets and their later magnetic deflection across 
multilaminar flows for the continuous assembly of polyelectrolyte capsules. 
Droplet generation was modeled with the Volume of Fluid method, including 
the surface tension forces in the model; droplet deflection was studied within 
a Eulerian-Lagrangian framework to optimize the required processing power 
to run the simulations. After studying a broad range of magnetic field 
conditions and a wide flow rate ranges for the multiple fluidic phases involved 
in the process, the optimum conditions obtained with the model for achieving 
deflection without perturbing the flow coincided with the experimental 
findings. Finally, the proof of concept for the continuous-flow synthesis of 
polyelectrolyte capsules was demonstrated in a revolutionary “Snakes-and-
Ladders” chip design, achieving a significant reduction in processing times 
when compared to the conventional method. 

Concluding, it is considered that the numerical approaches developed 
in this doctoral dissertation are accurate, computationally inexpensive and 
useful tools for the design of a high number of lab-on-a-chip applications. In 
addition, different guidelines have been proposed for the development of 
efficient magnetophoretic devices in which both solid particles and ferrofluids 
can be integrated into. Due to the advantageous properties of these materials 
along with the outstanding features of microfluidics, this dissertation could 
be key for facilitating the future development and establishment of these 
novel technologies.
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En las últimas décadas, el uso de micro- y nanomateriales magnéticos 
ha crecido exponencialmente debido a sus excelentes propiedades en 
comparación con sus equivalentes macroscópicos. Aunque las aplicaciones 
lab-on-a-chip más recientes han puesto de manifiesto su papel prometedor 
en el desarrollo de procesos bioquímicos rápidos y eficientes, la manipulación 
magnética de los mismos se ha explorado en menor medida, especialmente 
en la microescala. Por lo tanto, se requiere el desarrollo de herramientas 
innovadoras que permitan el diseño racional de las etapas de separación con 
las que se facilite la integración de estas tecnologías tan atractivas. 

En la presente tesis doctoral, se desarrollan nuevos enfoques teóricos 
para la descripción de varios dispositivos magnetoforéticos, en los que se 
integran distintos materiales magnéticos. Asimismo, se describen los 
fundamentos de las separaciones magnéticas para establecer, en primer 
lugar, los antecedentes teóricos básicos para comprender el funcionamiento 
de dichos sistemas. Los modelos teóricos se desarrollan teniendo en cuenta 
las fuerzas dominantes que intervienen en la magnetoforesis, la fuerza 
magnética e hidrodinámica, así como las interacciones del material con el 
fluido de arrastre. Para todos los casos, las ecuaciones de flujo y transporte 
de materia se resuelven de forma numérica, mientras que la fuerza magnética 
generada por distintos imanes permanentes se resuelve analíticamente. 
Posteriormente, los modelos se utilizan para analizar distintos dispositivos 
magnetoforéticos de flujo continuo empleados en diferentes aplicaciones. 

La primera aplicación que se desarrolla en esta tesis doctoral engloba 
la separación de partículas magnéticas de biofluidos para el desarrollo de 
procesos continuos de detoxificación. Se aplican tres modelos eulerianos-
lagrangianos para estudiar la recuperación de las partículas de las corrientes 
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de sangre y las interacciones partícula-fluido que pueden alterar la 
composición del biofluido durante el proceso. Los modelos se evalúan para 
encontrar la mejor relación de compromiso entre el coste computacional y la 
exactitud de los resultados. El modelo seleccionado fue validado 
experimentalmente mediante microscopía de fluorescencia. Además, se 
estudió, de manera teórica y experimental, la influencia en el proceso de 
diferentes variables y parámetros, tales como los caudales, el tamaño de las 
partículas y el imán, así como las propiedades reológicas de los fluidos. Las 
condiciones óptimas para separar las partículas de la sangre sin alterar su 
composición, fueron finalmente empleadas de manera experimental; los 
datos experimentales coincidieron en gran medida con las predicciones 
teóricas, lo que abala la capacidad de este enfoque para describir con 
precisión la magnetoforesis a partir de fluidos complejos como la sangre. 

La segunda aplicación que se recoge en esta tesis doctoral aborda la 
generación de gotas de ferrofluido y su posterior deflexión magnética a través 
de cámaras de flujo multilaminar, para la síntesis de capsulas de 
polielectrolitos. La generación de las gotas se aborda con el método Volumen 
de Fluido, que incluye la contribución de las fuerzas de tensión superficial. En 
cambio, para la deflexión, se utilizó un enfoque euleriano-lagrangiano, a fin 
de reducir el coste computacional de las simulaciones. Después de estudiar 
una amplia gama de campos magnéticos y de caudales para las fases líquidas 
empleadas en el proceso, las condiciones óptimas de trabajo (para obtener la 
deflexión de las gotas sin alterar el campo de flujo) predichas con el modelo 
coincidieron con los resultados experimentales. Finalmente, se demuestra la 
prueba de concepto de la síntesis de capsulas de polielectrolitos, mediante el 
uso de un chip con un diseño de “Snakes-and-Ladders”, alcanzándose una 
reducción significativa en los tiempos de procesamiento. 

En conclusión, se considera que los enfoques numéricos desarrollados 
en esta tesis doctoral proporcionan herramientas útiles, precisas y de bajo 
coste computacional para el diseño de un gran número de aplicaciones lab-
on-a-chip. Además, se proponen directrices para el desarrollo de dispositivos 
magnetoforéticos eficientes, en los que se pueden integrar tanto partículas 
sólidas como ferrofluidos. Debido a las propiedades ventajosas de estos 
materiales, así como a las excepcionales características de la microfluídica, 
este estudio puede resultar clave en el desarrollo futuro e integración de 
estas innovadoras tecnologías. 
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LATIN SYMBOLS 

 
A Fractional area open to flow for each mesh cell (-) 

A4-5 Area of particles detected in the upper outlet of the device (pixels) 

A5-6 Area of particles detected in the lower outlet of the device (pixels) 

Ap Particle cross sectional area (m2) 

B Magnetic field induction (T) 

Br Remanent magnetization of the magnet (T) 

C Solute concentration (kg·m3) 

CB Coefficient for calculating the apparent viscosity of blood (-) 

CD Drag coefficient (-) 

Ci,x Solute concentration at x position for phase i (kg·m3) 

CM Coefficient for calculating the added mass term (-) 

D Diffusion coefficient (m2·s-1) 

d Distance from the top of the magnet and the channel wall (m) 

d1 Vertical distance between the magnet and the chamber (m) 

d2 Horizontal distance between the magnet and the chamber (m) 

Db  Channel diameter in which blood flows (µm) 
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Dfluorescein Diffusion coefficient for fluorescein (4.25·10-10 m2·s-1) 

Dp Particle diameter (m) 

Dp,c Critical diameter for applying the Lagrangian approach (m) 

Dsd Diameter for single domain particles (m) 

Dsp Diameter for superparamagnetic particles (m) 

F Volume of Fluid function (-) 

f Viscous accelerations (m·s-2) 

Fdrag Drag force (N) 

Fd,s Drag force calculated with the Stokes’ law (N) 

Fext Total force (N) 

│Fext│ Magnitude of the total force (N) 

Fhd Hydrodynamic force (N) 

Fm Magnetic force (N) 

Fp Counter drag force (N) 

Gi Mesh size (number of elements or size of the cell in meters) 

H Width of the channel (m) 

Ha Applied magnetic field (A·m-1) 

│Ha│ Magnitude of the applied magnetic field (A·m-1) 

Hc Coercivity (A·m-1) 

HD Hematocrit (-) 

Hdemag Demagnetization field (A·m-1) 

Hi Width of the branch for phase i (m) 

Hin Magnetic field inside the particle (A·m-1) 

Hin,s Magnetic field necessary to saturate the particles (A·m-1) 

Hm Magnet dimension in y direction (m) 

i, j, k Cell indices (-) 
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IF Fluorescence intensity (a.u.) 

IFxz Fluorescence intensity in the zones considered in X- and Z-axis (a.u.) 

J Dimensionless number for the magnetophoretic analysis (-) 

jd Number of dimensions in which diffusion takes place (-) 

k Boltzmann’s constant (1.38·10-23 J·K-1) 

Lc Length of the microdevice (m) 

Lm Magnet dimension in x direction (m) 

Madded Added mass (kg) 

Md,s Ferrofluid saturation magnetization (A·m-1) 

Mm,s Magnetization of the magnetic element (A·m-1) 

mp Particle mass (kg) 

Mp Particle magnetization (A·m-1) 

mp,eff Moment of the equivalent magnetized particle (A·m2) 

Mp,s Particle saturation magnetization (A·m-1) 

Mr Remanent magnetization (A·m-1) 

Ms Saturation magnetization (A·m-1) 

n Unit surface normal vector in the mesh cell (-) 

n(r,t) Particle number density (-) 

NF Integer value for calculating the sharp interface (-) 

P Pressure (Pa) 

Pst Surface tension pressure (Pa) 

Re Reynolds number (-) 

Rep Particle Reynolds number (-) 

rp Particle radius (m) 

St Surface tension force (N) 

Sm Mass source term of fluid for each mesh cell (kg·m-3·s-1) 
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Sp Surface area of the particle inside the mesh cell (m2) 

T Absolute temperature (K) 

t Time (s) 

v Fluid velocity vector (m·s-1) 

Vcell Volume of the mesh cell (m3) 

VF Fractional volume open to flow for each mesh cell (-) 

Vfluid Volume of fluid in the mesh cell (m3) 

vi Average velocity of phase i (m·s-1) 

vp Particle velocity vector (m·s-1) 

Vp Particle volume (m3) 

Wm Magnet dimension in z direction (m) 

ws Wall shear stress (kg·m-2·s-2) 

X, Y, Z Height function representing the boundary of a sharp interface (m) 

x, y, z Continuum spatial coordinates (m) 

 

GREEK SYMBOLS 

 
α Volumetric ratio between fluids (-) 

γ Ratio between the residence and diffusion times (-) 

δi Cell dimension in the i-direction (m) 

η Fluid viscosity (Pa·s) 

η0.45 Apparent blood viscosity for a hematocrit value equal to 0.45 (-) 

ηi Viscosity of the phase i (Pa·s) 

ηrel Apparent blood viscosity relative to that of plasma (-) 

µ0 Permeability of free space (4π·10-7 H·m-1) 

µf Permeability of the transport fluid (H·m-1) 
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Øi Diameter of the branch in which the phase “i” flows (m) 

ρ Fluid density (kg·m3) 

σ Surface tension coefficient (N·m-1) 

τ Shear stress (kg·m-1·s-2) 

τv Unit stress vector (-) 

χ Magnetic susceptibility (-) 

χd Ferrofluid magnetic susceptibility (-) 

χf Magnetic susceptibility of the transport fluid (-) 

χp Magnetic susceptibility of the particle (-) 

χp,e Magnetic effective susceptibility of the particle (-) 
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BMF      Blood mimicking fluid 

CFD      Computational Fluid Dynamics 

CP      Continuous phase 

DP      Dispersed phase 

FEM      Finite element method 

HGMS      High gradient magnetic separation 

HWB      Human whole blood 

LbL      Layer-by-layer 

LOC      Lab-on-a-chip 

LS      Level set 

MD      Multidomain state 

µTAS      Micro total analysis system 

NdFeB      Neodymium-Iron-Boron 

PAH-FITC    Poly (fluorescein isothiocyanate allylamine hydrochloride) 

PCR      Polymerase chain reaction 

PE      Polyelectrolyte 

PMLCs      Polymer multilayer capsules 

PSD      Pseudo-single domain state 
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PSS      Poly (sodium-4-styrene sulfonate) 

PVP      Poly(vinylpyrrolidone) 

SmCo      Samarium-Cobalt 

SD      Single domain state 

SP      Superparamagnetic state 

VOF      Volume of Fluid 
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This doctoral dissertation was conducted within the framework of 

the R&D projects “Advanced separation applications. Mathematical modeling 
and proof of concept” (CTQ2015-66078-R), “Magnetic separator of bacterial 
endotoxins (LPS) for sepsis treatment” (CTQ2015-72364-EXP), “Novel rate-
controlled separation processes based on functionalized materials” 
(CTQ2012-31639) and “Design and characterization of magnetic 
nanomaterials as separation agents” (23.JS0364661). These are national and 
regional research projects with different durations funded by the Spanish 
Ministry of Economy and Competitiveness, the University of Cantabria and 
the Society for the Regional Development of Cantabria (SODERCAN).  

This dissertation contributes to the design of magnetophoretic lab-
on-a-chip (LOC) devices for the manipulation of solid and liquid magnetic 
micro- and nanomaterials. In addition, the six chapters of this study seek to 
provide the academic community with some fundamental and 
methodological tools in relation to the design of a broad range of 
magnetically-enabled microfluidic applications. 

The first chapter has been designed to be introductory to the 
subsequent ones, providing the readers with an exhaustive overview of the 
use of solid and liquid magnetic micro- and nanomaterials in different fields. 
In this chapter, the promising role of magnetic materials in the development 
of novel biological, chemical and biomedical protocols is presented, and the 
need of further understanding of their magnetic manipulation is 
demonstrated. The benefits of using magnetic separation techniques for the 
recovery of these materials from complex fluid matrices are reported, as well 
as the integration of continuous-flow magnetophoretic devices in small scale 
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processes; this is considered a promising technology owing to their 
multifunctional features. Chapter 1 achieves Objective 1, which allows 
identifying the main benefits and future challenges related to the use of 
magnetophoretic devices, especially at the microscale, and highlights the 
need of introducing mathematical tools in the rational design of such devices.  

The second chapter focuses on the fundamentals of magnetic 
separations in general, and their adaptation to continuous-flow microdevices. 
The principles of magnetic manipulations are presented in order to establish 
the underlying theoretical background and to further facilitate the 
development of efficient magnetophoretic devices. Objective 2 is addressed 
in this chapter, which comprises the development of the governing equations 
of fluid flow and magnetic material motion under laminar flows. 

The third chapter is focused on the fluidic and mass transfer analysis 
between the coflowing streams to reach Objective 3, which defines the 
general guidelines that should be followed on the design of magnetophoretic 
devices that involve multiple confined liquid phases. In this chapter, the 
coupled influence of the flow patterns and mass transport kinetics to study 
the separation between miscible liquid phases is numerically analyzed and 
experimentally contrasted by fluorescence microscopy. 

Each of the subsequent chapters focuses deeply on the development 
of continuous-flow magnetophoretic devices for different applications. More 
specifically, their design and optimization are presented for two applications 
that are increasingly receiving the attention of the scientific community: i) 
magnetic bead separation from biofluids for the rational design of continuous 
extracorporeal detoxification processes; and ii) ferrofluid droplet generation 
and deflection across multilaminar flow streams for the continuous-flow 
assembly of polymer multilayer capsules (PMLCs). These chapters are built on 
a common framework consisting of an introduction with a comprehensive 
state-of-art analysis, a methodological approach, a results discussion, and 
finally, the main remarks related to the topic. 

The fourth chapter addresses magnetic bead separation from 
flowing blood streams. The optimization of this process, i.e. high bead 
recovery with minimum blood loss or dilution, remains a substantial 
technological challenge in the field of magnetic bead-based detoxification 
processes. Therefore, the design of a two-phase microdevice where beads are 
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deflected from a blood stream and collected into a flowing saline buffer is 
presented in this chapter. Different Computational Fluid Dynamics (CFD) 
models are introduced in order to predict the system performance and enable 
the rational design and optimization of such systems. The development of 
these CFD models achieves Objective 4, as the use of these tools is essential 
in advancing continuous-flow detoxification processes. The different 
theoretical approaches available to model the process are evaluated and a 
screening process is carried out. From these CFD theoretical formulations, the 
model that provides the best trade-off between (computational) cost and 
accuracy is selected, experimentally demonstrated via application to 
prototype devices and used to predict key performance metrics. The impact 
of different process variables and parameters – flow rates, bead and magnet 
dimensions as well as fluid viscosities – on both bead recovery and blood loss 
or dilution is quantified.  

The fifth chapter focuses on ferrofluid droplet microfluidics, an 
emerging field with unlimited applications in biology and medicine, but 
relatively unexplored in terms of device fabrication and operation. In this 
chapter, Objective 5 is presented, which details the development of a model 
able to predict continuous-flow droplet processing. A 2-step CFD approach is 
presented for the prediction of droplet generation and deflection across a 
millimeter reaction chamber with 5 parallel streams. Flow rates and magnet 
location are optimized, and the simulated results are contrasted against 
experimental data in terms of droplet size, dispensing rate and trajectory 
inside the chamber. Finally, the proof of concept for the continuous-flow 
synthesis of PMLCs by using this technology is demonstrated, showing that 
multilaminar flow droplet processing using magnetic fields is a versatile high 
throughput platform for biomedical research.  

Finally, based on the research analysis and results provided in the 
previous chapters, the main conclusions related to the methodological 
development and optimization of such devices are proposed. Also, their 
application to biological, chemical and medical protocols, already existing or 
yet to be developed, as well as lessons learned and practical guidelines are 
proposed. 
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The use of micro- and nanomaterials has exponentially grown in the 
last few decades as a consequence of the advances in material synthesis and 
a proliferation in applications that leverage their unique physical and 
chemical properties (Rempel, 2007). Specifically, scaling down in size modifies 
material properties due to surface and quantum confinement effects, which 
make nanosized materials superior to their bulk state counterparts. Among 
the advantages involved in their use, especially important are the following: 
high surface area-to-volume ratio, ease of functionalization, physical and 
chemical stability and reactivity, as well as enhanced mechanical, optical, 
electrical and magnetic properties depending on materials employed in their 
formulation (Buzea et al., 2007). These benefits have been exploited by the 
scientific community resulting into more efficient processes with potential 
applications in any field. 

Although most of their advantages come from their small size, this 
property makes their separation from heterogeneous mixtures 
extraordinarily complex. Several technologies have been employed to 
separate and recover micro- and nanosized particles from complex fluid 
matrices such as filtration, centrifugation, electrophoresis, acoustophoresis 
or magnetophoresis, to name but a few (Ermolin and Fedotov, 2016; Laborda 
et al., 2016; Salafi et al., 2017; Karampelas et al., 2017). Among them, 
magnetic separations have been recognized as the most straightforward 
method for separating these materials from fluids. In order to take advantage 
of this technology, including a magnetic material in their formulation is 
required. The resulting composite will have superparamagnetic or 
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ferromagnetic behaviour, which will provide a simple method of recovery 
from complex multiphase systems by applying external magnetic fields. 

Advances in synthesis methods over the past decade have led to 
availability of magnetic composites with different shells and surface 
modifications. These are generally composed of magnetic elements as cores, 
such as iron, cobalt, nickel or their oxides, such as magnetite (Fe3O4), 
maghemite (Fe2O3), nickel and cobalt ferrites (NiFe2O4 and CoFe2O4, 
respectively). These bare materials can be further coated with different layers 
to enhance their stability against oxidation, corrosion and spontaneous 
aggregation, to increase their physicochemical stability and biocompatibility 
or to provide a functionalizable surface. Among the most popular coating 
materials, organic layers such as surfactants or polymers (dextran, chitosan, 
polyethylene glycol) as well as inorganic layers (metals, metal oxides, silica, 
etc.) are usually employed to protect the magnetic inner core. Different 
surface functionalizations can be added over the shell to further enhance the 
material properties depending upon the final application (Srinivasan et al., 
2018; Nosrati et al., 2017). Figure 1.2.1 shows the design factors that are 
usually taken into account for the synthesis of magnetic composites. 

 

 

Figure 1.2.1. Design factors to take into account for the synthesis of 
magnetic composites. 

 
The use of magnetic nanoparticles in a colloidal solution, i.e. 

ferrofluids, has been the focus of great attention from the scientific 
community over the last 10 years. Particularly, droplets are considered 
miniaturized, mobile reaction vessels with multiple applications in chemistry 
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and biomedicine (Mashaghi et al., 2016). Ferrofluid droplets consist of 
magnetic nanoparticles, generally 10 nm Fe3O4 particles coated by a layer of 
surfactants in a carrier liquid such as water or oil, i.e. dispersed phase (DP), 
typically surrounded by an immiscible fluid, i.e. continuous phase (CP) (Al-
Hetlani et al., 2010). The difference exploited here is that the magnetic 
particles are confined into a fluid phase, and this fluid shares the magnetic 
properties of the particles acting as a continuum media. This is because the 
small particle size causes the fluid to behave as a liquid even under a strong 
magnetic field, where colloidal suspension of larger magnetic particles (i.e. 
magnetic beads) would behave as a solid (Nguyen et al., 2010). 

Thus, the use of ferrofluid droplet-based systems enables the precise 
handling of minute amounts of fluid (from nano- to femtoliters). These 
systems posse multiples advantages such as high interfacial areas and short 
diffusion times/distances that facilitate mass and heat transfer. Moreover, 
they are compatible with many chemical and biological reagents, making 
them also capable of performing a variety of “digital fluidic” operations that 
can be rendered programmable, reconfigurable and repeatable (Teh et al., 
2008). Furthermore, the use of magnetic supports inside the droplet volume 
is beneficial as they may act as magnetic stirrers to enhance the mixing of the 
droplet content which will improve the system performance (Serra et al., 
2017). These advantages not only allow 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. 

 

There is growing interest on the incorporation of magnetic micro-and 
nanomaterials into different applications in order to develop advanced, 
environmentally friendly, low-cost, low-risk and highly efficient processes. 
Despite the significant advantages offered by these materials, it was not until 
the second half of the 20th century when scientists began to study their 
characteristic behaviour (Kolhatkar et al., 2013). Solid magnetic particles have 
exhibited great potential for their applications in electronics (batteries, data 
storage devices, displays), transportation (additives in bumpers and tires), 
mechanics (cutting tools and lubricants), cosmetics and coatings, etc. (Buzea 
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et al., 2007). 

Nonetheless, most of the recent achievements have been introduced 
in chemistry and biomedicine. With the advancement of nanotechnologies 
high performance materials have been introduced into traditional 
technologies and processes (catalysis, adsorption, membrane filtration 
devices, liquid-liquid extraction, etc.) yielding higher efficiencies (Amani et al., 
2018; Ibrahim et al., 2016). Of particular interest is the use of magnetic 
adsorbents or photocatalysts in environmental remediation for the treatment 
of wastewaters or the decontamination of groundwaters. Magnetic micro- 
and nanoparticles with different surface chemistries have been synthesized 
and applied for the removal of inorganic or organic pollutants (mainly heavy 
metals and dyes) with high removal efficacies due to the increased specific 
surface area (Gómez-Pastora et al., 2014; Saiz et al., 2014; Bringas et al., 
2015). In the field of photocatalysis, the use of magnetically recoverable 
catalysts solves the problem that commercial titania nanoparticles present 
such as the need of a post-treatment process for recovering the catalysts from 
the treated solution. Furthermore, magnetic photocatalysts that are 
activated by solar driven technologies have been recently developed, which 
provide another advantage over titania nanoparticles due to their reduced 
bandgap energy (Gómez-Pastora et al., 2017a; Dominguez et al., 2016).  

In biology and medicine, novel magnetic beads and ferrofluid droplet-
based systems have been applied for sensing, imaging, magnetofection, 
development of novel therapies (drug delivery, hyperthermia, photothermal 
therapy), diagnosis (metastasis detection), bioseparation (bacteria, cell 
separation) and even theranostics (Kopwitthaya et al., 2012; Lee et al., 2009; 
Furlani and Xue, 2012; Cardoso et al., 2018; Teh et al., 2008). Indeed, 
theranostic materials combine both therapeutic and diagnostic capabilities in 
one dose and their use has promised to propel the biomedical field towards 
personalized medicine (Kelkar and Reineke, 2011). In the majority of 
published works in which magnetic materials are employed as therapeutic 
agents, they act as magnetic carriers either for the release of drugs and genes 
to target tissues and cells (Shen et al., 2018) or for the transport and 
separation of different entities (cells, bacteria, proteins, enzymes, nucleic 
acids, etc.) from biofluids (Furlani, 2010). Some of the most recent studies 
have addressed the use of magnetic materials for extracorporeal removal of 
toxic substances (biotoxins, microorganisms, toxic chemicals or drugs) from 
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blood, and the use of these materials has proven to be as the most 
conceivable treatment for a number of clinical conditions (Gómez-Pastora et 
al., 2017b).  

Despite the anticipated role of these materials in the development of 
novel solutions to today’s engineering challenges, their safe and reliable 
manipulation with magnetic fields has not been sufficiently examined and is 
essential in advancing these novel technologies. In the next section, the 
magnetic manipulation of micro- and nanomaterials is analyzed. 
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Although humankind has exploited the properties of magnetic 
materials since the 6th century BC (Svoboda and Fujita, 2003), magnetism as 
a science and its practical application for the separation of magnetic solids 
dates back to the late 18th century (Yavuz et al., 2009). Since its inception, 
scientists and engineers have been working on the development of efficient 
designs and the most appropriate magnet arrangements for the separators. 
As a result, this field has experienced a growing interest on behalf of the 
scientific community due to the advantages that magnetic separations offer 
over other separation technologies, such as sedimentation, centrifugation or 
filtration, for recovering small solids from fluid phases. 

First, magnetic separation is energetically more efficient than 
conventional processes and, by way of contrast, it allows for the separation 
of magnetic materials from non-magnetic solids. This is especially important 
when the separation of the non-magnetic solids from a sample (for example, 
blood cells) might pose a detrimental effect on the future utilization of the 
solution. Moreover, magnetic separations are easier to operate, more 
selective and generally much faster than the conventional methods applied 
for the separation of solids from liquids (i.e. the applied flow rates can be two 
orders of magnitude higher than what can be processed by ordinary 
filtration), thus requiring less space in a full-scale conventional treatment 
plant (Kolm, 1975; Oberteuffer et al., 1975). This is also a non-invasive 
technology, e.g. free of fluid heating issues if permanent magnets are used. 
Therefore, it does not modify the parameters of the solution; which might 
pose an unwanted effect for the specific application. Finally, the separation 
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performance is not sensitive to factors such as pH, temperature or the ionic 
concentration of the solution, allowing operation in a wide range of these 
parameters (Pamme, 2006). Hence, magnetic separation can be considered 
the best existing technology for the manipulation or recovery of magnetic 
solid particles and liquids, i.e. those composed of nanometer-sized particles 
(ferrofluids) or micrometer-sized particles (magnetorheological fluids). 

Although the synthesis and application of magnetic structures in 
several fields has been widely studied and reported in the literature, the 
design and optimization of magnetic separation stages are relatively less 
studied and rational design is often lacking, especially for microscale 
separation processes. For example, Figure 1.3.1 illustrates a distribution of 
the research published since 2000 related to magnetic beads and droplets 
(studies on their synthesis and application) along with the number of 
published works related to magnetic separations or the design of magnetic 
separators.  

 

Figure 1.3.1. Number of publications since 2000 related to the application 
and magnetic separation of magnetic micro- and nanomaterials. 
 
It can be readily observed from this figure that, although the total 

number of publications related to the use of magnetic micro- and 
nanomaterials has grown exponentially since the year 2000, only a minority 
of articles are focused on the subject of magnetic separation. Furthermore, 
even fewer publications exist on the design and integration of the magnetic 
separation stage inside the process flowsheet. It can be concluded that more 
research is required to better understand several aspects related to the 
optimization of the magnetic separation stage. The development of new 
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materials and their successful applications should accordingly be 
accompanied by the development of efficient magnetic separation processes. 
Most importantly, future research should address the process of magnetic 
recovery of these materials; a crucial stage in the design of magnetic micro-
and nanomaterial-based processes, especially when considering applications 
in the fields of medicine or water treatment where effective separation is 
paramount due to the underlying uncertainty concerning their potential 
biotoxicity (Gómez-Pastora et al., 2017c). In the following sections, the 
existing alternatives for separating magnetic materials from fluids for both 
large scale and microscale applications are discussed, along with their main 
advantages and practical limitations.  

 

The large scale separation of magnetic solid particles from flowing 
fluids has been usually carried out using High Gradient Magnetic Separation 
(HGMS) systems developed by Jones in 1960 (Svoboda and Fujita, 2003). 
HGMS systems are based on batch filters that trap the particles on their 
inside, leading to a clean (filtered) solution at the outlet (Figure 1.3.2). These 
filters are filled with stainless steel ferromagnetic filaments with ~10-50 µm 
diameters, and have a saturation magnetization of 0.8 T and gaps of 10-100 
µm between them (Ahn et al., 1996). When an external field is applied by an 
electromagnet, magnetic dipoles are induced in the particles and high and 
local field gradients are generated around the steel filter wires that interact 
with the magnetic dipoles and attract the particles thereby capturing them, 
which leads to a clear solution at the outlet. The process can be repeated 
several times until the desired separation efficacy is reached or the filter 
column becomes saturated (i.e. a lack of available surface area due to particle 
packing). When the filtration process is concluded and the external field is 
switched off, the particles are allowed to flow and are consequently retrieved 
at the outlet (sometimes vibration of the column is required). 

Such separations can be successfully conducted when the magnetic 
force acting on the particles dominates other competing forces when the 
magnetic particle colloid flows along the column (mainly hydrodynamic 
forces). HGMS systems have an excellent track record; they have been applied 
for the separation of magnetic solids in several industrial applications for 
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more than 40 years (Kolm, 1975; de Latour, 1973; Oder, 1976). Moreover, 
they have been successfully tested for the separation of magnetic particles 
from viscous fluids or under dry conditions, and demonstrated to be able to 
separate not only ferromagnetic particles but also fine, weakly paramagnetic 
particles (Gómez-Pastora et al., 2017c). With the progress of nanotechnology, 
HGMS filters have also been applied for the separation of magnetic 
nanoparticles, which are tailored to selectively remove environmental 
pollutants, hence, making possible the separation of these non-magnetic 
compounds by magnetic means (Gómez-Pastora et al., 2014). This expansion 
of the HGMS columns in chemical engineering was anticipated by Henry Kolm 
more than 40 years ago when he stated: “Virtually every process in the 
chemical engineering industry is a potential application (for HGMS). Many 
previously unthinkable processes will now become practical, and many 
previously practical ones will become unthinkable. It has already happened in 
the kaolin industry, and is beginning to happen elsewhere.” (Kolm, 1975).  

 

Figure 1.3.2. Schematic diagram of the HGMS process. 
 
The most important advantage of HGMS systems is that they offer 

strong magnetic gradients inside the column, between 104 and 105 T·m-1 at 
fields in excess of 1 T (Ahn et al., 1996). Nonetheless, their most important 
disadvantage is the uncertainty over the magnetic and hydrodynamic 
conditions inside the filter, resulting in a limited understanding of the process 
and restricting rational design and optimization. More recently, researchers 
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have applied CFD software packages or finite element method (FEM) based 
codes to simulate HGMS (Baik et al., 2010). However, most computational 
methods require a prohibitive amount of processing power when attempting 
to model phenomena occurring at multiple length scales (a microscopic scale 
approach is needed to model wire/particle interactions, but a macroscopic 
scale is needed for the whole filter). In order to describe the entire geometry 
with good accuracy, 10s of millions of mesh cells might be needed, thus 
increasing runtimes and limiting the application of a computational approach 
to very few practical applications. Nevertheless, the use of computational 
techniques might provide good insight since it can reveal the details of the 
process occurring near the wires, which are difficult to obtain otherwise. 

Although HGMS systems have high efficiencies, they present several 
drawbacks that limit their practical application. For instance, some HGMS 
filters are filled with irregularly distributed wires, and thus, part of the non-
magnetic solids present in the solution become mechanically trapped (Tsouris 
et al., 2006). In order to overcome this issue, regular wire designs have been 
implemented by various groups (García et al., 2015). Still, there is a risk of 
particle aggregation on the wires, especially for high concentrated 
suspensions, which can hinder further recovery (Gómez-Pastora et al., 2014). 
Moreover, the presence of the matrix makes its application to some biological 
and medical applications (some of the most important fields for the magnetic 
bead/droplet-based technology) prohibitive. Biomedical separators require 
special designs that severely limit sample contamination or mechanical cell 
destruction, especially for cases when biological solutions, such as blood, are 
used (Gómez-Pastora et al., 2017c). In these cases, the magnetizable 
elements that generate the magnetic force must remain close to the sample 
but not directly exposed to it. Thus, novel separator designs are required for 
the majority of the applications in which these materials are employed. 

 

The conventional filters described in the previous section pose several 
drawbacks for some specific magnetic bead/droplet applications, because 
they are large and expensive pieces of equipment, limited to industrial 
applications where the use of significant amounts of energy for generating 
the magnetic force required is justified by the need for treating high volumes 
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and flow rates. Nevertheless, most of the applications of magnetic beads and 
ferrofluid droplets are related to biomedicine and biochemistry where the 
use large separators is not needed because smaller sample volumes are 
desired. 

One interesting approach for the manipulation of these materials is 
the use of magnetophoretic microfluidic systems. Microfluidics is an 
emerging state-of-the-art technology that handles small volumes of liquids 
(10-9 to 10-18 L) within an area with dimensions of tens to hundreds of µm (also 
called microchannels) (Monosik and Angnes, 2015). Microfluidic devices 
provide an especially good platform for such processes because of their many 
attractive features, e.g. laminar (non turbulent) flow, small required samples, 
fast reaction rates, integration with multiple functionalities, etc. (Zhang et al., 
2014). Also, microfluidic devices can be manufactured at a low cost because 
of the use of inexpensive materials and cost-effective manufacturing process 
(Coltro et al., 2014). These highly efficient and portable devices are made of 
glass, silicon or polymers and they can be easily integrated into magnetic 
particle- and droplet-based applications. Owing to their features, their 
potential applications are multiple, including diagnostics and clinical assays in 
limited resource settings (point-of-care devices), environmental monitoring, 
food-contaminant analysis, etc. (Gómez-Pastora et al., 2017c). 

Consequently, many magnetophoretic microfluidic devices have been 
developed including magnetic separation devices working under different 
operation modes (such as batch or continuous) and different magnetic source 
combinations including permanent magnets, microelectromagnets or even 
superconducting magnets integrated into active or passive configurations 
(Gómez-Pastora et al., 2017c). Among them, the use of continuous-flow 
systems (Figure 1.3.3), in which the droplet/bead is deflected through 
multiple parallel streams by a magnetic gradient applied perpendicular to the 
flow direction, is considered the best alternative for many bioapplications. 

The use of multiple streams with different reagents in which the 
magnetic materials are deflected through is an emerging and promising field 
because different steps, such as capture, reaction, washing and analysis, can 
be integrated into the same device (i.e. LOC devices and “micro total analysis 
sytems” (µTAS)) (Tarn and Pamme, 2017). This technique might be especially 
interesting for applications where the input stream, that contains the 
magnetic material, has to be purified in a continuous mode without suffering 
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any loss or dilution (e.g. blood purification). By using this concept, not only 
ferrofluid droplet manipulation can be achieved but also continuous-flow 
generation and processing. Indeed, magnetic droplet generation and 
manipulation across multilaminar flow streams incorporating reagents and 
washing streams has been experimentally demonstrated (Al-Hetlani et al., 
2010; Al-Orabi et al., 2014). In this case, the magnetic droplets act as mobile 
supports and react with the compounds of each solution in multiple steps, 
thanks to the deflection exerted on their trajectories by the magnetic field. 

 

 

 

 
 
 

 
Figure 1.3.3. Separation of magnetic materials inside a continuous-flow 

magnetophoretic microdevice. 
 

Furthermore, the collection of different non-magnetic compounds 
(adsorbates or analytes) by using different material functionalizations and 
magnetic properties between them could be performed in the same device. 
In this case, the simultaneous incubation of the sample with different 
materials (each one specifically designed to bind one adsorbate) and their 
separation at different outlets in a continuous mode owing to their different 
magnetic response allows for multiple tasks to be performed in the same 
device as presented in Figure 1.3.3; a key distinguishing feature of this 
technology.  

In light of these data, the alternatives to manipulate or recover 
magnetic materials from different fluid solutions in continuous-flow 
microchips are numerous and application dependent. The prospect of 
generating magnetic forces with permanent magnets that do not require 
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maintenance or power qualifies this technology as an attractive solution for 
small scale separations in low infrastructure settings. A problem arises in 
keeping a constant interface between all the streams within the continuous-
flow microdevice, which makes their collection at different outlets very 
difficult, especially when the streams are based on fluids with different 
properties, i.e. viscosity, density, or when they flow at different velocities 
(Gómez-Pastora et al., 2017c). Hence, continuous-flow magnetophoretic 
microsystems must be properly designed to achieve complete deflection of 
the magnetic droplet/bead through the fluid solutions while eliminating or 
minimizing intermixing between the co-flowing streams inside the device as 
the magnetic material cross the interface from one stream to its neighbour. 

Another drawback of these devices is the small flow rates processed 
limiting their use to only certain analytical, biological, chemical or medical 
applications. However, the operation at relatively high flow rates can be 
effectively achieved through proper design and optimization, where a 
meaningful understanding of the underlying physics is key. Since the variables 
and parameters that affect the magnetic manipulation are numerous, the 
system performance cannot be studied through a trial-and-error 
experimental approach. Although the use of multiple microchannels in 
parallel configuration would increase the capacity of the process with a 
negligible increase in capital costs due to their low manufacturing cost, future 
efforts should be directed towards the development of models that 
accurately predict the response of the system prior fabrication. 

Most of the significant scientific investigations related to the 
mathematical description of magnetic manipulations of particles were 
developed in the 70s and 80s (Gómez-Pastora et al., 2017c). Furthermore, 
most of the theoretical works related to continuous-flow droplet processing 
are limited to a discrete number of droplets and focused on droplet motion 
or deformation under uniform magnetic fields (Rowghanian et al., 2016). 
However, these idealized models are not realistic for most of the applications 
and no numerical studies have reported yet the deflection of these structures 
across complex and big reaction chambers where different fluids co-flow in 
parallel. Hence, more effort is required in the field of continuous-flow 
magnetophoretic devices for the adaptation of the existing mathematical 
models to emerging applications that involve new materials, designs and 
configurations. Most importantly, there appears to be a research gap in the 
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field of computational modeling of processes involving magnetic fields. The 
development of such computational tools could enable further 
understanding, facilitate optimization or even enable the rational design of 
novel applications. In Chapter 2 the fundamentals of magnetic separations 
are reviewed and the modeling of continuous-flow magnetophoretic 
microdevices is addressed. 
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Magnetism is a fundamental phenomenon of nature, and the interest 

in it dates back to antiquity. The Ancient Greeks were familiar with some 
phenomena of magnetism as early as 550 BC. Socrates observed that “this 
stone Euripides called the magnet does not simply attract the iron rings; it also 
imparts to the rings a force enabling them to do the same thing as the stone 
itself” (Svoboda and Fujita, 2003). It was believed that the force exerted 
without touching was delivered by magnetic effluvium flowing between 
lodestone and iron. 

Magnetism is mediated by a magnetic field, which arises from the 
motion of charged matter, e.g. the orbital motion of electrons around an 
atomic nucleus, or the flow of electrons in an electric current. A magnetic field 
is also generated by the quantum-mechanical phenomenon of spin (Xue, 
2016). The fundamental element in magnetism is the magnetic dipole. This 
can be thought of as a pair of closely spaced magnetic poles, or equivalently 
as a small current loop. A magnetic dipole has a dipole moment, and the 
magnetization of a material is a measure of the net magnetic dipole moment 
per unit volume (Furlani, 2001). If a magnetic dipole is subjected to an applied 
field, it acquires energy and experiences a torque. The basic principle behind 
magnetic separations relies on the fact that materials with different magnetic 
moments experience different forces in the presence of magnetic field 
gradients; thus, an externally applied field can separate those components 
with distinctive magnetic characteristics from physically similar mixtures 
(Yavuz et al., 2009). 

Based on the response of the intrinsic magnetic dipole and the net 
magnetization in the presence and absence of an applied magnetic field, 
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materials fall into one of the following categories: diamagnetic, 
paramagnetic, ferromagnetic, antiferromagnetic and ferrimagnetic (Furlani, 
2001; Kolhatkar et al., 2013). The two most common types of magnetism are 
diamagnetism and paramagnetism, which account for the magnetic 
properties of most of the periodic table of elements at room temperature 
(Figure 2.1.1). These elements, especially diamagnetic materials, are usually 
referred to as non-magnetic, whereas those which are referred to as 
magnetic are actually classified as ferromagnetic (Gómez-Pastora et al., 
2017a). The only other type of magnetism observed in pure elements at room 
temperature is antiferromagnetism. Finally, magnetic materials can also be 
classified as ferrimagnetic although this is not observed in any pure element 
but can only be found in compounds, such as the mixed oxides known as 
ferrites, from which ferrimagnetism derives its name. 

 

Figure 2.1.1. Diagram of a periodic table showing elements colored 
according to the type of magnetism they show at room temperature 

(adapted from University of Cambridge, 2018). 
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Diamagnetic materials have no net atomic or molecular magnetic 
moment. When these materials are subjected to an applied field, atomic 
currents are generated that give rise to a bulk magnetization that opposes the 
field (Figure 2.1.2 a)). The magnetic susceptibility of these materials (a 
property that indicates whether and how strong a material is attracted or 
repelled from magnetic fields) is small and negative. Thus, a material that has 
strong diamagnetic character is repelled by a magnetic field (e.g. water).  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1.2. Magnetic dipoles and behavior in the presence and absence of 
an external magnetic field. Based on the alignment and response of 

magnetic dipoles, materials are classified as: a) Diamagnetic; b) 
Paramagnetic; c) Ferromagnetic; d) Ferrimagnetic; f) Antiferromagnetic. 
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Paramagnetic materials (e.g. MgCl2) have a net magnetic moment at 
the atomic level due to unfilled electronic shells, but the coupling between 
neighboring moments is weak. These moments tend to align with an applied 
field (Figure 2.1.2 b)), but the degree of alignment decreases at higher 
temperatures due to the randomizing thermal effects. For paramagnetic 
materials, the magnetic susceptibility value is positive, small and 
temperature-dependent. 

Ferromagnetic materials have a net magnetic moment at the atomic 
level, but unlike paramagnetic materials, there is a strong coupling between 
neighboring moments (Figure 2.1.2 c)). This coupling gives rise to a 
spontaneous alignment of the moments over macroscopic regions called 
domains. The domains undergo further alignment when the material is 
subjected to an applied field. The magnetic susceptibility is large and positive. 
Iron is an example of a ferromagnetic material. 

Lastly, antiferromagnetic and ferrimagnetic materials have oriented 
atomic moments with neighboring moments antiparallel to one another 
(Figures 2.1.2 d) and f)). In antiferromagnetic materials the neighboring 
moments are equal, and there is no net magnetic moment; the susceptibility 
is small and positive. Hematite (α-Fe2O3) becomes antiferromagnetic at 
temperatures below -10 ºC (Chuev et al., 2017). In ferrimagnetic materials, 
such as magnetite and maghemite (Fe3O4 and γ-Fe2O3), the neighboring 
moments are unequal, and there is a net magnetic moment. This is due to a 
difference in either the numbers of moments in each direction, or the size of 
the moments in alternating directions, or both. For ferrimagnetic materials, 
the magnetic susceptibility is positive and large. 

Research in magnetic beads and magnetic nanoparticles focuses on 
developing an optimal response to an external magnetic field. The majority 
of published research has reported that these materials are typically classified 
as either ferrimagnetic, ferromagnetic or superparamagnetic particles (a 
special case of ferro- and ferri-magnetic particles) (Kolhatkar et al., 2013). In 
particular, magnetic nanoparticles exhibit superparamagnetism when the 
size is below certain critical dimensions. The critical diameter is material 
dependent, e.g. 35 nm for Fe3O4 (Lim et al., 2011). Superparamagnetic 
nanoparticles provide a strong response to an external field and exhibit very 
large saturation magnetization values, several orders of magnitude higher 
than what is observed in paramagnetic materials. Moreover, their magnetic 
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moment vectors relax to random directions (i.e. an unmagnetized state) in 
the absence of an applied magnetic field, in which case have no attraction for 
each other, thereby reducing the risk of particle aggregation (Gómez-Pastora 
et al., 2017a). 

 

 

Figure 2.1.3. Magnetic behavior of ferromagnetic, superparamagnetic, 
paramagnetic and diamagnetic materials under the influence of an applied 

field. 
 
For magnetic micro- and nanoparticles employed in chemical and 

biomedical applications, the maximum magnetization possible is called the 
saturation magnetization, and it arises when all the magnetic dipoles are 
aligned in an external magnetic field. Figure 2.1.3 shows a typical 
magnetization curve (hysteresis loop) for ferromagnetic or ferrimagnetic 
materials (blue line) showing their magnetic characteristics and their position 
on the curve. These include: saturation magnetization (Ms), which is the 
maximum induced magnetization; remanent magnetization (Mr), which 
represents the induced magnetization remaining after the field is removed; 
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and coercivity (Hc), that is the intensity of the external field required to force 
the magnetization to zero. In this figure, the response of superparamagnetic 
nanoparticles is also represented (orange line). In contrast to the hysteresis 
observed in the case of ferromagnetic materials, the response of 
superparamagnetic materials to an external magnetic field follows a 
sigmoidal tendency with no hysteresis. The response of paramagnetic (green 
line) and diamagnetic (pink line) materials is also represented in the graph. 
For these materials, the induced magnetization is zero in the absence of an 
external field and increases under the application of a field in its direction 
(paramagnetic) and in the opposite direction (diamagnetic). In both cases, the 
induced magnetization is linearly proportional to the magnetic field, following 
a straight line with a slope equal to the magnetic susceptibility (χ), which is 
temperature-dependent in the case of paramagnetic particles. 

Finally, the behavior of magnetic particles depends on the underlying 
magnetic state, which is size dependent. Four different states have to be 
considered: multidomain (MD), pseudo-single domain (PSD), single domain 
(SD) and superparamagnetic (SP), which are ordered relative to the particle 
size to which they apply (i.e. larger to smaller) (Xue, 2016). 

In large particles (i.e. bulk materials), there exist regions of uniform 
magnetization (domains) that are separated by domain walls (also called 
Bloch walls). Domains typically contain 1012-1015 atoms and form in such a 
way so as to minimize the total energy of a specimen (Furlani, 2001). Different 
materials have different domain state size dependence, which also varies with 
temperature. The bulk magnetization of a MD specimen is defined by the 
collective behavior of all its domains. MD particles tend to have a relatively 
low remanent magnetization (Mr) and coercivity (Hc) (Furlani, 2010). 

As the size of a MD specimen decreases, it transitions to a PSD state. 
The properties and behavior in this state are intermediate between the MD 
and SD states. While the magnetic behavior of PSD particles is not completely 
understood, they are thought to have relatively few domains, and tend to 
have MD-like low coercivity but SD-like high remanence (Furlani, 2010). 
Figure 2.1.4 a) shows the transition from MD to PSD for magnetite (Fe3O4) 
particles, which occurs for sizes ranging from 0.1 to 20 µm. 
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Figure 2.1.4. a) Coercivity versus particle diameter showing the transition 
from SP to SD to MD states for Fe3O4 particles (Furlani, 2010). b) Maximum 
diameters for SP (Dsp) and SD (Dsd) nanoparticles of different compositions 

(Kolhatkar et al., 2013). 
 
When the size of the material continues to decrease, there is a critical 

volume below which the energetics favor a SD state. This occurs when the 
magnetostatic energy of the particle becomes comparable to the energy 
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required to form a domain wall within the specimen. The critical diameter Dsd 
for this transition is material-dependent and typically remains in the range of 
a few tens of nanometers (Furlani, 2010; Xue, 2016; Kolhatkar et al., 2013). 
Figure 2.1.4 b) shows the diameter Dsd for nanoparticles of different 
compositions. The magnetization curve of SD particles takes the form of a 
square hysteresis loop; thus, SD particles are magnetically hard, having both 
a high coercivity (larger than MD particles) and high remanence (Furlani, 
2010). 

Finally, as the volume of a SD particle decreases, its anisotropy energy 
eventually reduces to a level where it is comparable to the thermal energy. 
At this point the particle has a diameter equal to Dsp (see Dsp in Figure 2.1.4 b) 
for different materials) and the particle is said to be in a SP state. The 
magnetic response of an ensemble of identical SP particles is essentially the 
same as that of a paramagnet except that the magnetic moment is not that 
of a single atom but rather of a SD particle that contains 105 atoms (Furlani, 
2010). Thus, the susceptibility (χ) is much higher than that of a common 
paramagnet; and hence, the term superparamagnetic. For SP particles, the 
magnetization is zero if there is no applied field, the coercivity and remanent 
magnetization are zero (as occurs with paramagnetic materials) and there is 
a very high field saturation. 

Once the magnetic characteristics of different materials have been 
presented, as well as their behavior under the presence of an externally 
applied field, it is necessary to address the modeling of their transport within 
fluid phases in order to further facilitate the development of efficient 
magnetophoretic devices. In the next section, the underlying theoretical 
background necessary to model particle magnetophoresis is examined, which 
is also applicable to model ferrofluid droplet transport under external 
magnetic fields.  
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Magnetic particle transport is a process involving several competing 
forces acting on the material in the presence of an external magnetic field. 
The magnetophoretic particle transport in a fluid phase is governed by a 
multitude of factors including a) the magnetic force, b) viscous drag, c) 
gravity, d) buoyancy, e) inertia, f) particle-fluid interactions (perturbations to 
the flow field), g) thermal kinetics (Brownian motion) and h) interparticle 
effects, that include magnetic dipole interactions, Helmholtz double-layer 
interactions and Van der Waals forces (Furlani and Sahoo, 2006; Furlani et al., 
2007). Some of them, such as the magnetic force, dipole interactions or Van 
der Waals effects, aid the magnetophoresis, whereas others like viscous drag, 
Brownian diffusion or double layer interactions hinder the process. 

The development of a rigorous mathematical model that takes all of 
these forces into account is complex and often unnecessary for practical 
applications. Broadly speaking, it often suffices to take into account the 
dominant magnetic and viscous drag forces and neglect the other forces, 
which are generally of second order in effect (Gómez-Pastora et al., 2017a). 
For example, the gravitational force (taking into account buoyancy) acting on 
a 500 nm Fe3O4 particle in water is approximately 3.2 fN, which is one order 
of magnitude smaller than the magnetic force generated by a permanent 
magnet or the fluidic drag force, that is typically in the range of pN for the 
smallest microseparators (Wu et al., 2011; Gijs et al., 2010). Moreover, since 
the particle mass is small, so is the acceleration, and consequently, inertia can 
also be neglected (Nandy et al., 2008). 
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Moreover, the use of magnetic particles in chemical or biomedical 
applications usually involves a low material dose (Gómez-Pastora et al., 2014, 
2017a, 2017b and 2017c). Hence, for this type of applications, interparticle 
interactions could be omitted since this effect is practically negligible in dilute 
suspensions, especially for particle concentrations lower than 1% by volume 
(Faraudo and Camacho, 2010). However, for concentrated suspensions, fast 
particle aggregation can occur thereby rendering the time required for the 
separation to be shorter and concentration-dependent. This effect might be 
especially important for batch separators, as there exist particle aggregations 
around the high gradient zones. A rigorous prediction of this effect is beyond 
the scope of this dissertation as batch magnetophoretic devices are not 
considered. Nonetheless, interested readers can find additional information 
regarding this phenomenon in specific literature works (Faraudo and 
Camacho, 2010; Yavuz et al., 2006; Xue, 2016). 

Finally, similar principles could be considered for particle-fluid 
interactions. General works regarding particle magnetophoresis do not 
consider this effect since it is generally negligible in dilute suspensions. For 
higher concentrations, the perturbation of the flow field becomes an 
important concern since the particle movement to the high gradient zones 
alters the flow patterns (Khashan and Furlani, 2012). In fact, there exists a 
two-way momentum transfer between the moving particle and the fluid that 
cannot be neglected for concentrated solutions, especially in continuous-flow 
magnetophoretic microdevices where multiple streams flow in parallel, as the 
velocity vectors are modified. Since this effect modifies the velocity 
distribution inside the device, it not only changes the drag force acting on the 
particles but also the separation of fluid phases in the device, which is 
important when modeling continuous-flow microdevices. Therefore, this 
phenomenon is considered in this dissertation as the separation of the fluid 
phases inside the device becomes of paramount importance for certain 
applications. 

 

Two approaches are commonly used to model the magnetophoresis 
of micro- and nanoparticles. In the Eulerian approach, particles are modelled 



Chapter 2 

 

37 

 

collectively in terms of a time-dependent spatially varying concentration, 
which is calculated by a partial differential equation that accounts for the drift 
force and the Brownian diffusivity of the particles (Furlani, 2010; Khashan and 
Furlani, 2012). The advection-diffusion equation has the following form: 

 
∂ n(r,t)
∂t

= kT
6πηrp

∇2n(r, t) − 1
6πηrp

∇ · (𝐅𝐅𝐞𝐞𝐞𝐞𝐞𝐞(r)n(r, t))                                    (2.2.1) 

 
where n(r,t) is the particle number density at a given point in space r and at 
time t, k is Boltzmann’s constant, T is the absolute temperature (K), the term 
(6πηrp)-1 is the mobility of a particle of radius rp in a fluid with viscosity η 
(Stoke’s approximation) and Fext(r) is the summation of the dominant forces 
acting on the particle at a given point in space. 

The first term on the right-hand side of Eq. 2.2.1 is related to a 
diffusive flux that describes the particle movement to the region of lower 
concentration, whereas the second term (advection) accounts for the 
influence of the forces acting on the particles. The Eulerian approach is used 
to study the behaviour of nanosized particles when the Brownian diffusion 
becomes the dominant factor. This occurs when either the particle size is 
sufficiently small, or the magnetic force applied on the particle is weak (e.g. 
when the magnetic source is far from the particles) (Friedman and Yellen, 
2005). According to Gerber et al. (1983), the criterion to apply the Eulerian 
approach is: 
 
|Fext|Dp ≤ kT                                                                                                    (2.2.2) 

 
where |Fext| is the magnitude of the total force acting on the particle and Dp 
the particle size. The same authors applied this criterion to estimate the 
critical particle diameter for several materials and calculated that the critical 
diameter (Dp,c) for Fe and Fe3O4 particles are 30 nm and 40 nm, respectively, 
when these materials are captured by a single wire magnetized with a 1 T 
external field. When considering particle diameters greater than Dp,c, the 
Lagrangian approach, that solves the Newtonian equation for the motion of a 
single particle, should be applied rather than the advection-diffusion 
equation of the Eulerian approach, as shown in Figure 2.2.1. 
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Since in most cases the beads employed have a diameter of 
hundreds of nanometers, a Lagrangian approach, neglecting Brownian 
motion, is more commonly used. However, this criterion has to be solved for 
each specific application in order to describe the particle motion with the 
correct approach. For example, Friedman and Yellen (2005) calculated that 
the motion of 30 nm magnetic particles can be estimated by the Lagrangian 
approach if they are close enough to the magnet employed for the generation 
of the magnetic field. 

 

Figure 2.2.1. Approaches used to model particle magnetophoresis. 
 
In the Lagrangian approach, particles are modeled as discrete units 

and the trajectory of each particle is estimated by applying the classical 
Newtonian dynamics (Furlani, 2010; Khashan and Furlani, 2012): 

 

mp
d𝐯𝐯𝐩𝐩
dt

= ∑𝐅𝐅𝐞𝐞𝐞𝐞𝐞𝐞                                                                                                  (2.2.3) 

 
where mp and vp are the mass and velocity of the particle, and Fext represents 
the total of the dominant forces acting on the particle. As discussed above, 
the inertia term on the left-hand side of Eq. 2.2.3 is generally neglected, and 
thus, the particle motion is usually estimated by setting the external forces 
equal to zero (Tarn et al., 2009). 

In this dissertation, the Lagrangian approach is employed due to the 
particle sizes and the magnitude of the dominant forces acting on them, 
which are developed in the following sections and calculated in Chapters 4 
and 5. Nonetheless, it should be noted that in order to solve either the 
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Newton’s law or the advection-diffusion equation, expressions for the 
dominant magnetic and fluidic drag forces acting on the materials must be 
first developed. 

 

The magnetic force (Fm) acting on a particle (or a ferrofluid droplet) 
can be obtained using the “effective” dipole moment method, in which the 
magnetized particle is replaced by an “equivalent” point dipole with a 
moment mp,eff (Furlani, 2010). Fm acting on the dipole is calculated as: 

 
𝐅𝐅m = µf�𝐦𝐦p,eff · ∇�𝐇𝐇a                                                                                     (2.2.4) 

 
where μf represents the permeability of the transport fluid and Ha is the 
applied magnetic field intensity at the center of the particle, where the 
equivalent point dipole is located. This approximation has been used for 
decades to calculate the force on both submicron and micrometer beads 
(Jones, 1995), and the experimental validation of the dipole approximation 
has been successfully confirmed for batch magnetophoretic devices (Sinha et 
al., 2007 and 2009). 

If the particle is in free space, then mp,eff = VpMp, where Vp and Mp are 
the volume and magnetization of the particle, respectively. Then Eq. 2.2.4 can 
be rewritten to its usual form: 

 
𝐅𝐅𝐦𝐦 = µ0Vp�𝐌𝐌𝐩𝐩 · ∇�𝐇𝐇𝐚𝐚                                                                                     (2.2.5) 
 
where μ0 = 4π·10-7 H·m-1 is the permeability of the free space. 

To predict the magnetic response of the particle, a model for the 
magnetization of the material is required. A linear magnetization model that 
accounts for both self-demagnetization and magnetic saturation can be 
applied (Furlani, 2010). Thus, the magnetization of the particle can be 
assumed as a linear function of the applied magnetic field up to a saturation 
value Mp,s. Below saturation, the magnetization is described as: 

 
𝐌𝐌𝐩𝐩 = χp𝐇𝐇𝐢𝐢𝐢𝐢                                                                                                        (2.2.6) 
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where χp is the susceptibility of the particle and Hin is the field inside the 
particle, which is a superimposition of the applied field and the internal 
demagnetization field. Thus, Hin differs from the external field Ha because the 
magnetization of the particle itself gives rise to a self-demagnetization field 
Hdemag, that accounts for the particle magnetization, i.e. its magnetic “surface 
charge”, and opposes the applied field Ha. More specifically, Hin = Ha – Hdemag, 
where Hdemag = Mp/3 for a uniformly magnetized sphere with magnetization 
Mp in free space (Furlani, 2001). When the magnetic field reaches a critical 
value Hin,s the particle remains saturated with a magnetization equal to its 
Mp,s. 

According to Furlani and Ng (2006), if the particle is suspended in a 
magnetically fluid of susceptibility χf, the field inside the particle below 
saturation (after solving the equations of the “effective” dipole moment 
method) can be related to the external field as follows: 

 

𝐇𝐇𝐢𝐢𝐢𝐢 = 3(χf+1)
��χp−χf�+3(χf+1)�

𝐇𝐇𝐚𝐚                                                                                (2.2.7) 

 
After substituting into Eq. 2.2.4, the Fm below saturation can be 

finally written as: 
 

𝐅𝐅𝐦𝐦 = µfVp
3�χp−χf�

��χp−χf�+3(χf+1)�
(𝐇𝐇𝐚𝐚∇)𝐇𝐇𝐚𝐚                                                             (2.2.6) 

 
In most cases, the magnetic susceptibility of the transport fluid is 

very small, and its permeability (μf) is similar to the permeability of the free 
space μ0. In these cases, the expression for Fm can be reduced to: 

 

𝐅𝐅𝐦𝐦 = µ0Vp
3�χp−χf�
�χp−χf�+3

(𝐇𝐇𝐚𝐚∇)𝐇𝐇𝐚𝐚                                                                        (2.2.7) 

 
The above equation should be used below saturation conditions. 

However, when the applied field is strong enough, the particle is saturated. 
When taking into account both scenarios, Mp can be expressed as a function 
of the applied field as follows: 

 
𝐌𝐌𝐩𝐩 = f(Ha)𝐇𝐇𝐚𝐚                                                                                                   (2.2.8) 
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where: 
 

f(Ha) =

⎩
⎪
⎨

⎪
⎧ 3�xp−xf�

�xp−xf�+3
                     |Ha| < ��xp−xf�+3

3�xp−xf�
�

 
Mp,s

  
         Mp,s

|Ha|
                           |Ha| ≥ ��xp−xf�+3

3�xp−xf�
�Mp,s   

                     (2.2.9) 

 
Finally, the expression for the Fm acting on the particle for both 

conditions is expressed as: 
 

𝐅𝐅𝐦𝐦 = µ0Vpf(Ha)(𝐇𝐇𝐚𝐚 · ∇)𝐇𝐇𝐚𝐚                                                                          (2.2.10) 
 

Therefore, the components of the magnetic force (using Cartesian 
coordinates) are given by: 
 

Fm,x = µ0Vpf(Ha) �Ha,x
∂Ha,x
∂x

+ Ha,y
∂Ha,x
∂y

+ Ha,z
∂Ha,x
∂z

�                           (2.2.11) 

 

Fm,y = µ0Vpf(Ha) �Ha,x
∂Ha,y

∂x
+ Ha,y

∂Ha,y

∂y
+ Ha,z

∂Ha,y

∂z
�                           (2.2.12) 

 

Fm,z = µ0Vpf(Ha) �Ha,x
∂Ha,z
∂x

+ Ha,y
∂Ha,z
∂y

+ Ha,z
∂Ha,z
∂z

�                            (2.2.13) 

 
For paramagnetic, ferromagnetic or superparamagnetic materials 

(either solid particles or ferrofluid droplets) suspended in diamagnetic fluids 
such as water, the term (χp – χf) in f(Ha) is positive, and therefore, they are 
attracted to the magnetic field (i.e. positive magnetophoresis). On the other 
hand, diamagnetic particles (often called non-magnetic) show negative 
magnetic susceptibility values as reported in the previous subsection, and 
therefore, they are repelled from magnetic fields towards an area of field 
minima when they are suspended in paramagnetic solutions (e.g. manganese, 
gadolinium, copper, rare earth ions solutions) or ferrofluids, since the 
susceptibility of the particle is smaller than the susceptibility of the 
suspending fluid (χp < χf). This process, in which diamagnetic materials (e.g. 
polystyrene beads or biomaterials such as proteins, DNA, cells) are separated 
from the mixture due to the repulsion they experience when an external field 
is applied, is called diamagnetophoresis or negative magnetophoresis. 
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Therefore, not only magnetic particles (i.e. ferrimagnetic, 
ferromagnetic or superparamagnetic) can be manipulated under the 
influence of magnetic fields. Diamagnetic materials usually thought as non-
magnetic, can experience tiny forces under magnetic field gradients that are 
enough to control them. In fact, small animals as frogs have been levitated in 
magnetic fields (Figure 2.2.2 a)), or the diamagnetism of human fingers (χ ≈ 
10-5) has been used to stabilize the levitation of permanent magnets (Figure 
2.2.2 b)). 

 

Figure 2.2.2. a) Frog levitated in a stable zone of a 16 T magnet. 
b) Top: Levitation of a magnet 2.5 m below an unseen 11 T superconducting 
solenoid stabilized by the diamagnetism of fingers. Bottom: Demonstrating 

the diamagnetism of a textbook that explains diamagnetism (Simon and 
Geim, 2000). 

 
According to Eq. 2.2.10, Fm is proportional to particle volume. Thus, 

for magnetic bead-based applications, the larger the particle the greater the 
force. However, by increasing the bead diameter the surface to volume ratio 
is reduced, which negatively impacts the application in which they are 
employed. Hence, these factors must be balanced for achieving the required 
goals in both processes: bead application and magnetic manipulation. Fm is 
also proportional to the external magnetic field and its gradient. Therefore, 
in order to determine Fm, the field distribution inside the magnetophoretic 
device should be developed, which is the subject of the next section. 
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The magnetic field distribution depends on the type of the magnetic 
source selected for the application and its properties. The ability to recover 
magnetic materials with simple permanent magnets is one of the most 
attractive characteristics of magnetophoretic microdevices. Permanent 
magnets are powerful, small and low-cost sources, facilitating the design of 
portable devices for low infrastructure settings, without requiring any power 
or electricity compared to microelectromagnetic devices. Also, the use of 
electrical currents for the generation of magnetic fields is not suitable for 
most of magnetic bead-based bioapplications due to the generation of Joule 
heating, and substantial effort may be required for their design and 
fabrication due to complex circuitry. Hence, the use of rare-earth permanent 
magnets is considered the best alternative due to their easy setup and 
because they provide the field and gradients required for the separation in an 
economical and immediate manner (Gómez-Pastora et al., 2017a). 

The magnetic field distribution can be determined once the field 
source (rare-earth permanent magnets for this dissertation) and system 
materials are specified. In many chemical and biomedical applications, 
including the ones developed in this dissertation, the materials (i.e. carrier 
fluid, fluidic system, biomaterial, etc.) are essentially non-magnetic 
(diamagnetic). In these cases, the field can be obtained in analytical form. 
Otherwise, the field should be determined using numerical techniques such 
as FEM analysis. 

The field and gradient produced by rare-earth permanent magnets 
depends on the material properties, shape and dimensions. Rectangular rare-
earth Neodymium-Iron-Boron (NdFeB) and Samarium-Cobalt (SmCo) 
magnets with different dimensions were chosen as magnetic sources in this 
dissertation due to their excellent magnetic properties (Hatch and Stelter, 
2001). To determine the 3D magnetic field due to the magnets, the analytical 
model developed by Furlani (2001) was employed. The magnetic field 
components of the magnetized element shown in Figure 2.2.3, whose 
magnetization direction is in line with z coordinate, are given by: 

 

Bx (x, y, z) =  µ0𝐌𝐌𝐦𝐦,𝐬𝐬
4π

∑ ∑ (−1)k+m ln�F(x, y, z, xm, y1, y2, zk)�2
m=1

2
k=1   (2.2.14) 
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By (x, y, z) = µ0𝐌𝐌𝐦𝐦,𝐬𝐬
4π

∑ ∑ (−1)k+m2
m=1

2
k=1 ln�H(x, y, z, x1, x2, ym, zk)�  (2.2.15) 

 

Bz (x, y, z) = µ0𝐌𝐌𝐦𝐦,𝐬𝐬
4π

∑ ∑ ∑ (−1)k+n+m2
m=1

2
n=1

2
k=1   

 

x tan−1 � (x−xn)(y−ym)
(z−zk)

 g(x, y, z, xn, ym, zk)�                                (2.2.16) 

 
where Mm,s is the magnetization of the element, (x1, x2), (y1, y2) and (z1, z2) 
are the locations of the corners of the element as schematized in Figures 2.2.3 
c) and d). The expressions for the functions F(x,y,z,xm,y1,y2,zk), 
H(x,y,z,x1,x2,ym,kz) and g(x,y,z,xn,ym,zk) are as follows: 
 

F(x, y, z, xm, y1, y2, zk) =  F1(x,y,z,xm,y1,zk)
F2(x,y,z,xm,y2,zk)

                                                   (2.2.17) 

 
where: 
 

F1(x, y, z, xm, y1, zk) = (y − y1) + [(x − xm)2 + (y − 𝑦𝑦1)2 + (z − zk)2]
1
2      (2.2.18) 

 

F2(x, y, z, xm, y2, zk) = (y − y2) + [(x − xm)2 + (y − y2)2 + (z − zk)2]
1
2      (2.2.19) 

 
and: 
 

H(x, y, z, x1, x2, ym, zk) = H1(x,y,z,x1,ym,zk)
H2(x,y,z,x2,y2,zk)

                                                   (2.2.20) 

 
where: 
 

H1(x, y, z, x1 , ym, zk) = (x − x1) + [(x − x1)2 + (y − ym)2 + (z − zk)2]
1
2     (2.2.21) 

 

H2(x, y, z, x2, ym, zk) = (x − x2) + [(x − x2)2 + (y − ym)2 + (z − zk)2]
1
2     (2.2.22) 

 
and: 
 

g(x, y, z, xn, ym, zk) = 1

[(x−xn)2+(y−ym)2+(z−zk)2]
1
2
                                       (2.2.23) 
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Figure 2.2.3. A block permanent magnet. a) Geometry and polarization; 
b) Reference frame; c) x-y plane cross-sectional view; 

d) x-z cross-sectional view. 
 

In order to finally calculate the magnetic force, the partial derivatives 
of the components have to be determined. After considerable algebra, they 
are found to be as follows: 
 
∂Bx
∂x

= µ0𝐌𝐌𝐦𝐦,𝐬𝐬

4π
∑ ∑ (−1)k+m2

m=1
2
k=1 (x − xm) �[F1−(y−y1)]−1

F1
− [F2−(y−y2)]−1

F2
�       (2.2.24) 

 
∂Bx
∂y

= µ0𝐌𝐌𝐦𝐦,𝐬𝐬

4π
∑ ∑ (−1)k+m2

m=1
2
k=1   

 

x �1+(y−y1)[F1−(y−y1)]−1

F1
− 1+(y−y2)[F2−(y−y2)]−1

F2
�                                (2.2.25) 

 
∂Bx
∂z

= µ0𝐌𝐌𝐦𝐦,𝐬𝐬

4π
∑ ∑ (−1)k+m2

m=1
2
k=1 (z − zk) �[F1−(y−y1)]−1

F1
− [F2−(y−y2)]−1

F2
�        (2.2.26) 

 
and: 
 
∂B𝑦𝑦
∂x

= µ0𝐌𝐌𝐦𝐦,𝐬𝐬

4π
∑ ∑ (−1)k+m2

m=1
2
k=1   

 

x �1+(x−x1)[H 1−(x−x1)]−1

H1
− 1+(x−x2)[H 2−(x−x2)]−1

H2
�                              (2.2.27) 
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∂By
∂y

= µ0𝐌𝐌𝐦𝐦,𝐬𝐬

4π
∑ ∑ (−1)k+m2

m=1
2
k=1 (y − ym) �[H1−(x−x1)]−1

H1
− [H2−(x−x2)]−1

H2
�      (2.2.28) 

 

∂By
∂z

= µ0𝐌𝐌𝐦𝐦,𝐬𝐬

4π
∑ ∑ (−1)k+m2

m=1
2
k=1 (z − zk) �[H1−(x−x1)]−1

H1
− [H2−(x−x2)]−1

H2
�        (2.2.29) 

 
and finally: 
 
∂Bz
∂x

= µ0𝐌𝐌𝐦𝐦,𝐬𝐬

4π
∑ ∑ ∑ (−1)k+n+m2

m=1
2
n=1

2
k=1

(y−ym)(z−zk)[(y−ym)2+(z−zk)2]g3

(x−xn)2(y−ym)2g2+(z−zk)2         (2.2.30) 

 
∂Bz
∂y

= µ0𝐌𝐌𝐦𝐦,𝐬𝐬

4π
∑ ∑ ∑ (−1)k+n+m2

m=1
2
n=1

2
k=1

(x−xn)(z−zk)[(x−xn)2+(z−zk)2]g3

(x−xn)2(y−ym)2g2+(z−zk)2           (2.2.31) 

 

∂Bz
∂z

= µ0𝐌𝐌𝐦𝐦,𝐬𝐬

4π
∑ ∑ ∑ (−1)k+n+m2

m=1
2
n=1

2
k=1

(x−xn)(y−ym)[g−2+(z−zk)2]g3

(x−xn)2(y−ym)2g2+(z−zk)2                  (2.2.32) 
 

With all the field components, the partial derivatives, and the 
relationship between magnetic field B and the field strength H, H=B/µ0, the 
magnetic force field can be estimated. 

 

The other dominant force acting on the magnetic material is the 
hydrodynamic force, which can be expressed as follows: 
 

𝐅𝐅𝐡𝐡𝐡𝐡 = −Vp∇P + Madded �
d𝐯𝐯
dt
− d𝐯𝐯𝐩𝐩

dt
� + 𝐅𝐅𝐡𝐡𝐝𝐝𝐚𝐚𝐝𝐝                                               (2.2.33) 

 
where P is the pressure, Madded is the added mass, v is the fluid velocity and 
Fdrag is the drag force acting on the beads. The first term in Eq. 2.2.33 
represents the pressure force acting on the bead due to a pressure 
differential. The added mass term can be described as an additional 
resistance for an accelerating or decelerating body. It should be noted that 
the exact formulation for the added mass includes the total or full derivative 
following the fluid velocity (Dv/Dt) (Balachandar and Eaton, 2010). 
Nonetheless, the mathematical procedure for solving the full derivative of the 
fluid velocity is more complex; thus, for simplicity, the partial derivative of the 
fluid velocity is resolved in the added mass term. 
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The amount of added mass can be calculated using the following 
equation: 
 
Madded = CMρVp                                                                                             (2.2.34) 
 
where the coefficient CM is theoretically predicted to be equal to 0.5 and ρ is 
the fluid density (Wakaba and Balachandar, 2007). 

Finally, the drag force Fdrag can be obtained using a modified form of 
Stokes’ approximation for the drag on a sphere: 
 

𝐅𝐅𝐡𝐡𝐝𝐝𝐚𝐚𝐝𝐝 = 1
2
ρ�𝐯𝐯 − 𝐯𝐯p��𝐯𝐯 − 𝐯𝐯p�ApCd                                                               (2.2.35) 

 
where AP is the bead cross sectional area, which can be written as AP = πrp2. 
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                                                                               (2.2.36) 

 
where Rep is the particle Reynolds number for which the expression is valid 
(White, 1974). More specifically, the criterion is: 
 

Rep = 2ρrp�𝐯𝐯−𝐯𝐯p�
η

< 2 · 105                                                                            (2.2.37) 

 
To evaluate the previous equations, the viscosity and density of the 

fluids involved and their velocity distributions inside the device, including the 
perturbation effects that the particles generate in the flow field, are required. 
The fluid properties depend on the specific application, and therefore, they 
will be examined and calculated in the following chapters, as different fluids 
were employed during this dissertation. Nonetheless, the mathematical 
description of the fluid velocity, along with the bead-fluid interactions, is 
discussed in the following section. 
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The fluid velocity field is numerically predicted in this dissertation 
using the Navier-Stokes and continuity equations, to which certain 
modifications were applied in order to precisely describe the bead-fluid 
interactions. Particularly, three scenarios are modeled and compared in 
Chapter 4, where bead magnetophoresis results are presented. In the 
scenario 1, the effects of the bead motion or bead volume in the fluid flow 
field are not taken into account, but only the effect of the fluid motion on the 
magnetophoresis process (one-way momentum transfer from the fluid to the 
beads). This assumption implies that the particles are dragged by the fluid, 
but they do not affect the fluid stream lines, which is the scenario usually 
considered in most of the numerical studies of magnetophoresis. Thus, the 
fluid velocity field is estimated by the Navier-Stokes and continuity equations 
(Eqs. 2.2.38 and 2.2.39), and no momentum transfer from the beads to the 
fluid is taken into account. The equations governing the one-way coupled 
incompressible flow are as follows: 
 
∂𝐯𝐯
∂t

+ 1
VF

(𝐯𝐯A∇𝐯𝐯) = −∇P
ρ

+ 𝐟𝐟                                                                            (2.2.38) 

 
∇ · (𝐯𝐯A) = 0                                                                                                     (2.2.39) 
 
where VF and A represent the fractional volume and fractional area (for the 
three directions, x, y and z) open to flow for each mesh cell, and f represents 
the viscous accelerations.  

In the second scenario, a two-way coupling model is assumed, i.e. 
two-way momentum transfer between the moving particles and the fluid. 
However, the beads are considered as pointy particles, i.e. the effects of the 
bead volume are not taken into account. Two-way coupling is modeled by 
including the particle accelerations into the momentum equation, as follows: 
 
∂𝐯𝐯
∂t

+ 1
VF

(𝐯𝐯A∇𝐯𝐯) = −∇P
ρ

+ 𝐟𝐟 + 1
ρVfluid

𝐅𝐅P                                                       (2.2.40) 

 
where the last term in Eq. 2.2.40 represents particle induced fluid 
accelerations, Vfluid is the volume of fluid in the cell and FP can be written as: 
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𝐅𝐅P = −∑ �𝐅𝐅𝐡𝐡𝐝𝐝𝐚𝐚𝐝𝐝 + Madded �
d𝐯𝐯
dt
− d𝐯𝐯p

dt
��                                                        (2.2.41) 

 
Therefore, for a given control volume, Eq. 2.2.41 describes the 

contribution of the particles to the flow, which is the summation of the drag 
and added mass terms for each bead present in the computational cell, i.e. 
the contribution of all beads present in the cell are cumulatively added to the 
momentum through Fp. 

In the third scenario, the two-way coupling and the effects of the 
liquid being displaced by the bead volume are taken into account. Thus, the 
continuity equation is altered to account for solid objects in the 
computational cells according to the FAVORTM method as follows (Hirt and 
Sicilian, 1985): 
 
∂
∂t

(ρVF) + ∇(ρ𝐯𝐯A) = Sm                                                                               (2.2.42) 

 
where Sm is a physical mass source term of fluid that may be present in the 
cell. 

Thus, a solid object (bead) located inside a computational cell is 
taken into account by using a single volume fraction (Vf) that describes how 
much of the cell volume is occupied by the solid and by 6 area fractions stored 
at the cell faces that describe where the object is located. This method has 
advantages over the moving and deforming mesh methods conventionally 
applied in CFD for describing moving objects (Crank, 1984). This is because it 
treats complex moving object geometries very efficiently and conveniently 
(not requiring automatic mesh regeneration techniques) and there is no 
restriction on closeness between objects. Nonetheless, it unfortunately does 
not allow for multiple solid surfaces inside the cell, i.e. cases where multiple 
particles are occupying the same cell cannot be accurately modeled; also, 
accuracy is affected for cases where the solid object contains peaks or corners 
since such geometrical features will be replaced by a single surface. 

In contrast to stationary geometry problems, to account for moving 
objects, the volume and area fractions vary with time and their effects on fluid 
flow must be considered. Therefore, the previous equation (Eq. 2.2.42) can 
be rewritten as follows for incompressible flows: 
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∇(𝐯𝐯A) = −∂VF
∂t

+ Sm
ρ

                                                                                       (2.2.43) 

 
The term -∂VF/∂t is equivalent to an additional source term. This 

source term exists only in mesh cells around the moving object boundary, and 
for a solid particle that is much bigger than a computational cell, it is 
calculated as follows: 
 
∂VF
∂t

= − Sp
Vcell

𝐯𝐯p · 𝐢𝐢                                                                                          (2.2.44) 

 
where Sp is the surface area of the bead inside the computational cell (not to 
be confused with the area fraction A), Vcell is the volume of the computational 
mesh cell and n is the unit normal vector in the mesh cell. The normal vector 
is added to the equation to describe cases where the surface of the bead does 
not follow the direction of its velocity, e.g. when the surface is tangential to 
the direction of the velocity of the object, as schematized in Figure 2.2.4. 
Equation 2.2.44 is exact in time and has a good mass conservation property 
since the overall generation of fluid mass over all mesh cells around the 
moving boundary is close to zero. 
 

 

Figure 2.2.4. A magnetic particle boundary cell for those models that include 
the effect of particle volume into the continuity equation. 

 
Although most of the equations developed in the Section 2.2 can be 

perfectly applied for modeling ferrofluid droplet processing, especially the 
ones regarding droplet manipulation with magnetic fields, there are 
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differences in the behavior of solid particles and liquid ferrofluid droplets that 
must be considered. Furthermore, while particles are injected in the device 
within a fluid phase, droplets are generated inside the system at a droplet 
generation device. Therefore, including that phenomena in the governing 
equations should be carried out. In the next section, the theoretical 
description of the dynamic behavior of ferrofluid droplets is developed. 
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Unlike rigid particles, a droplet has a deformable interface making its 
dynamic behavior more complicated (Shi et al., 2014). For continuous-flow 
droplet processing, the complex dynamic interaction of magnetic, surface 
tension and viscous forces has to be addressed for both droplet generation 
and further manipulation under the influence of magnetic fields. In order to 
model droplet generation inside the device, the theoretical description of the 
previous phenomena is necessary. However, for droplet manipulation with 
magnetic fields inside the millimeter fluidic chambers used in this 
dissertation, the different length scales involved in the process make such 
description tedious and computationally very expensive. Therefore, a 
Lagrangian particle model (developed in section 2.2) was employed in this 
dissertation for the description of droplet trajectories in millimeter reaction 
chambers under the influence of magnetic fields. The advantage of this 
modeling approach is that the droplets are treated as point-like particles, and 
their trajectories can be accurately described independently of the size of the 
droplets (i.e. without increasing the computational cost due to mesh 
refinements). Nonetheless, this model employs particles of a fixed size, which 
should be calculated prior to the simulation. This value, along with the 
dispensing rate, can be obtained through modeling the droplet generation at 
a generation device. Therefore, in this section the CFD approach employed to 
study ferrofluid droplet generation is developed. 

The main challenge in modeling multiphase systems is describing the 
interface movement (Liu et al., 2011). There are different techniques to 
predict the droplet interface location, being the most popular ones the level 
set (LS) and Volume of Fluid (VOF) methods (Ghaffari et al., 2015; Jamalabadi 
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et al., 2017; Liu et al., 2011). 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. In this dissertation, the VOF method is employed to 
calculate the droplet interface location at every time step through a phase 
function that describes which fluid (either the DP or the CP) occupies each 
computational cell. Although this method may lead to inaccurate curvature 
estimates, it naturally conserves volume with high accuracy (Korlie et al., 
2008).  

Fluid configurations with the VOF method are defined in terms of a 
function, F, that satisfies the following equation under laminar conditions 
(Hirt and Nichols, 1981): 

 
∂F
∂t

+ 1
VF

[∇(FA𝐯𝐯)] = 0                                                                                       (2.3.1) 

 
The VOF function, F, represents the volumetric fraction of the 

incompressible phase 1 (i.e. oil-based ferrofluid for this dissertation) and the 
complementary region with volumetric fraction 1-F, represents the 
volumetric fraction of the other fluid in every computational mesh cell (fluid 
2, which is the aqueous CP). The specialty of the VOF method is that it allows 
modeling two immiscible fluids by solving a set of momentum equations while 
tracking the volume fraction through the entire flow domain (Sen et al., 2017). 
The fluid velocity field is governed by the mass continuity and momentum 
equations, which are solved under the assumption that the fluids are 
incompressible: Eqs. 2.2.38 and 2.2.39. It should be noted, that the term f in 
the momentum equation is expressed here as follows: 
 

𝐟𝐟 = 1
ρVF

[𝐰𝐰𝐬𝐬 + ∇(A ∙ 𝛕𝛕)]                                                                                    (2.3.2) 

 
where ws is the wall shear stress (for mesh cells that contain a solid boundary) 
and τ is the shear stress tensor. It should be noticed that Eqs. 2.2.38 and 
2.2.39 within the VOF method are solved by using a volume-fraction-
weighted density (ρ) and viscosity (η) through the function F. 

One of the advantages of using the function F is that is enables the 
simple identification of cells that may contain a sharp interface (i.e. droplet 
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boundary). As mentioned above, at a given mesh cell, F=1 represents the 
volumetric phase of the oil ferrofluid and F=0 represents the aqueous fluid 
phase. However, for cells that have a volumetric fluid fraction 0<F<1, an 
interface is present between the two phases. Only for computational cells 
where a sharp interface is present, the surface tension force is added as an 
equivalent pressure contribution to the right-hand side of the momentum 
equation. 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 expressed as force per unit length. On the other hand, for 
the calculation of wall adhesion, it is necessary to define the contact angle, 
i.e. the angle in the fluid 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 with units of degrees. 

To correctly apply the boundary conditions to the sharp interface, its 
shape and location must first be identified. For that purpose, it is necessary 
to assign an approximate normal direction to the surface. Therefore, for free 
surface cells (0<F<1), an integer value (NF) is assigned that indicates the 
approximate normal pointing to the neighboring cell that has the greater 
value of F i.e. the normal vector at the surface should always point inwards. 
NF takes values from 1 to 6 corresponding to the directions –x, +x, -y, +y, -z, 
+z respectively. 

In order to accurately calculate the surface tension contributions, it 
is necessary to compute more accurate surface normals. For this purpose, it 
is assumed that the boundary can be represented locally as a single-valued 
height function X, Y, or Z depending on its orientation. For instance, when 
calculating the approximate normal points in the z-direction, then the 
boundary height is represented by Z(x,y), or similarly by Z(i,j) when using cell 
indices. Then, the Z values for five columns, (i,j), (i±1,j), and (i,j ± 1), are 
computed. Each column contains up to five rows: the row of the surface (k), 
up to three rows below (k-3, k-2 and k-1) and 1 above (k+1). The 
approximation used for the column Z(i,j) about level k can be written as a sum 
over a four-cell column: 

 
Z(i, j) = F(i, j, k − 3)δz∗(k − 3) + F(i, j, k − 2)δz∗(k − 2)        
 

+F(i, j, k − 1)δz∗(k − 1) + F(i, j, k)δz∗(k)                                  (2.3.3) 
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where δz is the cell dimension in the z-direction and an asterisk * superscript 
on δz means that this quantity is either δz for the k-level indicated or zero. 
For example, for δz*(k – 1) a zero value is used when there is a zero-flow area 
between levels k-1 and k in any one of the five columns. This prescription is 
necessary in order to get reasonable estimates for surface slopes and 
curvatures in the vicinity of solid objects. Moreover, the information located 
at the row above of the free surface (k+1) is included in the calculation for the 
neighboring columns (i ±1, j), and (i, j ± 1). 

From these quantities, finite-difference approximations for ∂Z/∂x 
and ∂Z/∂y (slopes) along with the normal vectors and approximate surface 
areas needed for surface tension can be computed. Figure 2.3.1 shows the 
calculation of the height for the column Z(i,j) at level k and the calculation of 
the slopes ∂Z/∂x for columns Z(i±1,j). A similar process applies for columns 
Z(i,j±1) (into the page) in order to calculate the slopes ∂Z/∂y.  

Continuing from the previous example, one needs to suppose that 
the inward surface normal is pointing in the negative z-direction (i.e., NF = 5). 
Considering the cell i,j,k as the control volume, the surface tension forces will 
act on the fluid across the cell-faces normal to the x and y directions. To 
compute the net force, take into account first the cell-faces located in the x-
direction (i±1). From the slopes, ∂Z/∂x, unit stress vectors (τv,x) acting at the 
two side faces of the control volume are assigned. Then, the surface tension 
forces tangent to the surface can be written as: 

 
St,x =  σ · δy · τv,x+ + σ · δy · τv,x−                                                                 (2.3.4) 

 
where δy is the cell dimension in the y-direction, i.e. tangent to the direction 
of the force and σ is the surface tension coefficient. A similar approach is used 
for the y-direction. 

The equivalent surface pressure is, therefore, the sum of the side 
forces for each coordinate direction, multiplied by the corresponding 
directional component of the normal vector to get the total normal force 
acting on the surface cell due to the surface tension forces, and divided by 
the total area of the control volume: 

 

Pst = �St,x+St,y�·𝐢𝐢
δxδy

                                                                                                 (2.3.5) 
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where δx is the cell dimension in the x- direction and n is the surface normal. 

 

Figure 2.3.1. Calculation of the interface height Z (i,j,k) and the slopes ∂Z/∂x 
required for the determination of the surface tension forces. 

 
When wall boundaries are present, these calculations are no longer 

valid. Instead, the contact angle (specified as a simulation input parameter) is 
employed in order to calculate the shape of the interface. Once the shape is 
calculated, the equivalent pressure is computed and introduced into the 
Navier-Stokes equations. 

In Chapter 2 the fundamentals and the modeling approach employed 
for studying both particle magnetophoresis and ferrofluid droplet processing 
in continuous flows have been examined. Nonetheless, when considering 
continuous-flow devices, where multiple laminar flow streams are employed, 
the analysis of the flow patterns and mass transfer phenomena between the 
streams should be evaluated as these might be important for the specific 
application. In the next chapter, the flow patterns developed inside 
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continuous-flow microdevices, as well as the coupled influence of the mass 
transfer phenomena and fluid flow, are studied in different microchannel 
geometries that will be further employed to study magnetophoresis.
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Within the last decade, the use of microdevices has attracted great 

attention inside the scientific community for the development of analytical, 
chemical or biomedical processes, as presented in Chapter 1. The 
miniaturization of these processes provides many advantages because, in 
addition to its high surface area to volume ratio, which varies from 10,000 
m2/m3 to 50,000 m2/m3 (Dessimoz et al., 2008), microfluidics allows an 
exhaustive control of the fluid dynamics. It also offers enhanced mass and 
heat transfer rates, so these devices can be used to carry out mass-transfer-
limited processes or highly exothermic reactions where a better temperature 
control and thus suppression of hot spots could be desired (Sahu et al., 2016). 
Moreover, since small sample volumes are required, risks involved in handling 
hazardous materials are minimized and the use of expensive reagents for 
experimental analyses can be spared (Assmann et al., 2013). Therefore, 
microfluidics has been considered as a promising technology that covers two 
main frameworks: i) process intensification together with safety 
improvement, including the development of highly efficient industrial 
processes (i.e. the factory-on-chip concept, as recently reported by Han et al. 
2017), and ii) LOC devices explored for rapid data acquisition at laboratory 
scale, including kinetics, physico-chemical properties and biological 
information, which could guide the proper design of traditional pilot and 
industrial plants (Di Miceli Raimondi et al., 2014; Milozic et al., 2017). 

As a result, microfluidics has been rapidly expanded to carry out small-
scale chemical, biochemical, and pharmaceutical processes involving single or 
multiphase flows (Gómez-Pastora et al., 2017; Monosik and Angnes, 2015; Liu 
et al., 2017). In fact, an important advantage of the laminar flow that is 
present within microfluidic channels is that when multiple liquids are 
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employed, they flow side-by-side in a highly stable manner; thus, mixing 
between adjacent streams occurs only by diffusion (Hossain et al., 2017; Tarn 
et al., 2014). Due to the traditional concept of interface, usually recognized as 
the common boundary between immiscible fluids, a great number of studies 
has been carried out to understand the flow regimes of immiscible liquid-
liquid systems in microchannels (Yagodnitsyna et al., 2016; Raj et al., 2010; Fu 
et al., 2015; Plouffe et al., 2016). However, if fluids are miscible, apparently 
this interface does not exist but still, two miscible fluids, usually liquids, 
brought into contact will have a boundary between them that disappears as 
the fluids start mixing (Atencia and Beebe, 2005). This boundary region in fact 
acts as a real interface between both liquids, sharing most of its properties 
with those of the interface between immiscible fluids (Anderson et al., 1998). 
Therefore, if two miscible liquids flow next to each other under laminar flow 
conditions, it would be possible to control their diffusive interface (Ismagilov 
et al., 2000). The precise control that microfluidics offers over the flowing 
conditions and the shape and location of the interface, enables the separation 
of miscible phases brought in contact under stratified flow conditions. This 
has opened a new range of applications that were not previously possible 
(Pamme, 2012; Sahu et al., 2016; Gómez-Pastora et al., 2017; Tarn et al., 
2014). For all these applications, it is critical to possess deep understanding 
of the fluid dynamics of the flowing fluids as well as mass transfer kinetics of 
the solutes contained in the fluids. 

Regarding the co-flow of two miscible phases, it is well-known that 
fluids with the same properties should flow at the same volumetric flow rate 
in Y-Y shaped symmetric devices (i.e. devices where the volumetric fraction 
occupied by the fluids is the same) in order to achieve complete phase 
separation at the outlets. However, no studies have been carried out to 
determine the conditions that achieve the separation of co-flow phases in 
asymmetric devices, where different volumetric ratios between the fluids are 
employed, although these devices are useful for different processes (Zhou et 
al., 2010). Furthermore, it has been also demonstrated that fluids with 
different properties (especially, different viscosities), at the same volumetric 
flow rate are not completely separated at the outlets of symmetric channels 
because the interface between the two streams is not located at the channel 
midline (Surmeian et al., 2001; Ciceri et al., 2011); as a result, different 
approaches have been used to achieve phase separation (Assmann et al., 
2013), some of them based on trial-and-error experimental procedures (Yung 
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et al., 2009; Helle et al., 2014). 

Studies focused on the molecular diffusion of solutes between 
colaminar streams in symmetric channels are abundant (Ismagilov et al., 
2000; Surmeian et al., 2001; Ciceri et al., 2011; Salmon and Ajdari, 2007; 
Dambrine et al., 2009; Hotta et al., 2007). It has been considered that the 
solute will be transferred between co-flowing solutions if the residence time 
is higher than the diffusion time for the solute to diffuse between fluids (Hardt 
and Hahn, 2012; Bruus, 2012). Therefore, the diffusion length H (considered 
equal to the width of the branch in which the solution with the solute flows) 
plays an important role, as the diffusion time is proportional to H2 (Assmann 
et al., 2013). However, analysis regarding the concentration gradients when 
H varies but the total height of the channel is kept fixed (various channel 
designs) are lacking, although different investigations have demonstrated 
that the microchannel geometrical characteristics affect the mass transfer 
performance between immiscible fluids (Di Miceli Raimondi et al., 2014; 
Sattari-Najafabadi et al., 2017a and 2017b; Tsaoulidis and Angeli, 2015; 
Kashid et al., 2011; Liu et al., 2014). 

Thus, the objective of this chapter is to deepen in the analysis of the 
hydrodynamics and mass transfer between homogeneous fluid phases inside 
microchannels. The methodology is based on the study (theoretical and 
experimental) of the coupled influence of fluid dynamics and mass transfer 
kinetics on the separation of a solute. To this end, different Y-Y shaped 
channels that specifically involve different volumetric ratios between the fluid 
phases were selected. Firstly, the flow patterns of two miscible fluids are 
studied in both symmetric and asymmetric channels and the conditions that 
lead to the complete phase separation are analyzed. Secondly, the diffusion 
of fluorescein as model compound is studied as a function of the ratio 
between the residence and diffusion times for different geometries. Thus, this 
design methodology should prove useful in determining the optimum flow 
rates and microchannel geometry configuration for applications that involve 
confined flow of different homogeneous phases, as occurs in continuous-flow 
magnetic-based microfluidic processes.  
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In this section, the mathematical model able to predict the flow field 
developed by 2 miscible phases and the diffusion of a component between 
fluids inside asymmetric and symmetric microdevices is derived. The plane x-
z of the microchannels employed in the simulations is schematized in Figure 
3.2.1. In this chapter, the solute (fluorescein) is transferred from an aqueous 
solution (Phase 1) to deionized water (Phase 2). 

It should be noted that general microfluidic devices (including 
continuous-flow magnetophoretic microchannels) usually involve the use of 
channels with width dimensions around 100 micrometers and several 
millimeters in length (Gómez-Pastora et al., 2017). These values were taken 
as reference for this analysis, and different channel geometries with a total 
width of 200 µm and 2 mm in length (1/10 aspect ratio between width and 
length) were employed, as seen in Figure 3.2.1. Thus, for the symmetric 
device (Figure 3.2.1 a)), the channel heights (H1 and H2) were set at 100 μm 
and the length (Lc) was 2 mm. Therefore, the volumetric ratio between the 
fluids (α=V1/V2) is equal to 1. For the asymmetric channels, the same 
geometry was employed but the phases were fed through different inlets as 
seen in Figures 3.2.1 b) and c). In these cases, H1 and H2 were modified and 
took the values of 40 μm and 160 μm for the configuration 1 (Figure 3.2.1 b)), 
and 160 μm and 40 μm for the configuration 2 (Figure 3.2.1 c)), which is 
translated into α ratios equal to 0.25 and 4, respectively. 
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Figure 3.2.1. Microfluidic devices studied in this chapter. a) Symmetric 
configuration; b) Asymmetric device with configuration 1; c) Asymmetric 

device with configuration 2. 
 

The theoretical model basically involves a CFD-based Eulerian 
approach, where the fluid flow is predicted by solving the Navier-Stokes 
equations under laminar flow conditions; the diffusion of a compound is 
modeled by inserting the Fick’s law into the continuity equation for that 
component. These equations are numerically solved using the VOF method 
for miscible fluids (Eq. 2.3.1). Therefore, fluid configurations are defined in 
terms of a VOF function, F, as was presented in section 2.3. In this chapter, F 
represents the volumetric fraction of the incompressible phase 1 (aqueous 
fluorescein solution) and the complementary region with volumetric fraction 
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1-F, represents the volumetric fraction of the other fluid in every 
computational mesh cell (phase 2). The fluids are considered to be 
incompressible and Newtonian. Thus, the fluid velocity field is governed by 
the mass continuity and momentum equations for incompressible flows (Eqs. 
2.2.38 and 2.2.39). As mentioned in Chapter 2, these equations within the 
VOF method are solved by using a volume-fraction-weighted density (ρ) and 
viscosity (η) through the function F. Nonetheless, in this study the same fluid 
for both phases is employed; thus, the density and viscosity values for the 
mixture (i.e. when the mesh cell is being occupied by both fluid phases 
(0≤F≤1), as for example in the interface cells) are the same as those reported 
by the isolated fluid phases. 

In addition to the flow parameters described above, the model also 
solves the mass transport of species between both phases by solving the 
continuity equation and the Fick’s law. The presence of a solute is defined as 
a property of both fluids (advectable scalar) and it is treated as an interstitial 
solute, i.e. the molecules fit perfectly in the spaces between the molecules of 
the solvent. The advectable scalar in this study is defined as the concentration 
C in terms of mass per fluid volume in cell. The transport equation that is 
calculated for the advectable scalar is given as follows: 
 
∂C
∂t

+ 1
VF

(𝐯𝐯A∇C) = 1
VF

[∇(AD∇C)]                                                                   (3.2.1) 

 
in which D is the solute’s diffusion coefficient. The presence of dissolved 
species does not affect the fluid dynamics since they move with the mean 
flow (they can only increase the fluid density). 

It should be noted that when contacting several fluid phases at 
different velocity values, there is a momentum transfer between them at the 
interface that affects the velocity field; however, solute transport in the 
direction normal to the flow only occurs due to a concentration gradient as 
presented in Eq. 3.2.1. Furthermore, if the fluids to be contacted at the 
microchannel were different showing an interfacial distribution ratio of the 
solute (solubility), or if there were a chemical reaction taking place at the 
interface (e.g. microextraction processes with an organic solvent), these 
additional phenomena should be included in the model. Moreover, for those 
cases where two different fluids were contacted inside the device, different 
diffusion coefficients should be included for solving Eq. 3.2.1. 
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In this chapter, the component diffusion between phases through 
the interface as they flow within the channel is analyzed according to the 
component’s diffusion time. This time represents the time required for 
partitioning of solutes between the phases and is proportional to Hi2/jdD, 
where Hi is the height of the channel where the phase “i” is flowing through, 
jd represents the number of dimensions in which diffusion takes place and D 
represents the diffusion coefficient of the component (Bruus, 2008). Thus, if 
the residence time exceeds the diffusion time of the solute inside the device, 
the model component will have enough time to diffuse to the co-flowing 
phase. Therefore, the diffusion was studied at different values of the ratio γ 
(between 0.1 and 4), described as follows: 
 

γ = Residence time
Diffusion time

= Lc/v1
H1
2/jdDfluorescein

                                                               (3.2.2) 

 
where Lc represents the chip total length (2 mm) and v1 the average velocity 
of phase 1 (inlet velocity), whereas H1 is the height of the branch where phase 
1 flows and Dfluorescein the diffusion coefficient for the fluorescein, 4.25·10-6 
cm2·s-1 (Culbertson et al., 2002). Since the diffusion time is fixed for each 
geometry, the analysis corresponding to different γ values was conducted by 
changing the average inlet velocity value for the fluorescein phase, leading to 
different values of the residence time. Although the axial velocity inside the 
channel gradually changes from zero at the walls to a maximum value in the 
center (Erdogan and Wörner, 2013), the average residence time was taken 
rather than the residence time distribution along the channel height, which 
would render a more complex analysis and result impractical for real 
applications. 

Furthermore, the results of the diffusion analysis under steady state 
conditions are presented through two dimensionless numbers, the 
separation factor in the donor phase and the concentration factor in the 
receiving phase, described as follows: 
 

Separation factor = (C1,x=−Lc/2−C1,x=Lc/2)

C1,x=−Lc/2
                                                     (3.2.3) 

 

Concentration factor =  C2,x=Lc/2

C1,x=−Lc/2
                                                                (3.2.4) 



Theoretical and experimental methods 

72 

 

where C1,x=-Lc/2 and C1,x=Lc/2 represent the inlet and outlet concentration of 
fluorescein in phase 1 (at x=-Lc/2 and x=Lc/2, respectively), and C2,x=Lc/2 is the 
outlet concentration in phase 2. Thus, the separation factor is related to the 
transport of the solute by diffusion from phase 1 (dilution effect), and the 
concentration factor represents the outlet concentration of fluorescein in 
phase 2 compared to the inlet concentration in phase 1. Additionally, the 
mass flow of fluorescein (product between the concentration and the 
volumetric flow rate) for each phase at the outlets was calculated. 

All the equations were solved using the commercial flow solver 
FLOW-3D from Flow Science, Inc. (version 11, www.flow3d.com). Water 
properties at 20ºC were used to model both fluids 1 and 2 (ρ=1000 kg·m-3, 
η=0.001 Pa·s) and fluorescein sodium salt was selected as model compound 
to formulate solutions with initial concentrations of about 60 mg·L-1 that were 
fed into the microdevices through the upper inlet (Phase 1). 

Finally, a mesh independence study was carried out in order to 
optimize the total number of cells employed in the simulations. This is 
important since the overall mesh quality could affect the accuracy of the 
results; on the other hand, increasing the total number of cells could affect 
the simulation runtimes. Therefore, simulations were performed with 
different mesh sizes to obtain grid independent results for the fluid flow. The 
grid was progressively refined (G1: 300 x 75; G2: 400 x 100 and G3: 450 x 110 
mesh sizes) and the difference in the obtained results was calculated. Fluid 
velocity changes by 0.54% when the mesh size is increased from G1 to G2. 
Further increase in the mesh size to G3 leads to a change in the velocity values 
only by 0.13%. Therefore, a mesh refinement beyond G2 increases the 
computational cost to a great extent (because the simulation time step 
decreases one order of magnitude) while it does not yield an appreciable 
improvement of the results. 

 

The experiments for validating the model were performed using SU-8 
asymmetric and symmetric devices (Figure 3.2.2 a)) with a rectangular cross-
section of 200 µm x 200 µm (Microliquid). Two syringe pumps (Legato 210 
infuse/withdraw syringe pumps, Kd Scientific) and single syringes (Omnifix 

http://www.flow3d.com/
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5mL luer, BRAUN) were used to control the flow rate at each inlet 
independently. Tygon tubing (0.8 mm i.d., 2.4 mm o.d.) was employed for the 
fluidic connections, as seen in Figure 3.2.2 b). Fluids with two different 
characteristics were pumped into the two inlets: a) Fluorescein sodium salt 
((C20H10Na2O5), (Scharlau (extra pure)) in water with a concentration of 60 
mg·L-1 (Phase 1), and b) deionized water (Phase 2). 

 

Figure 3.2.2. Photograph of the experimental system. a) SU-8 microfluidic 
device; b) Chip inserted in the holder showing the fluidic connections; c) 

Experimental setup displaying the microscope and syringe pumps. 
 
Fluorescence intensity (IF) caused by the presence of fluorescein in the 

fluid phases inside the microchip was detected on a microscope (Nikon 
SMZ18) equipped with a green fluorescence filter (light wavelengths of 
around 550 nm) and a Jenoptik ProgRes C5 camera (Figure 3.2.2 c)). Images 
were taken using the ProgRes® CapturePro software (CapturePro, version 
2.10.0.0). The quantification of flow patterns and diffusion phenomena was 
performed by analyzing the photographs taken by the camera with the 
freeware ImageJ (https://imagej.nih.gov/ij/). 

The co-flow of the phases under different experimental conditions was 
characterized for both symmetric and asymmetric devices. For the validation 
of the diffusion model, measurements of the evolution of IF as the fluids flow 
along the asymmetric channel (Configuration 1) were taken. The image 
analysis for this geometry was preceded by the sketch of a mesh in each 
photograph in order to analyze the same points in all images facilitating the 
comparison of results. Thus, the microchannel width was divided in different 
sections along the Z-axis, which are designated with letters (A, B, C, etc.). 
Besides, the chip length was divided in four parts (X-axis), corresponding to 

https://imagej.nih.gov/ij/
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the quarter parts which are labelled with numbers from 1 to 5. This way, in 
each zone of the Z-axis, five measurements were done with ImageJ, as it is 
shown in Figure 3.2.3. 

 

Figure 3.2.3. Mesh sketch for image analysis and its application in an 
experimental image with the asymmetric chip (configuration 1). 
 
The inhomogeneous illumination of the microdevice and the possible 

contamination due to ambient light were compensated by considering the IF 
of the background. Besides, in order to reduce the effects of the different 
illuminating conditions for each photograph and to make the results 
comparable, the IF was represented as a percentage (IFij/IF1A) being i and j the 
zones considered in X- and Z-axis, respectively, and IF1A corresponding to the 
IF at the system inlet. 
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In this section, the flow patterns developed by both phases inside 
the different channels as a function of the average inlet velocities are 
analyzed, in order to examine the flow conditions that allow the complete 
separation of the fluids at the microdevice outlets. The volumetric fraction 
occupied by both phases inside the symmetric and both asymmetric devices 
under different velocity regimes (under which diffusion is considered 
negligible) is analyzed in Figures 3.3.1 and 3.3.2, respectively. 

As seen in Figure 3.3.1 a), where the prediction of the phase 
separation inside the symmetric device (α=1) is represented when both 
phases are introduced into the inlet of the device at the same mean velocity 
(set in this case at 1 mm·s-1, which corresponds to inlet flow rates of 72 µL·h-

1), fluids mixing at the outlets is not observed. Additionally, the experimental 
separation of the phases at the same velocity conditions inside the symmetric 
chip, shown in Figure 3.3.1 b), is in good agreement with the computational 
model. In Figure 3.3.1 c) the velocity vectors are represented for the previous 
conditions, showing the laminar regime developed inside the device with the 
fluid velocity vectors parallel to the x-axis due to the low Reynolds number 
(Re < 1). 

However, when α is different to 1 (asymmetric devices), phases do 
not separate at the outlets if they flow at the same velocity as shown in Figure 
3.3.2 a) for the configuration 1 of the asymmetric device. Although in both 
cases the phases flow in laminar regime (i.e. the fluid velocity vectors are 
parallel to the x-axis and the Re is below 1), the different pressure gradients 
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created by each phase in the different branches of this geometry results in 
the penetration of the fluorescein solution (red) to the lower outlet. In fact, 
when both fluids flow at the same velocity inside these geometries, such 
mixing effects at the outlets become even more pronounced as the difference 
between the height of the branches H1 and H2 increases. However, this 
behavior is not observed for the symmetric chip, since H1 is set at the same 
value as H2, as seen in Figure 3.3.1. 

 

Figure 3.3.1. a) Volumetric fraction of the fluorescein solution inside the 
symmetric chip for inlet phase’s velocities equal to 1 mm·s-1 (72 µL·h-1); 
b) Experimental picture of the solution separation when the phases are 

pumped at the same flow rate inside the chip; c) Velocity magnitude and 
velocity vectors for the previous inlet velocity condition. 
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Figure 3.3.2. Volumetric fraction of phase 1 inside the asymmetric device 
(configuration 1) under different phase’s velocities at the inlets. a) vfluorescein 

= vwater = 1 mm·s-1; b) vfluorescein = 2.8 mm·s-1 and vwater = 20.1 mm·s-1; 
c) Experimental validation of the model for the velocity values employed in 
case b); d) Velocity magnitude and velocity vectors for the previous velocity 

conditions; e) Volumetric fraction of the fluorescein solution inside the 
asymmetric chip (configuration 2) for phase’s inlet velocities equal to 0.44 

mm·s-1 and 0.062 mm·s-1 for phases 1 and 2, respectively. 
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The complete separation of the fluid phases at the outlets in the 
asymmetric channels can be achieved by ensuring the same pressure drop at 
each phase throughout the length of the channel. By applying an 
approximation of the Hagen-Poiseuille law, it was demonstrated that this 
requirement is fulfilled when the value (vi/Øi2)i for each phase “i” is the same, 
being vi and Øi the mean velocity of the phase “i” and the diameter of the 
branch where the phase “i” flows, respectively. 

Therefore, according to the branches dimensions in the 
configuration 1 of the asymmetric device, water (phase 2) should flow with a 
mean velocity of approximately 7.1 times higher than the mean velocity of 
the fluorescein phase to improve fluid separation at the microdevice outlets. 
Figure 3.3.2 b) shows how the separation was enhanced at the outlets (the 
volume of phase 1 exiting the device through the lower outlet was reduced 
to almost 50%) when this criterion was applied, i.e. by setting inlet velocities 
at 2.8 mm·s-1 and at 20.1 mm·s-1 for phase 1 and 2, respectively. This behavior 
has been experimentally validated, as seen in Figure 3.3.2 c), which displays 
the experimental flow patterns of the phases flowing at the former velocity 
values and shows good agreement with the computational results. In Figure 
3.3.2 d) the velocity vectors are represented for the previous conditions, 
showing the laminar regime developed inside the microfluidic device due to 
the low Re. Following the same criterion, in Figure 3.3.2 e), the phase 
separation for the configuration 2 of the asymmetric chip is shown. In this 
case, the complete separation can be achieved when the phase 1 flows with 
a mean velocity of approximately 7.1 times higher than the mean velocity of 
the phase 2 (water). 

This approach is similar to the one presented by Jahromi et al. (2017) 
for the separation of immiscible phases in Y-Y-shaped channels. However, in 
the analysis reported by these authors, not only the Hagen Poiseuille law was 
employed but also the Bernoulli equation, and the altitudes of the outlet 
tubes were modified based on the pressure drop analysis to achieve phase 
separation at different flow rate values. In this case, the back-pressure at the 
end of the microchannel was neglected since the length of the outlet tubes 
was equal and short, and they were positioned at the same altitude. Instead, 
the flow rates were modified according to the pressure drop analysis. 

Finally, it should be noted that when the properties of the fluid 
phases are different, this simplification is no longer valid because the pressure 
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drop is influenced by the viscosity of each phase, as was previously observed 
by Kriel et al. (2016). Thus, the fluid properties of the solutions should be 
taken into account in order to set the same pressure drop in both branches 
of the channel when working with different fluids. Specifically, the value 
(ηi·vi/Øi2)i should be the same for each phase “i”, where ηi is the viscosity of 
the phase i. Nonetheless, the effect of the fluid properties on the phase 
separation will be examined in Chapter 4, where the co-flow of blood and 
aqueous solutions is addressed. 

 

In this section, the diffusion of fluorescein between the fluid phases 
is analyzed for the three selected geometries under the operation conditions 
that ensure the separation of phases. Specifically, the solute concentration 
profiles in each phase were examined for different values of the parameter γ 
and the results were presented through the separation and concentration 
factors previously described. First, the diffusion time was calculated for each 
geometry and the velocity of phase 1 was fixed to calculate the residence time 
that provides a specific value of γ. Then, the velocity of phase 2 was calculated 
by employing the criterion developed in section 3.3.1. Besides, it should be 
remarked that, due to the fact that the mass transport of solute between 
phases is solely due to diffusion, its transport rate stops when both phases 
reach the equilibrium (the solute concentration is equal). Firstly, the 
theoretical model for diffusion was experimentally validated with the 
asymmetric microdevice (configuration 1) because of the higher velocity 
values that could be used with this geometry due to the low diffusion time; 
then, the simulation results for the other geometries (symmetric and 
asymmetric in configuration 2) are discussed. 

In Figure 3.3.3, the concentration profiles of sodium fluorescein in 
the asymmetric device (α=0.25) obtained with the theoretical model and 
experimentally are represented for γ=4 and γ=0.1. It can be readily observed 
in Figure 3.3.3 a) that for high values of γ, fluorescein keeps diffusing all along 
the length of the microdevice and the concentration of fluorescein that 
remains at the outlet is very low (only around 20% of the initial 
concentration). 
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Figure 3.3.3. Concentration of sodium fluorescein in the asymmetric chip 
(configuration 1) for γ=4: a) simulation results, b) and c) experimental 

results). γ=0.1: d) simulation results and e) and f) experimental results. 
 
On the other hand, low γ values result in a poor diffusion of 

fluorescein; the solute is kept in the upper branch as advection dominates 
diffusion, as seen in Figure 3.3.3 d). For this γ value, only 10% of the initial 
mass of fluorescein was transferred to the second phase by diffusion. This 
result can be perceived in Figures 3.3.3 b, c), e) and f), where the experimental 
results have been compared for γ=4 and γ=0.1. Also, as seen in Figure 3.3.3 
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c), where the straight section of the microchannel is zoomed in, a diffusional 
layer appears along the channel length, whereas for γ=0.1 (Figure 3.3.3 f)) the 
interface between both fluids is clearly defined by a straight line. 
Furthermore, there is a good qualitative concordance between the results 
from model simulations and from the experiments. 

 

Figure 3.3.4. IF expressed as a percentage in the different zones (from A to 
E) of the channel for different γ values. a) γ=4; b) γ=2; c) γ =0.25; d) γ=0.1; e) 

IF balance fulfillment for γ=4; f) IF balance fulfillment for γ=2. 
 
The diffusion phenomena have been quantified in Figure 3.3.4, 

where the measurements of the IF expressed as a percentage (IFij/IF1A·100, 
being i and j the zones considered in X- and Z-axis, respectively, and IF1A 
corresponding to the IF at the system inlet) are represented for different 
values of the ratio γ. It can be easily observed that for high values of γ (Figures 
3.3.4 a) and b)), the IF detected in the zone where the fluorescein solution is 
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expected to flow (zone A) decreases along the channel length as diffusion 
takes place, whereas in the adjacent zone (zone B), the IF follows the reverse 
trend (i.e. it increases along the axial direction of the channel). For instance, 
the IF decreases approximately by 43% and 35% along the channel length in 
zone A for γ=4 and γ=2, respectively, as a consequence of the decrease in the 
fluorescein concentration in this zone due to diffusion. Besides, it can be 
noticed that the higher the γ value, the higher the fluorescein detection in 
zone B, which is in agreement with the behavior expected under these 
experimental conditions.  

Regarding the experiments in which γ values are lower than 1 
(Figures 3.3.4 c) and d)), the IF observed in zone A is maintained constant, i.e. 
the solution flows to the system outlet, as unfavorable mass transfer 
conditions have been considered. This means that diffusion phenomena 
between adjacent fluid layers are greatly minimized as there is no fluorescein 
(or the amount is negligible) in the contiguous zones to zone A (i.e. zone B). 
Finally, the diffusion phenomena has been verified by the accomplishment of 
the IF balance for each measurement (i.e. the sum of the IF detected in each 
of the measurements in the z-axis for a fixed x value must be equal to the one 
corresponding to the inlet IF1A). The graphical representation of the IF balance 
is shown in Figures 3.3.4 e) and f) for γ= 4 and γ= 2, respectively. It should be 
noted that the global IF reported for each X-axis measurement (i index) is 
approximately equal to the value corresponding to the inlet (IF1A). The 
situations in which the balance is not completely fulfilled might be due to the 
inhomogeneous illumination conditions inside the device and the 
experimental error. However, in almost all cases, the IF balance is practically 
fulfilled depicting a satisfactory global value with an error lower than 15%. 

Once the results obtained with the theoretical model have been 
contrasted against the experimental data and good agreement between them 
has been relatively found, the comparison of the diffusion results between 
the three geometries is presented. Figure 3.3.5 a) represents the separation 
factor as a function of γ for the three studied geometries in which different α 
ratios are employed (0.25 corresponds to the asymmetric device in its 
configuration 1, 1 represents the symmetric device and 4 is the configuration 
2 of the asymmetric chip). On the other hand, Figure 3.3.5 b) shows the 
influence of γ on the concentration factor. For calculating these factors, the 
concentration profiles of fluorescein as a function of γ for the different 
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devices were firstly obtained. These profiles can be consulted in Figures A1.1-
A1.3 in the Annex A1. 

It can be seen in Figure 3.3.5 that as γ increases, both the separation 
and concentration factors increase, which means that higher amount of 
solute is being removed from phase 1 and recovered in phase 2. However, the 
separation factor increases as the volumetric ratio α decreases, whereas the 
concentration factor follows the reverse trend. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.3.5. a) Separation factor and b) Concentration factor as a function 
of γ for the α ratios under study (α equal to 0.25 and 4 are the asymmetric 

devices for the configuration 1 and 2, respectively, whereas 1 represents the 
symmetric device). 
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For example, when α=1, the separation factor is limited to 50% for 
high γ values, i.e. when the concentration of the solute is the same in both 
fluid phases. Therefore, maximum concentration in phase 2 is also limited to 
50% of the initial concentration in phase 1 when γ≥1. This effect has been 
reported in previous studies (Ciceri et al., 2011). However, this is not observed 
when the ratio α is different from 1. In fact, when α is lower than 1 
(asymmetric devices in the configuration 1), the separation factor is always 
higher than 50% for γ≥1. As seen in Figure 3.3.5 a), the separation factor varies 
from 60% to 80% when γ increases from 1 to 4. On the other hand, the 
separation factor reported by devices with α ratios higher than 1 (asymmetric 
devices in the configuration 2) is negligible for all the γ values tested (in this 
case, it varies from 2.7% to 4.3% as γ increases from 0.1 to 4). Thus, this type 
of devices is not practical for those applications where high removal of the 
solutes by diffusion is required. 

Nonetheless, the concentration factor, which relates the 
concentration of the solute at the outlet of phase 2, follows the opposite 
trend. In these cases, the higher the α ratio, the higher the concentration 
factor observed. For instance, and due to the different volumes of the donor 
and the receiving phase, when α goes down to 0.25, the concentration 
reported at the outlet of phase 2 is practically negligible, because of the high 
volume of the receiving phase. In this case, it is kept constant at values of 
around 7% for the range of γ under study. On the contrary, with asymmetric 
devices in their configuration 2 (α >> 1), high concentration of the solute in 
the phase 2 is reported (93%-96%) while the dilution of phase 1 is negligible 
due to the low volume of the receiving phase with this configuration. 

Finally, the analysis of the fluorescein mass flows at both outlets as 
a function of γ is presented in Figure 3.3.6, where the results are compared 
for the chips with α ratios of 0.25 and 1 (results for the device with a α ratio 
of 4 are not discussed due to the low mass flows obtained). As it can be 
observed in Figure 3.3.6, the solute mass flow increases as γ diminishes for 
both geometries due to the increased fluid inlet flow rates employed for low 
γ values. Additionally, it should be noted that the fluorescein mass flow of 
both phases decreases as α increases. This effect is caused by the high 
diffusion times (proportional to H12) for higher α values and thus, the low fluid 
flow rate employed for the same γ. This is why the mass flow results for the 
configuration with an α ratio of 4 are almost negligible (at least two orders of 
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magnitude lower than the values corresponding to the rest of geometries). 

Furthermore, the mass flows for both phases are the same when γ≥1 
for the symmetric device, since at these γ values the concentration reported 
by both phases is the same (as well as the flow rates of both fluid phases when 
this device is employed), as shown in Figure 3.3.6. However, as γ diminishes, 
the solute mass flow of the phase 1 increases because of the greater 
concentration in this phase when low residence times are applied. 

 

Figure 3.3.6. Solute mass flow at both outlets for the symmetric (α=1) and 
asymmetric device in the configuration 1 (α=0.25). 

 
On the other hand, this behavior is not observed when α is lower 

than 1. For the configuration 1 of the asymmetric device, higher mass flows 
are observed in phase 2 for all the γ values analyzed. In this case, phase 1 
flows with much lower flow rate than phase 2 in order to ensure the same 
pressure drop for both phases along the channel length and avoid phase 
mixing at the outlets (as developed in section 3.3.1). Since the solute mass 
flow is the product between the concentration and the fluid flow rate, the 
observed results are highly dependent on the higher fluid flow rate of phase 
2, reaching solute mass flow values as high as 33.7 µg·h-1 for phase 2, as 
depicted in Figure 3.3.6. 
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Microfluidics has emerged as a novel technology able to integrate 
physical and chemical processes to achieve effective solute separations from 
two flowing fluid phases at a low cost within a small volume. Accordingly, 
multiple applications in analytical chemistry, biochemistry, pharmacy, etc. 
have been developed in recent years due to the advantages of the microscale 
(i.e. large area-to-volume ratio, short diffusion distances/times, etc.), as 
presented in Chapter 1. Nevertheless, the progress in this technology and the 
deployment of new separation applications rely on the ability to understand 
the coupled influence of both the fluid flow and mass transport rate for 
applications that involve multiple fluid phases.  

In this chapter, the influence of operation and geometric variables in 
the performance of microfluidic devices with two homogeneous fluid phases 
has been analyzed. The flow patterns of miscible fluids inside Y-Y shaped 
microfluidic devices (asymmetric and symmetric channel geometries) have 
been studied both experimentally and theoretically, as well as the diffusive 
transport of a model component (fluorescein) from a donor phase to a 
receiving phase. It has been demonstrated that the phase separation inside 
the symmetric device can be achieved when both phases flow at the same 
mean velocity, however, under these circumstances, mixing at the outlets is 
observed for the asymmetric devices. Nevertheless, by ensuring the same 
pressure drop for both solutions phase separation in these devices can be 
improved. 

Furthermore, the rate of molecular diffusion was analyzed for the 
first time in both symmetric and asymmetric devices as a function of γ (ratio 
between the residence time of the donor phase in the chip and the diffusion 
time of the solute). Results showed that different separation factors and 
solute mass flows at the outlet of both phases were obtained for the same γ 
values when varying the volumetric ratio between phases α (determined in 
this study through different channel configurations). Therefore, this analysis 
provides the optimum fluid dynamic conditions (γ values) and geometry 
configuration (α ratio) for any specific application. 

Once the flow patterns and mass transfer have been generally 
analyzed for different channel geometries when similar aqueous fluid phases 
are employed, in the next chapter particle magnetophoresis in continuous-
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flow channels is studied. For the magnetophoresis studies, different 
symmetric devices will be used, and the lessons learned from this study will 
be applied for studying the co-flow between a viscous biological fluid (i.e. 
blood) and an aqueous saline buffer. Furthermore, possible diffusion 
between streams will be also analyzed based on the γ ratio developed in this 
chapter.
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In recent years, there has been a proliferation of applications of 

superparamagnetic beads in a diverse range of fields due to the outstanding 
properties of these materials, as presented in Chapter 1. However, the 
majority of applications can be found in the field of biomedicine where they 
are routinely used as magnetic carriers for the capture, sorting or separation 
of different molecules and biomaterials (i.e. bioanalysis, medical diagnosis or 
therapy) (Roux et al., 2010; Reddy et al., 2014; Adams et al., 2015). Indeed, 
some of the most recent works have addressed the use of magnetic beads for 
the extracorporeal removal of toxic substances from blood, including 
biotoxins (Liu et al., 2014), microorganisms (Bromberg et al., 2011; 
Niemirowicz et al., 2015), toxic chemicals such as heavy metals (Jin et al., 
2012) or radioactive compounds (Wang et al., 2006), and drugs (Cai et al., 
2011). In fact, for a high number of clinical conditions such as intoxication, 
bacteraemia or autoimmune diseases, the removal of the disease-causing 
agents from blood can be considered as the most direct cure (Herrmann et 
al., 2010 and 2013). 

Following this assumption, the scientific community has focused on 
the use of functionalized magnetic materials that are tailored to recognize a 
large variety of hazardous substances (Gómez-Pastora et al., 2017a). Interest 
in this technology also stems from the limitations of the existing methods 
(hemodialysis, hemofiltration, plasmapheresis, extracorporeal 
imunoadsorption, direct injection of chelators and antibodies, etc.) for 
removing toxic compounds either for patient treatment or diagnosis 
(Kaminski and Rosengart, 2005; Mertz et al., 2005). Furthermore, the 
sequestration of toxins from blood by functionalized magnetic particles can 
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improve the effectiveness of the treatment while reducing its side effects 
(Herrmann, 2015; Herrmann et al., 2015).  

Extracorporeal blood detoxification using functionalized magnetic 
beads is a two-stage process as seen in Figure 4.1.1. First, the beads are mixed 
with blood taken from the patient and selectively bind to target toxins 
thereby forming toxin-bead complexes within the blood. Advances in material 
synthesis have enable the development of magnetic beads with different 
surface chemistries that are able to bind multiple toxic compounds (Gómez-
Pastora et al., 2017a). Some of these materials have shown high affinity to 
different toxins with high removal capacities and very fast kinetics (less than 
1 minute) (Lee et al., 2014) in various experimental studies. Once the 
adsorption of the toxins onto the beads surface is completed, in the second 
stage the toxin-bead complexes are magnetically separated from the blood 
and the resulting toxin-free blood solution is returned to the patient’s 
circulatory system as presented in Figure 4.1.1. The toxins bound to the 
particles can be later disposed or submitted for assay or forensics. The 
ultimate goal of this process is to selectively remove pathogens from a 
patient’s blood without altering blood constituents and functionality.  

For this process, the precise manipulation of magnetic particles, or 
micron-sized beads, using an applied magnetic field is of paramount 
importance. Microfluidic devices provide an especially good platform for 
detoxification processes because of their many attractive features, such as 
laminar flow, which can be controlled as demonstrated in Chapter 3, 
integration with multiple functionalities, etc. (Gómez-Pastora et al., 2017b; 
Gómez-Pastora et al., 2018). Consequently, many magnetophoretic 
microfluidic devices have been developed in recent years for bead 
manipulation inside microfluidic devices, with different magnetic source 
combinations such as permanent magnets, microelectromagnets or even 
superconducting magnets integrated into active or passive configurations 
(Pamme, 2006; Gómez-Pastora et al., 2017b).  

Most of the reported studies employ batch separators where the 
particles are separated due to a magnet located next to a channel. This 
magnet generates local field gradients that trap the beads on the walls of the 
channel in proximity to the magnet, which results in a particle-clean solution 
at the outlet (Khashan and Furlani, 2014). This process can be repeated 
several times until the desired separation efficacy is reached. After the blood 
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to be treated passes through the channel, the permanent magnet is removed 
and the particles are retrieved from the walls. With this design, particle 
separation efficacies higher than 99% have been achieved from flowing blood 
at flow rates comparable to those observed in large veins (Schumacher et al., 
2013). 

 

Figure 4.1.1. Schematic illustrating extracorporeal blood 
detoxification and bead magnetophoresis from a flowing blood stream to a 

coflowing buffer solution in the microdevice. 
 

However, in several recent studies continuous separators have been 
introduced; in these systems the particles are deflected from the blood 
stream and collected into a flowing buffer solution by a magnetic gradient 
applied perpendicular to the flow direction (Figure 4.1.1). These devices have 
shown different advantages in comparison to batch devices. First, the flow 
restriction is minimized and thus, the overall efficiency and capacity of the 
separator is improved since the beads exit the device within a flowing phase. 
Also, the accumulation of beads on the walls is minimized because the beads 
are continuously removed along with the buffer suspension. Thus, the flow is 
not restricted and the efficiency and capacity of the separator do not change 
with time (Wu et al., 2011). This issue becomes particularly important when 
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large volumes of blood have to be treated (e.g. 4.5 L for the human body). 
Moreover, batch separators may also enable the non-specific entrapment of 
blood components in the capturing regions, which degrades the quality of the 
treated solution. The effect might even be deleterious in certain cases of 
excessive blood cell entrapment, whereas this issue is avoided by the use of 
continuous separators. An additional advantage of continuous separators is 
that the nature of the process itself enables a high level of integration with 
established processes such as the adsorption of toxins, leading to a 
continuous detoxification process. Thus, this type of devices not only 
increases separation efficacy and throughput, but also allows the integration 
of both stages into a continuous treatment process. 

However, the complexity of continuous-flow magnetophoretic 
systems is high and there exist many design challenges that need to be 
addressed. Firstly, the colaminar streams should flow independently along 
the length of the channel and be completely separated at their respective 
outlets, avoiding mixing between phases which would render a possible loss 
or dissolution. This type of fluid behavior may be particularly difficult to 
achieve, especially when both the feed suspension (blood) and the buffer 
solution have different flow characteristics i.e. flow rates or fluid properties 
(Gómez-Pastora et al., 2017b). It should be noted that blood is a complex fluid 
composed by a suspension of red and white cells (erythrocytes and 
leukocytes) and platelets in plasma, with variable rheological properties 
depending on the patient and the flow conditions, which increases the 
complexity of the bioseparator design. 

For example, Lee and coworkers (Lee et al., 2014) employed a dual 
inlet microfluidic system for the removal of magnetic nanoparticles (attached 
to E. Coli) from bovine blood, and although 25% of the bacteria was collected 
in a saline buffer, they found difficulties in maintaining two symmetric laminar 
flows because the difference between the saline and blood viscosities was 
very large (1 cP for saline and 10 cP for blood). To address this problem, they 
employed a single-inlet, dual-outlet device, where blood was infused and the 
particles remained trapped at the walls (i.e. a batch device). Yung et al. (2009) 
employed a similar design for the separation of fungi from blood, and 
although they cleared 80% of bead-bound-fungi, significant blood loss (50-
60%) was observed when the flow rates of both solutions (aqueous PBS and 
whole blood) were the same. The use of a more viscous solution as the buffer 
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did not improve the phase separation, but instead, by modifying the flow rate 
ratio between the two fluids, blood loss was reduced. Therefore, the flow 
characteristics of the streams, i.e. flow rates or fluid properties, should be 
carefully examined towards this goal. Nevertheless, this issue has received 
minimal attention and no numerical analyses of the process have been 
reported so far. In fact, relatively few experimental results addressing this 
issue are available. 

Regarding the manipulation of the magnetic material from the 
biofluid, it should be noted that all the magnetic beads have to be recovered 
post-treatment, since there exists an underlying uncertainty concerning their 
biotoxicity. Although some materials have been approved by the US Federal 
Drug Administration (Kaminsky and Rosengart, 2005), an extracorporeal 
process that enables the full recovery of all the particles before returning the 
treated blood to the patient is preferred at this stage of development. In this 
regard, previous research has shown that magnetic beads can be easily 
manipulated with simple permanent magnets, however, an optimum control 
of the material parameters and process variables is necessary when using 
continuous-flow microdevices. For example, Kang et al. (2014) employed a 
two-phase microfluidic channel to separate bacteria attached to magnetic 
nanoparticles (128 nm) and found serious difficulties in recovering all the 
particles at relatively high flow rates (80%). Although these authors did not 
observe blood dilution or loss, their particles were very small to obtain an 
adequate separation and thus, they had to add to their system micron-sized 
beads (1 µm) that act as local magnetic field gradient concentrators to 
magnetize and attract the smaller particles when exposed to an external 
magnetic field. 

Also, continuous-flow magnetic separators must be properly designed 
to achieve complete deflection of the magnetic beads through the fluid 
solutions while avoiding perturbation of the flow patterns as the beads cross 
the interface from one stream to its neighbor. Potential fluid perturbations 
might be difficult to avoid under certain conditions, especially under high 
magnetic forces, high particle concentrations or high bead volumes. There 
has been relatively little work specifically focused on the effect of bead 
motion on fluid flow, which may be due to the complexity of the 
mathematical description of this process (Furlani, 2010). Instead, only a few 
numerical studies focused on batch processes have been reported so far. For 
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example, Khashan and Furlani (2012) reported the difference in particle 
separation effectiveness using one-way versus two-way coupling in a batch 
microfluidic system and found that, the results based on one-way coupling 
overpredict the magnetic force required for capturing the particles on the 
microchannel wall. Modak et al. (2009) also developed a method for 
estimating the capture of particles on straight and T-shaped batch 
microchannels taking into account a two-way coupling by introducing the 
drag force exerted by the particle on the fluid to the momentum equation. 
Although these studies have demonstrated the relevance of the analysis of 
the fluid-particle interactions for accurate predictions of the 
magnetophoresis process, these works focus only on batch microchannels 
where the particles are trapped on the wall rather than deflected to another 
co-flowing phase. Hence, a flow-focused study of the magnetophoresis 
process for devices that involve the flow of multiple streams is currently 
lacking. 

Finally, none of the previous studies have considered the possible 
diffusion of blood components to the buffer solution as they flow side-by-side 
inside the channel, which degrades the quality of the biofluid as it alters its 
composition. More specifically, the flow rates should be optimized in order to 
allow both bead deflection between phases, which could be achieved at low 
velocities, while minimizing any diffusion of the components between 
streams, which, on the contrary, might require relatively high flow rates. 

Hence, magnetic bioseparator design parameters such as the flow 
conditions of both phases, the proper analysis of the magnetic fields and 
forces required to deflect the particles based on their parameters, and the 
flow perturbation due to particle-fluid interactions, which might affect the 
composition of the two streams or their separation at the outlets, are issues 
that remain unresolved and have never been described before. Advancing 
this novel technology to the next stage requires the reliable removal of the 
magnetic beads by appropriately studied magnetic fields and the 
independent flow of both solutions without any flow perturbation, mixing or 
dilution inside the device. 

Therefore, this chapter provides an in-depth analysis of the design 
details of liquid-liquid two-phase magnetic bioseparators and apply these 
new principles in the recovery of magnetic beads from flowing blood streams. 
In section 4.2 a detailed study of the forces involved in the process is carried 



Chapter 4 

 

101 

 

out. Numerical models are employed not only to study the flow patterns in 
symmetric microdevices, but also the trajectory depicted by the beads under 
different force balance conditions. Furthermore, three model scenarios are 
employed for describing particle-fluid interactions and the conditions that 
may cause the perturbation of the flow patterns. From the analysis of the 
results provided from the different approaches, a model screening process 
taking into account both the accuracy for predicting particle trajectories and 
bead-fluid interactions is carried out. 

In section 4.3, the most accurate model (taking into account the 
computational cost) from the ones tested in section 4.2 is demonstrated via 
application to prototype devices and used to predict key performance 
metrics; degree of bead separation, flow patterns, and mass transfer, i.e. 
blood diffusion to the buffer phase. The impact of different process variables 
and parameters – flow rates, bead and magnet dimensions and fluid 
viscosities – on both bead recovery and blood loss or dilution is quantified. 
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In this section, a combination of magnetic and fluidic computational 
models is introduced in order to describe the bead trajectories inside a 
symmetric microchannel under the influence of an external permanent 
magnet along with the potential mixing or modification between fluid 
streams. More specifically, different CFD approaches are employed to study 
the process of magnetophoresis in a continuous-flow symmetric Y-Y shaped 
channel in order to compare their results in terms of particle separation and 
bead-fluid interactions. 

The models were developed by customizing the commercial 
multiphysics CFD software program FLOW-3D. Specifically, custom magnetic 
field and force algorithms were integrated into the program to predict the 
field distribution from various field sources and the corresponding force on 
magnetic particles. FLOW-3D has two preprogrammed models, the “Particle” 
and “General Moving Object” models that predict particle dynamics taking 
into account various forces (e.g. hydrodynamic and gravitational) and coupled 
particle-fluid interactions (i.e. two-way momentum transfer) wherein the 
moving particles perturb the flow field. However, as of this writing, the 
program had no magnetic analysis capability, which is what was added as part 
of this doctoral dissertation. FLOW-3D solves for fluid flow using a VOF, finite-
difference based, Eulerian fixed grid approach, while a Lagrangian framework 
is used to model particle dynamics within the fluid. 

The models developed in this section are based on the following 
assumptions: a) all fluids are Newtonian and incompressible; b) the magnetic 
particles have a linear magnetization curve with saturation; c) interparticle 
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magnetic dipole-dipole coupling is negligible because of a low particle 
concentration; d) the field sources are ideal 3D rare-earth permanent 
magnets, 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. This eliminates the need for 
numerical field predictions, which greatly simplifies the analysis and reduces 
simulation time. 

It should be noted that the models developed in this chapter only 
take into account the dominant magnetic and drag forces and include 
different formulae for describing particle-fluid interactions that are important 
to analyze the flow perturbation (which might alter the composition of the 
biofluid at the separator outlets). Other forces different than these ones were 
neglected since their impact on the separation can be considered of second 
order in effect. 

Thus, independently of the model employed, numerical CFD analyses 
are used to predict the bead-fluid transport, whereas an analytical approach 
is employed for the prediction of both the magnetic field generated by a 
rectangular magnet and the corresponding magnetic force on the particles. 
Moreover, the models involve a CFD-based Eulerian-Lagrangian approach. 
The fluid transport, which is predicted by solving the Navier-Stokes equations 
is calculated with an Eulerian approach, whereas a Lagrangian framework is 
used to model the bead dynamics. 

According to the Lagrangian approach, particles are modeled as 
discrete units and the trajectory of each is estimated by applying the classical 
Newtonian dynamics (Eq. 2.2.3). The magnetic force Fm acting on a particle is 
obtained using the “effective” dipole moment method developed in Chapter 
2 and the magnetic force components are calculated according to the Eqs. 
2.2.11-2.2.13. 

The beads motion depends on their properties and the magnetic 
characteristics of the surrounding fluid. For this chapter, it is assumed that 
the susceptibility of the fluid phases is essentially that of free space. Also, the 
magnetophoretic motion of a particle depends on its properties, e.g. its 
composition and size. Magnetic beads used in biological and biomedical 
studies are usually made by incorporating iron oxide nanoparticles within 
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porous monosized polymer beads (De las Cuevas et al., 2008). In this modeling 
study, particles with sizes of 5 μm, density of 2000 kg·m-3 and saturation 
magnetization values of 105 A·m-1 were chosen. These values commonly fall 
into the range of properties of beads employed in relevant studies (Fonnum 
et al., 2005). For the magnetization, a model developed for submicron Fe3O4 
particles was adopted (Takayasu et al., 1983). Basically, the model implies 
that below saturation the magnetization of the particle is equal to 3Ha being 
equal to the saturation magnetization of the particles Mp,s (105 A·m-1 in this 
study) when the field reaches the value Mp,s/3.  This model is generally applied 
in the literature (Furlani and Xue, 2012a and 2012b) and it is consistent with 
the model described in Chapter 2 by Eq. 2.2.9 when χp >> 1.  

For the calculation of the field distribution generated by the external 
magnet, and the partial derivatives of the field components, Eqs. 2.2.14-
2.2.32 were employed. A cubic-shaped rare-earth NdFeB magnet was chosen 
in this study as the magnetic source, with dimensions of 1 mm3 and a 
saturation magnetization value of 106 A·m-1. Figure 4.2.1 shows the magnet 
orientation in space in regard to the microchannel used in the analysis. 

 

Figure 4.2.1. Schematic of the magnet-channel system employed in this 
study, with geometry, polarization (magnetization direction in line with 

coordinate z) and reference frame indicated. The coordinate system 
originates from the center of the magnet. Note that the center of the 
magnet is aligned with the central depth of the channel (y direction). 
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For calculating the hydrodynamic force, the properties of blood are 
required.  It should be noted that the rheological properties of blood depend 
on many factors including the flow velocity, hematocrit (the percentage by 
volume of packed red blood cells in a given sample of blood), diameter of the 
vessel (due to the Fahraeus-Lindqvist effect), size of the blood cells, their 
aggregation and deformation, etc. (Furlani and Ng, 2006). A rigorous 
prediction of these factors is beyond the scope of this dissertation. Instead, 
blood is assumed to follow a Newtonian rheology, i.e. constant viscosity. It 
has been demonstrated to follow such behavior when the shear rate exceeds 
about 100 s-1 (Eibl et al., 2009), which is approximately the shear rate 
employed in the current study (according to the separation conditions 
employed in the analysis). Nevertheless, the viscosity of this biofluid strongly 
depends on the diameter of the channel and the concentration of suspended 
elements. On the one hand, the viscosity decreases with the channel 
diameter and obtains a minimum value for diameters between 10 μm and 
100 μm (Furlani and Ng, 2006) due to the Fahraeus-Lindqvist effect (i.e. the 
migration of red blood cells to the center of the channel leaving the plasma 
behind at the channel walls, creating a cell-depleted region near the wall and 
a relatively fast moving core of cells near the center, which results in a 
decrease in viscosity). On the other hand, the concentration of suspended 
elements can be related to the hematocrit since red blood cells account for 
approximately 99% of the particulate matter in blood (Furlani and Ng, 2006). 
Therefore, blood viscosity was quantified in this study by the following 
analytical empirically based expression, which estimates the apparent blood 
viscosity relative to that of plasma (Plouffe et al., 2015; Furlani and Ng, 2006): 

 

ηrel = �1 + (η0.45 − 1) (1−HD)Cb−1
(1−0.45)Cb−1

� Db
Db−1.1

�
2
� � Db

Db−1.1
�
2
                          (4.2.1) 

 
In Eq. 4.2.1, Db is the diameter of the channel in microns, HD is the hematocrit 
(nominally 0.45) and: 
 

η0.45 = 6e−0.085Db + 3.2 − 2.44e−0.06Db
0.645

                                              (4.2.2) 
 
and: 
 

Cb = (0.8 + e−0.075Db) � 1
1+10−11·Db

12 − 1� + 1
1+10−11·Db

12                        (4.2.3) 
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This equation takes into account the viscosity of plasma (between 
1.2 and 1.5 cP), the channel dimensions (i.e. 100-200 μm for this section) and 
the hematocrit, which is around 40-45%. For the channel dimensions 
employed in this study, viscosity values between 3 and 4 cP were obtained. 
Thus, for describing the drag force, a realistic blood viscosity value of 0.0035 
Pa·s was chosen. This assumption is in agreement with other works as blood 
is often assumed to be Newtonian with a viscosity value of around 3 cP for 
medium to high shear rates (Eibl et al., 2009). The buffer solution used as the 
collecting phase in the bioseparator is modeled as water at 20ºC with viscosity 
of 0.001 Pa·s. 

The fluid velocity field was predicted using the Navier Stokes and 
continuity equations, to which certain modifications were applied in order to 
precisely describe the bead-fluid interactions, as presented in Chapter 2. 
More specifically, for the fluid-particle interactions, three different scenarios 
are modeled and compared: 

o Scenario 1: one-way coupling wherein momentum is transferred from 
the fluid to beads, which are treated as point particles (Eqs. 2.2.38 and 
2.2.39). 

o Scenario 2: two-way coupling wherein the beads are treated as point 
particles and momentum is transferred from the bead to the fluid and 
vice versa (Eqs. 2.2.40 and 2.2.41). 

o Scenario 3: two-way coupling taking into account the effects of bead 
volume in fluid displacement (Eqs. 2.2.42-2.2.44). 

It should be noted that, for scenarios 1 and 2, the hydrodynamic 
force acting on the magnetic beads is calculated as developed in Chapter 2 
(Eqs. 2.2.33-2.2.37). For these models, the size of the particle is smaller than 
the cell, and the contributions of all the particles present in the cell are 
calculated and introduced into the momentum equation for the second 
scenario. However, for the third scenario, the calculation of this force is much 
more complex as the bead size is bigger than the computational cell (as 
presented in Figure 2.2.4). In this case, there is a different force applied on 
each of the boundaries of the particle (the particle occupies multiple cells 
having a different boundary on each of them). Thus, the net hydrodynamic 
force is the contribution of all the forces acting on the different boundaries. 
Nonetheless, it is assumed that for this model the net force acting on a bead 
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is the drag force calculated with the Stokes’ approximation for the drag on a 
sphere: 

  
𝐅𝐅𝐝𝐝,𝐬𝐬 = 6πηrp�𝐯𝐯 − 𝐯𝐯𝐩𝐩�                                                                                      (4.2.4) 

 
This simplification is valid and usually assumed in most of the 

magnetophoresis studies (Gómez-Pastora et al., 2017b). 

Finally, in this chapter a dimensionless number (J) that takes into 
account all the key fluidic and magnetic variables and parameters that affect 
the force balance was obtained for all the simulations. More specifically, the 
J number describes the relation between magnetic (particle volume and 
magnetization, magnetic field strength and gradient inside the channel) and 
fluidic (particle size, viscosity of the fluids and inlet mean velocities) variables 
and parameters that impact the process. Thus, the J number scales both the 
magnetic (in z direction) and drag (in x direction) forces acting on a particle 
located in the middle of the channel just above the magnet (this location was 
chosen because of the average values of the magnetic force acting at that 
point). The J number can be written as follows: 

 

J =
µ0Vpf(Ha)�Ha,z

∂Ha,z
∂z �Lc

2 ,H2
6πrp(ηbloodvblood) 

                                                                                 (4.2.5) 

 
For calculating the J number, the magnetic strength and gradient due 

to the magnet, as well as the product of the viscosity and the mean velocity 
for the blood phase, are required. Therefore, the strength Ha,z at the mid-
point of the channel (Lc/2,H/2) was calculated for every simulation using 
MatLab. With this value, the magnetization of the particle was calculated 
through the function f(Ha). The gradient inside the channel in the z direction 
was calculated by computing the field at both walls. Thus, for every condition, 
the J number takes into account the magnet properties and its position 
regarding the channel (through the magnetic field and its gradient, which 
decay with distance from the channel). For computing the denominator of the 
number, the product ηivi for the blood phase was chosen since the particles 
are initially located in the blood path, and therefore, when they cross the 
interface and move to the water phase, the separation can be considered 
successful. Thus, the numerator of this number provides the average 
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magnetic force that pulls the particles downwards whereas the denominator 
represents the average drag force acting on the particles during separation. 
The J number not only provides physical insight into the separation physics 
but should also prove useful in the parameterization with respect to the 
particle separation inside the bioseparator, ensuring the broad applicability 
of this number for other related future studies due to its simplicity and utility. 

 

The microfluidic device modeled in this study comprises a Y-Y shaped 
channel with a total width of 200 µm and a length of 2 mm, as depicted in 
Figure 4.2.2. Since the movement of the beads across the depth of the 
channel (y axis) is negligible and not relevant for this work, for particle-fluid 
scenarios 1 and 2, the numerical model is essentially 2D. For scenario 3, a full 
3D model is developed and the extent of the computational domain in the y 
direction (into the page) is set to a value sufficient to resolve the bead 
movement within a 3D analysis (larger than three times the bead diameter 
for each simulation). This also ensures that any flow perturbations have 
subsided before a bead reaches the boundary cells. For this scenario, periodic 
boundary conditions are applied at both limits of the y direction whereas 
symmetry boundary conditions are applied for scenarios 1 and 2. Although 
particle-wall hydrodynamic interactions are not described rigorously in this 
study, a collision model that applies at the walls with restitution and friction 
coefficients of 0.5 was introduced. 

 

Figure 4.2.2. Schematic view of the magnetophoretic microfluidic 
bioseparator employed for this study. 
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A uniform grid is employed for all the simulations. For scenarios 1 
and 2, approximately 75,000 cells (2D simulations) compose the mesh 
whereas this number is increased to a range of 700,000-1,200,000 cells for 
scenario 3. The increased mesh size is necessary for accurate predictions of 
the bead volume within the fluid domain (in this case, the bead is 
approximately 4 times bigger than the mesh cells).  

In order to study the magnetophoresis process under different 
magnetic field conditions, the distance between the top of the magnet and 
the wall of the channel was varied between 0 and 2 mm. Due to the 
dimensions of the magnet employed in this study (1 mm3), which is separated 
by a variable distance d from the lower wall of the microchannel as shown in 
Figure 4.4.2, the magnetic field impacts the particle motion near the mid-
length of the channel (hydrodynamic effects at the inlets and outlets do not 
affect the magnetophoretic motion of the particles). 

Firstly, the velocity field and flow patterns are studied by changing 
the flow rates of the fluids at the inlets. These velocity values are also used as 
initial conditions. No slip condition (zero velocity) is applied along the 
microchannel walls (due to the laminar regime) and at the outlet, the outflow 
boundary condition is employed (generally applied for confined 
incompressible fluid flows). 

For particle magnetophoresis analysis, multiple cases are 
investigated by keeping the average hydrodynamic forces at a constant value 
(same average velocities at the inlets) and adjusting the magnet distance from 
the wall, which affects the magnitude of the magnetic force on the beads. For 
these simulations, beads are introduced at t=0 s into the domain at a constant 
flow rate of 500 s-1 for scenarios 1 and 2, which corresponds to concentration 
values of approximately 0.3 g·L-1 at the flow rates employed; this 
concentration range is commonly found in most of bead bioapplications 
(Gómez-Pastora et al., 2017a and 2017b). For scenario 3, the increased 
simulation runtimes that are required to track the effects of the bead volume 
limited the number of beads considered. For this analysis, three particles are 
injected through the upper inlet (equally distributed along the diameter of 
the channel) after the fluid flow reached the steady state condition, and then, 
they are tracked at every time step. 
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Since the aim of this study is to analyze the effect of the particle 
motion in the flow field and the magnetic force required to achieve a 
complete separation, interparticle effects (e.g. magnetic dipole-dipole 
coupling) are neglected. However, it should be noted that they can influence 
the process when concentrated solutions are employed (around 1% by 
volume as mentioned in Chapter 2, which corresponds to concentrations 
greater than 10 g·L-1) (Gómez-Pastora et al., 2017b). The perturbations of the 
flow field are analyzed by checking the velocity field and the fluid fraction of 
each phase in both branches of the channel. 

Moreover, it should be noted that in a real application the device 
performance would be controlled under a microscope. Under these 
circumstances, both fluids will flow in parallel at the same height with gravity 
acting on y direction. Therefore, it is assumed that blood and water flow at 
the same level and the effects of gravity can be neglected since it does not 
act in the x-z plane shown in Figure 4.4.2. 

Flow field and bead motion equations were solved using FLOW-3D 
(versions 11.1 and 11.2). For scenarios 1 and 2, a Lagrangian particle model 
was employed and a specific mass flow rate of beads was introduced into the 
upper inlet. However, for scenario 3, explicit modeling of moving objects was 
used. Regarding the flow field, the pressure implicit GMRES algorithm was 
selected as the pressure solver due to its rapid convergence and parallel 
efficiency. For the momentum advection approximations, the first-order 
method was chosen, which is first order accurate in space and time, simple 
and fast. Regarding the magnetic analysis, the magnetic force, including the 
field and gradient, were calculated in an external Fortran subroutine 
compiled in Visual Studio version 2013 (Microsoft), which was linked to the 
FLOW-3D hydrodynamics solver while running. The customized magnetic 
field and force subroutine sent the components of the magnetic force to 
FLOW-3D at each time step so that they were incorporated into the total 
force within the particle analysis model. Thus, as the trajectory of the beads 
was computed, FLOW-3D tracked the momentum of the particle, which was 
incorporated in the subsequent calculation for the fluid phases. By default, 
FLOW-3D automatically adjusts the time step size to be as large as possible 
during running. A minimum time step of 10-12 s was selected for all the 
simulations, being the real time step between 10-9-10-7 s for most of the 
simulations. Furthermore, MatLab version 2015 (The MathWorks, Inc.) was 
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also used for rapid analysis of the magnetic field and magnetic force at 
different points of the main channel. The simulations were performed on a 
24-core workstation with 128 GB of RAM. 

 

Firstly, the flow patterns of blood and water phases inside a 
microfluidic channel are analyzed in order to examine the flow conditions that 
lead to the complete separation of the fluids at the bioseparator outlets. As 
mentioned above, although blood is a complex non-Newtonian fluid due to 
the presence of plasma proteins and cells that exhibits shear-thinning and 
viscoelastic properties (Yung et al., 2009), the simulation was simplified by 
modelling the blood phase as a Newtonian liquid with a viscosity value of 3.5 
cP, which is valid for the shear rate conditions of this study. 

The volumetric fraction occupied by blood and water phases inside the 
device under different velocity conditions (in the absence of particles) is 
shown in Figure 4.2.3. As seen in Figure 4.2.3 a), when both phases flow 
through the channel at the same mean velocity (set in this case at 1 cm·s-1), 
mixing at the outlets is observed. Although both phases follow a laminar flow 
regime (i.e. the fluid velocity vectors are parallel to the x-axis in the straight 
part of the channel and the Re is below 10 for all simulations), the different 
viscosity between fluids creates different pressure gradients in the respective 
branches of the channel, which then is translated into the insertion of buffer 
solution (blue) in the upper outlet. In fact, when both fluids flow at the same 
velocities, such mixing effects at outlets become even more pronounced as 
the difference between fluid viscosities increases. 

On the other hand, complete separation at the outlets can be 
accomplished by ensuring the same pressure drop at each phase throughout 
the length of the channel. By applying the Hagen-Poiseuille equation, it was 
demonstrated that this requirement is practically fulfilled when the product 
(ηivi) for each phase i is the same. Therefore, for this application and this 
microdevice, water should flow with a mean velocity 3.5 times higher than 
the mean velocity of the blood phase because its viscosity is 3.5 times lower, 
as previously stated. Figures 4.2.3 b) and c) show how both phases are 
perfectly separated at the outlets when this criterion is applied. In Figure 4.2.3 
b), the velocities employed are 1 cm·s-1 and 3.5 cm·s-1, whereas in Figure 4.2.3 
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c) these values are 2 cm·s-1 and 7 cm·s-1 for blood and water solutions, 
respectively. A similar flow behavior has been experimentally observed in 
other studies (Lee et al., 2014; Yung et al., 2009). Nevertheless, it should be 
noted that when the diameters of the branches inside the channel are 
different, this simplification may no longer be valid because the pressure drop 
is influenced by the width of each branch, as developed in Chapter 3. Thus, 
geometrical factors should be taken into account in order to set the same 
pressure drop in both branches of the channel (Gómez-Pastora et al., 2018).  

 
 

 

Figure 4.2.3. Volumetric fraction of blood under different phase’s velocities. 
a) vblood = vwater = 1 cm·s-1; b) vblood = 1 cm·s-1 and vwater = 3.5 cm·s-1; c) vblood = 

2 cm·s-1 and vwater = 7 cm·s-1. 
 
Once the flow patterns developed by both fluid phases have been 

analyzed, magnetic bead motion under the action of magnetic fields, as well 
as the fluid patterns of the phases when a solid particle is moving between 
them, are studied. Based on the principles discussed above, for all simulations 
presented in the following, the blood phase average velocity was set at 1 cm·s-

1 while the water phase average velocity was kept at 3.5 cm·s-1 in order to 
ensure the successful separation of both phases at the outlets. 
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In this section the movement of magnetic beads initially located in the 
upper inlet of the channel is analyzed under different magnetic field 
conditions. For this study, three different model scenarios are solved and 
compared as presented in section 4.2.1. The flow field presented in the 
previous section was taken as the initial condition for the simulations related 
to the particle separation.  

It should be noted that when the particles are subjected to variable 
magnetic and fluidic drag forces, they will follow different trajectories 
according to the direction and magnitude of the resulting force vector. Thus, 
if the magnetic force is too strong (i.e. powerful magnet located next to the 
channel wall), the particles will instantaneously travel to the region where the 
gradient is the highest and will be trapped there permanently. On the other 
hand, if the magnetic force is much weaker than the drag force, the particle 
will remain in the blood phase and will leave the device through the upper 
outlet (blood outlet). Thus, optimization of the forces applied on the particles 
is required so that they are deflected to the buffer solution and leave the 
device through the lower outlet, which represents the ideal scenario for 
microsystems of this type. It is theorized that this will occur when the 
magnetic and fluidic forces are of similar magnitude. 

Therefore, multiple scenarios were examined by keeping the average 
drag force at a constant value (same average velocities at the inlets) and 
adjusting the magnet distance from the lower wall of the channel, which in 
turn, affects the magnitude of the magnetic force acting on the beads. For all 
the simulations shown below, the J number was also calculated in order to 
examine for which range of values of this dimensionless number the complete 
separation is achieved without altering the phase flow patterns and their 
separation at outlets. Nonetheless, before studying particle separation, it is 
useful to first analyze the magnetic force field in the system, which is identical 
for the three model scenarios, as it will provide a more intuitive 
understanding of the transport dynamics. 

Figures 4.2.4 a), b) and c) show the magnitude of the z-component of 
the magnetic force (Fm,z) in the x-y plane at the mid-height of the channel (z=0) 
for three different distances d between the magnet and the bottom wall of 
the channel. On the other hand, Figure 4.2.4 d) represents the change of Fm,z 
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as a function of d. As it is shown in Figure 4.2.4 a), the force is very strong 
when the magnet is placed next to the wall (d=0), reaching almost 13 nN in 
the mid-height of the channel. However, the maximum value is reached at 
the locations above the magnet’s corners (x=±500 µm, where the gradient is 
the highest), whereas in the center of the channel (x=0, i.e. above the center 
of the magnet’s face) the value is reduced to about 7 nN. In Figures 4.2.4 b) 
and c), the force generated by the magnet when it is located at 1 mm and 2 
mm away from the lower wall is represented. As it can be observed from the 
figures, the force drastically diminishes with the distance d, reaching forces 
lower than 1 nN. Unlike what happens in the previous case, it can be seen 
that the maximum force is reached at the center of the channel (x=0) for both 
cases. Finally, as it can be readily observed in Figure 4.2.4 d), where the 
variation of the maximum force with the distance d is represented, the force 
Fm,z decays rapidly inside the channel (and in a nonlinear fashion) with the 
separation distance, becoming negligible for distances greater than 2 mm. 

 

Figure 4.2.4. Magnetic force (Fm,z) at the channel mid-height when the 
magnet is located at different distances d from the wall. a) d=0 mm; b) d=1 

mm; c) d=2 mm. d) Maximum Fm,z generated inside the channel as a function 
of d. 
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Following the magnetic field analysis, the particle trajectories under 
variable magnetic and constant hydrodynamic forces are studied. The results 
provided from the different models are presented in the following. 

 
o Scenarios 1 and 2 

The trajectories of the beads as they move from the biological fluid to 
the buffer solution, as a function of the distance of the magnet to the channel 
wall are shown in Figure 4.2.5. In this case, the results for scenario 1 (i.e. one-
way coupling model for bead-fluid interactions) are presented since the 
difference in bead locations inside the microchannel at every time step are 
not severely modified after including the two-way coupling (scenario 2). 

As seen in Figure 4.2.5 a), when the magnet is placed next to the wall, 
the field inside the channel is strong and the particles are severely affected 
by the magnetic force, moving fast (less than 20 ms) to the region of highest 
gradient. Under these conditions, the particles are magnetically saturated, 
the average magnetic force in the z-coordinate was found to be around 7 nN, 
and the dimensionless J number takes a value of 4, which means that the 
average magnetic force in z direction is 4 times higher than the average x 
component of the drag force. Due to the high magnetic force compared to 
the average drag force, the particles are permanently trapped at the lower 
wall at the point x=-500 μm, which coincides with the high gradient region 
(the x-coordinate that occupies the left side of the cubical magnet employed 
in this study), as can be predicted from Figure 4.2.4 a). Furthermore, under 
this high magnetic force, the bead velocity increases dramatically as the 
distance from the wall decreases, reaching the lower wall of the channel at 
velocities on the order of 40 times higher than their initial velocity. 
Nevertheless, after reaching the wall, the beads are trapped at their impact 
point with zero velocity. 

Figure 4.2.5 b) shows the particle trajectories when the magnet is 
placed 1 mm below the wall. For this condition, the particles are gradually 
deflected to the lower wall along the microchannel length and follow 
different trajectories according to their initial locations. In this case, the 
average magnetic force acting on the particles is around 0.6 nN, which 
corresponds to a J number of 0.36. Thus, the magnetic force is high enough 
to deflect all the particles to the wall, and once there, they slowly roll towards 
the outlet. It is useful to note that the particles are not permanently trapped 
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as in the previous case. This is due to the lower field inside the channel, which 
is balanced by the drag force, and also because the high gradient zone is not 
localized at one single point inside the device, but instead, it is homogenously 
distributed in the center region of the channel (Figure 4.2.4 b)). 

 

Figure 4.2.5. Bead trajectories results for scenario 1. Different magnetic field 
conditions applied when the magnet is placed at different distances “d” 

from the channel. a) d=0; b) d=1 mm; c) d=1.5 mm; d) d=2 mm. 
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When the average magnetic force is one order of magnitude smaller 
than the average drag force (J number around 0.06) the particles are slightly 
deflected to the high gradient zone, as shown in Figure 4.2.5 c). In this case, 
the magnetic force exerted on the particles is not enough for achieving the 
complete particle separation (i.e. not all the particles are collected into the 
water phase). In fact, when the magnet is located at distances ranging from 
1.25 mm to 1.5 mm, only the particles that enter the channel at points closer 
to the magnet are deflected to the water phase and leave the device through 
the lower outlet. On the other hand, the particles that are introduced into the 
domain closer to the upper wall are barely displaced from their initial path 
and exit the device through the upper outlet with the blood solution, as 
shown in Figure 4.2.5 c). 

When the magnet is located at higher distances (d ≥ 1.5 mm), 
corresponding to J number values below 0.015, only a small number of the 
injected particles are removed from the blood solution since they follow the 
fluid flow profile to the outlet and leave the device at their respective fluid 
stream lines (as perceived from the Figure 4.2.5 e)). Moreover, as the distance 
d increases, bead velocities decrease and take values very similar to the fluid 
velocity, as represented in Figures 4.2.5 c) and d). 

 

Figure 4.2.6. Separation effectiveness as a function of the magnet distance. 
Comparison between one-way and two-way coupling models. 
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On the other hand, in Figure 4.2.6 the percentage of beads recovered 

at the lower outlet of the device for scenarios 1 and 2 is presented as a 
function of the magnet distance. It should be noted that when comparing the 
recovery efficacies obtained with one-way and two-way coupling, the results 
are very similar. For example, for magnet distances equal to 2 mm, recoveries 
of 10.2% and 15.5% are obtained for scenarios 1 and 2, respectively. However, 
higher recovery values are obtained for the one-way coupling scenario at 
distances d equal to 1.25 mm and 1.5 mm. Overall, the difference in bead 
recovery between scenarios 1 and 2 is lower than 6% for all the magnet 
locations employed in this study. Therefore, it can be assumed that this small 
difference may be due to the randomized initial bead distribution at the 
entrance of the channel, which is different for every simulation, rather than a 
difference in the forces acting on the beads for both scenarios. 

The similar results for one-way and two-way coupling may also be due 
to the fact that the two-way coupling introduces the bead velocities into the 
Navier Stokes momentum equation, with relatively high magnitudes at high 
magnetic forces (as seen in Figure 4.2.5, bead acceleration is the highest for 
d=0). Therefore, for the two-way coupling under high magnetic forces, the 
fluid flow is perturbated, which renders lower fluidic resistance acting on the 
beads. However, since all the beads are easily deflected at high magnetic 
forces, the lower fluidic force does not have an impact on the recovery rates 
in comparison to the one-way coupling. 

o Scenario 3 

Although for scenario 3 only the trajectories of three beads were 
modeled, the bead trajectories as a function of the magnet distance d are 
consistent with the ones shown in Figure 4.2.5. The trajectories of these three 
beads under different magnetic field and force conditions are reported in 
Figure 4.2.7. For this model scenario, not only particle trajectory results are 
similar to the ones observed for scenarios 1 and 2, but also other related 
phenomena, i.e. bead trapping at walls, rolling, etc. Thus, the three models 
employed for modeling bead magnetophoresis reported similar results in 
terms of particle transport. 

Moreover, from this section it can be concluded that medium to high 
magnetic forces are necessary for achieving the complete particle separation. 
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However, under high magnetic fields and forces, particles could be extremely 
accelerated towards the high magnetic gradient region, which may be 
undesirable for liquid-liquid multiphase magnetophoretic devices due to the 
perturbation of the flow patterns. In order to assess the flow field 
perturbation caused by particle motion, in the following section the transient 
velocity flow field for each condition is presented. 

Figure 4.2.7. Magnetophoretic motion of the particles when the magnet is 
located at different distances from the channel (for scenario 3). a) d=0; b) 

d=1 mm; c) d=1.25 mm; d) d=1.5 mm; e) d=2 mm. 

 

In this section the modification of the flow patterns during the 
magnetophoresis process are presented for the scenarios 2 and 3, in order to 
identify the effect of bead-fluid interactions on the separator performance. 
Scenario 1 (one-way coupling) is taken as a base case for comparison. 
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o Scenario 1 

In Figure 4.2.8 the velocity field and the flow patterns for scenario 1 
are shown for the magnet distance of d=0 (J≈4). This distance was chosen 
because of the high bead acceleration that is caused. Nonetheless, this effect 
does not have an impact on the flow patterns as seen in the figures. The initial 
flow field at time 0 is presented in Figures 4.2.8 a) and b), whereas the final 
field after the development of the laminar velocity profile (t=0.25 s) is shown 
in Figures 4.2.8 c) and d). It should be noted that the time necessary to 
achieve the steady state condition is less than 0.15 s. After that time, the fluid 
velocity field is not modified because the beads do not interact with the fluid.  

Therefore, for all the magnet positions tested in this study (not shown 
in the figure), the fluid flow remains unchanged after reaching the steady 
state. This can be easily observed from the flow field in Figures 4.2.8 e) and 
f), where both the velocity vectors and the volumetric fraction of the blood 
phase when the beads are continuously crossing the interface (at t=0.5 s) are 
shown for this magnetic condition. It can also be seen that the interface is not 
significantly modified in comparison with Figures 4.2.8 c) and d). For this 
scenario, the fluid velocity vectors are parallel to the x-axis, and the bead 
motion with vertical accelerations does not modify them, resulting in the 
desirable outcome of a clear and stable interface between the fluids. 

 

Figure 4.2.8. Fluid velocity magnitude including velocity vectors and blood 
volumetric fraction contours with magnet distance d=0 mm for scenario 1. 

a) and b) t=0 s; c) and d) t=0.25 s; e) and f) t=0.5 s. 
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o Scenario 2 

On the other hand, the fluid velocity vectors and the effect of bead 
magnetophoresis on the flow patterns for the two-way coupling model are 
shown in Figure 4.2.9 for both relatively high (Figures 4.2.9 a), b)) and low 
(Figures 4.2.9 c), d), e) and f)) magnetic fields and forces. In Figures 4.2.9 a) 
and b), the effect of bead separation on the flow field is shown for high 
magnetic force fields (d=0 mm and J≈4). In this case, the direction of the 
velocity vectors is slightly modified at the region where the magnetic gradient 
is the highest (x=-500 μm, z=-100 μm), which is magnified in the figure. 
Although the velocity magnitude does not significantly change in comparison 
with the one-way coupling model, the flow patterns are modified and the 
interface between the two fluids is perturbated for this condition, as shown 
in Figure 4.2.9 b). As mentioned before, this is due to the high bead 
accelerations, which are added into the Navier Stokes fluid momentum 
equation. This change of the momentum equation appears to affect more the 
volumetric fraction of the fluid phases rather than the velocity field for this 
model. Finally, it should be noted that the interface perturbations persisted 
for subsequent times under this condition. 

When the beads undergo only modest acceleration (which happens 
when the magnetic force is reduced as the magnet distance increases, as seen 
in Figures 4.2.9 c)-f) for d=1 mm and d=1.5 mm), the momentum of the fluid 
is not significantly affected. This explains the absence of perturbation of the 
velocity vectors as seen in Figures 4.2.9 c) and e). In both cases, both the 
velocity magnitude and flow field are substantially the same as observed for 
the one-way coupling model. However, for these magnet distances, the flow 
patterns are slightly modified. Although the interface remains clear and no 
waves are observed, the phase separation at the channel outlet improves in 
comparison with the previous condition. Nonetheless, the flow patterns are 
very similar to the ones observed in Figure 4.2.8 for the base case, i.e. one-
way coupling. 

Finally, it should be noted that the rest of the magnetic conditions 
solved with the two-way coupling model are not shown in the figure because 
when d>1.15 mm, very similar flow patterns are observed. Moreover, bead 
separation with the magnet at these distances is incomplete, as presented in 
the previous subsection. 
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Figure 4.2.9. Fluid velocity magnitude including velocity vectors and 
blood volumetric fraction contours for scenario 2. a) and b) Magnet distance 

d=0 mm at t=0.4 s; c) and d) Magnet distance d=1 mm at t=0.4 s; e) and f) 
Magnet distance d=1.15 mm at t=0.4 s. 

 
o Scenario 3 

When the volume of the beads is taken into account in the flow field 
equations (scenario 3), the liquid displacement due to each bead as it moves 
from the blood stream to the buffer solution has a significant effect on both 
the vectors and the volumetric fraction of the fluid phases, especially under 
high magnetic forces. The flow field results for scenario 3 are shown in Figures 
4.2.10 (d=0) and 4.2.11 (d≥1 mm). For high magnetic force fields, most of the 
flow velocity vectors are highly perturbated and change around the beads as 
seen in Figures 4.2.10 a), c), e) and g). On the other hand, for two-way 
coupling only the flow vectors close to the lower wall are slightly changed for 
this magnetic field. Moreover, the velocity magnitude increases up to 13 cm·s-

1 (remaining below 6 cm·s-1 for the two-way coupling model). 

Under this velocity condition, the interface between the fluids is highly 
altered as seen in Figures 4.2.10 b), d) f) and h). This is caused by the inclusion 
of the volume of the beads into the governing equations. Specifically, in 
scenario 3 both the momentum equation and the continuity equations are 
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modified. Phase separation at the Y-junction outlet is also affected as the 
buffer solution enters the upper outlet (Figure 4.2.10 h)), which may be due 
to the displacement of buffer by the volume of the separated beads. This 
phenomenon was not observed for scenarios 1 and 2. However, recent 
studies have reported the change in the interface location as magnetic 
materials are accumulated at the wall, which hinders the co-flow with time 
(Liang and Xuan, 2012). It should be noted that the time required for 
separating the three beads is less than 20 milliseconds for this magnetic field 
condition. 

 

Figure 4.2.10. Fluid velocity magnitude including velocity vectors and blood 
volumetric fraction contours for scenario 3 under high magnetic forces 

(d=0). a) and b) t=412.5 ms; c) and d) t=413.5 ms; e) and f) t=414.5 ms; g) 
and h) t=420 ms. 

 
Nonetheless, the effect of bead magnetophoresis on the fluid velocity 

vectors can be neglected under relatively low magnetic fields (d≥1 mm) as 
seen in Figures 4.2.11 a), c) and d). This is due to the slow bead deflection 
when the magnetic and fluidic forces are of comparable magnitude (J values 
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lower than 0.3). Therefore, under these circumstances, bead acceleration is 
negligible and bead velocity remains constant for all simulation times. In this 
case, the time required for the deflection increases to almost 100 
milliseconds. This is translated into the flow patterns presented in Figures 
4.2.11 b), c) and d). The interface at the time when the beads are deflected 
through the streams is not affected under these magnetic conditions, which 
favors the fluid co-flow. 

 

Figure 4.2.11. Fluid velocity magnitude including velocity vectors and blood 
volumetric fraction contours for scenario 3 under medium magnetic forces 
(d≥1 mm). a) and b) Magnet distance d=1 mm at t=0.45 s; c) and d) Magnet 

distance d=1.15 mm at t=0.45 s; e) and f) Magnet distance d=1.25 mm at 
t=0.465 s. 

 
o Evaluation 

The mixing of the phases was quantified at each outlet for the 
different scenarios. From this analysis, it was observed that the flow field and 
phase separation results are similar for the three scenarios under low 
magnetic field conditions. However, the flow patterns are altered when high 
magnetic forces are applied, and this effect is only perceived from the 
simulation results obtained with the two-way coupling models (scenarios 2 
and 3). As shown in Figure 4.2.9, the two-way coupling model without 
considering particle volume effects produces a wavy interface along the 
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channel length, but this does not result in mixing at the outlets. Therefore, 
blood loss or dilution at the outlets is negligible for this model. On the 
contrary, when the beads volume is taken into account (scenario 3), water is 
introduced into the upper outlet and consequently blood is diluted up to 45%. 
This value changes with the magnetic field conditions (as long as the 
separation of the magnetic beads is carried out, d≤1.25 mm), which implies 
that the addition of material to the water phase displaces the interface 
between the two phases upwards, which in turn, causes the presence of 
buffer solution at the upper outlet, as shown for example in Figure 4.2.10 h). 

Overall, it can be concluded from this analysis that high magnetic fields 
and forces are not desirable for continuous-flow separation applications 
where particles will be continuously crossing the interface between the fluids, 
since intermixing and vortices between phases should be avoided in order to 
better maintain the biofluid integrity. Hence, although high magnetic forces 
do lead to particle separation, these high forces cannot be practically applied 
due to several reasons. First, they generate the permanent trapping of the 
solids at the lower wall, which is not beneficial because it may cause flow 
obstruction and it requires the magnet removal for their recovery (similar to 
batch separators). Second, the continuous and high perturbation of the 
interphase boundary as the particles travel to the high gradient region 
compromise the successful separation of both fluids at the outlets. Finally, it 
should be noted that the particle accumulation at the wall could also modify 
the location of the interface between fluids because of flow alterations 
caused by the buildup of layers of particles at the wall, which may lead to 
further mixing at the outlets. Thus, an optimization of the magnetic force 
experienced by the particles is required to achieve the successful particle 
removal while ensuring the feasibility of the phase separation. 

The inclusive analysis of both particle recovery and phase separation 
is summarized in Table 4.2.1, where all simulation results are presented for 
scenarios 2 and 3. As seen in this table, high magnetic forces (J ≈ 4) result in 
bead trapping at the walls, and although all of them are separated from the 
blood solution, the high perturbation of the flow generated due to their 
acceleration to the high-field zone makes such operating conditions very 
unfavorable for the treatment purposes of this device. Therefore, lower 
magnetic forces are required in order to ensure the phase separation in a 
continuous operation mode. Although lower magnetic fields (0.001 ≤ J ≤ 0.15) 



Numerical model screening for describing bead magnetophoresis from blood 

126 

 

result in a negligible perturbation, these conditions may not be conducive to 
successful particle removal. As a result, medium magnetic forces (around 400 
pN) are required for the complete particle separation while maintaining the 
biofluid integrity at the outlet and the interface stability. The best-case 
scenario from all the possibilities appears to be achieved for J numbers of 
approximately 0.3, as seen in Table 4.2.1. In this case, the particles would be 
slowly deflected through the water phase, and thus, they would leave the 
device without colliding or getting trapped at the walls, which may perturbate 
the interface and hinder the fluid separation. 

 
Table 4.2.1. Comparison of particle recovery and fluid perturbation results 

obtained with the two-way coupling models (scenarios 2 and 3) as a function 
of the magnetic conditions applied inside the device. 

Magnet 
distance 

(mm) 

Fm,z 
(nN) 

J 
Bead separation Fluid perturbation 

Scenario 2 Scenario 3 Scenario 2 Scenario 3 

0 6.71 4.07 100% Complete Medium High 

1 0.589 0.357 100% Complete None Medium 

1.15 0.356 0.216 95.7% Complete None Low 

1.25 0.236 0.143 70.4% Incomplete None Low 

1.5 0.100 0.06 34.7% Incomplete None None 

2 0.0234 0.014 15.5% None None None 

 
Finally, it should be noted that the range of J numbers required for a 

complete and safe separation avoiding intermixing of liquid streams (≈0.3) 
might be only valid for channels with similar characteristics to the device 
employed in this study. Thus, by using different channel geometries or similar 
devices with different magnetic sources (i.e., different field and gradients 
distributions inside the device), different separation performance might be 
obtained. However, the channel design employed in this study is simple and 
similar to the ones employed for this type of applications (Gómez-Pastora et 
al., 2017b), thus ensuring its applicability for other related future studies. 
Furthermore, the mathematical procedure developed here could be 
implemented for different geometries or magnetic sources in order to obtain 
the range of values that predict the best performance in different devices. 
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In this section, different models have been applied in order to study 
the magnetophoresis of micron-sized magnetic beads inside a continuous-
flow LOC device for blood detoxification applications. More specifically, CFD-
based Eulerian-Lagrangian approaches have been employed to model the 
continuous separation of magnetic beads from blood and their collection into 
a flowing buffer by the application of an external magnetic field provided by 
a rare-earth permanent magnet. The dominant magnetic and fluidic forces 
were included in the force balance to study bead motion, and bead recovery 
was quantified as a function of the magnet distance to the channel wall. 
Different fluid perturbation scenarios were modelled: i) one-way coupling 
between the beads and the fluid (i.e. bead motion does not affect the fluid 
flow), ii) two-way coupling (i.e. full momentum transfer between the fluid and 
the beads, which were treated as point particles), and iii) two-way coupling in 
which the volume of the beads was taken into account to include the 
corresponding fluid displacement. 

 The results showed that bead recovery results for the one-way 
coupling model were not significantly modified after including the two-way 
coupling in the model. However, fluid velocity magnitude and vectors slightly 
varied after including the momentum transfer between the beads and the 
fluid only when the magnetophoresis is carried out under high magnetic force 
fields. Also, the flow field results for scenario 3 were significantly altered for 
high magnetic force fields, whereas the changes could be considered 
negligible for low magnetic field conditions. 

Based on these results, it can be concluded that when relatively high 
magnetic force fields are applied for the recovery of magnetic beads in 
multiphase channels, an accurate, full flow-focused model should be solved 
since there is a risk of neglecting the effects that the motion and volume of 
the magnetic beads have on the flow field. However, this model is 
computationally expensive and takes substantially more time to run (in this 
case 2-3 weeks on a modern multicore workstation). When medium or low 
magnetic force fields are employed (in comparison to the average fluidic 
forces), the bead-fluid interactions could be neglected as they are not as 
important for these cases. Thus, less accurate and computationally 
inexpensive models could be employed under these circumstances (either 
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scenarios 1 or 2, which took only a couple of hours to run on a modern 
multicore workstation). 

Finally, the models developed in this study are useful to evaluate the 
critical details of the magnetophoresis process, including the trajectories of 
individual magnetic materials, the time required for the deflection and the 
perturbation of the fluid co-flow, which is a key distinguishing feature of this 
study. They can be broadly applied to various bioseparation processes for the 
prediction of the forces required to achieve complete separation while 
maintaining the integrity of various liquid phases, thus proving useful in the 
development and rational design of novel LOC magnetophoretic devices. 

Nevertheless, experimental analyses regarding the separation of 
magnetic beads from blood and the potential perturbation of the blood-
buffer co-flow during the magnetophoresis process are limited, as was 
remarked above, which hinders the validation of the simulations. 
Furthermore, the influence of other variables and parameters (bead and 
magnet sizes, effect of flow rates or the properties of the fluids) should be 
carried out in order to improve understanding of the underlying mechanisms 
of the process in continuous-flow devices. Therefore, more studies are 
needed, as well as experimental works that are required for validating the 
theoretical models. 

In the next section, the influence of different variables and parameters 
on the bead recovery are experimentally and theoretically evaluated and 
compared with the two-way coupling model developed for scenario 2. Among 
the various models tested in this study, scenario 2 is ideal. Although the 
model employed in scenario 3 could be considered more accurate, its 
applicability is hindered because it is computationally very expensive and it 
can only predict the trajectory of a limited amount of particles. On the other 
hand, the equations developed for scenario 2 allow the quantitative 
estimation of particle separation (i.e. in percentage, as hundreds of particles 
can be injected into the fluid domain), it can predict the magnetic field 
conditions that cause fluid perturbation and takes less than 1 day to run. 
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In this section, the second model developed in the previous section 
is used to predict the separation of magnetic beads from aqueous and viscous 
solutions, including blood. Briefly, the model predicts fluid flow within a fixed-
mesh Eulerian framework, magnetic particle dynamics using a Lagrangian 
formulation, and mass transfer, i.e. blood diffusion to the buffer phase, using 
the Fick’s law. The mass transfer equations (as developed in Chapter 3) are 
included in this study to assess the flow conditions that allow diffusion 
between streams. As considered in section 4.2, the model takes into account 
the dominant magnetic and hydrodynamic forces on the particles as well as 
fully-coupled particle-fluid interactions that give rise to interparticle 
hydrodynamic coupling and particle motion-induced mixing of the coflowing 
fluids. Thus, this study includes an analysis of bead dynamics, flow patterns, 
and mixing of the co-flowing blood and buffer fluids. The impact of different 
process variables – flow rates, bead and magnet dimensions and fluid 
viscosities – on bead recovery is also quantified. 

The previous model is used to study the performance of a prototype 
microfluidic device with a Y-Y (input-output) flow configuration. Figure 4.3.1 
a) shows the x-z plane of the microchannel used in the simulations. Although 
the force balance for each bead 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 depth of the channel (y axis) are 
not considered. The channel width (H) and length (Lc), in z and x directions, 
are 300 µm and 2 mm, respectively. H was modified for the simulations of 
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particle recovery from blood as the glass microdevice employed for that 
experiments is 280 µm wide. 

 

Figure 4.3.1. Magnetic bioseparation system. a) View of the microfluidic 
bioseparator showing the dimensions, magnet position and coordinate 

system, with an origin at the center of the microchannel for all simulations. 
b) Schematics of the magnet-channel system showing device geometry and 
magnetization. Note that the center of the magnet is not aligned with the 

center of the channel. 
 
Three different commercially available rectangular-shaped rare-

earth magnets are used for this study. These have dimensions Lm x Hm x Wm 
equal to 5x5x3 mm3, 8x8x4 mm3 and 10x5x3 mm3, respectfully. The saturation 
magnetization of the magnet, i.e. 106 A·m-1, was estimated based on 
experimental magnetic field measurements using a custom MatLab program. 
The magnets are positioned at a distance d=200 µm from the lower channel 
wall with the left corner of the magnet placed at the beginning of the chip’s 
straight section, at x=-Lc/2, as shown in Figures 4.3.1 a) and b). This location 
in x direction was selected due to the higher magnetic gradients that occur at 
that position, and also because of the easier visual positioning under the 
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microscope. Beads enter the upper inlet (equally distributed along the 
diameter), at a constant concentration of 0.1 g·L-1 (0.2 g·L-1 for bead recovery 
from blood), and are tracked at every time step. Interbead effects (e.g. 
magnetic dipole-dipole coupling) are also neglected in this study due to the 
low bead concentration, which are still values that fall into the typical 
concentration range of detoxification studies (Gómez-Pastora 2017a; 
Bromberg et al., 2010 and 2011; Jin et al., 2012). 

The effect of the fluid properties on magnetic separation is 
investigated by employing viscous aqueous solutions (η values of 
approximately 0.001 Pa·s and 0.004 Pa·s) and blood (η=0.0035 Pa·s). The 
buffer solution used as the collecting phase in the bioseparator is modeled as 
water at 20ºC with a viscosity of 0.001 Pa·s. 

The performance of the separator is evaluated through the 
dimensionless number J that describes the relationship between the 
magnetic and fluidic drag forces (as presented in section 4.2). Furthermore, 
the ratio γ between the residence and diffusion times developed in Chapter 
3 is used in this study for the assessment of diffusion between the fluid 
phases. 

 

 

The experiments for validating the model were performed using a 
prototype SU-8 Y-Y shaped device with a rectangular cross-section of 300 µm 
x 200 µm (Microliquid), as shown in Figure 4.3.2 a). This chip was placed in a 
methacrylate holder, and tygon tubing (0.8 mm i.d., 2.4 mm o.d.) was 
employed for the fluidic connections (Figure 4.3.2 b)). For the experiments 
with human whole blood (HWB), a glass microdevice with a U-shaped cross-
section was employed (Figure 4.3.2 c)). This device was fabricated with 
conventional photolithography and wet etching techniques (Scheuble et al., 
2017). The glass chip was mounted into an aluminum holder and connected 
to the pumps with fused silica capillaries (150 µm i.d., 375 µm o.d., Polymicro 
Technologies). Two syringe pumps (Legato 210 infuse/withdraw, Kd 
Scientific) and single syringes (Omnifix 5mL luer, BRAUN) were used to control 
the flow rates. 
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Figure 4.3.2.  Magnetophoretic bioseparation microsystem. a) SU-8 
microfluidic device employed for bead separation from water/ethylene 

glycol solutions; Dimensions: 2 mm long and 300 µm wide with a rectangular 
cross-section of 300 µm x 200 µm. b) Methacrylate holder for the SU-8 
microdevice showing fluidic connections and magnet position. c) Glass 

microdevice employed for bead separation from HWB; Dimensions: 2 mm 
long and 280 µm wide with a U-shaped cross-section of 280 µm in width and 
60 µm in depth. d) Aluminum holder employed for the glass device, showing 

magnet position and capillary tubing. 
 
For the fluidic analysis, fluids with different characteristics, i.e. two 

different fluid phases, were pumped into the two inlets, respectively: a) 
Fluorescein – Ethylene glycol, and b) HWB – Aqueous saline buffer. 
Fluorescein sodium salt solutions were employed for this study as coloring 
agents to distinguish the phases (Scharlau).  Also, a mixture of ethylene glycol 
in water 50% v/v (PanReac AppliChem) was employed for the co-flow studies 
as it exhibits a density and viscosity values similar to human blood (1050 kg·m-

3 and 4.1 cP at 20ºC) (Chen et al., 2008). In fact, this mixture is usually 
employed as a blood mimicking fluid (BMF) in experimental studies. 

To study the possible migration of blood cells between the fluid 
phases, aqueous solution of non-magnetic 6-8 µm polystyrene beads 
(Spherotech, Inc., catalog number HISP-60-2) were prepared at a 
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concentration of 1 g·L-1. This solution was pumped into the upper inlet, 
whereas deionized water was introduced into the device through the lower 
inlet. Bead concentration was measured under the microscope after sample 
collection at the outlets. Also, the diffusion of fluorescein between aqueous 
phases was analyzed. For this study, fluorescein solution (60 mg·L-1, diffusion 
coefficient: 4.25·10-6 cm2·s-1) (Culbertson et al., 2002) and deionized water 
were pumped into the phase 1 and phase 2 inlets, respectively. 

For the magnetic bead recovery analysis, aqueous solutions of 
fluorescent magnetic beads of two different sizes, i.e. 2.29 μm or 4.9 μm in 
diameter (Spherotech, Inc., catalog numbers FCM-2052-2 and FCM-4052-2) 
were prepared at a constant concentration of 0.1 g·L-1. To evaluate the 
influence of the fluid viscosity on the bead recovery, bead solutions were 
prepared in BMF. In general, deionized water was pumped into the lower inlet 
for the bead experiments. 

Finally, a set of experiments with HWB was performed in order to 
evaluate the device performance under a more realistic scenario. HWB from 
healthy subjects was collected with informed consents according to a 
protocol approved by the Advanced Separation Processes group following the 
University of Cantabria guidelines.  The samples were collected into 3.5 mL 
tubes with anticoagulant (sodium citrate 3.2%) and were processed within 5 
hours of blood draw. Before the experiments, saline buffer (NaCl 9 mg·mL-1; 
Fresenius, Kabi) with bemiparin sodium (Hibor®, Rovi Pharmaceuticals 
Laboratories) was pumped into the device through both inlets for 10 minutes. 
For the co-flow experiments, HWB was loaded into a 2-mL syringe and 
injected into the glass device at different flow rates. For the magnetic bead 
recovery, HWB was spiked with the 4.9 µm magnetic beads at a concentration 
of 0.2 g·L-1. Saline buffer was introduced into the device through the lower 
inlet for both studies. The syringes were agitated every 5-10 minutes in order 
to prevent blood cells from settling. 

Although the size of the magnetic beads employed in this study was 
specified from the manufacturer, the susceptibility and saturation (χp and 
Mp,s) were not available. A parametric estimation was performed from 
experimental tests and it was observed that the Mp,s impacts more the 
theoretical device performance (in comparison to the χp). The values obtained 
were Mp,s=1.5·104 A·m-1 and χp,e=0.25. χp,e represents the effective 
susceptibility of the bead that can be related to the intrinsic susceptibility χp 
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(Furlani et al., 2007; Son et al., 2015). These values fall within the range of 
beads employed for similar bioapplications (Tarn et al., 2009; Fonnum et al., 
2005). 

 

Figure 4.3.3. Magnet characterization and field analysis. a) 
Experimental and theoretical values of Bz measured at different points 

above the center of the magnet surface (in z direction). b) Measured Bz in a 
plane x-y at z=1.5 mm. c) Theoretical predictions for that plane. 

 
The magnetic field was provided by rectangular magnets (5x5x3 

mm3, 8x8x4 mm3, 10x5x3 mm3; Supermagnete, Germany). They were made 
from grades 45N-52N NdFeB, with remanent magnetizations of Br=1.32-1.47 
T. Although the company specifies the range of the saturation magnetization 
of the magnets, this value was nevertheless estimated from field 
measurements using an analytically based MatLab model in order to improve 
the accuracy of the results. More specifically, the magnetic field produced by 
one of the magnets was characterized using a 3D magnetic field mapping 
instrument, the MMS-1-R from SENIS GmbH (www.senis.ch). A three-
dimensional probe was used to scan the magnetic field at different z values 
above the center of the upper surface of magnet (Bx and By equal to 0 at that 

http://www.senis.ch/
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points), and these values were employed for the estimation of the saturation 
(Figure 4.3.3 a)). A value of 1013.1 kA·m-1 was obtained and used for all the 
simulations. The theoretical predictions are in excellent agreement with the 
measured data as seen in Figures 4.3.3 b) and c), where the comparison 
between them is shown for a x-y plane at z=1.5 mm from the magnet surface. 

IF caused by the presence of fluorescein or beads in the fluid phases 
was detected using a microscope (Nikon SMZ18) equipped with a green 
fluorescence filter and a Jenoptik ProgRes C5 camera. Images were taken 
using the ProgRes® CapturePro software (CapturePro, version 2.10.0.0). 
Whereas the analysis of the flow patterns and diffusion phenomena was 
easily performed by analyzing the photographs taken with the camera 
(fluorescein diffusion is even visible to the naked eye), it was not possible to 
quantitatively calculate the bead separation effectiveness from the 
photographs. Therefore, a custom model for image analysis using MatLab 
was developed. The image processing is shown step-by-step in Figure 4.3.4. 
 

Figure 4.3.4. Image processing for experimental analysis. a) Visible image 
and selection of the chip’s contours; Dashed lines, which delimitate the 
inlets and outlets, are automatically drawn after the user selects the 6 

vertices manually. b) Superimposition of contours over the fluorescence 
image. c) Green (G) channel enhancement process by removing the noise 
from the G component. d) Bead recovery quantification by counting green 
pixels at the outlets. Figures 4.3.4 c) and d) are represented in false color. 
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Firstly, the user selects the vertice points delimiting the input and 
output channels using an image of the microchip taken under visible light 
(Figure 4.3.4 a)). These points are used to delimit the channels in the following 
images taken under fluorescence light, and the channel limits are 
superimposed for visual assessment (Figure 4.3.4 b)). From the fluorescent 
image, the code automatically splits the color components (Red (R), Green 
(G), and Blue (B)). Afterwards, the program enhances the G component (as 
fluorescence is emitted in green) by removing the R component that 
generates noise in the images (Figure 4.3.4 c)). At this point, an intensity 
threshold is established and manually tuned until the pixels detected in the 
clean G component correspond to the beads inside the channel (Figure 4.3.4 
d)). Finally, the code accounts for the number and area of beads that exit the 
channel through each outlet in the Y-junction by counting the areas of green 
pixels detected in the outlets. Thus, the experimental bead recovery can be 
estimated as follows: 

 

Bead recovery =  Area4−5
Area4−5+Area5−6

· 100                                                      (4.3.1) 

 
It should be noted that the accuracy of the developed method was 

checked by comparing the calculated recovery of the beads (measured with 
the software) and the concentration measured at the outlets after sample 
collection and processing for one of the experimental tests of this study. It 
was found that the results obtained with both methods differ by less than 
10%, which validates the accuracy of the customized image processing 
program. Since this method has been automatized, once the picture of the 
device is taken, it takes only 10 seconds to obtain the recovery percentage of 
the device, in comparison to the sample collection, bead re-concentration 
and measurement process, which is much more tedious and time consuming. 
Furthermore, it can be used for real-time process monitoring and even 
integrated into a control loop for optimization, as a consequence of the 
continuous mode of the process. 

For each experimental condition, different tests were performed and 
an average of 5 different micrographs were taken and analyzed. The value 
reported in the following sections represents the average recovery. 
Nonetheless, for the experiments with HWB, the bead recovery was 
calculated by measuring bead concentration at the outlets after sample 
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collection, since the high concentration of blood cells might interfere with the 
illumination of the beads in the upper branch of the channel and lead to 
different IF values in comparison with the co-flowing aqueous solution. 

 

 

In this section, the experimental flow patterns of phases with 
different fluid properties are analyzed in order to examine the flow conditions 
that lead to the complete separation of the fluids at the bioseparator outlets 
and validate the theoretical results presented in section 4.2.3. Furthermore, 
the flow conditions employed in this section are evaluated in terms of 
interdiffusion between streams. 

In Figures 4.3.5 a) – d), the flow patterns developed inside the 
channel are analyzed when either a BMF (ethylene glycol solution) or HWB 
co-flow with an aqueous phase. For both scenarios, i) fluorescein solution - 
BMF and ii) HWB – saline buffer, the volumetric fractions of each phase are 
theoretically and experimentally presented. When the two fluids have a 
different viscosity, there is a negative impact on the co-flow and phase 
separation (Gómez-Pastora et al., 2017c). This can be minimized by ensuring 
the same pressure drop in each phase throughout the length of the channel, 
as developed in section 4.3. Figures 4.3.5 a) and 4.3.5 b) show the fluorescein 
– BMF separation at the outlets when the criterion presented in section 4.2.3 
is applied (average fluid velocities at inlets are 0.5 cm·s-1 and 2.1 cm·s-1 for 
BMF and water solutions, respectively). Furthermore, Figure 4.3.5 c) shows 
the HWB-buffer co-flow when the saline buffer is pumped at a flow rate 
almost 3 times higher than HWB, and Figure 4.3.5 d) demonstrates how the 
separation is substantially improved by using this criterion in comparison with 
the use of the same flow rates for both fluids. 

When working with complex and multicomponent solutions 
(biological fluids such as blood), not only the solution loss or dilution at the 
outlet should be analyzed, but also, the possible diffusion of its constituents 
to the buffer solution. The migration of big macromolecules was investigated 
by using non-magnetic polystyrene beads. Beads with sizes of approximately 
7 µm were injected in the channel through the upper inlet for this study. 
Unfortunately, the beads were not fluorescent, and it was not possible to 
clearly distinguish their trajectories inside the device. However, samples at 
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the upper outlet were collected and were compared with the inlet suspension 
under the microscope (x135). Similar concentrations at both inlet and outlet 
solutions were observed, as seen in Figure 4.3.6. 

 

Figure 4.3.5. Flow analysis. a) Simulation and b) experimental 
results of flow patterns of fluorescein (aqueous) and BMF solutions when 

the pressure drop for both phases is fixed along the channel length; c) Flow 
patterns of HWB and saline buffer at flow rates of 1 µL·s-1 and 2.75 µL·s-1; d) 
Sample collection at the outlets when the flow rates are 1 µL·s-1 and 1 µL·s-1 

(mixing at the outlet 2 is reported as blood exits the device through both 
outlets) and 1 µL·s-1 and 2.75 µL·s-1 (for this condition no blood loss is 

reported). 
 

Figure 4.3.6. Micrographs of polystyrene beads collected a) before the 
experiment (suspension injected at the upper inlet) and b) after flowing 

along the device and collected at the upper outlet. 
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The transport of micron-sized non-magnetic beads is important as it 
provides some insight as to the transport of blood components, such as red 
blood cells (6-9 µm) or white blood cells (8-14 µm) (Zhao et al., 2017). The 
trajectory followed by these 7 µm polystyrene beads was also numerically 
determined (a flow rate range of 0.005-0.5 µL·s-1 was studied and no 
difference was observed over this range). The beads followed the fluid 
streams depicting a straight line from the inlet to the outlet, i.e. no deflection 
was found for any of the flow rates tested. This result is in good agreement 
with the experimental data and also expected under these flow conditions 
due to the large size and non-magnetic behavior of this material. In fact, the 
diffusion coefficient of macromolecules of that size (blood cells) is 
approximately 10-14 m2·s-1 as calculated by the Stokes-Einstein equation. 
Finally, the diffusion of fluorescein between aqueous phases as a function of 
γ (ratio between residence and diffusion times as presented in Chapter 3) was 
also theoretically studied and experimentally validated for this microdevice, 
and the results are presented in Figure A2.1 of the Annex A2. 

From these studies it can be concluded that working with γ values of 
approximately 0.1, the diffusion of relatively small molecules (such as 
fluorescein) and big macromolecules (blood proteins or cells) can be 
considered negligible due to their low diffusivity value, and thus, high 
diffusion time (the diffusion time increases up to several minutes for these 
macromolecules (Young et al., 1980), whereas the residence time of the fluid 
phases inside the bioseparator is less than 4 seconds for all the experiments 
performed for studying the magnetophoresis). Therefore, it can be assured 
that diffusion of blood components to the buffer solution is negligible at the 
time scales of interest. 

 

In this section the recovery of magnetic beads is analyzed under 
different magnetic field and fluid flow conditions. Different variables (flow 
rates) and parameters (magnet and bead dimensions, as well as the 
rheological properties of the phases involved) are studied in order to optimize 
the force balance acting on the beads. 

The influence of the magnet dimensions on the magnetic field and 
force in the microchannel was studied using three different-sized magnets: 
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5x5x3 mm3; 8x8x4 mm3 and 10x5x3 mm3. The magnetic field in z direction 
provided by the three magnets inside the microchannel is analyzed in Table 
4.3.1, for a x-y plane (limited by the chip contours) located at the midline of 
the channel, i.e. z=0. The magnetic force in z direction generated on 2.29 µm 
and 4.9 µm beads with the three magnets at the same plane is also reported 
in Table 4.3.1. Only the z component of the field and force is presented since 
it is the component that causes bead deflection from phase 1 to phase 2. 

As reported in Table 4.3.1, the magnetic field generated in the 
channel is non-uniform, with values that range from -10 mT to 40 mT (5x5x3 
mm3), from -20 mT to 40 mT (8x8x4 mm3) and from -25 mT to 25 mT (10x10x5 
mm3). Although these values are not equal, the difference between the 
positive and the negative values is practically the same, so the magnetic 
gradient is very similar for the three structures. This is verified by examining 
the magnetic force generated by those magnets on the beads. In this case, 
the magnetic force acting on the 4.9 µm beads ranges from -0.1 nN to -0.22 
nN for the 5x5x3 mm3 magnet, and from -0.1 nN to -0.24 nN for the 8x8x4 
mm3 and 10x10x5 mm3 magnets. Therefore, the magnetic bead recovery is 
expected to increase slightly as the magnet size increases due to the higher 
magnetic force. 

 
Table 4.3.1. Magnetic field range (in z direction) inside the SU-8 chip and 
magnetic force range acting on the 2.29 µm and 4.9 µm beads for each 

magnetic structure employed in this study. 

Magnet system 
(mm3) 

Magnetic field 
inside the chip (mT) 

Magnetic force on 
2.29µm beads (pN) 

Magnetic force on 
4.9µm beads (nN) 

5x5x3  From -10 to 40 From -10 to -24 From -0.1 to -0.22 

8x8x4  From -20 to 40 From -10 to -25 From -0.1 to -0.24 

10x5x3  From -25 to 25 From -10 to -24 From -0.1 to -0.24 

 
Following the magnetic field and force analysis, bead separation 

under conditions of variable hydrodynamic forces with the magnetic force 
held fixed is discussed. In Figures 4.3.7 a), b) and c), the theoretical and 
experimental bead recovery (4.9 µm beads) from aqueous solutions as a 
function of the applied flow rate is presented for the 5x5x3 mm3, 8x8x4 mm3 
and 10x5x3 mm3 magnets, respectively. 
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Figure 4.3.7. Magnetic bead recovery from aqueous solutions as a 
function of the applied flow rate for 4.9 μm beads (in the SU-8 microdevice) 
showing experimental (Figure 4.3.7 a)) and simulated (Figures 4.3.7 b) and 
c)) result images. a) 5x5x3 mm3 magnet; b) 8x8x4 mm3 magnet; c) 10x5x3 

mm3 magnet. 
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As seen in the figures, and due to the similar magnetic force 
generated by the 3 magnets, the bead recovery slightly increases with the size 
of the magnet, i.e. the theoretical bead separation increases an average of 
13% when the 5x5x3 mm3 magnet is replaced by the 8x8x4 mm3 or the 10x5x3 
mm3 magnets. For each figure, the magnetic force is kept constant for all the 
flow rates. However, the hydrodynamic force increases with the flow rate and 
when this value is higher than 1.1 µL·s-1, bead recovery decreases by as much 
as 25%. Note that the experimental recovery under this flow conditions is 
around 13%, 15% and 26% for the 5x5x3 mm3, 8x8x4 mm3 and 10x5x3 mm3 
magnets, respectively. For these flow rates, the ratio J between magnetic and 
fluidic drag forces is around 0.1. On the other hand, as the flow rate is 
reduced, the magnitude of the fluidic drag force decreases as well, and for 
values equal to 0.25 µL·s-1, the J ratio ranges from 0.64 to 0.81 (depending on 
the magnet). Under these low velocity conditions, bead recovery increases up 
to 89%  for the 5x5x3 mm3 magnet and up to 100% for the 8x8x4 mm3 and 
10x5x3 mm3 magnets. 

Furthermore, the simulated results follow the same trend as the 
experimental ones although there is a deviation between the two at some 
points of the curves for the 5x5x3 mm3 and 8x8x4 mm3 magnets. The 
difference between the experimental and simulated results might be caused 
by the inhomogeneous illumination conditions inside the device for each 
experiment or by an error in the image analysis. However, in almost all cases 
there is a satisfactory global value with an absolute error around 15%. 

Following the magnet size analysis, the influence of the bead 
diameter was also studied. As presented in Chapter 2, the bead size affects 
the fluidic drag force (proportional to the bead radius) and the magnetic force 
(proportional to the bead volume). Therefore, the influence of bead size (i.e. 
2.29 μm and 4.9 μm bead sizes) on magnetic recovery was analyzed. Firstly, 
the magnetic force field acting on the beads (Table 4.3.1) inside the SU-8 chip 
was modeled. From this table, it can be seen that the magnetic force (in the z 
direction) is reduced by one order of magnitude when the bead size is 
reduced to half. This reduction in the magnetic force greatly affects the 
magnetic recovery. 

In Figure 4.3.8, the magnetic recovery of both bead types as a 
function of the applied flow rate is presented. As plotted in the figure, only 
20% of the smaller beads are recovered from the solution for flow rates as 
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small as 0.25 µL·s-1. This is because for these conditions, the ratio J takes 
values smaller than 0.1. It should be noted that this J value for the bigger 
beads is obtained for flow rates higher than 1.3 µL·s-1. Whereas the magnetic 
force is diminished by one order of magnitude for the 2.29 μm beads, the drag 
force is approximately reduced by half, but remains at the same order of 
magnitude as compared to the 4.9 μm beads. The different force balance 
acting on both beads explains the different recovery ratios. For the 2.29 μm 
beads, the separation decreases between 20% and 77% for the flow rate 
range under analysis, and only by using flow rates smaller than 0.1 µL·s-1, full 
recovery can be achieved. Finally, there is good agreement between the 
theoretical predictions obtained with the CFD model and the experimental 
data, with an absolute error lower than 10%. 

 

Figure 4.3.8. 2.29 μm and 4.9 μm magnetic bead recovery (theoretical and 
experimental results) in the SU-8 chip from aqueous solutions as a function 

of the applied flow rate for the 10x5x3 mm3 magnet. 
 
Finally, the effect of the rheology of the biofluids was studied by 

deflecting the beads from a BMF (ethylene glycol mixture 50% v/v) and from 
HWB, respectively. In Figure 4.3.9 the separation of 4.9 μm beads from both 
aqueous and BMF solutions is presented for the SU-8 microdevice. By 
comparing both scenarios, it can be observed that the separation is negatively 
affected when a more viscous solution is employed as phase 1. This is due to 
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the drag force, proportional to the viscosity of the solution, which implies that 
this force is approximately 4 times higher when BMF solutions are treated. 
For this scenario, bead recoveries of around 37% are obtained for flow rates 
of 0.3 µL·s-1 (J ratios smaller than 0.15), whereas 100% were recovered from 
water for this flow rate value. Higher flow rates of the BMF resulted in bead 
recoveries lower than 30%, values between 23% and 74% lower than the base 
case in which water is employed as phase 1. 

 

Figure 4.3.9. Magnetic bead recovery (theoretical and experimental results) 
from aqueous and from BMF as a function of the applied flow rate for the 

4.9 μm beads using the 10x5x3 mm3 magnet and the SU-8 microdevice. 
 
Finally, in Figure 4.3.10 the separation of 4.9 μm beads from both 

aqueous and HWB solutions is presented. It should be first noticed that for 
these experiments, a glass microdevice with a different cross-section shape 
and area was employed, and thus, the flow rates are not comparable to the 
ones presented in Figure 4.3.9. As happened with BMF, the separation of 
these beads from HWB is lower than the base case, i.e. in this case, the 
separation is reduced between 22% and 72% when HWB is employed. These 
values are very similar to the ones in which a BMF was employed as phase 1. 

Therefore, to obtain high recovery values from blood solutions, flow 
rates of approximately 0.005 µL·s-1 are required (around six times lower than 
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the flow rate required to achieve full separation from water in this device as 
seen in Figure 4.3.10), which correspond to values of the J ratio of 1.2. This 
way the dominant forces acting on the beads would remain of the same order 
of magnitude, which favors the recovery. This flow rate results in an average 
velocity value of 0.65 mm·s-1 (for this device) with residence times of around 
3 seconds, which is still a small value to allow diffusion of blood 
macromolecules to the buffer stream (γ ≈ 0.08 for fluorescein). Therefore, for 
the separation of beads from viscous biofluids such as blood, lower flow rates 
could be safely employed since the integrity of the biofluid would not be 
compromised. Finally, it can be seen from Figure 4.3.10 that there is a good 
agreement between the theoretical results and the experimental data (error 
less than 10%), showing the capability of this model to accurately describe 
magnetophoresis from complex fluids such as blood. 

 

Figure 4.3.10. Magnetic bead recovery (theoretical and experimental 
results) from an aqueous solution and from HWB as a function of the 

applied flow rate for the 4.9 µm beads using the 10x5x3 mm3 magnet and 
the glass microdevice. 
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In this work, a CFD-based computational model has been introduced 
for analyzing and optimizing magnetic bead separation from biological fluids 
in a liquid-liquid continuous-flow microdevice for blood detoxification. The 
main findings have been systematized in order to meet the three 
technological challenges that should be addressed in real detoxification 
processes. Firstly, the process should be designed so that the ratio between 
the flow rates ensures the same pressure drop for both phases along the 
device length. This way co-flowing of streams can be achieved thereby 
maintaining two completely separated phases at the channel outlets. 
Secondly, the residence and diffusion times (γ) should be taken into account 
in order to evaluate possible interdiffusion between streams. For avoiding 
such phenomena, γ value should preferably remain below 0.1. 

Lastly, for the magnetic bead recovery analysis, the effect of 
competing magnetic and hydrodynamic forces has been investigated. It has 
been demonstrated that these are affected by multiple variables and 
parameters (flow rates, particle size, rheological properties of the fluids, etc.) 
that are highly coupled with each other. Consequently, a systematic approach 
is needed for optimization. It has been proven that key parameters can be 
integrated into a dimensionless number J that scales both forces acting on the 
beads. The obtained data suggests that when the magnetic force is 
approximately 1.2 times the fluidic drag force, adequate bead recovery 
efficacies can be reached from HWB. Once the conditions that satisfy the 
three requirements have been identified, process design (parallelization of 
the devices as a function of the flow rate of blood that needs to be treated) 
should be carried out. 

Finally, the theoretical model has been validated via the analysis of 
prototype devices and fluorescence microscopy has been used to 
characterize key performance metrics: flow patterns, mass transfer between 
co-flowing fluids and bead separation. The experimental data are consistent 
with the theoretical predictions within an absolute error of 15%. Therefore, it 
can be concluded that the computational model enables understanding of the 
fundamental underlying mechanisms of device performance and is useful for 
the development of novel magnetophoretic LOC applications. In this case, it 
contributes to the development and optimization of magnetic bead 
separation from biological fluids in a multiphase continuous-flow microdevice 
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that can potentially be integrated in a two-step system for extracorporeal 
detoxification of biofluids.
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As mentioned in Chapter 1, the use of continuous-flow 

magnetophoretic devices is not only limited to the manipulation of solid 
magnetic beads between fluidic phases, but also for handling minute 
amounts of fluid (i.e. droplets) in laminar flows. The small size and high 
specific surface area of magnetic beads make them promising materials to 
perform a wide range of applications, such as the detoxification of biofluids 
as has been presented in Chapter 4. However, the use of magnetic 
nanoparticles in a colloidal solution, i.e. ferrofluids, has also become one of 
the most important and central topics of microfluidics (Chong et al., 2016). 
Contrary to magnetic bead-based procedures, droplets are generated from a 
fluid phase inside the device, and thus, factors such as the size and properties 
of the generated emulsions are easily tunable. Also, different operations can 
be performed when droplets are employed that are not physically possible to 
be carried out with solid particles, i.e. splitting, coalescence and merging, etc. 
Furthermore, multiple reagents can be introduced into the droplet volume. 
Thus, continuous-flow droplet-based microfluidics has been adopted for high-
throughput parallel reactions such as polymerase chain reaction (PCR) (Zhang 
and Nguyen, 2017). Therefore, the development of efficient magnetophoretic 
microsystems able to generate and manipulate droplets within fluidic phases 
has also become of paramount importance in recent years and motivates this 
chapter.  

Droplet-based microfluidics is a rapidly growing interdisciplinary field 
of research combining soft matter physics, biochemistry and microsystem 
engineering (Seemann et al., 2012). As stated above, numerous biochemical 
applications and processes could take advantage of droplet microfluidics by 
integrating this technology into the process flowsheet. One of the possibilities 
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is the synthesis of polymer multilayer capsules (PMLCs), which are exploited 
in different fields, especially for the development of theranostic agents (Chen 
et al., 2017; Chandrawati, 2018). Conventionally, these capsules are 
fabricated using a layer-by-layer (LbL) technique (Figure 5.1.1 a)) that involves 
the deposition of different layers of oppositely charged polyelectrolytes (PEs) 
onto a sacrificial template that will be further dissolved, leaving a hollow 
capsule (De Koker et al., 2012). Then, this capsule is loaded with active 
components and engineered with tailored properties, including stability, 
permeability, and ability to control the release of encapsulated substances in 
response to chemical and/or physical stimuli. These properties make PMLCs 
ideal candidates for drug delivery applications as drugs can be incorporated 
in the capsules and then released upon exposure to a specific trigger, i.e. pH, 
light, temperature, magnetism, ultrasound, enzymatic degradation and 
glucose gradients (Chen et al., 2017; De Geest et al., 2009). Nonetheless, the 
LbL synthesis method is time consuming, cost-inefficient and complex, 
requiring numerous centrifugation and separation steps (De Koker et al., 
2012). It has been estimated that approximately 40 minutes are necessary to 
deposit one single layer onto the template with the conventional LbL method 
(Al-Orabi et al., 2014). Therefore, novel approaches for the LbL synthesis of 
PMLCs are preferred over traditional procedures. 

In this regard, recent works have addressed the use of droplet-based 
microfluidics for the LbL synthesis of PMLCs (Kantak et al., 2013). Droplet 
microfluidics has offered an attractive alternative for the fabrication of these 
materials due to the potential for continuous-flow processing in a rapid and 
automated manner. These processes involve the use of multiple parallel 
streams, which contain alternating reagent and washing solutions, through 
which the droplet template is passed consecutively in order to deposit the PE 
onto its surface. However, complex channel geometries or the use of 
micropillars within the fluidic channels are the strategies that have been 
reported so far for guiding the droplets across the different streams (Kantak 
et al., 2011 and 2013; Priest et al., 2008; Zhang et al., 2008). Although these 
studies have reported rapid encapsulation of PEs onto the templates, the 
implementation of these processes is limited due to the cumbersome 
construction of such channel structures. 
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Figure 5.1.1. a) Conventional LbL deposition of PEs onto magnetic 
templates for the fabrication of PMLCs; b) The concept of continuous-flow 

LbL deposition of PEs via the deflection of magnetic templates (e.g. droplets) 
through multilaminar flow streams of PEs and washing solutions. 
 
One alternative to this approach is the use of magnetic materials that 

can be deflected through multilaminar flow streams via the use of magnetic 
forces generated by simple permanent magnets, as schematized in Figure 
5.1.1 b). In fact, magnetic droplet manipulation inside continuous-flow 
channels presents multiple advantages and it has been applied in different 
applications (Huang et al., 2017; Sander et al., 2012). The most conventional 
method to induce droplet movement is the introduction of magnetic particles 
into the DP. However, it does not strictly require the use of particles (either 
ferromagnetic or superparamagnetic) as the magnetic actuation of ionic 
droplets (droplets with dissolved paramagnetic salts) has been recently 
reported as well (Mats et al., 2016). Nonetheless, the use of magnetic 
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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 (Serra et al., 2017). Therefore, 
among the different magnetic structures and methods available, ferrofluid 
droplets are the best candidates due to their superparamagnetic behavior. 
Also, they can be dispersed in either aqueous or oil carrier fluids and stabilized 
via a surfactant or polymer coating. Nonetheless, in order to take advantage 
of this technology, the precise generation and manipulation of these 
structures should be investigated. 

Regarding droplet generation, it should be noted that, unlike digital 
microfluidics, droplet microfluidics or emulsion microfluidics employs specific 
channel geometries (T-junctions and flow-focusing generation devices) to 
generate the droplet emulsions that are then transported in a pressure-driven 
flow. This approach presents multiple advantages due to its simplicity, easy 
channel fabrication and high throughput (Serra et al., 2017). Once the 
droplets are generated in a pressure-driven flow, magnetic control of the 
ferrofluid is necessary. Droplet manipulation with magnetic forces in 
continuous-flow microfluidic devices was originally proposed in 2010 by Prof. 
Pamme’s group (Al-Hetlani et al., 2010) and by Lombardi and Dittrich (2011). 
The main advantage of this actuation method is that it does not require 
complex and costly channel fabrication procedures, it can be operated 
manually, and it does not require an external power source, which is an 
important consideration for point-of-care applications in resource-limited 
environments where electricity is a luxury item. Furthermore, it is not 
affected by surface charges, pH levels, ionic concentration or temperature as 
presented in Chapter 1, which is very important for applications in life 
sciences in which the interaction between the biological samples and the 
actuation force is a major problem (Yang and Li, 2017; Beyzavi and Nguyen, 
2010). 

With the maturity of this platform technology, sophisticated and 
delicate control of magnetic droplet generation and transport across different 
flowing streams is needed to address increasingly complex applications. 
Numerical models are useful tools to further explain and understand the 
generation process and the behavior of ferrofluid droplets as they are 
deflected through different streams. Different authors have addressed the 
modeling of droplet generation, mostly by passive control (using different 
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flow rates for the CP and DP) (Jamalabadi et al., 2017; Sontti and Atta, 2017), 
but active ferrofluid droplet formation has been reported as well (Liu et al., 
2011; Tan et al., 2010; Zhang et al., 2018; Sen et al., 2017; Yan et al., 2015). 
Also, a significant part of the available numerical studies on ferrofluid droplets 
are devoted to the investigation of the motion and deformation of a single 
droplet under the influence of magnetic fields (Lohrasebi, 2015; Grant et al., 
2015; Habera and Hron, 2017; Afkhami et al., 2010; Korlie et al., 2008; Zhu et 
al., 2011; Backholm et al., 2017; Rowghanian et al., 2016; Ahmadi et al., 2016) 
or electric fields (Cimbala et al., 2017; Jackson et al., 2017). Other numerical 
studies are focused on the coalescence of two ferrofluid droplets when they 
are exposed to magnetic fields (Ghaffari et al., 2015; Ghaffari and 
Hashemabadi, 2017; Kadivar, 2014). Unfortunately, most of these numerical 
studies are only focused on droplet motion or deformation under uniform 
magnetic fields (because of the easier mathematical description) and 
although they are important and reflect the complexity of the problem, i.e. 
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. 

A few theoretical and experimental studies have reported the analysis 
of droplet manipulation by magnetic fields generated by electromagnets or 
permanent magnets (in both digital microfluidics and droplet microfluidics) 
(Wu et al., 2013 and 2015; Beyzavi and Nguyen, 2010; Guba et al., 2017; 
Chakrabarty et al., 2016; Aboutalebi et al., 2018; Shi et al., 2014; Chen et al., 
2015; Ray et al., 2017). However, modeling relatively large reaction chambers 
is a challenge due to the length scales involved in the problem. Reported 
numerical studies where droplets move and interact have applied several 
hundreds of mesh cells across the diameter of each droplet (see for example 
the study reported by Ghaffari et al. (2015), where the authors used a domain 
with 124 mesh cells per diameter of each droplet) and only a few numerical 
studies have reported droplet modeling within relatively large systems. For 
example, Ray et al. (2017) modeled a circular channel geometry of 1 mm in 
width and 150 mm in length in order to study ferrofluid droplet generation 
and coalescence due to an external magnet. Although their mesh had around 
500 cells, the simulated results were compared against experimental data and 
found to be in agreement. Varma et al. (2016) also modeled droplet 
generation and merging in the presence of a uniform magnetic field in a 
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microfluidic channel of several millimeters in length. Apart from these 
studies, and to the best of our knowledge, no numerical study has reported 
yet the deflection of these structures across complex and large reaction LOC 
chambers where different fluids flow in parallel. However, ferrofluid droplets 
have interesting applications as supports for reactions and material synthesis 
(Seemann et al., 2012). Therefore, it is necessary to address this issue in order 
to efficiently design complex processes where droplets are guided through 
relatively large chambers/channels (Al-Hetlani et al., 2010; Teste et al., 2015; 
Zhang et al., 2011). 

Hence, on the grounds of the advantageous characteristics of 
magnetic droplets and their increasing application fields, the goal of this 
chapter is to go one step forward in the analysis of micro-magnetophoretic 
operations in which magnetic droplets are integrated into, instead of solid 
particles. With this aim, the study of the dynamics of ferrofluid droplet 
generation is numerically carried out, and their later manipulation when 
actuated by spatially, non-uniform magnetic fields in millimeter-sized 
reaction chambers is analyzed and optimized. This is covered in section 5.2, 
where different numerical methods are used to predict droplet size, shape, 
trajectory and other important details when addressing the design of droplet-
based applications. Simulated results are compared with experimental data 
in order to validate the analysis. Detailed hydrodynamic analysis during both 
droplet formation and deflection is carried out, demonstrating that 
multilaminar flow droplet processing using magnetic fields is a versatile high 
throughput platform for biomedical research. 

In section 5.3, the continuous-flow encapsulation of ferrofluid droplets 
with PE streams is addressed. The challenges experienced when coating the 
templates with charged PEs, and the ways in which they have been addressed, 
are demonstrated in order to help researchers developing similar systems. 
Finally, the required magnetic force to successfully deflect ferrofluid droplets 
across PE and washing streams is calculated and presented in a revolutionary 
“Snakes-and-Ladders” LOC device. 
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In this section, the theoretical description of the generation of 
ferrofluid droplets at a flow-focusing generation device is addressed. Droplet 
generation studies are important to calculate the influence of the flow rates 
and the geometrical characteristics of the generation device on droplet size. 
For this study, ferrofluid droplet generation in an immiscible, non-magnetic 
newtonian medium is presented. Oil-based ferrofluid and aqueous solution, 
respectively, worked as the DP and CP.  

As presented in Chapter 2, the main challenge in modeling 
multiphase systems is describing the interface movement (Liu et al., 2011). In 
this study, the VOF method (Eq. 2.3.1) is used to calculate the movement of 
the interface between the ferrofluid (DP) and the aqueous fluid (CP) across 
the fluid domain. As mentioned in Chapter 2, the modeling of the two 
immiscible fluids was carried out by solving a set of momentum equations 
while tracking the volume fraction (F) through the entire flow domain. The 
fluid velocity field is governed by the mass continuity and momentum 
equations, which are solved under the assumption that the fluids are 
incompressible (Eqs. 2.2.38 and 2.2.39). For the generation stage, it is 
assumed that the ferrofluid is non-magnetic, i.e. the effect of the magnetic 
field on both droplet size and shape are not considered (passive generation). 

Surface tension contributions were calculated as developed in 
section 2.3 (i.e. firstly, the estimation of the interface shape and the 
calculation of the surface tension forces were carried out, and later the 
equivalent pressure due to these forces was introduced into the momentum 
equation). In this case, the surface tension coefficient and the contact angle, 
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which depend on the nature of the two fluid phases and the surface on which 
their interface is located, were introduced as input parameters in the 
simulations. More specifically, the surface tension between the ferrofluid and 
the aqueous CP was determined to be approximately 5 mN·m-1 (this value was 
obtained for a CP containing a surfactant via tensiometer). The contact angle 
was measured from experimental photographs with the open source program 
Meazure version 2.0 (C Thing software), taking the value of 140° ± 15°. Hence, 
in the present model, a mean contact angle of 140° was initially specified. 

The model was solved with FLOW-3D (version 11.2). In Figure 5.2.1 
the geometry that was modeled is shown. It consists of a flow-focusing 
generation device and a T-shaped outlet. The dimensions are 150 µm in width 
(for the inlets and the main channel) and 100 µm wide 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 5.2.1. Schematic view of the flow-focusing droplet generation device 
employed in this study. 

 
As mentioned in Chapter 2, fluid 1 (for which F=1) represents the oil-

based ferrofluid, 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 
5.2.1. 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 
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the y direction (i.e. 2D simulations). Finally, a uniform grid is employed for the 
droplet generation simulations. The mesh is composed by approximately 
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. 

 

After studying droplet generation in flow-focusing devices, their later 
manipulation inside reaction chambers when actuated by spatially, non-
uniform magnetic fields should be addressed. In order to construct the 
physical model for describing the deflection of ferrofluid droplets across the 
chamber, certain assumptions and simplifications were necessary to apply. 
This is due to the fact that a droplet has a deformable interface making its 
dynamic behavior more complicated than the magnetophoretic transport of 
a magnetic bead, as stated in Chapter 2 (Shi et al., 2014). 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 
across millimeter chambers, the different length scales involved in the 
process make such description computationally very expensive. 

More specifically, the transport of 200 µm ferrofluid drops across the 
chamber employed in this dissertation 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. Otherwise, tracking the droplet 
interface across the fluid domain would be highly inaccurate. When trying to 
model magnetophoresis, the expected runtimes are 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 only 
when F≠0 (i.e. ferrofluid volumes). 

Therefore, a Lagrangian particle model was used for studying droplet 
deflection across these reaction chambers. The main advantage of this model 
is that the droplets are treated as point-like particles, and their trajectories 
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can be accurately described independently of the size of the droplets (i.e. 
without increasing the computational cost due to mesh refinements). This 
model employs particles of a fixed size, which should be specified as a 
simulation parameter input. Nonetheless, by modeling only the droplet 
generation device, as developed in section 5.2.1, this value can be easily 
calculated and used afterwards for the deflection. 

Therefore, droplet motion was calculated as a balance between 
fluidic and magnetic forces. The Lagrangian approach is used to model droplet 
dynamics (Eq. 2.2.3) and the fluid transport is calculated with an Eulerian 
approach by solving the governing equations of fluid flow. The fluid velocity 
field was predicted by using the Navier Stokes and continuity equations for 
incompressible fluids, including droplet-fluid interactions, as presented in 
Chapter 2. More specifically, fluid-droplet interactions were included in the 
study by employing a two-way coupling model wherein the droplets are 
treated as point particles and momentum is transferred from the droplet to 
the fluid and vice versa (Eqs. 2.2.40 and 2.2.41). This corresponds to the 
second model scenario presented in Chapter 4. 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 magnetic force acting on the droplets is calculated with the 
equations developed in Chapter 2 (2.2.11-2.2.13). For the magnetization, the 
model described in Chapter 2 by Eq. 2.2.9 is used. In this case, the magnetic 
properties of the DP (magnetic susceptibility of the ferrofluid, χd=6.79, and 
saturation magnetization, Md,s= 5.25·105 A·m-1) were specified by the 
manufacturer. For this study, it is assumed that the susceptibility of the fluid 
phases (i.e. F=0) is essentially that of free space. The magnetic field and 
gradient inside the reaction chamber is provided by a SmCo rectangular 
magnet. This magnet has dimensions Lm x Hm x Wm equal to 7.3 x 4.8 x 3 mm3 
and a saturation magnetization of approximately 106 A·m-1. For the 
calculation of the field distribution generated by the magnet and the partial 
derivatives of the field components, Eqs. 2.2.14-2.2.32 were employed. 

Regarding the fluidic domain, Figure 5.2.2 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 
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different streams containing reagents and washing solutions are injected, as 
seen in Figure 5.2.2. 

 

Figure 5.2.2. Schematics of the reaction chamber in which ferrofluid 
droplets are deflected across different 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 experimental 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 (shown in grey in the simulations). This approach is similar as 
the one developed in Chapter 3 for modeling fluorescein solutions, and useful 
here to evaluate fluid-droplet interactions. No slip condition (zero velocity) is 
applied along the microchannel walls (due to the laminar regime) and at the 
outlet, the outflow boundary condition is employed. Symmetry boundary 
conditions are applied at both limits of the z direction. 

Drop trajectory was calculated as a function of the flow rates of the 
streams and the magnetic field conditions inside the fluid domain (provided 
by different magnet positions with respect to the main chamber). More 
specifically, the flow rates of streams 2-5 were varied, and took the value of 
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either 300 µL·h-1 or 600 µL·h-1. The flow rate of stream 1 took the value of the 
CP flow rate, either 150 µL·h-1 or 300 µL·h-1 for this study. Four different 
magnet positions were employed in the simulations. 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 5.2.2). Table 
5.2.1 shows the value of these distances for each of the magnet positions 
tested in this study. 

 
Table 5.2.1. 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 

 
Firstly, 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 size was composed by approximately 
250,000 cells. 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) as 
presented in Chapter 4. Briefly, 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. 
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The models were experimentally validated by using different devices 
that were fabricated in glass using conventional photolithography and wet 
etching techniques (Scheuble et al., 2017). For droplet generation, 
experiments were performed using a glass flow-focusing microdevice (Figures 
5.2.3 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). For the deflection 
studies, droplets were formed at a generation device, guided through a 
serpentine and deflected across a multilaminar flow chamber (8 mm x 4.1 mm 
x 0.1 mm), as seen in Figure 5.2.4 a). This chip consisted of two etched glass 
plates (Figure 5.2.4 b)) that were bonded together. The top plate featured the 
droplet generation region (interchangeable flow-focusing or T-junction 
devices) 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. This 
chip was mounted into an aluminum chip holder, fabricated by researchers 
from Prof. Pamme’s group at the University of Hull (Figure 5.2.4.c)). 

 

Figure 5.2.3. 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. 
 
Fused silica capillaries (150 μm i.d., 375 μm o.d., Polymicro 

Technologies) were glued into the droplet generation device or connected to 
the inlet/outlet holes of the chip used for droplet deflection through the 
aluminum holder (Figure 5.2.4 c)). The capillaries connected to the inlet holes 
of the chips were connected to 500 μL glass syringes (SGE, Sigma-Aldrich) that 
were driven by three precision syringe pumps (PHD2000, Harvard Apparatus, 
Biochrom): one pump for the DP, one pump for the CP and one pump for 
injecting the aqueous phases through inlets 3-6. 
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Figure 5.2.4. a) 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). b) An exploded view of the two-part chip. c) 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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For the droplet generation analysis, two different fluid phases were 
pumped into the two inlets. The DP was composed of oil-based ferrofluid 
(EMG901, Ferrotec), containing a suspension of 10 nm magnetic 
nanoparticles at a concentration of 11.8 vol%, dissolved in cyclohexane (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) (PVP) (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 by varying the CP from 100 µL·h-1 to 500 µL·h-1. It is important 
to note that both the CP and DP composition, as well as the flow rates 
employed in this study, were chosen based on the composition of the 
solutions and the flowing conditions studied in section 5.3, in which the PE 
coating onto ferrofluid droplets is performed for the synthesis of PMLCs. 

For the deflection studies, DP was pumped into inlet 1 at 1 µL·h-1 or 10 
µL·h-1, while the aqueous CP was pumped into inlet 2 at flow rates of 150 µL·h-

1 or 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 of 300 
µL·h-1 or 600 μL·h-1. The magnetic deflection of the droplets across the 
chamber was studied by varying first the magnet position, and then, by 
varying the flow rates inside the chamber. A 3 x 4.8 x 7.3 mm3 SmCo magnet 
(Magnet Sales) was used for generating the magnetic force on the droplets. 
This magnet was placed on top of the glass chip at different distances as 
presented in Table 5.2.1. Positioning of the magnet was aided by the 
incorporation of scale bars into the chip designs (as seen in Figure 5.2.4 c)). 

Droplet generation and deflection was observed via an inverted 
fluorescence microscope (Eclipse Ti, Nikon) equipped with a high-resolution 
CCD camera (Retiga EXL, Media Cybernetics). ImageJ freeware was used for 
the analysis of the droplet size. 

 

In this section, the theoretical and experimental generation of 
ferrofluid droplets at a flow-focusing junction device is analyzed as a function 
of the flow rate of the CP and the chip depth. The flow rate of the DP was kept 
at 10 µL·h-1 for this study. The flow rate of the CP was varied from 100 µL·h-1 
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to 500 µL·h-1. In Figure 5.2.5, the droplet generation simulation results for two 
of the chip depths tested in this study 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. Nonetheless, this design is later analyzed and compared with the 
25 µm and 40 µm deep chips. 

As it can be seen in Figures 5.2.5 a) and b), when the value of the CP 
flow rate is relatively small, the size of the generated droplets is relatively 
large. For these two cases, the flow rate of the CP is 100 µL·h-1, and the 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, the separation between two 
consecutively formed droplets is small. In Figures 5.2.5 c) and d), the velocity 
vectors during droplet generation are shown for these two geometries at the 
same time as in Figures 5.2.5 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 5.2.5 e) and f), the droplet generation simulation results for 
the CP flow rate equal to 300 µL·h-1 are shown for the two previous 
geometries. In this case, droplet size decreases 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 is further 
increased to 500 µL·h-1, droplet sizes are reduced to 133.32-150.32 µm, as 
seen in Figures 5.2.5 g) and h)). For both chips, as the CP flow rate value 
increases, droplet size decreases. Furthermore, the separation between two 
consecutively generated droplets increases as well. This is due to the fact that 
the residence time of the CP phase is highly reduced for these high flow rate 
values. 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 flow rates as high as 500 
µL·h-1. These results are in agreement with previous published works 
(Jamalabadi et al., 2017; Sontti et al., 2017). 
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Figure 5.2.5. 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. c) and d) Fluid velocity 
vectors at the same time as presented in Figures 5.2.5 a) and b). Figures 

5.2.5 e)-h) report 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 5.2.6 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 figure, the droplet size is similar for 
the three geometries modeled in this study. In fact, droplet size slightly 
increases as the depth of the channel increases, especially for relatively high 
CP flow rates. Nonetheless, the droplet size obtained with the 25 µm deep 
chip is only 12% smaller than the size obtained with the 40 µm deep chip for 
CP flow rates equal to 400 µL·h-1 and 500 µL·h-1. When the CP flow rate is 
reduced, the difference in the reported size decreases (only 8% for CP flow 
rates equal to 200 µL·h-1 and 300 µL·h-1). Finally, when the CP flow rate 
decreases to 100 µL·h-1, the droplet size obtained with the three chips is 
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similar, and even bigger droplets are reported for 25 µm deep channel. This 
could be due to the inhomogeneous drops obtained for these flowing 
conditions, i.e. 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 the three geometries. These homogeneous 
droplet sizes can be perceived from the error bars plot in the figure for CP 
flow rates greater than 100 µL·h-1.  

 

Figure 5.2.6. Simulation results for the flow-focusing droplet 
generation device. a) Influence of the CP flow rate on the droplet size for the 
different devices; b) Dispensing rate (i.e. number of droplets generated per 
second) for the different geometrical configurations as a function of the CP 

flow rate. In both figures, the DP flow rate is fixed at 10 µL·h-1. 
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On the other hand, in Figure 5.2.6 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. For example, it increases from 3.6 drops·s-1 to 6.6 drops·s-1 as the 
CP flow rate increases from 100 µL·h-1 to 500 µL·h-1 for the 25 µm deep flow-
focusing device. For the 30 µm and 40 µm deep channels, the dispensing rate 
also increases with the CP flow rate, but the values are not as high as the 
values reported for the 25 µm deep channel. 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 fast velocity 
magnitudes achieved inside the 25 µm deep channel under the same working 
conditions, i.e. for the same flow rates, the velocity inside the 25 µm deep 
channel is almost twice the value obtained for the 40 µm deep channel 
because the cross-sectional area is reduced to almost half for this design. 
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 5.2.6 a) and b). 

Finally, in Figure 5.2.7 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 were performed with rectangular cross-section chip designs. 
Therefore, the experimental droplet sizes were compared with the simulated 
data obtained with the 25 µm deep channel as this design has a more similar 
cross-sectional area, i.e. the difference in the reported areas is around 8%, 
whereas it increases up to 10% when the 30 µm deep channel is employed 
for comparison. From this figure, it could be perceived that the experimental 
droplet size follows the same tendency, 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 simulated 
drop size is 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 have been analyzed, and the 
model has been contrasted against experimental data, finding good 
agreement between the theoretical and experimental drop diameters, 
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droplet deflection studies inside the multilaminar flow chamber are 
evaluated. 

 

Figure 5.2.7. Comparison between the experimental droplet size and the 
theoretical diameter obtained with the droplet generation model. 

  

In this section, droplet deflection through multilaminar 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). Although droplets were experimentally formed at a generation 
device upstream (Figure 5.2.4), the generation is not included in the model. 
In fact, the inclusion of the droplet generation phenomena and the extension 
of the fluid domain to the device upstream would imply a prohibitive amount 
of processing power, with extremely large associated computational costs. 
Thus, surface tension forces are neglected for modeling droplet deflection. 
Instead, droplets are assumed to have a constant size of 50 µm, which is the 
experimental size reported for the flow rates under study (i.e. by keeping the 
DP and CP flow rates fixed in the ranges of 1-10 µL·h-1 and 150-300 µL·h-1, 
respectively). Therefore, droplets with constant diameters are injected at the 
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top of the chamber 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, 
which are based on different distances d1 and d2 with respect to the chamber 
(see Table 5.2.1). 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 5.2.8 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, but they will be 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 at the chamber 
outlets instead of the chamber wall, other positions were tested. For these, 
the magnet is placed off-centered with respect to the chamber center (i.e. 
positions 2, 3 and 4, plotted in Figures 5.2.8 b), c) and d), respectively). For 
these cases, the magnetic field and force distributions change significantly as 
seen in the figures. 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). This is because the distance d2 for these positions is 
not 0, as presented in Table 5.2.1. Among the three positions, the highest 
magnetic force is reached for the position number 3, as seen in Figure 5.2.8 
c), with forces between 10 nN and 60 nN (and also with high magnetic fields 
between 10 mT and 60 mT). These high magnetic fields and 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. For the rest of the positions, the force varies from 0.2 
nN to 1.2 nN (position number 2, plotted in Figure 5.2.8 b)) and from 0.2 nN 
to 2.2 nN (position number 4, presented in Figure 5.2.8 d)), which are similar 
values to the ones observed for the position number 1. 
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Figure 5.2.8. 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 were kept at 300 µL·h-1, and 
the CP and DP were infused at 300 µL·h-1 and 10 µL·h-1, respectively. It should 
be noted that for these flow rates, the droplet size takes a value around 50 
µm. Also, the dispensing rate was experimentally observed to be around 20 
droplets per second, which was employed along with the drop size 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 5.2.9. In Figure 5.2.9 a) the 
experimental droplet generation is shown, followed by the droplet transport 
in the serpentine channel (Figure 5.2.9 b)) and the trajectory inside the 
chamber (Figure 5.2.9 c)). As seen in Figure 5.2.9 a), 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, as seen in Figure 
5.2.9 b), and finally, they are introduced into the reaction 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 (black and 
white), high-resolution CCD camera. In Figure 5.2.9 d), the theoretical 
trajectory followed by the droplets within the chamber for the same flowing 
conditions is presented. As it can be seen in the figure, where the black points 
represent the droplets and the white and grey streams represent the 
experimental blue and red ink streams (modeled as scalar solutes), droplets 
are guided through the chamber following a straight line from the inlet to the 
outlet. 
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Figure 5.2.9. Droplet generation and transport inside the chamber 
without the influence of magnetic fields. a) Experimental droplet generation 

at a generation device. b) Droplet transport along the serpentine that 
connects the generation region with the reaction chamber. c) Experimental 
and d) theoretical droplet trajectories inside the reaction chamber when no 

magnetic field is applied. 
 
When the ferrofluid droplets are subjected to the influence of non-

homogeneous magnetic fields, their trajectories vary inside the chamber. In 
Figure 5.2.10 the droplet transport when the magnet is located at the position 
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number 1 is presented. In Figure 5.2.10 a) the theoretical trajectory is shown, 
which can be compared with the experimental trajectory presented in Figure 
5.2.10 b). For both figures similar droplet positions are reported, and 
therefore, it can be concluded that the model results are in good agreement 
with the experimental data. For this magnetic condition, the highest force is 
located at the bottom wall around x=0 as analyzed above (Figure 5.2.8 a)). 
Under this magnetic condition, droplets are expected to travel to the center 
of the chamber and get attracted to the lower wall. As seen in the figures, 
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 regime, i.e. 
there is a parabolic velocity profile within the chamber with zero velocity 
values at both 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 these x 
points, 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 5.2.10 b). 

On the other hand, moving the magnet to the position number 2 
resulted in the incomplete deflection, as seen in Figures 5.2.11 a) (simulation 
results) and b) (experimental micrograph). For this condition, the magnetic 
force is low for most of the zones inside the chamber (see Figure 5.2.8 b)), 
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 5.2.8 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, so that they can be correctly 
coated with the PE streams for the synthesis of PMLCs. 
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Figure 5.2.10. Droplet trajectory under the influence of magnetic 
fields provided by the magnet located at position 1. a) Theoretical 

trajectory; b) Experimental micrograph. 
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Figure 5.2.11. Droplet trajectory under the influence of magnetic 
fields provided by the magnet located at position 2. a) Theoretical 

trajectory; b) Experimental micrograph. 
 
By using higher magnetic fields and forces (obtained after moving the 

magnet to position 3), all the droplets are completely deflected. The results 
for these magnetic field conditions are presented in Figure 5.2.12 (including 
both the theoretical trajectories in Figure 5.2.12 a) and the experimental ones 
in Figure 5.2.12 b)). As seen in the experimental micrograph, the high 
magnetic fields inside the chamber cause the interaction between the 
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droplets (i.e. magnetic coupling, meaning that the droplets act as small 
magnets being attracted one to each other) and the high perturbation of the 
flow field. These high magnetic fields and forces are completely undesirable 
for the PE LbL coating process because of two reasons. On the one hand, they 
cause the droplet-droplet interactions mentioned above, which hinder the 
correct deposition of reagents onto the droplet surface inside the chamber as 
they are aggregated. This aggregation minimizes the available surface area 
that can be coated with PEs. On the other hand, the high magnetic forces 
experienced by the droplets (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. This perturbation is neither beneficial for 
the LbL synthesis of PMLCs, as the droplets are not in contact with the laminar 
flow streams in a homogeneous manner. It should be noted that 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, as seen in 
Figure 5.2.12 a). Therefore, it can be concluded that the second model 
scenario introduced in Chapter 4 and applied in this case to model droplet 
deflection is able not only to predict magnetophoresis but also fluid-particle 
or fluid-droplet interactions with accuracy. 

Finally, an optimization of the magnetic force necessary to deflect the 
droplets without causing either droplet aggregation or 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, which is necessary for the LbL synthesis process. The theoretical 
droplet trajectory for this magnet position is presented in Figure 5.2.13 a), 
which is in good agreement with the experimental path (Figure 5.2.13 b)). For 
this magnet position, the magnetic force exerted on the material is between 
1 nN and 2 nN, which is enough to deflect the droplets without causing high 
acceleration and perturbation of the flow field. As seen in the figures, droplets 
reach the lower wall at x points higher than 2 mm, and then, they are slowly 
directed towards the outlet. However, there exists high variability in the 
trajectories experienced by different droplets as seen in the figures. The 
maximum difference in the trajectories is around 2 mm in the x direction for 
this magnet position. Therefore, the influence of the flow rates on droplet 
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behavior inside the chamber is next analyzed. For this analysis, the magnet 
location was kept constant at position 4. 

 

Figure 5.2.12. Droplet trajectory under the influence of magnetic 
fields provided by the magnet located at position 3. a) Theoretical 

trajectory; b) Experimental micrograph. 
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Figure 5.2.13. Droplet trajectory under the influence of magnetic 
fields provided by the magnet located at position 4. a) Theoretical 

trajectory; b) Experimental micrograph. 
 
The influence of the flow rates on droplet transport was carried out by 

varying the flow rates of the ink streams (300 µL·h-1 or 600 µL·h-1), of the CP 
(150 µL·h-1 or 300 µL·h-1) and the DP (1 µL·h-1 or 10 µL·h-1). 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 found, as presented in Figures 5.2.14 
a) (simulation results) and b) (experimental micrograph). However, for these 
flowing conditions, the complete deflection was not achieved because the 
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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 last test was carried out by keeping the flow rates of the ink 
streams and the DP at 300 µL·h-1 and 1 µL·h-1, respectively.  

 

Figure 5.2.14. a) Theoretical and b) Experimental droplet trajectory 
for DP and ink streams flow rates equal to 1 µL·h-1 and 600 µL·h-1, 

respectively (magnet position 4). 
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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 5.2.15 a) the theoretical 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 
5.2.15 b)) and with the results presented in Figure 5.2.13, where this magnet 
position was studied for the same CP flow rate (i.e. the only difference here 
is the value of the DP flow rate, which is reduced to 1 µL·h-1). 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 
conditions, there is no variation between droplet trajectories as happens 
when the DP flow rate is ten times higher (Figure 5.2.12). 

Nonetheless, due to the difference in the diameter of the inlets, and 
following the principles outlined in Chapter 3, a better optimization of the 
flow rates inside the chamber could be carried out to obtain the parallel co-
flow of all the streams and improve their separation at the outlets. This should 
guarantee that the droplets remain within each stream for similar times in 
order to be correctly coated and washed along the chamber. Although the 
criterion developed in Chapter 3 can be easily applied to the Y-Y-shaped chips 
employed in Chapters 3 and 4, this is not easy for a chamber with 6 inlets. This 
is because multiple syringe pumps should be employed for varying the flow 
rates between the streams, whereas one single pump could inject multiple 
fluids if they are infused at the same flow rate. 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 without increasing the number of pumps required to carry out 
the process, i.e. three pumps for this study. 

The results after this optimization process are shown in Figure 5.2.16. 
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 
5.2.16 a)) is identical to the experimental one (Figure 5.2.16 b)), the 
simulation results regarding the flow patterns slightly improve in comparison 
with the previous CP flow rate. However, the experimental data reveal the 
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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 and depicting an enhanced 
separation at the outlets. 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 studied in this section, which validates 
this model for studying complex, LOC droplet-based applications. 

Figure 5.2.15. a) Theoretical and b) 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 (magnet position 4). 
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Figure 5.2.16. a) Theoretical and b) Experimental device performance when 
the optimum conditions are employed. These 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.  

 

In this section, a 2-step CFD approach has been 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 multilaminar 
flow streams. Different variables and parameters have been analyzed, both 
theoretically and experimentally, in order to optimize the device performance 
for its application to the continuous-flow LbL synthesis of PMLCs.  

Firstly, droplet generation was studied at a flow-focusing generation 
device. The theoretical model includes an Eulerian CFD approach, where the 
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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 LOC devices. It should be also noted that this is the first two-
step computational approach reported for modeling droplets and it should 
prove useful in the design of a high number of magnetophoretic applications 
involving ferrofluids. 

Furthermore, the Eulerian-Lagrangian approach that was selected in 
Chapter 4 out of three models has reported accurate results for predicting 
droplet deflection under the influence of magnetic fields. Thus, this model 
has shown to be valid for studying the magnetic transport of fluid and solid 
materials, reporting good accuracy in both cases when compared with the 
experimental data. Therefore, it is concluded here that both magnetic bead 
and ferrofluid droplet magnetophoresis can be optimized with the theoretical 
model developed in this dissertation. Furthermore, the microchannel 
fabrication design decisions can be also carried out by taking advantage of 
this computational tool. 

In this study, this model has been applied for optimizing the LbL 
assembly of PEs onto ferrofluid droplets. This process is addressed in section 
5.3, where the proof of concept for the continuous-flow LbL coating of 
magnetic droplets is presented. For this process, different chip designs were 
employed. While the reaction chamber design employed in this study offered 
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an ideal platform for the visualization of droplet behavior under magnetic 
fields and has proven useful for calculating the force required to deflect the 
templates, it suffers from several issues when trying to perform the 
continuous-flow LbL synthesis process. Indeed, even working under the 
optimized conditions, the droplet residence time in each stream is different, 
which hinders the correct PE deposition onto the templates. Also, the 
deflection is challenging with this chamber because the co-flow is highly 
influenced by slight disturbances. Therefore, in order to overcome the 
previous issues, an innovative “Snakes-and-Ladders” microfluidic chip design 
is presented for performing the PE deposition.
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In this section, the continuous-flow assembly of PEs onto magnetic 
droplets is presented. For the LbL coating process, different types of LOC 
devices were employed. The first design is the one presented in section 5.2, 
which consisted of two etched glass plates bonded together. This design was 
introduced in Figure 5.2.4. Briefly, it consists of a top plate featuring a droplet 
generation region (20 µm deep), with a bottom plate design that comprised 
the reaction chamber in which the PE deposition onto the droplets is carried 
out (100 µm deep). 

The other microdevice employed in this study is the “Snakes-and-
Ladders” chip design. This device was based on similar principles to the 
previous chip design. Indeed, the droplet generation top plate (etched to a 
depth of 20 μm), which is also interchangeable with a bottom plate, remains 
the same as the one presented for the first design. However, the bottom plate 
consists of different straight channels for droplet processing (etched to a 
depth of 100 μm). Rather than the reaction chamber of the previous example, 
the bottom layer instead featured a series of five parallel channels (each 400 
μm wide after etching) that were interconnected by diagonal channels (each 
250 μm wide after etching) in order to allow the droplets to pass between the 
channels at specific junctions, reminiscent of the “Snakes-and-Ladders” board 
game. In Figures 5.3.1 a) and b) the “Snakes-and-Ladders” chip is shown. 

It should be noted that the “Snakes-and-Ladders” chip design was 
developed for this application after experiencing different problems during 
the PE deposition when the reaction chamber was employed. For the LbL 
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assembly, a better control of the flow and droplet trajectory was required. 
Thus, by using individual channels for the PE and washing streams, as well as 
specific interconnections between the channels in which the droplets are 
deflected thought, the “Snakes-and-Ladders” chip design is presented as a 
better alternative for the LbL synthesis of PMLCs as both the flow and droplet 
trajectory are restricted. 

 

Figure 5.3.1. a) Schematics of the “Snakes-and-Ladders” glass chip 
used for the PE deposition onto magnetic droplets. 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 five interconnected parallel channels for the 
magnetic deflection of droplets through reagent and washing streams (100 

μm deep). b) An exploded view of the two-part chip. 
 
Both microfluidic chips, and the aluminum chip holder used for 

performing the experiments (presented in Figure 5.2.4 c)), were designed and 
fabricated by researchers from Prof. Pamme’s group at the University of Hull. 
The chip setup is similar to the one employed in section 5.2, with fused silica 
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capillaries connected to the inlet holes of the chip and to the glass syringes 
used to infuse the PE and washing streams. The same three precision syringe 
pumps were employed for this proof of concept: one pump for the DP, one 
pump for the CP, and one pump for the multiple reagent and washing 
solutions. Magnetic fields were generated by the SmCo magnet described in 
section 5.2. This magnet was placed onto the glass chips and precisely 
positioned near the lower edge (in the y direction) of either the reaction 
chamber or the last channel of the “Snakes-and-Ladders” chip. 

The CP and DP employed in this study remain the same as the ones 
employed for the optimization of the generation and deflection process in 
section 5.2. Briefly, the DP was composed of oil-based ferrofluid dissolved in 
cyclohexane (50% v/v). The DP phase was pumped into inlet 1. The CP was 
composed of an aqueous acetate buffer (pH 4, 20 mM), Tween 20 (0.5% v/v) 
and PVP (10 mg·mL-1). For this study, the presence of PVP is essential as this 
surface-active polymer stabilizes the droplets after generation. This phase 
was pumped into inlet 2. 

Multilaminar flow streams of PEs and washing solutions were 
generated across the chamber/parallel channels in order to perform the PE 
deposition onto the droplets. For both chips, purified water was used as 
washing solution, which was pumped into inlets 3 and 5. Negatively charged 
poly(sodium-4-styrene sulfonate) (PSS), purchased from Sigma Aldrich, was 
pumped into inlet 4 at a concentration of 10 mg·mL-1. PSS is the first PE to be 
deposited onto the droplet surface after washing with the purified water 
stream. Finally, aqueous solutions of the fluorescently labelled and cationic 
poly(fluorescein isothiocyanate allylamine hydrochloride) (PAH-FITC) were 
prepared at a concentration of 1 mg·mL-1 with Tween60 (0.05% v/v, Sigma 
Aldrich). This PE was pumped into inlet 6. 

Droplet generation and deflection was observed via an inverted 
fluorescence microscope (Eclipse Ti, Nikon) equipped with the previous high 
resolution CCD camera or a color CCD camera (MTV-63V1N, Mintron). ImageJ 
freeware was used for the analysis of IF. In the case of the “Snakes-and-
Ladders” LOC design, a computational analysis of the magnetic field and 
magnetic force across the channels was performed as described by Gómez-
Pastora et al. (2017 and 2018). The magnetic field and gradient were 
calculated for each parallel stream and the force on the droplets was obtained 
after estimating the magnetic content of each template. These equations 
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were resolved using MatLab software version 2015. 

As mentioned above, the chips were developed as iterations on each 
other due to different issues that were experienced during the PE deposition 
onto the droplet surface. The following sections describe the iteration process 
with a view to help other researchers avoid some of those issues, and to 
demonstrate how solving those issues culminated in the final “Snakes-and-
Ladders” device. 

 

Firstly, ferrofluid droplets were generated and deflected across the 
width (in the y direction) of the reaction chamber presented in section 5.2. 
The optimized magnet position (number 4) and flow rates (1 μL·h-1, 150 μL·h-

1 and 300 μL·h-1 for the DP, CP and PE and washing solutions, respectively), 
which were obtained in the previous study, were used to achieve an optimal 
droplet path across the reaction chamber, such that they exit the chip via 
outlet 5. 

In this case, alternating streams of washing and PE solutions were 
generated across the reaction chamber (indistinguishable within the chip) 
and the magnetic droplets were deflected consecutively through each 
stream. More specifically, droplets were consecutively guided across the first 
washing solution (to remove the excess of PVP from the droplet surface), then 
through the PSS stream and through the second washing solution (to remove 
the excess of PSS) and finally, they were deflected through the final PAH-FITC 
stream. However, it was observed that although they freely crossed the 
washing and PSS solutions, when they reached the PAH-FITC interface, the 
oil-based ferrofluid droplets instantly stuck to the surface of the chip, 
agglomerating together throughout the affected region of the chamber and 
ensuring that no stable droplets were collected at the outlets, as seen in 
Figure 5.3.2. This procedure was repeated several times by changing the 
chemical composition of the streams (i.e. PE concentration, pH, surfactants, 
etc.), but it was very difficult to obtain stable PE coating onto the droplet 
surface. 
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This undesirable event may have occurred due to several possible 
reasons. For example, the droplets were effectively attracted towards the 
wall of the chamber due to the magnet placed on top of the glass, and thus, 
they were susceptible to experience different wall effects. It should be noted 
that the droplets are positively charged after being coated with the PAH-FITC, 
and thus, electrostatic interactions between the positive droplet surface and 
the negatively charged glass wall might occur. Furthermore, the deposition of 
multiple PE layers onto the ferrofluid droplets was often experimentally 
challenging when using this chip design, as the co-flowing streams of PE and 
washing solutions in the chamber were easily influenced by slight 
disturbances. Under this scenario, the PE solutions and/or magnetic droplets 
could exit via the wrong outlets. Therefore, the lessons learnt here served to 
propose a new chip design that could overcome these issues and provide a 
stable guide for the streams, resulting in a more robust platform. 

 

Figure 5.3.2. Magnetic droplets deflected through streams of PSS 
and PAH-FITC by employing the optimized conditions obtained in section 

5.2. The PAH-FITC was found to yield a positive charge on the droplet 
surface, resulting in the adsorption and coalescence of droplets onto the 

negatively charged chip surface. 
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The lessons learned in the previous section led to the development 
of a chip design akin to the “Snakes-and-Ladders” board game, in which the 
laminar reagent streams were separated into 5 parallel channels rather than 
flowing into a single chamber. These main channels were interconnected via 
small side channels that allowed the deflection of magnetic droplets from one 
channel to the next one. With this design, restricted droplet trajectories were 
observed, ensuring greater reproducibility, as the droplet-PE contact time 
could be easily controlled. 

For this design, oil-based ferrofluid DP was pumped into inlet 1 at a 
flow rate of 1 μL·h-1 while the CP of aqueous PVP solution was pumped into 
inlet 2 at 300 μL·h-1. As happened when using the previous chip design, the 
generated droplets were squashed into disc shapes in the shallow flow-
focusing channel, before entering the deeper channel where they took a 
spherical shape (Figure 5.3.3 a)). The drop diameter was measured to be 
around 45 μm for these flowing conditions, which is very similar to the size 
obtained with the previous design as the top layer (i.e. the generation 
junction) is the same. 

The optimum deflection conditions were achieved by placing the 
magnet centered and at a distance of 7.5 mm from channel 5. The droplet 
deflection across the “Snakes-and-Ladders” chip is visualized in Figure 5.3.3 
b) for this magnet position. A computational analysis of the magnetic field (B) 
and magnetic force (Fm) acting on the droplets across the different channels 
of the “Snakes-and-Ladders” chip was performed for this magnet position. 
The results are shown in Figure 5.3.3 c). The magnetic forces on the droplets 
were estimated to increase from 0.1 nN to 1 nN as they passed through the 
chip due to the increase in the field from about 8 mT to 23 mT. This optimum 
magnetic force field is similar to the optimum magnetic force values reported 
for the previous chip design. Indeed, this force field was sufficient to deflect 
the droplets through each of the channels without causing any aggregation, 
which would have yielded a lower encapsulation efficiency. 
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Figure 5.3.3. a) Droplet generation at the flow-focusing junction. b) 
Droplet deflection through PE and washing streams. c) Magnetic field and 

force analysis, which reveals that the forces acting on the droplets vary 
greatly with the distance to the magnet due to the non-linear magnetic field 

gradients generated across the “Snakes-and-Ladders” microdevice. 
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The ability to deposit two layers of PEs onto the magnetic droplets 
was investigated by using these magnetic field and force conditions. The 
negatively charged PSS solution was pumped into inlet 4, while the positively 
charged fluorescent PAH-FITC was pumped into inlet 6, and washing solutions 
composed of pure water were pumped into inlets 3 and 5 (the flow rates were 
fixed at 300 μL·h-1). The droplet sticking issues observed with the previous 
chamber were avoided to a great extent by using this channel structure. As 
such, the droplets passed sequentially through the streams of PSS, washing 
solutions, and PAH-FITC, before being collected at the outlet for analysis via 
fluorescence microscopy, as shown in Figure 5.3.4. As seen in Figure 5.3.4 a), 
homogeneous droplets were collected at the outlet, and the fluorescence 
analysis reveals correct deposition of the PAH-FITC onto the droplet surfaces. 
Due to the lack of a final washing stream in this particular experimental setup, 
the droplets were collected in the PAH-FITC solution. As a result, the 
background in Figure 5.3.4 a) has a high IF, but the droplets can be clearly 
distinguished against the background (Figure 5.3.4 b)), indicating successful 
deposition of the PAH-FITC onto the droplet surfaces. 

 

Figure 5.3.4. Magnetic droplets collected from the “Snakes-and-
Ladders” chip after passing through streams of PSS and fluorescent PAH-

FITC. a) Fluorescence microscope image of the collected droplets. b) IF of a 
representative magnetic droplet, demonstrating an increase in IF compared 
to the IF background that indicates a successful coating with PSS and PAH-

FITC. 
 
Furthermore, although only the final PE solution (composed of the 

positively charged PAH-FITC) was fluorescently labelled, the fact that the 
droplets were fluorescent after passing through each stream implies the 
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successful coating of PSS onto the droplets. The direct observation of the PSS 
coating could not be obtained due to the lack of a fluorescent dye on that PE, 
since unlike PAH-FITC, there is no commercially available fluorescent option 
for PSS. However, the indirect observation of the PSS deposition was achieved 
as the PAH-FITC could only be adsorbed onto the droplets in the presence of 
PSS. In other words, if the negatively-charged PSS was not present, the 
positively-charged PAH-FITC would not be able to be deposited over the 
positively-charged PVP-stabilized droplets. 

It should be noted that the deposition of the PE bilayer occurred in 
<10 seconds, with <30 seconds required in total for droplet generation, PE 
coating, and washing. This demonstrates the potential of this platform for the 
rapid preparation of PMLCs in an automated fashion. While ferrofluid 
droplets were used in this study as templates, this “Snakes-and-Ladders” chip 
design could also be applied for coating solid templates, e.g. solid 
microparticles and cells. Also, the “Snakes-and-Ladders” LOC design not only 
improved flow stability but also enhanced the efficiency of droplet deflection 
and collection through the desired outlet by constraining the trajectory of the 
magnetic droplets. Moreover, additional PE coatings could be added by 
increasing the number of PE solutions and washing channels, or by adding 
interconnecting channels to allow the magnetic droplets to move back-and-
forth through the existing PE and washing streams in a zig-zag motion via 
multiple magnets, a technique employed previously for bioassays on 
magnetic particles (Gao et al., 2013). 

In addition, the residence time of the droplets in the reagent streams 
could be tuned by simply modifying the hydrodynamic flow velocities, i.e. 
controlled by the applied flow rates, and the magnetic-induced velocity, i.e. 
controlled by the magnet size, type and location, in addition to the channel 
geometrical characteristics, as has been continuously demonstrated 
throughout Chapters 3, 4 and 5.  

 

In this section, the proof of concept for the continuous-flow LbL 
coating of magnetic droplets with PEs is presented. The generation of oil-
based ferrofluid droplets in an aqueous CP, and their downstream magnetic 
deflection across parallel streams for the continuous-flow PE deposition have 
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been presented. Different glass microfluidic devices were employed for the 
magnetic template generation and PE coating via magnetic deflection. 

More specifically, stabilized ferrofluid droplets were deflected 
through solutions of PEs and washing streams using several iterations of 
multilaminar flow designs. This culminated in an innovative “Snakes-and-
Ladders” inspired microfluidic chip design that overcame the issues 
encountered when a reaction chamber was employed for carrying out the LbL 
synthesis of PMLCs. The use of a chip design akin to the “Snakes-and-Ladders” 
board game enabled stable flow patterns and controlled droplet trajectories, 
achieving PE bilayer deposition and washing in <30 seconds. 

This represents a significant reduction in processing times compared 
to conventional LbL deposition techniques that are rendered time-consuming 
due to the multiple reaction and washing steps required. Although only 1 
bilayer was deposited onto the magnetic templates, it should be relatively 
straightforward to include additional PE and washing streams that would 
allow the LbL deposition of multiple PE layers onto the magnetic droplets. 
Thus, the presented method opens the way towards the rapid LbL fabrication 
of PMLCs for potential drug delivery applications and could easily be adapted 
to the coating of solid templates, or for performing a number of other 
applications, e.g. magnetic particle-based assays. 

Finally, it can be concluded that continuous-flow microdevices such 
as the “Snakes-and-Ladders” are innovative LOC devices useful to carry out a 
broad range of magnetically enabled applications. The ability to perform 
complex reactions or analyses in continuous-flow channels with the 
assistance of magnetic fields makes their implementation in an increasing 
number of fields very promising. Hence, it is expected that in the near future, 
their application will become more prominent due to their multifunctional 
features and the enormous potential of magnetic bead/ferrofluid droplet-
based technologies.  
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This doctoral dissertation contributes to the development and rational 

design of microscale magnetophoretic devices for the manipulation of solid 
magnetic beads and ferrofluids. Various computational models and novel 
approaches have been presented throughout the previous chapters in order 
to provide the scientific community with useful tools and valuable design 
guidelines regarding the development of a broad range of magnetically-
enabled microfluidic systems.  

As presented in Chapter 1, this dissertation has been articulated in six 
chapters. The first chapter highlights the need of further understanding the 
magnetic manipulation of these materials. It was demonstrated that, at the 
time of writing, this topic has not been sufficiently studied, especially for small 
scale applications, whereas it is considered essential for the integration of 
these materials into safe and reliable processes. Also, the advantages of 
microscale continuous-flow devices have been presented as well as their 
potential applicability for the development of novel protocols in chemistry 
and biomedicine. 

The fundamentals of magnetic separations have been reviewed in 
Chapter 2, as they are considered the basic pillars that have to be understood 
for describing the performance of any separator. More specifically, magnetic 
particle/droplet transport has been presented as a complex process that 
involves the effect of multiple competing forces. Nonetheless, it suffices to 
take into account the dominant magnetic force, which aids the 
magnetophoresis, and the hydrodynamic fluidic force that hinders the 
process. Also, the governing equations of fluid flow and magnetic material 
motion under laminar flows were derived. 
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Chapter 3 introduces the study of the flow patterns and the mass 
transport rate of a solute between homogeneous phases inside microchannel 
designs similar to the ones used for magnetophoresis. Different devices with 
a Y-Y (input–output) flow configuration, including asymmetric and symmetric 
microdevices, were analyzed both experimentally and theoretically. The fluid 
velocity field was predicted in order to provide the conditions that lead to the 
complete phase separation for each specific geometry. For the symmetric 
devices, this can be achieved when both phases flow at the same mean 
velocity. However, for the asymmetric devices the pressure drop along the 
channel length for each specific phase should be considered in order to avoid 
mixing between phases. Also, the ratio between the residence and diffusion 
times, γ, has been introduced to study the diffusion of fluorescein as model 
compound. Results showed that γ is useful to study the diffusion of solutes 
between streams; however, the geometrical characteristics of the channels 
(α, defined as the volumetric ratio between phases) should be taken into 
account as different results were obtained for the same γ values when varying 
α. This initial study and the methodology developed in this chapter should 
prove useful in determining the optimum flow rates (γ) and microchannel 
geometry configuration (α) for processes that involve confined flow of 
different fluidic phases. This occurs not only in continuous-flow magnetic-
based microfluidics but also in many other LOC applications. 

The major contributions of this doctoral dissertation are presented in 
Chapters 4 and 5. In Chapter 4, different computational models were 
introduced to study particle magnetophoresis from flowing blood streams 
under different force balance conditions. In section 4.2, three models were 
applied and compared for studying both particle separation and fluid-particle 
interactions, i.e. the perturbation of the flow field due to particle motion. 
From this study, the model that provided the best trade-off between the 
computational cost and accuracy was the two-way coupling (neglecting the 
effect of bead volume into the continuity equation). This model was later 
validated in section 4.3 via application to prototype devices with a similar 
design to the ones employed in Chapter 3. 

In the section 4.3, the analysis of bead separation from flowing blood 
was carried out in a continuous-flow symmetric channel. Although this study 
focused mostly on particle separation, other technological challenges that 
should be considered in real detoxification processes were addressed. These 
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are blood loss, dilution or biomolecule diffusion between co-flowing streams. 
Therefore, along with the particle recovery from the biofluid, the flow 
patterns and mass transfer between co-flowing fluids were studied as the 
phase mixing or blood components transport could degrade the quality and 
functionality of the biofluid. Regarding particle magnetophoresis, the effect 
of different variables and parameters, such as the flow rates, the particle and 
magnet size and the rheological properties of the fluids, on bead recovery was 
theoretically and experimentally calculated. It was demonstrated that the 
dominant magnetic and hydrodynamic forces are affected by these factors, 
and consequently, a systematic approach was introduced for optimization. 
More specifically, these factors were integrated into a dimensionless number 
J that accounts for both forces acting on the beads. The obtained data 
suggested that when the magnetic force is approximately 1.2 times the fluidic 
drag force, adequate bead recovery efficacies can be reached from whole 
blood. Under these conditions, the separation could be safely carried out as 
the integrity of the biofluid would not be compromised based on the γ value 
for this flow rate (lower than 0.1). Additionally, fluorescence microscopy was 
used to characterize key performance metrics. The experimental data were 
found to be consistent with the theoretical predictions of the selected model 
within an absolute error of 15%, showing the capability of this modeling 
approach to accurately describe magnetophoresis from complex fluids as 
blood. 

Ferrofluid droplet behavior was studied in Chapter 5 for the 
continuous-flow assembly of polymer multilayer capsules. In section 5.2, 
ferrofluid droplet generation and later manipulation when actuated by 
magnetic fields were addressed with a 2-step computational approach. More 
specifically, droplet generation was modeled with the Volume of Fluid 
method, and the contribution of the surface tension was included. The model 
was employed for studying the influence of flow rates and geometrical 
characteristics of the device on both droplet size and dispensing rate. Results 
suggested that drop diameter slightly varied for the flow rates under study, 
however, the dispensing rate was affected by both the flow rates and the chip 
depth. A generation device was employed for validating the theoretical 
model, finding a good agreement between the simulations and experimental 
data with an average error of 4%. After generation, a Lagrangian approach 
was employed for the deflection of ferrofluid droplets through multilaminar 
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flows in millimetre-sized reaction chambers. Different simplifications were 
assumed in order to reduce the computational cost of the simulations. 
Nonetheless, and after studying a broad range of magnetic field conditions 
inside the chamber and a wide flow rate range of the six fluidic phases, the 
optimum conditions obtained with the model to achieve complete deflection 
without flow perturbation coincided with the experimental findings. 

In section 5.3, the proof of concept for the continuous-flow layer-by-
layer synthesis of polyelectrolyte capsules was demonstrated. Droplet 
formation was experimentally carried out at different generation devices, and 
then, the stabilized droplets by a surface active polymer were magnetically 
deflected through solutions of polyelectrolytes and washing streams using 
several iterations of multilaminar flow designs. This study culminated in an 
innovative “Snakes-and-Ladders” inspired microfluidic chip design that 
overcame various issues encountered during the deposition of layers of 
anionic and cationic polyelectrolytes onto the droplets. The use of a chip 
design akin to the “Snakes-and-Ladders” board game enabled stable flow 
streams and controlled droplet trajectories, achieving a bilayer deposition 
and washing in <30 seconds. This represented a significant reduction in 
processing times compared to conventional layer-by-layer deposition that is 
rendered time-consuming due to the consecutive reaction and washing steps 
required. Therefore, this study presents a rapid and automated method that 
opens the way towards the continuous-flow fabrication of polyelectrolyte 
capsules with potential applications in the synthesis of drug delivery capsules. 

Concluding, this doctoral dissertation contributes to the development 
of accurate, computationally inexpensive and useful tools that can be used 
for the rational design of a high number of applications. The adaptation of the 
existing mathematical models to emerging applications that involve new 
materials, designs and configurations has been carried out. Most importantly, 
different guidelines have been provided for the development of efficient 
magnetophoretic LOC devices, in which both solid supports or liquid 
ferrofluids can be integrated into. Due to the use of magnetic micro- and 
nanomaterials with advantageous features, the expansion of magnetic 
separations in different fields is anticipated. In this regard, the guidelines 
proposed in this dissertation could be useful for researchers involved in 
similar applications and might be the key for advancing these novel and 
attractive technologies. 
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Esta tesis doctoral contribuye al desarrollo y diseño de dispositivos 
magnetoforéticos para la manipulación de partículas magnéticas y 
ferrofluidos. A lo largo de los capítulos anteriores, se han presentado modelos 
computacionales y enfoques novedosos, a fin de proporcionar a la comunidad 
científica herramientas útiles y pautas de diseño que permitan facilitar el 
desarrollo y optimización de este tipo de dispositivos de separación. 

Como se presentó en el Capítulo 1, esta tesis doctoral se ha 
estructurado en seis capítulos. El primer capítulo destaca la necesidad de 
comprender los fundamentos en los que se basa la manipulación de 
materiales magnéticos. El análisis del estado del arte permite concluir que el 
nivel de desarrollo de este tipo de separaciones, especialmente para 
aplicaciones a pequeña escala, es aún escaso y se considera esencial la 
integración de estos materiales en procesos seguros y fiables. Además, se han 
presentado las ventajas de los microdispositivos de flujo continuo, así como 
su posible aplicabilidad en el desarrollo de nuevos protocolos químicos y 
biomédicos. 

En el Capítulo 2, se han revisado los fundamentos de las separaciones 
magnéticas, ya que se considera una etapa esencial para poder describir el 
funcionamiento de cualquier separador en función de sus características 
geométricas y condiciones de operación. En concreto, se ha estudiado el 
movimiento de partículas magnéticas y gotas de ferrofluido mediante la 
aplicación de un campo magnético externo, el cual es un proceso complejo 
que involucra el efecto de múltiples fuerzas contrapuestas. No obstante, para 
describir el proceso se han considerado las fuerzas con mayor influencia que 
son la fuerza magnética, que promueve la magnetoforesis, y la hidrodinámica 
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que dificulta el proceso. Además, se han desarrollado las ecuaciones que 
gobiernan el comportamiento de los fluidos y el movimiento del material 
magnético en condiciones de flujo laminar. 

En el Capítulo 3 se presenta el estudio de los patrones de flujo y la 
transferencia de materia de un soluto entre fases fluidas homogéneas co-
fluyendo dentro de microcanales empleados en el diseño de los separadores 
magnéticos. Con este propósito, se analizaron experimental y teóricamente 
diferentes dispositivos con una configuración de flujo Y-Y (entrada-salida), 
incluyendo microdispositivos simétricos y asimétricos. En primer lugar, se 
predijo el campo de velocidad del fluido con el fin de proporcionar las 
condiciones que conducen a la separación de las fases para cada geometría 
particular. Para dispositivos simétricos en los que fluyen fluidos con 
propiedades reológicas similares, esto puede lograrse haciendo que ambas 
fases fluyan a la misma velocidad media en el interior del canal. Sin embargo, 
para los dispositivos asimétricos, se debe considerar la caída de presión de 
cada fase a lo largo de la longitud del canal, de tal modo que se evite la mezcla 
entre las fases. Además, para los análisis de transferencia de materia, se 
empleó un compuesto modelo (fluoresceína) y su difusión se analizó en 
función de la relación entre los tiempos de residencia y difusión (γ). Los 
resultados obtenidos muestran que el parámetro γ es útil para estudiar la 
difusión de solutos entre las corrientes; sin embargo, las características 
geométricas de los canales (y en particular el parámetro α, definido como la 
relación volumétrica entre las fases) deben tenerse en cuenta ya que se han 
obtenido resultados diferentes para los mismos valores de γ cuando α varia. 
Este estudio inicial y la metodología desarrollada en este capítulo pueden 
resultar útiles para determinar las velocidades óptimas de flujo (γ) y la 
configuración geométrica ideal (α) para aplicaciones que involucran flujos 
confinados de diferentes fases homogéneas. Esto ocurre no sólo en procesos 
micro-magnéticos en flujo continuo sino en muchas otras aplicaciones LOC. 

Las principales contribuciones de esta tesis doctoral se presentan en 
los Capítulos 4 y 5. En el Capítulo 4 se propusieron distintos modelos 
computacionales para estudiar la separación de partículas magnéticas 
suspendidas en sangre bajo distintas condiciones de campo de fuerzas. En la 
sección 4.2 se estudia la magnetoforesis de partículas y las interacciones 
partícula-fluido (perturbaciones del campo de flujo debido al transporte de 
las partículas) mediante tres modelos matemáticos diferentes. A partir de 
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este estudio, se consideró que el modelo que proporciona la mejor relación 
de compromiso entre el coste computacional y la exactitud de los resultados 
fue el modelo de acoplamiento recíproco (sin considerar los efectos del 
volumen de las partículas en la ecuación de continuidad). En la sección 4.3 
este modelo fue validado experimentalmente mediante la comparación de 
las simulaciones con los datos experimentales obtenidos en dispositivos 
microfluídicos similares a los empleados en el Capítulo 3. 

En la sección 4.3 se llevó a cabo el análisis de la recuperación de 
partículas de corrientes de sangre en un dispositivo simétrico de flujo 
continuo. Aunque este estudio se centró mayoritariamente en la 
recuperación de las partículas, se abordaron también el resto de los retos 
tecnológicos a los que se afrontan los procesos de detoxificación, incluyendo 
la pérdida o dilución de la sangre durante el proceso o la difusión molecular 
entre las corrientes que fluyen de manera adyacente en el interior del 
dispositivo. Por lo tanto, junto con la recuperación de partículas, se 
estudiaron también los patrones de flujo y la transferencia de materia entre 
las fases ya que la mezcla de las mismas o el transporte de sus componentes 
mediante difusión podría degradar la calidad y funcionalidad del biofluido. En 
cuanto a la magnetoforesis de partículas, se estudió, de manera teórica y 
experimental, la influencia en el proceso de diferentes variables y 
parámetros, tales como los caudales, el tamaño de las partículas y el imán, así 
como las propiedades reológicas de los fluidos. Asimismo se demostró como 
influyen estos factores en las fuerzas dominantes (magnética e 
hidrodinámica), y en consecuencia, para la optimización del proceso, se 
introdujo un enfoque sistemático. De esta manera, estos factores fueron 
integrados en un número adimensional, J, que relaciona la magnitud de 
ambas fuerzas. Los datos obtenidos sugieren que, cuando se emplea sangre 
humana, la fuerza magnética ha de ser 1.2 veces superior a la fuerza fluídica 
de arrastre para poder obtener eficacias de separación adecuadas. Además, 
la recuperación podría llevarse a cabo con seguridad ya que la integridad del 
biofluido no se vería comprometida, obteniéndose valores de γ inferiores a 
0.1 para estas condiciones de flujo. Por último, se aplicaron técnicas de 
microscopía de fluorescencia para caracterizar experimentalmente el 
funcionamiento del sistema. Los resultados del modelo se consideran 
aceptables ya que los datos experimentales son consistentes con las 
predicciones teóricas (siendo el error absoluto del 15%), lo que abala la 
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capacidad de este enfoque para describir con precisión la magnetoforesis a 
partir de fluidos complejos como la sangre. 

El comportamiento de gotas de ferrofluido se analizó en el Capítulo 5 
con el propósito de estudiar la posible integración de estos materiales en la 
síntesis de cápsulas poliméricas multicapa. En la sección 5.2, se abordó la 
generación de las gotas y su posterior manipulación con campos magnéticos 
con un enfoque computacional basado en dos etapas. En particular, la 
generación se modeló con el método Volumen de Fluido, incluyendo la 
contribución de la tensión superficial. El modelo fue empleado para estudiar 
la influencia de los caudales y de las características geométricas de los 
dispositivos en el tamaño de la gota y la velocidad de generación. Los 
resultados sugieren que, mientras que el tamaño apenas se ve afectado por 
el caudal, la velocidad de generación sí se ve afectada por los caudales y las 
dimensiones del chip. Para validar el modelo, se empleó un dispositivo de 
generación real, encontrando que los resultados simulados reportaron 
valores consistentes con los datos experimentales, con un error promedio del 
4%. Después de la generación, se empleó un enfoque lagrangiano para 
describir la deflexión de las gotas de ferrofluido a través de flujos 
multilaminares en cámaras de tamaño milimétrico. A fin de reducir el coste 
computacional de las simulaciones, se realizaron distintas simplificaciones 
durante la construcción del modelo. No obstante, y después de estudiar una 
amplia gama de campos magnéticos y un amplio rango de caudales para las 
seis fases involucradas en el proceso, las condiciones óptimas de trabajo (para 
obtener la deflexión de las gotas sin alterar el campo de flujo) predichas con 
el modelo coincidieron con los resultados experimentales. 

En la sección 5.3 se demostró, como prueba de concepto, la síntesis 
capa a capa de capsulas de polielectrolitos en flujo continuo. La formación de 
las gotas se llevó a cabo en distintos dispositivos de generación. 
Posteriormente, estos materiales fueron estabilizados con un polímero de 
superficie activa, y se deflectaron magnéticamente a través de soluciones de 
polielectrolitos y corrientes de lavado, usando varias iteraciones de diseños 
de flujo multilaminar. Este estudio culminó con el uso de un chip inspirado en 
el juego de mesa “Snakes-and-Ladders”, que afrontó con éxito las distintas 
dificultades encontradas durante el recubrimiento de las gotas con 
polielectrolitos aniónicos y catiónicos. El uso de un diseño de chip similar al 
juego de mesa “Snakes-and-Ladders” permitió alcanzar flujos estables en el 
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interior del dispositivo, así como controlar las trayectorias de las gotas a 
través de las corrientes, logrando el recubrimiento de las mismas con una 
bicapa de polielectrolitos en menos de 30 segundos. Esto supone una 
reducción significativa en los tiempos de procesamiento en comparación con 
la técnica convencional, en la que se consume una gran cantidad de tiempo 
debido a la necesidad de emplear etapas consecutivas de reacción y lavado. 
Por lo tanto, este estudio presenta un método rápido y automatizado, que 
abre camino hacia la fabricación continua de cápsulas de polielectrolito 
aplicable en la síntesis de cápsulas para la liberación controlada de fármacos. 

En conclusión, esta tesis doctoral contribuye al desarrollo de 
herramientas útiles, precisas y de bajo coste computacional que pueden 
utilizarse para el diseño racional de un gran número de aplicaciones LOC. Se 
ha llevado a cabo la adaptación de los modelos matemáticos existentes a 
aplicaciones emergentes que involucran nuevos materiales, diseños y 
configuraciones. Especial atención merecen las distintas directrices 
proporcionadas para el desarrollo de dispositivos magnetoforéticos 
eficientes, en los que se pueden integrar distintos soportes magnéticos, 
pudiendo ser tanto partículas sólidas como ferrofluidos. Debido al uso de 
micro- y nanomateriales magnéticos con excelentes propiedades, se prevé la 
expansión de las separaciones magnéticas en distintos campos. En este 
sentido, las pautas propuestas en esta tesis doctoral pueden ser de utilidad 
para los investigadores que desarrollan aplicaciones similares e incluso claves 
en el avance de estas nuevas y prometedoras tecnologías. 
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Despite the achievements presented in the previous chapters, there 
are still certain aspects that could be included in the developed theoretical 
approaches to further improve their application to similar processes to the 
ones studied in this dissertation. 

One contribution that has not been included in the models is the 
magnetic dipole-dipole interaction. Although it has been considered that this 
interaction could be neglected under certain circumstances, this effect has 
been observed to affect droplet deflection under high magnetic fields or 
particle recovery when concentrated suspensions are employed. Therefore, 
future models that are going to be applied under these conditions should 
include this interaction for obtaining more accurate predictions.  

Regarding the particle magnetophoresis studies from biofluids, further 
research could be directed towards the detailed description of blood 
hydrodynamics. As mentioned in Chapter 4, this complex biofluid exhibits 
shear-thinning and viscoelastic properties. Although its behaviour can be 
assumed to be newtonian under certain circumstances, better predictions 
regarding the flow patterns of blood could be obtained by using specific non-
newtonian viscosity models. 

Also, for ferrofluid droplet-based applications, the influence of 
magnetic fields on both droplet generation (i.e. active generation) and 
droplet deformation is an interesting topic that could be further addressed. 
Although these effects have been considered negligible when addressing the 
polyelectrolyte coating within big reaction chambers, a better prediction of 
the complex interaction between magnetic, surface tension and viscous 



Chapter 6 

 

221 

 

forces should be addressed. This effort will facilitate understanding of the 
fundamental physical phenomena involved in the process, which will be 
useful in the design of droplet-based microfluidic processes. In this regard, 
the models developed in this dissertation could be expanded in order to 
include the effect of the magnetic force on the droplet behavior during 
generation. 
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A pesar de los avances presentados en los capítulos anteriores, todavía 
existen ciertos aspectos que podrían ser incluidos en los distintos enfoques 
que se han desarrollado, a fin de perfeccionar aún más su utilización para el 
diseño de procesos similares a los estudiados en esta tesis doctoral. 

Una contribución que no se ha incluido en los modelos es la interacción 
magnética dipolo-dipolo. Aunque se ha considerado que esta interacción es 
despreciable bajo ciertas circunstancias, se ha observado que afecta la 
deflexión de gotas de ferrofluido bajo campos magnéticos fuertes o la 
recuperación de partículas cuando se emplean suspensiones concentradas. 
Por lo tanto, los modelos futuros que vayan a ser aplicados bajo estas 
condiciones deberían incluir esta interacción para obtener predicciones más 
exactas. 

Con relación a los análisis que involucran biofluidos, las investigaciones 
futuras podrían dirigirse al estudio detallado de la hidrodinámica de la sangre. 
Como se mencionó en el Capítulo 4, este biofluido es muy complejo, ya que 
presenta propiedades viscoelásticas y reología pseudoplástica. Aunque se 
puede asumir un comportamiento newtoniano bajo ciertas circunstancias, es 
posible obtener mejores predicciones de los patrones de flujo mediante el 
uso de modelos específicos de viscosidad no newtoniana. 

Además, para las aplicaciones basadas en el uso de ferrofluidos, un 
aspecto interesante que puede ser objeto de investigaciones futuras es la 
influencia de los campos magnéticos en la generación activa de las gotas, así 
como en la deformación de las mismas. Aunque estos efectos se han 
considerado insignificantes al abordar el recubrimiento de las gotas con 
polielectrolitos en cámaras de reacción relativamente grandes, la compleja 
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interacción entre las fuerzas de tensión superficial, magnética y viscosa 
podría modelarse de manera más detallada. Este esfuerzo podría servir para 
facilitar la comprensión de los fenómenos físicos involucrados en el proceso, 
lo cual contribuiría de manera significativa al diseño de procesos 
microfluídicos en los que se empleen ferrofluidos. En este sentido, los 
modelos desarrollados a lo largo de esta tesis doctoral podrían ampliarse para 
introducir el efecto de la fuerza magnética en el comportamiento de las gotas 
durante la etapa de generación. 
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o Figure A1.1. Concentration of sodium fluorescein in the asymmetric chip 
(configuration 1) for different values of the ratio γ. a) γ=4; b) γ=2; c) γ=1; 
d) γ=0.5; e) γ=0.25; f) γ=0.1. 

o Figure A1.2. Concentration of sodium fluorescein in the symmetric chip 
for different values of the ratio γ. a) γ=4; b) γ=2; c) γ=1; d) γ=0.5; e) 
γ=0.25; f) γ=0.1. 

o Figure A1.3. Concentration of sodium fluorescein in the asymmetric chip 
(configuration 2) for: a) γ=4; b) γ=0.1. 
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Figure A1.1. Concentration of sodium fluorescein in the asymmetric chip 
(configuration 1) for different values of the ratio γ. a) γ=4; b) γ=2; c) γ=1; d) 

γ=0.5; e) γ=0.25; f) γ=0.1. 
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Figure A1.2. Concentration of sodium fluorescein in the symmetric chip for 
different values of the ratio γ. a) γ=4; b) γ=2; c) γ=1; 

d) γ=0.5; e) γ=0.25; f) γ=0.1. 
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Figure A1.3. Concentration of sodium fluorescein in the asymmetric 
chip (configuration 2) for: a) γ=4; b) γ=0.1. 
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o Figure A2.1. Sodium fluorescein mass transfer at different γ values in the 
chip employed for particle magnetophoresis from blood. 
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Figure A2.1. Sodium fluorescein mass transfer at different γ values in the 
chip employed for particle magnetophoresis from blood. a) Simulated 

results and b) experimental micrograph for γ≈1 (showing the downstream 
positions x=-1, 0 and 1 mm where the fluorescence intensity analysis was 

carried out). c) Measurements of fluorescence intensity across the channel 
width at the 3 downstream locations showed in b). d) Simulated results and 

e) experimental micrograph for γ≈0.01. f) Measurements of fluorescence 
intensity across the channel width at the same downstream locations. 
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